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HO-1 Induced by Cilostazol Protects Against TNF-«a -associated

Cytotoxicity via a PPAR-7 -dependent Pathway in Human Endo-
thelial Cells
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A large body of evidence has indicated that induction of endogenous antioxidative proteins seems to
be a reasonable strategy for delaying the progression of cell injury. In our previous study, cilostazol
was found to increase the expression of the antioxidant enzyme heme oxygenase-1 (HO-1) in synovial
cells. Thus, the present study was undertaken to examine whether cilostazol is able to counteract tumor
necrosis factor-2 (TNF-«a )-induced cell death in endothelial cells via the induction of HO-1 expression.
We exposed human umbilical vein endothelial cells (HUVECs) to TNF-e¢ (50 ng/ml), with or without
cilostazol (10 # M). Pretreatment with cilostazol markedly reduced TNF-a -induced viability loss in the
HUVECs, which was reversed by zinc protoporphyrine IX (ZnPP), an inhibitor of HO-1. Moreover,
cilostazol increased HO-1 protein and mRNA expression. Cilostazol-induced HO-1 induction was
markedly attenuated not only by ZnPP but also by copper-protoporphyrin IX (CuPP). In an assay
measuring peroxisome proliferator-activated receptor-y (PPAR-7) transcription activity, cilostazol
directly increased PPAR-7> transcriptional activity which was completely abolished by HO-1 inhibitor.
Furthermore, increased PPAR-7 activity by cilostazol and rosiglitazone was completely abolished in cells
transfected with HO-1 siRNA. Taken together, these results indicate that cilostazol up-regulates HO-1
and protects cells against TNF- e -induced endothelial cytotoxicity via a PPAR-7 - dependent pathway.
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INTRODUCTION

Peroxisome proliferator-activated receptors (PPARs),
members of the nuclear receptor superfamily of ligand-acti-
vated transcriptional regulators, have been implicated in
a number of diverse physiological functions including the
control of cellular differentiation, embryonic development,
lipid metabolism, and regulation of energy balance [1].
Among PPAR subclasses, PPAR- 7 is expressed in mono-
cytes, macrophages, smooth muscle cells, and endothelium
[2,3]. PPAR- 7 is activated by several natural ligands in-
cluding nitro lipids [4]. It is also activated by synthetic li-
gands such as thiazolidinediones [3,4]. Activation of PPAR-
7 inhibits the proliferation of vascular smooth muscle cells
[6,6] and also has anti-inflammatory effects [7,8]. In addi-
tion, PPAR- 7 plays a central role in regulating the ex-
pression of genes related to lipid trafficking, cell pro-
liferation, and inflammatory signaling [9]. In vitro experi-
ments using human endothelial cells indicated that PPAR-
7 inhibits interferon-r (IFN-r)-induced chemokine ex-
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pression and decreases lymphocyte chemotaxis [10].
Although PPAR-7 has been recognized as an important
regulator in endothelial biology [3], the precise role of
PPAR- 7 in the regulation of endothelial survival and pro-
liferation is still largely unknown.

Cilostazol, an inhibitor of phosphodiesterase type III, has
been reported to produce potent anti-inflammatory effects.
Several lines of evidence have suggested that cilostazol pro-
vides beneficial effects that help to protect cells from in-
juries from diverse causes. Kim et al. [11] reported a pro-
tective effect of cilostazol against lipopolysaccharide (LPS)-
induced apoptosis in human umbilical vein endothelial cells
(HUVECSs). Hong et al. [12] demonstrated the ability of cil-
ostazol to prevent tumor necrosis factor- ¢ (TNF- @)-induced
cell death in human neuroblastoma cells. An in vivo study
in an animal model of middle cerebral artery occlusion and
reperfusion also provided evidence of the protective effect
of cilostazol against cerebral infarct through anti-apoptotic
actions. These reports have provided consistent evidence
that cilostazol can reduce apoptotic cell death by inhibiting
the mitochondria-dependent apoptotic signaling pathway
[13]. In our recent study, cilostazol was found to suppress

ABBREVIATIONS: HO-1, heme oxygenase-1; Nrf2, NF-E2 related
factor; HUVECs, human umbilical vein endothelial cells; TNF- «,
tumor necrosis factor- ¢; PPAR- 7, peroxisome proliferator-activated
receptor- 7 ; ZnPP, zinc protoporphyrin IX; CuPP, copper-protopor-
phyrin IX.
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cytokine production in synovial cells via mediation of
cAMP-dependent protein kinase activation—coupled NF-E2
related factor (Nrf2)-linked heme oxygenase-1 (HO-1) ex-
pression [14]. HO-1 is an inducible isoform of HO, and its
induction has been shown to be cytoprotective [15]. HO cat-
alyzes the breakdown of heme into iron, biliverdin, and car-
bon monoxide (CO) [16]. Both biliverdin and CO cause vas-
culature dilation and inhibit the proliferation of vascular
smooth muscle cells [17]. Induction of HO-1 by either genet-
ic approaches or pharmacological intervention has been
shown to be effective in preventing or treating pulmonary
hypertension in animal models [18,19]. Indeed, several
studies support the notion [19] that HO-1 exerts an essen-
tial protective role in the vessel wall during atherogenesis
[20,21]. However, the mechanism underlying the protection
of endothelial cells by HO-1 from TNF- ¢-induced cytotox-
icity remains to be clarified. The demonstration that PPAR-
7 activation promotes the reversal of multiple metabolic
abnormalities in moderately obese diabetic men [22], com-
bined with its emerging role in the endothelium, suggests
PPAR- 7 represents a viable therapeutic target. A recent
study has suggested that activation of PPAR- 7 induces ex-
pression of HO-1 in human umbilical vein endothelial cells
and human umbilical artery or vein smooth muscle cells [23].

METHODS

Cell cultures

HUVECs (CRL-1730; American Type Culture Collection,
Manassas, VA) were cultured in the endothelial cell basal
media-2 (EGM-2) Bullet kit media (Clonetics, BioWhitta-
ker, San Diego, CA). Cells were grown to confluence at 37°C
in 5% COz and used for experiments before passage 6.

Cell viability assay

Cell viability was assessed by the mitochondrial tetrazo-
lium (MTT) assay. Briefly, cells were seeded with 1x10°
cells/well in a 96-well tissue culture dish. The confluent
cells were incubated in cell culture medium plus drugs and
then exposed to TNF-« for 24 h. MTT solution (20 «l/well)
was added and the samples were incubated for 4 h. The
absorbance of the sample was measured using an en-
zyme-linked immunosorbent assay (ELISA) reader (BioTek
Instruments, Winooski, VT).

Reverse transcription polymerase chain reaction (PCR)

Total RNA was extracted from HUVECs using TRIzol re-
agent (Invitrogen, San Diego, CA). Sequences of the PCR
primers for amplification of the HO-1 gene were as follows:
5CAGGCAGAGAATGCTGAGTTC-3 (sense) and 5- GATG-
TTGAGCAGGAACGCAGT-3 (antisense). The PCR cycles
consisted of 95°C for 1 min, followed by a hybridization step
at 55°C for 1 min and an elongation step at 72°C for 2 min.
Relative abundance of mRNA was calculated after normal-
ization to GAPDH.

Western blot analysis
Total protein (30 1£g) was separated on 10% SDS-poly-

acrylamide electrophoresis gel and transferred to nitro-
cellulose membranes (Amersham Bioscience, Inc.). The

blocked membrane was then incubated with antibodies
against HO-1 (Stressgen, Victoria, British Columbia, Cana-
da). The immunoreactive bands were visualized with a
SuperSignal West Dura Extended Duration Substrate kit
(Pierce Chemical). The signals of the bands were quantified
using a GS-710 calibrated imaging densitometer (Bio-Rad,
Hercules, CA).

Transfection and luciferase reporter assay

HUVECs were transfected using Lipofectamine2000
(Invitrogen, Carlsbad, CA) for promoter activity analysis
[24]. Cells were grown to 70~80% confluence in 12-well
dishes and Opti-MEM medium. Cells were transfected with
pGL3-basic, peroxisome proliferator response element
(PPRE)-pGL3, and a renilla luciferase control reporter
vector. After 6 h of incubation, the medium was replaced
by cell culture medium. After 24 h, cells were lysed in re-
porter lysis buffer then luciferase activity was measured
using a Dual-Luciferase Reporter Assay System (Promega,
Madison, WI) and the transfection efficiencies were normal-
ized by renilla luciferase activity.

Small interfering RNA preparation and transfection

The HO-1 siRNA oligonucleotide (GenBank accession
no.NM_002133) was synthesized by Invitrogen. A siRNA
negative control duplex was used as a control oligonucle-
otide. The siRNA molecules were transfected into HUVECs
Lipofectamine 2000 (Invitrogen).

Drugs

Cilostazol (OPC-13013), (6-[4-(1-cyclohexyl-1H-tetrazol-
5-yl) butoxy]-3,4-dihydro-2-(1 H)-quinolinone), was generou-
sly donated by Otsuka Pharmaceutical Co. Ltd. (Tokushi-
ma, Japan) and dissolved in dimethyl sulfoxide to make a
10 mM stock solution. TNF-«@ (Upstate Biotechnology, Lake
Placid, NY) was dissolved in phosphate-buffered saline to
make a 10 rg/ml stock solution. MTT and GW9662 (2-
chloro-5-nitrobenzanilide) were from Sigma-Aldrich (St.
Louis, MO). ZnPP, CuPP and rosiglitazone were purchased
from Alexis (San Diego, CA).

Statistical analysis

The results are expressed as the mean+SEM. The sig-
nificance of the results was analyzed by a one-way analysis
of variance (ANOVA) followed by Tukey’s multiple compar-
ison test. p values less than 0.05 were considered signi-
ficant.

RESULTS
Effects of cilostazol on TNF- a-mediated cytotoxicity

HUVECs were stimulated with different concentrations
of TNF-« for 18 h, and then cell viability was determined
using MTT assay. As shown in Fig. 1A, the number of viable
cells gradually decreased in a TNF- @ concentration-depen-
dent manner. Cell viability after 18 h of incubation was
significantly reduced to 62.87+4.95% (p<0.001) in response
to 50 xg/ml TNF-a. Pretreatment of the cells with cil-
ostazol prevented the loss of viable cells in a dose-depend-
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Fig. 2. Effect of an HO-1 inhibitor on the protective effects of
cilostazol against TNF- @-mediated cytotoxicity in HUVECs. Cells
were pretreated with cilostazol in the presence or absence of an
HO-1 inhibitor (ZnPP, 1 x#M) and then stimulated with TNF-a (50
ng/ml) for 18 h. Results are expressed as the mean+S.E.M. of four
experiments. **p<0.01 vs. none, “p<0.05 vs. TNF- alone, Hp<
0.01 vs. TNF- @ +cilostazol.

ent manner (Fig. 1B).

Potential role of HO-1 in the cytoprotective effect of
cilostazol

To determine the potential protective effect of cilostazol
against TNF- @-induced cytotoxicity, HUVECs were pre-
treated with cilostazol in the presence or absence of various
HO-1-related compounds including ZnPP and CuPP. While
ZnPP and CuPP had no effects on endothelial cell viability,
the cytoprotective effect of cilostazol in TNF- @-stimulated
cells was attenuated by the HO-1 inhibitor, ZnPP, but not
by CuPP (Fig. 2). This suggests potential involvement of
the HO-1 pathway in the action of cilostazol.

Cilostazol induces HO-1 expression

Both HO-1 protein and mRNA expression were sig-
nificantly increased by treatment with cilostazol (1~30 M)
in a concentration-dependent manner (Fig. 3). Protein ex-
pression induced by cilostazol (10 #«M) increased to
1.75+0.21-fold compared to that of the control (p<0.05),
and was significantly suppressed by ZnPP. Increased ex-
pression of HO-1 mRNA stimulated by cilostazol (10 M)
was also suppressed by ZnPP (Fig. 4). These results suggest
that cilostazol increases HO-1 expression via the regulation

1 10 30 100 mean+S.E.M. of four experiments.

*p<0.05, **p<0.01, ***p<0.001 vs.

Cilostazol (WM) none, "p<0.01 vs. TNF- ¢« alone.

of HO-1 transcription.
Role of HO-1 in PPAR- » transcriptional activity

To examine the potential involvement of PPAR- 7 in the
action of cilostazol, PPAR- 7 transcriptional activity in cells
treated either with cilostazol or rosiglitazone were deter-
mined using a luciferase activity assay. As shown in Fig.
5, PPAR- 7 transcriptional activity stimulated by cilostazol
(10 #M) increased to 2.13+0.67-fold of the control (p<
0.001), and that stimulated by rosiglitazone (10 «M) incre-
ased to 2.48+0.25-fold of the control (p<0.001). These ef-
fects of cilostazol and rosiglitazone were completely abol-
ished by an HO-1 inhibitor. Furthermore, increased PPAR-
7 transcriptional activity by cilostazol and rosiglitazone
was not observed in cells transfected with HO-1 siRNA.

DISCUSSION

The present study demonstrated that cilostazol up-regu-
lated HO-1 expression in vascular endothelial cells and pro-
vided protection against TNF- @-induced cytotoxicity. In ad-
dition, these cilostazol-mediated cellular events were effec-
tively blocked by ZnPP (1 M), an HO-1 competitive inhi-
bitor. The present study adds new insight into the signal
transduction pathway that regulates cilostazol-mediated
protection against endothelial cell injury and emphasizes
the involvement of the HO-1 pathway. HO-1 is the in-
ducible form of HO that catalyzes the rate-limiting step of
the conversion of heme into biliverdin, CO, and free iron.
HO-1 and its products exert anti-apoptotic, anti-inflamma-
tory, anti-oxidant, and pro-angiogenic effects in the vascu-
lature [3,25]. HO-1 is up-regulated in endothelial cells and
vascular smooth muscle cell (VSMC) by PPAR-¢ and
PPAR- 7 agonists in vitro [23].

In the present study, we demonstrated that cilostazol in-
creased the expression of HO-1 mRNA and protein in
HUVECs. Previously, HO-1 gene expression was demon-
strated to be induced by activation of the cAMP signal path-
way via a transcriptional mechanism in primary rat hep-
atocyte cultures. Dibutylyl cAMP-dependent induction of
HO-1 mRNA expression was prevented by pretreatment
with PKA inhibitor, KT5720, but not by pretreatment with
a PKG inhibitor, KT5823 [26]. Additionally, PI3K/Akt path-
ways have been reported to be involved in HO-1 expression
and Nrf2-dependent transcription [27].

The diversity of stimuli that may induce HO-1 expression
suggests that the molecular mechanisms regulating HO-1
expression are complicated. Our previous studies showed
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Fig. 3. Cilostazol induces HO-1
expression. HUVECs were stimulated
*ok with different concentrations of
cilostazol for 12 h. The expression of
HO-1 mRNA and protein was deter-
mined using reverse transcription
PCR and Western blotting, respec-
tively. GAPDH and B-actin were
used as loading controls. Results are
expressed as the meantS.E.M. of

four experiments. *p<0.05, **p<0.01
vs. vehicle.

1 10 30 (uM)

Fig. 4. Effect of an HO-1 inhibitor on
cilostazol-induced HO-1 expression.
HUVECs were pretreated with an
HO-1 inhibitor (ZnPP), and then
stimulated with cilostazol (10 M)
for 12 h. The expression of HO-1
mRNA and protein was determined
using reverse transcription PCR and
Western blotting, respectively. GAPDH
and B-actin were used as loading
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Fig. 5. HO-1 mediates the effect of cliostazol and rosiglitazone on PPAR- 7 transcriptional activity. (A) HUVECs were transiently transfected
with PPRE-pGL3, a renilla luciferase control reporter vector, and then treated either with cilostazol (10 «M) or rosiglitazone (10 M)
for 24 h. PPAR- 7 transcriptional activity was determined using a luciferase activity assay. (B.) HUVECs were transfected with siRNA
specific for HO-1 then treated with cilostazol (10 M) or rosiglitazone (10 M) for 24 h. **p<0.01, ***p<0.001 vs. no treatment, “*p<0.001

vs. cilostazol, THp<0.001 vs. rosiglitazone.

that cilostazol inhibits cellular apoptosis under several cir-
cumstances [11,13,28,29]. These results raise the interest-
ing possibility that cilostazol can be used as a therapeutic
tool for treating vascular diseases associated with excess
apoptosis. Although the mechanism by which cilostazol pro-
tects cells against apoptosis remains far from clear, pre-
vious studies [11,13] have shown that cilostazol reverses
decreases in Bcl-2 protein and increases in Bax protein pro-

duction as well as cytochrome c release. Moreover, this com-
pound has also been found to suppress of NAD(P)H oxidase—
dependent superoxide production [29]. Thus, it was sug-
gested that cilostazol might have a protective role against
vascular diseases through multiple mechanisms. Interes-
tingly, in the present study using HUVECs, pretreatment
of cells with cilostazol markedly reduced TNF- @-induced
cell viability loss, which was reversed by ZnPP. Moreover,
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cilostazol increased the expression of HO-1 mRNA and pro-
tein in HUVECs in a concentration-dependent manner.
Based on our present experimental results, it was suggested
that increased expression of HO-1 by cilostazol may be cor-
related with the protective effect against TNF- ¢-induced
endothelial cell death.

Although the mechanism by which HO-1 inhibits endothe-
lial injury via cilostazol is not fully understood, some stud-
ies suggested that PPAR activity might have anti-in-
flammatory and vasculoprotective benefits [23,30-32].
Thus, it was hypothesized that the cytoprotective effect of
HO-1 against inflammatory cytokine-induced endothelial
injury is dependent on PPAR activity. PPARs are members
of the nuclear receptor family, a group of transcription fac-
tors which play a critical role in mammalian physiology [1].
Following ligand activation, PPARs may activate or repress
gene transcription, a process that is also controlled by li-
gand-induced recruitment or release of co-activators and
co-repressors [33]. Li et al. demonstrated that activation
of PPAR-7 by rosiglitazone induces significant HO-1 ex-
pression in primary cultured VSMCs. However, considering
the diversity of stimuli that may induce HO-1 expression,
it was suggested that the molecular mechanisms that regu-
late PPAR- 7 activity are also complicated [34]. In the pres-
ent study, cilostazol directly increased PPAR- 7 transcrip-
tional activity which was completely abolished by an HO-1
inhibitor. Furthermore, increased PPAR activity by cil-
ostazol and rosiglitazone was completely abolished in cells
transfected with HO-1 siRNA. These results indicate that
cilostazol up-regulates PPAR activity via induction of HO-1
in endothelial cells.

TNF- e is commonly found in atherosclerotic lesions of
blood vessels [35,36] and mediates vascular inflammation
[37]. The development of new therapeutic agents that pre-
serve the beneficial effects of acute vascular inflammation
would have major clinical value. Recently, Wu et al. re-
ported that PPAR- 7 overexpression protects mitochondrial
membrane potential and prevent apoptosis by upregulating
the expression of anti-apoptotic Becl-2 family proteins [38].
In TNF- ¢-activated endothelial cells, upregulation of
PPAR- 7 in cells inhibits NF- « B activity [39]. Therefore,
considering these previous reports along with the im-
portance of PPAR- 7 in the regulation of NF- «x B which is
a major regulator of susceptibility to vascular injuries [3],
the experimental results of our study in which cilostazol
activated PPAR-7 in endothelial cells suggests that cil-
ostazol has beneficial effects on TNF- ¢-induced endothelial
injury through PPAR-7 activation and subsequent sup-
pression of NF- « B activity. However, further experiments
are necessary to elucidate the precise molecular mecha-
nisms involved in cilostazol-mediated protection against en-
dothelial injury by various cytokines.

In conclusion, the data reported here support a potential
role for cilostazol in preventing TNF- ¢-induced endothelial
injury through the HO-1/PPAR pathway. Considering that
vascular endothelial injury and associated endothelial dys-
function represent critical early steps in atherogenesis and
are targets for novel preventative therapies, our findings
may have important implications in the prevention of vas-
cular complications associated with vascular inflammation
by modulating the activities of HO-1 and PPAR. However,
further studies will be needed to further examine whether
HO-1 and PPAR- 7 function in a codependent and coopera-
tive fashion to confer protection from inflammatory cyto-
kine-mediated endothelial injury.
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