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1 The e�ects of cilostamide, a cyclic nucleotide phosphodiesterase 3 (PDE3) selective inhibitor, on
vascular intimal hyperplasia were evaluated using a single-balloon injury model and a double-injury
model in which the rat common carotid artery was subjected to a second injury at a site injured 14
days previously.

2 In the double-injury model, the second balloon injury caused more severe intimal hyperplasia
(intima/media (IM) ratio, 1.88+0.10) than in the single-injury model (1.09+0.08). Histopathological
study revealed that vascular smooth muscle cells (VSMC) were the predominant cell-type in the
a�ected neointimal area.

3 Oral administration of cilostamide for 2 weeks after the second injury suppressed intimal
hyperplasia in the double-injury model (30 mg kg71 bid, 83% inhibition in terms of the IM ratio,
P50.05; 100 mg kg71 bid, 69% inhibition, P50.05). Similar e�ects were also observed in the single-
injury model with oral administration of cilostamide for 2 weeks (100 mg kg71 bid, 36% inhibition,
P50.01).

4 Cilostamide inhibited DNA synthesis of cultured VSMC stimulated by foetal calf serum or
di�erent kinds of growth factors, but did not a�ect their migration stimulated by platelet-derived
growth factor (PDGF)-BB. Cilostamide signi®cantly increased the cyclic AMP concentration of
VSMC dose-dependently.

5 These results indicate that cilostamide suppresses intimal hyperplasia both in the single- and
double-injury models of rat, presumably by inhibiting proliferation rather than migration of VSMC.
It is suggested that PDE3 inhibitors might ®nd application in preventing intimal hyperplasia
following angioplasty such as percutaneous transluminal coronary angioplasty (PTCA) or stent.
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Introduction

PTCA has rapidly gained acceptance as the procedure of
choice for cases of coronary artery disease. Despite improve-
ments in equipment and techniques, however, acute reocclu-

sion after successful angioplasty occurs in approximately 5 ±
10% of patients, and late restenosis, which is one of the most
serious problems after coronary angioplasty, occurs in 30 ±

50% (Gurlek et al., 1995; Guerin et al., 1996). PTCA
performed with an in¯ated balloon is associated with
endothelial denudation; early accumulation of platelets and

®brin, splitting of the intima and media, stretching of the
medial layer and over distension of the adventia (Baptista et
al., 1995). Platelet adhesion and aggregation induced by
endothelial injury after PTCA have been shown to result in

the release of several mitogenes, including PDGF and

epidermal growth factor (EGF), from platelets. They cause
migration from the media to the intima (Moreno et al., 1996),
and proliferation of VSMC, resulting in intimal hyperplasia,

one of the critical processes for restenosis (Davies & Hagen,
1994). VSMC, activated endothelial cells and macrophages
may also release several kinds of growth factors and

extracellular matrixes. However, the molecular mechanisms
of restenosis remain to be clari®ed.

For the investigation of the restenosis process after PTCA

and examination of the in¯uence of exogenous agents, models
of balloon injury in rat or rabbit arteries have been widely
used. Numerous agents such as heparin, angiotensin convert-
ing enzyme (ACE) inhibitors and Ca2+ antagonists have thus

been shown to prevent intimal lesion formation. However,
although these agents are e�ective in animal models, they have
not proved to be bene®cial for reducing the incidence of

restenosis in human clinical trials (Muller et al., 1992; Jackson,
1994). One explanation for the discrepancy between the results
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might be di�erences between the human patient and animal
model with respect to the condition of vessel walls. Animal
models generally rely on injury to the media of normal arteries

without intima, while PTCA in human is performed for
atherosclerotic lesions with intima. To resolve this problem, a
restenosis model with balloon injury to the femoral artery of
hypercholesterolemic rabbits with pre-existing intima has been

developed, and evaluated for the e�ect of hirudin and heparin
(Sarembock et al., 1991; Gimple et al., 1991). In contrast to the
rabbit, the rat does not respond to cholesterol feeding by

forming atherosclerotic lesions with intima. Therefore, we
previously designed a balloon double-injury model for rat
common carotid arteries (Inoue et al., 1995). In this, a second

balloon injury is applied to a rat carotid artery with intima
preformed due to a ®rst balloon injury, whereas a single
balloon injury is applied to media of rat artery without intima

in the traditional balloon injury model. So far, it has been
demonstrated that heparin and anti-®broblast growth factor
(FGF)2 antibody, e�ective in the single injury model, were
ine�ective for control of intimal hyperplasia in the double

injury model (Capron et al., 1997; Koyama & Reidy, 1997).
It is known that cyclic AMP analogues and agents which

increase intracellular cyclic AMP concentration inhibit platelet

aggregation and proliferation of various kinds of cells. Cyclic
nucleotide phosphodiesterases (PDE) are the major enzymes
involved in metabolic processing of cyclic AMP and cyclic

GMP. In mammalian tissues, at least 10 PDE isozymes, PDE1
*PDE10, have been indenti®ed (Beavo et al., 1994; Conti &
Jin, 1999; Fujishige et al., 1999), demonstrating di�erent

tissue- and cell-distribution patterns. PDE3 is the only cyclic
AMP-regulating isozyme expressed in both VSMC and
platelets and its inhibition has been shown to block platelet
aggregation and proliferation of VSMC in vitro (Hidaka et al.,

1979; Souness et al., 1992; Pan et al., 1994; Sudo et al., 2000).
Therefore, PDE3 inhibitors may have potential for alleviating
restenosis after PTCA.

Among selective PDE3 inhibitors, cilostamide and its
derivatives have been widely used as probes to assess
physiological functions, as ligands for a�nity chromatography

to purify the enzyme and as clinical drugs for ischaemic
diseases (Hidaka et al., 1979; Degerman et al., 1987; Kimura et
al., 1985; Manganiello et al., 1995; Umekawa et al., 1984;
Dawson et al., 1998; Sudo et al., 2000). In the present study, we

evaluated the inhibitory activity of cilostamide against intimal
hyperplasia in arteries using balloon single- and double-injury
models. Parts of the present study were previously reported in

abstract form (Inoue et al., 1994; 1995).

Methods

Animals

For all the in vivo experiments male 6 week-old Sprague-
Dawley rats (Clea Japan, Inc) weighing 180 ± 200 g were used.
The animals were housed under controlled temperature

(22+28C) and lighting conditions (a 12-h light-dark cycle)
with access to food and water ad libitum. Rats were
accustomed to the laboratory conditions for 1 week before

the beginning of experimentation.

Arterial balloon injury

Endothelial denudation and injury to the vascular wall was
achieved in the left common carotid artery of rats. The rats
were anaesthetized with an intraperitoneal administration of

sodium pentobarbitone (40 mg kg71 of body weight) and a 2F
Fogarty arterial embolectomy balloon catheter was inserted
through the right iliac artery and advanced to the left carotid

artery via the aorta. The cervical skin was sectioned and the
position of the balloon, which was placed under the muscle
layer in the carotid artery, was checked visually. The balloon
was then in¯ated by injecting 30 ml of saline using a 1-ml

syringe attached to the end of the catheter, and was passed
through the entire length of the artery ®ve times to cause
balloon injury. After removal of the catheter from the iliac

artery, the wound was ligated and closed. For the double-
injury group the catheter was inserted through the left iliac
artery and advanced to the left carotid artery and injury caused

in the same site as before. The contralateral artery (right
carotid artery) remained untreated and served as the intra
individual control.

Histopathological study

For histological evaluation, carotid arteries were ®xed by
perfusion at 120 mmHg with 10% formalin in neutral
phosphate bu�ered solution via a large cannula placed in

the left ventricle. Para�n sections of the arteries were
prepared and stained with Elastica-van Gieson (E.V.). The
arteries were stained immunohistochemically with HHF-35

to identify VSMC, and antibody to proliferating cell nuclear
antigen (PCNA), which is essential for DNA synthesis, to
identify the cells that had been stimulated to enter the cell

cycle (Groves et al., 1995). Counterstaining was with
methylgreen.

In an additional group of experiments, we quanti®ed the
time course of changes in area, cell number and population

of PCNA positive cells, separately within the media and
intima. Subgroups of animals were sacri®ced 0, 1, 2, 3, 5, 7,
10, 14, and 28 days after the ®rst balloon injury in the

`single-injury group' and 1, 2, 3, 5, 7 and 14 days after the
second injury in the `double-injury group'. Cross sections
from three separate arterial segments of each animal were

stained with anti-PCNA. The stained nuclei were counted by
an investigator blind to the nature of the specimen and were
averaged for each animal. The PCNA index was de®ned as
the number of PCNA positive cells divided by the sum of all

cells evaluated, expressed as a percentage. Neointimal and
medial areas were measured with an NIH image analyzer.
The mean intimal and medial areas for each artery were

determined from three sections obtained from the isolated
portion of the artery.

In the single-injury experiment, the rats were allocated to

six groups. Cilostamide was dissolved in 1% hydroxy propyl
methyl cellulose (HPMC) and administered orally at doses
of 0, 3, 10, 30 or 100 mg kg71. On the 14th day after the

operation, the rats were anaesthetized with ether, injected
with heparin (150 u rat 71) sacri®ced and their left and right
carotid arteries were removed for histopathological study
and analysis of DNA contents.

In the double-injury experiment, the rats were allocated
to seven groups and subjected to balloon double-injury.
Cilostamide was dissolved in HPMC, and administered

orally in doses of 0, 3, 10, 30 or 100 mg kg71, 1 h before
the second injury and thereafter twice a day for 2 weeks.
On the 28th day after the ®rst operation, rats were

anaesthetized with ether, injected with heparin (150 u
rat71), sacri®ced and their left and right carotid arteries
were removed for histopathological study and analysis of
DNA contents.
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Analysis of DNA in carotid arteries

DNA contents of 1 cm length of carotid arteries were analysed

with a ¯uorescent method (Kissane & Robins, 1958) as the
marker of intimal hyperplasia. The tissues were immersed in
1.0 ml of 0.5 N NaOH and incubated at 378C overnight until
no residues were evident, and neutralized with 0.1 ml of 5 N

HCl. Aliquots of 0.2 ml of 3,5-diamino benzoic acid
dihydrochloride (250 mg ml71 H2O) were added, followed by
incubation at 608C for 45 min, cooling to room temperature

and mixing with 2 ml of 1.0 N HCl. Fluorescence (peak
excitation wavelength, 415 nm; peak emission wavelength,
515 nm) was measured with a ¯uorimeter (MTP-100F

CORONA). A solution of calf thymus DNA in ammonium
hydroxide were used as the DNA standard.

VSMC culture

Rat carotid VSMC were prepared by an enzymatic method.
After 1 h of digestion at 378C in Dulbecco's modi®ed Eagle's

medium (DMEM), pH 7.4, containing 1 mg ml71 collagenase
S-1, 25 mM HEPES and 10% FCS, carotid arteries were
cleaned of adventitia and immersed again in the same media at

248C for 16 h. The cells were centrifuged for 5 min at
1000 r.p.m, the supernatant was discarded and the pellets
were resuspended in a DMEM containing 10% FCS and

seeded in T-25 ¯asks. The medium was renewed twice a week.
Cells were used after 3 ± 5 passages.

VSMC DNA synthesis

Measurements of DNA synthesis were carried out according to
the method of Morisaki et al. (1988). VSMC were plated into

24-well plates at 26104 cells well71 in 1 ml of DMEM
containing 10% FBS for 3 days and then made quiescent (G0
stage) by placement in serum free medium for 2 days. Then the

medium was changed to 1 ml of DMEM containing
cilostamide in absolute dimethyl sulphoxide (DMSO) at a
®nal concentration of 0.05% and 1 mCi 3H-thymidine

(925GBq/mmol). Cells were incubated for 24 h, supplemented
with transferrin (5 mg ml71), insulin (3 mg ml71) and sodium
selenite (5 ng ml71), under the following di�erent conditions:
(1) Serum free medium; (2) 1% FCS; (3) EGF (10 ng ml71,

1.6 nM); (4) FGF (1 ng ml71, 0.06 nM); (5) PDGF-AA
(10 ng ml71, 0.36 nM); (6) PDGF-AB (10 ng ml71, 0.37 nM);
(7) PDGF-BB (10 ng ml71, 0.41 nM); (8) transforming growth

factor (TGF)-b1 (1 ng ml71, 0.04 nM). In the last case, cells
were cultured for 48 h in serum free medium containing
1 ng ml71 TGF-b1 and cilostamide, and were pulsed for 24 h

by adding [3H]-thymidine. The cells were washed with 1 ml
phosphate-bu�ered saline (PBS, pH 7.4, containing 0.1 mM

CaCl2 and 1 mM MgCl2) , and after the addition of 1 ml of ice

cold 5% trichloroacetic acid (TCA) to each well, the plates
were kept cool for another 30 min. Then the TCA was
aspirated and the cells were washed with PBS (pH 7.4) twice,
0.5 ml of 0.5 N NaOH was added to each well and the plates

were incubated for 16 h at 378C before being neutralized with
5 N HCl. Radioactivity was assayed in a liquid scintillation
counter and counts were normalized for DNA content as

determined by a ¯uorescent method (Kissane & Robins, 1958).

Lactate dehydrogenase (LDH) activity

Quiescent VSMC were incubated for 24 h at 378C in 1% FCS
with cilostamide. Nifedipine was used as a positive control.
After the incubation, the medium was collected and stored at

7708C in a deep freezer until assayed for LDH activity. For
this purpose 5 ml aliquots of cell-free supernatant was
measured spectrophotometrically at 340 nm using a commer-

cial kit (LDH OPTIMIZED).

VSMC migration

The procedure for assessing VSMC migration has been
described previously (Ohlstein et al., 1993). Carvedilol was
used as a positive control. Brie¯y, VSMC were suspended

(6.676105 cells ml71) in DMEM supplemented with 10%
FCS. Migration assays were performed in modi®ed Boyden
chambers using a chemotaxicell1 cell culture chambers with a

polycarbonate membrane (pore size, 8 mm). PDGF-BB
(10 ng m71) was dissolved in DMEM and placed in the lower
compartment. Cilostamide and carvedilol were placed in the

upper compartment. Aliquots of VSMC (26105 cells) were
then loaded in the upper compartment and incubated for 6 h
at 378C in a CO2 incubator. Nonmigrating cells on the upper
surface were scraped away gently. Filters were ®xed in 10%

formalin and stained with crystal violet. The number of VSMC
per x 100 high-power ®eld (HPF) that had migrated to the
lower surface of the ®lters was determined microscopically.

Five HPFs were counted per ®lter. Experiments were
performed either in duplicate or in triplicate.

Cyclic AMP measurement

The e�ects of cilostamide on cyclic AMP content in rat carotid

VSMC were assessed by enzyme immunoassay (EIA).
Quiescent VSMC were incubated for 3 h at 378C in 1 ml of
DMEM containing 1% FCS with cilostamide. The incubation
was terminated by adding 2 ml of ice-cold ethanol, extracts

were transferred to fresh tubes, and the cells were washed with
65% ice-cold ethanol. The ethanol was evaporated o� and the
extracts were dried and stored at7208C until assay. The cyclic

AMP content in VSMC was determined using a cyclic AMP
EIA kit.

Intracellular Ca2+ measurement

Measurement of intracellular Ca2+ concentration ([Ca2+]i) was

carried out with Fura-2 according to the method of Escobales
et al. (1996). Rat carotid VSMC (56106 cells ml71) were
loaded with Fura-2 by exposure to Fura-2/AM (5 mM), for

20 min at 378C. Loaded cells were washed free of the
extracellular dye. Cells were then incubated with 100 mM
cilostamide dissolved in dimethyl formamide at a ®nal

concentration of 0.05% for 15 min at room temperature then
transferred to a cuvette and placed in a temperature controlled
chamber (378C). Angiotensin II and arginine vasopressin

(AVP) were added at ®nal concentrations of 100 nM. The dye
was alternately excited at 340 and 380 nm and ¯uorescent was
measured at 510 nm in a Hitachi F-2000 spectro¯uorophot-
ometer and [Ca2+]i was calculated.

Statistical analysis

All results are expressed as mean+s.e.mean values for n
observations. The statistical signi®cance of di�erences between

multiple groups was evaluated using one-way analysis of
variance followed by Dunnett's test (two-tailed). The statistical
analysis system (SAS) was adopted for these statistical
analyses. In all cases, P50.05 was considered signi®cant.
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Drugs and materials

Cilostamide was synthesized at the Tokushima Research

Laboratories of Otsuka Pharmaceutical Co. Ltd. (Tokushima,
Japan). A 2F Fogarty arterial embolectomy balloon catheter
was purchased from Baxter Healthcare (CA, U.S.A.), muscle
actin antibody (HHF-35) and antibody to PCNA from DAKO

A/S (Glostrup, Denmark), 3,5-Diamino benzoic acid dihy-
drochloride from Aldrich Chemical Ltd. (Steinheim, Ger-
many), HPMC from Shinetsu Chemical Industry (Tokyo,

Japan), calf thymus DNA, transferrin, sodium selenite, insulin,

LDH OPTIMIZED, angiotensin II and AVP from Sigma
Chemical Company (St. Louis, MO, U.S.A.), DMEM from
Nissui Pharmaceutical Co Ltd (Tokyo, Japan), collagenase S-1

from Nitta gelatin Co. (Osaka Japan), FCS from ICN
Biomedical (Australia), cultured ¯asks and plates from
Corning Glass Works (NY, U.S.A.), [3H]-thymidine and a
cyclic AMP EIA kit from Amersham International (U.K.),

EGF from Upstate Biotechnology Inc. (NY, U.S.A.), bovine
brain basic FGF from R & D (Minesota, U.S.A.), PDGF-AA,
-AB and -BB, and TGF-b1 from Gibco BRL (U.K.), and

Chemotaxicell1 from Kurabo (Osaka, Japan). Fura-2/AM

A

B

C

D

E

F

Figure 1 Microphotographs of cross sections from rat left carotid arteries after balloon injury, stained with Elastica van Gieson
(left column), and immunohistochemically for PCNA (middle column) and HHF-35 (right column). Day 0 (A) is the day of balloon
injury, Day 14 (B) and Day 28 (C) are days after the ®rst injury. Day 14+1 (D), Day 14+3 (E), and Day14+14 (F) are days after
the ®rst injury + days after the second injury.

Cilostamide suppresses intimal hyperplasia234 Y. Inoue et al

British Journal of Pharmacology, vol 130 (2)



was from Dojindo (Kumamoto, Japan). Carvedilol was
extracted from Artist1 tablets purchased from Daiichi
Pharmaceutical Co. LTD (Tokyo Japan).

Results

Histopathological study

A continuous series of histological changes over time were

observed by light microscopy in the single- and double-balloon
injury models (Figure 1). In the single-balloon injury model,
medial areas within the injured carotid arteries were slightly and

rapidly increased up to 3 days after the injury and thereafter
remained stationary (Figure 2a, day 0, 0.060+0.003 mm2; day
14, 0.081+0.002 mm2). Neointima appeared at 5 days after the

®rst injury and the intimal area increased up to 14 days
(0.088+0.010 mm2), with decrease in the lumen area, thereafter
becoming stationary (Figure 2b,c). This demonstrated that the
decrease in lumen area resulted from the increase of intima, not

media. In the double-injury model, the second injury applied at
14 days after the ®rst balloon injury caused the appearance of
additional neointima and resulted in more intimal hyperplasia

than after the ®rst injury, the intimal area reaching
0.160+0.004 mm2 at 14 days after the second injury. The
medial area after the second injury was not signi®cantly

changed. IM ratios both in the single- and double-injury model
showed similar patterns in each intimal area, and were
1.09+0.08 at 14 days after the ®rst injury and 1.88+0.10 at

14 days after the second injury, respectively (Figure 2d).
PCNA-positive cells were identi®ed all over themediamostly

at 2 and 3 days after the injury in the single-injury model (data
not shown), whereas they were identi®ed in the super®cial areas

of neointima (adjacent to the lumen) in the double-injury model
(Figure 1). Areas with PCNA-positive cells were weakly stained
with HHF-35 and lacked organized elastic ®bres. In both single-

and double-injury models the vessels were markedly stained

with HHF-35, indicating VSMC to be the predominant cell-
type. Macroscopic thrombus formation in response to single or
double injury was not observed.

Time course of cell number and PCNA expression

In the single-injury model, the cell number in the media began

to increase 2 days after balloon injury and reached a maximum
after 5 days (Table 1). Intima cells appeared 5 days after the
balloon injury and the number of intimal cells increased

thereafter. In the double-injury model, the second injury
resulted in further increase of cell number in the intima, but
not in the media. Cell proliferation was not observed within

the media of uninjured segments of artery (Table 1, day 0,
PCNA labelling index: 0%). The DNA content in the carotid
artery increased with the formation of intima after the ®rst

balloon injury, with a maximum value observed after 7 days,
and then increased further after the second injury with
neointima formation (Figure 3). Expression of PCNA was
maximally induced in the media underlying an intact internal

elastic lamina (PCNA labelling index: 19.1+4.9%) at 2 days
after the ®rst balloon injury and diminished thereafter. At 5
days after the ®rst injury, the PCNA labelling index in the

intima reached a maximum (20.0+4.3%). In the double-injury
model, the second balloon injury induced PCNA in the
neointima, but essentially not in the media, reaching a

maximum level after 2 days (22.6+4.2%). The maximum
PCNA labelling indices were not signi®cantly di�erent from
those in the single-injury model.

E�ects of cilostamide on intimal hyperplasia in the
single- and double-injury models

In the single-injury model, cilostamide orally administered for
14 days after the injury signi®cantly suppressed the increase of
the intimal area at 100 mg kg71 bid (42% inhibition, P50.01,

Table 2), but had no signi®cant e�ect on medial area. It also

Figure 2 Time course of change in intimal hyperplasia in rat left carotid arteries after balloon injury in single- and double-injury
models. (a) Medial area; (b) intimal area; (c) lumen area; (d) intima/media ratio. Each value is the mean+s.e.mean of data for 4 ± 6
rats.
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decreased the IM ratio at 100 mg kg71 bid (36% inhibition,

P50.01) and suppressed the decrease of lumen area (45%
inhibition, P50.01). Cilostamide did not a�ect in normal right
carotid arteries (data not shown). In the double-injury model,

cilostamide was orally administered 1 h before and for 14 days
after the second injury. It almost completely suppressed the
additional increase of neointima by the second balloon injury
at 30 and 100 mg kg71 bid (30 mg kg71, 79% inhibition,

P50.05; 100 mg kg71, 91% inhibition, P50.05, Table 3). The

increase of IM ratio by the second injury was also signi®cantly

reduced (30 mg kg71, 83% inhibition, P50.01; 100 mg kg71,
69% inhibition, P50.05). Cilostamide almost completely
eliminated the decrease of lumen area by the second injury

(100 mg kg71, 100% inhibition, P50.01). The e�ective dose
was one-third of that in the single injury model.

E�ects of cilostamide on cultured VSMC

Cilostamide inhibited the DNA synthesis of cultured VSMC

induced by FCS, EGF, FGF, PDGF-AA, PDGF-AB, PDGF-
BB or TGF-b1 in a dose-dependent manner (Figure 4). The
similar potency observed with several kinds of growth factors
indicated that this was independent of the type of stimulation.

Cilostamide also exhibited inhibitory e�ects on DNA synthesis
in the absence of FCS or growth factors, suggesting an action
on proliferation of VSMC by autocrine secretion of growth

factors such as smooth muscle cell-derived growth factor
(SDGF) (Morisaki et al., 1989). Under these experimental
conditions, cilostamide did not a�ect the DNA content (data

not shown). Examination of the e�ects of cilostamide on
PDGF-BB (10 ng ml71) stimulation of VSMC migration with
the Boyden chamber method did not demonstrate any e�ect up

to 100 mM (Figure 5). In contrast, carvedilol (100 mM)
completely inhibited the migration. Cilostamide (1 ± 100 mM)
signi®cantly increased the cyclic AMP concentration in
quiescent VSMC cultured with 1% FCS for 3 h (Figure 6).

The e�ect was dose-dependent and the highest concentration
of cilostamide tested (100 mM) caused an approximately 2 fold
increase in cyclic AMP accumulation. The e�ect of cilostamide

on Ca2+-elevation stimulated by AVP and angiotensin II in rat

Figure 3 Time course of change in DNA content in rat left carotid
arteries after balloon injury in single- and double-injury models. Each
value is the mean+s.e.mean of data for ®ve rats on days 0 ± 14, six
rats on day 21, and 10 rats on day 28 in the single-injury group. In
the double-injury group, means are for ®ve rats except for days 17
and 28 (mean of four rats each).

Table 1 Numbers of cells and cell proliferative activity within the media and intima after injury

Media Intima

n No. of cells
No. of PCNA
positive cells

PCNA labelling
index, % No. of cells

No. of PCNA
positive cells

PCNA labelling
index, %

Single-injury model Day 0
Day 1
Day 2
Day 3
Day 5
Day 7
Day 10
Day 14
Day 28

6
6
6
6
4
5
6
5
6

198.0+14.7
136.9+17.2
189.8+24.0
252.0+11.1
287.4+24.2*
276.8+26.4*
270.3+11.9*
283.6+16.3**
218.3+7.3

0.0+0.0
1.8+1.3
30.7+4.9
30.9+4.9
6.3+2.6
4.4+2.1
1.3+0.5
0.0+0.0
0.0+0.0

0.0+0.0
1.0+0.7
19.1+4.9
12.4+2.0
2.5+1.3
1.7+0.8
0.5+0.2
0.0+0.0
0.0+0.0

365.3+74.1
481.1+95.2
632.4+101.3
721.9+64.2
916.3+98.2

No intima present
No intima present
No intima present
No intima present

68.7+12.3
96.6+29.7
17.8+4.7
13.5+5.1
6.1+2.0

20.0+4.3
19.0+3.7
3.8+1.5
2.2+1.1
0.5+0.2

Double-injury model Day 14+1
Day 14+2
Day 14+3
Day 14+5
Day 14+7
Day 14+14

6
5
6
5
6
6

231.6+11.4
270.1+17.2
289.2+26.9
299.9+53.6
274.9+26.4
232.1+14.0

5.6+1.2
3.1+0.9
5.5+1.8
0.0+0.0
0.0+0.0
0.0+0.0

2.3+1.6
1.2+0.4
1.8+0.7
0.0+0.0
0.0+0.0
0.0+0.0

454.1+32.9
678.3+66.8
810.1+42.4

1211.1+110.3##
1087.6+114.4#
1364.4+87.9##

46.0+5.8
143.3+17.2
157.9+38.4
58.5+16.6
11.0+1.4
20.7+6.5

10.4+1.6
22.6+4.2
18.0+5.1
4.7+1.1
1.1+0.2
1.5+0.4

Values are mean+s.e.mean from the cross sections of three separate arterial segments of 4 ± 6 animals. *P50.05, **P50.01 compared
with day 0 values. #P50.05, ##P50.01 compared with day 14 values.

Table 2 E�ects of cilostamide on intimal hyperplasia in the rat balloon single-injury model

mg kg71 bid
(n)

Intimal area
(mm2)

Medial area
(mm2) IM ratio

Lumen area
(mm2)

DNA
(mg cm71)

Normal (12) 0.002+0.002 0.090+0.003 0.023+0.023 0.323+0.009 6.0+0.1
Control (11) 0.090+0.007 0.087+0.003 1.026+0.069 0.166+0.014 18.9+0.6
Cilostamide 3 (9) 0.077+0.007 0.084+0.002 0.913+0.077 0.192+0.023 17.0+0.7
Cilostamide 10 (11) 0.071+0.003 0.082+0.003 0.878+0.052 0.207+0.016 16.5+0.9
Cilostamide 30 (12) 0.082+0.004 0.087+0.004 0.953+0.052 0.185+0.013 16.8+0.8
Cilostamide 100 (11) 0.053+0.005** 0.079+0.003 0.666+0.060** 0.236+0.014** 13.7+0.5**

Values are mean+s.e.mean from the cross sections of three separate arterial segments: **P50.01 versus control. Cilostamide was orally
administered at 1 h before the balloon injury and then twice daily for 2 weeks.
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carotid VSMC. Cilostamide did not a�ect their Ca2+-elevation
up to 100 mM (Figure 7 and data not shown). Cytotoxicity of
cilostamide was evaluated by assessment of LDH release from

VSMC into the culture medium. No e�ects were observed up
to 100 mM (Figure 8), which almost completely inhibited DNA
synthesis in VSMC (Figure 4). In contrast, 30 mM of nifedipine
signi®cantly increased LDH release.

Discussion

Single- and double-injury models

The balloon single-injury model has been the most frequently

employed in vivo model in restenosis research. Rats are
commonly used due to the reproducible prominent formation
of intimal hyperplasia within 1 or 2 weeks after balloon injury

(Clowes & Schwartz, 1985). Since normal healthy arteries are
injured by the balloon catheter in the model, the lack of
preexisting plaque and intima in the injured artery is a

de®nitive di�erence from human restenosis (Jackson, 1994).

Figure 4 Inhibitory e�ects of cilostamide on DNA synthesis in
VSMC. Quiescent cells were stimulated with FCS, EGF, FGF,
PDGF-AA, PDGF-AB, PDGF-BB and TGF-b1 in the presence of
various amounts of cilostamide. *P50.05 and **P50.01 compared
with the control level.

Figure 5 E�ects of cilostamide on VSMC migration stimulated by PDGF-BB. Migration assays were performed in Chemotaxicell
cell culture chambers. PDGF-BB (10 ng ml71) was placed in the lower compartment together with the indicated concentration of
cilostamide or carvedilol. VSMC (26105 cells) were loaded in the upper compartment and incubated for 6 h. The number of VSMC
per x 100 high-power ®eld (HPF) that had migrated to the lower surface of the ®lters was determined. Five HPFs were counted per
®lter. Experiments were performed either in duplicate or in triplicate.

Figure 6 E�ects of cilostamide on cyclic AMP concentration in
VSMC. VSMC were cultured with cilostamide for 3 h. Data are
means from three experiments and the vertical lines represent
s.e.mean values. **P50.01 compared with the control.

Table 3 E�ects of cilostamide on intimal hyperplasia in the rat balloon double-injury model

mg kg71 bid
(n)

Intimal area
(mm2)

Medial area
(mm2) IM ratio

Lumen area
(mm2)

DNA
(mg cm71)

Normal (17) 0.000+0.000 0.088+0.002 0.00+0.00 0.359+0.008 ±
Single-injury (14) 0.097+0.008 0.091+0.005 1.08+0.08 0.270+0.016 15.4+1.0
Double-injury
(control)

(15) 0.144+0.008 0.092+0.003 1.56+0.07 0.201+0.014 21.6+1.1

Cilostamide 3 (8) 0.133+0.016 0.099+0.003 1.33+0.14 0.211+0.028 20.6+0.7
Cilostamide 10 (13) 0.140+0.012 0.096+0.006 1.45+0.09 0.186+0.016 19.4+1.0
Cilostamide 30 (12) 0.107+0.008* 0.092+0.003 1.16+0.07** 0.256+0.016 18.5+0.6*
Cilostamide 100 (10) 0.101+0.010* 0.082+0.002 1.23+0.11* 0.280+0.021** ±

Values are mean+s.e.mean from the cross sections of three separate arterial segments. **,*P50.01, 0.05 versus control (double-injury)
Single-injury data are for 28 days after the ®rst injury without the second injury. Cilostamide was orally administered once, 1 h before
the second injury, and then twice daily for 2 weeks.
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Rat carotid arteries only rarely demonstrate intimal cells and

the rat also does not respond to cholesterol feeding, which
causes atherosclerotic lesions with intima in the rabbit and pig.
In the present evaluation of cilostamide, we therefore applied a

balloon double-injury model using rat carotid arteries (Inoue
et al., 1995).

In order to study the property of the double-injury model,
we evaluated the time course of change in area and cell number

within the media and intima after both the ®rst and second
injuries. The ®rst injury resulted in an increase of area and cell
number both in the media and intima (Figure 2, Table 1), as

previously reported by Schwartz et al. (1995). The area and cell
number in intima was prominently increased by the second
injury from 3 ± 5 days after the injury, while those in the media

remained unchanged. The PCNA labeling index was very
elevated in the intima between 1 and 3 days after the second
injury, that is the period before increases of VSMC

proliferation and intimal area, while only a few PCNA positive
cells were identi®ed in the media. These results suggest that
proliferation of VSMC plays a critical role in the increase of
the intimal area in this double-injury model. Evaluation of the

PCNA labelling index indicated that the total proliferation
activities of VSMC after the ®rst and second injury were
comparable. The big di�erence between the two cases was the

response of medial cells, this being essentially lacking to the

second injury. These results show that only intimal cells in the
injured and pre-formed region proliferate after the second
injury in the double-injury model, while both medial and

intimal cells are involved in the single-injury model. The
patterns of increase in the DNA content within injured arteries
showed similar trends to the total cell number and total area of
intima and media, suggesting that the DNA content might be a

good index for evaluating intimal hyperplasia, not only with
the single injury but also in the double-injury rat model.

Balloon double-injury to carotid arteries has been pre-

viously applied in rabbits (Jorgensen et al., 1988; Niimi et al.,
1994; Gerdes et al., 1996), the second injury leading to more
severe intimal hyperplasia than after the ®rst injury, in

accordance with our results with rats, and a high rate of
earlier thrombotic occlusion. In contrast to rats and rabbits, it
seems that the second injury to pig coronary artery does not

lead to additional intimal hyperplasia (Bonan et al., 1996).
Recently, heparin and anti-FGF2 antibody were both not
e�ective at depressing intimal hyperplasia in the rat double-
injury model (Capron et al., 1997; Koyama & Reidy, 1997),

although these could be demonstrated in the rat single-injury
model. In the rabbit, short-term treatment of recombinant
hirudin (i.v. bolus immediately before injury, followed by i.v.

infusion for 2 h) reduced neointimal formation in both the
single- and double-injury model (Gerdes et al., 1996). In the
single-injury model of rats, however, no inhibition of

neointimal growth was observed after short-term treatment,
although long term treatment of hirudin (3 or 14 days infusion)
was e�ective. Gerdes et al. (1996) proposed that di�erences in

responsiveness to hirudin treatment between rats and rabbits
might be explained by di�erential activity of the coagulation
system or by variable thrombogenicity of the injured vessel
wall surface. The change in intimal size in the double-injury

model of rat might be attributed to an increase in matrix
synthesis (Koyama & Reidy, 1997). Although this parameter
was not examined in the present study, Strauss et al. (1994)

quanti®ed matrix synthesis in the double-injury model of
rabbit arteries and noted an increase in extracellular matrix. In
another study, the second injury increased the whole mass (wet

weight) of intima-media, its DNA, elastin content, and the I/M
ratio; but the collagen content remained una�ected (Capron et
al., 1997). Usage of the double-injury model of rat has several
limitations. Double-injury to rat carotid artery is a highly

simpli®ed model for the study of restenosis after angioplasty in
human. The injured vessel wall lacks several features of
atherosclerotic plaques such as extracellular and intracellular

lipid deposition, in®ltration by macrophages and T-cells, and
neovascularization. With the exception of proliferation and
migration of VSMC and extracellular matrix synthesis, many

aspects likely to be involved in the arterial reaction to
angioplasty, such as plaque rupture, mural thrombus
formation, elastic recoil and remodelling, are absent. However,

the present study indicated that intimal hyperplasia in the
double-injury model of rat was strongly a�ected by the
proliferation of VSMC.

Inhibitory e�ect of cilostamide on VSMC hyperplasia

For the purpose of developing drugs that prevent restenosis

after PTCA, we have focused on PDE3 inhibitors. The present
study indicated that cilostamide suppressed intimal hyperpla-
sia not only by single-balloon but also by double-injury. In

order to elucidate the mechanism of anti-intimal hyperplasia,
we examined the e�ects of cilostamide on the proliferation and
migration of cultured rat carotid VSMC, because both of these
parameters are highly relevant to intimal hyperplasia (Ross,

Figure 7 E�ects of cilostamide on [Ca2+]i in VSMC. VSMC were
pre-treated with 100 mM cilostamide for 15 min and stimulated with
AVP. Data are means from ®ve experiments and the vertical lines
represent s.e.mean values.

Figure 8 E�ects of cilostamide on LDH release from VSMC.
Quiescent VSMC were incubated for 24 h in the presence of the
indicated concentrations of cilostamide and nifedipine. Data are
means from three experiments and the vertical lines are s.e.mean
values. **P50.01 compared with the control level.
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1993; Schwartz et al., 1995). Cilostamide inhibited DNA
synthesis of cultured VSMC in vitro, but not their migration,
suggesting that anti-intimal hyperplasia e�ects of cilostamide

may be due to anti-VSMC proliferation rather than anti-
migration e�ects. The present LDH release study (Figure 8)
demonstrated that the inhibitory e�ect of cilostamide on
VSMC proliferation in vitro is not due to cytotoxicity. In

addition, 100 mg kg71 bid of cilostamide did not cause any
toxic e�ects in vivo (data not shown).

Whereas intimal hyperplasia in the single-injury model

results from proliferation of VSMC in media followed by the
migration to the intima and proliferation there, additional
intimal hyperplasia in the double-injury model seems to result

from proliferation of VSMC in the intima. The fact that
cilostamide suppressed intimal hyperplasia in the double-
injury model more potently than in the single injury model,

thus provides further evidence of VSMC proliferation and not
migration as the most important process.

It has been shown that cilostamide strongly inhibits platelet
aggregation (Hidaka et al., 1979; Sudo et al., 2000) and this

might contribute to suppression of intimal hyperplasia in vivo,
because growth factors, like PDGF, released from activated
platelets stimulate proliferation of VSMC. However, in the rat

model of single-injury, platelets and PDGF were found not to
play such a role, rather regulating migration of VSMC from
the media into the intima (Fingerle et al., 1989; Ferns et al.,

1991). In the present study, we employed 3 mg kg71 bid, which
exhibits no e�ect on platelet aggregation ex vivo in rat, to
100 mg kg71 bid, which potently inhibits the aggregation.

While administration of 10 mg kg71 of cilostamide inhibits ex
vivo aggregation (data not shown), this dose did not suppress
intimal hyperplasia in either single- or double-injury models.
Therefore, it is unclear to what extent anti-platelet actions of

cilostamide contribute to its anti-intimal hyperplasia e�ects.
It has been reported that dipyridamole (PDE5 inhibitor),

AH-P719 (PDE3 inhibitor) and SCH51866 (PDE1 and 5

inhibitor) inhibit VSMC proliferation in intimal hyperplasia
models in the rabbit and rat (Wojenski et al., 1988; Singh et al.,
1994; Vemulapalli et al., 1996). In addition, it was recently

shown that other clinically available PDE3 inhibitors,
aminophylline, amrinone and cilostazol may suppress forma-
tion of intima with local administration but not intravenous
administration in the single-injury model (Indol® et al., 1997;

Ishizaka et al., 1999). Agents which increase the intracellular
cyclic AMP concentration are known to inhibit cell growth
(Drees et al., 1993). In this study with rat carotid artery

VSMC, the fact that the PDE3 inhibitor cilostamide increased
the cyclic AMP level (Figure 6) thus suggests that its inhibitory
e�ects on VSMC proliferation were due to this elevation.

Many agents, like dipyridamole, ACE inhibitors and Ca2+

antagonists, have not exhibited protective e�ects against
restenosis after PTCA in clinical trials (Schwartz et al., 1988;

Muller et al., 1992; Jackson, 1994). This also suggests that
intimal hyperplasia in rat and rabbit models could only partly
re¯ect the pathogenesis of human restenosis.

Cross-talk between the cyclic AMP-dependent protein

kinase (PKA) pathway and the mitogen-activated protein
kinase (MAPK) cascade has been proposed (Wu et al., 1993;
Cook & McCormick, 1993; Graves et al., 1993; Marx, 1993).

Increase of the intracellular cyclic AMP level activates PKA
and this in turn phosphorylates Raf-1 and inhibits its kinase
activity. This hinders the MAPK cascade and results in

attenuation of cell proliferation. In mesangial cells, it has been
reported that activation of PKA by cilostamide decreases
MAPK activity and cell growth (Matousovic et al., 1995). In

cultured pig aortic VSMC, four PDE isozymes, PDE1, 3, 4 and
5, have been identi®ed (Souness et al., 1992; Xiong et al., 1995).
PDE3 and 4 hydrolyze cyclic AMP and regulate the
intracellular concentration in VSMC. It has been reported

that a PDE3 inhibitor (SKF94836) and a PDE4 inhibitor
(Ro20-1724) reduce DNA synthesis and proliferation of pig
aortic VSMC through elevation of intracellular cyclic AMP,

whereas zaprinast, an inhibitor of PDE5, involved in
hydrolysis of cyclic GMP, was without e�ect (Souness,
1992). Pan et al. (1994) reported that cilostamide suppresses

DNA synthesis in the VSMC cell line, A10, with an EC50 of
5.3 mM, while the inhibitory potentials of the PDE4 inhibitors,
rolipram and Ro20-1724, were very weak (EC50=111 and

100 mM, respectively). These data suggest that PDE3 is the
major PDE isozyme regulating DNA synthesis and prolifera-
tion of VSMC.

In conclusion, the present study showed that a second

balloon injury to rat carotid arteries further stimulates
proliferation of neointimal VSMC. Cilostamide inhibited this
neointimal formation with signi®cant anti-VSMC proliferation

activity without cytotoxicity or e�ects on migration. The
results suggest that cilostamide or similar PDE3 inhibitors
might be promising agents in preventing intimal hyperplasia

after angioplasties such as PTCA or stent in humans. In this
context, it should be noted that there are several recent clinical
reports that cilostazol, a derivative of cilostamide, reduced
restenosis after directional coronary atherectomy and PTCA

by inhibiting neointimal proliferation (Tsuchikane et al., 1998;
1999).
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