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for immunohistochemistry, 25 for organ chamber experiments, 15
for Western blot analysis, and 8 for drug concentration measurement.
They received a single subcutaneous injection of saline or monocro-
taline (MCT, 60 mg/kg, Wako), which induces severe PH in 3 weeks
with a subsequent high mortality rate in rats.'® For the long-term
inhibition of Rho-kinase, we confirmed that repetitive in vivo gene
transfer of dominant-negative Rho-kinase to pulmonary arteries is
technically difficult and that genetic disruption of Rho-kinase is
embryo lethal. Therefore, we used a long-term pharmacological
inhibition with fasudil (Asahi Kasei), which we found is metabolized
in the liver to a specific Rho-kinase inhibitor hydroxyfasudil after
oral administration.’* Hydroxyfasudil is a specific Rho-kinase inhib-
itor as its specificity for Rho-kinase is 100 times higher than for
protein kinase C and 1000 times higher than for myosin light-chain
kinase.!?> Furthermore, among the 16 kinases recently tested, only
hydroxyfasudil (10~* mol/L} showed more than 50% inhibition for
Rho-kinase (98%).® Thus, we consider that hydroxyfasudil is a
reasonably selective inhibitor for Rho-kinase.

In the first prevention protocol, animals were injected with MCT
with or without concomitant oral treatment with a low-dose (30
mg/kg per day) or a high-dose (100 mg/kg per day) of fasudil.'? In
the second treatment protocol, animals recetved the two different
doses of fasudil, starting at day 21 after MCT injection when severe
PH had already been established. In this treatment protocol, hemo-
dynamic parameters were also measured at day 33 in additional
animals of the control and the fasudil groups in order to examine
those variables before they died.

Hemodynamic Measurements

After the anjimals were anesthetized with sodium pentobarbital (30
mg/kg, [P), polyethylene catheters were inserted into the RV through
the jugular vein and the carotid artery for hemodynamic measure-
ments. RV systolic pressure and systemic blood pressure were
measured with a polygraph system (AP-601G, Nihon Kohder).

RV Hypertrophy

The RV was dissected from the left ventricle (L'V) and the septum
(S) and weighed to determine the extent of RV hypertrophy (RVH)
as follows: RV/ALV+5).18

Survival Analysis

We examined the effects of fasudil on the survival of MCT-injected
rats. The day of MCT injection was defined as day 0. This survival
analysis covered the entire experimental period to day 63.

Morphometric Analysis of Pulmonary Arteries
After the hemodynamic measurements, lung tissue was prepared for
morphometric analysis by using the barium injection method.!® Al
barium-filled arteries of 15 to 50 pm in diameter were evaluated for
muscularization of pulmonary microvessels.® Arteries of more than
50 pm in diameter were evaluated for measurement of medial wall
thickness at a magnification of 400X. For each artery, the median
wall thickness was expressed as follows: percent wall
thickness=[(medial thicknessx2)/external diameter])X100.12

Immunochistochemical Analysis

Immunohistochemical analysis was performed at day 21 in the
saline-treated control group and the high-dose fasudil group in the
prevention protocol. Proliferating cells were evaluated by prolifer-
ating cell nuclear antigen (PCNA) staining (Dako) and apoptotic
cells by the terminal deoxynucleotidy! transferase (TdT)-mediated
dUTP nick end-labeling {TUNEL) method (apoptosis detection kit,
Wako). Inflammatory cells were evaluated by ED-1 (analogue of
CD68) staining (Santa Cruz Biotechnology). The number of PCNA-
and TUNEL-positive cells in 10 fields for each section was quanti-
tatively evaluated as a percent of that of total cells at a magnification
of 400X in a blind manner.’®2¢ The number of ED-1-positive cells
was counted in 30 fields.?
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Organ Chamber Experiments

Organ chamber experiments were performed at day 21 in the control
and the high-dose fasudil groups in the prevention protocol, when
MCT-induced PH was established. The extrapulmonary arteries were
carefully isolated and cleaned of any connective tissue in physiolog-
jcal salt solution (PSS).2! The rings from each pulmonary artery
(=1 mm in length) were mounted vertically between two hooks in
organ chamber myographs (Medical Supply), which were filled with
PSS and kept at 37°C. Isometric tension was measured with force
transducers (Nihon Kohden). Each preparation was stretched in a
stepwise manner to an optimal length where the force induced by
118 mmol/L. KCl became maximal and constant. After equilibration
for 30 minutes, endothelium-dependent relaxation to acetylcholine
(ACh, 107 to 10"* mol/L) was examined during a contraction to
prostaglandin F,, (3%X107% to 107 mollL) in the presence of
indomethacin (10™° mol/L) with or without AN“nitro-L-arginine
(L-NNA, 10™* moV/L).?' Endothelium-independent contractions to
serotonin (10°% to 107 mol/L) and sedium nitroprusside (SNP, 10~'*
to 107* mol/L) were also examined in rings without endothelium.
The inhibitory effect of acute administration of hydroxyfasudil (10~3
mol/L) on the serctonin-induced VSMC hypercontraction was also
examined.

Western Blot Analysis

Western blot analysis was performed at day 21 in the control and the
high-dose fasudil groups in the preventon protocol. The bilateral
pulmenary arteries were isolated and were stabilized in bubbling
Krebs solution for 1 hour. These samples were immediately frozen
by immersion in acetone containing 10% trichloroacetic acid (TCA)
cooled with dry ice, for Western blot analysis of phosphorylations of
the ERM (ezrin, radixin, and moesin} family, a substrate of Rho-
kinase.’s ERM is phosphorylated by Rho-kinase at T567 (ezrin),
T5648 (radixin}, and T558 (moesin).2? The frozen specimens were
washed three times with acetone containing dithiothreitol
{10 mmol/L) to remove the TCA and dried. The dried samples were
cut into small pieces, exposed to 200 uL of SDS-PAGE sample
buffer for protein extraction. The extracted samples (20 pg of
protein) were subjected to SDS-PAGE/immuncblot analysis by
using the specific ERM antibody.!* The regions containing ERM
family proteins were visualized by ECL Western blotting luminal
reagent (Santa Cruz Biotechnology). The extent of the ERM phos-
phorylation was normalized by that of total ERM. The protein
expression of endothelial nitric oxide synthase (eNOS) and B-actin
as an internal control in lungs was also analyzed by Western blot
analysis.?*-25

Plasma Concentration of Hydroxyfasudil

We measured plasma concentration of hydroxyfasudil every 6 hours
a day in rats that received fasudil in drinking water. We obtained
bleed samples from carctid arteries in each rat. Plasma concentra-
tions were measured by an HPLC method.16

Statistical Analysis

All results are expressed as the mean*SEM. Survival curves were
analyzed by the Kaplan-Meier method and analyzed by a log-rank
test. Differences in all other parameters were evaluated by ANOVA
followed by Fisher’s post hoc test. A value of P<0.05 was
considered to be statistically significant.

Results

Beneficial Effects of Fasudil on Survival

In the control MCT group, survival rate at day 63 was only
27% (n=26) (Figures 1A and IB). In the prevention protocol,
the fasudil treatment markedly and dose-dependently im-
proved the survival at day 63: 77% in the low-dose (n=30)
and 94% in the high-dose (n=35) groups (Figure 1A). In the
treatment protocol, fasudil again significantly and dose-
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Figure 1. Fasudil improves survival of rats with MCT-induced PH. Compared with the saline-treated narmal group (saline), in both the
prevention {top) and treatment {bottom} protocols, the fasudil treatment markedly improved the survival (A and B) and RV systolic pres-
sure (C and D). At day 35 (14 days after MCT injection), fasudil already started reducing RVSP in the treatment protocol in a dose-
dependent manner (E). Fas 30 and 100; fasudil 30 and 100 mg/kg per day, orally, respectively. "P<0.05, *P<0.01, **F<0.0001. n.s.

indicates not statistically significant.

dependently improved the survival: 53% in the low-dose
(n=30) and 86% in the high-dose (n=233) groups (Figure 1B).

Improvement of PH and RVH by Fasudil

The MCT group developed severe PH at day 21 with
increased RV systolic pressure (a marker of systolic pulmo-
nary pressure) compared with the sham-operated saline-
treated group (Figures 1C and 1D). In the prevention proto-
col, fasudil markedly and dose-dependently suppressed the
development of PH at day 21 in both the low-dose and the
high-dose groups, the effects of which were maintained at day
63 (Figure 1C). In the treatment protocol, fasudil caused a
marked regression of the MCT-induced PH at day 63 (Figure
D). In this protocol, we also measured RV systolic pressure
at day 35 in the middle of the experiment in some animals
separately before they died. The results showed that fasudil
had started reducing RV systolic pressure in a dose-
dependent manner (Figure 1E). Mean systemic arterial pres-
sure (mm Hg) was significantly decreased in the MCT group
(15+2, n=6) compared with the saline-treated group
(115x2, n=6, P<<0.0001). In the prevention protocol, fasudil
prevented the reduction in systemic arterial pressure in the
low-dose and the high-dose groups at day 21 (113=4 and
117*1, respectively, n=6 each)} compared with the MCT
alone group. In the treatment protocol, fasudil again im-
proved the arterial pressure in the low-dose and the high-dose
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groups at day 63 (1214 and 12143, respectively, n=6
each). In the MCT group, a significant RVH was developed,
and fasudil markedly suppressed the MCT-induced RVH in
the prevention protocol (Figure 2A) and caused a marked
regressicn of RVH in the treatment protocol (Figure 2B).

We also measured the extent of RVH in animals that died
in the middle of the experiments. The measurement was
performed within 12 hours after death in all animals. The
extent of RVH in dead animals of the MCT group was
0.74*0.06 (n=7) with a pleural effusion and ascites. In the
dead animals in the prevention protocol with fasudil, a similar
extent of RVH was noted in both the low-dose (0.67+0.08,
n=4) and the high-dose (0.72, n=1) groups with a pleural
effusion and ascites. Similarly, the dead animals in the
treatment protocol also showed marked RVH in both the
low-dose (0.68x0.05, n=9) and the high-dose (0.71x0.04,
n=3) groups with a pleural effusion and ascites.

Inhibitory Effects of Fasudil on Medial

Wall Thickening

Medial thickness was markedly increased in the MCT group
compared with the saline-treated group or the fasudil-treated
groups (Figures 3A through 3D). We semiquantifatively evalu-
ated the extent of muscularization of pulmonary microvessels
{15 10 50 pum in diarneter) because they are usually nonmuscular
under normal conditions. In the prevention protocol, at both day
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21 and day 63, fasudil prevented the muscularization at both a
low-dose and a high-dose at day 21 and day 63 (Figure 3E). In
the treatment protocol, fasudif markedly improved the muscu-
larization at both doses at day 63 (Figure 3F).

We next quantified medial wall thickness of pulmonary
arteries in the ranges of 50 to 100 pm and 101 to 200 um in
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vented the MCT-induced medial thickening of both-sized
pulmonary arteries at both day 21 and day 63 (Figures 3G and
3I). In the treatment protocol, fasudil caused a marked
improvement of the MCT-induced medial thickening of
both-sized pulmonary arteries at day 63 (Figures 3H and 3J).
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Figure 3. Fasudil suppresses medial thickening in rats with MCT-induced PH. Compared with the saline-treated normal group (A),
medial wall thickening of the pulmonary artery was noted in the MCT group (B), whereas fasudit prevented (C) or markedly improved
the medial thickening (D). Bar=50 pm. In the prevention protocol (middie), the fasudil treatment markedly suppressed the MCT-induced
muscularization of pulmonary microvessels {15 to 50 pm in diameter) (E) as well as percent medial wall thickening of pulmonary arteries
at both 50 to 100 pm (G) and 101 to 200 wm levels {I). In the treatment protocol (bottom), the fasudil treatment induced a marked
improvement of the vascular muscularization of pulmonary microvessels (15 to 50 um diameter) (F) and percent medial wall thickening
of pulmonary arteries at both 50 to 100 pm (H) and 101 to 200 um levels (J). N indicates nonmuscular; P, partially muscular; M, mus-
cular. Results are expressed as mean=SEM (n=3 each). “P<0.01, ""P<0.0001.
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Mechanisms for the Beneficial Effects of

Fasudil on PH

PCNA expression in VSMCs was increased in the MCT
group at day 21, which was prevented by fasudil (Figures 4A
through 4C and 4J), Fasudil also significantly enhanced
VSMC apoptosis (Figures 4D through 4F and 4K). The
percentage of TUNEL-positive cells was significantly increased
in the fasudil group compared with the saline-treated normal
group and the MCT group (Figure 4K). Macrophage recruitment
was increased in the MCT group, which was also markedly
suppressed by fasudil (Figures 4G through 41 and 4L).

Endothelium-dependent relaxation of isclated pulmonary
arteries to ACh was markedly impaired in the MCT group,
which was prevented by fasudil (Figure 5A). This beneficial
effect of fasudil was abolished by L-NNA (Figure 3B).
Serotonin caused hypercontractions of pulmonary VSMC
from the MCT group, which was prevented by the fasudil
treatment and also by the acute administration of hydroxyfa-
sudil (Figure 5C). Endothelium-independent relaxation to
SNP also was slightly but significantly impaired in the MCT
group, which was again prevented by the fasudil treatment
(Figure 5D).

The extent of ERM phosphorylation was significantly
increased in the MCT group and was markedly inhibited by
the fasudil treatment (Figure 6A). The expression of eNOS in
the lungs was significantly increased by the fasudil treatment
(Figure 6B).

Plasma Concentration of Hydroxyfasudil

The mean value of the daily plasma concentration of hy-
droxyfasudil (AUC,_y,, ng/hr per mL) in rats that received
fasudil in drinking water was 627 and 1450 for the low-dose
(30 mg/kg per day) and the high-dose (100 mg/kg per day)
groups, respectively (n=4 each).

Discussion

The novel findings of the present study were that the
Rho-kinase-mediated pathway is substantially involved in
the MCT-induced PH and that the long-term inhibition of
Rho-kinase with fasudil prevents or even causes a marked
improvement of the MCT-induced PH through muldple
mechanisms, including (1) inhibition of VSMC proliferation
with enhanced apoptosis, (2) reduced macrophage infiltra-
tion, and (3} improvement of endothelium-dependent relax-
ation and VSMC hypercontraction (Figure 7).

Rho-Kinase in the MCT-Induced PH Model

MCT is known to cause endothelial injury of pulmonary
arteries with subsequent proliferation of pulmonary VSMC
and infiltration of inflammatory cells.'¢ Accumulating evi-
dence indicates that Rho-kinase—mediated pathway is in-
volved in the vascular effects of various vasoactive sub-
stances, including angiotensin II,2¢ endothelin-1,27 and
serotonin,'* all of which may be involved in the pathogenesis
of PH.23-3¢ We also have recently demonstrated that inflam-
matory stimuli (eg, angiotensin II and IL-f) upregulate
Rho-kinase in human coronary VSMCs.?! Those inflamma-
tory processes may activate Rho-kinase in this MCT-induced
PH model. Thus, Rho-kinase may play an important role in
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the pathogenesis of PH both directly, by activating its
substrates, and indirectly, by mediating the signal transduc-
tien of various inflammatory mediators.

Recently, it has been reported that simvastatin, which also
could inhibit Rho/Rho-kinase signaling, inhibits both hypox-
ia-induced and MCT-induced PH.32-35 Napgaoka et al® also
have reported that chronic hypoxia-induced PH 1s almost
completely reversed by acute inhibition of Rho-kinase in rats.
These reports also suggest that Rho-kinase signaling plays an
important role in the pathogenesis of both hypoxia-induced
and MCT-induced PH.

Hydroxyfasudil as a Specific Rho-Kinase Inhibitor
Hydroxyfasudil, an oral metabolite of fasudil, is a specific
Rho-kinase inhibitor.!3 In the present study, the mean value
of the AUC;_,, of hydroxyfasudil in the fasudil group was
within its clinical therapeutic range in humans (unpublished
data, 2003). In our series of experiments, the extent of the
increase in Rho-kinase activity as evaluated by that of ERM
phosphorylation was 1.5- to 2.0-fold.!93137.3% This Rho-
kinase activity just represents the whole Rho-kinase activity
in blood vessels, and it is highly possible that Rho-kinase
activity may be much greater in activated cells (eg, inflam-
matory cells) but much less in others (eg, fibroblasts). We
consider that Rho-kinase has multiple stimulatory effects on
vascular lesion formation with this extent of activation
(Figure 7), thus accelerating the process of PH.

In the present study, neither acute nor chronic administra-
tion of fasudil lowered systemic arterial pressure, indicating
that the Rho-kinase inhibitor caused selective vasodilatation
of pulmonary arteries.

Rho-Kinase and VSMC Proliferation and
Apoptosis in PH

In our animal models of coronary arteriosclerosis, long-term
treatment with fasudil suppressed coronary VSMC prolifera-
tion.!'-17 Rho-kinase is involved in VSMC cytokinesis as
well as gene expression of many atherogenic molecules that
stimulate VSMC proliferation.8-1¢.11.37-3 Rho-kinase may af-
fects various cyclin-dependent kinases.263' In this study,
fasudil also significantly enhanced apoptosis, a finding con-
sistent with our recent study.>? In the present study, estab-
lished PH was improved to the normal level at day 63 with the
fasudil treatment. Indeed, the long-term treatment with fa-
sudil induced a marked improvement of medial wall thick-
ening of pulmonary arteries partly due to its enhancing effect
on VSMC apoptosis.

Rho-Kinase and Inflammatory Cell Migration

in PH

Rho-kinase also is involved in inflammatory cell mugra-
tion.1140 We previously demonstrated that long-term treat-
ment with fasudil suppresses chemokine-induced migration
of macrophages in porcine coronary aneries in vivo.'” Macro-
phage recruitment has been implicated in the pathogenesis of PH
because various vasoactive factors may be released from infil-
trating inflammatory cells, especially macrophages, in pulmo-
nary areries.® Macrophages may be the most impacted by
fasudil, followed by VSMC and endothelial cells. The present
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Figure 4. Mechanisms for the beneficial effects of fasudil on MCT-induced pulmonary remodeling. Histology of pulmonary arteries in
the saline-treated normal group (A, D, and G), MCT group (B, E, and Hj, and high-dase fasudil group (C, F, and I} at day 21 in the pre-
vention proteceol, MCT-induced increase in PCNA-positive cells {arrows} was prevented in the fasudil group (A through G and J).
TUNEL-positive cells (arrows) were increased in the fasudil group (D through F and K). MCT-induced increase in ED-1-positive macro-
phages (arrows) was prevented in the fasudil group (G through | and L). Results are expressed as mean=SEM {n=4 each). *F<0.05,
**P<0.0001. n.s. indicates not statistically significant.
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Figure 5. Fasudil improves endothelial
and VSMC functions in rats with MCT-
induced PH. A, MCT-induced endothefial
dysfunction was markedly improved by
the fasudil treatment at day 21 in the
prevention protocol. B, Beneficial effect
of fasudil was abolished by L-NNA (1073
mol/L). C, Fasudil treatment significantly
inhibited MCT-induced VSMC hypercon-
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study suggests that Rho-kinase~mediated macrophage recruit-
ment also is involved in the pathogenesis of PH.

Rho-Kinase and Impaired Endothelium-Dependent
Relaxation in PH

MCT causes endothelial injury and subsequent endothelial
dysfunction of pulmonary arteries.*! Impaired endotheli-
um-dependent relaxation is caused by endothelial dysfunc-
tion andfor reduced VSMC vasodilator function. The

present results demonstrate that both mechanisms are
involved in the impaired endothelium-dependent relax-
ation in the MCT-induced PH. Regarding the endothelial
dysfunction, a reduced NO biocactivity is involved as
endothelium-dependent relaxation to ACh was totally me-
diated by NO in both the control and the fasudil-treated
groups.*¢ Regarding the VSMC dysfunction, endothelium-
independent relaxation of VSMC to SNP was slightly but
significantly impaired in the control group. Importantly,

Figure 6. Effects of long-term treatment
with fasudil on Rho-kinase activity eNOS
expression in rats with MCT-induced PH.
A, Compared with the saline-treated nor-
mal group, Rho-kinase activity, as evalu-
ated by the extent of phasphorylation of
the ERM family of pulmonary arteries,
was significantly increased in the MCT
group, which was significantly sup-
pressed by the fasudil treatment at day
21 in the prevention protecol. P-ERM
indicates phosphorylated ERM; t-ERM,
total ERM. B, Fasudil treatment signifi-
cantly increased eNOS expression of the
lung at day 21 in the prevention protacol.
eNOS level is shown as percent of the
internal control g-actin level. Resuits are
expressed as mean>SEM (n=3to 5
each). "P<0.05. n.s. indicates not statis-
tically significant.
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Figure 7. Summary of the present study. Multiple mechanisms
appear to be involved in the pathogenesis of PH, all of which
may be substantially mediated by Rho-kinase. Thus, the long-
term blockade of Rho-kinase with fasudil or other Rho-kinase
inhibitors may be useful for the treatment of PH.

the fasudil treatment improved both endothelial and
VSMC dysfunction.

Recently, it was shown that sildenafil may be useful for the
treatment of PH for its enhancing effect on NO-mediated
vasodilatation.*> We also have recently demonstrated that
hydroxyfasudil prevents hypoxia-induced downregulation of
eNOS.22 In the present study, fasudil significantly upregu-
lated eNOS expression. It is important to note that any
pharmacological treatment that is effective in this PH model
is associated with upregulation of eNOS.24.25.42

Rho-Kinase and VSMC Hypercontraction in PH

In the present study, VSMC contraction to serotonin was
significantly enhanced in the MCT group, which may be
involved in the increased pulmonary vascular resistance in
the MCT-induced PH. We have demonstrated that Rho-
kinase-mediated pathway plays a central role in the patho-
genesis of VSMC hypercontraction or vasospasm in both
porcine models and patients with vasospastic angina through
inhibition of myosin phosphatase with subsequent enhance-
ment of myosin light-chain phosphorylations.!*1*!¢ Robert-
son et al** also reported that Y-27632, another specific
Rho-kinase inhibitor, suppresses hypoxia-induced vasocon-
striction in rats. Fasudil may improve endothelial and VSMC
function in a different way in the present study. In endothelial
cells, fasudil improved NO-mediated endothelial vasodilator
function partly through augmentation of endothelial eNOS
expression.2® By contrast, in VSMCs, fasudil directly inhib-
ited the Rho-kinase-mediated hypercontractions in a NO-
independent manner as both acute and chronic treatment with
fasudil abolished the VSMC hypercontractions. Recently,
Sauzeau et al*s have reported that hypoxia-induced PH is
associated with downregulation of RhoA expression and
decreased contractility of conduit pulmonary arteries. It
remains to be examined in future studies if and how RhoA
expression and activity are altered in PH.

Limitations of the Study
Several limitations should be mentioned for the present study.
First, MCT-induced PH model may not fully represent PPH
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in humans and thus the usefulness of Rho-kinase inhibitors
should be examined in other PH models with different
etiologies. However, it has been reported that Rho-kinase
signaling also plays an important role in hypoxia-induced
pulmonary vasoconstriction.*® We also have recently ob-
served that long-term inhibition of Rho-kinase with fasudil
suppresses hypoxia-induced PH in mice.*” These results
suggest that Rho-kinase signaling is substantially involved in
the pathogenesis of PH with different etiologies. However,
like other drugs that have been reported to attenuate experimen-
tal PH (eg, statins, rapamycin}, 3448 fasudil needs to be tested in
the clinical setting. Second, some animals died in the fasudil
groups. The cause of death appears to be RV failure due to PH
even in the fasudil groups, suggesting that the fasudil treatment
was not effective in all animals. It thus remains to be examined
why fasudil was quite effective in some animals but not in others
although the animals were genetically homogenous. Third, the
mechanisms for the beneficial effects of fasudil were examined
only in the prevention protocol due to the limited availabitity of
the animals. However, it is conceivable that the same mecha-
nisms of fasudil are involved in the treatment protocol.

Clinical Implications

PPH continues to be a serious clinical problem with high
morbidity and mortality. We have recently confirmed the
effectiveness and safety of oral administration of fasudil in
patients with stable effort angina*® The present study sug-
gests that Rho-kinase could be a novel therapeutic target for
the treatment of PH in humnans.
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Remnant Lipoproteins from Patients with Sudden Cardiac
Death Enhance Coronary Vasospastic Activity Through
Upregulation of Rho-Kinase

Keiji Oi, Hiroaki Shimokawa, Junko Hiroki, Toyokazu Uwatoku, Kohtaro Abe, Yasuharu Matsumoto,
Yasuhiro Nakajima, Katsuyuki Nakajima, Sanae Takeichi, Akira Takeshita

Objective—Sudden cardiac death (SCD) still remains a serious problem. We have previously shown that remnant-like
particles (RLP) are the major risk factor for SCD and that Rho-kinase plays a central role in the molecular mechanism
of coronary vasospasm. In this study, we examined whether RLP from patients with SCD upregulate Rho-kinase

associated with an enhanced coronary vasospastic activity.

Methods and Results—We isolated RLP and non-RLP in very-low-density lipoprotein (VLDL) fraction from SCD patients
without coronary stenosis. We performed in vivo study in which we treated the coronary artery with RLP or non-RLP
fraction at the adventitia in pigs. After 1 week, intracoronary serotonin caused marked coronary hyperconstriction at the
segment treated with RLP fraction but not with non-RLP fraction (P<<0.001, n=6), and hydroxyfasudil, a selective
Rho-kinase inhibitor, dose-dependently inhibited the spasm in vivo. In organ chamber experiments, serotonin caused
hypercontraction of vascular smooth muscle cells (VSMC) from RLP-treated segment, which was significantly inhibited
by hydroxyfasudil (P<0.001, n=6). In cultured human coronary VSMC, the treatment with RLP significantly enhanced

the expression and activity of Rho-kinase (P<0.05, n=6).

Conclusions—These results indicate that RLP from SCD patients upregulate Rho-kinase in coronary VSMC and markedly
enhance coronary vasospastic activity. (Arterioscler Thromb Vasc Biol. 2004;24:918-922.)

Key Words: sudden cardiac death m lipoproteins m coronary vasospasm

Ithough a significant progress has been made in the

treatment of ischemic heart disease, sudden cardiac
death (SCD) still remains a serious problem.! Fusthermore,
there are many cases of out-hospitat SCD without significant
coronary stenosis.2 Although coronary vasespasm has been
postulated as one of the major causes of SCD,*-3 the triggers
for the spasm still remain to be elucidated.

Recently, a new method has been developed to isolate
remnant-like particles (RLP), a major component of rem-
nant lipoproteins mainly detected in very-low-density
lipoprotein (VLDL) fraction, by using immunoaffinity gels
coupled to anti-apoA-I and anti-apoB-100 antibodies.s”
With this method, it has been shown that plasma RLP level
is an independent risk factor for coronary artery disease
{CAD).2® Furthermore, we have demonstrated that RLP
are associated with severity of coronary atherosclerosis
and also are the most significant risk factor for SCD
without coronary stenosis in our postmeriem studies.210
RLP also are a major risk factor for myocardial infarction

in patients with vasospastic angina with nearly normal
coronary artery.!! These findings suggest that RLP are
substantially involved in the fatal events, such as coronary
vasospasm and SCD.

Recent studies have shown the important role of small
GTPase Rho and its effector, Rho-kinase, in Ca-
independent regulation of smooth muscle contraction.!?
The Rho/Rho-kinase pathway modulates the phosphoryla-
tion level of myosin light chain (MLC) through inhibition
of myosin phosphatase and contributes to the agonist-
induced Ca-sensitization in smooth muscle contraction.!?
We have demonstrated that increased Rho-kinase activity
in vascular sooth muscle cells (VSMC) plays a central role
in the pathogenesis of coronary vasospasm in both animat
models!3-1¢ and patients with vasospastic angina.!” Thus,
in this study, we examined whether RLP from patients with
SCD without significant coronary stenosis upregulate Rho-
kinase, resulting in enhanced coronary vasospastic activity

in pigs.
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Serum Lipid Profiles in the SCD Patients and Gontrols.

f TC TG Lol HOL RLP-C RLP-TG
SCO patfents 15 223*15 211227 139+9  40x4 233 112
Controls 5 1xZ7 148430 1596  41%7 134 29 =8

TC indicates total cholesteral; TG, triglyceride; LDL, low-density lipoproteins; HOL, high-density
lipoproteins; RLP-C and RLP-TG, remnant-like particles cholesterol and trigtyceride, respectively.
Results are expressed as mean=+SEM (mg/dL).

a9

*P<0.05, tP<0.01 vs controls.

Methods

All procedures were approved by the Institutional Animal Care and
Use Committee and were conducted in conformity with the institu-
tional guidelines of the Kyushu University.

Animal Preparation

Twenty male domestic pigs (2- 1o 4 month-old and weighing 25 to 30
kg) were used. We anesthetized the animals with ketamine hydro-
chloride (15 mg/kg, intramuscular) and sodium pentobarbital (25
mg/kg, intravenous), ventilated with room air while oxygen was
supplemented via a positive pressure respirator (Shinano, Tokyo,
Japan). Under aseptic conditions, the proximal segments of the left
anterior and the circumflex coronary arteries were carefully dissected
and were gently wrapped with a cotton mesh after absorbing 0.1 mL
of RLP or non-RLP in VLDL fraction in a randomized manner.

Preparation of RLP and Non-RLP Fraction

The plasma was obtained from 15 SCD patients without significant
coronary stenosis (13 males and 2 female, age 19 1o 62 years.) and
5 healthy volunteers (5 males, age 49 to 76 years.). Among the 15
SCD patients, 14 had no obvious diseases and had not taken any
medications before death. The remaining 1 patient was hypertensive
but was without any antihypertensive medication. An informed
consent was obtained from all the family of the patients. The mean
elapsing time from SCD to the plasma collection was 8.5 hours. We
have previously confirmed that there is no postmortem qualitative
change in the plasma RLP within 12 hours after death,? RLP and
non-RLP in VLDL fraction were isolated by the method by Naka-
jima et al with immunoaffinity chromatography using anti-apoA-I
and anti-apoB-100 monoclonal antibodies.6? Briefly, VLDL (d
<1.006 kg/L) was isolated by density gradient ultracentrifugation
from plasma samples. RLP (unbound fraction) were then isolated
from VLDL fraction by immunoaffinity mixed gels containing 2
clones of monoclonal antibedies. Non-RLPs (bound fraction) were
isolated from the gel with 5 mL of 3 mol/L scdium thiocyanate
solution containing 0.1% bovine serum albumin (pH 7.4). RLP and
non-RLP fractions were dialyzed against 5 L of PBS (pH 7.4) for 24
hours.i® RLP and non-RLP in VLDL were concentrated by
ultracentrifugation.

Coronary Angiography

Coronary angiography was performed | week after the operation,
using the quantitative cineangiography (QCA) system (Toshiba
Medical). Coronary diameters at end-diastole were measured by
computer-assisted QCA system in a blind manner. Coronary vaso-
constrictor response to serotonin was expressed as a percent decrease
in luminat diameter from the control level.’ The inhibitory effect of
hydroxyfasudil, a specific Rho-kinase inhibitor (Asahi Kasei),!* was
also examined.

Organ Chamber Experiments

The porcine coronary segments treated with either RLP or non-RLP
fraction were carefully isolated in physiclogical salt solution. The
rings without endothelium were then mounted vertically between 2
hooks in organ chamber myographs (Medical Supply). Isometric
tension was measured with force transducers (Nihon Kohden). Each
preparation was stretched in a stepwise manner to an optimal length
where the force induced by 118 mmol/f. KCl became maximal and

3N

constant. After equilibration for 30 minutes, contractions to serotonin
(107 to 1077 mol/L) were examined.'s The acute inhibitory effect of
hydroxyfasudi! (107° mol/L) was also examined.

Western Blot Analysis

The ERM family, a substrate of Rho-kinase, is phosphorylated by the
kinase at T$67(ezrin), T5648(radixin), and T558(moesin}.!%2® The
regions containing ERM family proteins were visualized by ECL
Western blotting luminal reagent (Santa Cruz Biotechnology). Iso-
lated coronary rings without endothelium and adventitial tissue were
subjected to SDS-PAGE immuncblot anatysis 1 week after the
treatment. Phosphorylation of ERM was measured when the seroto-
nin-induced (107° mol/L) contraction reached a maximum.16

Cell Culture

Human coronary VSMC (h¢VSMC) were obtained from Bio Wit-
taker. The heVSMC were grown to confluent, growth-arrested in
DMEM with 0.1% BSA for 2 days, and used for the experiments.
Passages 4 to 10 were used.

Northern Blot Analysis

Total RNA was isolated from cultured heVSMC treated with either
RLP or non-RLP in VLDL fraction from SCD patients for 30
minutes to 24 hours. The sequence of the pomer for reverse-
transcriptase polymerase chain reaction (RT-PCR) analysis of human
Rho-kinase « and B was amplified from a human blood cDNA
library. We obtained direct purification products of DNA from these
PCR amplifications used by the Wizard PCR Preps DNA purification
system. A human Rho-kinase offf ¢cDNA was used as a probe.
Northern blot analysis was performed as previously described.?! For
quantitative analysis, the density of the bands was measured by an
NIH image analyzer, and the levels of Nerthem products for
Rho-kinase o/ were normalized to those for a-actin.

Statistical Analysis

All results are expressed as the mean*SEM. Differences in all
parameters were evaluated by ANOVA, followed by Fisher post-hoc
test. A P<<0.05 was considered to be statistically significant.

Results

Serum Lipid Profiles and Composition of Isolated
RLP in the SCD Patients and Controls

Plasma concentrations of RLP, especially those of RLP-tri-
glyceride, were significantly higher in the SCD patients
compared with the healthy volunteers, whereas there was no
difference in other lipid profiles between the 2 groups
{Table). Isolated RLP from the SCD patients contained a
significantly higher cholesterol level as compared with con-
trols (58*9 versus 19+9 mg/dL, P<0.05) and tended to do
so for triglyceride level (25234 versus 12652 mghdL,
P=0.06).

RLP from Patients with SCD Enhance Coronary
Vasospastic Activity in Pigs

In the coronary angiography study 1 week after the treatment,
intracoronary serotonin caused marked coronary hypercon-
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striction at the segment treated with RLP but not at that with
non-RLP fraction from the SCD patients without significant
coronary stenosis (Figure 1A through I1D). The serotonin-
induced coronary hyperconstrictions were dose-dependently
inhibited by pretreatment with hydroxyfasudil, a specific
Rho-kinase inhibitor (Figure 1C and 1D). Histological exam-
ination demonstrated that there was no obvious intimal
thickening or mural thrombus formation at the spastic coro-
nary segment treated with RLP, except for inflammatory cell
infiltration at the adventitia (Figure 1E and 1F). By contrast,
intracoronary serotonin caused a comparable extent of coro-
nary vasoconstriction at the segments treated with RLP
(31%*=17%) and non-RLP (32%*28%) from the normal
volunteers (n=3).

To examine the vasoconstrictor responses of VSMC, we
performed organ chamber experiments at 1 week after the
treatment with RLP and non-RLP from SCD patients. Sero-
tonin (10™ to 10™° mol/L) caused concentration-dependent
contractions of isolated coronary rings without endothelium.
The serotonin-induced contractions were significantly aug-
mented al the RLP-treated site as compared with the non-
RLP—reated site and hydroxyfasudil significantly suppressed
those contractions to serotonin only at the RLP-treated site
(Figure 2A). To quantify the Rho-kinase activity of the
porcine coronary arteries, we performed Western blot analy-
sis for phosphorylated ERM (ezrin, radixin, and moesin)
family, a substrate of Rho-kinase.'s2 The extent of ERM
phosphorylation was measured when the serotonin-induced
contraction of each ring without endothelium reached maxi-
mum. The extent of ERM phosphorylation was significantly
increased in the RLP-treated segment compared with non-
RI P-treated segment and was again inhibited by hydroxyfa-
sudil (Figure 2B).

There was a significant comrelation between the extent of
coronary vasoconstriction to serotonin in vitro and RLP-C
(F<0.001), whereas such a tendency was noted between the
former and RLP-TG (Figure 3).
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Figure 1. RLP from patients with SCD
markedly enhance coronary vasospastic
activity in pigs. A to C, Coronary angio-
grams before (A) and after intracoronary
serotonin without (B) and with hydroxyfa-
sudil {C). Black arrows indicate RLP site:
white arrows, non-RLP site, D, Inhibitory
effect of hydroxyfasudil on serotonin
(5HT}-induced coronary hyperconstric-
tions. HF30 and HF100, hydroxyfasudil
(30 and 100 pg/kg intracoronary).
Results are expressed as mean*+SEM. E
and F, H&E staining of a coronary seg-
ment treated with BLP. The bar indicates
1 mm (E} and 100 um (F). | indicates
intima; M, media; A, adventitia.

RLP from Patients with SCD Upregulate
Rho-Kinase in heVSMC

We examined the effect of RLP and non-RLP in VLDL
fraction from SCD patients on Rho-kinase expression and
activity in cultured heVSMC in vitro. Northern blot analysis
revealed that mRNA expression of Rho-kinase & (ROCK2)
and Rho-kinase 8 (ROCKI1) was significantly increased in
response 10 RLP but not to non-RLP in VLDL fraction
(Figure 4A and 4B). Western blot analysis also revealed that
the extent of phosphorylated ERM was significantly in-
creased in response to RLP but not to non-RLP (Figure 4C).
These resulis demonstrate that RLP, but not non-RLP in
VLDL, exert a potent enhancing effect on the expression and
activity of Rho-kinase.

Discussion
The novel findings of this study were that RLP from SCD
patients without significant coronary stenosis upregulate
Rho-kinase, enhancing the coronary vasospastic activity both
in vivo and in vitro, and a specific Rho-kinase inhibitor,

100
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Figure 2. RLP enhance VSMC contractions and Rho-kinase
activity. A, VSMC contractions to seratonin were significantly
augmented at the RLP site {O) compared with the non-BLP site
(). Hydroxyfasudil significantly inhibited the VSMC hypercon-
tractions only at RLP-site (@). B, The extent of the ERM phos-
phorylation of the coronary artery. Hydroxyfasudil significantly
suppressed the enhanced ERM phosphorytation at RLP site.
Results are expressed as mean+SEM,
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Figure 3. Comelation between RLP-C or RLP-TG level and that
of serctonin-induced contractions {percent of contraction to
118 mmol/L KCI).

hydroxyfasudil, suppressed the coronary vasospastic activity
both in vivo and in vitro. To the best of our knowledge, this
is the first study that demonstrates the important role of RLP
and coronary vasospasm in the pathogenesis of SCD.
Coronary vasospasm has been postulated to play an impor-
tant role in SCD, although a disect demonstration for the
hypothesis is still lacking. Likewise, although our previous
postmortem studies demonstrated that RLP may be the major
risk factor for SCD,21° the mechanism for RLP-mediated
SCD remains to be elucidated. In this study, we were able to
demonstrate the close relation between RLP and coronary
vasospasm that is mediated by upregulated Rho-kinase. We
have previously shown that the expression and the activity of
Rho-kinase are enhanced at the inflammatory coronary le-
sions in our porcine model with interleukin-1B.14-1% The
present study demonstrates that RLP from SCD patients also
exert a potent upregulating effect on Rho-kinase in heVSMC.
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Figure 4. RLP enhance Rho-kinase expression and activation in
human coronary VSMC. A to C, The treatment with RLP but not
that with non-RLP significantly enhanced the mRNA expression
of Rho-kinase a {ROCK?2) (A} and Rho-kinase p (ROCK1} (B}
{Northem blot). The blots are representative of 6 separate
experiments. Bar graph shows the ratio of Rho-kinase mRNA
expression normalized by that of a-actin under the control con-
dition. Rho-kinase activity, as evaluated by the extent of ERM
phosphorylation, was significantly enhanced (Westem blot) (C).
The blots are representative of 6 separate expeniments. Bar
graph shows the ratio of p-ERM expression to that under the
control condition, Resuits are expressed as mean:SEM.
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RLP exert several proinflammatory effects, including im-
pairment of endothelium-dependent relaxation,? monocyte
adhesion to the endothelium, and VSMC proliferation.2* It
has been recently reported that postprandial increase in RLP
is closely associated with postprandial inflammatory re-
sponse.zs RLPs are unique in dramatically increasing after a
meal and remaining thereafter in the circulation for some
time, although a wide individual varation appears to be
present in the postprandial response.s Thus, it is conceivable
that the adverse cardiovascular effects of RLP increase in the
postprandial phase as compared with the fasting phase.”’
Indeed, clinical studies have demonstrated that postprandial
increase in RLP is closely related to early atherosclerosis in
healthy individuals.?8 In this study, no appreciable atheroscle-
rotic lesion was noted at the RLP-treated site, indicaling that
functional alteration precedes the morphelogical onc in cor-
onary VSMC in response to RLP.

The present study also demonstrates the important proin-
flammatory effects of RLP to upregulate Rho-kinase. The
important question arises as to whether Rho-kinase is upregu-
lated by quantitative and/or qualitative alterations in RLP in
SCD patients. The positive correlation between coronary
vasoconstriction and RLP-C from the SCD patients and from
the normal volunteers suggests that quantitative alteration in
RLP-C is involved in the Rho-kinase upregulation. However,
possible qualitative alteration in RLP in SCD patients re-
mains to be examined. It has been recently reported that
sphingosine 1-phosphate (SIP) and sphingesylphosphoryl-
choline, present in serum lipoproteins, behave as lipid medi-
ator and cause vasoconsiriction through upregulation of
Rho/Rho-kinase pathway.??-31 The possible role of S1P and
sphingosylphosphorylcholine in RLP fraction remains to be
elucidated in a future study.

In summary, this study provides the evidence that the
elevated RLP level and the consequent upregulation of
Rho-kinase are substantially involved in the pathogenesis of
SCD. These results seggest that the detection of postprandial
sustained increase in RLP is important to identify the subjects
at high-risk for SCD and that the use of a Rho-kinase inhibitor
could be 2 promising approach to prevent the fatal disorder.
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Long-Term Inhibition of Rho-Kinase Suppresses Neointimal
Formation After Stent Implantation in Porcine Coronary
Arteries: Involvement of Multiple Mechanisms

Yasuharu Matsumoto, Toyokazu Uwatoku, Keiji Oi, Kohtaro Abe, Tsuyoshi Hattori, Kunio Morishige,
Yasuhiro Eto, Yoshihiro Fukumoto, Kei-ichiro Nakamura, Yosaburo Shibata, Takehisa Matsuda,
Akira Takeshita, Hiroaki Shimokawa

Objective—We recently demonstrated that Rho-kinase, an effector of the small GTPase Rho, is substantially involved in
the pathogenesis of arteriosclerosis. In this study, we examined whether Rho-kinase is also involved in in-stent
restenosis and if so, what mechanism is involved.

Methods and Results—Pigs underwent stent implantation in the left coronary artery with or without administration of
fasudil (30 mg/kg per day crally), a specific Rho-kinase inhibitor, starting 2 days before the procedure for a duration
of 4 weeks. On day 28, reductions in coronary diameter and neointimal formation associated with macrophage
accumulation, collagen deposition, and transforming growth factor (TGF)-S1 expression were noted at the stent site, and
all were significantly suppressed by fasudil. On day 7, fasudil significantly increased the frequency of TUNEL-positive
apoptotic cells, while it tended to reduce that of bromodeoxyuridine-positive proliferating cells in the neointima.
Western blot analysis on day 7 demonstrated that phosphorylations of the ezrin/radixin/moesin family {a marker of
Rho-kinase activity in vivo) and protein expression of monocyte chemoattractant protein-land bel-2 were upregulated
at the stent site and were significantly suppressed by fasudil.

Conclusions—These results indicate that long-term inhibition of Rho-kinase suppresses in-stent neointimal formation by
multiple mechanisms, including reduced vascular inflammation, enhanced apoptosis, and decreased collagen deposition.
{(Arterioscler Thromb Vasc Biol. 2004;24:181-186.)

Key Words: Rho-kinase & stents m inflammation m apoptosis m collagen

Ithough the use of stents has dramatically increased in
interventional cardiology, in-stent restenosis continues
to be a serious problem and is more troublesome when it
occurs,'? Furthermore, pharmacological approaches have
generally been unsuccessful in suppressing in-stent restenosis
except for a recent promising outcome with a drug-eluting
stent.>* However, late neocintimal catch-up remains a poten-
tial adverse outcome with the stent-based drug delivery.s
More recently, extracellular mairix accumulation has been
recognized as a very important component of in-stent reste-
nosis in the chronic phase after stent implantation.® Since
drug-eluting stents have several limitations for a defined
period of time with kinetics and are expensive, there may
become a need for systemic therapies to maintain neointimal
inhibition, including matrix metabolism.?3
Accumulating evidence has demonstrated that Rho-kinase,
an effector of the small GTPase Rho, plays an important role

in adhesion, migration, proliferation, and cytokinesis of
vascular smooth muscle cells {VSMCs) and other vascular
wall cells.”-*! Rho-kinase is substaniially involved in the
signal transduction initiated by angiotensin IL!? platelet-
derived growth factor (PDGF),!? thrombin,!* and endothelin-
1, all of which may play an important role in the pathogen-
esis of restenosis,'s ¢specially in that of in-stent
restenosis.'?-20

We recently demonstrated that neointimal formation after
balloon injury was significantly inhibited by in vivo gene
transfer of dominant-negative Rho-kinase in porcine femoral
arteries.? A similar finding was also noted in the rat carotid
artery with Rho-kinase inhibitor Y-27632, although the rela-
tive contribution of inhibition of VSMC proliferation and
enhancement of VSMC apoptosis to the inhibitory effect of a
Rho-kinase inhibitor remains to be elucidated.2223 Funther-
more, involvement of Rho-kinase in the extracellutar matrix
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deposition, especially that of collagen. a major component of
the neointima,® remains unknown. There are also some
differences in the restenosis mechanisms between balloon
angioplasty and stent implantation.24-2?

In the present study, we examined whether long-term
inhibition of Rho-kinase suppresses in-stent restenosis in
porcine coronary arteries, and if so, what mechanism is
involved. For this purpose, we used long-term oral treatment
with fasudil, which we found is metabolized to hydroxyfa-
sudil, a specific Rho-kinase inhibitor, after oral
administration.®

Materials and Methods

This study was reviewed and approved by the Ethical Committee on
the Animal Experiments of the Kyushu University Graduate School
of Medical Sciences.

Animal Preparation

Thirty-four domestic male pigs (Kyudo, Tosu, Japan; aged 2 to 3
months and weighing 25 to 30 kg) were used. They were divided into
2 groups: the control group was treated with aspirin (325 mg/d) and
ticlopidine {500 mg/d) alone (n=17) and the fasudil group with oral
administration of fasudil (30 mg/kg per day, Asahi Kasei Company)
in addition to the antiplatelet therapy {(n=17). The ora! administra-
tion of fasudil was started 2 days before the procedure and continued
until the follow-up period. We performed coronary angiography,
intravascular ultrasound (IVUS) imaging, and histological study at 4
weeks (n=6 each). We performed immunostaining for bromode-
oxyuridine (BrdU) and terminal decxynucleotidyl transferase-
mediated dUTP nick end-fabeling {TUNEL) (n=35 each), and West-
ern blot analysis for substrates of Rho-kinase a1 ] week (n=6 each).

Stent Implantation

Nitroglycerin (10 pg/kg 1C) was administered prior to angiography.
A stainless-steel stent (3.0 18 mm, Multi-Link TRISTAR, Guidant)
was implanted to either the left anterior descending (LAD) or the left
circumflex coronary (LCx) arteries.’’ A segment with a mean
coronary diameter of 2.3 mm was selected by using quantitative
coronary angiography with a stent-to-artery ratio of approximately
1.3. A balloon catheter mounted with a stent was then advanced 1o
the pre-selected coronary scgments for deployment over a standard
guide wire in a blind manner without knowledge about the fasudil
reatment. The balloon catheter was inflated al § atm for 30 seconds
once and was then slowly withdrawn, leaving the stent in place.?!

Coronary Angiography

Left coronary angiography was performed before, immediately after,
and 4 weeks after the stent implantation, Among the 12 animals that
vnderwent angiography, 4 received a stent for LAD and 2 for LCx in
the control group, while in the fasudil group, 3 received a stent for
LAD and 3 for LCx. A preshaped Judkins catheter was inserted into
the right or left carotid artery, and coronary angiography in a left
anterior ohligue view was performed.33? Arnerial pressure, heart
rate, and ECG were continuously monitored and recorded on a
recorder.

Left coronary angiography was performed in a left anterior
oblique projection.?'* The measured coronary luminal diameters
included mean reference diameter [(proximal + distal) reference
diameters/2], mean diameter of the stent site at full expansion,
stent-to-artery ratio [{(2/1)], and minimal diameter of the stent site at
follow-up. ¥

Coronary IVUS

To assess the extent of neointtmal formation in vivo. we performed
IVUS 4 weeks after the sient impiantation, as previously described.?!
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Histopathological Study

For histological analysis, the heart was excised 4 weeks after stent
implantation; the left coronary artery was perfused with 10%
formalin at 120 mm Hg and fixed for 24 hours. The dissected whole
artery was embedded in methylmethacrylate, leaving the stent wires
intact to minimize potential artifacts from cutting the wires.3 After
polymerization, stented segments were cut into 3 blocks (proximal.
middle, and distal portion) using a rotating saw with diamond edge.
The blocks were cut into thin sections (4 t0 5 um) with tungsien
carbide blades using a microtome {(Leica). The sections were then
stained with van Gieson elastic stains. Morphometric anatysis of the
neointima from photomicrographs was performed for vessel injury
score and necintimal area, which was determined by subtracting the
lumen area from the area encircled by the internal elastic lamina.’1.3?
Mean value of the injury score and neointimal area from the 3 blocks
was used for analysis.

Immunohistochemistry

Immunostaining was performed with a specifically designed kit with
a tyramide signal amplification (Dako). The antibodies used in this
study included monoclonal antibodies to human macrophages (AM-
3K, Transgenic) and human a-smooth muscle actin (1 A4, Dako),
polyclonal antibodies to transforming growth factor (TGF)-8!
(Santa Cruz Biotechnology), and Dolichos biflorus agglutinin for
porcine endothelium (Sigma),?* and nonimmune mouse IgG (Dako).
We semi-quantitatively assessed the extent of macrophage accumnu-
lation using a conventional scale (0, no cells; 1, scattered cells: 2.
focal deposits; and 3, diffuse intense infiltration)?® and that of
re-endothelialization as the percentage of circumference covered by
the endothelium (1, <25%; 2, 25% 10 75%; and 3, >75%)."

Proliferation and Apoptosis

A segment 2 to 3 mm long was cut from the midportion of the stented
artery using fine scissors. Stent wires were carefully removed under
a dissecting microscope before paraffin embedding.3! The sections
were subjected 10 BrdU and TUNEL stainings 10 identily prolifer-
ating and apoptotic cells, respectively. BrdU (50 mg/kg) was
intravenously injected three times at 24, 16, and 8 hours heiore
necropsy; BrdU-positive cells were detected by the LSAB method
and counterstained with hematoxylin.*® Apoptotic cells were de-
tected with an apoptosis kit (Wako) with porcine small intestine as a
positive control. A total cell number and a number of BrdU-positive
and TUNEL-positive cells in high-power field were counted in 3
randomly selected fields of each section.?! A number of Brdt)-
positive and TUNEL-positive cells were expressed as BrdU index
and TUNEL index (BrdU- or TUNEL-positive cells/total cells
X 100), respectively.??

Collagen Deposition

Collagen deposition was measured on the entire neointima 4 weeks
after stent implantation when it became evident. To avoid color
balance variation, sirius red staining of all sections was performed at
the same time. Then, once a standard for the particular slide/section
was set by polarization microscopy, all the sections from the
different grovps of animals were photographed with the same
strength of light by digital image capture.3¢

Western Blot Analysis

Stented coronary segments were subjected to SDS-PAGE immuno-
blot analysis at 1 week, as described previously.?? Phosphorylation
of the ezrinradixin/moesin (ERM) substrates of Rho-kinase was
measured, using a rabbit polyclonal antibody to phosphorylated
human moesin {Thr5358), which also binds to phosphorylated ezrin
(Thr567) and radixin (Thr564). Monocyte chemoaltiractant protein
(MCP)-1 (R&D Systems) and bcl-2 (Roche Diagnostics) were also
evalvated.

Statistical Analysis
Resulis are expressed as means=SEM. Throughout the text and
figures, n represents the number of animals tested. Comparison
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Fasudit

Figure 1, Coronary angiograms before, immediately after, and 4
weeks after stent implantation in the control and fasudil groups.
The arrows indicate the proximal and distal portion of the
stented coronary artery. High-resolution images are inserted.

between the control and the fasudit groups was performed by an
unpaired, two-lailed ¢ test. Mulliple comparisons were made by
analysis of variance followed by Schéffe post hoc test. A probability
value of <0.05 was considered to be statistically significant.

Results

Coronary Angiography

Before stent implantation, there was no significant differ-
ence in coronary diameter (mm) between the control
(2.33x0.31) and the fasudil (2.310.03) groups {Figure 1
and Figure 1, available online at http://atvb.ahajournal-
s.org). Similarly, there was no significant difference in the
diameter (mm) at full stent expansion (2.95+0.02 versus
2.97x0.02) or stent-to-artery ratio (1.27=0.02 versus
1.290.02) between the 2 groups. Four weeks after the
stent implantation, coronary diameter {mm) at the stent site
was significantly decreased in the control group
(1.65=0.11) but remained unchanged in the fasudil group
(2.2320.12) (Figure 1 and Figure I). There was no
significant change in mean arterial pressure throughout the
experiment in both groups (data not shown).

IVUS Analysis

IVUS analysis demonstrated that the extent of neointimal
formation (as expressed by percentage of neointimal area to
the area covered by stent) was significantly less in the fasudil
group (36.6*x37) than in the control group (50.2*4.7)
(P<0.05).

Histology

Neointimal area (mm?®) was significantly less in the fasudil
group (2.2*+0.2) than in the control group (3.1=0.3)
{P<0.05), while injury score was comparable between the
control (1.1320.11) and the fasudil (1.20%0.09) groups
(Figure 2). Endothelialization score was also comparable
between the control (2.8%£0.2) and the fasudil (2.8%0.2)
groups.

Rho-Kinase Activity

The extent of ERM family phosphorylation was significantly
increased at the stent site in the control group and signifi-
cantly suppressed in the fasudil group (Figure 3).
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Control Fasudil

Figure 2. Photomicrographs {van Gieson elastic staining) of
stented coronary segments 4 weeks after stent implamation in
the control and the fasudil groups. Calibration, 1 mm,

Vascular Inflammation

At 4 weeks, macrophage accumulation was noted in the
neointima and to a greater extent, in the adventitia in the
control group and was significantly suppressed in the fasudil
group (Figure 4 and Figure II, available online at hup:/
atvb.ahajournals.org). At 1 week, MCP-1 protein expression
increased and was again significantly reduced by fasudil
(Figure III, available online at http://atvb.ahajoumals.org).

Proliferation and Apoptosis

In the intact artery, neither BrdU-positive nor TUNEL-positive
cells were detected in the intima or the media (data not shown).
Although statistically insignificant, BrdU index (%) tended to be
reduced in the fasudil group (23.2+2.0) compared with the
control group (33.2x5.0) at 1 week (P=0.10). In contrast,
TUNEL index at 1 week was significantly increased in the
fasudil group (55.5%5.4) compared with the control group
(33.824.6) (P<0.05) (Figure 5). Bcl-2 protein expression in-
creased in the control group, which was significantly downregu-

ERM - P —— . ettt Wy —
(%) P <0.01 P <0.05
I H |
200 — n.s.
T 1
100 —
0
Stent : - + - +
Control Fasudll
(n=6) (n=6)

Figure 3. Western blot analysis for phosphorylated ERM (a
marker of Rho-kinase activity} in porcine coronary segments
with and without stent implantation in the control and the fasudil
groups. Resuits are expressed as means*SEM.
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Control

Fasudil

Figure 4. inhibitory effects of fasudil on macrophage accumula-
tion at the stented porcine coronary arteries. Photomicrographs
show immunostaining for macrophages 4 weeks after stent
implantation in the control and the fasudil groups. Calibration,
100 um. N indicates neointima; M, media; A, adventitia. ‘Stent
strut.

lated by the fasudil treatment (Figure IV, available online at
hutp:/fatvb.ahajournals.org).

Collagen Deposition

Picrosirius red polarization showed that neointimal collagen
conteni (%) was significantly less in the fasudil group
(24.1x3.1) than in the control group (43.6x3.2) (P<0.01)
(Figure 6). Immunostaining for TGF-B1 revealed reduced
TGF-£1 immunoreactivity in the fasudil group rather than in
the control group (Figure 6).

Side Effects

In the present study, no appreciable side effects, such as
weight loss, diarrhea, or blood abnormalities, were noted in
the fasudil group (data not shown).

Discussion
The novel findings of the present study were: (1) Rho-
kinase activity was enhanced at the stent implantation site
associated with necintimal formation and (2) long-term
inhibition of Rho-kinase with fasudi! significantly sup-
pressed the neointimal formation by multiple mechanisms,
including inhibition of vascular inflammation, enhanced
apoptosis, and reduced collagen deposition (Figure V,
available online at http://atvb.ahajournals.org). To the best
of our knowledge, this is the first report that demonstrates
the involvement of Rho-kinase in in-stent restenosis and

ontro| Fasudit

Figure 5. Proapoptotic effects of fasudil at the stented porcine
coronary segments at 1 week after stent implantation. Photomi-
crographs show TUNEL-paositive cells. More TUNEL-positive
cells were noted in the neointima in the fasudil group than in the
control group. Calibration, 100 um. N indicates neointima; M,
media; A, adventitia. *Stent strut.
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Polarization TGF-81

Sirius Red

Fasudil

Figure 6. Inhibitory effects of fasudil on collagen deposition at
the stented porcine coronary segments at 4 weeks after stent
implantation. Sirius red stainings without (left) and with (middle)
polarized light show more thickened neointima and abundant
collagen deposition, respectively, in the control group compared
with the fasudil group. Right, TGF-81 immunoreactivity was
detected in the neointima and the adventitia in the contro! group
and was almost undetectable in the fasudil group. Calibration,
400 pm. N indicates neointima; M, media; A, adventitia. "Stent
strut.

thereby the potential usefulness of a Rho-kinase inhibitor
to prevent the disorder.

Increased Rho-Kinase Activity by

Stent Implantation

We previously demonstrated that both expression and activity
of Rho-kinase increase after balloon injury?! and on stimula-
tion by an inflammatory cytokine? in pigs in vivo. The present
study also demonstrated that stent implantation increased
Rho-kinase activity. Recent studies in vitro have shown that
Rho-kinase and its substrates mediate actin cytoskeleton
organization, cell adhesion and migration, and cytokine-
sis,®-!! all of which may be involved in in-stent neointimal
formation. Although a molecular mechanism for the upregu-
lation of Rho-kinase by stent implantation remains 1o be
elucidated, it has recently been demonstrated that various
vasoactive factors enhance Rho-kinase activity in vitro.®
Indeed, we have recently demonstrated that Rho-kinase plays
an important role in angiotensin II-induced MCP-1 expres-
sion in cultured rat VSMCs.!2 Various growth factors (eg,
PDGF) and cytokines, angiotensin-II, endothelin-1, and
thrombin may all be invelved in restenosis after angio-
plasty.'¢-2 Importantly, all of them counld upregulate Rho-
kinase.'2-! Thus, it is highly possible that Rho-kinase plays
an important role in the pathogenesis of in-stent restenosis
(Figure V).

Mechanism for the Inhibitory Effect of Fasudil on
Neointimal Formation After Stent Implantation
The present study demonstrated that multiple mechanisms are
involved in the inhibitory effect of fasudil on neocintimal
formation after stent implantation, including inhibition of
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vascular inflammation, enhanced apoptosis, and reduced
collagen deposition.

In-stent restenosis is characterized by prolonged and pro-
nounced inflammation.26-37-3 In this study, the long-term
treatment with fasudil suppressed macrophage accumulation,
not only around stent struts but also in the adventitia. We
previously demonstrated that long-term treatment with fa-
sudil significantly suppresses macrophage accumulation at
the adventitia and subsequent coronary vascular lesion for-
matien in porcine coronary arteries in vivo.*® Two mecha-
nisms may be involved for the anti-inflammatory effect of
fasudil. First, fasudil may directly inhibit macrophage che-
motaxis.*! Second, fasudil may inhibit the expression of
proinflammatory molecules such as MCP-1.'2 Impontantly,
the inhibitory effect of fasudil on the MCP-1 expression at the
stent site (70% reduction) is equivalent to that of sirolimus-
coated stent.* It is thus highly possible that reduced MCP-1
expression resulted in decreased macrophage accumulation at
4 weeks after stent implantation.

In the present study, fasudil significantly enhanced apopto-
sis, a consistent finding with a previous study.?3 However, the
molecular mechanism for the proapoptotic effect of fasudil
remains to be elucidated. In the present study, we demon-
strated that downregulation of anti-apoptotic protein bel-2 is
involved in the proapoptotic effect of fasudil. Although
statistically insignificant, fasudil also tended 1o reduce cellu-
lar proliferation. While it has been controversial whether an
antiproliferative effect is involved in the antiatherogenic
effect of a Rho-kinase inhibitor,222* the present results
suggest that such effect may not play a central role in the
present porcine model, although this point remains to be
examined in a future study. Fasudil did not affect the extent
of re-endothelialization in vivo, a consistent finding with a
previous report on Y-27632.2% Thus, it is suggested that
Rho-kinase is not involved in endothelial regeneration after
vascular injury.

Finally, the importance of extraceilular matrix formation is
recognized as a key component of in-stent restenosis.® Stent
implantation causes a significant increase in collagen synthe-
sis and TGF-J expression compared with balloon angioplasty
alone.?”2% In the present study, we demonstrated the abundant
collagen deposition associated with TGF-81 expression in all
layers of stented coronary arteries. TGF-f8 is one of the most
potent stimuli for collagen synthesis and may contribute to
the formation of restenotic lesions.'s A substantial portion of
the neointima consists of matrix rather than cells.® Thus, a
strategy to inhibit TGF- 8 may be useful in preventing in-stent
neointimal formation.?® In this study, we were able o
demonstrate for the first time that long-term treatment with
fasudil significantly suppresses collagen deposition in the
ncointimal lesion after stent implantation due, at least in part,
to the inhibition of TGF-B1 expression.

Possible Side Effects of Fasudil

In the present study, no appreciable side effects were ob-
served in the fasudil group, and fasudil had no effects on
arterial pressurc or nonstented coronary anery. We have
recently demonstrated that fasudil is well tolerated without
any serious side effects in patients with angina.** Thus,
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fasudil may be a safe drug, although caution should be made
when used clinically.

Limitations of the Study

Several limitations of the present study should be mentioned.
First, the present study was performed in the normal porcine
coronary artery without preexisting intimal thickening. Thus,
the inhibitory effects of fasudil need to be confirmed in
animal models with atherosclerotic coronary lesions. Second,
cell-specific Rho-kinase expression was not examined. How-
ever, based on our recent findings®<° and the present results
with stainings for BrdU, TUNEL and macrophages, we
consider that Rho-kinase was expressed mainly in mactro-
phages and VSMCs. Third, although we confirmed the
inhibitory effect of fasudil (hydroxyfasudil) on Rho-kinase in
the present study,* other unknown effects of this agent might
be involved. Fourth, it remains 10 be examined how long
fasudii should be continued to prevent neointimal formation
after coronary stenting or whether lesion development is
permanently suppressed by some period of treatment with
fasudil. Finally, there are some differences in the mechanism
between atherosclerosis and restenosis, including severity of
injury, time course of the response, cellularfextraceliular
elements, and relation to lipids.** Thus, an agent that may
have beneficial effects in atherosclerosis may not be equally
effective in the prevention of in-stent restenosis.

In summary, the present results indicate that long-term
inhibition of Rho-kinase suppresses in-stent restenosis by
multiple mechanisms, suggesting the potential usefulness of a
Rho-kinase inhibitor to prevent the disorder (Figure V).
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First Functionalized MRI Contrast Agent Recognizing Vascular Lesions
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A new MRI-contrast agent, EB-DTPA-Gd, that has an Evans Blue analogue as a sensing unit for endothelium lesions,

was designed and synthesized,

The agent also has diethylenetriamine-N NN N” N”-pentaacetic acid-Gd complex

{Gadolinium-DTPA) units, which have been used as detection units for Tl-weighted MRI. The EB-DTPA-Gd was able
to recognize and adsorb to the vascular endothelium-denuded region of porcine aorta, and 10 decrease the relaxation time
of circumferential water’s protons, making possible MR imaging of the endothelium-denuded region. The compound can
be employed as a contrast agent for the imaging of vascular lesions using MRI.

{Received November 6, 2003; Accepted November 26, 2003)

Vascular endothelium plays a very important role in regulating
vascular homeostasis. If the endothelium is damaged, this
vascular Iesion often leads to a cardiovascular disease, such as
arteriosclerosis or spasms in the coronary artery.! Therefore,
the detection and evaluation of vascular endothelium lesions in
their early stage would be very important for effective diagnosis
and therapy. However, no practical method for vascular lesion-
specific detection has been reported as z practical diagnostic
tool.

In this report, we describe a novel endothelium lesion-specific
MRI (Magnetic Resonance Imaging) contrast agent, which has a
dye component as a probing unit for the vascular lesion. In
general, biomolecules such as antibodies, polysaccharides, or
peptides have been used to recognize particular sites in
biological systems.** However, such biomolecuies are very
expensive and are thus not practical for a contrast agent for
blood vessels due to the large blood flow, in which a large
amount of the agent would be needed. Therefore, we have
looked for other less-expensive molecules that can recognize
vascular endothelium lesions using the porcine aorta, and have
at last found certain types of organic dyes to be useful for this
purpose. In histochemistry, various dyes have been used for
staining specific tissues and proteins.*” These dyes can interact
with their targets with high specificity. For example, Congo
Red specifically binds to the amyloid beta protein.” In these
dyes, Evans Blue has been used for staining a vascular
endothelium injury® Vascular endothelium forms a tight
junction that regulates the molecular permeability into the
vascular wall from the blood,? thereby providing a barrier in the
vascular wall against blood flow. If the vascular endothelium is
injured, many meolecules begin to interact with the extracellular
matrix and the vascular smooth muscle layer, which is located
below the endothelium layer.

tTo whom correspondence should be addressed.

We have recently synthesized structural analogues of Evans
Blue, and the dye unit was observed to selectively adsorb to a
vascular endothelium-denuded region. We have therefore
designed a new MRI-contrast agent that has Evans Blue
analogue (Fig. 1). The compound can be used as a contrast
agent for the imaging of vascular lesions using MRL

Experimental

Synthesis of N-tert.butoxycarbonyl-2,2"-dimethylbenzidine
2,2"-Dimethylbenzidine (3.00 g, 14.1 mmol) was dissolved in
dichloromethane (25 ml), and Boc-anhydride (3.08 g, 14.1
mmol) was added dropwise at rt. while stirring. After
overnight stirming, the remaining dimethylbenzidine was
removed by washing with saturated aqueous tantaric acid. The
organic phase was then concentrated under reduced pressure.
The residue was purified by column chromatography on silica
gel using ethylacetate-hexane (3:5) as an eluting solvent. The
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Fig. 1 Chemical structure of the MRI contrast agent.
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