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Forskolin, a potent activatorof adenylyl cyclases, has been implicated inmodulating angiogenesis, but theunderlying
mechanism has not been clearly elucidated. We investigated the signal mechanism by which forskolin regulates
angiogenesis. Forskolin stimulated angiogenesis of human endothelial cells and in vivo neovascularization, which
was accompanied by phosphorylation of CREB, ERK, Akt, and endothelial nitric oxide synthase (eNOS) aswell as NO
production and VEGF expression. Forskolin-induced CREB phosphorylation, VEGF promoter activity, and VEGF
expressionwere blocked by the PKA inhibitor PKI. Moreover, phosphorylation of ERK by forskolin was inhibited by
theMEK inhibitor PD98059, but not PKI. The forskolin-inducedAkt/eNOS/NOpathwaywas completely inhibited by
the phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002, but not significantly suppressed by PKI. These
inhibitors and a NOS inhibitor partially inhibited forskolin-induced angiogenesis. The exchange protein directly
activated by cAMP (Epac) activator, 8CPT-2Me-cAMP, promoted the Akt/eNOS/NO pathway and ERK phosphoryla-
tion, but did not induce CREB phosphorylation and VEGF expression. The angiogenic effect of the Epac activatorwas
diminished by the inhibition of PI3K and MEK, but not by the PKA inhibitor. Small interfering RNA-mediated
knockdownofEpac1 suppressed forskolin-inducedangiogenesis andphosphorylationofERK,Akt, andeNOS,butnot
CREB phosphorylation and VEGF expression. These results suggest that forskolin stimulates angiogenesis through
coordinated cross-talk between two distinct pathways, PKA-dependent VEGF expression and Epac-dependent ERK
activation and PI3K/Akt/eNOS/NO signaling.

Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.
1. Introduction
Angiogenesis, the formation of new blood vessels from pre-existing
vessels, is a fundamental step in several physiological events including
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embryonic development, the female reproductive cycle, placentation, and
wound repair. It also plays an important role in pathological conditions,
such as tumor growth and metastasis, rheumatoid arthritis, and diabetic
retinopathy. In addition, the elevation of angiogenesis is an important
homeostatic process contributing to the ischemic tissues of myocardial
infarction and stroke. Angiogenesis is a complexmultistep process which
involves the stimulation of endothelial growth, degradation of extra-
cellularmatrix proteins,migration of endothelial cells, andmorphological
differentiation of endothelial cells to form tubes [1,2]. This process is
tightly controlled by awide variety of biologically active substances, such
as growth factors, cytokines, lipid metabolites, and cryptic fragments of
hemostatic proteins [3].

Pro-angiogenic regulators are classified into two groups: the first
group is comprised of direct inducers such as the vascular endothelial
growth factor (VEGF) and the basic fibroblast growth factor which can
promote the angiogenic process via activation of angiogenic signal
pathways. The second group is indirect inducers including TNF-α,
transforming growth factor-β, and interleukin-1β that act on
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endothelial cells to induce the production of direct angiogenic factors
from accessory cells such as immune cells and tumor cells [3]. Direct
angiogenic factors improve vascular remodeling through the activa-
tion of several intracellular signaling pathways including MAPKs,
phosphoinositide-3 kinase (PI3K)/Akt, and FAK/Paxillin. In addition,
nitric oxide (NO), synthesized by endothelial nitric oxide synthase
(eNOS), has been shown to play an important role in angiogenic
factor-induced angiogenesis by elevating the intracellular level of
cGMP through the activation of soluble guanylyl cyclase [4–6].

Of the various pro-angiogenic inducers, adenylyl cyclase-activating
biomolecules, such as prostaglandin E2 (PGE2) [7], thyrotropin [8],
parathyroid hormone-related peptide [9], and norepinephrine [10],
have been shown to promote the angiogenic process via the activation
of cAMP-dependent protein kinase A (PKA), a major cellular receptor
for cAMP [11,12], through the elevation of intracellular cAMP levels.
cAMP, intimately identified as a metabolic regulator, has been shown
to play a role of an intracellular second messenger in a wide variety of
pathophysiological processes via the activation of PKA and a newly
recognized family of cAMP-binding proteins designated as Epac
(exchange protein directly activated by cAMP). It suggests that these
two distinct signal pathways are involved in cAMP-dependent
endothelial cell survival, enhancement of endothelial cell barrier
function [13], and angiogenesis [14,15]. Moreover, membrane perme-
able cAMP-analogues have also been shown to promote angiogenesis
via the elevation of VEGF expression and the activation of the PI3K/
Akt and eNOS/NO pathways [7,16,17].

Forskolin, a potent and unique activator of adenylyl cyclase,
enhanced various endothelial events, including angiogenesis by
elevating the intracellular cAMP level [18,19]. There is scant informa-
tion on the functional role of PKA and/or Epac and coordinated cross-
talk between them in forskolin-induced angiogenesis and its signaling
mechanism. To characterize the contribution of PKA and Epac in
angiogenesis, we have comprehensively dissected the molecular
mechanism and signaling pathway by which forskolin regulates the
angiogenic process in cultured human umbilical endothelial cells
(HUVECs). Herein, we demonstrated that forskolin plays a significant
role in facilitating angiogenesis both via PKA-mediated VEGF expres-
sion and Epac-dependent ERK, Akt, and eNOS activation.

2. Materials and methods

2.1. Materials

The following agents were purchased: LY294002, PD98059, N-
monomethyl-l-arginine (NMA), dibutyryl-cAMP (DB-cAMP), and
myristoylated protein kinase A inhibitor amide 14–22 (PKI) from
Calbiochem (San Diego, CA); growth factor-reduced Matrigel from
BD biosciences (Franklin Lakes, NJ); M199 medium, penicillin, and
streptomycin from Invitrogen life technologies (Carlsbad, CA);
antibodies for phospho-ERK(Thr202/Tyr204), ERK, phospho-Akt(Ser473),
Akt, phospho-eNOS(Ser1177), and eNOS from New England Biolabs
(Beverly,MA); VEGF fromUpstate Biotechnology (Lake Placid, NY);M199,
heparin, and Trizol were purchased from Invitrogen Life Technologies
(Carlsbad, CA); 4-amino-5-methylamino-2′7′-difluorofluorescein diace-
tate (DAF-FM/DA) from Molecular Probes (Eugene, OR); 8-(p-Chloro-
phenylthio)-2′-O-methyladenosine-3′,5′-cyclic monophosphate (8CPT-
2Me-cAMP) from BioLog Life Sci. Institute (Bremen, Germany). All other
reagents were purchased from Sigma (St. Louis, MO), unless indicated
otherwise.

2.2. Cell culture and proliferation

Human umbilical vein endothelial cells (HUVECs) were isolated
from human umbilical cord veins by collagenase treatment as
previously described [7] and used in passages 3–6. The cells were
grown in M199 medium supplemented with 20% fetal bovine serum
(FBS), 100 units/ml penicillin, 100 µg/ml streptomycin, 3 ng/ml bFGF,
and 5 units/ml heparin at 37 °C under 5% CO2/95% air. HUVEC
proliferation was determined by DNA synthesis [6]. Briefly, HUVECs
were seeded at a density of 2.5×104 cells/well in gelatin-coated 24-
well plates. Cells were incubated in growth media and allowed to
attach for 24 h. Cells were washed twice with M199 and incubated for
6 h withM199 containing 1% FBS. Cells were stimulated with forskolin
(10 µM) for 30 h, followed by the addition of 1 µCi/ml [3H]thymidine
for 6 h. High molecular mass [3H]-labeled radioactivity was pre-
cipitated using 5% trichloroacetic acid at 4 °C for 30min. After washing
twice with ice-cold H2O, [3H]-labeled radioactivity was solublized in
0.2 N NaOH containing 0.1% sodium dodecyl sulfate and determined
by a liquid scintillation counter.

2.3. Cell migration assay

Migration assays were performed as previously described [6].
Briefly, the chemotactic motility of HUVECs was assayed using
Transwell (Costar, Corning, NY). The lower surface of the filter was
coated with 10 µg of gelatin. Fresh M199 media (1% FBS) containing
forskolin (10 µM) were placed in the lower wells. HUVECs were
trypsinized and suspended at a final concentration of 1×106 cells/ml
in M199 containing 1% FBS. Each inhibitor was incubated with cells for
30min at room temperature before seeding. One hundred µl of the cell
suspensionwas loaded into each of the upper wells. The chamber was
incubated at 37 °C for 4 h. Cells were fixed and stained with hema-
toxylin and eosin. Non-migrating cells on the upper surface of the filter
were removed by wiping with a cotton swab, and chemotaxis was
observed using an inverted phase contrast microscope. Images were
captured with a video graphic system. Chemotaxis was quantified by
counting cells thatmigrated to the lower side of the filter at low-power
fields (×100). All fields were counted for each assay. Each experiment
was repeated 3 times.

2.4. Tube formation assay

The formationof vascular-like structures byHUVECs ongrowth factor-
reduced Matrigel was performed as previously described [20]. Twenty-
four well culture plates were coated with Matrigel according to the
manufacturer's instructions. HUVECs were incubated inM199 containing
1% FBS for 6 h, plated onto a layer ofMatrigel at a density of 2.5×105 cells/
well, followed by the addition of forskolin (10 µM) with or without each
inhibitor. Matrigel cultures were incubated at 37 °C for 20 to 26 h. Tube
formationwas observed using an inverted phase contrastmicroscope and
images were captured with a video graphic system. The degree of tube
formationwas quantified bymeasuring the length of tubes in 5 randomly
chosen low-power fields (×100) from eachwell using the Image-Pro Plus
v4.5 (Media Cybernetics).

2.5. Western blotting

HUVECs were serum-starved in M199 (1% FBS) for 6 h, prior to
addition of forskolin or inhibitors. Cells were scraped off the plates
and lysed in RIPA buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1%
Nonidet-P40, 0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate). Cell
lysates (50 µg protein) were electrophoresed on SDS-PAGE gel and
transferred to a polyvinyldifluoride membrane. Membranes were
incubated with antibodies against ERK, phospho-ERK(Thr202/Tyr204),
eNOS, phospho-eNOS(Ser1177), Akt, and phospho-Akt(Ser473). After
incubation, the corresponding secondary antibody signals were
detected by enhanced chemiluminescence reagents.

2.6. Intracellular NO measurement

The production of NO in HUVECswasmeasured using the DAF-FM/
DA detection system (Invitrogen life technologies, Carlsbad, CA)



Fig. 1. Forskolin stimulates in vitro angiogenesis of HUVECs. (A) HUVECs were plated
onto 24-well plates with the indicated concentrations of forskolin (FSK) or 10 ng/ml of
VEGF for 30 h, followed by the addition of 1 µCi/ml [3H]thymidine for 6 h. Cell
proliferation was determined by the [3H]thymidine incorporation assay. (B) HUVECs
were treated with the indicated concentrations of forskolin (FSK) or VEGF in Transwell
plates for 4 h. Chemotatic migration was quantified by counting the cells that migrated
to the lower side of the filter with optical microscopy. (C) HUVECs were cultured on a
layer of Matrigel with or without 10 µM forskolin or 10 ng/ml VEGF for 24 h. Tube
formation was observed using an inverted phase contrast microscope with a video
graphic system. (D) The area covered by the tube network was quantified using Image-
Pro Plus software. All quantitative data are the mean±SD (n=4). ⁎Pb0.05 and
⁎⁎Pb0.01 versus control.
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according to the manufacturer's instructions [6]. In brief, the cells
were pretreated with each inhibitor for 30 min before exposure to
forskolin (10 µM) for 30 min. The cells were incubated in DAF-FM/DA
(5 µM) for 30 min at 37 °C. The cells were then washed in flash
medium and the fluorescence images were captured from at least 10
randomly selected cells per dish using a confocal laser microscope.
The relative levels of intracellular NO were determined from the
fluorescence intensity of DAF-FM.

2.7. In vivo angiogenesis assay

The in vivo angiogenic activity of forskolinwas determined by CAM
assay and intravital fluorescence microscopy [6]. For chorioallantoic
membrane (CAM) assay, fertilized chick embryos were pre-incubated
for 10 days at 38 °C with 70% humidity. A hole was drilled over the air
sac at the end of the eggs, and a 1×1-cm window in the shell was
made to expose the CAM. Thermanox discs were sterilized and loaded
with forskolin (2 nmol/2 µl) or VEGF (20 ng/2 µl). After air-drying
under laminar flow, the discs were applied to the CAM surface of 10-
day-old chick embryos. The windows were sealed with clear tape, and
the eggs were incubated for 72 h. Intrapos (Green-Cross) was injected
under the upper CAM to increase contrast between vessels and
background. Capillary formation was inspected using a light micro-
scope. For intravital microscopic analysis, wild type and eNOS
knockout mice (male, 6–8 weeks old, Orient, Sungnam, Korea) were
implanted with titanium windows (19 mm outer diameter, 14 mm
inner diameter, and 0.7 mm thick) between the skin and abdominal
wall following anesthetization with the inhalation of isoflurane 1.5%
and a mixture of O2/N2O. Then, Matrigel (100 µl, BD Biosciences,
Franklin Lakes, NJ) containing forskolin (10 nmol) or VEGF (100 ng) in
the presence or absence of NMA (5 mM) was put into the window
inner space and a circular glass coverslip was placed on top and fixed
by a snap ring. After 4 days, animals were anesthetized and received
an intravenous injection of 50 µl of 25 mg/ml fluorescein isothiocya-
nate-labeled dextran (MW 250,000) via the tail vein. Fluorescence
images were recorded in five random locations of each window by
Zeiss Axiovert 200 M microscope using a 100-W mercury lamp and
filter set for blue light (excitation, 440–475 nm; emission 530–
550 nm) and digitized for subsequent off-line analysis using the
MetaMorph program (Universal Imaging Corp., Downingtown, PA).
The relative angiogenic activity was scored from 0 (least positive) to 5
(most positive).

2.8. Epac1-specific small interfering RNA (siRNA) design and transfection

The siRNAs against Epac1 were designed using two independent
selection programs from Dharmacon and Ambion. The selected
sequences were 5′-AAGGAGCAGAAGAATGTCAAT-3′ for EPAC1 against
the catalytic domain on Epac1. The scramble sequences were 5′-
CAGTCGCGTTTGCGACTGGTT-3′ and were not found to be present in
mammalian cells by BLAST search at NCBI. Epac1-specific siRNA and
scramble siRNA were synthesized with Ambion silencer siRNA
construction kit. HUVECs were transfected with 40 nM scramble and
Epac1-specific siRNAs using a microporator according to the manufac-
turer's protocol (Digital Bio, Seoul, Korea) and cultured in complete
media without antibiotics for 12 h. Cells were further cultured in
complete media for 36 h, and the level of Epac1 protein was
determined by Western blot analysis.

2.9. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNAwas prepared fromHUVECs using TRIzol reagent. Five µg
of total RNA was converted to cDNA by incubation with 200 units of
reverse transcriptase and 500 ng of oligo(dT) primer in 50 mM Tris–
HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM dithiothreitol, and
1mMdNTPs at 42 °C for 1 h. The levels of VEGFwere determined from
cDNA by PCR. The sequence of primers and the conditions of PCR were
the same as previously described [6].

2.10. Promoter activity assay

HUVECs were co-transfected with the luciferase reporter construct
containing 2.7 kb of the 5′-flanking region of the human VEGF gene
(gift from M. Shong, Chungnam National University School of
Medicine, Korea) and plasmid cytomegalovirus-β-galactosidase
(PCMVβ-gal; Stratagene) using the lipofectamine method. After
transfection, the cells were treated with 10 µM forskolin in the
presence or absence of several kinase inhibitors for 12 h, and luciferase
assay was performed using a luciferase assay kit (Promega Corp.,
Madison, WI). The transfection efficiency was normalized by the value
of co-transfected β-galactosidase activity.

2.11. Statistical analysis

The data are presented as the mean±standard deviation (S.D.) of
at least three separate experiments in triplicate. Comparisons
between two groups were analyzed using the Student's t-test, and
significance was established at a p valueb0.05.
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3. Results

3.1. Induction of endothelial cell angiogenesis by forskolin

Angiogenesis requires the three essential processes of prolifera-
tion, migration, and tube-like structure formation of endothelial cells
[3]. To determine whether forskolin induces angiogenesis, the ability
of forskolin as an angiogenic stimulus was assessed in in vitro
angiogenesis models. We first examined whether forskolin increased
endothelial cell proliferation. When treated with various concentra-
tions of forskolin for 36 h, HUVEC proliferation was increased in a
dose-dependent manner (Fig. 1A). The effect of forskolin on DNA
synthesis in HUVECs was about 1.6-fold at 10 µM, and this effect was
comparable with that of the well-known angiogenic factor VEGF at
10 ng/ml. We next determined the effect of forskolin on the
chemotactic migration of HUVECs by employing a modified Boyden
chamber assay. Forskolin stimulated endothelial cell migration in a
dose-dependent manner (Fig. 1B). Following forskolin (10 µM)
treatment, migration activity was about 60% higher compared with
the control, and this effect was also comparable with that of VEGF
(10 ng/ml) (Fig. 1B). We next examined the effect of forskolin on the
morphological differentiation of HUVECs using two-dimensional
Matrigel. Treatment with 10 µM forskolin led to the formation of
elongated and robust tube-like structures, which were organized by
much larger number of cells compared with the control (Fig. 1C). By
measuring the area covered by the tube network using an image
analysis program, forskolin stimulated tube formation by about 2-fold
over the control, and this effect was similar to that of 10 ng/ml VEGF
(Fig. 1D). These results indicate that forskolin possesses angiogenic
activity in an in vitro HUVEC culture system.

3.2. Forskolin induces angiogenesis in vivo

To determine whether forskolin is capable of promoting angiogen-
esis in vivo, experiments were performed on CAMs using Thermanox
discs. After 72 h of contact with the CAM, the disc containing 20 µg/ml
Fig. 2. Forskolin promotes in vivo angiogenesis. (A) Forskolin (20 µM/2 µl) or VEGF (20 ng/2
surrounding CAMs were photographed. (B) The relative angiogenic activity was determined
containing 10 nmol forskolin (10 nmol) or VEGF (200 ng) was put into the abdominal window
with FITC-labeled dextran via tail vein. Fluorescence images were recorded in five random loc
filter set for blue light. (D) Angiogenic activity was digitized for subsequent off-line analysis u
positive) to 5 (most positive). Data shown are the mean±SD (n≥7). ⁎⁎Pb0.01 versus cont
forskolin revealed significant induction of new blood vessel formation
compared with the untreated control (Fig. 2A). The relative
angiogenic activity of forskolin resulted in a 3.8-fold increase in the
number of positive discs/total number of eggs compared with that of
PBS alone (Fig. 2B). The in vivo angiogenic activity of forskolin was
further evaluated in an established animal model by intravital
microscopy. When Matrigel containing forskolin (10 nmoles) was
administered into the abdominal subcutaneous area, the vascular
density was significantly increased to about 3 fold compared with
control, and this effect was relatively comparable with that of 100 ng
VEGF (Fig. 2C and D). These results indicate that forskolin possesses
potent angiogenic activity in vivo.

3.3. Forskolin-induced angiogenesis requires the activation of ERKs
and Akt

It has been shown that activation of ERK and Akt is an important
signaling event for angiogenesis [6,21]. We determined whether
forskolin regulates the phosphorylation-dependent activation of ERK
and Akt. Western blot analyses revealed that treatment of HUVECs
with forskolin increased phosphorylation of ERK and Akt in a time-
dependent manner (Fig. 3A). ERK phosphorylation was apparent
2 min after forskolin treatment, with maximum activation at 10 min,
which was an earlier event than maximum phosphorylation of Akt at
20 min. Forskolin-induced activation of ERK was strongly inhibited by
co-treatment with the MEK1/2 inhibitor PD98059, but not with the
PKA inhibitor PKI and the PI3K inhibitor LY294002 (Fig. 3B).
Phosphorylation of Akt by forskolin was inhibited by treatment with
LY294002, but not with PD98059, and this phosphorylation was
partially reduced by the PKA inhibitor PKI (Fig. 3B).We next tested the
effects of these chemical inhibitors on forskolin-induced angiogenesis
of endothelial cells. When co-treated with PKI, LY294002, and
PD98059, forskolin-induced angiogenic properties, such as prolifera-
tion, migration, and tube-like structure formation of HUVEC, were
significantly inhibited (Fig. 3C–E). Of them, LY294002 showed the
highest inhibitory effect on forskolin-induced angiogenesis. These
µl) was loaded onto the CAMs of day 10 chick embryos. After 72 h incubation, disks and
by counting the number of positive discs/total number of eggs. (C) Matrigel (100 µl)
s of mice. After 4 days, animals were anesthetized and received an intravenous injection
ations of each window by a Zeiss Axiovert 200 Mmicroscope using a mercury lamp and
sing the MetaMorph program. The relative angiogenic activity was scored from 0 (least
rol.



Fig. 3. Involvement of both ERK and PI3K/Akt in forskolin-mediated angiogenesis. (A) HUVECswere incubatedwith forskolin (10 µM) for the indicated times. Phosphorylated ERK and Akt
were determined by Western blot analyses using a specific antibody for each protein. (B) Endothelial cells were pretreated with PKI (3 µM), LY294002 (10 µM) or PD98059 (10 µM) for
30min before exposure to forskolin (10 µM). Phosphorylated ERK and Akt were determined byWestern blot analyses. Endothelial cell proliferation (C),migration (D), and tube formation
(E)weredetermined following treatmentwith forskolin (10µM) in thepresenceor absence ofPKI (3µM), LY294002 (10µM)orPD98059 (10µM)asdescribed in Fig.1. Data shown inC toE
are the mean±SD (n≥3). ⁎Pb0.05 and ⁎⁎Pb0.01 versus control.
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results suggest that PKA, Akt, and ERK are involved in the intracellular
signaling pathway of forskolin-mediated angiogenesis.

3.4. Forskolin-induced angiogenesis is also mediated by Akt-dependent
eNOS/NO pathway

Since activation of Akt increases NO production by phosphorylat-
ing Ser1177 of eNOS [22], which is one of the important factors
regulating angiogenesis, we examined whether forskolin increases
eNOS phosphorylation and NO production. Western blot analysis
revealed that forskolin increased eNOS phosphorylation in a time-
dependent manner, which was effectively inhibited by co-treatment
with LY294002, but not with PD98059, and was partially reduced by
treatment with PKI (Fig. 4A and B). Similarly, treatment of HUVECs
with forskolin elevated NO production, and this increase was
markedly decreased by co-treatment with LY294002 and the NOS
inhibitor NMA, but not with PD98059 (Fig. 4C and D). However,
treatment with PKI partially reduced forskolin-mediated NO produc-
tion. To examine a role of increased NO production in forskolin-
mediated angiogenesis, HUVECs were treated with forskolin in the
presence or absence of NMA, and cell migration and tube formation
were measured. NMA significantly suppressed forskolin-dependent
increases in migration and tube formation of HUVECs (Fig. 4E and F).
We further examined the role of NO in forskolin-induced in vivo
development of new blood vessels using an intravital microscope.
Forskolin administration increased new microvessel formation in
wild-type mice, and this angiogenic response was significantly
lowered in eNOS-deficient mice (Fig. 4G). Co-injection with NMA
significantly suppressed forskolin-induced in vivo angiogenesis in
wild-type mice, but not in eNOS-deficient mice. These results provide
strong evidence for an important role of eNOS/NO pathway in
forskolin-dependent angiogenesis.
3.5. cAMP analogues mimick the angiogenic effect of forskolin

Forskolin activates guanylyl cyclase to increase the intracellular
cAMP level, which appears to participate in PKA and Epac [23],
resulting in the activation of various signal pathways [24,25]. We
examined the effects of two membrane permeable cAMP analogues,
DB-cAMP (activators of both PKA and Epac) and 8CPT-2ME-cAMP (a
specific activator of Epac) on angiogenic signaling and events.
Treatment with either DB-cAMP or 8CPT-2ME-cAMP promoted the
phosphorylation of ERK, Akt, and eNOS (Fig. 5A). ERK phosphorylation
was inhibited by PD98059, but not altered by PKI and LY924002. The
phosphorylation of Akt and eNOS by these cAMP analogues was
strongly inhibited by co-treatment with LY294002 alone. However,
co-treatment with PKI slightly reduced DB-cAMP-induced Akt and
eNOS phosphorylation, but did not alter the phosphorylation of Akt
and eNOS by 8CPT-2ME-cAMP (Fig. 5A). As expected, DB-cAMP-
induced HUVEC proliferation was inhibited by co-treatment with PKI
and LY924002, while 8-CPT-2ME-cAMP-mediated endothelial cell
proliferation was suppressed by LY924002 and PD98059, but not PKI
(Fig. 5B). These results suggest that forskolin-angiogenesis requires
both the PKA-dependent pathway and Epac-dependent activation of
ERK and Akt/eNOS.

3.6. Forskolin up-regulates VEGF expression via PKA-dependent
CREB phosphorylation

Wenext examined the possible involvement of VEGF, as an important
angiogenic factor, in forskolin-induced angiogenesis and investigated the
signal pathway for forskolin-mediated VEGF expression. Forskolin-
induced HUVEC proliferation was partially suppressed by co-treatment
with a VEGF-neutralizing antibody. This antibody significantly inhibited
VEGF-mediated endothelial cell proliferation (Fig. 6A), indicating that



Fig. 5. 8CPT-2ME-cAMPmimics angiogenic signaling events of DB-cAMP. (A) HUVECs were incubated with 8CPT-2ME-cAMP (20 µM) or DB-cAMP (20 µM) in the presence or absence of PKI
(3 µM) or LY294002 (10 µM) for 20 min. Phosphorylated ERK, Akt and eNOS were determined by Western blot analyses using specific antibodies for each protein. (B) Endothelial cell
proliferationwas determined following treatment with 8CPT-2ME-cAMP (20 µM) or DB-cAMP (20 µM) in the presence or absence of PKI (3 µM) or LY294002 (10 µM) by the [3H]thymidine
incorporation assay. Data shown are the mean±SD (n≥4). ⁎Pb0.05 and ⁎⁎Pb0.01.

Fig. 4. The PKA-independent eNOS/NO pathway is involved in forskolin-induced angiogenesis. (A) and (B) HUVECs were incubated with forskolin (10 µM) for the indicated times or
in the presence of PKI (3 µM), LY294002 (10 µM) or PD98059 (10 µM) for 30 min. eNOS phosphorylation was determined by Western blot analysis. (C) HUVECs were treated with
forskolin (10 µM) in the presence or absence of PKI (3 µM), LY294002 (10 µM), PD98059 (10 µM) or NMA (1 mM) for 30 min, followed by incubation with DAF-FM/DA (5 µM) for
30 min. Intracellular NO level was determined by a confocal microscope (× 200), and (D) the relative level of NO was calculated from fluorescence intensities. Endothelial
proliferation (E) and tube formation (F) were determined following treatment of HUVECs with forskolin (10 µM) in the presence or absence of NMA (1 mM) for 4 h and 20–26 h,
respectively, as described in the legend of Fig. 1. (G) Matrigel (100 µl) containing forskolin (10 nmol) with or without NMA (5 mM) was put into the abdominal window of wild-type
and eNOS-knockout mice. After 4 days, neovascularization was recorded after intravenous injection with FITC-labeled dextran by a Zeiss Axiovert 200 M microscope. Angiogenic
activity was determined using the MetaMorph program. The relative angiogenic activity was scored from 0 (least positive) to 5 (most positive). Data shown in D to G are the mean
±SD (n≥4). ⁎Pb0.05 and ⁎⁎Pb0.01 versus control.
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Fig. 6. Forskolin and cAMP stimulates PKA-dependent CREB phosphorylation and VEGF expression. (A) HUVECs were cultured with forskolin (10 µM) or VEGF (10 ng/ml) following by
pretreatmentwith a neutralizing VEGF antibody (VEGF nAb,150 ng/ml) for 1 h. After 20 h incubation, cell proliferationwas determined by the [3H]thymidine incorporation assay. (B) HUVECs
were treatedwith forskolin (10 µM) in the presence or absence of PKI (3 µM), LY294002 (10 µM) or PD98059 (10 µM) for 6 h. ThemRNA levels of VEGF and actinwere determined by RT-PCR
analysis. (C) Endothelial cellswere transiently transfectedwith the luciferase reporter plasmid containing humanVEGF promoter and treatedwith forskolin (10 µM) in the presence or absence
of PKI (3µM), LY294002(10µM)orPD98059 (10µM) for12h, andrelative luciferase activity (RLA) in cell extractswasmeasuredwitha luminometer. (D)Cellswere treatedwith forskolin in the
presence or absence of PKI, LY294002or PD98059 for 30min. The levels of p-CREB andHIF-1αweredetermined byWesternblot analysis. (E) VEGFmRNAexpressionwas determined following
treatmentofHUVECswith8CPT-2ME-cAMP(20µM)orDB-cAMP(20µM) in thepresence orabsenceof PKI, LY294002orPD98059 for 6hbyRT-PCR. (F)HUVECs transfectedwithhumanVEGF
promoter plasmid were treated with forskolin in the presence or absence of PKI for 12 h, and relative luciferase activity (RLA) in cell extracts was measured with a luminometer.

912 S. Namkoong et al. / Cellular Signalling 21 (2009) 906–915
VEGF up-regulation is partially involved in forskolin-induced angiogen-
esis. To confirm the results of the VEGF-neutralizing antibody, we next
examined the expression of VEGF by forskolin in HUVECs using RT-PCR
analysis. Forskolin significantly increased the levels of VEGFmRNA,which
was blocked by co-treatment with PKI, but not with LY924002 and
PD98059 (Fig. 6B). We further examined whether forskolin regulates
VEGF promoter activity using a VEGF promoter reporter plasmid
containing human VEGF promoter region. Forskolin treatment resulted
in a significant increase in luciferase activity (~2.6-fold) in cells
transfected with the reporter plasmid compared with the untreated
control, and itwas significantly reduced byco-treatmentwith PKI, but not
with LY924002 and PD98059 (Fig. 6C). This data indicates that forskolin-
inducedVEGFexpressionwasassociatedwithPKAactivation, butnotwith
Akt and ERK activation. Since the transcription factor cAMP response
element binding protein (CREB), which is phosphorylated by PKA, has
been implicated in mediating VEGF expression [26], we examined the
effect of forskolin on CREB phosphorylation. Forskolin elevated CREB
phosphorylation, was significantly inhibited by PKI, but not by LY924002
and PD98059. However, the level of HIF-1α, which plays an important
role in transcriptional expression of VEGF, was not affected in these
experimental conditions (Fig. 6D). Furthermore, the level of VEGF mRNA
was significantly elevated by DB-cAMP, but not by 8CPT-2ME-cAMP, and
this elevation was inhibited by co-treatment with PKI, but not with
treatment of LY924002 or PD98059 (Fig. 6E). Similarly, DB-cAMP, but not
8CPT-2ME-cAMP, increased VEGF promoter activity, which was reduced
by co-treatment with PKI only (Fig. 6F). These results suggest that
forskolin promotes VEGF expression at the transcriptional step by
activating the PKA/CREB pathway.

3.7. Specific knockdown of Epac1 reduced ERK activation and the Akt/
eNOS pathway without CREB phosphorylation

Since an Epac1 inhibitor is not currently available, an RNA
interference approach was used to determine the functional role of
Epac in forskolin-induced signaling and angiogenesis. HUVECs have
been shown to express Epac1, but not Epac2 [24]. Transfection of
HUVECs with Epac1-directed siRNA resulted in the significant
inhibition of Epac1 protein expression compared with cells trans-
fected with scramble siRNA as a control (Fig. 7A). 8CPT-2ME-cAMP
promoted the phosphorylation of ERK, Akt, and eNOS, but not CREB, in
HUVECs transfected with control siRNA, while forskolin increased
phosphorylation of all of these proteins (Fig. 7B). Forskolin elicited
CREB phosphorylation, without promoting ERK, Akt, and eNOS
phosphorylation, in HUVECs transfected with siRNA of Epac1, and
this phosphorylation was inhibited by co-treatment with PKI.
However, 8CPT-2ME-cAMP did not promote phosphorylation of all



Fig. 7. Epac1 knockdown inhibited forskolin-induced ERK and Akt/eNOS pathways, but not CREB phosphorylation and endothelial cell proliferation. (A) HUVECs were transfected
with 40 nM of scramble (SCR) and Epac1-specific siRNAs using a microporator. The transfected cells were replenished with complete media and then incubated for 36 h. The level of
Epac1 protein was determined byWestern blot analysis. (B) The transfected cells were treated with forskolin (10 µM) or 8CPT-2ME-cAMP (20 µM) in the presence or absence of PKI
(3 µM) for 30min. Phosphorylated CREB, ERK, Akt, and eNOSwere determined byWestern blot analyses using their specific antibodies. (C) The transfected cells were incubated with
forskolin (10 µM) or 8CPT-2ME-cAMP (20 µM) in the presence or absence of PKI (3 µM) for 24 h, followed by the addition of 1 µCi/ml [3H]thymidine for 6 h. Cell proliferation was
determined by [3H]thymidine incorporation assay.
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these proteins in Epac1-knockdown HUVECs (Fig. 7B). We further
examined the role of Epac1 in forskolin-induced endothelial cell
proliferation. Specific knockdown of Epac1 resulted in a significant
Fig. 8. PGE2 induces endothelial cell proliferation in PKA- and Epac-dependent manners. (A
LY294002 (10 µM), PD98059 (10 µM) or NMA (1 mM) for 24 h, followed by the addition o
incorporation assay. (B) HUVECs were transfected with 40 nM of scramble (SCR) and Epac1-
were treated with PGE2 (400 nM) in the presence or absence of chemical inhibitors for 24 h, a
transfected with 40 nM of scramble (SCR) and Epac1-specific siRNAs were treated with PGE
determined byWestern blot analysis. (D) siRNA-transfected HUVECswere treatedwith PGE2
determined by RT-PCR. Data shown in (A) and (B) are the mean±SD (n≥4). ⁎Pb0.05 and
reduction of forskolin-induced HUVEC proliferation compared with
that of control siRNA-transfected cells, and this effect was further
inhibited by co-treatment with PKI (Fig. 7C). However, proliferation of
) HUVECs were treated with PGE2 (400 nM) in the presence or absence of PKI (3 µM),
f 1 µCi/ml [3H]thymidine for 6 h. Cell proliferation was determined by [3H]thymidine
specific siRNAs using a microporator and cultured in complete media for 36 h. The cells
nd cell proliferationwas determined by [3H]thymidine incorporation assay. (C) HUVECs
2 in the presence or absence of various inhibitors for 30 min. CREB phosphorylation was
in the presence or absence of with various inhibitors for 6 h. VEGFmRNA expressionwas
⁎⁎Pb0.01.



Fig. 9. The possible signal pathway of forskolin-induced angiogenesis. Activation of
adenylyl cyclase by forskolin elevates the intracellular level of cAMP, which is involved
in PKA-dependent CREB phosphorylation and VEGF expression as well as activation of
the Epac-mediated MEK/ERK and PI3K/Akt/eNOS pathways. These signal pathways
participate in proliferation, migration, and tube formation of endothelial cells. A solid
arrow indicates the major activation pathway, and a dotted arrow shows the possible or
minor pathway.
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HUVECs by 8CPT-2ME-cAMP was suppressed to the basal level by
transfection with Epac1-directed siRNA. These results suggest that
Epac plays an important role in forskolin- or cAMP-induced
angiogenesis by activating ERK and the Akt/eNOS pathway without
regulating PKA-dependent CREB phosphorylation.

3.8. PGE2 stimulates endothelial cell proliferation in PKA- and
Epac1-dependent manners

Since PGE2, synthesized by cyclooxygenase, has been known to be
a biological activator of adenylyl cyclase and induce angiogenesis [7],
we examined a role of PKA and Epac in PGE2-induced endothelial cell
proliferation. Treatment of HUVECs with PGE2 promoted cell pro-
liferation, and this increase was significantly, but not completely,
inhibited by co-treatment with the chemical inhibitors, PKI,
LY924002, PD98059, and NMA (Fig. 8A). Knockdown of Epac1 by
transfection with siRNA resulted in significant suppression of PGE2-
induced HUVEC proliferation, which was further inhibited to the
control level by treatment with PKI (Fig. 8B). However, PGE2-induced
proliferation in Epac1-knockdown HUVECs was not significantly
altered by treatment with LY924002, PD98059, and NMA (Fig. 8B).
In addition, PGE2 increased CREB phosphorylation and VEGF mRNA
expression in both control and Epac1-knockdown HUVECs, and these
increases were inhibited by PKI, but not by LY924002, PD98059, and
NMA (Fig. 8C and D). These results indicate that PGE2, a biological
activator of adenylyl cyclase, promoted angiogenesis via the PKA- and
Epac-dependent pathways, which are identical to the signal transduc-
tion cascade of forskolin-induced angiogenesis.

4. Discussion

Thepresent studywasundertaken to elucidate thepotential effect and
molecular mechanism of forskolin on angiogenesis. We found that
forskolin drastically increased endothelial cell proliferation, migration,
and tube formation in vitro as well as neovascularization in vivo. Our data
also showed that forskolin stimulated typical angiogenic signal events
such as phosphorylation of ERK, Akt, and eNOS as well as elevated NO
production and VEGF expression. The membrane permeable cAMP
analogue DB-cAMP mimicked the angiogenic activity and intracellular
events induced by forskolin. These effects were reduced by the PKA
inhibitor PKI, the PI3K inhibitor LY924002, and the MEK inhibitor
PD98059. However, the angiogenic activity of the new cAMP sensor
Epac-specific activator, 8CPT-2ME-cAMP, was not affected by co-treat-
ment with PKI alone. These data indicate that forskolin and other
intracellular cAMP-elevating substances increase neovascularization
through PKA- and Epac-dependent signaling pathways.

Angiogenic inducers lead to an increase in endothelial cell prolifera-
tion, chemotactic motility, and tube-like structure formation by two
distinct action modes such as direct activation of the angiogenic signal
pathway and indirect production of angiogenic factors. The well-known
angiogenic molecule VEGF is produced in a transcriptional manner by
stabilization of the O2-sensitive transcription factor HIF-1α and phos-
phorylation of CREB [26,27]. We here found that forskolin and DB-cAMP,
but not 8CPT-2ME-cAMP, increased CREB phosphorylation without
altering HIF-1α levels, leading to the up-regulation of VEGF expression.
This event was inhibited by the inhibition of PKA activity, indicating that
forskolin-mediated angiogenesis is partially elicited through the elevation
of VEGF expression in a PKA/CREB-dependent manner. However, it has
been also demonstrated that prostaglandin E2, a cAMP-elevating
biosubstance, induced ERK activation and endothelial cell migration,
which effects were not significantly inhibited by the PKA inhibitor H89
[28]. This data suggests that ERK-dependent endothelial cell migration is
mediated by the cAMP/Epac pathway, but not PKA activation. Indeed, our
data showed that forskolin, DB-cAMP, and 8CPT-2ME-cAMP induced
phosphorylation-dependent activation of ERK, which is closely linked to
angiogenesis induced by various angiogenic factors [29,30], and this
activation was inhibited by MEK activity, but not by PKA activity. These
results indicate that the forskolin-induced MEK/ERK pathway is asso-
ciatedwith Epac-dependentRap1activation [31]. Several lines of evidence
have also showed that the PI3K/Akt pathway leads to increases in NO
production via phosphorylation-dependent activation of eNOS and
promotes endothelial cell survival [22]. NO productionplays an important
role inVEGF-induced angiogenesis includingendothelial cell proliferation,
migration, and tube formation [32]. Since we observed that forskolin
activated the PI3K/Akt pathway in HUVECs, mainly through Epac
activation (Figs. 5 and 7), the PI3K/Akt/eNOS signaling pathway may
contribute to the angiogenic processes triggered by forskolin (Fig. 9).
Involvement of NO in forskolin-induced angiogenesis was further
confirmed using the NOS inhibitor NMA and eNOS-deficient mice
(Fig. 4), indicating that forskolin stimulates angiogenesis through an
increase in eNOS-mediated NO production in vivo and in vitro. These
results suggest that forskolin stimulates angiogenesis through cooperative
cross-talk via two distinct manners, PKA-dependent up-regulation of
VEGFexpressionandEpac-mediateddirect activationof theMEK/ERKand
PI3K/Akt/eNOS pathways.

It has beenwell demonstrated that cAMP activates two cAMP sensor
kinases, PKA and Epac [23], which may be involved in endothelial cell
chemotaxis [33] and proliferation [24]. The dissociation constant (Kd)
for cAMP binding to full-length Epac1 and Epac2 is 2.2–2.8 µmol/L and
~1.2 µmol/L, respectively [31,34,35]. However, it has been also shown
that the Kd value of PKA for cAMP was 0.1–1.0 µmol/L [34], concluding
that cAMP exhibits a higher affinity for PKA than Epac. These
observations suggest that PKA is preferentially activated compared
with Epac in cells exposed to adenylyl cyclase-activating substances or
the low dose of membrane permeable cAMP analogues including DB-
cAMP and 8-Br-cAMP. However, Epac can be activated in cells where
higher level of cAMP is generated. The new cAMP analogue 8CPT-
2ME-cAMP exhibits a 10-fold higher affinity for Epac (Kd 2.2 µmol/L for
Epac1) than PKA (Kd 20–30 µmol/L) [31]. The inhibition of PKA activity
didnot fullyantagonize cAMP-mediatedactivationof ERKandAkt [24,25],
suggesting that Epac can contribute to the ability of cAMP to promote
angiogenesis. In this study, we showed that the PKA inhibitor PKI did not
inhibit forskolin-mediated ERK and Akt activation and partially reduced
forskolin-inducedangiogenesis, indicating that bothPKAandEpacplayan
important role in apical signaling event of forskolin- and cAMP-mediated
angiogenic process. Although DB-cAMP and 8CPT-2ME-cAMP mimicked
an angiogenic effect comparable to forskolin, they elicited a slightly
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different signaling pathway. Indeed, we showed that DB-cAMP activated
both PKA- and Epac-dependent signal pathways, and that 8CPT-3ME-
cAMP exclusively activated the Epac/Rap1 pathway. Thus, both PKA and
Epac participate in the angiogenic process of endothelial cells stimulated
with cAMP-generating substances including forskolin.

Forskolin, a diterpene extracted fromplants, exerts its biological action
by binding to specific cellular receptors known as adenylyl cyclase
isoforms, such as AC1 to AC8 except AC9. The enzymes responsible for the
synthesis of cAMP fromATP results in the increase of cellular cAMP levels
[36]. The intracellular secondmessenger cAMP is thought to be related to
the phosphorylation and activation of multiple selective cellular
substrates [37,38], including PKA and Epac [23]. Our data showed that
forskolin induced the activation of Akt, eNOS, CREB, and ERK as well as
increasedNOproduction andVEGFexpression,which are closely linked to
angiogenesis [6,26]. Using various chemical inhibitors, we demonstrated
that PKA mainly contributed to forskolin-induced VEGF expression
through the phosphorylation of CREB, which is one of the important
transcription factors for VEGF promoter activity. Interestingly, we also
found that forskolin-induced Akt and eNOS activation andNOproduction
were inpart inhibitedby treatmentwithPKI (Figs. 3 and4). Similar results
were reported in human aortic endothelial cells, where intracellular
cAMP-elevating drugs or agents increased PKA-dependent NOS phos-
phorylation and NO production [39,40]. These results suggest that PKA
partially contributes to the PI3K/Akt-dependent eNOS activation in
HUVECs treated with forskolin (Fig. 9). However, further investigation is
required to elucidatewhether PKA couldmodulate eNOS activity through
a cAMP/PKA-dependent mechanism. On the other hand, forskolin
increased CREB phosphorylation and VEGF mRNA expression, but not
the activation of ERK, Akt, and eNOS, in Epac1-knockdown HUVECs. Our
data showed that forskolin-induced angiogenesis was inhibited by PKI
treatment and specific knockdown of Epac1, indicating that the activation
of the PKA- and Epac-dependent signaling cascades is involved in
forskolin-induced angiogenesis. We also found that PGE2, a biological
activator of adenylyl cyclase through the ligation of EP2 and EP4 [7],
increased endothelial cell proliferation, which was elicited by activating
the PKA- and Epac-dependent pathways. These results indicate that
forskolin activates the angiogenic signaling mediators, ERK, Akt, and
eNOS, through an Epac-dependent manner and up-regulates VEGF
expression by PKA-dependent CREB phosphorylation.

Some cellular responses, such as endothelial barrier function,
endothelial cell survival, and angiogenesis, in response to cAMP
analogues or cAMP-elevating substances such as forskolin and
prostaglandins have been shown to be regulated exclusively by PKA
or the Epac signaling pathway [6,28,39]. However, recent studies have
demonstrated that both pathways are frequently interconnected in
some cellular processes [41,42]. Our data showed that forskolin
promoted endothelial cell proliferation, migration, and tube formation
in vitro and neovascularization in vivo by elevating intracellular cAMP
levels. These cellular processes were mediated by synergistic
modulation between PKA-dependent VEGF expression and the Epac-
dependent MEK/ERK and PI3K/Akt/eNOS pathways (Fig. 9). There-
fore, our results provide comprehensive evidence of coordinated
cross-talk between PKA- and Epac-mediated signal pathways in
forskolin-induced angiogenesis of HUVECs.

Acknowledgements

This work was supported by the Korea Science and Engineering
Foundation (KOSEF) grant funded by the Korea government (MEST) (No.
R11-2001-090-00000-0) (YMK) and the Korea Research Foundation
Grant (KRF-2006-521-D00612) (EBS).

References

[1] J. Folkman, Y. Shing, J. Biol. Chem. 267 (1992) 10931.
[2] D. Hanahan, J. Folkman, Cell 86 (1996) 353.
[3] F. Bussolino, A. Mantovani, G. Persico, Trends Biochem. Sci. 22 (1997) 251.
[4] D. Fukumura, T. Gohongi, A. Kadambi, Y. Izumi, J. Ang, C.O. Yun, D.G. Buerk, P.L.

Huang, R.K. Jain, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 2604.
[5] J.D. Hood, R. Frausto, W.B. Kiosses, M.A. Schwartz, D.A. Cheresh, J. Cell Biol. 162

(2003) 933.
[6] S.J. Lee, S. Namkoong, Y.M. Kim, C.K. Kim, H. Lee, K.S. Ha, H.T. Chung, Y.G. Kwon, Y.M.

Kim, Am. J. Physiol, Heart Circ. Physiol. 291 (2006) 2836.
[7] S. Namkoong, S.J. Lee, C.K. Kim, Y.M. Kim, H.T. Chung, H. Lee, J.A. Han, K.S. Ha, Y.G.

Kwon, Y.M. Kim, Exp. Mol. Med. 37 (2005) 588.
[8] S.Hoffmann, L.C.Hofbauer, V. Scharrenbach, A.Wunderlich, I.Hassan, S. Lingelbach, A.

Zielke, J. Clin. Endocrinol. Metab. 89 (2004) 6139.
[9] K. Akino, A. Ohtsuru, K. Kanda, A. Yasuda, T. Yamamoto, Y. Akino, S. Naito, M.

Kurokawa, N. Iwahori, S. Yamashita, Endocrinology 141 (2000) 4313.
[10] J.M. Fredriksson, J.M. Lindquist, G.E. Bronnikov, J. Nedergaard, J. Biol. Chem. 275

(2000) 13802.
[11] R. Barthelson, J. Widdicombe, J. Clin. Invest. 80 (1987) 1799.
[12] C. Laudanna, J.J. Campbell, E.C. Butcher, J. Biol. Chem. 272 (1997) 24141.
[13] F. Waschke, D. Drenckhahn, R.H. Adamson, F.E. Curry, Am. J. Physiol, Heart Circ. Physiol.

287 (2004) 704.
[14] O. Dormond, M. Bezzi, A. Mariotti, C. Ruegg, J. Biol. Chem. 277 (2002) 45838.
[15] S. Kim, M. Bakre, H. Yin, J.A. Varner, J. Clin. Invest. 110 (2002) 933.
[16] A. Hashimoto, G. Miyakoda, Y. Hirose, T. Mori, Atherosclerosis 189 (2006) 350.
[17] H. Amano, I. Haysahi, S. Yoshida, H. Yoshimura, M. Majima, Hum. Cell 15 (2002) 13.
[18] A.M. Woollhead, D.L. Baines, J. Biol. Chem. 281 (2006) 5158.
[19] A. Piiper, I. Dikic,M.P. Lutz, J. Leser, B. Kronenberger, R. Elez, H. Cramer,W.Müller–Esterl,

S. Zeuzem, J. Biol. Chem. 277 (2002) 43623.
[20] I. Zachary, Am. J. Physiol., Cell Physiol. 280 (2001) 1375.
[21] Z. Radisavljevic, H. Avraham, S. Avraham, J. Biol. Chem. 275 (2000) 20770.
[22] S. Dimmeler, I. Fleming, B. Fisslthaler, C. Hermann, R. Busse, A.M. Zeiher, Nature

399 (1999) 601.
[23] J. deRooij, F.J. Zwartkruis,M.H.Verheijen,R.H.Cool, S.M.Nijman,A.Wittinghofer, J.L. Bos,

Nature 396 (1998) 474.
[24] Y. Fang, M.E. Olah, J. Pharmacol. Exp. Ther. 322 (2007) 1189.
[25] U.K. Misra, S.V. Pizzo, J. Biol. Chem. 280 (2005) 38276.
[26] D. Wu, H.E. Zhau, W.C. Huang, S. Iqbal, F.K. Habib, O. Sartor, L. Cvitanovic, F.F.

Marshall, Z. Xu, L.W. Chung, Oncogene 26 (2007) 5070.
[27] J.A. Forsythe, B.H. Jiang, N.V. Iyer, F. Agani, S.W. Leung, R.D. Koos, G.L. Semenza,

Mol. Cell. Biol. 16 (1996) 4604.
[28] R. Rao, R. Redha, I. Macias-Perez, Y. Su, C. Hao, R. Zent, M.D. Breyer, A. Pozzi, J. Biol.

Chem. 282 (2007) 16959.
[29] J.D. Hood, R. Frausto, W.B. Kiosses, M.A. Schwartz, D.A. Cheresh, J. Cell Biol. 162

(2003) 933.
[30] J. Chai, M.K. Jones, A.S. Tarnawski, FASEB J. 18 (2004) 1264.
[31] J.M. Enserink, A.E. Christensen, J. de Rooij, M. van Triest, F. Schwede, H.G. Genieser,

S.O. Døskeland, J.L. Blank, J.L. Bos, Nat. Cell Biol. 4 (2002) 901.
[32] H. He, V.J. Venema, X. Gu, R.C. Venema, M.B. Marrero, R.B. Caldwell, J. Biol. Chem.

274 (1999) 25130.
[33] J. Hong, R.C. Doebele, M.W. Lingen, L.A. Quilliam, W.J. Tang, M.R. Rosner, J. Biol.

Chem. 282 (2007) 19781.
[34] A.E. Christensen, F. Selheim, J. de Rooij, S. Dremier, F. Schwede, K.K. Dao, A.

Martinez, C. Maenhaut, J.L. Bos, H.G. Genieser, S.O. Døskeland, J. Biol. Chem. 278
(2003) 35394.

[35] J. de Rooij, H. Rehmann, M. van Triest, R.H. Cool, A. Wittinghofer, J.L. Bos, J. Biol.
Chem. 275 (2000) 20829.

[36] N. Defer, M. Best-Belpomme, J. Hanoune, Am. J. Physiol., Renal Physiol. 279 (2000)
400.

[37] G. D'Angelo, H. Lee, R.I. Weiner, J. Cell. Biochem. 67 (1997) 353.
[38] X. Cullere, S.K. Shaw, L. Andersson, J. Hirahashi, F.W. Luscinskas, T.N. Mayadas,

Blood 105 (2005) 1950.
[39] A. Hashimoto, G. Miyakoda, Y. Hirose, T. Mori, Atherosclerosis 189 (2006) 350.
[40] Y.C. Boo, G.P. Sorescu, P.M. Bauer, D. Fulton, B.E. Kemp, D.G. Harrison, W.C. Sessa, H.

Jo, Free Radic. Biol. Med. 35 (2003) 729.
[41] A.A. Birukova, T. Zagranichnaya, P. Fu, E. Alekseeva, W. Chen, J.R. Jacobson, K.G.

Birukov, Exp. Cell Res. 313 (2007) 2504.
[42] S.J. Netherton, J.A. Sutton, L.S. Wilson, R.L. Carter, D.H. Maurice, Circ. Res. 101

(2007) 768.


	Forskolin increases angiogenesis through the coordinated cross-talk of PKA-dependent VEGF expre.....
	Introduction
	Materials and methods
	Materials
	Cell culture and proliferation
	Cell migration assay
	Tube formation assay
	Western blotting
	Intracellular NO measurement
	In vivo angiogenesis assay
	Epac1-specific small interfering RNA (siRNA) design and transfection
	Reverse transcription-polymerase chain reaction (RT-PCR)
	Promoter activity assay
	Statistical analysis

	Results
	Induction of endothelial cell angiogenesis by forskolin
	Forskolin induces angiogenesis in vivo
	Forskolin-induced angiogenesis requires the activation of ERKs and Akt
	Forskolin-induced angiogenesis is also mediated by Akt-dependent eNOS/NO pathway
	cAMP analogues mimick the angiogenic effect of forskolin
	Forskolin up-regulates VEGF expression via PKA-dependent CREB phosphorylation
	Specific knockdown of Epac1 reduced ERK activation and the Akt/eNOS pathway without CREB phosph.....
	PGE2 stimulates endothelial cell proliferation in PKA- and Epac1-dependent manners

	Discussion
	Acknowledgements
	References




