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Abstract. Choroidal neovascularization (CNV) can lead to 
progressive and severe visual loss. Vascular endothelial growth 
factor (VEGF) promotes the development of CNV. Caffeic acid 
phenethyl ester (CAPE), a biologically active component of the 
honeybee (Apis mellifera) propolis, has been demonstrated to 
have several interesting biological regulatory properties. The 
objective of this study was to determine whether treatment with 
CAPE results in the inhibition of the production of vascular 
endothelial growth factor (VEGF) in retinal pigment epithelial 
cells (RPE cells) under hypoxic conditions and to explore the 
possible underlying mechanisms. An in vitro experimental model 
of hypoxia was used to mimic an ischemic microenvironment 

for the RPE cells. Human RPE cells (ARPE-19) were exposed 
to hypoxia with or without CAPE pre-treatment. ARPE-19 cells 
were used to investigate the pathway involved in the regulation 
of VEGF production under hypoxic conditions, based on western 
blot analysis, enzyme-linked immunosorbent assay (ELISA) and 
electrophoretic mobility shift assay (EMSA). The amount of 
VEGF released from the hypoxia‑exposed cells was significantly 
higher than that of the normoxic controls. Pre-treatment with 
CAPE suppressed the hypoxia-induced production of VEGF 
in the ARPE-19 cells, and this effect was inhibited through the 
attenuation of reactive oxygen species (ROS) production, and 
the inhibition of phosphoinositide 3-kinase (PI3K)/AKT and 
hypoxia-inducible factor-1α (HIF-1α) expression. These in vitro 
findings suggest that CAPE may prove to be a novel anti-angio-
genic agent for the treatment of diseases associated with CNV.

Introduction

Age-related macular degeneration (AMD) is the leading cause 
of permanent blindness in older adults. The majority of patients 
with AMD experience severe vision loss in the center of the 
macula due to damage to the retina. There are two primary 
types of AMD, ‘wet’ and ‘dry’. ‘Dry’ AMD is characterized 
by late-stage geographic atrophy resulting from the gradual 
degeneration of retinal cells, and ‘wet’ AMD is caused by 
choroidal neovascularization (CNV) (1). ‘Wet’ AMD causes 
more severe visual loss, but is more treatable. CNV is a common 
sign of the wet form of AMD, which is also referred to as the 
exudative form of AMD (2). CNV sprouts from choroidal 
vessels and extends through Bruch's membrane and the retinal 
pigment epithelium (RPE) to reach the subretinal space (3). 
The RPE, which lies between the photoreceptor cell layer of 
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the retina and Bruch's membrane and choroid, is a monolayer 
of pigmented cells (4). It plays a major role in retinal physiology 
by supporting the function of the photoreceptors and pathology 
in a variety of retinal diseases (5).

Retinal hypoxia (oxygen deficiency), which occurs with 
capillary non-perfusion and leads to angiogenesis, is a major 
pathological condition underlying a number of sight-threatening 
diseases, including diabetic retinopathy (DR), retinopathy of 
prematurity (ROP), AMD and neovascular glaucoma (6-8). 
Hypoxia occurs secondary to a number of disease processes 
in the human body (9). In response to hypoxia, retinal pigment 
epithelial cells (RPE cells) rapidly release various growth 
factors resulting in angiogenesis, fibrovascular tissue forma-
tion and retinal ablation (10). Among the hypoxia-stimulated 
growth factors, vascular endothelial growth factor (VEGF), a 
potent vascular endothelial cell mitogen, is a pivotal regulator 
of vasculogenesis and angiogenesis in CNV (11). It has been 
demonstrated that the overproduction of VEGF by RPE cells 
induces CNV (12), and VEGF antagonists have been shown to 
attenuate CNV in animal models (13,14). Therefore, therapeutic 
agents that inhibit the overproduction of VEGF have shown 
promising inhibitory effects on CNV in patients with AMD.

Caffeic acid phenethyl ester (CAPE), a potent flavonoid anti-
oxidant, is the active component of honeybee (Apis mellifera) 
propolis. CAPE has profound antiviral, antitumoral, anti‑inflam-
matory, antioxidant, neuroprotective, anti-atherosclerotic and 
immunomodulatory properties in diverse systems (15). CAPE 
has also been reported to have anti-angiogenic activity in 
cancer (16,17). However, to the best of our knowledge, there 
is no study available to date evaluating the effects of CAPE on 
VEGF expression in CNV-associated angiogenesis. Previous 
studies have indicated that oxidative stress, inflammatory 
responses and atherosclerotic properties are associated with the 
pathogenesis of CNV in patients with AMD (18-20). Therefore, 
the antioxidant effects of CAPE may be associated with a 
reduced incidence of CNV. However, there is no experimental 
evidence to support this suggestion. In the present study, we 
investigated whether treatment with CAPE results in the inhibi-
tion of VEGF production and the possible mechanisms involved 
in these effects in ARPE-19 cells under hypoxic conditions.

Materials and methods

Reagents. CAPE, U0126 and diphenyleneiodonium (DPI) 
were purchased from the Sigma Chemical Co. (St. Louis, MO, 
USA). SB203580 was purchased from Enzo Life Sciences, 
Inc. (Farmingdale, NY, USA). LY294002 was purchased from 
Calbiochem (San Diego, CA, USA). YCG063 [an inhibitor of 
mitochondrial reactive oxygen species (ROS)] was obtained 
from Millipore (Billerica, MA, USA). Dulbecco's modified 
Eagle's medium/nutrient mixture F12 (DMEM/F12 medium), 
fetal bovine serum (FBS) and trypsin-EDTA were obtained 
from Invitrogen-Gibco (Carlsbad, CA, USA). Antibody against 
hypoxia-inducible factor-1α (HIF-1α; NB100-105) was obtained 
from Novus Biologicals (Littleton, CO, USA). Antibody 
against histone H3 (SC-10809) was purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies 
against AKT (#9272), phosphorylated (p)-AKT (ser473; #4058) 
and p-PI3K (#4255) were purchased from Cell Signaling 
Technology (Beverly, MA, USA). Nitrocellulose membranes 

and an enhanced chemiluminescence (ECL) kit were obtained 
from Amersham Pharmacia Biotech (Uppsala, Sweden).

Cell culture. The human RPE cell line (ARPE-19) was obtained 
from the American Type Culture Collection (ATCC, Manassas, 
VA, USA) and cultured in DMEM/F12 medium supplemented 
with 10% FBS plus 100 IU/ml penicillin and 100 µg/ml strep-
tomycin mixture (Gibco/BRL, Gaithersburg, MD, USA) in a 
5% CO2 humidified atmosphere at 37˚C. The ARPE-19 cells 
were trypsinized, seeded in 10-cm diameter dishes, and incu-
bated overnight until attachment.

Induction of hypoxia. Following overnight incubation, the cells 
were moved to a hypoxic chamber (Galaxy 14S; Eppendorf, 
Enfield, CT, USA). Before the cells were exposed to hypoxia, the 
medium was replaced with DMEM/F12 medium. The hypoxic 
chamber was equipped with an oxygen sensor and gas regulator 
and was flushed with 1% O2, 5% CO2 and 94% N2, sealed, and 
placed at 37˚C. After reaching ~80% confluency, the cells were 
subjected to hypoxic conditions in the hypoxic chamber for 24 h. 
The cells cultured under hypoxic conditions were processed in 
the chamber itself to avoid any exposure to normoxic conditions.

Cell viability assay. The viability of the ARPE-19 cells was 
determined using the cell counting kit-8 (CCK-8) according 
to the manufacturer's instructions (Dojindo Laboratories, 
Kumamoto, Japan). Briefly, the cells were seeded in triplicate 
at a density of 1x104 cells/well in 96-well culture plates and 
allowed to attach overnight. The medium was then replaced 
with 100 µl DMEM/F12 medium containing 0, 10, 20 and 
40 µM of CAPE. The plates were incubated for 24 h under 
hypoxic conditions, and 10 µl of CCK-8 reagent was added 
to each well. After another 2 h incubation at 37˚C, the plates 
were read at 450 nm using a microplate reader (Model EL800; 
Bio-Tek Instruments, Inc., Winooski, VT, USA).

Enzyme-linked immunosorbent assay (ELISA). The VEGF 
levels in the cell culture medium were assessed by ELISA. 
The cells were treated with various concentrations of CAPE 
for 2 h before being exposed to hypoxic conditions. Follwoing 
incubation for 24 h under hypoxic conditions, the culture super-
natant was collected and the VEGF levels were measured using 
a VEGF DuoSet ELISA Development kit (R&D Systems, 
Minneapolis, MN, USA) according to the manufacturer's 
instructions. The absorbance at 450 nm was determined using 
a microplate reader (Model EL800; Bio-Tek Instruments, Inc.).

Western blot analysis. Western blot analysis was performed 
as previously described (21). The ARPE-19 cells were washed 
3 times with phosphate-buffered saline (PBS) and lysed 
with lysis buffer (Mammalian Cell-PE LB; G-Biosciences, 
St. Louis, MO, USA). Equal amounts of protein were separated 
on 10% SDS-polyacrylamide minigels and transferred onto 
nitrocellulose transfer membranes. Following incubation with 
the appropriate primary antibody, the membranes were incu-
bated for 1 h at room temperature with a secondary antibody 
conjugated to horseradish peroxidase. Following 3 washes in 
Tris-Buffered Saline and Tween-20 (TBST), the immunoreac-
tive bands were visualized using the ECL detection system 
(Pierce, Rockford, IL, USA).
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Preparation of nuclear extracts and electrophoretic mobility 
shift assay (EMSA). Nuclear extracts were prepared using the 
NE-PER nuclear extraction reagent (Pierce). For the gel 
retardation assay, a typical double-stranded oligonucleotide 
for the HIF-1α binding DNA sequence (5'-TCTGTACGTGA 
CCACACTCACCTC-3' with the HIF-1α binding site sequence 
underlined) was purchased from Santa Cruz Biotechnology, Inc. 
(Cat. no. sc-2625). A non-radioactive method in which the 
3' end of the probe was labeled with biotin was used in these 
experiments (Pierce). The binding reactions contained 5 µg of 
nuclear extract protein, buffer (10 mM Tris, pH 7.5, 50 mM 
KCl, 5 mM MgCl2, 1 mM dithiothreitol, 0.05% Nonidet P-40, 
and 2.5% glycerol), 50 ng of poly(dI-dC) and 20 fM of the 
biotin-labeled DNA. The reactions were incubated for 20 min 
at room temperature in a final volume of 20 µl. The competition 
reactions were conducted by the addition of a 25-fold excess of 
unlabeled HIF-1α to the reaction mixture. The mixture was 
then separated by electrophoresis on a 5% polyacrylamide gel 
in 0.5X Tris-borate buffer and transferred onto nylon 
membranes. The biotin-labeled DNA was detected using a 
LightShift Chemiluminescent EMSA kit  (Pierce).

Assay of intracellular ROS levels. Intracellular ROS levels 
were measured using the 2',7'‑dichlorofluorescein diacetate 
(DCF‑DA) assay as previously described with some modifi-
cations (22). DCF-DA can be deacetylated in cells, where it 
reacts quantitatively with intracellular radicals to convert into 
its fluorescent product, DCF, which is retained within the 
cells. Therefore, DCF-DA is used to evaluate the generation 
of ROS under conditions of oxidative stress. The ARPE-19 
cells (1x104 cells/well) were seeded in 96-well plates in a 
humidified atmosphere containing 5% CO2 at 37˚C for 16 h. 
Following 16 h of incubation, the cells were treated with 
various concentrations (10 and 20 µM) of CAPE and further 
incubated for 24 h under hypoxic conditions. Thereafter, the 
cells were incubated with 10 µM DCF-DA for 30 min under 
hypoxia conditions. Subsequently, the cells were fixed with an 
equal volume of 4% formaldehyde and were analyzed imme-
diately after that. The intracellular ROS levels were measured 
using a fluorescent plate reader (SpectraMax M2; Molecular 
Devices, Sunnyvale, CA, USA) at an excitation wavelength of 
492 nm and an emission wavelength of 515 nm.

Statistical analysis. Data values represent the means ± SD. 
To analyze the data produced from the experiments with 
two independent variables, a one-way analysis of variance 
(ANOVA) was performed using GraphPad Prism software 
(GraphPad Software, La Jolla, CA, USA). A value of p<0.05 
was considered to indicate a statistically significant difference.

Results

Production of VEGF under hypoxic conditions. Initially, we 
wished to evaluate whether we could use our system to induce 
the hypoxia signaling pathway by measuring the production of 
VEGF. One of the main characteristics of CNV is the formation 
of new blood vessels; this may be associated with the VEGF 
levels as VEGF is the main inducer of neoangiogenesis (23). 
Based on ELISA, the ARPE-19 cells were exposed to normoxic 
and hypoxic conditions for 2, 4, 8, 16, 24 and 48 h (Fig. 1A). 

The production of VEGF was elevated following the exposure 
of the cells to both hypoxic and normoxic conditions as the 
exposure time increased (Fig. 1A). The production of VEGF 
was not significantly altered following the exposure of the cells 
to hypoxic conditions for 4 and 8 h as indicated by the 1.1- and 
1.2-fold-change in its levels, respectively, compared to exposure 
to normoxic conditions (Fig. 1A). At the 2-h time point, VEGF 
was not produced under either normoxic or hypoxic condi-
tions. However, the levels of VEGF were significantly elevated 
following the exposure of the cells to hypoxic conditions for 
16, 24 and 48 h as indicated by the 1.6- (change from 52.2 to 
81.34), 1.9- (change from 82.45 to 159.6) and 1.7- (change from 
189.2 to 319.52) fold change, respectively, compared to expo-
sure to normoxic conditions (Fig. 1A). Among these 3 time 
points, compared to the levels observed following exposure to 
normoxic conditions for 24 h, exposure to hypoxic conditions 
for 24 h demonstrated the maximum elevation in the VEGF 
levels (Fig. 1A). Therefore, we selected this time point for all 
the subsequent experiments.

Effects of CAPE on the viability of human ARPE-19 cells. We 
then examined the viability of human ARPE-19 cells treated 
with CAPE (10, 20 and 40 µM) using the CCK-8 assay under 
normoxic or hypoxic conditions. No cytotoxic effect on the 

Figure 1. Expression of (A) vascular endothelial growth factor (VEGF) and 
(B) viability of ARPE-19 cells following exposure to hypoxic and normoxic 
conditions. (A) Cells were exposed to hypoxic or normoxic conditions for 
the indicated periods of time (2, 4, 8, 16, 24 and 48 h). VEGF levels were 
measured in the culture medium using a commercial ELISA kit. *p<0.05 
vs. same time point under normoxic conditions. (B) Cells were treated with 
the indicated concentrations of caffeic acid phenethyl ester (CAPE) (0, 10, 20 
or 40 µM) for 24 h prior to exposure to hypoxia or normoxia for 2 h, and cell 
viability was determined. Cell viability was assessed using the cell counting 
kit-8 (CCK-8). The results are expressed as the percentage of surviving cells 
over the control cells (no addition of CAPE under hypoxic or normoxic condi-
tions). Each value indicates the mean ± SD and is representative of results 
obtained from 3 independent experiments.
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human ARPE-19 cells was observed at doses of up to 20 µM, 
but cell viability was reduced by 23 and 13.5% with the 40 µM 
dose of CAPE (Fig. 1B) under normoxic and hypoxic conditions, 
respectively. Based on these results, a concentration of 10-20 µM 
of CAPE was selected for the subsequent experiments.

Effect of CAPE on VEGF production under hypoxic condi-
tions. To examine the inhibitory effects of CAPE on the 
hypoxia-induced production of VEGF in the ARPE-19 cells, 
we measured the amount of VEGF secretion into the culture 
mediaum by ELISA. The ARPE-19 cells were treated with 
various concentrations of CAPE (0, 10 or 20 µM) for 2 h prior 
to exposure to hypoxic conditions. Pre-treatment with various 
doses of CAPE led to a significant decrease in the production 
of VEGF, as measured in the cell supernatants 24 h following 
exposure to hypoxia (Fig. 2). As shown by the ELISA results, 
the VEGF levels were significantly increased in the ARPE‑19 
cells after 24 h of exposure to hypoxic conditions compared to 
normoxic conditions, and this increase was reversed by treat-
ment with CAPE in a dose-dependent manner (Fig. 2).

Effects of CAPE on HIF-1α activation under hypoxic condi-
tions. Initially, in order to assess whether CAPE inhibits the 
HIF-1α translocation, the ARPE-19 cells were incubated with 
20 µM CAPE under hypoxic conditions for 6 h (Fig. 3A). In the 
hypoxia-exposed ARPE-19 cells, the translocation of HIF-1α 
to the nucleus was increased by almost 2-fold compared to the 
cells exposed to normoxic conditions. By contrast, pre-treatment 
of the cells with 20 µM CAPE significantly inhibited the trans-
location of HIF-1α under hypoxic conditions (Fig. 3A). Further 
experiments were carried out to determine whether the activa-
tion of HIF-1α in the ARPE-19 cells is altered under hypoxic 
conditions. When nuclear extract proteins from the cells were 
probed with oligonucleotides within the VEGF promoter, subse-
quent gel shift analysis revealed a marked increase in HIF-1α 
transcriptional activity in the ARPE-19 cells exposed to hypoxic 
conditions (Fig. 3B). However, the induction of specific HIF‑1α 
DNA binding activity by exposure to hypoxic conditions was 
inhibited by CAPE (20 µM) (Fig. 3B). These results indicate that 

CAPE inhibits HIF-1α activity by preventing the translocation 
of this transcription factor into the nucleus during hypoxia.

Effects of CAPE on the phosphorylation of phos-
phoinositide 3-kinase (PI3K)/AKT and mitogen-activated 
protein (MAP) kinases in hypoxia-exposed ARPE-19 
cells. It is well known that the PI3K/AKT and MAP kinase 
signaling molecules are able to regulate HIF-1α activa-
tion (24,25). Therefore, we examined the effects of CAPE on 
the hypoxia-induced PI3K/AKT and MAP kinase activation. 
Western blot analysis revealed the accumulation of HIF-1α 
at 6 h following exposure to hypoxic conditions (Fig. 4A). 

Figure 3. Inhibition of the activation of hypoxia-inducible factor-1α (HIF-1α) 
by caffeic acid phenethyl ester (CAPE) in ARPE-19 cells. (A) The HIF-1α 
levels in the nuclear protein extracts were determined by western blot analysis. 
ARPE-19 cells were treated with CAPE (20 µM) 2 h prior to exposure to 
hypoxic conditions for 6 h, and HIF-1α was detected with its specific antibody. 
#p<0.05 vs. normoxia; *p<0.05 vs. untreated group under hypoxic conditions. 
(B) Nuclear protein extracts (5 µg) were prepared and analyzed for DNA binding 
activity of HIF-1α using the electrophoretic mobility shift assay. ARPE-19 cells 
were treated with CAPE for 2 h prior to exposure to hypoxic conditions for 6 h. 
The results shown are representative of 3 independent experiments. 25X cold 
indicates the molar fold excess of the specific competitor. To determine whether 
the observed shifted bands are specific for HIF‑1α, competition tests are run: to 
a protein extract that displays intense shifted bands, additionally to the labeled 
HIF-1α probe a non-labeled (‘cold’) oligonucleotide is added in excess. Cold 
competition oligonucleotides are used that either contain the wild type HIF-1α 
recognition site. If the observed signals are HIF-1α-specific, those signals 
should disappear in the presence of the cold HIF-1α wild-type competitor.

Figure 2. Effect of caffeic acid phenethyl ester (CAPE) on the production of 
vascular endothelial growth factor (VEGF) in ARPE-19 cells following expo-
sure to hypoxic conditions (24 h). The levels of VEGF in the culture medium 
were determined by ELISA. The cells were treated with CAPE (10 or 20 µM) 
for 2 h prior to exposure to hypoxic conditions for 24 h. Each bar represents 
the mean ± SD from 3 independent experiments. #p<0.05 vs. normoxia; 
*p<0.05 vs. untreated group under hypoxic conditions.
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When the ARPE-19 cells were treated with various inhibitors 
of signaling transduction pathways, such as SB203580 for 
p38 MAP kinase and U0126 for extracellular signal-regulated 
kinase (ERK), these inhibitors were not found to affect the 
accumulation of HIF-1α during hypoxia (Fig. 4A). However, 
the ARPE-19 cells treated with LY294002 (an inhibitor 
of PI3K/AKT) showed a reduced accumulation of HIF-1α 
induced by hypoxia (Fig. 4A). To determine whether the 
hypoxia-induced secretion of VEGF is associated with PI3K/
AKT, the ARPE-19 cells were exposed to hypoxia for 24 h 
in the presence or absence of 20 µM LY294002. We found 
that pre-treatment with LY294002 substantially reduced the 
hypoxia-induced production of VEGF (Fig. 4B). In addition, 
pre-treatment with LY294002 also reduced the phosphoryla-
tion of AKT (Fig. 4C). Based on these results, we investigated 
the effects of CAPE on the hypoxia-induced activation of PI3K/
AKT. The phosphorylation of AKT showed a marked increase 
within 2 h following exposure to hypoxic conditions. However, 

pre‑treatment with CAPE resulted in a significant inhibition of 
the hypoxia-induced AKT phosphorylation (Fig. 4D). These 
results demonstrated that the inhibition of VEGF production 
by CAPE in the hypoxia-exposed ARPE-19 cells was associ-
ated with the downregulation of PI3K/AKT phosphorylation.

Effect of CAPE on hypoxia-induced intracellular ROS genera-
tion in ARPE-19 cells. In a previous study, ROS stimulated 
CNV by fostering a pro-angiogenic environment in the retina 
and choroid, and antioxidants were shown to reduce CNV (26). 
Therefore, in this study, we examined the inhibitory effects 
of CAPE on the hypoxia-induced generation of ROS (Fig. 5). 
Initially, in order to determine whether the hypoxia-induced 
production of VEGF is associated with ROS, the ARPE-19 
cells were exposed to hypoxic conditions for 24 h in the 
presence or absence of ROS inhibitors, such as 10 µM DPI 
for NADPH oxidase or 50 µM YCG063 for mitochondrial 
ROS (Fig. 5A). These inhibitors significantly inhibited the 

Figure 4. Effect of caffeic acid phenethyl ester (CAPE) on the phosphorylation of PI3K/AKT in ARPE-19 cells following exposure to hypoxia. (A) The levels 
of vascular endothelial growth factor (VEGF) in the culture medium were determined by ELISA. The hypoxia-inducible factor-1α (HIF-1α) levels in the 
nuclear protein extracts were determined by western blot analysis. ARPE-19 cells were treated with SB203580 (SB; MAP kinase inhibitor), U0126 (U; ERK 
inhibitor) or LY294002 (LY; an inhibitor of PI3K/AKT) 5 min prior to exposure to hypoxia for 6 h. (B) Cells were incubated with the indicated concentrations of 
LY294002 for 5 min prior to exposure to hypoxic conditions for 24 h. The levels of VEGF were determined by ELISA. Each bar represents the mean ± SD from 
3 independent experiments. (C) Cells were incubated with the indicated concentrations of LY294002 for 5 min prior to exposure to hypoxic conditions for 24 h. 
(D) Cells were incubated with CAPE (20 µM) 2 h prior to exposure to hypoxic conditions for 30 min. Western blot analysis was performed for PI3K and AKT 
phosphorylation. #p<0.05 vs. normoxia; *p<0.05 vs. untreated group under hypoxic conditions.
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hypoxia-induced production of VEGF (Fig. 5A). Furthermore, 
when the ARPE-19 cells were treated with DPI and YCG063, 
these inhibitors reduced the accumulation of HIF-1α in the 
nuclei during hypoxia (Fig. 5B). Since the production of 
VEGF in the hypoxia-exposed ARPE-19 cells was associated 
with the downregulation of AKT phosphorylation levels, we 
investigated whether AKT phosphorylation is associated with 
the generation of ROS. The ARPE-19 cells were exposed 
to hypoxic conditions for 2 h in the presence or absence of 
DPI and YCG063. The phosphorylation of AKT showed an 
increase within 2 h following exposure to hypoxic condi-
tions. However, pre-treatment with DPI and YCG063 resulted 
in the significant attenuation of the hypoxia-induced AKT 
phosphorylation (Fig. 5C). These results demonstrate that the 

generation of ROS by exposure to hypoxic conditions serves 
as an upstream signal for the induction of VEGF production by 
PI3K/AKT activation. Therefore, we investigated whether pre-
treatment with CAPE inhibits the generation of ROS. We found 
that pre-treatment with CAPE markedly reduced the generation 
of ROS under hypoxic conditions (Fig. 5D).

Discussion

VEGF is known to be the most important modulator of both 
normal and pathological angiogenesis. The inhibition of VEGF 
function has been shown to lead to reduced pathological vessel 
formation in a murine model of ocular disease (27). RPE cells 
are one of the major cell constituents and secretors of VEGF 

Figure 5. Effect of caffeic acid phenethyl ester (CAPE) on reactive oxygen species (ROS) production in ARPE-19 cells following exposure to hypoxic conditions. 
(A) The vascular endothelial growth factor (VEGF) levels were measured in the culture medium using a commercial ELISA kit. ARPE-19 cells were treated 
with diphenyleneiodonium (DPI) (10 µM) or YCG063 (mitochondrial ROS inhibitor; 50 µM) 5 min prior to exposure to hypoxic conditions for 24 h. (B) The 
hypoxia-inducible factor-1α (HIF-1α) levels in the nuclear protein extracts were determined by western blot analysis. ARPE-19 cells were treated with DPI 
(10 µM) or YCG063 (50 µM) 5 min prior to exposure to hypoxic conditions for 6 h, and HIF-1α levels were detected with its specific antibody. (C) ARPE‑19 
cells were treated with DPI (10 µM) or YCG063 (50 µM) 5 min prior to exposure to hypoxic conditions for 30 min. Western blot analysis was performed for AKT 
phosphorylation. (D) Cells were incubated with CAPE (20 µM) 2 h prior to exposure to hypoxic conditions for 2 h. ROS levels were measured by the DCF-DA 
assay. #p<0.05 vs. normoxia; *p<0.05 vs. untreated group under hypoxic conditions.
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in the retina (28). In the present study, in order to examine the 
association between hypoxia and angiogenesis, we measured 
the levels of VEGF production in human ARPE-19 cells using 
ELISA. The levels of VEGF were increased in a time-dependent 
manner. However, the maximum level of VEGF production was 
observed at the 24 h time point, and the levels subsequently 
decreased under hypoxic conditions compared to normoxic 
conditions in human ARPE-19 cells (Fig. 1). Treatment with 
concentrations of 10 and 20 µM CAPE inhibited VEGF produc-
tion under both normoxic and hypoxic conditions without 
inducing cytotoxicity.

It has been demonstrated that hypoxia induces the produc-
tion of VEGF through the HIF transcriptional complex (29,30). 
HIF comprises the α- and β-subunits, which heterodimerize 
to form a competent transcription factor (31). There are three 
isoforms of the α-subunit, HIF-1α, HIF-2α and HIF-3α, of 
which HIF-1α is the most well characterized (32). HIF-1α is 
constitutively expressed in the cytoplasm under normoxic 
conditions and is continually degraded. Under hypoxic condi-
tions, HIF-1α accumulates and is translocated to the nucleus, 
where it binds to the hypoxia response element of the VEGF 
promoter and induces transcriptional activity (31). HIF-1α 
plays a pivotal role in angiogenesis. This suggests that hypoxia 
mediates CNV through HIF-1α-regulated VEGF production. 
Therefore, in this study, we investigated whether CAPE attenu-
ates the translocation of HIF-1α to the nucleus and its binding 
to hypoxia response element of the VEGF promoter. Our results 
demonstrated that CAPE reduces HIF-1α accumulation (Fig. 3) 
and HIF-1α-dependent transcriptional activity (Fig. 3B). In 
previous studies, CAPE was shown to be associated with HIF 
stabilization under normoxic conditions (33,34). In this study, 
however, CAPE reduced HIF-1α accumulation. The reason 
for this discrepancy may lie in the different experimental 
conditions used (e.g., cell type, stimulus, species, etc.). In this 
regard, the inhibition of VEGF production by pre-treatment 
with CAPE may prove to be an effective therapeutic approach 
to relieve the progression of ocular angiogenesis through the 
regulation of HIF-1α.

In a previous study, the MAP kinase and PI3K/AKT 
signaling pathways were shown to be involved in regulating 
the expression of HIF-1α and VEGF in laser-induced CNV in 
rats (35). Hypoxia activates the MAP kinases (36). The ERK and 
PI3K/AKT pathways have been known to be of critical impor-
tance for neovascularization, ischemia and angiogenesis (37,38). 
It is possible that anti-neovascularization mechanisms are 
associated with the PI3K/AKT or MAP kinase pathways. To 
further elucidate the regulatory mechanisms of CAPE in these 
processes, we investigated whether the PI3K/AKT and MAP 
kinase signaling pathways are involved in regulating HIF-1α/
VEGF. Of note, p38 MAP kinase‑ and ERK‑specific inhibitors 
did not suppress the expression of HIF-1α. However, the PI3K-
specific inhibitor completely inhibited the expression of HIF‑1α. 
In addition, the PI3K‑specific inhibitor significantly suppressed 
the expression of VEGF. Therefore, this finding strongly 
suggests that the PI3K/AKT signaling pathway, but not MAP 
kinases, plays a critical role in the expression of HIF-1α/VEGF. 
Based on these results, we demonstrated a marked inhibition of 
the hypoxia-induced phosphorylation of AKT by CAPE in the 
ARPE‑19 cells. Our findings suggest that the decrease in the 
hypoxia-induced production of VEGF by CAPE is due to the 

inhibition of HIF-1α through the inactivation of the PI3K/AKT 
signaling pathway.

It has been reported that oxidative stress, which refers to the 
cellular damage caused by reactive oxygen intermediates (ROI), 
plays a causative role in both the initiation and progression of 
CNV and a contributing factor in AMD (18,39). ROS also play 
a role in HIF-1α induction (40). ROS are commonly produced 
during inflammatory processes, are involved in signal transduc-
tion and gene activation, and contribute to host cell and organ 
damage (41). ROS, including superoxide anion, hydroxyl radical 
and hydrogen peroxide, may play multiple roles in a number of 
diseases, such as atherosclerosis, angiogenesis, cancer, diabetes 
mellitus, neurological degeneration and asthma (42). N-acetyl-
cysteine (NAC), a potent antioxidant, has been shown to inhibit 
the development of CNV in mice (43). It is well known that 
CAPE possesses significant antioxidant properties (44,45). 
However, the effects of CAPE on hypoxia-induced ocular 
neovascularization and its molecular mechanisms have not yet 
been elucidated. In the present study, we demonstrated that ROS 
inhibitors significantly inhibited the activation of PI3K/AKT, 
as well as the expression of HIF-1α and VEGF. Furthermore, 
we demonstrated that CAPE has intracellular ROS scavenging 
activity in ARPE-19 cells. Thus, the potential inhibition of 
ROS generation by CAPE is consistent with the inhibition of 
PI3K/AKT activation, HIF-1α and VEGF expression and, thus, 
reduced ocular neovascularization.

In conclusion, the results obtained in the present study 
indicate that treatment of the ARPE-19 cells with CAPE 
decreases VEGF production following exposure to hypoxic 
conditions. CAPE significantly inhibited the accumulation of 
HIF-1α under hypoxic conditions. The inhibitory effects of 
CAPE are mediated by the downregulation of PI3K/AKT acti-
vation and the inhibition of ROS signaling in ARPE-19 cells. 
These findings indicate that CAPE has the potential to target 
ROS, PI3K/AKT and HIF-1α and inhibit VEGF production 
in ARPE-19 cells under hypoxic conditions. Such inhibitory 
effects may contribute to the treatment of various intraocular 
angiogenic diseases, such as AMD complicated by CNV, and 
may thus provide novel therapeutic efficacy.
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