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Aims The role of nitric oxide (NO) in heart failure (HF) is complex and remains controversial. We tested the hypothesis
that the role of NO in isolated atria and cardiomyocytes is altered in isoproterenol-induced HF.

Methods
and results

Rats received isoproterenol (ISO, 5 mg/kg/day, intraperitoneally) or vehicle for 1 week. Haemodynamic parameters
were obtained by left ventricular catheterization. Effects of NOS inhibition on isolated atria and on electrically paced
left ventricular myocytes were determined. Additionally, expressions of nitric oxide synthases and their allosteric
modulators hsp90, caveolin-1, and caveolin-3 proteins in the left ventricles were measured. ISO increased left ven-
tricular mass by 33% and decreased indices of left ventricular systolic and diastolic function dp/dtmin and dp/dtmax

(both P , 0.05). Isolated atria from HF rats had a lower spontaneous beating rate (P , 0.05). NOS inhibition by
L-NAME increased basal frequency and attenuated the positive chronotropic effect of beta-adrenergic stimulation
in the HF group (P , 0.05). Ventricular myocytes from failing hearts had impaired cell shortening. L-NAME decreased
contractility of control, but not failing myocytes. Left ventricular expressions of eNOS, hsp90, iNOS, but not nNOS
or caveolins, were increased.

Conclusion Despite the increased capacity for NO synthesis in isoproterenol-induced HF, NO does not sustain contractility of
failing myocytes. NO may contribute to the decreased basal heart rate and it may accelerate beta-adrenergic stimu-
lation of chronotropy.
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Introduction
In the heart, nitric oxide is produced by all three isoforms of nitric
oxide synthases, endothelial (eNOS), inducible (iNOS), and neur-
onal (nNOS) nitric oxide synthase. Although eNOS is expressed
mainly in the endothelial cells, cardiac myocytes can express all
three isoforms of the enzyme and may regulate several aspects
of cardiac function including contractility and heart rate.1

In a healthy heart, physiological amounts of NO may help sustain
cardiac inotropy.2 In heart failure, both upregulation3 and downre-
gulation4 of eNOS have been observed. Overexpression of eNOS
in cardiomyocytes was found to improve cardiac function and
reduce hypertrophy in heart failure after myocardial infarction.5

eNOS-derived nitric oxide can decrease the extent of myocardial
hypertrophy and fibrosis6 and decrease myocyte loss.7 It can also
increase the perfusion of the myocardium through vasodilation
and increase in angiogenesis.8 This suggests a protective role of
eNOS in heart failure.

On the other hand, iNOS-derived NO may depress cardiac con-
tractility in heart failure,9 where overexpression of this enzyme has
been reported.10 Yet, data from transgenic mice have shown little
effect of iNOS on cardiac contractility,11 but increased occurrence
of sudden cardiac death.12 Similarly, Bendall et al.13 reported a role
for overexpressed nNOS in the blunted response to a beta-agonist
in post-infarction heart failure in the rat and nNOS has been found
to be overexpressed in human heart failure.14
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Isoproterenol-induced cardiac hypertrophy is a reliable, reprodu-
cible, and well-characterized model of cardiac hypertrophy15 associ-
ated with arrhythmias, myocyte loss, and fibrosis, with progression
to heart failure. As opposed to pressure overload-induced heart
failure, no surgical intervention is needed and, specifically, isoproter-
enol treatment is associated with marked myocardial ischaemia.
Transgenic mice overexpressing eNOS were partly protected
against hypertrophy and fibrosis evoked by isoproterenol adminis-
tration.6 We have previously reported overexpression of eNOS in
the vessels of rats with isoproterenol-induced heart failure.16

Caveolin-1 expressed mainly in the endothelial cells and the muscle-
specific isoform caveolin-3 are negative regulators of eNOS activity,
while heat shock protein 90 (hsp90) enhances eNOS activation.17

The status of the NO system in the heart of rats with
isoproterenol-induced cardiac hypertrophy and failure has not
been determined. Therefore, the aim of this work was to describe
effects of nitric oxide on the regulation of heart rate and myocardial
contractility and expression of nitric oxide synthases with their
allosteric regulators in isoproterenol-induced heart failure.

Methods
We used male Wistar rats (16 weeks old). Rats were kept under stan-
dard conditions and received food and water ad libitum. Isoproterenol
(5 mg/kg) was administered for one week, once daily by intraperitoneal
injection. Control animals received the vehicle of isoproterenol (0.05%
ascorbic acid in 0.9% NaCl). Separate groups of rats were used for left
ventricular catheterization, spontaneously beating atria, left ventricular
myocytes, and finally for western blot analyses. All studies were per-
formed 24 h after the last isoproterenol administration.

To detect myocardial ischaemia, 12-lead electrocardiography was
performed in rats anaesthetized with tribromoethanol (15 ml of 2.5%
solution per g of body weight),18 which has good analgesic properties
and has been demonstrated to have a less depressive influence on
cardiac function than some other commonly used anaesthetic pro-
cedures.19 ST segment depression was taken as a sign of ischaemic
injury. Left ventricular catheterization was then performed in
closed-chest rats using modifications of the method described pre-
viously.20 Briefly, the left jugular vein was cannulated with a custom-
fashioned polyethylene tube connected to a microinfusion pump for
drug administration. A polyethylene tube (PE50, 0.58 mm ID �
0.96 mm OD, Portex, England) was inserted into the aorta via the
right carotid artery and advanced into the left ventricle under continu-
ous monitoring of the pressure waveform. Pressure signals were digi-
tized and recorded with a S.P.E.L. Advanced Haemosys system
(Experimetria Ltd, Hungary). Heart rate, left ventricular pressure
(LVP), and the first derivatives of left intraventricular pressure (rate
of pressure development þdP/dt and rate of pressure decrease
2dP/dt) were monitored continuously and recorded and analysed
after 10 min of stabilization. Additionally, the effect of acute
beta-adrenergic stimulation (isoproterenol, 60 ng min21, intrave-
nously) on the above parameters was determined. For determination
of fibrosis, paraffin-embedded left ventricular samples were processed
by standard Sirius-red staining.

Function of spontaneously beating isolated right atria was evaluated at
378C in Tyrode’s solution. Atria were stabilized for 30 min with tension
of 10 mN. Basal beating rate was measured. Isoproterenol was then
added cumulatively into the organ bath at a concentration of 10210 to
1026 M. Basal and isoproterenol-stimulated heart rate was measured in
the presence or absence of the NOS inhibitor L-NAME (3� 1024 M).

Left ventricular cardiac myocytes were isolated by collagenase diges-
tion. The cells were electrically paced at 0.5 Hz frequency. Relative cell
shortening was measured by videomicroscopy. The method has been
described previously.20 The effects of isoproterenol (1027 M) and
nitric oxide synthase inhibitor L-NAME (3 � 1024 M) on cell shorten-
ing were determined.

For western blot analysis, tissue samples from rats sacrificed by CO2

asphyxiation were frozen in liquid nitrogen and stored at –208C until
further processing. Expressions of eNOS, iNOS, nNOS, hsp90,
caveolin-1, and caveolin-3 were determined by western blot analysis
with chemiluminescent detection (ECL Plus, Amersham) and com-
pared with the expression of actin. In preliminary experiments, we ver-
ified that specific anti-eNOS, iNOS, nNOS, hsp90, caveolin-1,
caveolin-3 (BD Pharmingen, Franklin Lakes, USA), and anti-actin
(Sigma-Aldrich) antibodies detected a single band of expected molecu-
lar weight in positive controls or ventricular homogenates, and that
expression of actin was not changed by isoproterenol administration.
As a positive control for iNOS, we used homogenates from lungs of
rats exposed to bacterial lipopolysacharide (LPS, 3 mg/kg,
Sigma-Aldrich) for 4 h to increase expression of iNOS. For nNOS,
brain homogenates were used as a positive control. Quantification
was performed as described previously.16

All procedures involving the use of experimental animals were
approved by the State Veterinary and Food Administration of the
Slovak Republic. The investigation conforms with the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1985).

Results are expressed as average+ standard error of the mean.
Means were compared using unpaired Student’s t-test in GraphPad
Prism 4.0 (GraphPad Software, Inc.).

Results

Biometric data and histology
Overall mortality associated with 1 week of isoproterenol adminis-
tration was 30%. Biometric parameters in the surviving rats are pre-
sented in Table 1. Body weight was slightly decreased by the
treatment. The atria and ventricles were hypertrophied significantly
(Table 1) and fibrosis was observed in the ventricles (Figure 1).

Haemodynamic data and
electrocardiography
Heart rate was lower in the heart failure group than in the control
group (336+10 vs. 411+14 min21, n ¼ 7; P , 0.05). A. carotis
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Table 1 Heart and body weights after 1 week of
isoproterenol administration (n 5 10–11 per group)

Control Heart failure % difference

Body weight (g) 327+19 293+26* 210

Left ventricle (g) 0.67+0.05 0.89+0.09* þ33

Right ventricle (g) 0.15+0.03 0.21+0.04* þ40

Left atrium (g) 0.032+0.007 0.043+0.010* þ34

Right atrium (g) 0.036+0.01 0.048+0.011* þ34

*P , 0.05 vs. Control.

Nitric oxide in isoproterenol-induced HF 141



systolic blood pressures were decreased in the heart failure group
(106+4.2 vs. 118+ 2.9 mmHg, n ¼ 7; P , 0.05), while diastolic
blood pressure only tended to be decreased (70+ 7 vs. 77+
3.5 mmHg; n ¼ 7; P ¼ NS). Systolic LVPs were lower in the
heart failure group. The rate of pressure development dp/dtmax

in the left ventricle was markedly lower in heart failure, as was
the rate of pressure decrease dp/dtmin (Table 2). Acute
beta-adrenergic stimulation using an infusion of isoproterenol
(60 ng/min) was not able to increase the function of the failing

hearts with the exception of heart rate increase (Table 2). ECG
showed a depression of ST segment (negative T wave) in the
heart failure group (Figure 2), indicating myocardial ischaemia.

Effect of NOS inhibition on the function
of isolated atria
Isolated atria from failing hearts had a lower spontaneous beating
rate than controls (Figure 3A). Addition of NOS inhibitor
L-NAME increased spontaneous beating rate in atria from failing
hearts, but not in controls (Figure 3B). In control atria, in vitro
beta-adrenergic stimulation with isoproterenol had a positive
chronotropic effect which was not affected by NOS inhibition
(Figure 3C). However, in atria from failing hearts, effect of NOS
inhibition on the effect of beta-adrenergic stimulation was bipha-
sic—L-NAME increased beating rate at low concentrations of iso-
proterenol (10210 M and 3 � 10210 M), but decreased the beating
rate at higher concentrations of isoproterenol (1028 M, 3 �
1028 M and 1027 M) (Figure 3D).

Effect of NOS inhibition on the function
of isolated left ventricular myocytes
Isolated paced ventricular myocytes under basal conditions had a
relative cell shortening of 10.4+ 0.6%, which was lower in myo-
cytes isolated from failing hearts (8.7+0.5%; P , 0.05).
Beta-adrenergic stimulation by isoproterenol (1027 M) added
in vitro increased cell shortening in myocytes from both groups,
however, the increase in cell shortening was significantly smaller
in failing cells (P , 0.05; Figure 4). Addition of L-NAME (1024 M)
to the cell medium decreased cell shortening in control (P ,

0.05; Figure 4), but not in failing myocytes, indicating a different
role for NO in healthy and failing hearts.

Expression of NOS isoforms and their
allosteric modulators in the left ventricles
Results of immunoblotting analysis of the left ventricles are shown
in Figure 5 with quantitative data in Table 3. In the failing left ven-
tricle expression of eNOS and of its positive allosteric activator
hsp90 were increased (both P , 0.05). Furthermore, expression
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Table 2 Functional parameters of the heart in vivo under basal conditions and under beta adrenergic stimulation
(isoproterenol infusion, 60 ng/min, ‘Beta Stimulation’) in control rats and rats with heart failure (n 5 7 per group)

Left ventricle Control Heart failure

Basal Beta stimulation Basal Beta stimulation

sLVP (mmHg) 139+4.8 166+3.6* 119+4.1# 134+7.3§

dp/dtmax (mmHg s21) 6182+436 8779+747* 4454+377# 5037+631§

dp/dtmin (mmHg s21) 5009+358 6554+590* 3573+256# 4547+799

Heart rate (min21) 411+14.4 467+2.6* 336+9.5# 407+6.8*,§

sLVP, systolic left ventricular pressure.
*P , 0.05 vs. respective basal.
#P , 0.05 vs. Control basal.
§P , 0.05 vs. Control stimulated.

Figure 1 Representative Sirius-red-stained sections of the left
ventricles of control rats (A) and rats with isoproterenol-induced
heart failure (B). Red areas represent fibrosis. Black bar rep-
resents 50 mm.
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of caveolin-1 showed a trend towards a decrease (210+3%, P ¼
0.065) and that of muscle-specific caveolin-3 was unchanged in the
failing ventricle. Expression of inducible nitric oxide synthase was
elevated (P , 0.05). The neuronal isoform of NOS in the left ven-
tricle was not detected, despite a successful detection of nNOS in
brain homogenates (Figure 5).

Discussion
In the present study, we provide novel observations showing that
capacity for nitric oxide synthesis was increased in isoproterenol-
induced heart failure and was associated with an altered nitric
oxide-related cardiac function, namely regulation of heart rate
and a loss of positive inotropic action of nitric oxide in the left ven-
tricular myocytes.

We observed a decreased heart rate and a selective positive chron-
otropic effect of NOS inhibition by L-NAME under basal conditions in
isolated atria from heart failure rats, but not from controls. Under
beta-adrenergic stimulation, isolated atria from failing hearts
responded to L-NAME in a biphasic manner, with an increased fre-
quency at low concentrations of isoproterenol, but with a reduction
of the maximal response to the beta-agonist. This has not been
reported previously and could be related to increased eNOS
expression and/or activation in the atria. In line with this observation,
eNOS did not regulate basal chronotropy in control mice, but the

Figure 3 Function of atria isolated from control rats and rats with heart failure. (A) Spontaneous beating rate. *P , 0.05 vs. Control. (B) Effect
of L-NAME on basal beating rate in control and failing hearts. *P , 0.05 vs. vehicle. (C and D) Effect of L-NAME on isoproterenol-stimulated
beating rate of isolated atria from control and failing hearts. *P , 0.05 vs. 2L-NAME; n ¼ 5 per group.

Figure 2 Representative ECG recordings from control rats and
rats with isoproterenol-induced heart failure. Asterisk indicates
ST segment depression with a negative T-wave. Similar results
were observed in at least 8/10 rats.
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positive chronotropic effect of beta-adrenergic stimulation was atte-
nuated when eNOS was upregulated.21 This contrasts with a report
of no effect of myocyte-specific eNOS overexpression on the regu-
lation of heart rate in mice.22 The positive chronotropic effect of
L-NAME in atria from failing hearts in our experiment using low con-
centrations of the beta-agonist, could in theory also be related to
beta3 receptors coupled to eNOS activation. This is supported by
reports that NOS inhibition increased the positive chronotropic
effect of a beta3-selective agonist.23 Increased expression of beta3
receptors in our model remains to be demonstrated. It is nevertheless
likely, that in isoproterenol-induced heart failure, NO participates on
the regulation of heart rate.

We found an increased expression of eNOS and its positive
allosteric modulator hsp90 in the failing hearts, while the negative
modulator caveolin-1 tended to be decreased. This could increase
output of eNOS-derived NO and may be a compensatory mech-
anism against excessive beta-adrenergic stimulation. Ozaki et al.6

observed that transgenic mice overexpressing eNOS are partly
protected against isoproterenol-induced cardiac hypertrophy. In
the rats with heart failure, we found a depression of the ST
segment of the ECG, which is indicative of ischaemia. Nitric
oxide increases coronary flow and increases oxygen availability
for the myocardium under catecholamine stimulation24 and
could thus have a protective role. Incorporation of the human
eNOS gene into the rat myocardium prior to myocardial infarction
led to an inhibition of apoptotic and necrotic changes25 and of
myocardial hypertrophy and fibrosis.5 Moreover, eNOS-derived
NO stimulates angiogenesis.8 Development of hypertrophy after
isoproterenol administration is rapid, it is maximal as early as 1
day after the start of isoproterenol administration and then stabil-
izes.26 The slow process of angiogenesis may not be sufficient to
compensate for the high oxygen demand of the hypertrophied
myocytes. Increased eNOS expression after 1 week of isoproter-
enol administration could, in theory, be linked to the activation

of angiogenesis, but confirmation of this hypothesis is beyond
the intended scope of our study.

We observed increased iNOS expression in the failing left ventri-
cles. Inducible nitric oxide synthase is physiologically present at very
low levels, but its expression can increase in heart failure.27 This can
considerably increase NO levels in the heart because iNOS pro-
duces large quantities of NO independently of calcium dynamics
in the cell. Our data show that upregulation of iNOS is an early
event in isoproterenol-induced heart failure. Increased iNOS
expression has been observed in a model of isoproterenol-
induced heart failure, however with a different experimental setup
(6 weeks after two high doses of isoproterenol).28 A 2 week infusion
of isoproterenol in mice led to an induction of iNOS in the heart
which was associated with increased apoptosis, which was partially
prevented by a selective iNOS inhibitor and almost normalized in
iNOS-deficient mice.29 Apoptosis of cardiomyocytes is increased
�9-fold in isoproterenol-induced cardiac hypertrophy,30 which sup-
ports our finding of increased iNOS expression. It is likely that neur-
onal nitric oxide synthase did not contribute to NO formation in the
left ventricle as it was undetectable in our rat left ventricular hom-
ogenates, this is in contrast to the findings of some,31 but not all
studies.23

Left ventricular function in vivo was markedly impaired after 1
week of treatment with isoproterenol. To circumvent the sequelae
of myocardial fibrosis on the mechanical properties of the heart,
we also measured the function of isolated left ventricular myo-
cytes. We found that they had impaired cell shortening both
under basal condition and in response to beta-adrenergic stimu-
lation, indicating a functional defect intrinsic to the cardiac
muscle. Inhibition of NO synthesis resulted in decreased cell short-
ening in the control, but not in the failing myocytes. This indicates
that in control rats, endogenous NO consistently stimulated
myocyte contractility, whereas this effect was absent in myocytes
from failing hearts, both under basal conditions and in vitro

Figure 4 Effect of NO synthase inhibition with L-NAME (1024 M) on cell shortening of left ventricular myocytes isolated from control (A)
and failing hearts (B). Cells were electrically paced at 0.5 Hz and cell shortening was measured by videomicroscopy under basal conditions
(‘Basal’) and after addition of isoproterenol (1027 M) into the cell media (‘Beta-adrenergic stimulation’). n ¼ 5/27–40 per group (rats/cells),
*P , 0.05 vs. Vehicle; #P , 0.05 vs. Basal.
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beta-adrenergic stimulation, despite eNOS and iNOS upregulation.
The difference in L-NAME’s effect between healthy and failing
myocytes in our study could be reconciled by an increased capacity
for NO synthesis in the failing cells. NO was reported to have a
bimodal effect on the contractility of isolated myocytes—low con-
centrations of NO can increase contractility of cardiac myocytes
while high concentrations can attenuate it.2 Alternatively, with
NO synthesis increased, we can hypothesize that bioavailability
of NO in hypertrophied myocytes may be lower due to oxidative

stress in this model32 or that signalling pathways downstream of
NO are altered in the hypertrophied and failing heart. In line
with this premise, there are reports that non-specific NOS inhibi-
tors have little effect on basal function in heart failure33 or they
increase contractility in failing myocytes.34 Furthermore, in three
other models of cardiac hypertrophy, NO was devoid of effect
on myocardial contractility.35

Although isoproterenol-induced heart failure has similarities to
end-stage human heart failure, the findings of our study are
limited to the model we used, in which the emphasis rests on a
single, but important pathophysiological feature of end-stage
heart failure—catecholamine overload.

We conclude that in rats 1 week of treatment with isoprotere-
nol resulted in cardiac hypertrophy, and dysfunction of the left ven-
tricle and isolated left ventricular myocytes. Increased capacity for
NO synthesis evidenced by an upregulation of eNOS, its positive
allosteric modulator hsp90, and iNOS in the failing left ventricles
was associated with a lower heart rate, and reversal of the posi-
tively inotropic effect of nitric oxide in isolated left ventricular
myocytes, indicating a possible role for nitric oxide in cardiac dys-
function and heart rate regulation in this model.
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