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Increased Superoxide Radical with a Decrease in
Vascular Endothelial Growth Factor and Inducible
Nitric Oxide Synthase Level Leads to the Progression

of Left Ventricular Hypertrophy in
a Pressure-Overload Rat Heart Model

Kaigiang Ji, MD, PhD, Masahito Minakawa, MD, PhD, Kozo Fukui, MD, PhD,
Yasuyuki Suzuki, MD, PhD, and Ikuo Fukuda, MD, PhD

Purpose: This study was designed to evaluate the relationship among free radicals and vas-
cular endothelial growth factor (VEGF) and inducible nitric oxide synthase (iNOS) during
the progression of left ventricular hypertrophy (LVH) in pressure-overload rat heart.
Methods: Hypertrophied rat heart created by abdominal aortic banding at the age of 4 weeks
was studied at the ages of 14, 15, 18, 21, 26, and 30 weeks (n = 5 in each group). Free radicals
were detected by an electron spin resonance (ESR) method using LV tissue. The levels of
messenger ribonucleic acid (mRNA) for VEGF, superoxide dismutase (SOD), and iNOS in
myocardium were analyzed by reverse transcription (RT)-polymerase chain reaction (PCR).
Results: Free radicals consisting of superoxide families increased over time after aortic ban-
ding and were highest in the 30-week group. The SOD mRNA level decreased with the pro-
gression of hypertrophy and was inversely proportional to the free radicals level. As com-
pared to the control, the level of mRNA for VEGF and iNOS was significantly increased in
18- and 21-week hypertrophied hearts, but significantly decreased in 26- and 30-week
hearts.

Conclusion: The increased level of free radicals with the decrease of VEGF and iNOS levels may
contribute to the progression of the pressure-overload hypertrophied heart to the failing
heart. (Ann Thorac Cardiovasc Surg 2008; 14: 210-217)

Key words: hypertrophy, free radical, electron spin resonance, vascular endothelial growth factor

Introduction

Myocardial hypertrophy and heart failure are important
risk factors of cardiac surgery. The development of hy-
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pertrophy is divided into three states: developing hyper-
trophy, compensatory hypertrophy, and heart failure. In
the early state, hypertrophy may be classified as readily
reversible physiological hypertrophy. In the longer term,
the developing hypertrophy may become beneficial and
compensated. Then ultimately the hypertrophy may
decay into maladaptive decompensated hypertrophy or
heart failure. The identities of signaling pathways that
couple the demand for increased contractile power to
increased myocyte growth and altered gene expression
have been actively studied for many years, but the
mechanisms for the transition from compensated to
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decompensated heart failure in the hypertrophied heart
are poorly known.

Oxidative stress in mitochondria has been widely rec-
ognized as an important cause of a variety of diseases,
including aging,” neurodegeneration,>” and cancer.*”
Under certain conditions, such as incomplete oxygen re-
duction during oxidative phosphorylation, ischemia-
reperfusion, and inflammation, the production of reac-
tive oxygen species (ROS) by the mitochondrial electron
transport chain can increase several times.®” It is gen-
erally thought that some events caused from oxidative
stress, such as calcium imbalance, lipid peroxidation,
glutathione depletion, and deoxyribonucleic acid (DNA)
and protein damage, arise from excessive production of
ROS in mitochondria.? In the present study, we used
electron spin resonance (ESR) to analyze free radicals
in the myocardium during the development of left ven-
tricular hypertrophy (LVH) in rat heart.

Vascular endothelial growth factor (VEGF) is a 46-
kDa heparin-binding glycoprotein and a specific mito-
gen for vascular endothelial cells in angiogenesis.”'”
VEGEF induces increased microvascular permeability
and monocyte migration through endothelial layers,''?
which are important in the processes leading to angio-
genesis. Furthermore, VEGF has been shown to in-
crease intracellular calcium and to affect vascular tone-
enhanced expression of nitric oxide synthase (NOS), re-
sulting in potent endothelium-dependent relaxation in
coronary arteries.”” The expression of VEGF messenger
ribonucleic acid (mRNA) is increased in cardiac myo-
cytes and vascular smooth muscle cells in hypoxia.'*'?
However, little is known about the variety of VEGF in-
volvement in the process leading from developing hy-
pertrophy to heart failure. This study was designed to
determine the relationship between oxidative stress and
VEGF in the transition from compensated hypertro-
phied heart to decompensated heart.

Methods

Hypertrophied rat heart model

All animals have received humane care in compliance
with the “Principles of Laboratory Animal Care,” formu-
lated by the National Society for Medical Research and
the “Guide for the Care and Use of Laboratory Animals,”
prepared by the Institute of Laboratory Animal Resources
and published by the National Institutes of Health (NIH
Publication No. 86-23, revised 1985). Male Wistar rats
(60-70 g, age 4 weeks) were used to create the model of
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LVH. After anesthesia was induced with intraperitoneal
(i.p.) pentobarbital sodium (30 mg/kg), a median laparo-
tomy was performed, and aortic banding was then car-
ried out with a 3-0 silk suture to prevent any stenosis at
the descending aorta just above the renal artery.

Thus as the animals grew, the aortic coarctation
gradually developed. The LVH group rats were subdi-
vided into 6 groups as follows: 14-week group (14
weeks of age, 10 weeks after banding, n = 5), 15-week
group (15 weeks of age, 11 weeks after banding, n = 5),
18-week group (18 weeks of age, 14 weeks after band-
ing, n = 5), 21-week group (21 weeks of age, 17 weeks
after banding, n = 5), 26-week group (26 weeks of age,
22 weeks after banding, n = 5) and 30-week group (30
weeks of age, 26 weeks after banding, n = 5). These
groups were compared to age-matched control groups
that underwent sham operations (control).

Rat myocardium tissue preparation

The rats were anesthetized by i.p. pentobarbital sodium
(30 mg/kg), and median laparotomy was done. After
the injection of heparin (1,000 U/kg) into the inferior
vena cava, the heart was rapidly excised and arrested in
ice-cold modified Krebs-Henseleit buffered (KHB) so-
Iution. The modified KH solution consisted of the fol-
lowing (in mM): NaCl 118; NaHCOs 25; glucose 11.1;
KCI 4.9; CaCl, 2.7; MgSO, 1.2; KH,PO, 1.2; and
insulin 10 units/liter. After the atrium was removed, the
LV was dissected in ice-cold KHB solution and frozen
immediately in liquid nitrogen. The ratio of LV to body
weight (LV/BW) was used as an index of LVH.

ESR spectroscopy

ESR spectra were obtained at room temperature with a
JEOL RE3X ESP spectrometer operating at 9.23 GHz
with a 100 kHz modulation frequency. Each sample was
set in a TM 110 cavity in liquid nitrogen at temperature
77 K. All measurements were performed with the LV
myocardial tissue of LVH and the control group at
nonsaturating microwave power of 10 mW. This method
can provide a direct method to quantify the generation
of free radical within biological tissue. The spectra of
free radical were noticed in a receive field at 320 + 150
mT. The amplitude of each spectrum was measured and
normalized as one gram of LV tissue.

Extraction of RNA and reverse transcription-

polymerase chain reaction
The total RNA was isolated from rat hearts using an
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RNeasy total RNA isolation kit (Qiagen, Germany). re-
verse transcription (RT) was performed with an RT kit
(Promega, USA). One microgram of total RNA was
used as a template, and RT-generated complementary
DNAs (cDNAs) encoding VEGF and glyceraldehydes-
3-phosphate dehydrogenase (G3PDH; internal control),
inducible NOS (iNOS), and superoxide dismutase
(SOD) were amplified with polymerase chain reaction
(PCR). The sequences of the primers for the amplifica-
tion of cDNA were as follows:
SOD sense:
(5-GACAAACCTGAGCCCTAAGGG-3)
SOD antisense:
(5-CTTCTTGCAAACTATG-3’)
iNOS sense:
(5’-GCAGTGGAGAGATTTTGCATGAC-3)
iNOS antisense:

(5-GATGAACTCAATGGCATGAGGC-3’)

VEGF sense:

(5-GAGAATTCGGCCTCCGAAACCATGAACTTTCTGCT-3)

VEGEF antisense:

(5’-GAGCATGCCCTCCTGCCCGGCTCACCGC-3)

G3PDH sense:
(5" TGAACGTCGGGTGTGAACGGATTTGGC-3%)
G3PDH antisense:

(5’-CATGTAGGCCATGAGGTCCACCAC-3).

The possible contamination of any PCR component
was excluded by performing a PCR reaction with these
components in the absence of RT product in each set of
experiments (negative control). Twelve microliters of
RT-PCR product was checked by using 2% agarose gel
electrophoresis containing 0.2 pg/ml ethidium bromide,
followed by a photograph under ultraviolet transillumi-
nation. The quantification of RNA transcripts was ana-
lyzed according to the method described previously,
with some modification. The levels of expression of the
transcripts were normalized to that of G3PDH mRNA
in the same tissue sample. The appropriate number of
PCR cycles and the optimal combination of the amount
of the first-strand cDNAs were determined for each set
of primers to ensure that all PCR reactions were carried
out in the linear quantitative phase of the amplification
process. The PCR products were fractionated on the
agarose gels, visualized by means of ethidium bromide
staining, and photographed. The photographs of ethidi-
um bromide-stained gels were scanned with an imaging
densitometer linked to a personal computer equipped
with image analysis software. The size and optical den-
sity of the band produced by the PCR products were
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quantified by using the Kodak digital science 1-dimen-
sional image analysis software (EDAS 120, Eastman
Kodak Co.). For statistical comparison, samples in the
experiment were performed to obtain the ratio of density
of objective gene to G3PDH mRNA levels.

Statistical analysis

A statistical analysis was performed by one-way analy-
sis of variance (ANOVA), using commercially available
software (Statview, Abacus Concepts). All results were
presented as mean * standard error (SE). A value of P
<0.05 was considered significant.

Results

Hypertrophied heart model

The LV/BW ratio was used as an index of LV hypertro-
phy. There was no significant difference in the control
group. The ratios in LVH groups were significantly
higher than in the control group. The LV/BW ratios in
the 18-week and 21-week LVH groups were significantly
higher than in other LVH groups. There were no sig-
nificant differences among 14-, 15-, 26-, and 30-week
LVH groups. The SE’s of BW, LV wet weight, and
whole heart weight of control groups were small, so we
think that the BW and heart weight of both groups be-
fore aortic banding were almost the same (Table 1).

ESR measurement in hypertrophied heart tissue for
free radicals

The ESR signals originated from free radicals were ob-
served around the range of 326.7-328.8 mT in the LV
tissue of LVH groups, and these signals were signifi-
cantly higher than control groups in any age. In LVH
groups, signals in the 26- and 30-week LVH groups
were significantly higher than in the other LVH groups.
The g value was calculated to 2.0022 + 0.0003, indicat-
ing that this signal was derived from free radicals, es-
pecially of the superoxide family (Fig. 1). ESR signals
in the right ventricle did not differ between control
groups and LVH groups (data not shown).

Expression of mRNA for SOD

The expressions of mRNA for SOD showed a signifi-
cant decrease in LVH groups compared with control
groups, and especially the results in 26- (ratio = 0.0359
+ 0.0042) and 30-week LVH groups (ratio = 0.0338 +
0.0047) were significantly more decreased than the other
LVH groups (14-, 15-, 18-, 21-week LVH group ratios
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Table 1. Effects of aortic banding on heart mass and body weight

Left Ventricular Hypertrophy

Age (week) Body weight (kg) LV wet weight (g) Whole heart weight (g) LV/BW ratio
Control LVH Control LVH Control LVH Control LVH
14 039+£0.04 041+£0.04 0.80+0.06 1.03 £ 0.15 0.97 £0.07 1.22+£0.09 1.79+£0.13  2.50+0.16*
15 042+£0.03 0.39£0.08 0.83+0.07 1.14+0.19*% 1.01 £0.10 1.32£0.16 1.82+£0.09 2.65+0.15%
18 046+£005 048£0.06 091%£0.06 1.55%0.15*% 1.18+£0.09  1.79+£0.14* 1.85+£0.06  3.36 +0.09%
21 048+0.07 0.52+0.02 092+0.05 1.56+0.18* 1.21 £0.11 1.76 £ 0.17* 191+£0.07 3.01 £0.15%
26 048+£0.06 048+0.04 091+0.08 1.39+0.17* 1.22+0.13  1.56 £0.16% 1.92+0.09 2.89+0.18*
30 0514004 0.53+£0.04 093+0.06 1.30+0.14* 1.24+0.08  1.60+0.12% 1.90+0.11  2.58 £0.16*

BW, body weight; LV, left ventricle; LVH, left ventricular hypertrophied group.

Data are mean + standard error (SE) (n = 5 each group).
*P <0.05 vs. Control; 'P <0.05 vs. 14, 15, 26, 30-week LVH.
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were 0.0962 + 0.0081, 0.0994 + 0.0054, 0.0764 +
0.0063, and 0.0667 + 0.0069, respectively) (Fig. 2). The
expression levels in control groups were unchanged
throughout.

Expression of mRNA for iNOS

The expression of mRNA for iNOS showed a significant
increase in the 18-week LVH group (ratio = 0.192 + 0.013)
and a significant decrease in the 30-week LVH group (ra-
tio = 0.09 + 0.017) compared with the other LVH groups
(14-, 15-, 21-, and 26-week LVH group ratios were 0.128 +
0.017, 0.142 £ 0.019, 0.155 £+ 0.011, and 0.105 £ 0.015,
respectively) (Fig. 3). The expression level in control
groups was unchanged throughout.
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Fig. 1. Free radical signal measured by elec-
tron spin resonance (ESR).
A: Signal originated from free radicals

* were not detected in control group (left

figure), while spectrum of free radicals
was noticed in a receive field around
326.7-328.8 mT in left ventricular hy-
pertrophy (LVH) group (right figure).
B: The signal from free radicals increased
with the progression of LVH. The g
value of the signal was calculated at
2.0022 + 0.0003.
*P <0.05 vs. 14-week LVH group.

B Control
N LVH

30w

Expression of mRNA for VEGF

The expression of mRNA for VEGF showed a signifi-
cant increase in the 18-week (ratio = 0.227 £ 0.020) and
the 21-week (ratio = 0.236 + 0.025) LVH groups, and a
significant decrease in the 26-week (ratio = 0.111 +
0.012) and 30-week (ratio = 0.077 + 0.017) LVH groups
compared with the 14-week LVH group (ratio = 0.168 +
0.018) (Fig. 4). The expression levels in control groups
were unchanged throughout.

Discussion

The important finding of this study was that free radi-
cals, especially of the superoxide family, were in-
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A: Expression of messenger ribonucleic acid

(mRNA) for superoxide dismutase (SOD) mea-
sured by reverse transcriptase (RT)-polymerase
chain reaction (PCR).

B: The level of mRNA for SOD in the left ventricu-

lar hypertrophy (LVH) groups decreased with
the progression of hypertrophy and was signifi-
cantly low in the 26- and 30-week LVH groups.
The level of mRNA for SOD in the control group
remained at an equal level.

*P <0.05 vs. control group; **P <0.05 vs. 14-
week LVH group.

Fig. 3.

A: Expression of messenger ribonucleic acid
(mRNA) for inducible nitric oxide synthase
(INOS) measured by reverse transcriptase
(RT)-polymerase chain reaction (PCR).

: The level of mRNA for iNOS in the left ven-
tricular hypertrophy (LVH) group was signif-
icantly increased in the 18-week LVH group
that is considered to be in a compensated
state. However, the level of mRNA for iNOS
decreased with the progression to the decom-
pensated state heart and was significantly
lower in the 30-week LVH group. The level
of mRNA for iNOS in the control group
remained at an equal level.

*P <0.05 vs. control group; **P <0.05 vs. 14-
week LVH group.

Fig. 4.
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A: Expression of messenger ribonucleic acid (nRNA)

for vascular endothelial growth factor (VEGF)
measured by reverse transcriptase (RT)-polymerase
chain reaction (PCR).

: The level of mRNA for VEGEF in the left ventricu-

lar hypertrophy (LVH) group was significantly in-
creased in the 18- and 21-week LVH groups that are
considered to be in a compensated state. However,
the level of mRNA for VEGF decreased with pro-
gression to the decompensated state heart and was
significantly lower in the 26- and 30-week LVH
groups. The level of mRNA for VEGF in the con-
trol group remained at an equal level.

*P <0.05 vs. control group; **P <0.05 vs. 14-week
LVH group.
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creased in developing pressure-overload myocardial hy-
pertrophy. The expressions of VEGF and iNOS mRNA
were then increased in the early stage of hypertrophy,
but decreased in the late stage.

The LVH models used in this experiment were creat-
ed by abdominal aortic banding, as we had previously
reported,'® and the LVH had been made a chronic pro-
cess that evolved from a compensatory state to heart
failure. The degree of hypertrophy was assessed with
the LV/BW ratio, and it turned out to be 25%—-40% in-
creased. It is known that in the transition to heart fail-
ure, diastolic dysfunction occurs first and ultimately
leads to systolic dysfunction."” We have previously ob-
served that by using pressure overload hypertrophied
rat heart, created by the same method used in the paper,
the minimal rate of contraction (—dP/df) and the iso-
volumic relaxation time (tau) were significantly lower
than the control heart with no deterioration in systolic
function at 16 weeks after the operation, whereas both
the maximal rate of relaxation (+dP/df) and —dP/dr were
significantly deteriorated at 26 weeks after the opera-
tion.'” The LV/BW ratios significantly increased in hy-
pertrophied heart, but in 26- and 30-week groups, the
LV/BW ratios were lower, as we previously reported.'
Moreover, we histologically investigated the hypertro-
phied heart tissue that we had used in the present study.
This revealed that myocardial cells in the LVH groups
were hypertrophied, and also in the 21-week LVH
group, interstitial fibrosis had begun. In the 30-week
LVH group we found obvious interstitial fibrosis and an
intricate arrangement of myocardial fiber with necrosis
of myocardial cells (data not shown). These findings
were not observed in the control group. So it was
thought that the reason why the LV/BW ratios with the
LV wet weight tended to decrease in the 26- and
30-week LVH groups was a result of fibrous change
with myocardial death “apoptosis.” The models used in
the present study were therefore considered to
pathophysiologically represent transition from an early
stage of hypertrophied heart (14- and 15-week LVH
groups) to the late stage of hypertrophied heart (26- and
30-week LVH groups).

The ESR method for the measurement of free radi-
cals in the myocardial tissue showed that superoxide
had increased in the LVH hearts, especially in the myo-
cardium of failing heart. Superoxide comprises many
species of free radicals, and because there were differ-
ent g values measured by ESR, this component appears
to be multiplex. Increased superoxide, which is involved
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in ROS, can cause a deleterious effect on many cell
types. The ROS can induce myocardial contractile dys-
function and structural damage.'" Furthermore, a recent
study in isolated cardiac myocytes has shown that a
subtle increase in ROS results in a phenotype character-
ized by hypertrophy and apoptosis that play an impor-
tant role in myocardial remodeling and heart failure."**”
A high level of ROS is produced from a variety of
sources, such as the xanthine oxidase system, the leak-
age of electrons from mitochondria, the cyclooxygenase
pathway of arachidonic acid metabolism, and/or the re-
spiratory burst of leukocytes.?”” The major source of
free radicals may be from a cleavage of superoxide an-
ion by SOD in mitochondria. The decrease of SOD ex-
pression was also validated in the present study.

The expressions of mRNA for iNOS were signifi-
cantly increased in a compensated state in the 18-week
LVH group and decreased in the failing heart state in
the present study. It was known that ROS induces the
expression of the nuclear factor k-B (NF-kB) by detach-
ing the inhibitor-kB (I-kB) from the complex of NF-xB
and I-kB or inducing the expression of thioredoxin, re-
sulting in various gene expressions, such as cytokines,
cell adhesion molecules, and iNOS. However, it has not
been revealed what kind of ROS had a major role as
those signals. If hydrogen peroxide is the major signal
mediator, then in a situation that lacks sufficient intrac-
ellular catalase activity, the SOD that catalyzes the re-
duction of superoxide to hydrogen peroxide will induce
the activation of NF-xB, which induces iNOS expres-
sion.

We have previously reported that the intracellular
level of hydrogen peroxide increased in hypertrophied
failing heart, resulting in impaired glycolysis and apop-
tosis.”” In the present study, the mRNA level of SOD
was significantly decreased in decompensated state
(26- and 30-week LVH hearts), thereby indicating the
possibility that intracellular SOD was consumed by in-
creased oxygen radicals.

VEGF causes a dose-dependent increase of nitric ox-
ide (NO) concentration in vascular endothelium. In our
data, the expressions of mRNA for VEGF and iNOS
were parallel. This increase in NO concentration can be
demonstrated in vascular segments harvested from dif-
ferent regions, including aorta, vena cava, and pulmo-
nary artery, as well as from cultured human endothelial
cells.” iNOS, by enhancing diastolic distensibility of
the ventricles, might increase preload reserve and there-
by support cardiac function under conditions of heart
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failure.” So the results in the present study showed that
NO might increase in the process of LV hypertrophy,
especially in the myocardium of compensated hypertro-
phy, but decrease in the decompensated hypertrophy or
heart failure. The concept that iNOS expression might
cause heart failure was initially triggered by observa-
tions by de Belder et al.,” who reported elevated iNOS
activities in cardiac biopsy specimens from patients
with dilated cardiomyopathy. Later, several studies
demonstrated iNOS expressions or activities in hearts
from patients with dilated cardiomyopathy, myocarditis,
and ischemic cardiomyopathy.**® Based on our data, it
is highly unlikely that iNOS may be an important path-
ological factor in the development of heart failure. Its
high level in compensated hypertrophy may be in part
responsible for mediating heart failure.

In conclusion, these results suggest that the increased
level of free radicals with the decrease of VEGF and
iNOS levels may contribute to the progression of the
pressure-overload hypertrophied heart to the failing
heart.
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