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Background and purpose: Cilostazol is a specific inhibitor of 3’-5’-cyclic adenosine monophosphate (cAMP) phosphodi-
esterase, which is widely used to treat ischemic symptoms of peripheral vascular disease. Although cilostazol has been shown
to exhibit vasodilator properties as well as antiplatelet and anti-inflammatory effects, its cellular mechanism in microglia is
unknown. In the present study, we assessed the anti-inflammatory effect of cilostazol on the production of pro-inflammatory
mediators in lipopolysaccharide (LPS)-stimulated murine BV2 microglia.

Experimental approach: We examined the effects of cilostazol on LPS-induced nuclear factor-kappaB (NF-kB) activation and
phosphorylation of mitogen-activated protein kinases (MAPKs).

Key results: Cilostazol suppressed production of nitric oxide (NO), prostaglandin E, (PGE;) and the proinflammatory cytok-
ines, interleukin-1 (IL-1), tumour necrosis factor-o, and monocyte chemoattractant protein-1 (MCP-1), in a concentration-
dependent manner. Inhibitory effects of cilostazol were not affected by treatment with an adenylate cyclase inhibitor, SQ
22536, indicating that these actions of cilostazol were cAMP-independent. Cilostazol significantly inhibited the DNA binding
and transcriptional activity of NF-xB. Moreover, cilostazol blocked signalling upstream of NF-xB activation by inhibiting
extracellular signal-regulated kinases 1 and 2 (ERK1/2) and c-Jun N-terminal kinase (JNK), but without affecting the activity of
p38 MAPK.

Conclusion and implications: Our results demonstrate that suppression of the NF-xB, ERK, JNK signalling pathways may
inhibit LPS-induced NO and PGE, production. Therefore, cilostazol may have therapeutic potential for neurodegenerative
diseases by inhibiting pro-inflammatory mediators and cytokine production in activated microglia.
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(PDE3) (Kimura et al., 1985). It is an inhibitor of platelet
aggregation and a vasodilator, useful for the treatment of
ischemic symptoms of peripheral vascular disease (Kimura
et al., 1985; Yasuda et al., 1985; Dawson et al., 1998). Besides
its antiplatelet and vasodilator properties, cilostazol delays
the onset of atherosclerosis (da Rosa et al., 2006), protects
vascular endothelium, inhibits vascular smooth muscle cell
proliferation in vitro and has been shown to suppress neoin-
timal formation in the balloon-injured rat carotid artery
(Takahashi et al., 1992; Ishizaka et al., 1999). In addition, cil-
ostazol exerts neuroprotective effects by reducing cerebral
hypoperfusion and focal cerebral ischemic damage in rodents
(Honda et al., 2006, Watanabe et al., 2006; Lee et al., 2008).
This compound was also shown to prevent lipopolysaccha-
ride (LPS)-stimulated nitric oxide (NO) and cytokine produc-
tion in microglia (Yoshikawa et al., 1999; Yoshikawa et al.,
2002), although its functional mechanisms as well as its role
in prostaglandin E, (PGE,) production in these cells are not
completely understood.

Microglia are specialized macrophages, widely distributed
in the brain. Microglia comprise approximately 10-20% of
the total glial cells in the adult central nervous system (CNS)
(Fanarraga et al., 2009). Microglia may play a dual role, par-
ticipating in host defence of the brain as well as acting as
phagocytes to engulf tissue debris and dead cells. Microglia
can also augment neuroinflammation by secreting various
neurotoxic and pro-inflammatory mediators in chronic brain
diseases, causing neuronal death and demyelination (Glezer
etal., 2007). In response to brain injury or neuroinflamma-
tory stimuli, microglia may overproduce proinflammatory
and/or cytotoxic factors, including NO, PGE,, monocyte
chemoattractant protein-1 (MCP-1), interleukin-1 (IL-1), IL-6
and tumour necrosis factor-o. (TNF-or). These factors are char-
acteristic of various neurodegenerative diseases, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), trauma,
multiple sclerosis (MS) and cerebral ischemia (McGeer and
McGeer, 1995; Gonzalez-Scarano and Baltuch, 1999). Reduc-
tion of proinflammatory mediators in microglia could attenu-
ate the severity of these disorders (Liu and Hong, 2003;
Eikelenboom and van Gool, 2004). These results indicate that
activated microglia are a major cellular source of proinflam-
matory and/or cytotoxic factors that cause neuronal damage
in the CNS. Therefore, controlling microglial activation has
been considered to be an important therapeutic strategy for
the treatment of many neuroinflammatory diseases.

Lipopolysaccharide, a bacterial endotoxin, initiates a
number of major cellular effects that play critical roles in the
pathogenesis of inflammatory responses and has been
employed to induce microglial activation during infection by
Gram-negative bacteria. LPS stimulation of the microglia is
therefore a useful model for the study of mechanisms under-
lying neuronal injury by various pro-inflammatory and
neurotoxic factors released by activated microglia (Kim et al.,
2004a,b). Several studies have reported that excessive produc-
tion of these proinflammatory factors has emerged as a critical
determinant of the cytotoxicity associated with inflammation
in pathologies such as AD, PD, trauma, cerebral ischemia and
MS (Misko et al., 1995; Pasinetti and Aisen, 1998; Tomimoto
etal., 2000). Based on this information, pharmacological
inhibition of these inflammatory mediators is an important
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target for potential treatment of several neurodegenerative
disorders associated with inflammatory processes.

In the present study, we investigated the anti-inflammatory
effects and mechanisms of action of cilostazol on LPS-
activated production of pro-inflammatory and cytotoxic
factors in murine BV2 microglia. Our findings suggest that
cilostazol may be a therapeutic candidate for the treatment of
various neurodegenerative diseases.

Methods

Cell culture

The murine BV2 cell line was maintained in DMEM supple-
mented with 10% FBS, 100 U-mL™ penicillin and 100 pg-mL™
streptomycin at 37°C in a humidified incubator with 5% CO..
Confluent cultures were passaged by trypsinization. For the
experiments, cells were washed twice with warm DMEM
(without phenol red) and treated in serum-free medium for at
least 4 h before treatments. In all experiments, cells were
treated with cilostazol for the indicated times before addition
of LPS (1 ug-mL™).

Cell viability assay

Cell viability was measured based on the formation of blue
formazan metabolized from colourless MTT by mitochondrial
dehydrogenases, which are active only in live cells. BV2 cells
were plated into 24-well plates at a density of 2 x 10° cells per
well for 24 h, and then washed. Cells incubated with various
concentrations of cilostazol were treated with LPS (Escherichia
coli 026:B6) for 24 h, and then incubated in 0.5 mg-mL™" MTT
solution. Three hours later, the supernatant was removed
and formation of formazan was measured at 540 nm
using a microplate reader (Dynatech MR-7000; Dynatech
Laboratories).

Intracellular cAMP measurements

The cAMP levels were measured using a Parameter™ ELISA kit
(R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s protocols. The absorbance at 450 nm was
determined using a microplate reader.

NO production

Concentrations of NO in the culture supernatants were deter-
mined by measuring nitrite, a major stable product of NO,
using the Griess reagent (1% sulfanilamide/0.1% N-(1-
naphthyl)-ethylenediamine dihydrochloride/2.5% H;3PO,).
Cells (5 x 10° cells-mL™") were stimulated in 24-well plates for
24 h, and then 100 pL of each culture medium was mixed
with an equal volume of Griess reagent. Nitrite levels were
determined using an enzyme-linked immunosorbent assay
(ELISA) plate reader at 540 nm (Dynatech MR-7000; Dynatech
Laboratories), and nitrite concentrations were calculated by
reference to a standard curve generated by known concentra-
tions of sodium nitrite.

RNA isolation and RT-PCR
BV2 cells were plated overnight in 12-well culture plates at a
density of 2x10° cells per well, and then the cells were
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further incubated in serum-free medium for at least 4 h before
treatments. Total RNA was isolated using TRIzol reagent
(Invitrogen, CA, USA). The total RNA (1.0 ug) obtained from
cells was reverse-transcribed using M-MLV reverse tran-
scriptase (Promega, Madison, WI, USA) to produce cDNAs.
The inducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), IL-1B, TNF-0. and MCP-1 genes were amplified from
the cDNA by PCR. PCR primers were as follows: mouse iNOS
(5"-ATGTCCGAAGCAAACATCAC-3" and 5-TAATGTCCAGG
AAGTAGGTG-3"), COX-2 (5-CAGCAAATCCTTGCTGTTCC-3’
and 5-TGGGCAAAGAATGCAAACATC-3'), IL-1B (5-ATGGC
AACTGTTCCTGAACTCAACT-3" and 5-TTTCCTTTCTTAGA
TATGGACAGGAC-3’), TNF-00/(5-ATGAGCACAGAAAGCATG
ATC-3" and 5-TACAGGCTTGTCACTCGAATT-3") and MCP-1
(5"-CCTGCTGTTCACAGTTGCC-3" and 5-TGAGGTGGTTG
TGGAAAAGG-3’). After amplification, PCR reactions were
electrophoresed in an agarose gel.

Western blot analysis

BV2 cells were plated overnight in 6-well culture plates at a
density of 4 x 10° cells per well, then the cells were further
incubated in serum-free medium for at least 4 h before treat-
ments. Cells were washed three times with PBS and lysed in
lysis buffer (1% Triton X-100, 1% deoxycholate, 0.1% NaN3)
containing protease inhibitor cocktail tablets (Roche Diagnos-
tics, Mannheim, Germany). Equal amounts of protein were
separated on 10% SDS-polyacrylamide minigels. Proteins
were transferred to Immobilon PVDF membranes (Millipore)
and subsequently blocked in 5% bovine serum albumin
(BSA)-Tris-buffered saline Tween (TBST, 100 mM Tris, pH 8.0,
150 mM NaCl and 0.1% Tween 20) for 1 h at room tempera-
ture. Specific antibodies against inducible NO synthase
(iNOS), COX-2, p65 (1:1000 dilution; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), extracellular signal-regulated
kinase (ERK), phosphorylated (p)-ERK 1/2, p38, p-p38, c-Jun
N-terminal kinase (JNK)/stress-activated protein Kkinase
(SAPK) and p-JNK/SAPK (1:1000; Cell Signaling Technology,
Beverly, MA, USA) were diluted in 5% BSA-TBST. After incu-
bation with the appropriate primary antibody, membranes
were incubated for 1 h at room temperature with a secondary
antibody conjugated to horseradish peroxidase (1:10 000
dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Following three washes in TBST, immunoreactive bands were
visualized using the ECL detection system (Pierce, Rockford,
IL, USA). In a parallel experiment, nuclear protein was pre-
pared using nuclear extraction reagents (Pierce) according to
the manufacturer’s protocol.

Cytokine assays

Cytokine levels were determined by ELISA. ELISA Kkits from
R&D Systems were used to measure IL-13, TNF-o. and MCP-1
levels, and a kit from Cayman Chemical (Ann Arbor. MI, USA)
was used to measure PGE, levels. The absorbance at 450 nm
was determined using a microplate reader.

Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared using NE-PER nuclear extrac-
tion reagent (Pierce). An oligonucleotide containing the
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immunoglobulin x-chain binding site (xB, 5-CCGGTTAA
CAGAGGGGGCTTTCCGAG-3’) was synthesized as a probe
for the gel retardation assay, and the probe was labelled with
biotin (Pierce). The binding reactions contained 10 ug of
nuclear extract protein, buffer (10 mM Tris, pH 7.5, 50 mM
KCl, 5 mM MgCl,, 1 mM dithiothreitol, 0.05% Nonidet P-40
and 2.5% glycerol), 50 ng of poly (dI-dC) and 20 fM of bioti-
nylated DNA. The reactions were incubated for 20 min at
room temperature in a final volume of 20 pL. In all experi-
ments, DNA-binding specificity was verified using 100-fold
excess of unlabelled kB to the reaction mixture. The reaction
mixture was analysed by electrophoresis in a 5% polyacryla-
mide gel in 0.5x Tris-borate buffer (Tris-HCl 89 mM, boric acid
89 mM, EDTA 2 mM, pH 8.0). The reactions were transferred
to nylon membranes and the biotinylated DNA was detected
using a LightShift chemiluminescent EMSA kit (Pierce).

Confocal laser scanning microscopy study

Nuclear factor-kappaB p65 nuclear localization was detected
by indirect immunofluorescence assays using confocal
microscopy. BV2 microglia were cultured directly on glass
coverslips in 24-well plates for 24 h. After stimulation with
1 ug-mL™" of LPS and/or 30 ug-mL™" of cilostazol, cells were
fixed with 4% paraformaldehyde in PBS, permeabilized with
0.2% Triton X-100 in PBS and blocked with 1.5% normal
donkey serum (Sigma). Polyclonal antibodies against NF-xB
p65 (1 ug per well) were applied for 1 h, followed by a 1 h
incubation with FITC-conjugated donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, USA). After washing with PBS, the coverslips were
mounted with Fluoromount-G (Southern Biotechnology
Associates Inc., Birmingham, AL, USA), and the fluorescence
was visualized using a Zeiss LSM 510 laser scanning confocal
device.

Statistical analyses

Data values represent means = SEM Statistical significance
was determined by analysis of variance followed by Scheffe’s
test. A value of P<0.05 was accepted as statistically
significant.

Materials

Cilostazol, forskolin, MTT, Griess reagents and LPS (E. coli
026:B6) were purchased from Sigma (St. Louis, MO, USA).
Dibutyryl-cAMP and SQ 22536 were obtained from BIOMOL
Research Laboratories Inc. (Plymouth Meeting, PA, USA).
Drug and molecular target nomenclature conforms to
Alexander et al. (2008).

Results

Effect of cilostazol on NO and PGE, production in
LPS-stimulated BV2

Initially, we wished to evaluate the effect of cilostazol on NO
and PGE, production in LPS-stimulated BV2 microglia. To
determine NO production, we measured nitrite released into
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Figure 1 Inhibition of NO and PGE, production by cilostazol in

LPS-stimulated BV2 microglia. BV2 microglia were pretreated with
various concentrations of cilostazol (10, 20 and 30 uM) for 6 h before
incubation with LPS (1 ug-mL™") for 24 h. Nitrite content was mea-
sured using the Griess reaction (A) and the PGE, concentration in
culture media was measured using a commercial ELISA kit (B). Each
value indicates the mean = SEM, and is representative of results
obtained from four independent experiments. *P < 0.05 indicates a
significant difference from cells treated with LPS in the absence
of cilostazol. ELISA, enzyme-linked immunosorbent assay; LPS,
lipopolysaccharide; NO, nitric oxide; PGE,, prostaglandin E,.

the culture medium using the Griess reagent. BV2 microglia
were treated with various concentrations of cilostazol (0, 10,
20 or 30 uM) for 6 h before addition of LPS (1 ug-mL™). Incu-
bation with LPS alone markedly increased (about 15-fold) NO
production from the cells, compared with that generated
under control conditions (Figure 1A). However, pretreatment
with cilostazol prevented this increase in levels of NO pro-
duction in LPS-stimulated BV2 microglia in a concentration-
dependent manner (Figure 1A). Significant repression was
observed with 10 uM of cilostazol.

Prostaglandin E, represents the most important inflamma-
tory product of COX-2 activity; therefore, we quantified the
PGE, levels present in the supernatant. To assess whether
cilostazol could inhibit production of LPS-induced PGE; in
BV2 microglia, cells were pretreated with cilostazol for 6 h
and then stimulated with 1 ug-mL™ of LPS. After incubation
for 24 h, the cell culture medium was harvested, and the
production of PGE, was measured using ELISA. As shown in
Figure 1B, the amount of PGE, present in the culture medium
increased baut 50-fold after 24 h of exposure to LPS alone.
Pretreatment with cilostazol (10-30 ug-mL™) decreased PGE,
synthesis, concentration dependently.
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Figure 2 Effect of cilostazol on the viability of BV2 microglia. Cells
were treated with the indicated concentrations of cilostazol (10, 20
and 30 uM) for 6 h prior to LPS (1 ug-mL™") treatment for 24 h. Cell
viability was assessed by MTT reduction assays, and the results are
expressed as the percentage of surviving cells over control cells (no
addition of cilostazol). Each value indicates the mean += SEM and is
representative of results obtained from three independent experi-
ments. LPS, lipopolysaccharide.

The cytotoxic effects of cilostazol in BV2 microglia were
evaluated in the absence or presence of LPS using MTT assays.
The concentrations (10-30 uM) used to inhibit NO and PGE,
production did not affect cell viability (Figure 2). Thus, con-
centrations of 10-30 uM cilostazol were used in subsequent
experiments.

Effect of cilostazol on LPS-induced expression of protein and
mRNA for iNOS and COX-2

As cilostazol was found to inhibit NO and PGE, production,
we examined the relationship between cilostazol levels and
the expression of iNOS and COX-2. The inhibitory effects of
cilostazol on the expression of iNOS and COX-2 protein and
mRNA were determined by Western blot analysis and RT-PCR
respectively. Levels of iNOS and COX-2 proteins were mark-
edly up-regulated after 24 h of LPS (1 ug-mL™) treatment,
and cilostazol significantly attenuated iNOS and COX-2
protein expression in LPS-stimulated BV2 microglia in a
concentration-dependent manner (Figure 3A). The effects of
cilostazol on iNOS and COX-2 mRNA expression were also
evaluated (Figure 3B). RT-PCR analysis showed that the reduc-
tion in iNOS and COX-2 mRNAs correlated with the reduc-
tion in the corresponding protein levels.

Effect of cilostazol on cAMP production in LPS-stimulated

BV2 microglia

Cilostazol is a potent inhibitor of PDE3 and thus increases the
intracellular levels of cAMP. To evaluate a possible involve-
ment of CAMP in the intracellular signalling pathway related
to the inhibitory effect of cilostazol, we examined the effects
of cilostazol on intracellular cAMP levels in BV2 microglia.
Intracellular cAMP levels were slightly increased by LPS alone.
Regardless of LPS presence, cilostazol increased cAMP levels
(Figure 4A). We next examined the effect of forskolin (a direct
activator of adenylate cyclase), dibutyryl-cAMP (a cell-
permeable cAMP analogue) on the expression of iNOS and
COX-2. Neither forskolin and dibutyryl-cAMP also had any
effect on LPS induced inflammatory responses (Figure 4B).
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Inhibition of INOS and COX-2 protein (A) and mRNA (B) expression by cilostazol in LPS-stimulated BV2 microglia. (A) BV2 microglia

were pretreated with cilostazol (10, 20 and 30 uM) 6 h prior to incubation with LPS (1 ug-mL™) for 24 h. Cell lysates were then prepared and
Western blots were performed using an antibodies specific for murine iNOS or COX-2. (B) After LPS treatment for 6 h, total RNA was prepared
for RT-PCR analysis of iNOS and COX-2 gene expression in LPS-stimulated BV2 microglia. f-actin and GAPDH were used as internal controls for
Western blot analysis and RT-PCR assays respectively. The experiment was repeated three times and similar results were obtained. Each value
indicates the mean * SEM and is representative of results obtained from five independent experiments. *P < 0.05 indicates a significant
difference from cells treated with LPS in the absence of cilostazol. COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; LPS,

lipopolysaccharide.

In addition, in order to verify the cAMP-dependent or
-independent action of cilostazol, we examined the effects of
SQ 22536 (an adenylate cyclase inhibitor), irreversible and
selective cAMP antagonist, on the expression of iNOS and
COX-2 production. This study found that SQ 22536 did not
reverse the inhibitory effect of cilostazol on the expression of
iNOS and COX-2 (Figure 4C). These results suggested that the
intracellular cAMP signalling pathway could not be involved
in the inhibitory effect of cilostazol on LPS-induced iNOS and
COX-2 expression in the BV2 microglia.

Effects of cilostazol on LPS-induced TNF-co and IL-18 production
Next, we analysed the effects of cilostazol on proinflamma-
tory cytokines such as TNF-o and IL-1B. BV2 microglia were
incubated with cilostazol (10, 20 or 30 uM) in the presence
or absence of LPS (1 ug-mL™) for 24 h, and cytokine levels in
the culture media were measured by ELISA. As shown in
Figure SA, TNF-o. and IL-1B levels were increased in the
culture media of LPS-stimulated BV2 microglia, and these
increases were significantly decreased in a concentration-
dependent manner by treatment with cilostazol. In a parallel
experiment, RT-PCR was performed to determine whether
cilostazol inhibits the expression of these cytokines at the
transcriptional level. As shown in Figure 5B, treatment of BV2
microglia with different concentrations of cilostazol 6 h
before LPS treatment resulted in a dose-dependent decrease in
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IL-1B8 and TNF-oo mRNA. Thus, the results indicate that cil-
ostazol inhibited the expression of these cytokines, which are
involved in the inflammatory process.

Effects of cilostazol on LPS-stimulated MCP-1 protein and
mRNA expression

We investigated whether cilostazol suppresses LPS-stimulated
production of MCP-1 by RT-PCR and ELISA (Figure 6). The
expression of mRNA for MCP-1 was found to be significantly
increased in microglial cells treated with LPS (Figure 6A). This
induction was significantly inhibited by addition of cilostazol
to BV2 microglia cultures. In line with this finding, MCP-1
protein secretion, as revealed by ELISA, was increased in BV2
microglia cultures treated with LPS, and cilostazol signifi-
cantly inhibited LPS-stimulated MCP-1 release from activated
BV2 microglia (Figure 6B).

Effect of cilostazol on NF-«B activity

Activation of NF-xB is necessary for induction of the iNOS and
COX-2 genes. To further characterize the mechanism by
which cilostazol inhibits proinflammatory and/or cytotoxic
factor expression, the effect of cilostazol on the DNA-binding
activity of NF-xB was determined by EMSA (Figure 7A). LPS
treatment caused a significant increase in the DNA-binding
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Figure 4 Effect of cilostazol induced-intracellular cAMP on iNOS and COX-2 expression in LPS-stimulated BV2 microglia. (A) Intracellular
cAMP levels. Cells were treated with LPS and cilostazol (Cilo) for 10 min. Each value indicates the mean + SEM, and is representative of results
obtained from three independent experiments. *P < 0.05 indicates a significant difference from untreated cells (MED). (B) Effect of cAMP-
elevating agents on iNOS and COX-2 expression. Cells were pretreated with cilostazol (Cilo, 30 uM, 6 h), forskolin (FSK, 10 uM, 30 min) and
dibutyryl-cAMP (dbC, 100 uM, 30 min) and then stimulated with LPS (1 pug-mL™) for another 24 h. (C) Effect of cilostazol on iNOS and COX-2
expression by SQ 22536, cAMP antagonist (SQ) in LPS-stimulated microglia. Cells were pretreated with SQ (30 uM) for 10 min, followed by
cilostazol (30 uM) for 6 h, and then stimulated with LPS (1 ug-mL™") for another 24 h. Cell lysates were prepared for the determination of
protein levels of iINOS and COX-2. Each value indicates the mean + SEM and is representative of results obtained from three independent
experiments. *P < 0.05 indicates a significant difference from cells treated with LPS in the absence of cilostazol. cCAMP, 3’-5’-cyclic adenosine
monophosphate; COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide.

activity of NF-xB. In contrast, treatment with cilostazol mark-
edly reduced the LPS-induced DNA-binding activity of NF-kB.

Effect of cilostazol on the nuclear translocation of NF-kB

We also investigated the effect of cilostazol on LPS-induced
NF-kB p65 nuclear translocation, as translocation of NF-xB to
the nucleus has been shown to be required for NF-
kB-dependent transcription following LPS stimulation. The
cellular localization of NF-xB p65 was investigated by
immunofluorescence staining and visualization with confocal
microscopy (Figure 7B). Confocal images revealed that NF-xB
p6S was normally sequestered in the cytoplasm (Figure 7B,
shown as Medium), and that nuclear accumulation of NF-xB
p6S was strongly induced after stimulation of BV2 microglia
with LPS (Figure 7B, shown as LPS). The LPS-induced translo-
cation of NF-kB p65 was completely abolished by pretreating
the cells with cilostazol (Figure 7B, LPS+cilostazol). Nuclear
translocation of NF-kB p65 was not induced in the cells after

pretreatment with cilostazol alone in the absence of LPS
stimulation (Figure 7B, cilostazol panel). Taken together,
these results indicate that the inhibition of NF-kB activation
by cilostazol may be the mechanism responsible for suppres-
sion of NO, PGE, and pro-inflammatory cytokines in BV2
microglia.

Effect of cilostazol on the phosphorylation of MAP kinases in
LPS-stimulated BV2 microglia

Experiments were designed to elucidate the signalling cas-
cades that control the expression of iNOS and COX-2 genes in
BV2 microglial cells in response to LPS stimulation. Previously
published evidence described the role of MAP kinases in the
regulation of cell growth and differentiation and in the
control of cellular responses to cytokines and stresses. They
play a critical role in the activation of NF-xB. Moreover, MAP
kinases are known to be important for the expression of iNOS
and COX-2. MAP Kkinases thus act as a specific target in
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Figure 5 Effect of cilostazol on proinflammatory cytokines in LPS-stimulated BV2 microglia. Cells were pretreated with the indicated
concentrations of cilostazol for 6 h before LPS treatment (1 ug-mL™"), and total RNA and the supernatants were isolated at 6 h or 24 h after
LPS treatment respectively. (A) After incubation for 24 h, the levels of IL-13 and TNF-o. present in the supernatants were measured. (B) After
incubation for 6 h, the levels of IL-7and TNF-o mRNA were determined by RT-PCR. Each value indicates the mean = SEM and is representative
of results obtained from three independent experiments. *P < 0.05 indicates a significant difference from cells treated with LPS in the absence
of cilostazol. IL, interleukin; LPS, lipopolysaccharide; TNF, tumour necrosis factor.
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Figure 6 Effect of cilostazol on MCP-1 production in LPS-stimulated BV2 microglia. BV2 microglia were pretreated with cilostazol (10, 20 and
30 uM) 6 h prior to incubation with LPS (1 ug-mL™"), and total RNA and the supernatants were isolated at 6 h and 24 h after LPS treatment
respectively. (A) After LPS treatment for 6 h, total RNA was prepared for RT-PCR analysis of MCP-1 mRNA gene expression in LPS-stimulated
BV2 microglia. Results are representative of those obtained from three independent experiments, and the densitometric data below the RT-PCR
results are presented as fold changes as compared with their respective controls. (B) Extracellular levels of MCP-1 were measured in culture
media using commercial ELISA kits. Experiments were repeated three times and similar results were obtained. *P < 0.05 indicates a significant
difference from cells treated with LPS in the absence of cilostazol. ELISA, enzyme-linked immunosorbent assay; LPS, lipopolysaccharide; MCP-1,
monocyte chemoattractant protein-1.

British Journal of Pharmacology (2010) 159 1274-1285



A
@ 120
5 % 100
2
D% 80 *
[
oS
2z 9
2
g 2 40
ES 2
£
0

Anti-inflammatory activity of cilostazol)

W-K Jung et al 1281

Medium LPS

LPS
+

Cilostazol Cilostazol

Figure 7 Effect of cilostazol on NF-kB activity in LPS-stimulated BV2 microglia. (A) Nuclear extracts (4 |1g) were prepared and analysed for
the DNA binding activity of NF-xB by EMSA. Binding specificity was determined using the unlabelled probe (100-fold in excess; shown as
‘cold’) to compete with the labelled oligonucleotide. BV2 microglial cells were pretreated with vehicle or the indicated concentrations of
cilostazol for 6 h before stimulation with LPS (1 ug-mL™") for another 1 h. The results shown are representative of three independent
experiments. *P < 0.05 indicates a significant difference from LPS alone group. (B) BV2 microglia cells were pretreated with 30 uM cilostazol
for 6 h prior to stimulation with LPS (1 ug-mL™") for 1 h. p65 protein localization was determined using an anti-p65 antibody and a
FITC-labelled anti-rabbit IgG antibody, and cells were visualized using laser confocal scanning microscopy. A representative result from three
to five independent experiments is shown. EMSA, electrophoretic mobility shift assay; LPS, lipopolysaccharide; NF-«xB, nuclear factor-xB.

inflammatory responses. To investigate whether the inhibi-
tion of inflammation by cilostazol is regulated by the MAP
kinase pathway, we examined the effect of cilostazol on LPS-
induced phosphorylation of ERK-1/2, JNK and p38 kinase in
BV2 microglia by Western blot analysis. We first demonstrated
that ERK-1/2, JNK and p38 kinase were phosphorylated after
stimulation of BV2 cells with LPS, and then examined the
effect of cilostazol on LPS-induced activation of MAP kinases.
As shown in Figure 8, cilostazol (20 or 30 pM) markedly
inhibited ERK-1/2 and JNK activation, while phosphorylation
of p38 kinase was not affected. The amounts of total ERK-1/2
and JNK were unaffected by either LPS or cilostazol treatment.
These results suggest that the ERK-1/2 and JNK pathways are
of major relevance during LPS-mediated expression of iNOS
and COX-2.

Discussion

Inflammation in the brain caused by activated microglia is a
prominent pathological feature associated with the neurode-
generation caused by several diseases, including PD, AD, MS
and amyotrophic lateral sclerosis (McGeer and McGeer, 1995;
McGeer etal.,, 2001; Liu and Hong, 2003). Activation of
microglia is observed in brain injuries and neurodegenerative
diseases, and is also induced after exposure to LPS, interferon
(IFN)-y or B-amyloid (Zielasek and Hartung, 1996). Under
pathological conditions, activated microglia release a variety
of neurotoxic compounds and pro-inflammatory mediators,
including NO, PGE,, reactive oxygen species, complement

factors and pro-inflammatory cytokines (IL-1, IL-6 and TNF-
o). These neurotoxic and pro-inflammatory factors are
thought to be responsible for the pathological conditions
associated with neurodegenerative diseases.

Cilostazol is a selective inhibitor of PDE3 and increases the
intracellular cAMP level. Previous reports indicate that acti-
vation of cAMP contributes to the anti-inflammatory effects
of cilostazol, which inhibits the mitogen-activated protein
kinase (MAPK) activation and NF-kB signalling pathways (Tsai
et al., 2008). In the present study, microglial CAMP levels were
slightly elevated by cilostazol (Figure 4A). We next examined
the effect of forskolin, dibutyryl-cAMP on the expression of
iNOS and COX-2. Forskolin and dibutyryl-cAMP had no effect
on LPS induced inflammation response (Figure 4B). In addi-
tion, in order to verify the cAMP-dependent or -independent
action of cilostazol, we examined the effects of SQ 22536, an
irreversible and selective cCAMP antagonist, on the expression
of iNOS and COX-2 production. This study found that SQ
22536 did not reverse the inhibitory effect of cilostazol on the
expression of iNOS and COX-2 (Figure 4C). Thus, we sug-
gested that the inhibitory effect of cilostazol on iNOS and
COX-2 inhibition was likely to be independent of intracellu-
lar cAMP signalling pathway in BV2 microglia.

A previous study reported that cilostazol affects cytokine
and NO production in microglia (Yoshikawa et al., 1999).
However, the molecular mechanisms underlying its anti-
inflammatory activity remain unclear. In addition, the inhibi-
tory effects of cilostazol on the release of PGE, in LPS-
stimulated BV2 microglia were not previously known. In the
present study, we investigated the pharmacological effects
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Figure 8 Effect of cilostazol on LPS-induced phosphorylation of ERK-1/2, SAPK/JNK and p38 MAP kinase in BV-2 microglia. BV-2 microglia
were treated with vehicle or the indicated concentrations of cilostazol for 6 h before being incubated with LPS (1 ug-mL™") for 30 min. Cell
extracts were then prepared and subjected to Western blotting with antibodies specific for phosphorylated forms of ERK-1/2, SAPK/|NK and
p38. The results presented are representative of three independent experiments. *P < 0.05 indicates a significant difference from cells treated
with LPS in the absence of cilostazol. ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MAP,

mitogen-activated protein; SAPK, stress-activated protein kinase.

and mechanisms of action of cilostazol on the production of
pro-inflammatory mediators in BV2 microglia stimulated
with LPS. We found that cilostazol inhibited the expression of
iNOS, COX-2, MCP-1 and cytokines (IL-1p and TNF-a), which
are NF-xB-regulated inflammation-associated genes in LPS-
activated microglia. This study suggests that cilostazol modu-
lated LPS-induced inflammatory responses, and may be a
potential therapeutic candidate for the treatment of neuro-
degenerative conditions.

Prostaglandin E,, NO and pro-inflammatory cytokines such
as IL-1pB, IL-6 and TNF-o are known to be important mediators
in the process of inflammation. These proinflammatory
mediators are thought to be responsible for some of the
harmful effects of brain injuries and diseases, including
ischemia, AD and neural death (Meda et al., 1995). Microglia
activation induced by CNS injury or infection is associated
with neurodegenerative disorders and the release of NO and
PGE,, and subsequent release of pro-inflammatory cytokines
(Gonzalez-Scarano and Baltuch, 1999). Many reports have
shown that LPS strongly activates microglia and induces the
COX-2 gene, leading to the synthesis of PGE, (Bauer et al.,
1997; Fiebich et al., 2003). In addition, NO has been shown to
be an important regulatory molecule in diverse physiological
functions, including vasodilation, neural communication and
host defence (Mitchell et al., 1995; MacMicking et al., 1997).
In mammalian cells, NO is synthesized by three different
isoforms of NOS: endothelial NOS (eNOS), neuronal NOS
(nNOS) and inducible NOS (iNOS). Importantly, iNOS is
induced by bacterial LPS and certain inflammatory cytokines
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in a variety of cells. It is well known that inflammatory media-
tors, including iNOS and COX-2, are responsible for the
symptoms of many neuroinflammatory diseases such as AD,
PD and HIV dementia (Minghetti and Levi, 1998; Gonzalez-
Scarano and Baltuch, 1999). We demonstrated that inhibition
of NO and PGE, production is due to changes in iNOS and
COX-2 expression at the mRNA as well as the protein level as
shown by RT-PCR and Western blot. In the brain, microglia
appear to rapidly express COX-2 and iNOS in response to
pathological stimuli. Abnormalities in the production or
function of cytokines such as TNF-o. and IL-1 have been
reported to play a key role in many inflammatory lesions (De
Nardin, 2001). The neuroinflammatory response is repre-
sented by activated microglia producing elevated levels of
pro-inflammatory cytokines, including TNF-o. and IL-1f (Boka
etal., 1994; Hunot et al., 1999). TNF-a is primarily produced
by monocytes, macrophages and T cells, and has various
pro-inflammatory effects on many cell types. Microglia are
the major producers of TNF-o in the brain and may play a role
in certain pathological conditions in the brain (Sawada et al.,
1989). TNF-a. overexpression is implicated in the pathogen-
esis of several human CNS disorders, including AD, MS, PD
and cerebral ischemia (Meda et al., 1995; Botchkina et al.,
1997; Akassoglou et al., 1998; Sriram et al., 2002). IL-1fB is a
potent pro-inflammatory cytokine that acts through the IL-1
receptors found on numerous cell types, including neurons
and microglia. Moreover, IL-1f is proposed to be an impor-
tant mediator of neuroimmune interactions that participate
directly in neurodegeneration (Rothwell et al., 1997). It may



interact with other molecules that are either released or
induced in response to damage, or it may affect only
compromised neurons. Thus, inhibition of cytokine produc-
tion or function serves as a key mechanism in the control of
neurodegeneration.

Central nervous system inflammation caused by injury is
amplified by the recruitment of activated microglia to sites of
injury. The migration of microglia is regulated by chemok-
ines, which are also important for neurotoxic and neuropro-
tective activity. Chemokines are well-known regulators of
peripheral immune cell recruitment and trafficking under
both physiological and pathological conditions, can cause
secondary damage during inflammation and can affect
neurodegeneration. MCP-1 is a particularly important
chemokine that is primarily responsible for the initiation and
progression of inflammatory responses by promoting migra-
tion and recruitment of inflammatory cells (Huang et al.,
2000). Previous reports indicated that MCP-1 regulates the
migration of activated microglial cells to sites of inflamma-
tion in the CNS (McManus et al., 2000). MCP-1 expression is
up-regulated in a number of CNS pathologies, including AD,
MS, HIV dementia, ischemia and brain injury (Ishizuka et al.,
1997; Ivacko et al., 1997; Kelder et al., 1998; McManus et al.,
1998; Muessel et al., 2000). Therefore, understanding the neu-
rotoxic effect of microglial cells and modulation of chemok-
ines may result in the development of treatments specific for
neurodegenerative diseases. In the present study, cilostazol
inhibited the LPS-stimulated mRNA expression and protein
release of MCP-1 in activated microglia.

Nuclear factor-kappaB is known as a pleiotropic regulator of
various genes involved in the production of many pro-
inflammatory cytokines and enzymes related to the inflam-
matory process. NF-xB is a central regulator of microglial
responses to activating stimuli, including LPS and cytokines
(O’Neill and Kaltschmidt, 1997). NF-kB, as a consequence of
its key role in several pathologic conditions, is a major drug
target in a variety of diseases. NF-xB activation is critical for
the expression of various cytokines, iNOS and COX-2 in
microglia in response to LPS (Baldwin, 1996; Moon et al.,
2007b). We showed that cilostazol prevents LPS-induced p65
nuclear translocation and NF-kB binding to a consensus
sequence. Therefore, inhibition of NF-kB signalling pathways
in microglia by cilostazol might result in the down-regulation
of pro-inflammatory mediators, thereby resulting in an anti-
inflammatory effect.

Various intracellular signalling pathways are involved in
inflammatory mediator expression. MAPKs are a group of
signalling molecules that also appear to play key roles in
inflammatory processes. Previous studies have shown that
activation of MAPKs have a significant effect on the regula-
tion of COX-2, iNOS, MCP-1 and pro-inflammatory cytokine
gene expression by controlling the activation of NF-xB in
microglia (Moon et al., 2007a; Zhou et al., 2007; Jung et al.,
2009). Early regulation occurs in the cytoplasm with the acti-
vation of the inhibitor of NF-xB (IxB) and subsequent IxB
phosphorylation (Brown et al., 1995; O’Connell et al., 1998).
This phosphorylation results in IkB degradation, thus allow-
ing NF-xB translocation to the nucleus. MAPK/ERK kinase
kinase 1 (MEKK1) directly interacts with IxB kinase (IKK) and
phosphorylates it (Nemoto et al., 1998). So, it appeared that
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MAPKs can regulate NF-xB-dependent transcription by acti-
vating IKK. It is possible that neuroprotective mechanisms are
associated with inhibition of MAP kinases or inflammatory
mediator production in activated BV2 microglia. Therefore,
we investigated the effect of cilostazol on LPS-stimulated
phosphorylation of ERK-1/2, JNK and p38 kinase in BV2
microglia. We found that phosphorylation of ERK-1/2 and
JNK in response to LPS was decreased by cilostazol treatment;
however, no significant effects of cilostazol were observed on
the LPS-induced phosphorylation of p38 kinase. This finding
is consistent with the results reported by Pocivavsek et al.
(2009). They showed that the p38 pathway was not essential
for iNOS expression. On the other hand, our previous report
showed that activation of p38 is involved in LPS-induced
iNOS expression (Jung et al., 2009). Our results implicate ERK-
1/2 and JNK as major mediators of iNOS induction and
inflammatory signalling in BV2 microglia. The reason for this
discrepancy is mainly due to variation in individual MAPK
gene expression with cell types and stimulators. We next
examined whether or not cilostazol suppressed the activation
of ERK and JNK. In nonstimulated microglia, neither MAPK/
ERK kinase 1/2 (MEK1/2; a major upstream kinase responsible
for the activation of ERK) nor SAPK/ERK1/MAPK kinase kinase
4 (SEK1/MKK4; a major upstream kinase responsible for the
activation of JNK) was phosphorylated. Stimulation with LPS
resulted in phosphorylation of MEK1/2 and SEK1/MKK4.
However, cilostazol led to a significant suppression of MEK1/2
and SEK1/MKK4 phosphorylation in LPS-stimulated BV2
microglia (Figure S1). Thus, cilostazol was found to suppress
the phosphorylation of MEK1/2 and SEK1/MKK4, thereby in
turn suppressing the activation of downstream kinases ERK
and JNK respectively. Depression of the MAPK pathway
appeared to be caused by the inhibition of a more upstream
kinase (MAPK kinase) by cilostazol. Taken together, these
results suggest that MEK1/2-ERK-1/2 and SEK1/MKK4-JNK,
but not p38 kinase, are involved in the inhibitory effect of
cilostazol on LPS-induced iNOS and COX-2 expression and
NF-xB activation.

In summary, our results show that cilostazol treatment of
BV2 microglia results in decreased levels of pro-inflammatory
mediators following LPS stimulation, and also reveal new
information about the underlying molecular mechanisms.
Cilostazol significantly attenuated the release of iNOS, PGE,,
TNF-0, IL-18, and MCP-1 in a concentration-dependent
manner; moreover, it acts at the level of transcription. The
inhibitory effect of cilostazol was mediated by inhibition of
NF-xB, ERK-1/2 and JNK activation in activated microglia.
These data indicate that cilostazol targets ERK-1/2, JNK and
NF-xB in microglia and inhibits iNOS, COX-2, MCP-1 and
pro-inflammatory cytokine expression. Given the fact that
microglial activation contributes to the pathogenesis of
neurodegenerative human brain diseases, cilostazol may be
considered as a potential therapeutic agent for various inflam-
matory and neurodegenerative diseases.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Effect of cilostazol on LPS-induced phosphoryla-
tion of MEK1/2 and SEK1/MKK4 in BV-2 microglia. BV-2
microglia were treated with vehicle or the inducated concen-
trations of cilostazol for 6 h and then stimulated with LPS
(1 ug-mL™") for different time nitervals (10 min: phosphoryla-
tion of MEK1/2 (A); 15 min: phosphorylation of SEK1 (B)
(protein expression). Cell extracts were then prepared and
subjected to western blotting with antibodies specific for
phosphorylated forms of MEK1/2 and SEK1/MKK4. The
results presented are representative of three independent
experiments. *P < 0.05 indicates a significant difference from
the value obtained for cells treated with LPS in the absence of
cilostazol.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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