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Cilostazol Attenuates MCP-1 and MMP-9 Expression
In Vivo in LPS-Administrated Balloon-Injured Rabbit
Aorta and In Vitro in LPS-Treated Monocytic THP-1 Cells
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Abstract Monocyte chemoattractant protein-1 (MCP-1) and matrix metalloproteinase-9 (MMP-9) are involved in
vascular inflammation. We tested the hypothesis, and explored the underlining mechanisms that cilostazol, a
phosphodiesterase 3 inhibitor with antiplatelet and antithrombotic properties, inhibits lipopolysaccharide (LPS)-induced
MCP-1 and MMP-9 expression. In a rabbit aorta balloon-injury model, administration of LPS increased macrophage
infiltration and MCP-1 and MMP-9 expression; cilostazol supplementation prevented this phenomenon and reduced
intimal hyperplasia. In contrast, the reverse zymography showed that cilostazol did not affect TIMP-1 expression in serum.
In monocytic THP-1 cells, cilostazol and N6,O20-dibutyryl-cAMP (dioctanoyl-cAMP, a cAMP analog) dose-dependently
inhibited LPS-induced MCP-1 protein expression and MMP-9 activation, but did not affect the tissue inhibitor of
metalloproteinase-1.Quantitative real-timepolymerase chain reaction (PCR) showed that cilostazol inhibitedMCP-1 and
MMP-9 mRNA expression. Cilostazol significantly inhibited LPS-induced activation of p38, JNK, and nuclear factor-kB,
and the respective inhibitors of p38 and JNK greatly reduced the level of LPS-inducedMCP-1 andMMP-9, suggesting the
involvement of the p38 and JNK pathways. In conclusion, cilostazol administered with LPS in vivo reduced neointimal
hyperplasia andmacrophage infiltration in the balloon-injured rabbit aorta; in vitro, cilostazol inhibits LPS-inducedMCP-
1 and MMP-9 expression. These data suggest that cilostazol may play an important role in preventing endotoxin- and
injured-mediated vascular inflammation. J. Cell. Biochem. 103: 54–66, 2008. � 2007 Wiley-Liss, Inc.
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Atherosclerosis is a chronic vascular inflam-
matory response [Chait et al., 2005]. The cas-
cade of leukocyte–endothelial cell interactions
and leukocyte infiltration are crucial processes
in atherogenesis. Leukocyte recruitment to
inflammatory sites involves multiplex factors,
such as the expression of cytokines, chemo-
kines, and matrix metalloproteinases (MMPs)
[Abusamieh and Ash, 2004]; these locally
produced factors guide circulating leukocytes
into the atherosclerotic site. The chemokines

� 2007 Wiley-Liss, Inc.

Feng-Yen Lin, Yung-Hsiang Chen, and Tung-Lin Yang
contributed equally and Shing-Jong Lin and Chi-Yuan Li
contributed equally to this work.

*Correspondence to: Chi-Yuan Li, MD, MS, Department of
Medical Education and Research, Buddhist Tzu-Chi Gen-
eral Hospital, No.289, Jian-Guo Rd., Xindian City, Taipei
231, Taiwan, ROC. E-mail: cyli@tzuchi.com.tw

Received 16 October 2006; Accepted 27 March 2007

DOI 10.1002/jcb.21388



bind to the activated cell surface, and generally
behave as potent chemotactic factors for leuko-
cytes and dendritic cells [Gadella and Jovin,
1995]. Monocyte chemoattractant protein-1
(MCP-1), a member of the CC chemokines, is
characterized by its chemoattractant activity
for monocytes, T cells, mast cells, and basophils
[Rollins et al., 1991]. In addition to promoting
the transmigration of circulating monocytes
into tissues, MCP-1 exerts various other effects
onmonocytes, including superoxide anion induc-
tion and chemotaxis. [Yla-Herttuala et al., 1991].
Growing evidence suggests thatMCP-1 is impor-
tant in the inflammatory processes associated
with the pathogenesis and progression of athero-
sclerosis [Aukrust et al., 2001], acute coronary
syndrome [Matsumori et al., 1997], and conges-
tive heart failure [Matsumori et al., 1997].
MMPs increase matrix degrading activity

and accelerate leukocyte infiltration into vul-
nerable regions of human atherosclerotic pla-
ques. The release of MMPs from leukocytes and
the degeneration of extracellular matrix and
soluble proteins by proteolysis are important
factors contributing to inflammation. Clini-
cally, the MMPs are implicated in morphogen-
esis, and tissue remodeling, in diseases such as
arthritis, atherosclerosis, asthma, and tissue
ulceration, and in the processes of tumor
[Yassen et al., 2001]. MMP-9 degrades type IV
collagen, the major constituent of basement
membranes, and is released by macrophages,
smooth muscle cells, and endothelial cells
[Goetzl et al., 1996]. Elevated MMP-9 concen-
tration in plasma has been shown in inflamma-
tory illnesses such as rheumatoid arthritis,
sepsis [Tomita et al., 2002], and acute respira-
tory distress syndrome, and in cardiovascular
diseases [Rohde et al., 1999].
For more than a century, it has been demon-

strated that infectious agents are responsible
for vascular diseases [Nieto, 1998]. Systemic
inflammation induced by LPS increases neoini-
timal formation after balloon and stent injury in
rabbits, which results from the increasing of
serum IL-1b level and monocytes CD14 exp-
ression [Danenberg et al., 2002]. Although
endotoxin has the potential role as a proinflam-
matory mediator of vascular diseases, the
postulated mechanisms remain to be clarified.
Cilostazol is an inhibitor of cAMP phospho-

diesterase III (PDE3), which elevates the
intracellular cAMP level. Cilostazol is a platelet
aggregation inhibitor and vasodilator and is

useful for treating intermittent claudication
[Dawson et al., 1998]. In addition to its anti-
platelet and vasodilatation effects, many other
anti-inflammatory effects have been described.
Cilostazol suppresses the expression of heparin-
binding epidermal growth factor-like growth
factor in lipopolysaccharide (LPS)-stimulated
smooth muscle cells and macrophages [Kaya-
noki et al., 1997] and reduces superoxide anion
formation and nuclear factor-kB (NF-kB) acti-
vation in high cholesterol-fed mice [Lee et al.,
2005]. Cilostazol also suppresses hyperplasia
formation in balloon-injured rat arteries [Yoshi-
mura et al., 1991], prevents restenosis after
coronary stent implantation by inhibiting
Mac-1-leukocytes [Husid, 2004], and inhibits
platelet-derived growth factor-stimulated cell
proliferation by increasing cAMP levels and
inhibiting themitogen-activated protein kinase
(MAPK) signaling pathway [Matousovic et al.,
1995]. Because PDE3 activity and expression
increase significantly in the aorta of athero-
sclerosis-prone insulin-resistant rats [Thomas
et al., 1990], inhibition of PDE3 may be
therapeutically useful for treating and prevent-
ing atherosclerosis. This evidence suggests that
cilostazol has the potential to prevent inflam-
matory responses during atherogenesis. How-
ever, little information is available about the
effects and underlying molecular mechanisms
of cilostazol on chemokines,MMPexpression, or
the activation of leukocytes. To elucidate the
molecular mechanisms and identify the poten-
tial loci for therapeutic intervention, we
employed a two-pronged approach with an in
vivo system of simulating chronic inflammation
by LPS-administration in endothelium-denuded
rabbits and a more simplistic in vitro approach
of eliciting inflammation, a key step in athero-
sclerosis, in cultured human monocytic cells
(THP-1 cells) by the LPS. In addition, the effects
of cilostazol treatment on these systems, focus-
ing on MCP-1 and MMP-9 as well as relevant
signal transduction pathways. Our study shows
that cilostazol inhibits LPS-inducedMCP-1 and
MMP-9 expression by increasing cAMP and
inhibiting the p38/JNK pathway, resulting in
suppression of neointimal hyperplasia.

MATERIALS AND METHODS

Reagents for In Vitro and In Vivo Studies

Cilostazol was purchased from Otsuka Phar-
maceutical Co Ltd.; LPS from Escherichia,
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O55:B5, was purchased from Sigma; PD98059,
SB230580, and SP600125 were purchased from
Molecular Probes, Inc. The N6, O20-dibutyryl-
cAMP (dioctanoyl-cAMP) was purchased from
Calbiochem.

Animal Balloon-Injury Experiment

An animal model that reflects the clinically
relevant events of chronic inflammation and
injury-induced atherogenesis was used. Thirty
adultmaleNewZealandwhite rabbits (�2.5 kg)
were provided a commercial normal chowdiet of
60 g/kg/day and water ad libitum. The animals
were randomly divided into five groups (six
animals/group): group 1 served as the control;
group 2 (LPS) received intravenous injections of
LPS (220 ng/kg) through the ear vein; group 3
(endothelium–denudation, ED) received the
balloon-injury treatment of the abdominal
aorta; group 4 (EDþLPS) received the balloon-
injury treatment and intravenous injections
of LPS; and group 5 (cilostazol, STA-
ZOLþEDþLPS) received 50mg/day of cilosta-
zol from weeks 1 through 5 in addition to
receiving ED plus LPS. LPS was injected
immediately and 1 week after balloon injury.
Balloon injury of the abdominal artery was
performed with a 3F Fogarty catheter through
the femoral artery in anesthetized rabbits,
passed to theabdominal aorta (�16 cm), inflated
with normal saline, and withdrawn four times.
Heparin (100 U/kg) was administered immedi-
ately after arteriotomy. Arterial blood was
collected from the ear artery into sodium
citrate-containing tubes. The animals were
sacrificed at the end of 5 weeks, and the vessels
were collected for immunohistochemical stain-
ing. All animals were treated under protocols
approved by the Institutional Animal Care
Committee of the National Defense Medical
Center. The experimental procedures and ani-
mal care conformed to the ‘‘Guide for the Care
and Use of Laboratory Animals’’ published by
the US National Institute of Health (NIH
Publication No. 85-23, revised 1996).

Immunohistochemical Staining and Intimal
Hyperplasia Measurement

The harvested abdominal aortas were rinsed
with ice-cold PBS, fixed in 4% buffered formal-
dehyde for 3 h at 48C and subsequently
dehydrated in sequential alcohol washes,

cleared in xylene, and embedded in paraffin.
Immunohistochemical staining was performed
on serial 5-mm-thick paraffin-embedded sec-
tions from rabbit abdominal aortas using
RAM-11, MCP-1, and MMP-9 antibodies (all
working concentration of antibodies were
0.5 mg/mL). The antigen signal was developed
with 3, 30-diaminobenzidine or fluorescein
isothiocyanate. Morphometry were used for
intimal hyperplasia measurement as previous
described [Lin et al., 2002]. One 5 mm thick
cross-section was taken from each segment of
the abdominal aorta and stained with hematox-
ylin and eosin. Morphometric analysis of six
arterial cross-sections per animal was per-
formed using an LV-2 Image Analyzer (Winhow
Instruments, Taipei, Taiwan). The intima sur-
face area /media surface area for each arterial
cross section specimen was also determined.

Western Blot Analysis of Rabbit
Serum MCP-1

Western blot analysis was used to determine
the MCP-1 level in rabbit serum. Two hundred
microliters of serum were pooled in each group
(6 animals) and 100 ml of pooled serum was
loaded to 15% SDS–polyacrylamide gels, sub-
jected to SDS–PAGE, transferred to a PVDF
membrane, and probed with antibodies (work-
ing concentration was 0.25 mg/ml) directed to
MCP-1. Images were developed with horse-
radish peroxidase (HRP)-conjugated secondary
antibodies and chemiluminescence detection
reagents (NEN Life Sciences).

Chemoinvasion Assay

The chemotactic activity of THP-1 cells in
response to conditioned rabbit serum was
measured in a 24-well Chemotaxis Transwell
plate (Corning Costar, Cambridge, MA). THP-1
cellswere resuspended inRPMI1640 consisting
of 0.5% bovine serum albumin at a density of
1.5� 106/mL and transferred to the upper
chamber of the Transwell plate. The condi-
tioned rabbit serum was added to the lower
chamber of the Transwell plate. The lower and
upper chambers were separated by a 5-mm pore
size polycarbonatemembrane. THP-1 cellswere
left to transmigrate for 2 h. After incubation at
378C in a humidified atmosphere with 5% CO2,
the number of cells that had migrated through
the filter was determined by counting the cells
under light microscopy.
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Reverse Zymography for Rabbit Serum Tissue
Inhibitor of Metalloproteinase-1 Activity

Reverse zymography was used to determine
the TIMP-1 activity in rabbit serum. One
microliter of serum was mixed with an equal
volume of 2x SDS-Tris-glycine sample buffer,
and then applied to a 12.5% SDS–PAGE
containing gelatin and 10 mg/mlMMP-9. Serum
containing TIMP-1 was electrophoresed, and
the gels were washed with 2.5% Triton X-100.
The gels were incubated in 50 mM Tris, pH 7.5,
and 5 mM CaCl2 at 378C for 18 h, and then
stained with Coomassie brilliant blue R-250
(0.2% Coomassie brilliant blue R-250, 45%
methanol, 5% acetic acid). The blue gelatin
stainingwas cleared by gelatinase action except
where the TIMP-1 band blocked this activity.

Cell Culture

THP-1 cells, a human promyelomonocytic cell
line, were obtained from ATCC (VA, USA) and
grown in RPMI 1640 medium with 2 mM L-
glutamine, 4.5 g/L glucose, 10 mmol/L HEPES,
1.0 mmol/L sodium pyruvate, 10% fetal bovine
serum, and 1% antibiotic–antimycotic mixture.
The cell density was maintained between
5� 104 and 8� 105 viable cells/ml, and the
medium was refreshed every 2–3 days.

Quantitative Polymerase Chain Reaction

THP-1 cells were treated with cilostazol for
30 min only or 0–100 mM cilostazol followed by
100ng/ml LPS treatment for 4h. TotalRNAwas
isolated from THP-1 using a TRIZOL reagent
kit according to the manufacturer’s instruc-
tions. cDNA was synthesized from total RNA
using Superscript1 II reverse transcriptase.
Quantitative real time PCR was performed
using a LightCycler and the FastStart DNA
Master SYBR Green I kit (Roche, USA). The
level of MCP-1 and MMP-9 mRNA expression
wasdetermined inarbitraryunits by comparing
with an external DNA standard that was
amplified by the MCP-1 or MMP-9 primers.
PCR primers were used as follows. MCP-1
forward primer, 50-GGA GCA TCC ACG TGT
TGGC-30 and reverse primer, 50-ACAGCTTCT
TTGGGACACC-30;MMP-9 forward primer, 50-
ACC TGGTTCAAC TCACTCCG-30 and rever-
se primer, 50-AAG ATG CTG CTG TTC AGC
G-30; and GAPDH forward primer, 50-TGC CCC
CTC TGC TGA TGC C-30 and reverse primer,
50-CCT CCG ACG CCT GCT TCA CCA C-30.

Enzyme-Linked Immunosorbent Assay

THP-1 cells seeded in 24-well plates at a
density of 106 cells/ml/well, and were then pre-
treatedwith various concentrations of cilostazol
for 20 min followed by LPS stimulation (100 ng/
ml). After 24 h, the conditioned medium was
collected to quantify MCP-1 using the DuoSet
ELISA development kit (R&D Biosystems). In
this assay, the solid-phase antibody captures
the cytokines present in the standards or
unknowns. Biotinylated goat anti-human
MCP-1 antibody and streptavidin–HRP was
added to each well in sequence. The optical
density at 450 nm was determined using a
microplate reader.

Gelatin Zymography

MMP-9 activity was determined by gelatin
zymography as described previously [Kondo
et al., 2002]. The THP-1 cells were cultured
and treated as described; 10 mL of conditioned
culture-medium was mixed with an equal
volume of 2 � Tris-glycine-SDS sample buffer,
and then applied to gelatin zymography gels.
After electrophoresis, proteins were renatured
in renaturing buffer and placed at 378C for
overnight developing in developing buffer.
Gelatinase activity was revealed by negative
staining with Coomassie brilliant blue R-250
(0.1% Coomassie brilliant blue R-250, 45.5%
methanol, 9% acetic acid) and quantified by
densitometry.

Western Blot Analysis of MAPKs

Western blot analysis was conducted to
determine the activation of MAPKs in THP-1
cells stimulated by LPS. Total protein extracts
were subjected to 10% SDS–PAGE and trans-
ferred to a PVDF membrane and probed with
antibodies directed to p38, phospho-p38, SAPK/
JNK, phospho-SAPK/JNK, p44/p42 (ERK)
MAPK, or phospho-p44/p42 MAPK. Images
were developed with HRP-conjugated second-
ary antibodies and chemiluminescence detec-
tion reagents (NEN). Protein expression levels
were quantified according to optical density
using ImageQuant software v.5.2 (Molecular
Dynamics).

Electrophoretic Mobility Shift Assay

THP-1 cells were pretreated with cilostazol
for 30 min followed by LPS stimulation for
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45 min, and then the nuclear protein was
extracted. Nuclear protein extracts were pre-
paredaspreviouslydescribed [Santibanez et al.,
2003]. The NF-kB oligonucleotide (50-AGT TGA
GGGGAC TTT CCCAGGC-30 and 30-TCA ACT
CCC CTG AAA GGG TCC G-50) or AP-1
oligonucleotide (50-CGC TTG ATG AGT CAG
CCG GAA-30 and 30-GCG AAC TAC TCA GTC
GGC CTT-50) were used for EMSA, and the
double-stranded DNA was end-labeled with
digoxin-dUTP using terminal transferase. The
DNA-binding reaction was performed with 6 mg
of nuclear proteins and digoxin-labeled oligo-
nucleotide at room temperature. Nuclear
extract–oligonucleotide mixtures were sepa-
rated from the unbound DNA probe by electro-
phoresis through a native polyacrylamide gel.
The digoxin-labeled oligonucleotide was detect-
ed with anti-digoxin antibody conjugated with
alkaline phosphatase. When the immunoblot-
tingwas completed, the signalwas exposed toX-
ray film. The supershift assays were performed
with anti-p65 antibody specific to NF-kB and
anti-c-jun antibody specific to AP-1. For a
competition test, added 100-fold of ‘‘cold’’ com-
petition probe to the binding reaction mixture
before adding the labeled probe.

Statistical Analysis

Values are expressed as the mean�SEM.
Data were analyzed using Student’s t test and
one-wayANOVA followed by theDunnett’s test.
P< 0.05 was considered significant.

RESULTS

Cilostazol Attenuates MCP-1 and MMP-9
Expression in Endothelium-Denuded Abdominal
Aorta of Rabbits With Systemic Inflammation

The expression of MCP-1 and MMP-9 as well
as the infiltration of monocytes play a crucial
role during restenosis formation. We conduct-
ed the animal experiment to determine the
influence of cilostazol on MCP-1 and MMP-9
expression and intimal hyperplasia in endothe-
lium-denuded rabbit aorta with LPS-induced
systemic inflammation. Figure 1A shows that
the intima was slightly thickened in the LPS
and ED groups and markedly thickened in the
EDþLPS group compared with these areas in
the control group. The ratio of intima surface
area/media surface area was significantly lower
in the STAZOLþEDþLPS group (0.37� 0.09)
than in the EDþLPS group (2.32� 0.39,

P< 0.05). Serial sections of abdominal aortas
were stained immunohistochemicallywithanti-
bodies against MCP-1, MMP-9, and RAM-11
(to identify macrophages). Compared with the
control group, positive MCP-1 staining, but not
MMP-9 staining, was seen on the luminal
surface in the LPS-treated group. MCP-1 and
MMP-9 expression was not significantly higher
in the ED group than in the control group.
Strong positive MCP-1 and MMP-9 staining
was seen in the markedly thickened intima in
the EDþLPS group.MCP-1 andMMP-9 expres-
sion in the intimal area was lower in the
STAZOLþEDþLPS group than in the EDþ
LPS group. Monocytes will be activated and
differentiated to macrophage in vessel wall
after LPS and endothelium-denuded were
administrated. We analyzed the expression of
MMP-9 and MCP-1 in infiltrated/differen-
tiated-monocytic cells, macrophages in vivo.
Staining with antibody against RAM-11 to
identify infiltrated macrophages showed that
fewer macrophages infiltrated into the vessel
wall. An exception was for the EDþLPS group.
The infiltration of macrophages was signifi-
cantly lower in the STAZOLþEDþLPS group
than in the EDþLPS group. These results
demonstrate that cilostazol significantly reduc-
ed macrophage infiltration and MCP-1 and
MMP-9 expression in the neointima.

Cilostazol Reduces the MCP-1 Level in Rabbit
Serum and Attenuates Rabbit Serum-Induced

THP-1 Cell Chemotaxis

To determine the effect of cilostazol onMCP-1
level in rabbit serum, MCP-1 secretion was
analyzed by Western blot and THP-1 cell
chemotaxiswasmeasured in the chemoinvasion
assay using pooled serum. Western blot analy-
sis (Fig. 1B) were repeated for three times and
the representative data showed that the level of
secreted MCP-1 was slightly higher in the ED
and LPS groups than in the control group.
A markedly stronger signal was observed in
the EDþLPS group, and cilostazol treatment
significantly reduced MCP-1 expression in
the STAZOLþEDþLPS group. These results
demonstrate that cilostazol significantly
reduced the MCP-1 level in the serum of
endothelium-denuded rabbit aorta in conjunc-
tion with systemic inflammation. The chemoin-
vasion assay showed that, compared with
random migration (0.5� 0.1� 105 cells) and
the control (1.0� 0.3� 105 cells) group, THP-1
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cell migration was slightly higher in the ED
group (1.7� 0.2� 105 cells) and moderately
higher in the LPS group (2.1� 0.6� 105 cells).
Cilostazol treatment (STAZOLþEDþLPS
group, 3.1� 0.7� 105 cells) significantly inhib-
ited the chemotactic activity (9.1� 1.4� 105

cells) compared with the EDþLPS group

(Fig. 1C). Because TIMP-1 reduces the activity
of MMP-9, we also used reverse zymography to
determine the influence of cilostazol on TIMP-1
activity in the serum. Figure 1D shows that
TIMP-1 activity did not differ significantly
between any of the groups, suggesting that
the effect of cilostazol on decreased MMP-9

Fig. 1. MCP-1, MMP-9, and RAM-11 expression in rabbit
abdominal aorta. The vessels were collected for immunohisto-
chemical or immunofluorescent staining as described in the
Materials and Methods. Antibody against RAM-11 was used for
macrophages (indicated by arrowheads). The lumen is upper-
most in all sections, and the internal elastic laminae are indicated
by arrows. Scale bar indicates 50 mm (A). The level of plasma
MCP-1 in the various groups (control, LPS, ED, EDþ LPS, and
STAZOLþ EDþ LPS) was analyzed byWestern blot; the relative
intensity of each band was measured by densitometry (B). The
chemotactic activity of THP-1 cells in response to conditioned
rabbit serum (C). THP-1 cells were incubated with RPMI 1640
mediumwith1%BSAat 378C for 2h in theupper compartment of

a chemotaxis chamber. The number of THP-1 cells that migrated
to the lower compartment was counted under light microscopy.
In random migration control experiments, RPMI 1640 medium
was used in the lower compartment. The number of migrating
cells is expressed as mean� SEM. *P<0.05 compared with
group 1 (control); {P<0.05 compared with group 4 (EDþ LPS).
The effect of cilostazol on serumTIMP-1 activity in endothelium-
denuded rabbit aortas with systemic inflammation (D). Bar
graphs of the reverse zymography analysis data show relative
intensity of each band measured by densitometry. Data are
expressed as mean� SEM and represent the results of three
independent experiments.
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expression in endothelium-denuded rabbit
aorta in conjunction with systemic inflamma-
tion is not mediated by modulating TIMP-1
activity.

Cilostazol Suppresses LPS-Induced MCP-1 and
MMP-9 mRNA Expression in THP-1 Cells

We next investigated the effects of cilostazol
and the mechanisms underlying these effects
on LPS-induced monocyte MCP-1 and MMP-9
activation in vitro using a monocytic THP-1 cell
culture model. Q-PCR analysis showed that
LPS significantly increased MCP-1 (Fig. 2A)

and MMP-9 (Fig. 2B) mRNA expression. Pre-
treatment of THP-1 cells with cilostazol for
30 min reduced MCP-1 and MMP-9 mRNA
expression in a dose-dependent manner.

Cilostazol Inhibits LPS-Induced MCP-1
Production and MMP-9 Activity in THP-1 Cells

To investigatewhether cilostazol affects LPS-
induced MCP-1 production and MMP activity,
we used ELISA to quantify MCP-1 production
and gelatin zymography analysis to measure
MMP activity. Cells were pretreated with
various concentrations of cilostazol for 30 min
and were then stimulated with 100 ng/ml LPS
for 24 h; the conditioned medium was collected
to determine MCP-1 production and MMP

Fig. 1. (Continued )

Fig. 2. Cilostazol reduces MCP-1 (A) and MMP-9 mRNA
(B) expression. THP-1 cells were pretreated with 1–100 mM
cilostazol for 30 min followed by 100 ng/ml LPS treatment for
4 h. MCP-1 and MMP-9 mRNA expression was analyzed by
quantitative real-time PCR after normalizing to GAPDH. The
results are from three separate experiments. Data are expressed
as percentage (mean� SEM) relative to the untreated group as a
control. *P<0.05 compared with the control group; {P<0.05
compared with the LPS-treated group.
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activity. ELISA showed a significantly higher
MCP-1 level in the conditioned medium of the
LPS-treated group (975.6� 99.9 pg/ml) than in
the control group (447.6� 5.5 pg/ml, P< 0.05).
Pretreatment with cilostazol suppressed LPS-
induced MCP-1 expression in a concentration-
dependent manner (Fig. 3A). Quantification
of the band intensities with densitometry of
the gelatin zymography analysis showed
that �20 mM cilostazol significantly inhibited
MMP-9 activity (Fig. 3B).

Cilostazol Inhibits MCP-1 and MMP-9 by
Increasing cAMP and Inhibiting MAPKs

Because LPS activates MAPK signaling and
cilostazol elevates the intracellular cAMP level,

we investigated the underlying mechanisms
involved in MCP-1 and MMP-9 regulation.
Dioctanoyl-cAMP, a cell-permeable cyclic-AMP
analog, decreased LPS-induced MCP-1 expres-
sion (Fig. 4A) and increased MMP-9 activity in
a concentration-dependent manner (Fig. 4B),
suggesting that increasing cAMP concentration
inhibits MCP-1 and MMP-9. LPS caused a
phosphorylation of p38 MAPK and SAPK/JNK
but had no effect on ERK. SB203580 (a p38
MAPK inhibitor), SP600125 (an SAPK/JNK
inhibitor), and PD98059 (an ERK inhibitor)
inhibited LPS-induced MCP-1 (Fig. 4C) and
MMP-9 (Fig. 4D). Pretreatment with cilostazol
decreased LPS-induced p38 MAPK and SAPK/
JNK phosphorylation (Fig. 4E) in a dose-
dependent manner. These results suggest that
cilostazol inhibits MCP-1 and MMP-9 by
increasing the cAMP level and by inhibiting
the p38 MAPK and SAPK/JNK pathways.

Cilostazol Attenuates LPS-Induced NF-kB
But Not AP-1 Activation

The activation of nuclear transcription fac-
tors such as NF-kB and AP-1 plays a key role in
inflammation. EMSA showed that treatment of
THP-1 cells with LPS activated both NF-kB
(Fig. 5A) and AP-1 (Fig. 5B). Pretreatment with
cilostazol (100 mM) significantly reduced the
densities of the NF-kB-shifted bands in the
LPS-stimulatedgroups.However, cilostazol has
no significant inhibitory effect on LPS-induced
AP-1 activation. The supershift assays were
performed with anti-p65 antibody specific to
NF-kB and anti-c-jun antibody specific to AP-1.
The competition assays were used to check the
specific for the probes of NF-kB and AP-1.

DISCUSSION

Our data demonstrate thatMCP-1 andMMP-
9 are upregulated in the rabbit neointima after
arterial injury in amodel of systemic inflamma-
tion. cilostazol significantly reduces the extent
of neointimal hyperplasia; this reduction is
associated with decreased MCP-1 and MMP-9
expression and macrophage infiltration. The
in vitro study demonstrated that cilostazol
inhibits the induction of MCP-1 and MM-9 by
LPS in monocytes through the cAMP and p38/
JNK signaling pathways.

We selected cilostazol as a compound with
potential clinical use because of its potent
antiplatelet and vasodilatory effects, and

Fig. 3. Cilostazol reduces MCP-1 expression and MMP-9
activity in LPS-induced THP-1 cells. THP-1 cells were pretreated
with cilostazol (1–100mM) for 30min followedby100ng/ml LPS
treatment for 24 h. MCP-1 expression was quantified by ELISA
(A), and secreted MMP-9 activity in the culture medium was
measured by gelatin zymography (B). Bar graphs in the
zymography analysis data show relative intensity of each band
measured by densitometry. Data are presented as mean� SEM
and represent the results from three independent experiments.
*P< 0.05 compared with control group; {P< 0.05 compared
with the LPS-treated group.
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Fig. 4. Regulation of cAMP and MAPK signaling pathways on
LPS-induced MCP-1 and MMP-9 expression. THP-1 cells were
pretreated with dioct-cAMP (25–200 mM) for 30 min and then
treated with 100 ng/mL LPS. Expression of MCP-1 andMMP-9 in
the medium was verified by ELISA (A) and zymography analysis
(B), respectively. THP-1 cells were pretreated with 10 mM of
SB203580, SP600125, or PD98059 before LPS treatment, and
the expressionofMCP-1andMMP-9 in themediumwere verified

by ELISA (C) and zymography analysis (D), respectively. THP-1
cells were pretreated with 0–100 mM of cilostazol for 30 min
followed by LPS treatment for 5 min. p38, SAPK/JNK, and ERK
activation were analyzed by Western blot (E). Bar graphs in the
zymography data show relative intensity of each bandmeasured
by densitometry. Data represent the results of three independent
experiments (mean� SEM). *P< 0.05 compared with control
group; {P<0.05 compared with the LPS-treated group.
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minimal cardiac effects. Cilostazol also sup-
presses the expression and release of P-selectin
and GPIIb/IIIa [Kariyazono et al., 2001], and
inhibits the P-selectin-mediated interactions
between platelets, leukocytes, and vascular
endothelial cells [Kayanoki et al., 1997]. Our
parallel ex vivo studies also demonstrated that
cilostazol inhibits ADP-induced expression of
P-selectin in platelets and the interaction of
platelets and THP-1 cells (data not shown). The
inhibitory effect of cilostazol onplatelet function
cannot be excluded as an explanation of the
reduced hyperplasia and macrophage infiltra-
tion in our vascular damage model. Neverthe-
less, cilostazol in vitro inhibited MCP-1
secretion and MMP-9 activity in THP-1 cells
in a platelet-free system, suggesting that the
inhibitory in vivo effects of cilostazol on neointi-
mal hyperplasia may act through both platelet-
dependent and independent mechanisms.
The time course of changes in the plasma

concentration of cilostazol followed a two-com-
partment model; we estimate that the peak
concentration was 775 ng/ml in plasma
(�2.09 mM) 3.65 h after oral administration of
100 mg cilostazol [Woo et al., 2002]. However,
the pharmacokinetic and pharmacodynamic
mechanisms of cilostazol are not understood
completely. It is possible that some of its
metabolites accumulate with prolonged treat-
ment and that these may concentrate in
different tissues. Our ex vivo studies demon-
strated that �5 mM cilostazol significantly

inhibits ADP-induced expression of P-selectin
in platelets and THP-1 cells–platelet aggrega-
tion (unpublished data). These data show that
a lower concentration (�5 mM) of cilostazol is
required to inhibit platelet function than the
concentration (�20 mM) needed to inhibit MCP-
1production andMMP-9activity inTHP-1 cells.
In our animal study, the rabbits were provided
commercial cilostazol at 50 mg/day by oral
administration. Assuming a mean body weight
of �3 kg for each rabbit, we calculate that the
plasma concentration of cilostazol could reach a
peak value of�15 mM.We also found thatMCP-
1 and MMP-9 expression were inhibited sig-
nificantly by cilostazol in the in vivo EDþ
LPS-treated group, which is similar to the
results of the in vitro studies showing that �20
mM of cilostazol significantly inhibits MCP-1
expression and MMP-9 activity in THP-1 cells.

Monocyte infiltration and accumulation in
the subendothelial space of the arterial wall is a
prominent pathological change in atherogen-
esis [Gerszten et al., 2000]. Increasing evidence
indicates that local overexpression of MCP-1 by
infiltrating monocytes or vascular cells induces
the accumulation of monocytes and the forma-
tion of form cells. Cilostazol inhibits MCP-1
expression in tumornecrosis factor-a (TNF-a) or
remnant lipoprotein-induced vascular endothe-
lial cells [Park et al., 2005], attenuates lumen
renarrowing after coronary stent implantation
[Douglas et al., 2005], and suppresses neointi-
mal hyperplasia and smooth muscle cell pro-
liferation in artery grafts [Fujinaga et al., 2004].
Our animal study provides the first evidence
that systemic inflammation caused by LPS
enhances MCP-1 expression in endothelium-
denuded rabbit aorta. The data are also the first
to show that administration of cilostazol inhi-
bits the expression of MCP-1, resulting in
decreased inflammatory response as evidenced
by decreased macrophage infiltration and
neointimal formation.

MMP-9 is secreted predominantly by macro-
phagesm, which plays an important role in
tissue remodeling and provides the link to
degenerative inflammation. Thus, regulation
of MMP-9 is being actively pursued as a
potential strategy to treat diseases using more
selective approaches [Yassen et al., 2001].
Previous reports show that PDE inhibitors play
a critical role in modulating MMP-9 expression
[Oger et al., 2005]. Cilostazol also decreases the
production of MMP-9 in tumor cells [Kim et al.,

Fig. 5. The EMSA for activation of NF-kB (A) and AP-1 (B) in
LPS-treated THP-1 cells. Nuclear proteins were extracted from
untreated control cells (lane a), LPS-treated cells (lane c; 100 ng/
ml for 45 min), cells treated with 100 mM cilostazol plus LPS
(lane d). EMSA was performed as described in the Materials and
Methods. Lane b represents cells treated in the supershift assay
with anti-p65 antibody specific for NF-kB and anti-c-jun
antibody specific for AP-1. Lane e represents cold competition
assayswith 100-fold of non-labeled probe to confirm the specific
of NF-kB and AP-1.
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2002]. We speculate that the salutary effects of
cilostazol in preventing endotoxin- and injury-
induced restenosis may arise from its antiplate-
let properties [Dawsonet al., 1998], andpossibly
by inhibition of MMP-9 activation. It is con-
ceivable that some of the benefits of cilostazol
result from a remodeling regulatory effect,
which may serve to stabilize the atherosclerotic
plaque from rupture and prevent macrophage
infiltration.

MAPKs are activated in response to a wide
variety of stimuli. Our results show that
cilostazol inhibited LPS-stimulated signal
transduction pathways (p38 and JNK) in THP-
1 cells. The JNK inhibitor SP600125 markedly
inhibited the expression of MCP-1 and the p38
inhibitor SB203580 markedly inhibited the
activity of MMP-9 in LPS-treated THP-1 cells.
Interestingly, the ERK inhibitor PD98059 also
showed similar effects on MCP-1 and MMP-9
inhibition. Although all MAPK inhibitors can
significantly inhibit LPS-activated MCP-1 and
MMP-9 in THP-1 cells, cilostazol reduced the
phosphorylation of p38 and JNKwithout affect-
ing ERK, suggesting that the p38 and JNK
pathways play amore important role inmediat-
ing the effect of cilostazol.

LPS stimulation activates two major tran-
scription factors, NF-kB and AP-1, which in
turn induce the expression of genes involved in
chronic and acute inflammatory responses [Lin
et al., 2005]. NF-kB and AP-1 activity can be
modulated though phosphorylation by MAPKs.
Cilostazol inhibits c-Jun and c-Fos phosphor-
ylation as well as JNK upregulation, which is
stimulated by TNF-a, and contributes substan-
tially to suppress MCP-1 production by down-
regulatingAP-1 andNF-kBsignaling [Lin et al.,
2005]. We found that cilostazol significantly
suppressed NF-kB activation but not AP-1
activation. Our findings raise the possibility
that cilostazol reduces MCP-1 and/or MMP-9
expression by decreasing NF-kB activity.

Cilostazol increases the intracellular cAMP
level by inhibiting PDE3. Previous reports
indicate that activation of cAMP contributes to
the anti-inflammatory effects of cilostazol,
which inhibit the MAPK activation and NF-kB
signaling pathways [Iwamoto et al., 2003]. The
PDE3 antagonist-regulated cAMP pool is func-
tionally related to PKA activation, phosphor-
ylation, which ultimately decrease MAPK
activity [Matousovic et al., 1995]. Cilostazol
inhibitsMCP-1 production by increasing cAMP/

PKA signaling in vascular cells [Nishio et al.,
1997; Matsumoto et al., 2005]. Our results
support the notion that cAMP elevation plays
a critical role in inhibiting the expression of
MCP-1 and/or MMP-9, as previously described
[Wuyts et al., 2003], althoughdifferentmechan-
ismsmay be involved in the cAMP-regulation of
MCP-1 and MMP-9 expression.

A recent study reported that cilostazol
strongly inhibits TNF-a-induced expression of
vascular cell adhesion molecule-1 (VCAM-1),
reducing U937 cell adhesion to vascular
endothelial cells [Ohtsuki et al., 2001]. Common
events in the vascular response to arterial
injury include proliferation and migration of
vascular smoothmuscle cells within the arterial
intimal, and neointimal formation in injured
vessels [Pauletto et al., 1994]. Because endo-
thelial expression of adhesion molecules and
smooth muscle cell proliferation are important
events in atherogenic processes, cilostazol may
prevent atherosclerosis through these antipla-
telet-independent pleiotropic effects.

In conclusion, our data show that cilostazol
effectively attenuates neointimal hyperplasia,
inhibits macrophage infiltration, and decreases
MCP-1 and MMP-9 expression in endothelium-
denuded aortas of rabbits with LPS-induced
systemic inflammation. We also demonstrated
that cilostazol significantly decreases MCP-1
andMMP-9 in LPS-stimulatedmonocytic THP-
1 cells by cAMP-, p38/JNK-, and NF-kB-related
pathways. Our findings provide novel insights
into the pleiotropic effects of cilostazol; these
anti-inflammatory effects may provide a pro-
mising means of preventing atherogenesis and
restenosis.
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