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Recruitment and adhesion of exogenous endothelial pro-
genitor cells (EPCs) or endogenously mobilized bonemar-
row mononuclear cells (BM MNCs) to the sites of
ischemia is an important focus of cell therapy. This study
sought to determine whether cilostazol enhances inte-
grin-dependent homing of progenitor cells both in vitro
and in vivo. In the in vitro experiments with human
umbilical cord blood (HUCB)-derived EPCs, cilostazol (10
lM) stimulated up-regulation of integrins b1, a1, and av
as well as 8-pCPT-20-O-Me-cAMP (100 lM; 8-pCPT,
Epac activator). Cilostazol and 8-pCPT significantly
enhanced migration and adhesion of HUCB EPCs to a
fibronectin-coated plate and endothelial cells, which
were inhibited by KT5720 (PKA inhibitor, 1 lM) and GGTI-
298 (Rap1 inhibitor, 20 lM). Cilostazol stimulated Epac1
expression and up-regulated the active Rap1, as did
8-pCPT, and they were suppressed by KT5720 (P <
0.001) and GGTI-298 (P < 0.001). 8-pCPT increased p-
CREB expression and stimulated PKA activity, which was
inhibited by KT5720, Rp-cAMPS, and GGTI-298. In addi-
tion, N6-benzoyl-cAMP (100 lM) increased Rap1 GTP
expression, as did 8-pCPT; they were suppressed by Rp-
cAMPS and GGTI-298. The in vivo experiments showed
that cilostazol (30 mg/kg/day, orally for 7 days) significantly
enhanced the integrin b1 expression in the molecular layer
and up-regulated homing of BMMNCs to the injuredmolec-
ular layer with increased capillary density in mouse brain
subjected to transient forebrain ischemia (n5 6, P< 0.001).
In conclusion, cilostazol stimulated integrin expression and
enhanced migration and adhesion of progenitor cells
through cooperative activation of PKA and Epac signals;
such activity may improve the efficacy of cell therapy for
ischemic disease. VVC 2011Wiley-Liss, Inc.
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Modulation of cardiovascular function by circula-
ting premature cells derived from bone marrow, known

as endothelial progenitor cells (EPCs), has been demon-
strated to promote vascular repair and enhance neovas-
cularization in ischemic organs (Asahara et al., 1997).
The major step in the recruitment of EPCs to ischemic
tissue is adhesion and transmigration of progenitor cells
to endothelial cell layers (Vajkoczy et al., 2003; Urbich
and Dimmeler, 2004). Integrins mediate cell–cell or
cell–matrix adhesion and are involved in the homing of
EPCs to sites of active neovascularization (Wu et al.,
2006; Jin et al., 2006). In particular, integrin b1, a cell
adhesion molecule, is the principal endothelial receptor
for basal lamina components, such as collagen and
laminin and, thus, contributes to cerebral microvascular
integrity (Burggraf et al., 2008).

Cilostazol (6-[4-(1-cyclohexyl-1H-tetrazol-5-yl)-
butoxy]-3,4-dihydro-2-(1H)-quinolinone) increases intra-
cellular cAMP levels through inhibition of type III phos-
phodiesterase (Kimura et al., 1985). Cilostazol has been
shown to exert protective effects against transient
focal cerebral ischemia and chronic cerebral hypoper-
fusion injury by decreasing ischemic brain infarction by
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inhibition of apoptotic and oxidative cell death (Lee
et al., 2008). Recently, Shin et al. (2010) reported that
cilostazol increases Sca-1/vascular endothelial growth
factor receptor 2-positive cells in the bone marrow and
circulating blood, associated with an increased number of
stromal cell-derived factor-1a-positive cells in the mole-
cular layer of the hippocampus that colocalized with
CD31 in a mouse model of transient forebrain ischemia.
These findings suggest that cilostazol increased recruit-
ment of bone marrow-derived (BM) stem cells to areas
of injured tissues.

Epac (exchange protein directly activated by
cAMP) was introduced as a novel cAMP-dependent but
PKA-independent guanine nucleotide-exchange factor
for the small G-protein Rap (de Rooij et al., 1998;
Kawasaki et al., 1998). The Epac protein is a novel
cAMP sensor that regulates several pivotal cellular pro-
cesses, including cell proliferation, cell differentiation,
and cell–cell adhesion events (Roscioni et al., 2008).
Evidence has emerged showing that Rap1 activates
integrin activity and regulates integrin- and cadherin-
dependent adhesion in many cellular systems (Bos, 2005;
Kooistra et al., 2007). Carmona et al. (2008) reported
that stimulation of Epac1 by 8-pCPT activated b1- and
b2-integrins in EPC and increased integrin-dependent
activity, such as adhesion and migration in vitro, and
enhanced homing of intravenously injected EPC to the
ischemic limbs in a murine model of hind limb ischemia.
Lorenowicz et al. (2008) demonstrated that both PKA
and Epac1 pathways require integrin engagement to
stimulate endothelial cell migration. Although PKA and
Epac have been shown to act independently, the relative
contribution and potential cross-talk between these two
pathways, with regard to adhesion and migration of
EPCs, have not been determined.

EPCs can be isolated from bone marrow,
human cord blood, and peripheral blood. Murohara
(2001) initially reported on the utility of human
umbilical cord blood-derived EPCs; HUCB EPCs, as
abundant EPCs, can be isolated from a relatively
small volume of cord blood. The transplantation of
EPCs has been shown to augment neovascularization
effectively in response to hindlimb ischemia (Carmona
et al., 2008).

In this study, in vitro and in vivo experiments
were performed. For the in vitro study, investigation
of whether cilostazol 1) stimulates expression of inte-
grins and 2) promotes transendothelial migration/adhe-
sion was evaluated, and 3) the mechanism(s) by which
cilostazol modulates integrin-dependent migration and
adhesion by regulation of the cAMP-dependent PKA
and Epac1-Rap1 signal pathways was studied. For the
in vivo experiment, cilostazol-stimulated enhanced
recruitment of intravenously injected MNCs, isolated
from mouse bone marrow, to capillary endothelial
cells, and the increased capillary density, a marker of
neovasculogenesis, in the hippocampal CA1 ischemic
area, were studied in a mouse model of transient fore-
brain ischemia.

MATERIALS AND METHODS

Isolation and Cultivation of EPCs

HUCB samples (about 50 ml each) were collected by
gravity flow from fresh placentas with attached umbilical
cords from mothers that had undergone normal delivery
without concomitant disease. The Institutional Review
Board at the Pusan National University School of Medicine
approved all protocols, and informed consent was obtained
from all adult donors and parents of newborns. Mono-
nuclear cells were isolated from HUCB by density gradient
centrifugation using 1.077 g/liter Ficoll-paque (GE Health-
care, Piscataway, NJ) as described previously (Asahara et al.,
1997). The mononuclear cells (1 3 107) were plated in
endothelial growth medium (EGM-2 MV Bullet Kit system;
Cambrex, Taufkirchen, Germany) with heparin on 2%
gelatin-coated six-well plates and incubated in a 5% CO2

incubator at 378C.
Bone marrow was isolated from the tibias and femurs of

C57BL/6 mice at 5–7 weeks of age. The bone marrow was
passed through a 40-lm nylon mesh cell strainer (BD Falcon,
Oxnard, CA). The bone marrow cells were isolated by Ficoll-
Histopaque 1083 (Sigma, St. Louis, MO) separating medium
for 30 min at 2,500 rpm and were washed twice in
phosphate-buffered saline (PBS); thereafter, the cells (1 3 107)
were plated in endothelial growth medium (EGM-2 MV
Bullet Kit system) on 1.5% gelatin-coated six-well plates, and
incubated in a 5% CO2 incubator at 378C.

On day 7 of culture, adherent cord blood EPCs were
harvested in phosphate-buffered solution and incubated for
4 hr with fluorescent dye, 2.6 lg/ml 1,10-dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine-labeled DiI-acLDL (Mole-
cule Probes, Eugene, OR) at 378C. Thereafter, the cultures
were washed, fixed with 1% formaldehyde for 10 min, and
washed again with PBS. Fluorescein isothiocyanate-labeled lectin
from Ulex europaeus agglutinin, 10 lg/ml (UEA-1; Sigma), was
added at a concentration of 10 lg/ml and incubated for 1 hr at
258C. Human brain microvascular endothelial cells (HBMECs)
were purchased from the Applied Cell Biology Research
Institute (Kirkland, WA) and cultured using the EGM-2 MV
Bullet Kit system (Cambrex).

Western Blot Analysis

After stimulation with cilostazol and 8-pCPT (15 min),
the EPCs were scraped using an ice-cold lysis buffer. After
centrifugation at 12,000 rpm, 30 lg of total proteins from
each sample was loaded into a 10% SDS-polyacrylamide gel,
and separated proteins were transferred to a nitrocellulose
membrane (Amersham Biosciences, Piscataway, NJ). The
membrane was blocked with 5% skim milk, followed by
incubation with a 1:1,000 dilution of anti-Epac1 (Abcam,
Cambridge, United Kingdom), anti-human integrin b1, anti-
human integrin aV (Santa Cruz Biotechnology, Santa Cruz,
CA), and anti-human integrin a1 (Millipore, Bedford, MA)
in 5% bovine serum albumin in phosphate-buffered saline at
48C overnight. After incubation of blots with IgG horseradish
peroxidase-conjugated secondary antibody, the intensity of
the chemiluminescence was measured using a Fluorochem
gel image analyzer (MF-Chem Bis 3.2; Alpha Innotech,
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San Leandro, CA). The membrane was reprobed with an
anti-b-actin antibody (MP Biomedicals, Aurora, OH) as an
internal control.

Rap1 Activity Assay

To examine whether stimulation of Epac1 by cilostazol
would increase the active GTP-bound form of Rap1 in the
EPCs, the levels of activated Rap1 were determined by pull-
down assays with a glutathione S-transferase (GST) fusion
protein containing the Rap1 binding domain (RBD) of human
RalGDS for affinity precipitation of active Rap1 (GTP-Rap1)
from cell lysates (Rangarajan et al., 2003). Human RalGDS-
RBD was kindly provided by Dr. J.L. Bos (University Medical
Center Utrecht, Utrecht, Netherlands). After treatment with
cilostazol for 15 min, the cells were lysed, and 0.5 ml of cleared
lysate was incubated with 50 lg GST-RalGDS-RBD bound to
glutathione beads. After rotation for 90 min at 48C, beads were
washed four times and boiled in sample buffer. The samples
were separated by 10% SDS-PAGE, blotted to a nitrocellulose
membrane, probed with anti-Rap1 antibody (Stressgen, Ann
Arbor, MI), and visualized by enhanced chemiluminescence
(Amersham Biosciences).

Protein Kinase A Activity Assay

The effects of cilostazol and 8-pCPT on PKA activity
were assessed in the lysate of HUCB EPCs using a PKA
kinase activity kit (Enzo Life Sciences, Warrington, PA)
according to the manufacturer’s instructions. Briefly, the
wells of the PKA microtiter plate were soaked with 50 ll
kinase assay dilution buffer at room temperature for
10 min. The samples were added to the wells of a PKA
substrate microtiter plate. Reaction was initiated by addition
of 10 ll of diluted ATP to each well, except for the blank
well, and incubated for up to 90 min at 308C. Then,
40 ll of phosphor-specific substrate antibody was added to
each well and incubated at room temperature for 60 min.
After washing, 40 ll of diluted anti-rabbit IgG:HRP conju-
gate was added to each well for 30 min, followed by expo-
sure to the tetramethylbenzidine substrate (for 30–60 min);
the reaction was then stopped. Absorbance at 450 nm was
determined using a microplate reader (Molecular Devices,
Sunnyvale, CA).

Transmigration of EPCs

To assess the effects of cilostazol and 8-pCPT-20-O-
Me-cAMP on transcellular migration of EPCs, cells were
grown and serum-starved for 6 hr prior to plating in a
ChemoTx chamber (Neuro Probe, Gainthersburg, MD; Vasa
et al., 2001). For the migration assay, the bottom side of the
ChemoTx membrane was coated with gelatin at 48C over-
night, and a total of 1 3 105 serum-starved cells in a 50 ll
volume was placed on the top side of the ChemoTx mem-
brane. After fixation, the ChemoTx membrane was stained
with DAPI, and the migrated cells were counted using a fluo-
rescence microscope at 103 magnification (Axio Imager M1
high-quality fluorescence microscope; Carl Zeiss, Ober-
kochen, Germany).

Transient Forebrain Ischemia

As reported previously (Shin et al., 2010), all procedures
were conducted in accordance with the animal care guidelines
of the Animal Experimental Committee of Pusan National
University. Male C57BL/6 mice (Samtako BioKorea, Korea)
weighing 20–25 g were anesthetized with 1.5% isoflurane (in
70% N2O and 30% O2). Both common carotid arteries were
carefully separated from the vagus nerve and occluded for
20 min with microclips. For reperfusion, the clips were
removed. Then, 100 ll of CM-DiI (Molecular Probes)-
labeled BM MNCs suspension (1 3 106 cells) was injected via
the tail vein 48 hr after ischemia. Animals received cilostazol
(30 mg/kg/day, 100 ll orally) or vehicle (30% DMSO,
100 ll) for 1 hr by means of oral gavage after surgery and
afterward once daily for 7 and 14 days. The endothelial cell
density was determined by staining of von Willebrand factor
(vWF), a specific marker for endothelial cells.

Tissue Preparation and Immunofluorescence

Seven days after the forebrain ischemic insult, the mice
were deeply anesthetized with thiopental sodium and per-
fused transcardially with PBS. The brains were frozen and
stored at 2708C. Ten-micrometer-thick sections were cut
serially on a cryostat. The sections were incubated with
blocking solution (CAS Block; Zymed Laboratories, South
San Francisco, CA) for 10 min and then overnight with a
1:100 dilution of antiintegrin b1 antibody (Santa Cruz
Biotechnology) and anti-von Willebrand factor (vWF; Dako,
Glostrup, Denmark). After washing, the sections were incu-
bated with a 1:100 dilution of secondary antibody solution
containing fluorescein anti-rabbit IgG (Vector Laboratories,
Burlingame, CA) for 1 hr at room temperature. An Axio
Imager M1 high-quality fluorescence microscope (Carl Zeiss)
was used for detection of fluorescence.

Drugs

Cilostazol [OPC-13013, 6-[4-(1-cyclohexyl-1H-tetrazol-
5-yl) butoxy]-3,4-dihydro-2-(1H)-quinolinone] was donated
by Otsuka Pharmaceutical Co. Ltd. (Tokushima, Japan)
and dissolved in dimethyl sulfoxide as a 10 mM stock
solution. The 8-(4-chloro-phenylthio)-20-O-methyladenosine-
30,50-cyclic monophosphate was purchased from Sigma-Aldrich
and dissolved in distilled water (10 mM stock solution).
KT5720 was obtained from Alexis Enzo Life Sciences, and
GGTI-298 was from Calbiochem (San Diego, CA). Epac1 was
purchased from Abcam (Cambridge, United Kingdom).

Statistical Analyses

Data are expressed as mean 6 SEM. Comparison of
changes in variable parameters between vehicle and cilostazol
treatment groups without and with inhibitors was analyzed by
one-way analysis of variance, followed by Tukey’s multiple
comparison tests as a post hoc comparison. Student’s t-test was
used to determine the difference in the means of the two
groups. Statistical analysis was performed in Sigmastat software
(Systat Software, Point Richmond, CA). A value of P < 0.05
was considered statistically significant.
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RESULTS

Whether cilostazol could elevate intracellular
cAMP levels as a phosphodiesterase type III inhibitor in
the HUCB EPCs was evaluated. The HUCB-derived
mononuclear cells cultured for 7 days were incubated
with a vehicle (0.1% DMSO) or cilostazol (1–30 lM)
for 15 min. The cell lysates showed that the intracellular
cAMP levels were significantly increased by cilostazol
(1, 3, 10, and 30 lM) in a concentration-dependent
manner (Supp. Info. Fig. 1A).

In addition, cilostazol and Epac were studied to
determine whether they could preserve intact HUCB
EPCs. Treatment with either cilostazol (10 and 30 lM)
or 8-pCPT (100 and 200 lM) significantly reduced the
TNF-a (100 ng/ml)-induced increase of trypan blue-
positive cells (Supp. Info. Fig. 1B).

Furthermore, whether cilostazol could improve
proliferation of HUCB EPCs was studied. The MTT
assay showed that, after treatment with cilostazol (1–10
lM) for 24 hr, cell counts showed an increase in cell
proliferation in a concentration-dependent manner; this
was significantly suppressed by KT 5720 (1 lM, P <
0.001), a selective inhibitor of PKA and GGTI-298
(20 lM, a Rap1 inhibitor; Supp. Info. Fig. 1C).

Enhancement of Tube Formation
on the Matrigel and Colony Formation

The effect of cilostazol on HUCB EPC activity
was assessed by measurement of in vitro tube and colony
formation. After 7 days of culture, the cells showed
evidence of enhanced differentiation, such as a cord-like
structure. The effect of cilostazol on EPC activity was
assessed by measurement of in vitro tube and colony
formation. Treatment with cilostazol (1–30 lM)
promoted formation of tubular network structures in a
concentration-dependent manner; this was suppressed
by KT5720 (1 lM) and GGTI-298 (20 lM; Supp. Info.
Fig. 2A).

For assessment of the colony expansion potential,
the HUCB EPCs were cultivated for 7 days in the pre-
sence or absence of cilostazol. The cells were then
detached, and 1 3 106 HUCB EPCs were seeded onto
methylcellulose plates. The colony size was significantly
enhanced in the HUCB EPCs pretreated with cilostazol.
Enhancement of the size of colony formation was signi-
ficantly suppressed by KT5720 (1 lM) and GGTI-298
(20 lM; Supp. Info. Fig. 2B). Therefore, the results of
this experiment suggest that cilostazol-activated PKA and
Epac1/Rap1 signals were involved in the promotion of
proliferation and preservation of the functions of HUCB
EPC activity.

Increase in Integrin Expression of HUCB EPCs

The phenotype of ex-vivo-cultivated HUCB
EPCs was confirmed by double-positive immuno-
staining with uptake of Dil-Ac-LDL and FITC-UEA-1
binding. Cellular immunostaining showed double-
positive staining for uptake of Dil-ac-LDL and binding

of FITC-UEA-l by most adherent cells (>90%). These
findings indicated HUCB EPC characteristics
(Fig. 1A).

To assess the role of PKA and Epac1 in integrin
expression by cilostazol, whether Epac1 activation after
exposure to cilostazol can affect the expression of b1-
integrin in the HUCB EPCs was studied. Indeed,
cilostazol (10 lM) induced up-regulation of integrin
b1 (338.2% 6 13.5%, P < 0.001 vs. vehicle); this was
significantly inhibited by both KT5720 (174.1% 6
16.9%, P < 0.001) and GGTI-298 (138.7% 6 14.8%,
P < 0.001). Similarly, 8-pCPT (100 lM) significantly
stimulated expression of the integrin b1, but less than
cilostazol; the expression was inhibited by both
KT5720 and GGTI-298 (Fig. 1B). Expression of
integrin subunits a1 (Fig. 1C) and av (Fig. 1D) was
up-regulated by cilostazol and 8-pCPT and was signifi-
cantly inhibited by KT5720 and GGTI-298, respec-
tively (Fig. 1C,D).

Increased Transcellular Migration and Adhesion
of HUCB EPCs

The effects of cilostazol and 8-pCPT on trans-
cellular migration of the HUCB EPCs were assessed.
Preincubation of the EPCs with cilostazol for 15 min
resulted in a significant and concentration-dependent
increase in their migration to the fibronectin-coated
plate by up to 514% 6 15% with 30 lM cilostazol.
Treatment with 8-pCPT was associated with up-
regulation, with less of an effect (Fig. 2A). Cilostazol-
stimulated migration (10 lM, 420.5% 6 29.8%) was
significantly suppressed by both KT5720 (247.0%
6 9.3%, P < 0.01) and GGTI-298 (234.4% 6 17.1%,
P < 0.01). The 8-pCPT treatment stimulated trans-
cellular migration, similarly to cilostazol (Fig. 2B).
These data suggest that activation of Epac1, as well as
PKA, by cilostazol can increase the transcellular migra-
tory capacity of HUCB EPCs in matrix proteins.

Two different adhesion assays were performed to
determine the adhesiveness of the cultured HUCB
EPCs. First, cilostazol and activation of Epac1 increased
progenitor cell adhesion to fibronectin. The EPCs
exposed to cilostazol for 15 min showed a significant
increase in the number of adhesive cells (655.0%
6 22.5%, P < 0.01 by 10 lM cilostazol). In addition,
8-pCPT (100 lM) showed increased adhesion; how-
ever, the increase was less than that with cilostazol (Fig.
2C). Second, the number of cilostazol-treated EPCs
incorporated into an HBMEC monolayer was deter-
mined. Preincubation of the HUCB EPCs with cilosta-
zol (1–30 lM) resulted in a dose-dependent increase in
the adhesion of the EPCs to matured HBMEC mono-
layers. This effect of the 10 lM cilostazol effect
(2892.9% 6 247.1%) was suppressed by both KT5720
(242.9% 6 68.1%, P < 0.01) and GGTI-298 (100.0%
6 7.1%, P < 0.01; Fig. 2D). These findings suggest
that cilostazol may enhance the adhesiveness of EPCs to
ischemic sites.
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Activation of Epac1 and Rap1 GTP
in the HUCB EPCs

Epac1, a guanine nucleotide exchange factor for the
small GTPase known as Rap1, was significantly expressed in
the HUCB EPCs. The stimulation of EPCs with cilostazol
(3–30 lM) caused a concentration-dependent increase in
Epac1 expression, as did 8-pCPT, a specific Epac activa-
tor (100 lM; Fig 3A). Treatment with either KT5720 (1
lM) or GGTI-298 (20 lM) alone had no effect on cilos-
tazol stimulated-Epac1 expression (Fig. 3B).

Next, stimulation of Epac by cilostazol was inves-
tigated to determine whether it could increase the active
GTP-bound form of Rap1 in the EPCs. Cilostazol
increased Rap1 GTP expression with a maximum value
of 10 lM of cilostazol (239% 6 20%, P < 0.001 vs.
vehicle), as did 8-pCPT (100 and 200 lM; Fig. 3C).
The cilostazol- and 8-pCPT-stimulated Rap1 GTP val-
ues were significantly suppressed by KT5720 (1 lM) and
GGTI-298 (20 lM), respectively (Fig. 3D). These
data indicate that cilostazol increased expression of func-
tional Epac1 in the HUCB EPCs, as did 8-pCPT. In

addition, PKA as well as Epac1 activated Rap1 in the
progenitor cells.

Up-Regulation of p-CREB Expression
by 8-pCPT and Increased Rap1 Expression
by N6-Benzoyl-cAMP

Next, whether p-CREB expression (as a marker for
PKA) was increased by 8-pCPT, an activator of Epac, and
then N6-benzoyl-cAMP, a cAMP analog, which activates
PKA but not Epac, could increase expression of Rap1 GTP
and whether these factors were inhibited by both KT5720
and GGTI-298 were studied. Treatment with 8-pCPT
(100 lM) significantly increased p-CREB expression to
154.8%6 9.3% (P< 0.001); this was significantly inhibited
by KT5720 and Rp-cAMPS (PKA inhibitors) and GGTI-
298 (a selective Rap1 inhibitor; Fig. 4A). In addition, N6-
benzoyl-cAMP (100 lM) also caused a significant increase
of Rap1 GTP expression (190.7% 6 6.5%, P < 0.001), as
did 8-pCPT (100 lM; 193.4% 6 9.1%, P < 0.001), and
the increased levels of Rap1 GTP were significantly sup-
pressed by both Rp-cAMPS and GGTI-298, indicating co-
operative action of the two pathways (Fig. 4B).

Fig. 1. A: Mononuclear cells (MNC) isolated from human umbilical
cord blood (HUBC) were cultivated. On day 7, the phenotype of ex-
vivo-cultivated EPCs was confirmed by double-positive immuno-
staining for the uptake of Dil-Ac-LDL and FITC-UEA-1 binding.
Increased expression of integrin subunits b1 (B), a1 (C), and aV (D)
of human EPCs by cilostazol (10 lM) and 8-pCPT (100 lM) without

and with KT5720 (1 lM) and GGTI-298 (20 lM), respectively.
Experimental protocols of C data are the same as those of D. Densito-
metric analyses are expressed as the mean 6 SEM of four or five inde-
pendent experiments. ��P < 0.01, ���P < 0.001 vs. Veh (vehicle);
#P < 0.05, ###P < 0.001 vs. 10 lM cilostazol; yP < 0.05, yyP <
0.01, yyyP < 0.001 vs. 100 lM 8-pCPT. Scale bar 5 100 lm.

654 Lee et al.

Journal of Neuroscience Research



PKA Activation by 8-pCPT
and N6-Benzoyl-cAMP

Whether stimulation of Epac1 and Rap1 GTP, by
cilostazol, could increase PKA activity in the HUCB EPCs
was evaluated. The treatment with 8-pCPT (100 lM)
stimulated PKA activity to 114.9 6 3.0 PKA equivalents
(ng) in a concentration-dependent manner; this was similar
to the effects of cilostazol (112.4 6 4.1 PKA equivalents,
ng; Fig. 5A). Both 8-pCPT (100 lM)- and N6-benzoyl-
cAMP (100 lM)-stimulated PKA activities were signifi-
cantly suppressed by KT5720 (1 lM), Rp-cAMPS (PKA
inhibitors, 10 lM), and GGTI-298 (20 lM), as was cilos-
tazol (10 lM; Fig. 5B,C). These findings implicate PKA-
induced phosphorylation in Epac1 and Rap1 GTP activity
stimulated by cilostazol in the HUCB EPCs.

Increased Homing of BM MNCs and
Neovascularization in the Ischemic
Injured Mouse Brain

By using immunofluorescence, confirmation of the
in vivo relevance of cilostazol-mediated b1 integrin up-

regulation was determined in the molecular layer of
the hippocampus in the injured mouse brain after an
ischemic insult. Cilostazol (30 mg/kg for 7 days) signifi-
cantly increased the number of integrin b1-positve cells
from 27.3 6 1.5 cells/mm2 to 73.8 6 6.2 cells/mm2,
P < 0.05) in the molecular layer of the hippocampus
(Fig. 6A). In addition, increased vascularization associ-
ated with up-regulation of homing of the BM MNCs to
the molecular layer of the hippocampus was evaluated
after cilostazol treatment for 7 and 14 days, after the
ischemic event. When the CM-DiI-labeled BM MNCs
were injected into the tail vein at 48 hr after transient
forebrain ischemia, the cilostazol-treated mouse
brain (for 7 days) showed a significant increase in
the number of increased CM-DiI-labeled BM
MNCs and vWF-positive cells (from vehicle, 1.83 6
0.31 cells/mm2 to 8.50 6 0.76 cells/mm2, P < 0.001)
in the molecular layer of the hippocampus (Fig. 6B).

Fourteen days of treatment with cilostazol showed
that the vWF staining was significantly increased with
vWF-positive vessels within the molecular layer of the

Fig. 2. A: Increased transcellular migration of the HUCB EPCs by
cilostazol and 8-pCPT. B: Inhibitory effects of KT5720 and GGTI-
298 on cilostazol- and 8-pCPT-stimulated migration of the EPCs.
Effects of cilostazol and 8-pCPT on adhesion of EPCs to fibro-
nectin (C) and to human brain microvascular endothelial cells

(HBMEC; D) and the inhibitory effects of KT5720 (1 lM) and
GGTI-298 (20 lM). Values are expressed as the mean 6 SEM of
three independent experiments. �P < 0.05, ��P < 0.01 vs. Veh
(vehicle); ##P < 0.01 vs. cilostazol 10 lM; yP < 0.05, yyP < 0.01
vs. 8-pCPT alone.
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hippocampus (708.7% 6 211.9%, P < 0.05 vs. vehicle
group, 336.7% 6 93.5%) and dentate gyrus (556.7% 6
143.8%, P < 0.05 vs. vehicle group, 223.3% 6 110.1%)
in the cilostazol-treated groups (Fig. 6C). The increased
endothelial density indicated significant increase in the
vascularization associated with cilostazol treatment.

DISCUSSION

In the present study, the implications of activation
of both PKA and Epac1/Rap1 by cilostazol in integrin-
dependent recruitment of progenitor cells were inves-
tigated in both in vitro and in vivo experiments. For
the in vitro experiment with the HUCB EPCs, 1)
expression of integrin subunits b1, a1, and av was up-
regulated in association with enhanced HUCB EPCs
migration/adhesion to the fibronectin-coated plate and

microvascular endothelial cells by treatment with cilo-
stazol and 8-pCPT; this activity was significantly
suppressed by KT5720 (a selective inhibitor of PKA)
and GGTI-298 (a selective Rap1 inhibitor), respectively.
2) Cilostazol increased Epac1 expression and stimulated
the active GTP-bound form of Rap1, as did 8-pCPT, a
specific Epac1 activator, which was also significantly
suppressed by both KT5720 and GGTI-298. 3) 8-pCPT
(100 lM) significantly increased p-CREB expression,
and N6-benzoyl-cAMP (100 lM) was associated with a
significant increase of Rap1 GTP expression. 4) Both 8-
pCPT and N6-benzoyl-cAMP significantly stimulated
PKA activity, as did cilostazol, and they were signifi-
cantly suppressed by KT5720, Rp-cAMPS (PKA inhibi-
tors), and GGTI-298. For the in vivo experiment, 5)
cilostazol (30 mg/kg/day, orally for 7 days) enhanced

Fig. 3. A: Cilostazol- and 8-pCPT-stimulated Epac1 expression in
the HUCB EPCs. EPCs were stimulated for 15 min in suspension
either with cilostazol or 8-pCPT. B: Effects of KT5720 or GGTI-
298 on Epac1 expression. C: Effects of cilostazol- and 8-pCPT on
Rap1 GTP expression. D: Inhibition of cilostazol- and 8-pCPT-

stimulated Rap1 GTP expression by KT5720 and GGTI-298.
Densitometric analyses of Epac 1 and Rap1 GTP levels are expressed
as the mean 6 SEM of four or five independent experiments. �P <
0.05, ��P < 0.01, ���P < 0.001 vs. Veh (vehicle); ###P < 0.001
vs. cilostazol; yyyP < 0.001 vs. 8-pCPT.
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Fig. 4. Up-regulation of p-CREB expression by 8-pCPT (A)
and increased Rap1 GTP expression by N6-benzoyl-cAMP and 8-
pCPT (B) in HUCB EPCs without and with KT5720 and Rp-
cAMPS (inhibitors of PKA) and GGTI-298 (a selective Rap1

inhibitor). Values are expressed as the mean 6 SEM of five or
six experiments. ���P < 0.001 vs. Veh (vehicle); yP < 0.05,
yyP < 0.01, yyy P < 0.001 vs. N6-benzoyl-cAMP or 8-pCPT,
respectively.

Fig. 5. A: Concentration-dependent increase in PKA activity by
cilostazol and 8-pCPT in the HUCB EPCs. B: Effects of KT5720
and GGTI-298 on cilostazol-stimulated PKA activity. C: Effects of
KT5720 and Rp-cAMPS and GGTI-298 on N6-benzoyl-cAMP and

8-pCPT-stimulated PKA activity, respectively. Values are expressed
as the mean 6 SEM of three experiments in duplicate. ���P <
0.001 vs. Veh (vehicle); yyyP < 0.001 vs. cilostazol or N6-benzoyl-
cAMP; ###P < 0.001 vs. 8-pCPT.
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the homing capability of the BM MNCs with enhanced
expression of the integrin b1 subunit in the molecular
layer of the hippocampus in the mouse brain after an
ischemic insult. Finney et al. (2006) reported that EPCs
derived from adult bone marrow can mediate neovas-
culogenesis in murine models of vascular injury; in addi-
tion, injection of either HUCB- or BM-derived EPCs
was reported to result in significantly improved perfusion
by 7 and 14 days after femoral artery ligation in mice
with equivalent capillary densities. However, the amount
of available EPCs from bone marrow is usually too
limited for use in a variety of in vitro biochemical
experiments; thus, in this study, HUCB EPCs were used
for the in vitro experiment, and EPCs derived from BM
MNCs were used for the in vivo study.

Cilostazol has recently been reported to exert
protective effects against cognitive impairment and white
matter lesions induced by chronic cerebral hypoperfusion
in rats subjected to bilateral common carotid artery liga-

tion (Lee et al., 2006). In addition, cilostazol has been
reported to have dual beneficial effects: one the preser-
vation of the CA1 hippocampal region, and the other
promotion of the generation of immature migratory
neuroblasts in the dentate gyrus by up-regulation of
CREB phosphorylation after transient forebrain ischemia
(Lee et al., 2009). Moreover, Shin et al. (2010) reported
that cilostazol was associated with increased recruitment
of EPCs, positive for Sca-1/VEGFR-2 in the bone
marrow and circulating peripheral blood. This finding
was explained as evidence of beneficial interfaces, in
which both bone marrow-derived EPCs and several
angioneurins, including BDNF and VEGF, influence
neurogenesis in tissues after an ischemic injury.

Integrins are membrane receptors that mediate cell–
cell or cell–matrix adhesion. Cell adhesion molecules
such as integrin b1 have been suggested as the principal
endothelial receptors for basal lamina components such as
collagen and laminin (Haring et al., 1996) and have been

Fig. 6. A: Representative images of integrin b1-positive cells in the
molecular layer of the hippocampus of mouse brain subjected to tran-
sient forebrain ischemia and the quantitative data. The mice received
cilostazol (30 mg/kg/day, orally) for 7 days. B: Increased colocalization
of vWF- and BM MNC-positive cells by cilostazol in the molecular
layer of the hippocampus. Infused progenitor cells were identified as
CM-DiI-labeled cells (red) and von Willebrand factor (vWF, a specific

marker for endothelial cells) as the green fluorescence. Quantitative
data of vWF1/MNC1 colocalization (cells/mm2) are expressed as the
mean 6 SEM from six mice. ���P < 0.001 vs. Veh (vehicle). C: Pho-
tographs showing endothelial cell densities stained for vWF in the hip-
pocampus of cilostazol-treated mice 14 days after ischemia. Quantita-
tive analysis of vWF-positive cells is expressed as the mean 6 SEM (%
of control) from five mice in each group. �P < 0.05 vs. vehicle.
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shown to play a crucial role in microvasculature reactions
(del Zoppo and Milner, 2006). In the integrin family,
a1b1 and a2b1 are the main fibrillar collagen receptors;
they bind the same collagen ligands (Heino, 2000). Adhe-
sion of EPCs to denuded vessels is mediated by vitronec-
tin receptors (integrins avb3 and avb5) that are involved
in reendothelialization of injured carotid arteries (Walter
et al., 2002). The expression of various integrin subunits
with cilostazol was evaluated in this study. Cilostazol
(10 lM) and 8-pCPT (100 lM) up-regulated expression
of integrin b1, a1, and av; and they acted in a similar
manner. Consistent with these findings, cilostazol signifi-
cantly enhanced transcellular migration and adhesion of
EPCs to the fibronectin-coated plate and microvascular
endothelial cells, as did treatment with 8-pCPT.

Next, stimulation of Epac by cilostazol was stu-
died to determine whether it could increase the active
GTP-bound form of Rap1 and whether Epac1-Rap1
signals could regulate cAMP-dependent PKA, similarly
to cilostazol in HUCB EPCs. The results showed that
stimulation of the HUCB EPCs with cilostazol (3–30
lM) increased Epac1 expression and the level of the
active GTP-bound forms of Rap1, as did 8-pCPT
(100 lM). Cilostazol- and 8-pCPT-stimulated Rap1
GTP values were significantly suppressed by KT5720
and GGTI-298 (a potent and selective inhibitor of
Rap1 processing; Kogut et al., 2007). These results
suggest the involvement of PKA activity of 8-pCPT in
progenitor cells.

The mechanism by which KT5720 can inhibit 8-
pCPT-stimulated Rap1 activity is thought to be associ-
ated with PKA phosphorylation of Src at serine residue
17; this is required for activation of the small G protein
known as Rap1 in NIH3T3 cells (Schmitt and Stork,
2002) and for nerve growth factor signaling in PC12
cells (Obara et al., 2004). Hochbaum et al. (2008)
reported that, although 8-pMeOPT-20-O-Me-cAMP
does not trigger a proliferative response, it significantly
potentiates the activity of the PKA-specific analog N6-
benzoyl-cAMP (Christensen et al., 2003), which is due
to the cooperation of the cAMP effector pathways, Epac
and PKA. One could envision various scenarios with
regard to the way in which KT5720, a PKA inhibitor,
inhibits 8-pCPT-stimulated integrin expression and
migration/adhesion of EPCs. Rap1b, a substrate for
Epac, and PKA have been reported to play an essential
role in cAMP-mediated cell migration and adhesion in
cellular (Ribeiro-Neto et al., 2002) and mouse models
(Ribeiro-Neto et al., 2004). The findings from such
studies suggest that inhibition of 8-pCPT-stimulated
Rap1 activity by KT5720 could be ascribed to its inhi-
bitory action on Rap1 phosphorylation by PKA. Consis-
tent with the results of these previous reports, the results
of this study showed that p-CREB expression (as a
marker of PKA) was increased by 8-pCPT, an activator
of Epac, and N6-benzoyl-cAMP, a cyclic AMP analog
that activates PKA but not Epac (Christensen et al.,
2003), which could also increase expression of Rap1

GTP; these factors were significantly inhibited by
both KT5720 and GGTI-298, indicating that two
cAMP effector enzymes, PKA and Epac1, cooperatively
enhance migration and adhesion of EPCs with increased
integrin expression.

However, the molecular mechanism of the PKA-
dependent Rap1 phosphorylation remains unknown.
Therefore, PKA activity was evaluated. Treatment with
8-pCPT significantly stimulated PKA activity in a
concentration-dependent manner; this was similar to
cilostazol. Both 8-pCPT- and N6-benzoyl-cAMP-stimu-
lated PKA activities were significantly suppressed by
KT5720 and Rp-cAMPS and GGTI-298, as was cilostazol.
These results provide evidence to support PKA-induced
phosphorylation in the action of Epac1 and Rap1 GTP,
stimulated by cilostazol in the HUCB EPCs (Fig. 7).

Carmona et al. (2008) demonstrated that stimula-
tion with 8-pCPT, an Epac activator, enhanced homing
of intravenously injected human peripheral blood-
derived EPCs to ischemic limbs in a murine model of
hind limb ischemia. Consistent with this finding, the
results from the in vivo experiment of this study showed
that cilostazol (30 mg/kg/day for 7 days) up-regulated
homing of the BM MNCs with increased capillary
density, accompanied by enhanced expression of the
integrin b1 subunit in the molecular layer of the hippo-
campal area of the mouse brain subjected to 20 min of
transient forebrain ischemia.

Taken together, the results of this study show that
cilostazol stimulated migration and adhesion of EPCs;
in addition, enhanced integrin expression through

Fig. 7. Proposed mechanism(s) by which cilostazol increases integrin
expression in endothelial progenitor cells through activation of cAMP-
dependent protein kinase (PKA), in synergy with Epac1/Rap1 GTP.
PDE, phosphodiesterase; IBMX, 3-isobutyl-1-methyl xanthine.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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cAMP-PKA activation was demonstrated, in concert
with Epac/Rap1 GTP activation. This activity resulted
in increased neovascularization.
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