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Adrenergic receptor blockade-induced regression of pressure-
overload cardiac hypertrophy is associated with inhibition
of the calcineurin/NFAT3/GATA4 pathway
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Abstract. Calcineurin and its downstream effectors
nuclear factor of activated T-cells 3 (NFAT3) and zinc
finger-containing transcription factor (GATA4) have been
implicated in the development of cardiac hypertrophy. The
aims of the present study were to investigate alterations in
the calcineurin/NFAT3/GATA4 pathway in pressure-overload
hypertrophy, and to determine whether adrenergic receptor
blockade affects this signaling pathway. In aorta-banded rats
compared with sham-operated rats, a significant increase in
the phosphorylation levels of calcineurin and GATA4 was
observed (both p<0.05), while the NFAT3 phosphorylation
level was markedly decreased (p<0.05). Oral administration
of either the non-selective [ blocker/a-1 blocker carvedilol
or the selective -1 blocker metoprolol, but not the selective
a-1 blocker terazosin, significantly suppressed the activated
calcineurin/NFAT3/GATA4 pathway (all p<0.05) in addition
to inducing a regression of cardiac hypertrophy. Pressure
overload-induced up-regulation of c-myc was markedly
attenuated by treatment with either carvedilol or metoprolol
(both p<0.05). The present findings may expand our
understanding of the correlation between sympathetic activity
and the calcineurin/NFAT3/GATA4 pathway, and highlight
these signal transducers as effective targets in the management
of pressure overload-induced cardiac hypertrophy.

Introduction

Cardiac hypertrophy is a leading cause of the development
of congestive heart failure and sudden death in humans (1).
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A clear understanding of the cellular and molecular mecha-
nisms underlying cardiac hypertrophy is critical in the
effort to address heart failure. Over the past decade, several
intracellular signaling pathways have been implicated in the
regulation of cardiac hypertrophy (2). It is generally accepted
that calcineurin, a Ca>/calmodulin-dependent protein phos-
phatase, is activated in the hypertrophic and failing heart
(3-5). Activated calcineurin dephosphorylates its downstream
transcriptional effector nuclear factor of activated T-cells 3
(NFAT3) (6). Subsequently, the dephosphorylated NFAT3
enters the nucleus where it interacts with cardiac-restricted zinc
finger-containing transcription factor (GATA4) and causes the
transcriptional activation of hypertrophic fetal genes (such as
c-myc), leading to cardiac hypertrophy (6). It has been reported
that the calcineurin inhibitors cyclosporine A and FK506
prevent the development of pressure-overload hypertrophy in
several animal models (7-11). The risk of long-term adverse
effects of immunosuppressants should be carefully assessed,
as cyclosporine A may directly induce cancer progression
(12). Thus, it is necessary to develop a novel strategy for the
suppression of calcineurin activity.

Adrenergic receptors play a pivotal role in the development
of cardiac hypertrophy in response to pressure overload (13).
The activation of adrenergic receptors, a hallmark of pressure-
overload cardiac hypertrophy, influences several cellular
processes by increasing intracellular Ca* levels (14). As
previously reported, a sustained Ca?* elevation is required for
the activation of calcineurin (15). This strongly suggests that
adrenergic receptor blockade affects the calcineurin/NFAT3/
GATA4 pathway.

In this context, the present study was designed to inves-
tigate alterations in the calcineurin/NFAT3/GATA4 pathway
in pressure-overload hypertrophy, and to determine whether
adrenergic receptor blockade is capable of normalizing this
signaling pathway, besides inducing a regression of pressure-
overload cardiac hypertrophy.

Materials and methods
Animal care. Male Wistar rats aged 8 weeks were obtained

from a local animal center. The rats were fed standard chow
and tap water ad libitum and kept in a controlled environment
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Table I. Hemodynamic and ventricular remodeling parameters of rats.

Groups Sham Vehicle Carvedilol Metoprolol Terazosin
LVHI (mg/g) 2.33+0.18 3.47+0.24* 2.65+0.19° 2.98+0.25b¢ 3.36+0.31
RVHI (mg/g) 0.68+0.06 0.66+0.05 0.66+0.07 0.66+0.04 0.65+0.05
HR (BPM) 389+10.0 435+11.0* 315+13.0° 379+20.0°¢ 430+22.0
MAP (mmHg) 106+10.1 224.2+11.6 141£13.0° 176+12.6b< 131.0+£11.3°
LVEDP (mmHg) 4.2+0.7 14.0£1.22 8.3+0.8° 11.1£1.00¢ 12.0£0.1

Data are the means + SD of 10 rats per group. LVHI, left ventricular hypertrophy index; RVHI, right ventricular hypertrophy index; HR, heart
rate; MAP, mean arterial blood pressure; LVEDP, left ventricular end-diastolic pressure; *p<0.05 vs. sham; °p<0.05 vs. vehicle; <p<0.05 vs.

carvedilol.

under a 12-h dark/light cycle. The handling of animals and all
experimental procedures were approved by the Institutional
Animal Care and Use Committee of the General Hospital of
PLA Chengdu Military Area Command.

Aortic banding. Suprarenal aortic banding was produced as
previously described (16). Briefly, under ketamine anesthesia
(100 mg/kg, i.p.), a laparotomy was performed to expose
the descending aorta near the origin of the left renal artery.
The abdominal aorta proximal to the left renal artery was
constricted with a 3-0 silk suture ligature tied against a
22-gauge wire. The wire was later removed, leaving the vessel
constricted to 60-70% of its original diameter. Sham-operated
rats underwent the identical procedure, but the isolated aorta
was not constricted. The abdomen was closed after antibiotic
prophylaxis using penicillin (10,000 units). Only rats that
survived 24 h post-operatively were used in the following
experiments.

After surgery, animals were randomly assigned to one of
five separate groups: i) sham-operated rats treated with vehicle
(n=10), ii) aortic banded rats treated with vehicle (n=10), iii)
aortic banded rats treated with carvedilol (30 mg/kg/d, gavage,
n=10), iv) aortic banded rats treated with metoprolol (50 mg/
kg/d, gavage, n=10), and v) aortic banded rats treated with tera-
zosin (2 mg/kg/d, gavage, n=10). The tail-cuff systolic arterial
blood pressure and heart rate were measured in conscious rats
at baseline and once a week after surgery.

Hemodynamic measurement. After 2 weeks of treatment,
the rats were anesthetized with urethane (1.2 g/kg, i.p.). The
right carotid artery was cannulated with a polyethylene tube
and forwarded to the aortic arch. The tube was connected to
a pressure transducer. The heart rate (HR), left ventricular
end-diastolic pressure (LVEDP) and mean arterial blood pres-
sure (MAP) were recorded in synchronism with the RM-6000
polygraph system (Nihon Kohaden, Japan).

Heart weight. Rats were sacrificed after hemodynamic
measurement, then the hearts were excised for the measure-
ment of left and right ventricle weight. The left ventricular
hypertrophy index (LVHI) and the right ventricular hyper-
trophy index (RVHI) were calculated. A thin transverse slice
of left ventricular free wall was removed and fixed in 10%
buffered formalin and embedded in paraffin. The remaining

left ventricular tissue was dissected and frozen at -80°C for
Western blotting.

Western blot analysis. Western blotting was performed as
previously reported by our group (17). Protein lysates were
obtained by homogenizing ventricular tissues with lysis
buffer. Protein concentration was determined with a commer-
cial reagent (Bio-Rad Laboratories, USA). Equal amounts of
protein from heart extracts were separated by SDS-PAGE
(12%). The samples were then electroblotted onto a nitrocellu-
lose membrane (Boehringer Mannheim Corporation, USA) and
probed with antibodies against total and phospho-calcineurin/
NFAT3/GATA4 and c-myc (1:500 dilution, polyclonal)
supplied by Dr Mu) University of California-San Francisco,
CA, USA). After washing, the membrane was incubated with
a horseradish peroxidase-conjugated secondary antibody
(1:1,000 dilution; Santa Cruz Biotechnology, USA) and bound
antibodies were visualized using a colored reaction. The
relative band densities were quantified by densitometry using
the Multi-Analyst software package (Bio-Rad Laboratories).
Equal protein loading was confirmed by measuring B-actin
expression.

Pathohistological analysis. Histological analysis of the heart
tissue was performed according to previously described
methods (16). Ventricular sections were stained with H&E for
routine histological examination.

Statistical analysis. Data are presented as the means + SEM.
Comparisons between groups were determined by one-way
ANOVA with the Student's [post hoc] t-test (SPSS Inc., USA).
Results were considered significant at p<0.05.

Results

Hemodynamic and cardiac hypertrophic parameters. After
2 weeks of pressure overload, the LVHI, HR, MAP and
LVEDP were significantly increased in aorta-constricted rats
compared to the sham-operated group (all p<0.05) (Table I).
Treatment with the non-selective  blocker/a-1 blocker
carvedilol or the selective -1 blocker metoprolol successfully
suppressed the elevation of the LVHI, HR, MAP and LVEDP
caused by pressure overload (all p<0.05) (Table I). Carvedilol
was found to be much more effective than metoprolol in this
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Terazosin-treated

Figure 1. Representative histological sections showing pathological changes
in the ventricles of sham-operated rats treated with vehicle and aorta-banded
rats treated with vehicle, carvedilol, metoprolol or terazosin. Sections were
stained with H&E. Magnification x200.

respect (all p<0.05) (Table I). Additionally, treatment with the
selective a-1 blocker terazosin significantly attenuated the
aortic banding-induced elevation of MAP (p<0.05), but failed
to affect cardiac hypertrophy parameters, including LVHI and
LVEDP (Table I).

Pathological analysis of ventricular hypertrophy. Histological
sections of ventricles from sham-operated rats displayed
normal morphology and well-arranged sarcomeres (Fig. 1).
As expected, ventricular sections from vehicle-treated rats
with aorta banding exhibited hypertrophic cardiomyocytes,
caliber variations and disturbed tissue architecture (Fig. 1).
Significantly, aorta banding-induced ventricular hypertrophy
was successfully prevented by treatment with carvedilol,
and was partially relieved by metoprolol (Fig. 1). However,
treatment with terazosin failed to ameliorate ventricular
hypertrophy caused by pressure overload (Fig. 1).

Phosphorylation and expression of the calcineurin/NFAT3/
GATA4 pathway. As expected, the aortic banding of the rats
induced a significant increase in the phosphorylation levels of
calcineurin and GATA4 (both p<0.05), but a marked decrease
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Figure 2. Protein expression and phosphorylation status of the calcineurin/
NFAT3/GATA4 pathway. Total protein lysates were harvested from the
ventricles of sham-operated rats treated with vehicle and aorta-banded rats
treated with vehicle, carvedilol, metoprolol or terazosin. Phosphorylation
of calcineurin, NFAT3 and GATA4 was determined by Western blotting
using phosphorylation-specific antibodies (A). Equal protein loading was
confirmed using total proteins and B-actin antibodies. The ratio of phospho-
rylated to total proteins is shown as the fold-increase relative to the control
(B). p<0.05 vs. sham group; ®p<0.05 vs. vehicle group; n=10 per group.
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Figure 3. Protein expression of c-myc. Total protein lysates were harvested from
the ventricles of sham-operated rats treated with vehicle and aorta-banded rats
treated with vehicle, carvedilol, metoprolol or terazosin. The level of c-myc
was determined by Western blotting (A). Equal protein loading was confirmed
using (3-actin antibody. The ratio of c-myc/B-actin is shown in the bar graph
(B). #p<0.05 vs. sham group; *p< 0.05 vs. vehicle group; n=10 per group.
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in the NFAT3 phosphorylation level (p<0.05) compared to the
sham-operated rats (Fig. 2A and B). Notably, these changes
were significantly attenuated by treatment with carvedilol or
metoprolol (both p<0.05). By contrast, the phosphorylation
levels of calcineurin/NFAT3/GATA4 in terazosin-treated rats
were similar to those in the vehicle-treated rats. Additionally,
the total protein expression of calcineurin/NFAT3/GATA4
was unaffected by either aortic banding or adrenergic receptor
blockade (Fig. 2A and B).

Expression of the early response gene c-myc. Little c-myc
protein was expressed in the hearts of the sham-operated rats
(Fig. 3A and B). However, c-myc was markedly up-regulated
in the hypertrophic ventricles of pressure overloaded rats
(p<0.05). This increase was significantly suppressed by
treatment with carvedilol or metoprolol (both p<0.05).
Conversely, treatment with terazosin had no effect on c-myc
protein expression (Fig. 3A and B).

Discussion

There are two major findings in the present study. First,
pressure-overload cardiac hypertrophy is characterized by a
significant increase in calcineurin activity, which is associated
with a concurrent reduction of NFAT3 phosphorylation and
increased phosphorylation of GATA4. Second, adrenergic
receptor blockade with carvedilol or metoprolol, but not tera-
zosin, normalizes the calcineurin/NFAT3/GATA4 pathway in
addition to attenuating pressure-overload cardiac hypertrophy.
Of note, the beneficial effects of carvedilol on the regression
of morphological remodeling and the normalization of the
signaling pathway were superior to the actions of metoprolol.

A number of recent studies have investigated calcineurin
activity in various animal models of cardiac hypertrophy
(1,16,18,19). Several studies demonstrated an increase in
calcineurin activity in pressure-overload hypertrophy (18-21).
However, a decrease in calcineurin protein expression in
the hypertrophic heart has also been reported (22). These
inconsistent results may be due to differences in the animal
models used or in the severity of cardiac hypertrophy. The
present study demonstrated that pressure overload signifi-
cantly increased the phosphorylation level of calcineurin, but
not its total protein expression. Although numerous studies
have focused on the role of calcineurin, little attention has
been paid to its direct downstream transcriptional effectors,
including NFAT3 and GATA4. The present study revealed
a marked decrease in phosphorylated NFAT3 expression
and an increase in phosphorylated GATA4 expression in a
pressure-overloaded animal model. These findings suggest
that the calcineurin/NFAT3/GATA4 pathway plays a critical
role in the development of pressure overload-induced cardiac
hypertrophy.

Based on the protracted sympathoadrenal activation
observed in heart failure, adrenergic receptor blockade has
been accepted as a powerful tool for the management of this
disease (23,24). Although the adrenergic receptor blockers
are widely used to prevent cardiac hypertrophy (25,26), the
underlying mechanisms of their effect remain to be elucidated.
It has also been reported that sympathetic activation plays a
critical role in the pressure-overload rat model of abdominal
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aortic constriction (27,28). In this regard, adrenergic receptor
blockade is likely to be an effective tool for the prevention
of pressure overload-induced ventricular hypertrophy. This
hypothesis was confirmed by the current study: both hemo-
dynamics and histological changes were positively affected by
treatment with carvedilol or metoprolol.

As previously mentioned, the exploration of novel drugs
effective against the calcineurin/NFAT3/GATA4 pathway
is warranted. In the present study, oral administration of the
non-selective B blocker/a-1 blocker carvedilol or the selec-
tive -1 blocker metoprolol, but not the selective a-1 blocker
terazosin, significantly suppressed the calcineurin/NFAT3/
GATA4 pathway, suggesting that the (-adrenergic receptor
but not the a-adrenergic receptor is involved in the activation
of this signaling pathway. These results are consistent with our
hemodynamic and histological observations, which showed
that the degree of ventricular hypertrophy and remodeling was
improved by B-receptor blockers, but not a-receptor blockers.
Carvedilol was more efficacious than metoprolol in improving
histological changes and normalizing molecular signals.

In conclusion, this study suggests that calcineurin is acti-
vated in pressure-overload hypertrophy. Activated calcineurin
is likely to be responsible for numerous intracellular effects,
including the dephosphorylation of NFAT3 and the phospho-
rylation of GATAA4, resulting in fetal hypertrophic gene c-myc
expression. The novel finding of this study is that adrenergic
receptor blockade normalized the calcineurin/NFAT3/
GATA4 signaling pathway, in addition to inducing a regres-
sion of pressure-overload cardiac hypertrophy. The present
findings may contribute to our understanding of the mecha-
nisms behind and role of sympathetic activation in pressure
overload-induced cardiac hypertrophy. More significantly,
the identification of calcineurin/NFAT3/GATA4 as a pivotal
molecular modulator of hypertrophy and remodeling makes it
an attractive therapeutic target in hypertrophic heart disease.
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