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Abstract

Recent evidence indicates that the GTPase activated Rho/Rho-kinase pathway contributes angiotensin II-induced cardiac hypertrophy and
vascular remodeling. We tested this hypothesis in vivo by determining the effects of fasudil, a Rho-kinase inhibitor, on angiotensin II-induced
cardiac hypertrophy, coronary vascular remodeling, and ventricular dysfunction. Six-month-old apolipoprotein E deficient (apoE-KO) mice
were subcutaneously infused with angiotensin II (1.44 mg/kg/day) using an osmotic mini-pump. Mice were randomly assigned to either
vehicle or fasudil (136 or 213 mg/kg/day in drinking water) group. Infusion of angiotensin II for 4 weeks resulted in cardiac enlargement,
myocyte hypertrophy, and myocardial interstitial and coronary artery perivascular fibrosis. These changes were accompanied by reduced
aortic flow velocity and acceleration rate. Cardiac gene expression levels of atrial natriuretic peptide (ANP) and collagen type III detected by
real-time reverse transcriptase polymerase chain reaction were significantly increased in angiotensin Il-infused mice. Treatment with fasudil
dose-dependently attenuated angiotensin II-induced cardiac hypertrophy, prevented perivascular fibrosis, blunted the increase in ANP and
collagen type III expression, and improved cardiac function, without changing blood pressure. These data are consistent with a role for Rho-

kinase activation in angiotensin II-induced cardiac remodeling and vascular wall fibrosis.
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1. Introduction

Cardiac hypertrophy occurs in response to sustained
increases in afterload, wall stress, and neurohumornal
stimulation, eventually leading to ventricular dysfunction
and heart failure. Angiotensin II induces cardiac hyper-
trophy, by directly stimulating cardiomyocyte growth and
by increasing ventricular afterload. Rho-kinase, a target
protein of the small GTP-binding protein Rho, can affect
cell growth and motility, focal adhesions and cytokinesis
(Amano et al., 1997), and has been implicated in cardio-
vascular disease (see review (Shimokawa, 2002)). Data
suggest that some of the cardiac effects of angiotensin II be
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mediated by Rho/Rho-kinase signaling. Activation of
angiotensin 1 (AT;) receptors by angiotensin II has been
shown to activate Rho, which, in turn, induces protein
synthesis in cardiomyocytes, leading to hypertrophy
(Aikawa et al., 2000; Aoki et al., 1998). Angiotensin II
also promotes inflammation by up-regulating the expression
monocyte chemotactic protein (MCP-1), macrophage col-
ony-stimulating factor (M-CSF), vascular cell adhesion
molecule-1 (VCAM-1), intercellular adhesion molecule-1
(ICAM-1) and E-selectin, and by promoting monocyte/
macrophage migration (Tham et al., 2002b). Rho-kinase has
been shown to mediate angiotensin II-induced MCP-1
expression, macrophage infiltration (Aikawa et al., 2000;
Aoki et al., 1998; Funakoshi et al., 2001; Miyata et al.,
2000), and connective tissue growth factor production, thus
contributing to fibrosis (Iwanciw et al., 2003). Recent data
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indicate that inhibition of Rho-kinase can prevent angio-
tensin Il-induced expression of plasminogen activator
inhibitor-1, and attenuate cardiac remodeling in the rat
(Kobayashi et al., 2002a,b). In the present study, we used a
Rho-kinase inhibitor, fasudil, to test the hypothesis that
Rho-kinase mediates angiotensin Il-induced cardiac hyper-
trophy and coronary vascular remodeling in apolipoprotein
E deficient (apoE-KO) mice.

2. Method
2.1. Animal preparation

The Institutional Animal Care and Use Committee
approved all animal protocols. Osmotic mini-pumps (model
2004, Alzet, Palo Alto, CA) containing either phosphate
buffered saline (PBS) or angiotensin II (1.44 mg/kg/day in
PBS, Calbiochem, CA) were implanted subcutaneously in 6-
month-old apoE-KO male mice (Jackson Lab, Bar Harbor,
ME). Two days prior to pump implantation, mice were
provided with either tap water (vehicle group) or tap water
dissolved with fasudil at a concentration of 0.5 (L) or 1.0 mg/
mL (H) as fasudil groups. The calculated average daily dose
of fasudil based on measured daily water consumption was
136 &+ 12 mg/kg for the low dose group and 213 + 10 mg/kg
for the high dose group. The treatment duration continued for
30 days. At the end of the experiment, blood was taken for
determination of plasma drug levels with a LC-MS/MS based
analytical method. In mice treated with high dose fasudil, the
average plasma drug concentrations were 0.7 0.4 uM for
fasudil and 4.2 + 0.7 uM for the active metabolite, hydrox-
yfasudil. Hattori et al. reported that administration of fasudil
in mice via drinking water at a daily dose of 100 mg/kg that
reached a plasma concentration of hydroxyfasudil at” 0.4 uM
significantly inhibited tissue level of Rho-kinase (Hattori et
al., 2004a,b). It is known that fasudil is metabolized to
hydroxyfasudil after oral administration (Shimokawa, 2002).
Hydroxyfasudil is a specific inhibitor for Rho-kinase, which
has been shown approximately 100 and 1000 fold more
potent than that for protein kinase C and for myosin light-
chain kinase, respectively (Higashi et al., 2003). Thus, at the
present concentration of hydroxyfasudil 4 pM, the ther-
apeutic effects following oral administration of fasudil is
likely related to the inhibition of Rho-kinase.

Mice were then euthanized, and the hearts perfused with
Diethyl pyrocarbonate (DEPC) in saline at a physiological
pressure. Hearts were excised, wet weight recorded, fixed in
10% formalin and embedded in paraffin for histology or
snap-frozen in liquid nitrogen for quantification of gene
expression.

2.2. Histology

Formalin-fixed hearts were encased in agarose and
sectioned at 2.5 mm. The resulting tissue blocks were

embedded in paraffin. Paraffin sections were cut at 5 um
thickness and stained with H&E, trichrome and Van
Gieson’s elastin. Using a stereology software (Computer
Assisted Stereology Toolbar, CAST, Olympus Danmark,
Albertslund, Denmark), average myocyte cross-sectional
area was quantified by tracing the outer margin of 40
randomly chosen myocytes in cross section located in the
middle part of the left ventricle. Interstitial fibrosis was
evaluated in 2-3 sections from each heart by measuring
the area of collagen-positive staining. Vascular wall
remodeling was assessed in 3 large branches of the left
anterior descending artery in the mid-section of the heart.
The areas of vascular wall and perivascular fibrosis were
quantified by tracing the adventitial, medial and luminal
margins. Vessel and luminal diameters and vascular wall
thickness were calculated by CAST software. An inves-
tigator blinded to the treatment regimens performed all
measurements.

2.3. Gene expression analysis by real-time reverse tran-
scriptase polymerase chain reaction (RT-PCR)

Total RNA was extracted from snap frozen heart tissues
following standard laboratory protocols and purified using
RNeasy columns (Qiagen Inc., Valencia, CA). PCR
primers were designed using Primer Express software
(Applied Biosystems Inc., Foster City, CA) based on
sequence from GenBank. Gene expression data were
normalized to rodent GAPDH. The primer sequences used
were as follows:

Atrial natriuretic peptide (GenBank Accession #
K02781)
5" AGGAGAAGATGCCGGTAGAAGA 3’ (forward)
5" GCTTCCTCAGTCTGCTCACTCA 3’ (reverse)
Collagen III (GenBank Accession # M18933)
5" CCCAACCCAGAGATCCCATT 3’ (forward)
5" GAAGCACAGGAGCAGGTGTAGA 3’ (reverse)
Control gene GAPDH (GenBank Accession # M32599)
5" TGCACCACCAACTGCTTAGC 3 (forward)
S'GTGGTCATGAGCCCTTCCA 3’ (reverse)

Real-time RT-PCR was performed in a two-step
process. In the first step, sample RNA was reverse
transcribed in a volume of 100 pl containing Tagman
RT buffer, 5.5 mM MgCl,, 500 uM of each dNTP, 2.5
UM random hexamers, 0.4 U/ul RNase inhibitor and 1.25
U/ul MultiScribe reverse transcriptase at 25 °C for 10
min, 48 °C for 30 min and 95 °C for 5 min. In the
second step, PCR was carried out in a MicroAmp Optical
96-well plate using SYBR® Green PCR Core Reagents
(Applied Biosystems, Inc.). Each well contained 5 pl of a
1-100 fold dilution of ¢cDNA template, SYBR green PCR
buffer (5.5 mM MgCl,, 200 pM each of dATP/dCTP/
dGTP, 1 mM of dUTP, 2 mM each of forward and reverse
primers, 0.01 U/ul of AmpErase UNG, and 0.025 U/ul
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Fig. 1. Fasudil decreased angiotensin II-induced cardiac hypertrophy (top)
measured by the heart weight (middle) and the ratio of heart over body
weight (bottom) in apoE-KO mice. P <0.05, * vs. control; # vs. angiotensin

II group.

AmpliTaq Gold DNA polymerase) in a total volume of 25
pl. The Thermal cycling conditions for the PCR reaction
were 50 °C for 2 min; 95 °C for 10 min; and 40 cycles of
melting at 95 °C for 15 s and annealing/extension at 60
°C for 60 s. PCR reactions were monitored in real time
using an ABI PRISM® 7900HT Sequence Detection
System (Applied Biosystems Inc.). A standard curve for
each target gene was generated with pooled reference
RNA. Gene expression relative to GAPDH was deter-
mined using the standard curve method (ABI User
bulletin #2, Applied Biosystems Inc.).

2.4. Noninvasive measurement of hemodynamics

A noninvasive Doppler method was used to quantify
hemodynamic changes as described in detail previously
(Hartley et al., 2000). In brief, mice were lightly
anesthetized with 1.5% isoflurane (IMPAC 6, VetEquip,
Pleasanton, CA). A lead II electrocardiogram and Doppler
signals were obtained simultaneously using a Doppler data
acquisition and processing system (Indus Instruments,
Houston, TX). Blood flow velocity in the ascending aorta
was measured by a 2-mm-diameter 20-MHz pulsed
Doppler probe. Ascending flow velocity acceleration rate
was calculated and used as an index of left ventricular
contractility, average ascending flow velocity, as an index
of cardiac output, and stroke distance, as an index of
stroke volume.

2.5. Data analysis and statistics

Results are presented as mean = standard error (S.E.M)
for the number of animals (n) indicated. Comparison
between 2 groups with different treatments was performed
by Student #-test. Multiple comparison of mean values was
performed by analysis of variance (ANOVA) followed by a
subsequent Student-Newman—Keuls test for repeated meas-
ures. Differences were considered statistically significant
when the P value was less than 0.05. The statistical analysis
was performed using Statistica software (STASOFT, Tulsa,
OK).

3. Results

3.1. Effects of fasudil on angiotensin Il-induced cardiac
hypertrophy

Infusion of angiotensin II in apoE-KO mice for 1 month
significantly increased heart weight by 44% and heart/body
weight ratio by 50% (Fig. 1). Treatment with fasudil
attenuated angiotensin Il-induced increases in heart weight
and heart/body weight ratio. Angiotensin II resulted in an
increase in cardiomyocyte size, which was significantly
reduced by treatment with fasudil (Fig. 2). Histological
examination revealed myocardial interstitial fibrosis in the
mice receiving angiotensin I, but not in those with vehicle.
Fasudil did not significantly affect angiotensin II-induced
myocardial interstitial fibrosis (data not shown).

3.2. Effects of fasudil on angiotensin Il-induced perivas-
cular fibrosis

Angiotensin II resulted in a pronounced coronary
perivascular fibrosis, which was dose-dependently attenu-
ated by fasudil (Fig. 3). At the high dose of fasudil group,
angiotensin Il-induced coronary perivascular fibrosis was
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Fig. 2. Fasudil prevented angiotensin II-induced cardiac myocyte hyper-
trophy (top) measured by left ventricular myocyte size (bottom) in the heart
of apoE-KO mice. P<0.05, * vs. control; # vs. angiotensin II group.
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Fig. 3. Fasudil prevented angiotensin II-induced perivascular fibrosis (top)
measured by perivascular fibrosis area (middle) and the ratio of perivascular
fibrosis/vascular wall area (bottom) in the heart of apoE-KO mice. P <0.05,
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Fig. 5. Fasudil alleviated angiotensin Il-induced up-regulation of the gene
expressions of ANP (top) and collagen III (bottom) in the heart of apoE-KO
mice. P<0.05, * vs. control; # vs. angiotensin II group.

dramatically reduced to a level that was not significantly
different from that in control apoE-KO mice without
treatment of angiotensin II. Intra-myocardial coronary
arteries in angiotensin II-treated apoE-KO mice showed
medial thickening with increased outer diameter of the
vessel (Figs. 3 and 4). Luminal diameters tended to increase
slightly, but the effect was not statistically significant.
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Treatment with fasudil did not significantly alter these
angiotensin II-induced vascular changes.

3.3. Effects of fasudil on angiotensin Il-induced myocardial
gene expression

Cardiac expressions of ANP and collagen type IIl mRNA
were significantly up-regulated in mice treated with
angiotensin II compared to those with vehicle, which were
attenuated by fasudil (Fig. 5).

3.4. Effects of fasudil on angiotensin Il-induced hemody-
namic changes

Infusion of angiotensin II in apoE-KO mice increased
systolic blood pressure with no significant effect on heart
rate (Fig. 6). Treatment with fasudil had no effect on blood
pressure or heart rate at baseline or following 28 days of
angiotensin II treatment. Infusion of angiotensin II in apoE-
KO mice for 1 month significantly decreased aortic flow
acceleration rate as an index for left ventricular contractility,
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Fig. 7. Fasudil improved Angiotensin Il-induced cardiac dysfunction in
apoE-KO mice: representative original Doppler flow velocity signals and
electrocardiogram (top left) and illustration of the calculation of aortic flow
acceleration rate (top right), left ventricular contractility measured by aortic
flow acceleration rate (second panel), cardiac output measured by mean
aortic flow velocity (the third panel), and cardiac stoke volume measured by
aortic flow stroke distance (bottom). P<0.05, * vs. control; # vs.
angiotensin II group.

aortic flow velocity as an index for cardiac output, and
stroke distance of the aortic flow as an index for stoke
volume measured (Fig. 7). Treatment with fasudil prevented
above angiotensin Il-induced cardiac dysfunction.

4. Discussion

In the present study, a 30-day infusion of angiotensin II
in apoE-KO mice resulted in cardiac hypertrophy, and
myocardial interstitial and coronary artery perivascular
fibrosis. These morphological changes were associated
with increased expression of ANP and collagen type III as
well as impaired left ventricular ejection phase indices.
Without significant effect on systemic blood pressure,
treatment with fasudil attenuated cardiac hypertrophy,
prevented perivascular fibrosis, and restored left ventricular
systolic function.

Infusion of angiotensin II modestly increased blood
pressure, which can elevate cardiac afterload, thus, con-
tributing to cardiac hypertrophy. However, the cardiopro-
tective effects of fasudil were clearly independent of blood
pressure, which was not altered by fasudil. In addition to its
vasoconstrictor effects, angiotensin II activates Rho by
signaling through AT1 receptors, resulting in organization of
actin into striated myofibrils (Aoki et al., 1998), induction of
myofibrillogenesis, and stimulation of cardiomyocyte
growth (Aceto and Baker, 1990; Baker and Aceto, 1990),
DNA synthesis and cell migration (Seasholtz et al.,
1999a,b). A role for Rho-kinase was also demonstrated by
using a dominant negative Rho-kinase that can block
angiotensin II-induced myocardial hypertrophy and myofi-
brillar assembly (Hoshijima et al., 1998). Further support for
the role of Rho-kinase in cardiac hypertrophy comes from
data indicating that Rho activates fetal genes, such as ANP,
and is associated with cardiomyocyte growth (Sah et al.,
1996, Thorburn et al., 1997). Indeed in the present study,
angiotensin II treatment in apoE-KO mice up-regulated
ANP mRNA in the hypertrophied heart, which were
attenuated by fasudil. These results, which are consistent
with several other reports (Aikawa et al., 2000; Aoki et al.,
1998; Higashi et al., 2003), provide further evidence for the
role of Rho-kinase in mediating angiotensin Il-induced
cardiac hypertrophy.

Fibrosis is a common pathologic feature of myocardial
remodeling (Weber et al., 1991). In the present study, we
observed that angiotensin II induced myocardial interstitial
and perivascular fibrosis accompanied by up-regulation of
collagen type III gene expression in the hypertrophied heart
in apoE-KO mice. Interstitial and perivascular fibrosis in the
hypertrophied myocardium is likely a result of cardiac
fibroblast growth and collagen accumulation. Rho-kinase
has been shown to mediate the induction of connective
tissue growth factor by angiotensin II (Iwanciw et al., 2003).
Inhibition of Rho-kinase has been shown to attenuate
cardiac (Satoh et al., 2002a), hepatic (Iwamoto et al.,
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2000; Tada et al., 2001) and renal (Ikegaki et al., 2001;
Miyata et al., 2000; Nagatoya et al., 2002; Satoh et al.,
2002b) fibrosis. These reports together with our data that
fasudil prevented perivascular fibrosis provide strong
evidence that Rho-kinase mediates the fibrogenic effects
of angiotensin II. Inhibition of cardiac expression of
collagen type III in fasudil-treated mice in the present study
may contribute to the antifibrotic mechanism of fasudil.
Angiotensin II is also a potent stimulator of plasminogen
activator inhibitor-1 (PAI-1) expression, a major inhibitor of
tissue and urokinase plasminogen activators that plays an
important role in fibrogenesis (Feener et al., 1995). It has
been known that angiotensin II-induced induction of PAI-1
expression is dependent on the ATl-receptor and the Rho/
Rho-kinase pathway plays a critical role (Kobayashi et al.,
2002a,b). Inhibition of Rho-kinase by Y-27632 prevented
angiotensin Il-induce PAI-1 expression and attenuated
cardiac remodeling (Kobayashi et al., 2002a,b). Thus,
inhibition of PAI-1 mediated fibrogenesis could be another
mechanism for the antifibrotic effect of fasudil. In addition,
inflammatory cell infiltration, in specific, macrophages also
thought to play an important role in the fibroproliferative
response by releasing fibrogenic growth factors. Rho-kinase
inhibitor has been reported to suppress serum levels of
proinflammatory cytokines, interleukin-6 (IL-6), keratino-
cyte chemoattractant (KC) and granulocyte colony-stimulat-
ing factor (G-CSF) (Bao et al., 2004), thus, inhibiting
macrophage infiltration (Ikegaki et al., 2001; Miyata et al.,
2000). Therefore, the antifibrotic effects of fasudil could
also be partially attributed to its antiinflammatory action.
Our data show that angiotensin Il-induced fibrosis is
much more pronounced in the perivascular region than in
the myocardial interstitial space, findings consistent with
other reports (Kurisu et al., 2003; Weber et al., 1991).
Treatment with fasudil completely prevented perivascular
fibrosis and significantly attenuated cardiac hypertrophy,
but had limited effect on myocardial interstitial fibrosis.
One explanation for this finding is that the mechanism for
myocardial interstitial fibrosis is different from that of
perivascular fibrosis and cardiac hypertrophy, in which
Rho-kinase may play a more important role. It has been
reported that angiotensin II-induced TGF-p1 expression
may act as an autocrine/paracrine stimulus for collagen
formation in cardiac fibroblasts (Lee et al., 1995), but did
not appear to be involved in hypertrophy of cultured
neonatal cardiomyocytes (Kim et al., 1995). Thus, our
finding that fasudil had minimal effects on myocardial
interstitial fibrosis suggests that Rho-kinase may not be
involved in angiotensin Il-induced cardiac fibroblast
stimulation. It has also been reported that activation of
AT?2 receptors attenuates perivascular fibrosis by a kinin/
nitric oxide-dependent mechanism, but had no effect on
cardiomyocyte hypertrophy (Kurisu et al., 2003). In
contrast, it is well known that angiotensin II induces
cardiac hypertrophy requires activation of AT, receptors
(Aoki et al., 1998). Thus, an alternative explanation is that

activation of Rho/Rho-kinase by angiotensin II attenuates
AT, receptor-mediated inhibition of perivascular fibrosis.
Fasudil, by blocking Rho-kinase, restores the negative
feedback loop.

Long-term cardiac hypertrophy can lead to ventricular
dysfunction. Indeed, in the present study, we observed that
treatment with angiotensin II reduced left ventricular
contractility, indexed by the acceleration rate of the
ascending aortic flow, and decreased cardiac output,
indexed by the ascending aortic flow velocity (Hartley et
al., 2000). The ascending aorta flow velocity and accel-
eration rate can be influenced by aortic stiffness that was
significantly increased by angiotensin II (Tham et al.,
2002a). A stiff aorta with reduced compliance is expected
to increase aortic flow velocity and acceleration. Thus, the
observed reduction of the aortic flow velocity and accel-
eration rate may underestimate the effect of angiotensin II-
induced cardiac dysfunction.

Angiotensin II-induced coronary vasoconstriction and
perivascular fibrosis can result in myocardial ischemia,
which could contribute to impaired cardiac function. In the
present study, regions of micro-infarction were observed in
the heart from one apoE-KO mouse treated with angiotensin
II (data not show). Furthermore, collagen accumulation in
the heart increases myocardial stiffness, which can also lead
to diastolic, and ultimately, systolic dysfunction. Long-term
inhibition of the renin—angiotensin system has been reported
to result in both regression of myocardial fibrosis and
improvement in diastolic distensibility in hypertensive rats
(Brilla et al., 1996) and humans (Diez et al., 2002). The
improvement of ejection phase indices by fasudil in the
present study may be related to the observed attenuation of
cardiac hypertrophy and prevention of perivascular fibrosis.
Although fasudil had little effect on myocardial interstitial
fibrosis, the improvement of diastolic dysfunction and the
regression of cardiomyocyte hypertrophy could be inde-
pendent of the reduction of collagen content as it is shown
in hypertensive patients (Brilla et al., 2000). Collagen cross-
linking has been reported to affect myocardial stiffness and
function (Norton et al., 1997), which was not measured in
the present study.

In summary, our results provide further evidence that
Rho-kinase contributes to angiotensin Il-induced cardiac
hypertrophy, coronary perivascular fibrosis, and impaired
left ventricular ejection in apoE-KO mice. Fasudil, a Rho-
kinase inhibitor, attenuated angiotensin II-induced cardiac
hypertrophy, prevented perivascular fibrosis, and improved
ventricular ejection. Thus, inhibition of Rho-kinase may be
a useful therapeutic strategy to attenuate progression of
heart failure resulting from cardiac hypertrophy.
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