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Vasodilator therapy with hydralazine induces
angiotensin AT2 receptor-mediated cardiomyocyte
growth in mice lacking guanylyl cyclase-Abph_619 1133..1142
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Background and purpose: Recent clinical guidelines advocate the use of the isosorbide dinitrate/hydralazine combination in
treatment for heart failure. However, clinical and laboratory evidence suggest that some vasodilators may induce cardiac
hypertrophy under uncertain conditions. This study investigated the effects and underlying mechanism of action of the
vasodilator hydralazine on cardiac growth.
Experimental approach: Wild-type mice and animals deficient in guanylyl cyclase-A (GCA) and/or angiotensin receptors (AT1

and AT2 subtypes) were treated with hydralazine (ª24 mg·kg-1·day-1 in drinking water) for 5 weeks. Cardiac mass and/or
cardiomyocyte cross-sectional area, fibrosis (van Giessen-staining) and cardiac gene expression (real-time RT-PCR) were
measured.
Key results: Hydralazine lowered blood pressure in mice of all genotypes. However, this treatment increased the heart and left
ventricular to body weight ratios, as well as cardiomyocyte cross-sectional area, and cardiac expression of atrial natriuretic
peptide mRNA in mice lacking GCA. Hydralazine did not affect cardiac hypertrophy in wild-type mice and mice lacking either
AT1 or AT2 receptors alone. However, the pro-hypertrophic effect of hydralazine was prevented in mice lacking both GCA and
AT2, but not GCA and AT1 receptors. However, hydralazine did decrease cardiac collagen deposition and collagen I mRNA (signs
of cardiac fibrosis) in mice that were deficient in GCA, or both GCA and AT2 receptors.
Conclusions and implications: The vasodilator hydralazine induced AT2 receptor-mediated cardiomyocyte growth under
conditions of GCA deficiency. However, attenuation of cardiac fibrosis by hydralazine could be beneficial in the management
of cardiac diseases.
British Journal of Pharmacology (2010) 159, 1133–1142; doi:10.1111/j.1476-5381.2009.00619.x; published online 8
February 2010
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Introduction

Despite the advances in pharmacotherapy for chronic heart
failure due to reduced left ventricular function, mortality still
remains high and many patients are hospitalized because of
worsening symptoms of heart failure. Hydralazine is an estab-
lished antihypertensive drug that exerts its actions via arterial

dilation. Hydralazine is not used as a primary drug for treating
hypertension because it also elicits sympathetic stimulation
and salt retention, which may lead to the development of
congestive heart failure, and increases plasma renin activity
(Gerber and Nies, 1990). However, concomitant use of
hydralazine together with a venodilatory nitrate has been
shown to prevent the development of nitrate tolerance and to
maintain the favourable haemodynamic effect of nitrates in
animals (Bauer and Fung, 1991) and in patients (Gogia et al.,
1995) with congestive heart failure. Recent findings from the
African American Heart Failure Trial (A-HeFT) have demon-
strated a survival benefit in African-American patients with
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chronic congestive heart failure treated with BiDil (NitroMed;
Lexington, MA, USA), a fixed-dose combination of isosorbide
dinitrate and hydralazine (Taylor et al., 2004). As a conse-
quence, recent clinical guidelines advocate the isosorbide
dinitrate/hydralazine combination as ‘a reasonable option’ in
the treatment of patients with advanced, but stable heart
failure and who remain symptomatic despite optimal stan-
dard therapy (Hunt et al., 2005; 2009a,b; Heart Failure Society
of America, 2006).

It has been reported that long-term treatment with arterial
vasodilators such as hydralazine and minoxidil is associated
with progression (or absence of regression) of cardiac hyper-
trophy in spontaneously hypertensive rats, as well as in other
models of hypertension [e.g. two-kidney, one-clip (2K1C)]
and in normotensive rats (Sen et al., 1974; 1977; Pegram et al.,
1982; Fenje and Leenen, 1985; Tsoporis and Leenen, 1986;
Leenen and Prowse, 1987). In the clinic, it has been also
reported that long-term treatment with hydralazine increased
left ventricular mass in patients with chronic asymptomatic
aortic regurgitation (Kleaveland et al., 1986). The underlying
molecular mechanisms, however, are still unclear.

Myocardial hypertrophy is prevalent in a substantial
portion of individuals with essential hypertension, and it is

generally accepted as an independent risk factor for conges-
tive heart failure and sudden cardiac death. Recently, several
lines of evidence have suggested that activity of an isoform of
guanylyl cyclase (GC), GCA, which is also the receptor for
atrial natriuretic peptide (ANP), could be impaired in a sub-
population of patients with essential hypertension and heart
failure (Tsutamoto et al., 1992; 1993; Nakayama et al., 2000;
Rubattu et al., 2006; Usami et al., 2008). Moreover, mice
lacking GCA also exhibit hypertension, cardiac hypertrophy
and fibrosis and sudden death (Lopez et al., 1995; Oliver et al.,
1997). Although heart failure has not been reported under
basal conditions, the incidence of heart failure was more
pronounced in mice genetically deficient in GCA [GCA
knockout (KO) mice] than in wild-type (WT) mice, after myo-
cardial infarction induced by ligation of the left coronary
artery (Nakanishi et al., 2005). This finding is consistent with
increased susceptibility to heart failure in GCA deficiency.
Recently, we have also demonstrated that genetic or pharma-
cological blockade of angiotensin AT1 receptors (Li et al.,
2002) or AT2 receptors (Li et al., 2009) attenuated cardiac
hypertrophy in GCA KO mice, indicating that both AT1 and
AT2 receptors mediate hypertrophy under conditions of GCA
deficiency.
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Figure 1 Systolic blood pressure (SBP, A) and the ratios of heart weight to body weight (HW/BW, B) and left ventricular weight to body weight
(LVW/BW, C) in wild-type (WT) and guanylyl cyclase-A-deficient [GCA knockout (KO) mice] mice. Hydralazine (HYD) was administered in
drinking water (ª24 mg·kg-1·day-1) for 5 weeks, while the mice in control groups received drinking water only. SBP was measured in conscious
mice prior to, and at weekly intervals after, the commencement of treatment using a computerized tail-cuff method. Hearts and left ventricles
were weighed at the conclusion of the experiments (week 5), and HW/BW and LVW/BW were calculated. Values are means � SEM (n = 7-14).
*P < 0.05; $different from WT control (HYD -) or #different from GCA KO (HYD -) at corresponding time-points (P < 0.05). HYD -: control,
without HYD; HYD +, with HYD.
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Cardiac hypertrophy may be an adaptive response of the
heart to haemodynamic overload, as in hypertension. To
evaluate the contribution of increased blood pressure to
cardiac hypertrophy and fibrosis, GCA KO mice were treated
with hydralazine. Unexpectedly, we found that, despite its
antihypertensive actions, hydralazine potentiated cardiac
hypertrophy in GCA KO mice. We further investigated the
underlying mechanism of this effect by genetically deleting
AT1 or AT2 receptors.

Methods

Animals and treatments
The animal care and all experimental protocols were reviewed
and approved by the Animal Research Committee in Kyoto
University Graduate School of Medicine.

Experiment 1. Male homozygous GCA KO and WT mice used
in this experiment (n = 7–14 each group) were generated by
methods described previously (Lopez et al., 1995). The genetic
background of the mice was C57BL/6. Treatments were

started when mice were 12 weeks of age. Hydralazine
(Sigma, Osaka, Japan) was administered in drinking water
(ª24 mg·kg-1·day-1) over a 5 week period; the solution was
replaced on alternate days. Control mice received drinking
water alone. Systolic blood pressure (SBP) was measured prior
to commencement and at weekly intervals during the 5 week
experiment after which animals were killed.

Experiment 2. The genetic background of the mice lacking
the AT1a gene (AT1 KO) mice was C57BL/6. Male homozygous
AT1 KO mice and mice with both GCA and AT1 KO (‘double’
KO; GCA/AT1 DKO) used in this experiment (n = 6-7 each
group) were generated by methods described previously (Li
et al., 2002; 2004). The other experimental procedures were
the same as those described in Experiment 1.

Experiment 3. The genetic background of the AT2-deficient
(AT2 KO) mice was FVB/N. Male homozygous AT2 KO and
GCA and AT2 double KO (GCA/AT2 DKO) mice used in this
experiment (n = 7–8 each group) were generated by methods
described previously (Li et al., 2009). The other experimental
procedures were the same as those described in Experiment 1.
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Figure 2 Cardiomyocyte cross-sectional areas in wild-type (WT) and guanylyl cyclase-A (GCA) knockout (KO) mice. Hydralazine (HYD) was
administered in drinking water (ª24 mg·kg-1·day-1) for 5 weeks, while the mice in control groups received drinking water only. Morphometry
of left ventricular myocytes was performed to measure the myocyte cross-sectional area. Values are means � SEM (n = 7-14). *P < 0.05.
(A) Results of cardiomyocyte cross-sectional areas with or without HYD treatment. (B) Representative histological findings of cardiomyocytes
in different experimental groups. Original magnification: ¥400. HYD -: control, without HYD; HYD +, with HYD.
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Heart rate and SBP measurement
Heart rate (HR) and SBP were measured in conscious mice
using a computerized tail-cuff method (Softron, Co., Ltd.,
Tokyo, Japan) at 10:00–14:00. The validity of this system has
been established in our laboratory (Li et al., 2002; 2004; 2009;
Nakanishi et al., 2005).

Determination of heart and left ventricular weights
Hearts were dissected and the weights of the total heart (HW)
and left ventricle (LVW) were measured. The ratios of HW or
LVW to the body weight (HW/BW and LVW/BW) were calcu-
lated and used as an index of cardiac hypertrophy.

Measurement of cardiomyocyte cross-sectional areas
A section from each left ventricle was fixed in 10% neutral
formalin over several days and dehydrated with graded con-
centrations of alcohol for embedding in paraffin. Paraffin
slices from each heart were stained with haematoxylin-eosin.
Morphometry of left ventricular myocytes was performed
according to the method described in previous reports
(Sanada et al., 2003). The cross-sectional area was measured
using an image analysing system (KS 400 Imaging System;
Carl Zeiss Vision, Eching, Germany) in cardiomyocytes that
were cut transversely and had a visible nucleus and an unbro-
ken cellular membrane. The outer borders of the cardiomyo-

cytes (original magnification: ¥400) were traced and the
cardiomyocyte areas were calculated. One hundred cells per
left ventricle were counted, and the averaged value was used
for analysis.

Determination of cardiac fibrosis
To determine the extent of collagen fibre accumulation, par-
affin slices from each heart were subjected to van Giessen-
staining. Forty fields in three individual sections were selected
randomly and the ratio of the areas of van Giessen-stained
interstitial fibrosis to the total left ventricular area was calcu-
lated using image analysis software and a Zeiss KS400 system
(Carl Zeiss Vision, Eching, Germany) (Li et al., 2002; 2004).

Analysis of gene expression
Total RNA was isolated from left ventricles with the TRIzol
reagent (Life Technologies Inc., Rockville, MD, USA). Expres-
sion of mRNAs encoding ANP and collagen I was evaluated
using real-time RT-PCR in an ABI PRISM™ 7700 Sequence
Detector (Applied Biosystems, Foster city, CA, USA). The
primers and probes of the genes examined were as follows:
ANP: sense, 5′-GCCATATTGGAGCAAATCCT-3′; antisense,
5′-GCAGGTTCTTGAAATCCATCA-3′; oligonucleotide probe,
5′-TGTACAGTGCGGTGTCCAACACAGAT-3′; collagen I:
sense, 5′-GTCCCAACCCCCAAAGAC-3′; antisense, 5′-CAT
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Figure 3 Cardiac fibrosis in wild-type (WT) and guanylyl cyclase-A (GCA) knockout (KO) mice. Hydralazine (HYD) was administered in
drinking water (ª24 mg·kg-1·day-1) for 5 weeks, while the mice in control groups received drinking water only. After van Giessen-staining the
area of collagen deposition in the interstitial region and the total left ventricular area were quantified using an image analysing system.
(A) Interstitial fibrosis (%, the ratio of the area of interstitial collagen accumulation to the total left ventricular area); (B) Representative examples
of interstitial fibrosis (red) (original magnification: ¥200). Values are means � SEM (n = 7–14). *P < 0.05. HYD -: control, without HYD; HYD
+, with HYD.
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CTTCTGAGTTTGGTGATACGT-3′; oligonucleotide probe,
5′-CACGGCTGTGTGCGATGACG-3′. To verify that equal
amounts of mRNA were subjected to real-time RT-PCR,
GAPDH mRNA was also amplified using the same method
with specific primers and probe (Applied Biosystems, Ham-
monton, NJ, USA).

Statistical analysis
All data are expressed as means � SEM of values obtained in
individual animals. Data were analysed by single-factor
ANOVA. If a significant effect was found, the Student-Newman-
Keuls test was performed to isolate the difference between
the groups. Values of P < 0.05 were considered statistically
significant.

Results

HR, SBP, cardiac mass, collagen accumulation and expression of
hypertrophic and fibrogenic genes in WT and GCA KO mice
The antihypertensive agent hydralazine was used to assess the
role of blood pressure in the development of cardiac hyper-
trophy in GCA-deficient mice. HR was not different between
the four groups of WT and GCA KO mice at baseline (data not
shown). Consistent with enhancement of cardiac sympa-
thetic activity (Tsoporis and Leenen, 1988), hydralazine
(ª24 mg·kg-1·day-1 in drinking water) significantly increased
HR in WT and GCA KO mice over the course of the experi-
ment, but there was no difference between the treated groups
(data not shown). In contrast, SBP was increased in GCA KO
mice compared with WT mice (Figure 1A). In accord with
previous findings, hydralazine elicited a potent and stable
antihypertensive effect in WT mice (Figure 1A). Although
hydralazine also lowered SBP in GCA KO mice after 1 week of
treatment, its efficacy diminished over the course of the 5
week experimental period.

Hydralazine did not alter BW in mice (WT control:
33.9 � 1.4 g; WT + hydralazine: 32.4 � 0.8 g; GCA KO con-
trol: 33.9 � 2.1g; GCA KO + hydralazine: 34.4 � 1.0 g). The
HW/BW (Figure 1B) and the LVW/BW (Figure 1C) ratios were
higher in GCA KO than in WT mice. The cross-sectional area
of cardiac myocytes was also increased in GCA KO mice
(Figure 2). Somewhat surprisingly, treatment with hydrala-
zine over 5 weeks markedly increased the ratios of HW/BW
and LVW/BW, and the cross-sectional area in GCA KO mice,
but not in WT mice (Figures 1B,C and 2A).

There was a pronounced increase in cardiac interstitial van
Giessen-staining area, as a measure of fibrosis, in GCA KO
mice compared with WT (Figure 3). In contrast to the effect
on HW/BW and LVW/BW, hydralazine selectively decreased
the extent of van Giessen-staining in cardiac sections from
GCA KO mice.

Consistent with the phenotypic change in cardiac mass,
cardiac expression of the mRNA for ANP, an important
molecular marker of cardiac hypertrophy, was greater in GCA
KO mice than in WT controls (Figure 4A). The increase in
cardiac ANP expression suggests that the GCA deficiency-
induced cardiac hypertrophy may not be compensatory, but
may be a component of a decompensation process. Hydrala-

zine treatment further enhanced cardiac expression of mRNA
for ANP in GCA KO mice, but induced no change in WT
animals (P > 0.05). In contrast, the up-regulation of cardiac
collagen I mRNA (the most important collagen isoform in
heart) in GCA KO mice was suppressed by hydralazine treat-
ment (Figure 4B). Hydralazine did not affect collagen I mRNA
expression in WT mice.

HR, SBP, cardiac mass, collagen accumulation and expression of
cardiac hypertrophic and fibrogenic genes in AT1 receptor KO and
in GCA and AT1 receptor DKO mice
The potential role of AT1 receptors in the exacerbation of
cardiac hypertrophy in GCA KO mice by hydralazine was
assessed. As found in WT and GCA KO mice, there was no
difference in basal HR between the four groups of AT1 receptor
KO and GCA/AT1 DKO mice (data not shown). Hydralazine
significantly increased HR in AT1 KO and GCA/AT1 DKO mice
over the experimental time course, but there was no differ-
ence between the treated groups (data not shown). SBP was
considerably lower in untreated AT1 KO and GCA/AT1 DKO
mice (Figure 5A) than in corresponding WT and GCA KO
mice (Figure 1A) respectively. However, basal SBP in GCA/AT1
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Figure 4 Left ventricular expression of mRNA for atrial natriuretic
peptide (ANP, A) or collagen I (B) in wild-type (WT) and guanylyl
cyclase-A (GCA) knockout (KO) mice. Hydralazine (HYD) was admin-
istered in drinking water (ª24 mg·kg-1·day-1) for 5 weeks, while the
mice in control groups received drinking water only. Total RNA was
extracted from the left ventricular tissues using TRIzol. The relative
levels of specific mRNAs were assessed by real-time RT-PCR. Results
were normalized to GAPDH. Levels in WT group were arbitrarily
assigned a value of 1. Values are means � SEM (n = 7). *P < 0.05.
HYD -: control, without HYD; HYD +, with HYD.
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DKO mice was still higher than that in AT1 KO mice. Hydrala-
zine treatment further decreased SBP in both AT1 KO and
AT1/GCA DKO mice.

Hydralazine treatment was without effect on BW in both
genotypes (AT1 receptor KO control: 36.0 � 1.3 g; AT1

KO + hydralazine: 35.3 � 1.0 g; GCA/AT1 DKO control:
36.1 � 1.3 g; GCA/AT1 DKO + hydralazine: 36.6 � 1.5 g).
Further, HW/BW (Figure 5B) and LVW/BW ratios (Figure 5C),
as well as cardiac ANP mRNA expression (Figure 6A), were
lower in untreated AT1 KO and GCA/AT1 DKO mice than
untreated WT and GCA KO mice (Figures 1B,C and 4A).
Hydralazine increased the HW/BW and LVW/BW ratios
(Figure 5B,C) and cardiac ANP mRNA expression (Figure 6A)
in GCA/AT1 DKO mice, whereas this treatment was without
effect on these parameters in AT1 receptor KO mice.

Deletion of AT1 receptors decreased the extent of van
Giessen-staining in cardiac interstitial sections from more
than 5% (Figure 3A) to less than 2% (Figure 5D) and also
decreased collagen I mRNA expression (Figure 6B) in GCA KO

mice, compared with basal conditions. Hydralazine treatment
did not affect residual cardiac fibrosis, collagen I mRNA
expression or these parameters in AT1 KO mice (Figures 5D
and 6B).

HR, SBP, cardiac mass, collagen accumulation and cardiac gene
expression of hypertrophic and fibrogenic markers in AT2 receptor
KO and GCA and in AT2 DKO mice
The potential role of AT2 receptors in hydralazine-induced
exacerbation of the cardiac hypertrophy observed in GCA KO
mice was also assessed in the present study. As we had
observed in WT, GCA KO, AT1 KO and GCA/AT1 DKO mice,
there was no difference in basal HR in four groups of AT2

receptor KO and GCA/AT2 DKO mice (data not shown).
Hydralazine significantly increased HR in AT2 KO and GCA/
AT2 DKO mice over the course of the experiment, but there
was no difference between the treated groups (data not
shown). Deletion of AT2 receptors did not affect SBP
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Figure 5 Systolic blood pressure (SBP, A), the ratios of heart weight to body weight (HW/BW, B) and left ventricular weight to body weight
(LVW/BW, C) and cardiac interstitial fibrosis (D) in angiotensin II type 1 (AT1) receptor knockout (KO) and guanylyl cyclase-A (GCA)/AT1 double
KO (DKO) mice. Hydralazine (HYD) was administered in drinking water (ª24 mg·kg-1·day-1) for 5 weeks, while the mice in control groups
received drinking water only. SBP was measured in conscious mice prior to, and at weekly intervals after, the commencement of treatment
using a computerized tail-cuff method. Hearts and left ventricles were weighed at the conclusion of the experiments (week 5), and HW/BW
and LVW/BW were calculated. After van Giessen-staining the area of collagen deposition on the interstitial region and the total left ventricular
area were quantified using an image analysing system. Values are means � SEM (n = 6-7). *P < 0.05; $different from AT1 KO (HYD -), or
#different from GCA/AT1 DKO (HYD -) at corresponding time-points (P < 0.05). HYD -: control, without HYD; HYD +, with HYD.
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(Figure 7A), compared with corresponding animals that
expressed AT2 (Figure 1A). Hydralazine decreased SBP in
both AT2 KO and AT2/GCA DKO mice (Figure 7A) but was
without effect on BW (AT2 KO control: 34.0 � 1.3 g;
AT2 KO + hydralazine: 36.2 � 1.5 g; GCA/AT2 DKO control:
35.1 � 1.1 g; GCA/AT2 DKO + hydralazine: 36.0 � 1.3 g).
Unlike the situation in GCA KO and GCA/ AT1 DKO mice,
hydralazine treatment had no effect on the HW/BW
(Figure 7B) and LVW/BW (Figure 7C) ratios. The cardiac ANP
mRNA expression (Figure 8A) was not changed by hydralazine
in AT2 receptor KO but suppressed in GCA/AT2 DKO mice.

In contrast to the effects in GCA KO mice (Figure 3A),
cardiac van Giessen-staining was decreased in GCA/AT2 DKO
animals (Figure 7D). Hydralazine treatment further decreased
cardiac interstitial fibrosis in GCA/AT2 DKO mice, but did not
affect collagen deposition in AT2 receptor KO mouse heart
(Figure 7D) or collagen I mRNA expression in both genotypes
(P > 0.05) (Figure 8B).

Discussion

The present results clearly demonstrated that hydralazine
increased the HW/BW and LVW/BW ratios, cardiomyocyte

cross-sectional area and cardiac ANP mRNA in mice lacking
GCA, but not in WT mice, despite its antihypertensive
actions. Thus, vasodilator therapy augmented cardiac hyper-
trophy under conditions of GCA deficiency. Long-term treat-
ment with hydralazine in rats or humans is known to increase
plasma renin activity (Tsoporis and Leenen, 1986; Leenen
et al., 1987) and induces cardiac sympathetic hyperactivity
(Tsoporis and Leenen, 1988), as well as cardiac volume over-
load (Tsoporis et al., 1989). However, the molecular mecha-
nisms underlying the pro-hypertrophic actions of hydralazine
are presently unclear.

It is well established that angiotensin II plays an important
role in the development of cardiac hypertrophy, and that AT1

receptors mediate most of the known physiological effects of
angiotensin II (Hunyady and Turu, 2004). Hydralazine has
been reported to increase plasma renin activity in spontane-
ously hypertensive rats (Tsoporis and Leenen, 1986; 1988).
We have demonstrated previously that genetic or pharmaco-
logical blockade of AT1 receptors attenuated cardiac hypertro-
phy in GCA KO mice (Li et al., 2002) and that AT1 receptors
were responsible for hypertrophy induced in GCA KO mouse
heart by androgens (Li et al., 2004). We initially speculated
that angiotensin II/AT1 receptor signalling might participate
in hydralazine-induced cardiac growth. Somewhat unexpect-
edly, however, hydralazine treatment increased cardiac mass
and enhanced cardiac expression of the hypertrophic marker
ANP in GCA/AT1 DKO mice, but not in mice lacking AT1

receptors alone. Thus, the present findings suggest that
hydralazine-induced pro-hypertrophic signalling was inde-
pendent of AT1 receptors. On the other hand, the persistence
of the antihypertensive actions of hydralazine in the GCA/AT1

receptor DKO mice supports the contention that cardiac
hypertrophy was independent of blood pressure in these
animals.

The AT2 receptor is the other major angiotensin II receptor
subtype. Its expression is up-regulated in cardiovascular
pathologies, including cardiac hypertrophy (Suzuki et al.,
1993; Lopez et al., 1994) and heart failure (Tsutsumi et al.,
1998). Although the role of AT2 receptors in cardiac remodel-
ling remains controversial, accumulating lines of evidence
appear to support the view that AT2 receptors can promote
cardiac growth in certain pathological situations. Indeed, at
least in some tissues, AT1 and AT2 receptors share common
signalling pathways that stimulate cell and tissue prolifera-
tion (Mifune et al., 2000; Senbonmatsu et al., 2000; Ichihara
et al., 2001; Yan et al., 2003; D’Amore et al., 2005). We have
recently demonstrated that expression of AT2 receptors at the
mRNA and protein level is up-regulated in hearts of GCA KO
mice and that both genetic and pharmacological blockade of
AT2 receptors ameliorated the cardiac hypertrophy induced by
GCA deficiency (Li et al., 2009). The pro-hypertrophic effect
of hydralazine observed in GCA KO and GCA/AT1 DKO mice
was completely abolished in GCA/AT2 DKO animals, and
hydralazine treatment also decreased cardiac mass and ANP
gene expression. These results suggest that hydralazine-
induced pro-hypertrophic signalling in the heart was depen-
dent on AT2 receptors.

The other finding in the present study is that hydralazine
treatment attenuates cardiac fibrosis in GCA KO mice. It is
generally considered that there are two types of cardiac
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fibrosis: reparative and reactive fibrosis. Reparative fibrosis
appears to be a reaction to the loss of myocardial material
(due to necrosis or apoptosis, after myocardial ischemia or
senescence) and is primarily interstitial in location. In con-
trast, reactive fibrosis is observed in the absence of cell loss
and appears to be a reaction to inflammation; it is primarily
located perivascularly (Swynghedauw, 1999). Hydralazine
therapy has previously been found to be ineffective in the
modification of reactive fibrosis (Mukherjee and Sen, 1993;
Norton et al., 1997). In contrast, hydralazine treatment pre-
vented the development of reparative fibrosis in spontane-
ously hypertensive rats (Tsotetsi et al., 2001). In addition,
hydralazine has been shown to inhibit prolyl hydroxylase
activity (Bhatnagar et al., 1972; Knowles et al., 2004), which
prevents the post-translational modification of collagen
prolyl residues essential for the formation of stable collagen
fibres (Murad et al., 1985). In the present study, even though
hydralazine promoted the growth of cardiomyocytes, the

same treatment diminished cardiac interstitial fibrosis in GCA
KO mice. This suggests that there may be different mecha-
nisms by which the growth of cardiomyocytes and cardiac
fibroblasts is regulated in GCA-deficient mice. Future studies
are required to address whether myocardial ischaemia and/or
prolyl hydroxylase overactivity are associated with the exces-
sive cardiac collagen accumulation in GCA deficiency.

In conclusion, the present findings indicate that vasodilator
therapy with hydralazine induces AT2 receptor-dependent,
but AT1 receptor-independent, growth of cardiomyocytes in
mice lacking GCA. Thus, the possibility that exacerbation of
cardiac hypertrophy may occur during the use of hydralazine
in patients with decreased GCA activity should now be
considered. On the other hand, attenuation of cardiac fibrosis
by hydralazine treatment could be beneficial in the manage-
ment of cardiac disease. The precise mechanisms underlying
the anti-fibrotic action of hydralazine should now be
addressed further.
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