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Background—Angiotensin II (Ang II) accelerates atherosclerosis and induces abdominal aortic aneurysm (AAA) in an
experimental mouse model. Agonism of a G protein– coupled receptor by Ang II activates Rho-kinase and other
signaling pathways and results in activation of proteolysis and apoptosis. Enhanced proteolysis and smooth muscle cell
apoptosis are important mechanisms associated with AAA. In this study, we tested the hypothesis that fasudil, a
Rho-kinase inhibitor, could attenuate Ang II–induced AAA formation by inhibiting vascular wall apoptosis and
extracellular matrix proteolysis.
Methods and Results—Six-month-old apolipoprotein E– deficient mice were infused with Ang II (1.44 mg · kg⫺1 · d⫺1) for
1 month. Animals were randomly assigned to treatment with fasudil (136 or 213 mg · kg⫺1 · d⫺1 in drinking water) or
tap water. Ang II infusion induced AAA formation in 75% of the mice, which was accompanied by an increase in
proteolysis detected by zymographic analysis and quantified by active matrix metalloproteinase-2 activity, as well as
apoptosis detected by terminal deoxynucleotidyl transferase–mediated dUTP nick-end labeling and quantified by both
caspase-3 activity and histone-associated DNA fragmentation. The level of DNA fragmentation in the suprarenal aorta
correlated with AAA diameter. Ang II also increased atherosclerotic lesion area and blood pressure. Fasudil treatment
resulted in a dose-dependent reduction in both the incidence and severity of AAA. At the higher dose, fasudil decreased
AAA by 45% while significantly inhibiting both apoptosis and proteolysis, without affecting atherosclerosis or blood
pressure.
Conclusions—These data demonstrate that inhibition of Rho-kinase by fasudil attenuated Ang II–induced AAA through
inhibition of both apoptosis and proteolysis pathways. (Circulation. 2005;111:2219-2226.)
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A

ngiotensin II (Ang II) promotes vascular inflammation
and induces abdominal aortic aneurysm (AAA) formation in apolipoprotein E– deficient (apoE-KO) mice.1–3 Vascular inflammation is characterized by the increased infiltration of inflammatory cells into the vascular wall. Monocytes
and macrophages are a major source of proteases that attack
the structural integrity of the vascular wall and degrade
components of the extracellular matrix, including elastin and
collagen, thus contributing to AAA formation.4 –7 Although
much attention has been given to matrix degradation and
proteolytic mechanisms of AAA development, accumulating
evidence indicates that apoptosis may also play an important
role in altering the structural integrity of the vessel wall.8 –18
Macrophages and T lymphocytes produce proapoptotic factors such as perforin, Fas, and Fas ligand.11 Furthermore, Ang

II induces oxidative stress, which can also promote cell
death.19 Indeed, it has been reported that apoptosis of medial
smooth muscle cells (SMCs) is increased in aneurysm tissue.20 Depletion of medial SMC eliminates a cell population
capable of synthesizing matrix proteins, which enables tissue
repair, thus contributing to AAA formation.21
There is evidence that Rho-kinase mediates Ang II–
induced vascular inflammation22 and is involved in the
regulation of apoptosis.23,24 In the present study, we examined
the effects of fasudil, a Rho-kinase inhibitor, on Ang II–
induced AAA formation and aortic wall apoptosis and proteolysis in apoE-KO mice. Our results indicate that fasudil
significantly reduced AAA formation and decreased apoptosis and proteolysis in the aorta, suggesting a role for Rhokinase in the pathogenesis of AAA.
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Methods
Animal Preparation
Osmotic minipumps (model 2004, Alzet) containing either PBS or
Ang II (1.44 mg · kg⫺1 · d⫺1 in PBS, Calbiochem) were implanted
subcutaneously in 6-month-old apoE-KO male mice (Jackson Laboratories). Two days before saline and Ang II infusion, mice were
provided with water (Ang II group) or water containing fasudil at a
concentration of 0.5 mg/mL (low-dose group) or 1.0 mg/mL (highdose group). Age-matched apoE-KO mice without any treatment
were used as naïve controls. At the end of the 30-day treatment
period, mice were euthanized, and the hearts were perfused with
DEPC in saline. The arterial tree was rapidly dissected from fat and
connective tissue and snap-frozen in liquid nitrogen. Blood cholesterol levels were profiled by IDEXX Veterinary Services using a
standard cholesterol enzymatic assay kit (Equal Diagnostics). HDL
was quantified after selective solubilization of HDL particles (HDL
direct liquid select). LDL level, including both VLDL and LDL
cholesterol, was then calculated from the following formula: total
cholesterol minus HDL minus triglycerides divided by 5. The
Institutional Animal Care and Use Committee approved all animal
protocols.

Morphological Examination
Quantification of Aneurysm Formation
After the aorta was dissected free from the surrounding connective
tissue, images were recorded with a digital camera and later used to
measure the outer diameter of the suprarenal aorta at the midpoint
between the diaphragm and right renal artery. A commonly used
clinic standard to diagnose abdominal aortic aneurysm is an increase
in aortic diameter of ⬇50%.25 The average diameter of the normal
suprarenal aorta in naïve control mice is ⬇0.8 mm. We therefore set
a threshold of 1.22 mm as evidence of an incidence of aneurysm
formation. Aneurysm severity was assessed with a scoring system
described by Daugherty et al26: type 0, no aneurysm (the suprarenal
region of the aorta was not obviously different from naïve apoE-KO
mice without Ang II treatment); type I, a dilated lumen with no
thrombus; type II, remodeled tissue often containing thrombus; type
III, a pronounced bulbous form of type II containing thrombus; and
type IV, multiple aneurysms containing thrombus. To analyze this
measurement semiquantitatively, the numerical score assigned to the
type of aneurysm for each animal in a group was averaged to
generate a pathology score for statistical comparison.

Quantification of Atherosclerotic Lesion Area
The left and right carotid arteries and the aortic arch were dissected,
excised, opened longitudinally, and pinned down on wax-coated
Petri dishes. Atherosclerotic lesions were visible without staining.
Images of the open luminal surface of the vessels were captured with
a digital camera (Sony) mounted on a dissecting microscope. The
atherosclerotic lesion area was quantified by use of the C-Simple
system (Compix) and expressed as a percentage of the total luminal
surface area, as described in detail previously.2,27,28

Histology and Immunohistochemical Staining
Two representative suprarenal aortas from each group were fixed in
formalin, embedded in paraffin, and cut into 5-m-thick sections.
The adjacent sections were stained with hematoxylin and eosin or by
the immunohistochemical method.
To identify macrophages in the aortic wall, a purified rat antimouse Mac-3 monoclonal antibody (BD Pharmingen) was used for
immunochemistry staining (PhenoPath Laboratories).
To localize cells undergoing nuclear DNA fragmentation, in situ
terminal deoxynucleotidyl transferase–mediated dUTP nick-end labeling (TUNEL) was performed using an in situ apoptosis detection
kit (Roche Biochemicals) described in detail previously.29,30 Briefly,
paraffin sections were deparaffinized and rehydrated. Sections were
then washed with PBS and incubated with proteinase K (20 g/mL)
for 20 minutes. Endogenous peroxidase was inactivated with 3%
hydrogen peroxide in methanol at room temperature. TdT, which
catalyzes a template-independent addition of deoxyribonucleotide to

3⬘-OH ends of DNA, was used to incorporate digoxigeninconjugated dUTP to the ends of DNA fragment in situ. The TUNEL
signal was then detected with an anti-digoxigenin antibody conjugated with peroxidase and developed with diaminobenzidine as a
chromogen. Sections were counterstained with hematoxylin, dehydrated, and cleared before coverslips were placed. Both positive and
negative control slides were processed at the same time in each
experiment. The presence of apoptotic cells was scored as nuclear
staining, with a distinctive morphological appearance associated
with cell shrinkage and chromatin condensation.

Hemodynamic Measurements
Tail-Cuff Measurement of Systolic Blood Pressure and
Heart Rate in Conscious Mice
Systolic blood pressure and heart rate were measured in conscious
mice with a noninvasive tail-cuff system (Kent Scientific) before
(baseline) and 30 days after treatment (end point) by Ang II with or
without fasudil. All mice were first trained to stay quietly in a
restrainer placed on a warm pad for periods of ⱖ30 minutes before
the study. On the day of the study, the mice were placed in the
temperature-controlled restrainer for 15 minutes. Blood pressure was
then measured repeatedly and recorded on a data acquisition system
(PowerLab, 16/s, ADInstruments). Systolic blood pressure and heart
rate were averaged from 5 consecutive measurements.

Noninvasive Measurement of Aortic Pulse-Wave Velocity
A Doppler method was used to measure pulse-wave velocity as
described in detail previously.31 In brief, mice were lightly anesthetized with 1.5% isoflurane (IMPAC 6, VetEquip). A lead II ECG and
Doppler signals were recorded simultaneously by a Doppler data
acquisition and processing system (Indus Instruments). Blood flow
velocities in the ascending aorta and abdominal aorta were obtained
with a 2-mm-diameter 20-MHz pulsed Doppler probe. Pulse-wave
velocity, calculated from the time delay between the flow velocity
forms measured in the ascending aorta and abdominal aorta divided
by the distance, was used as an index of aortic stiffness.28,31

Enzyme Immunoassay
Active Caspase-3
Caspase-3 is activated and plays a key role in mediating apoptotic
signaling events.32 Detection of activated caspase-3 is a valuable tool
in identifying dying cells even before all the features of apoptosis
(eg, DNA fragmentation) are present. No activation of the caspase
cascade has been found in necrotic cell death.33 Thus, caspase
activation has been widely used as a biomarker for proapoptotic
activity.32 As described in detail previously,29 caspase-3 activity in
aortic tissues was measured with a caspase-3 fluorescent assay kit
(BIOMOL Research Laboratories). This assay measures the fluorescence intensity of chromophore 7-amino-4-methylcoumarin (AMC)
cleaved from the C terminus of the peptide substrate. Briefly, aortic
samples were weighed and homogenized in lysis buffer (50 mmol/L
Hepes, pH 7.4; 0.1% CHAPS; 1 mmol/L dithiothreitol; 0.1 mmol/L
EDTA). Samples in duplicate were incubated with caspase-3 substrate (Ac-DEVD-AMC) or with substrate plus inhibitor (Ac-DEVDCHO) at 37°C for 16 hours. The fluorescence intensity of cleaved
AMC was quantified with a multilabel reader (excitation, 355 nm;
emission, 460 nm; model 1420; Victor 3, Wallac) and normalized
with inhibitor-treated samples as background.

Cytoplasmic Histone-Associated DNA Fragments
To quantify aortic wall apoptosis, cytoplasmic histone-associated
DNA fragments (mononucleotides and oligonucleotides) were measured with a photometric enzyme immunoassay (Cell Death Detection ELISA, Roche Biochemicals) described in detail previously.29,30
Briefly, the aorta was homogenized in 1 mmol/L EDTA in PBS and
centrifuged at 1000g for 5 minutes at 4°C. The protein content of the
supernatant was determined by Bradford assay.34 The supernatant
was incubated with 0.2% Tween 20 and 1% BSA on ice for 30
minutes and centrifuged at 20 000g for 15 minutes at 4°C. The
cytoplasmic histone-associated DNA fragments in the supernatant
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were measured. A set amount of protein (20 g) was diluted to 100
L for each sample and then added in duplicate to wells of a
microtiter plate coated with an anti-histone antibody. After 90
minutes of incubation, the samples were washed, and an anti-DNA
antibody conjugated to peroxidase was added to each well before
another 90 minutes of incubation. The plate was washed again, and
2,2⬘-azino-di-3-ethylbenzthiazoline sulfonate was added for color
development. Absorbance was measured at 405 nm.

General Effects of Fasudil in ApoE-KO Mice Infused With Ang II

Active Matrix Metalloproteinase-2

Body weight, n

Endogenous levels of free active matrix metalloproteinase-2
(MMP-2) activity in the suprarenal aortic tissue were measured with
an MMP-2 Biotrak calorimetric assay kit (Amersham Biosciences).
This assay uses the proenzyme form of a detection enzyme that is
specifically activated by a single proteolytic event after capture of
active MMP-2. The MMP-activated detection enzyme is then quantified with a specific chromogenic peptide substrate. The homogenized samples from the above caspase-3 assay, along with the
standards, were incubated overnight in duplicate in 96-well microtiter plates precoated with anti–MMP-2 antibody. After washing to
remove other components of the samples, active MMP-2 remained
bound to the wells. Detection enzyme and substrate were added to
wells containing standards and samples and incubated at 37°C for 6
hours. The resultant color was read at 405 nm in a microplate
spectrophotometer. The concentration of active MMP-2 in the
sample was determined by interpolation from the standard curve.

Control
Daily water consumption, n

As described in detail previously,2,6 protein extracts were prepared
from the suprarenal aortas of control mice and mice treated with Ang
II or Ang II plus fasudil (H). A pool of 5 samples from the treatment
group was resolved under nonreducing conditions on a 10% polyacrylamide gel containing 0.1% gelatin as the substrate for MMP
activity. After electrophoresis, proteins were renatured by washing in
Triton X-100. The gels were then incubated overnight at 37°C in a
solution containing 50 mmol/L Tris HCl, 200 mmol/L NaCl, and
5 mmol/L CaCl2, pH 8.0. Zones of lysis were visualized by staining
with 0.5% Coomassie blue R-250.

Measurement of Plasma Concentrations of Fasudil
and Hydroxyfasudil
Before an animal was euthanized at the end of the experiment, blood
was taken randomly during the daytime for determination of plasma
concentrations of fasudil and hydroxyfasudil (active metabolite).
Because mice drink more at night, the plasma drug concentrations
were considered an average level with a tendency toward underestimation. A protein precipitate method was used to remove proteins
in the plasma by addition of methanol. Plasma drug concentrations
were measured by LC-MS/MS– based analytical method in multiple
reaction monitor–positive mode. A Shimadzu high-performance
liquid chromatography system (Shimadzu), in tandem with a PE/
SCIEX API 3000 triple-quadruple mass spectrometer equipped with
a TurboIonSpray source (Applied Biosystems), was used to determine plasma drug levels.

Statistical Analysis
Results are presented as mean⫾SE for the number of animals used.
Statistic comparison for the incidence of AAA was performed by 2
analysis. Multiple comparison of mean values was performed by
ANOVA, followed by a subsequent Student-Newman-Keuls test for
repeated measures. Differences were considered statistically significant at a value of P⬍0.05.

Results
Infusion of Ang II in apoE-KO mice increased daily water
consumption, which was not affected by fasudil (Table). The
calculated average daily dose of fasudil based on measured
daily water consumption was 136⫾12 and 213⫾10 mg/kg for

Ang II ⫹ Fasudil
(H)

15

6

7

Baseline, mL/mouse

3.8⫾0.1

4.8⫾0.5

4.1⫾0.2

End, mL/mouse

4.0⫾0.2

7.5⫾0.6*†

7.2⫾0.5*†

10

24

28

Baseline, g

29⫾1

31⫾0.5

30⫾0.5

End, g

29⫾1

29⫾0.6

30⫾0.5

12

18

Cholesterol, n

20

Total, mg/mL

549⫾22

821⫾60*

832⫾27*

Triglycerides, mg/mL

213⫾26

363⫾36*

376⫾25*

59⫾3

91⫾7*

71⫾7‡

VLDL/LDL, mg/mL

447⫾17

658⫾57*

685⫾25*

Doppler measurement, n

12

HDL, mg/mL

6

9

PWV, cm/s

3.6⫾0.1

4.8⫾0.26*

4.4⫾0.27*

Heart rate, bpm

524⫾9

498⫾14

545⫾21

Coronary artery lesion area, n
%
Aortic arch lesion, n

Zymographic Analysis of
Metalloproteinase Activities

Ang II

%

10

18

20

10⫾1.2

27⫾1.8*

25⫾2.6*

7

8

8

21⫾1.5

32⫾2.7*

35⫾2.8*

Baseline was measured before any treatment. End-point measurements
were obtained 28 days after administration of Ang II with or without fasudil.
Cholesterol profile, pulse-wave velocity (PWV), heart rate, and atherosclerotic
lesions were measured at the end point.
*P⬍0.05 vs control; †P⬍0.05 vs baseline in the same group; ‡P⬍0.05 vs
Ang II group.

the low- and high-dose groups, respectively. In mice treated
with high-dose fasudil, the average plasma drug concentrations were 0.7⫾0.4 mol/L for fasudil and 4.2⫾0.7 mol/L
for the active metabolite hydroxyfasudil. Infusion of Ang II
increased blood pressure (change in mean arterial pressure
[⌬MAP], 31⫾11 mm Hg), with no significant effect on heart
rate, which was not affected by fasudil (⌬MAP,
32⫾10 mm Hg). Ang II also significantly increased carotid
artery and aortic arch atherosclerotic lesion area and aortic
stiffness measured by pulse-wave velocity, which were accompanied by an increase in serum cholesterol levels, which
were not affected by fasudil (Table). Neither Ang II nor Ang
II plus fasudil (H) treatment significantly affected body
weight (Table).
Infusion of Ang II for 1 month induced AAA formation in
75% (18 of 24) of the apoE-KO mice; the average diameter of
the suprarenal aorta increased ⬇3-fold compared with the
control mice (Figure 1). The AAAs observed in the Ang II
group were mostly type III (Figure 2, top). Treatment with
fasudil dose-dependently decreased the incidence of AAA
and the average diameter of the suprarenal aorta. In the
high-dose fasudil group, the incidence of AAA was reduced
from 75% (Ang II group) to 41% (12 of 29). The diameter of
the suprarenal aorta was reduced from 2.1⫾0.2 mm (Ang II
group) to 1.5⫾0.1 mm (P⬍0.05). The severity of AAA was
also reduced dose-dependently by fasudil (Figure 2, bottom).
Histopathological examination of Ang II–induced AAA
revealed a thickening of the abdominal aortic wall, inflam-
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Figure 1. Fasudil attenuated Ang II–induced aneurysm formation
in apoE-KO mice measured by percent of mice that developed
aneurysm (top) and average diameters of suprarenal aorta
(bottom).

matory cell infiltration, medial SMC loss, elastin destruction,
and adventitial fibrosis (Figure 3). Mac-3–positive macrophages were detected abundantly in the adventitia and modestly in the media of the suprarenal aortic walls harvested
from the Ang II–treated mice. As shown by TUNEL staining,
Ang II treatment was associated with apoptosis in the media

Figure 2. Fasudil reduced severity of aneurysm induced by Ang
II in apoE-KO mice measured by pathology categorization (top)
and average pathology score (bottom).

Figure 3. Histology of suprarenal aorta stained by hematoxylin
and eosin (HE), MAC-3, and TUNEL. Table indicates pathological scores grading “density” of labeled cell nuclei on scale of 0
to 3, representing absent, mild (⬇25%), moderate (⬇50%), and
extensive (⬇75%) degrees of Mac-3– or TUNEL-positive cells in
adventitia and media from 2 representative samples for each
treatment group.

and more markedly in the adventitia of the suprarenal aortic
wall. Aortas from the control mice not treated with Ang II
showed no Mac-3– or TUNEL-positive staining in either
location. These histological changes induced by Ang II were
ameliorated by fasudil treatment characterized by attenuated
aortic wall thickening, inflammatory cell infiltration, medial
SMC loss, elastin destruction, adventitial fibrosis, Mac-3–
positive macrophage infiltration (especially in the adventitia),
and apoptotic cells (TUNEL-positive staining diminished in
the medial layers and scattered in the adventitia).
Ang II infusion also significantly increased the proapoptotic activity as quantified by an ⬇40-fold elevation of active
caspase-3 in the suprarenal aortas compared with those in
control group, which was significantly attenuated by cotreatment with fasudil (Figure 4, top). To further verify the degree
of apoptosis in the aortic tissue, a cell death detection ELISA
for cytoplasmic histone-associated DNA fragments was performed. Consistent with the TUNEL assay and caspase-3
activity, cytosolic DNA fragments were significantly increased in Ang II–treated apoE-KO mice compared with
controls (P⬍0.05) (Figure 4, middle). The increased cytosolic
DNA fragmentation by Ang II was markedly reduced by
fasudil treatment to the level below that in control mice
(P⬍0.05). Levels of cytosolic DAN fragments were positively correlated with diameters of the suprarenal aorta
(Figure 4, bottom).
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Figure 4. Fasudil attenuated Ang II–induced caspase-3 expression (top) and cytoplasmic histone-associated DNA fragmentation measured by cell death detection ELISA (middle) in suprarenal aortic tissue. Level of cytoplasmic histone-associated DNA
fragments is correlated to diameters of suprarenal aorta
(bottom).

Zymographic analysis of MMP activities showed no detectable signals of either MMP-2 or MMP-9 in the suprarenal
aortic tissues of control animals, but both of these MMPs
were dramatically enhanced by Ang II treatment (Figure 5,
top). Cotreatment with fasudil markedly reduced MMP-9
activity and appeared to reduce the intensity of both pro- and
active MMP-2. Furthermore, the active MMP-2 activity from
the suprarenal aorta was quantified by an enzymatic assay.
Consistent with zymographic analysis, Ang II treatment
significantly increased active MMP-2 activity, which was
also significantly reduced by cotreatment with fasudil (Figure
5, bottom).

Discussion
Our results demonstrated that both the incidence and severity
of Ang II–induced AAA in apoE-KO mice were dosedependently reduced by fasudil, a Rho-kinase inhibitor. The
data further demonstrated that increased proteolytic (MMPs)
and proapoptotic (caspase-3) activities are prominent features
of AAA in this model, which were also significantly attenuated by fasudil treatment.
It has been shown in vivo that Ang II significantly
increased Rho-kinase activity, which can be inhibited by
long-term treatment with fasudil.35 Furthermore, Hattori et
al36 reported that administration of fasudil to mice in drinking
water at a daily dose of 100 mg/kg resulted in a plasma

2223

Figure 5. Fasudil attenuated Ang II–induced metalloproteinases
expression in suprarenal aortic tissue detected by gelatin zymographic analysis of MMP-2 (72 and 59 kDa) and MMP-9 (92
kDa) activities (top) and quantified by active MMP-2 activity
(bottom).

concentration of hydroxyfasudil of ⬇0.4 mol/L and significantly inhibited the tissue level of Rho-kinase. However, in
the present study, only the high-dose fasudil, which resulted
in an average plasma concentration of hydroxyfasudil of ⬇4
mol/L, significantly attenuated Ang II–induced AAA. The
probable reason is that hydroxyfasudil cannot easily diffuse
into the relatively thick aortic wall to inhibit the tissue level
of Rho-kinase. Definite proof requires the measurement of
tissue drug concentration, which we were unable to detect in
the present study because of technical limitations. After oral
administration, fasudil metabolizes to a more selective and
potent Rho-kinase inhibitor, hydroxyfasudil,37 which has
been shown to inhibit Rho-kinase ⬇100- and 1000-fold more
potently than protein kinase C and myosin light-chain kinase,
respectively.35 Thus, attenuation of Ang II–induced AAA
after oral administration of fasudil in the present study is
likely related to the specific inhibition of Rho-kinase.
Ang II increased blood pressure modestly, but it is unlikely
that this small increase in blood pressure contributed to AAA
formation in this model.2 In support of this view, it has been
reported that urokinase-type plasminogen activator deficiency6 or other pharmacological interventions reduced AAA
formation without affecting blood pressure in the Ang II
model.27,38 On the other hand, lowering blood pressure by
hydralazine treatment did not affect the incidence of spontaneous AAA development in apoE and endothelial nitric oxide
double-deficient mice.39 Previous publications have demon-
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strated that activation of Rho-kinase is involved in the
contractile response to Ang II,40 but the present data did not
show that fasudil affected Ang II–induced hypertension, a
finding that is in agreement with another report that fasudil
suppressed Ang II–induced cardiac hypertrophy without affecting blood pressure.35 Furthermore, Mukai et al41 reported
that fasudil selectively lowered blood pressure only in spontaneously hypertensive rats, not in normotensive controls.
Thus, attenuation of AAA by fasudil is independent of blood
pressure.
Ang II promotes vascular inflammation characterized by
macrophage infiltration in the vascular wall.1– 4,7,27 Macrophages are a major source of proteolytic enzymes, which can
degrade components of the extracellular matrix and impair
the structural integrity of the vascular wall, leading to AAA
formation.2– 4,6 Consistent with previous findings,2,6 the present data confirmed that the activities of both MMP-2 and
MMP-9 were significantly increased by Ang II. It has been
reported that activated macrophages produce a number of
proapoptotic mediators such as perforin, Fas, and Fas ligand.11,16 Accumulating evidence indicates that apoptosis is
another important pathological change associated with human
atherosclerotic AAA.8 –18 Microarray analysis of human AAA
and normal aortic tissue revealed that apoptosis-related genes
were differentially expressed in AAA and associated with
apoptosis of SMCs.42 Indeed, in the present study, we have
detected increased macrophage infiltration, strong TUNELpositive staining, enhanced activities of caspase-3, and increased cytoplasmic histone-associated DNA fragments in
the suprarenal aortas from the mice treated with Ang II.
Although the exact cell type that undergoes apoptosis in the
aorta cannot be identified in the present AAA model, Satta et
al20 reported that increased media TUNEL-positive apoptotic
bodies in human AAA specimens are associated with the loss
of SMCs during evolution of AAA. A reduction in SMC
would impair matrix synthesis.21 Thus, vascular inflammation, which triggers both vascular wall proteolysis and SMC
apoptosis, could result in an imbalance between matrix
degradation and synthesis, favoring tissue destruction and
AAA formation. Rho-kinase has been shown to mediate Ang
II–induced macrophage migration,35 which can be inhibited
by fasudil.43,44 This antiinflammatory effect of fasudil could
inhibit both the proteolytic and proapoptotic pathways, thus
restoring the balance between matrix synthesis and degradation favoring tissue repair. Indeed, in the present study,
fasudil treatment inhibited MMP activities and reduced apoptosis, in support of the assertion that both mechanisms
contribute to the reduction in AAA formation. Furthermore,
Ang II–induced oxidative stress can also contribute to cell
death.19 There is evidence that fasudil inhibits Ang II–
induced oxidative stress.35 This can also indirectly contribute
to the antiapoptotic effects of fasudil. Activation of T lymphocytes has been implicated in all stages of human atherosclerotic lesion and AAA formation.45,46 It has been recently
reported that Rho-kinase plays a major role in T-cell activation and inhibition of Rho-kinase–reduced T-cell activation.47,48 Thus, inhibition of T-cell activation by fasudil may
also contribute to attenuated AAA formation.

Rho-kinase may play different roles of pathogenesis at
different stages of Ang II–induced AAA development. Saraff
et al49 reported that Ang II initially caused medial accumulation of macrophages and subsequently medial dissection
associated with luminal dilation. At the early stage, Ang II
initiates vascular inflammation; at the late stage, Ang II could
play a greater role through activation of apoptosis and
proteases. Our data demonstrated that fasudil reduced macrophage infiltration and attenuated apoptotic and proteolytic
activities, thus reducing not only the incidence but also the
severity of AAA. These results indicate that Rho-kinase
mediate both the early-stage vascular inflammation and
late-stage apoptotic and proteolytic activation. However, an
additional time-course study could further define the relative
contribution of Rho-kinase at different stages of the disease
process.
In contrast to our findings, it has been reported that after
vascular injury, the Rho-kinase inhibitor Y27632 reduced
neointimal formation, which was accompanied by enhanced
SMC apoptosis.24 However, reduced neointimal formation is
not due to direct inhibition of cell proliferation but rather to
inhibition of SMC migration and enhancement of SMC loss
in the media.50 Abe et al51 reported that long-term treatment
with fasudil attenuated pulmonary hypertension, right ventricular hypertrophy, and pulmonary vascular lesions. These
effects of fasudil were accompanied by suppressed vascular
SMC proliferation and macrophage infiltration and enhanced
vascular SMC apoptosis. Thus, it is possible that the role of
apoptosis in pathogenesis of AAA may be different from that
of other diseases in which links between Rho-kinase and
apoptosis may be regulated differently.
Atherosclerosis and AAA are both associated with vascular
inflammation. Our finding that fasudil attenuated AAA formation but had no effect on atherosclerotic plaque area in
both the carotid artery and aortic arch suggests that there are
differences in the pathophysiological role of Rho-kinase.
Early atherosclerosis is primarily an intimal disease, whereas
AAA is a medial disease. We have demonstrated that Ang
II–induced AAA does not require the presence of atherosclerosis because Ang II can also induce AAA in C57 BL/6J
wild-type mice in the absence of atherosclerosis.6 However,
preexisting atherosclerosis may promote AAA formation
because the incidence of AAA is much higher in apoE-KO
compared with wild-type mice. Fasudil may selectively
inhibit the signaling pathway(s) activated by Ang II that
contribute to AAA formation (eg, proapoptotic and proteolytic pathways) but not directly affect the pathways that
promote early atherosclerotic lesions. In support of this view,
Manning et al38 recently reported that doxycycline, an inhibitor of MMPs, attenuated Ang II–induced AAA but did not
affect atherosclerosis development.
In summary, as in human AAA tissue, Ang II–induced
AAA in apoE-KO mice is associated with a significant
increase in apoptosis and protease activation in the aortic
wall. Inhibition of Rho-kinase by fasudil attenuated Ang
II–induced AAA and aortic wall apoptosis and proteolysis.
These findings, consistent with a role of Rho-kinase in the
pathogenesis of AAA formation, suggest that targeting Rho-
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kinase may be a novel therapeutic strategy for preventing
expansion and rupture of AAA.
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