
Age-related macular degeneration (AMD) is a leading 
cause of vision loss in the elderly population in the United 
States [1,2]. The wet exudative form of AMD results from 
hypoxia-mediated proliferation of choroidal vascular endo-
thelial cells (CVECs). Hypoxia upregulates angiogenic 
factors such as vascular endothelial growth factor (VEGF) 
and forms a choroidal neovascular complex with consecutive 
vision loss [1,3].

Resveratrol (3, 4, 5-trihydroxy-trans-stilbene). a natural 
phytoalexin found in grapes, red wine, peanuts, and pines 
[4,5], prevents oxidative stress–induced DNA damage. 
Topical and systemic administration of resveratrol blocks 
tumor initiation, promotion, progression, and angiogenesis 
in various cancers [6-8] through downregulation of hypoxia 
inducible factors (HIFs) and VEGF [9,10]. In lung adenocar-
cinoma cells, the downstream effect of resveratrol is mediated 
through inactivation of stress-activated protein kinase/c-JUN 
N-terminal kinase (SAPK/JNK) phosphorylation [11]. The 
effect of resveratrol on proliferating CVECs is not known.

In this study, we evaluated the effect of resveratrol on 
hypoxia-induced CVEC proliferation. We further studied 
the effect of resveratrol on hypoxia-induced VEGF release 
with CVECs and its effect on SAPK/JNK, a stress-related 
pathway.

METHODS

Cell culture: Choroidal vascular endothelial cells (RF/6A; 
CVECs; American Type Culture Collection, Manassas, VA) 
were cultured in MEM (minimal essential medium; Thermo 
Scientific, Logan, UT), and media were supplemented with 
10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA), 100 
U/ml penicillin, and 100 µg/ml of streptomycin (Invitrogen). 
Cells were maintained at 37 °C in logarithmic scale in a 75 
cm2 cell culture flask in an incubator consisting of 95% air 
and 5% CO2.

Hypoxic treatment: Hypoxic condition was induced in 
CVECs by exposing the cells to cobalt chloride (CoCl2; 
Sigma-Aldrich, St. Louis, MO) as described below [3,12]. The 
induction was confirmed with cytotoxicity analysis.

We have previously reported that 200 µM CoCl2 provides 
a non-lethal dose of hypoxia in CVECs [3]. In this study, 4×103 
cells/well CVECs in complete media were seeded in 96-well 
culture plates and maintained for 48–72 h to reach 60%–80% 
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confluence. Cells were exposed to 200 µM CoCl2 for 24 h, 
and cell viability was analyzed using 4-[3-(4Iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1, 3-benzene disulfonate 
(WST-1) assay. WST-1, a colorimetric assay, measures 
cell viability based on the cleavage of tetrazolium salts to 
formazan by mitochondrial dehydrogenases in viable cells 
(Roche, Mannheim, Germany). After treatment, cells were 
incubated with WST-1 solution for 2 h at 37 °C. The plates 
were read at 440 nm with a reference wavelength at 630 nm 
using a multidetection microplate reader (BioTek Synergy 
HT, Winooski, VT).

Effect of resveratrol on hypoxic choroidal vascular endo-
thelial cell viability: Semiconfluent cells were treated with 
200 µM CoCl2 and cotreated with resveratrol (Sigma-Aldrich) 
at increasing concentrations of 2, 4, 6, 8, 10, and 12 µg/ml 
for 24 h. The effect of the varying doses of resveratrol on 
cell viability after hypoxic insult was evaluated using WST-1 
assay. Experiments were performed in triplicate to check for 
concordance.

Vascular endothelial growth factor enzyme-linked immuno-
sorbent assay: We tested whether resveratrol was involved 
in inhibiting CVEC proliferation under hypoxic conditions 
by inhibiting VEGF release. VEGF levels were measured 
from the conditioned media using enzyme-linked immuno-
sorbent assay (ELISA) after 1×104 CVEC were plated on a 
six-well culture plate and concurrent treatment with CoCl2 
and resveratrol for 24 h. Conditioned media were collected 
from each treatment condition. The concentration of VEGF 
in the conditioned media was measured with an ELISA kit 
(Invitrogen), according to the manufacturer’s instructions. 
Experiments were performed in triplicate for concordant 
results. Three independent experiments were performed in 
triplicate for concordance.

Immunoblot analysis: To determine whether resveratrol 
inhibits hypoxic CVEC proliferation by altering HIF-1α, 
SIRT1, and SAPK/JNK proteins, CVECs were treated with 
200 µM CoCl2 and cotreated with 4 and 12 µg/ml resveratrol, 
under two separate experimental groups for 24 h. The two 
concentrations were chosen based on data from the WST-1 
assay. Proteins were extracted from each treatment group 
using a protein isolation kit according to the manufacturer’s 
protocol (Ambion, Invitrogen). Protein concentrations were 
evaluated using Bradford assay solution (Bio-Rad, Hercules, 
CA).

Twenty microgram protein samples were run on 
either 6% or 8% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis gel and transferred to nitrocellulose 
membranes, which were blocked in PBS-Tween-20 (PBST) 
with 5% bovine serum albumin at 4 °C. The membranes were 

incubated with antiphospho-SAPK/JNK, antitotal SAPK/
JNK (Cell Signaling Technology, Danvers, MA) at 1:1,000, 
anti-SIRT1(1:3,000; Upstate Biotechnology, Billerica, MA), 
and anti-HIF-1α (1:300; Santa Cruz Biotechnology, Dallas, 
TX) in PBS (0.138 M sodium chloride and 0.0027 M potas-
sium chloride; pH 7.4; Sigma) at 4 °C overnight. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH; 1:500; Upstate 
Biotechnology) served as a loading control. After washing 
with PBST, the blots were incubated with horseradish perox-
idase-conjugated antirabbit immunoglobulin G antibodies at 
a 1:1,000 dilution for 1 h at room temperature. Blots were 
washed 3 times in PBST, and the proteins were detected with 
the enhanced chemiluminescence method. The intensity of 
the immunoreactive bands was quantified with densitometric 
analysis using ImageJ analysis software (developed by Wayne 
Rasband, National Institutes of Health, Bethesda, MD; avail-
able at RSB). The protein levels were expressed either in 
optical density units (ODU) or in percentage.

Intracellular analysis of caspase-3 activity: We evaluated 
whether resveratrol regulates cell viability by the activation 
of caspase-3, a death protease that acts as a key mediator 
in mediating apoptosis, using In-Cell ELISA assay (Thermo 
Scientific). We seeded 4×103 cells/well in a 96-well microtiter 
plate and allowed them to attach for 48 h. We maintained 
three different treatment groups: group 1, hypoxic condition 
(200 µM concentration); group 2, hypoxia with resveratrol 
(200 µM+4 µg/ml); and group 3, hypoxia with resveratrol 
(200 µM+12 µg/ml). Cells without any treatment served as 
controls. Activation of caspase-3 was evaluated according to 
the manufacturer’s instructions (Thermo Scientific). Briefly, 
following treatment, cells were fixed using 4% paraformal-
dehyde and permeabilized for 15 min using 1×surfact-amps 
X-100. Cell permeabilization was quenched using 30% H2O2 
followed by the addition of blocking buffer for 30 min. Cells 
were incubated with caspase-3 at 1:500 at 4 °C overnight. 
After washing, they were incubated with antirabbit horse-
radish peroxidase conjugate for 30 min at room temperature 
followed by the addition of 3,3’,5,5’-tetramethylbenzidine 
substrate. Cleaved caspase-3 protein levels were assessed 
by measuring the absorbance at 450 nm using a microplate 
reader. The results were compared against internal control 
α-tubulin (intensity of signal in absorbance units [AU]). The 
ratio of caspase-3 and cell number was calculated, normal-
ized, and expressed in the figure. Three independent experi-
ments were performed in triplicate for concordance.

Statistics: Results were expressed as mean±standard error of 
the mean (SEM). Means and standard deviations (SDs) were 
analyzed using GraphPad InStat software (GraphPad InStat3, 
LaJolla, CA). Means were compared using the ANOVA with 
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post hoc Tukey test. Statistical significance was accepted for 
p values of less than 0.05.

RESULTS

Hypoxia-induced choroidal vascular endothelial cell prolif-
eration: The results of the cell proliferation experiments were 
calculated as percentage and normalized against control. In 
a pilot study, we exposed CVECs to varying doses of cobalt 
chloride to induce hypoxia (100–700 µM). Hypoxia measured 
with cell viability and f low cytometry experiments was 
optimal at the 200 µM concentration of cobalt chloride treat-
ment [3]. At this dose in this study, CVEC proliferation was 
109.3±11.3% compared to untreated control.

Effect of resveratrol on hypoxia-induced choroidal vascular 
endothelial cells: Resveratrol inhibited cell proliferation at 
all doses studied in a statistically significant manner. After 
hypoxic insult, adding 2 µg/ml resveratrol inhibited prolif-
eration to 77.0±1.6% and maintained the cell proliferation in 
an inhibitory stage to 79.5±8.6% after 4 µg/ml resveratrol 
was added. Choroidal endothelial cell viability stabilized at 
increased doses of resveratrol to 79.9±1.4% at 6 µg/ml and 
79.2±9.1% at 8 µg/ml. These inhibitory effects of resveratrol 
on hypoxic CVECs was statistically significant (p<0.05). 
At higher doses of resveratrol at 10 and 12 µg/ml, the cell 

viability decreased further to 61.4±4.3% and 60.5±9.9%, 
respectively (p<0.05; Figure 1).

Vascular endothelial growth factor levels at hypoxia: VEGF 
levels from the conditioned media of untreated cells were 
8.9±2.4 pg/ml, which increased to 30.9±2.6 pg/ml in hypoxic 
CVECs. In hypoxic CVECs, adding resveratrol induced 
a dose-dependent inhibition of VEGF, in a statistically 
significant manner at all doses studied. VEGF levels in the 
conditioned media were measured at 12.4±2.1, 11.0±1.9, and 
10.3±3.0 pg/ml at 2, 4, and 6 µg/ml, respectively (p<0.01). 
At high doses of resveratrol, the decrease in VEGF levels 
stabilized to 7.5±1.9 pg/ml at 8 µg/ml. It decreased further to 
5.5±2.0 pg/ml at 10 and 12 µg/ml resveratrol (p<0.01; Figure 
2).

Resveratrol activates stress-activated protein kinase/c-Jun 
N-terminal kinase at hypoxia: To explore the temporal effects 
of resveratrol treatment on hypoxic CVECs, we evaluated 
the activation/phosphorylation of SAPK/JNK (a pathway that 
trigger during cellular stress) using immunoblot. We found 
that hypoxic CVECs phosphorylate the SAPK/JNK pathway 
(0.025 ODU) that increased to 1.8 fold (0.045 ODU) after 
the 4 μg/ml resveratrol treatment. The increased activation 
was statistically significant (p<0.01). As the added resveratrol 
increased to 12 μg/mL, hypoxic cells showed upregulation of 

Figure 1. 4-[3-(4Iodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1, 
3-benzene disulfonate assay 
(WST-1) showing changes in cell 
viability in the presence of hypoxia 
(200 µM) and resveratrol (2−12 
µg/ml). The X-axis represents the 
concentration of resveratrol in 
μg/ml. The Y-axis represents the 
number of viable cells adjusted 
against the control and expressed 
as a percentage. H represents the 
hypoxia mimetic cobalt chloride 
t reatment. Asterisks indicate 
significant difference compared 
with corresponding hypoxic cells 
(ANOVA with post hoc Tukey test). 
*p<0.05; n=8; error bars±standard 
error of mean (SEM).
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SAPK/JNK (0.097 ODU) in a dose-dependent manner and 
were observed to be statistically significant. The increased 
level of activation at this dose was 3.9-fold higher when 
compared to hypoxic CVECs (p<0.01; Figure 3A,B).

Given the importance of SIRT1 in mediating the effects 
of resveratrol, observing SIRT1 levels in hypoxic CVECs is 
important. The levels of hypoxia-responsive protein SIRT1 
decreased significantly at high levels (12 μg/mL) of resvera-
trol treatment (Figure 3C,D), while the transcriptional VEGF 
regulator HIF-1α decreased (Figure 3C) with the decrease in 
secreted VEGF (Figure 2).

Activated caspase-3/apoptosis evaluation: Compared to 
untreated cells (0.188±0.02 AU), hypoxia-challenged CVECs 
showed reduced activation of caspase-3 (0.179±0.005 AU). 
A similar observation was noted after 4 µg/ml resveratrol 
was added to the hypoxic cells (0.173±0.01AU). As the 
resveratrol dose increased to12 µg/ml, the activated caspase-3 
levels increased to 1.1 fold (0.200±0.01AU) compared to the 
hypoxia-treated cells. This increased activation of caspase-3, 
though small, was statistically significant (p<0.05; Figure 4).

DISCUSSION

Age-related macular degeneration, a common cause of blind-
ness after the age of 65, is characterized by either the presence 
of drusen (dry AMD) or VEGF-induced choroidal endothelial 
cell proliferation with associated leakage (wet exudative form 
of AMD) [13]. Hypoxia is a common initiator of angiogenesis 
in various ocular neovascular diseases such as AMD and 
plays a key role in VEGF release and induction of choroidal 
endothelial cell proliferation [14]. Molecular targets that 
inhibit hypoxia may play a key role in the progression of dry 
form to wet exudative AMD.

Resveratrol, a natural polyphenol exhibits various bioac-
tivities, including antitumorigenic [7], antiangiogenic [15], 
neuroprotective [16], vasodilative [17], and antioxidative 
[18,19] functions. Topical and systemic administration of 
resveratrol blocks tumor initiation, promotion, and progres-
sion in various cancers [15,20]. Administering resveratrol 
promoted apoptosis in xenografted tumors in athymic nude 
mice [21,22]. Our study shows that resveratrol promotes apop-
tosis of proliferating choroidal endothelial cells and inhibits 
hypoxia-induced CVEC proliferation through activation of 
the SAPK/JNK pathway.

We induced hypoxia in CVECs to closely mimic in vivo 
active choroidal neovascularization. Our previous observa-
tions in a dose response analysis of cobalt chloride revealed 

Figure 2. Resveratrol suppresses vascular endothelial growth factor levels in choroidal vascular endothelial cells at hypoxia. A: Basal levels of 
vascular endothelial growth factor (VEGF) in choroidal vascular endothelial cells (control) and after hypoxic induction using cobalt chloride. 
B: VEGF levels in hypoxic choroidal vascular endothelial cells after the treatment of increasing doses of resveratrol (2–12 μg/ml). The x-axis 
represents the treatment conditions. The y-axis represents the VEGF levels in pg/ml. ‘R’ represents the resveratrol treatment in escalated 
doses. A dose-dependent decrease in the VEGF level is noted. Asterisks indicate significant difference compared with corresponding hypoxic 
cells (*p<0.01; n=3; error bars±standard error of mean [SEM]).
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optimal hypoxic response in CVECs at 200 µM concentration 
[12]. In this study, we used a 200 µM concentration of hypoxia 
mimetic CoCl2 to analyze the effects of resveratrol in hypoxic 
CVECs. One of the major concerns of using resveratrol is the 
potential toxicity at high dosages. In most in vitro studies, 
resveratrol was used at concentrations ranging from 5 to 
100 μmol/l [23]. In the present study, the resveratrol dosages 

ranged from 8.7 to 52.6 μM, comparable to those used in 
melanoma and endothelial cell culture studies [7]. Khan et al. 
observed dose-dependent inhibition of human microvascular 
endothelial cell proliferation after treatment with resveratrol. 
They observed cell migration inhibition after treatment of 
resveratrol for 20 h and identified 4 µg/ml as an optimal dose 
[24]. Therefore, in the current study, we chose the 24 h time 

Figure 3. Effect of resveratrol on activation of stress-activated protein kinase/c-Jun N-terminal kinase in hypoxic choroidal vascular endo-
thelial cells. A: Cells were treated with hypoxia mimetic cobalt chloride at 200 µM concentration (CoCl2; H200) for 24 h and cotreated with 
resveratrol at 4 µg/ml (H200+4R) and 12 µg/ml (H200+12R) to evaluate the activated/phosphorylated stress-activated protein kinase/c-Jun 
N-terminal kinase (SAPK/JNK; top panel) and total SAPK/JNK (middle panel). The bottom panel shows the glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) control. Representative data were shown. B: Bars represent optical density units of quantified activated/phosphory-
lated SAPK/JNK levels in percent. H represents hypoxia mimetic cobalt chloride treatment. R represents resveratrol treatment. Asterisks 
indicate significant difference compared with corresponding hypoxic cells (*p<0.01). Data were analyzed by ANOVA with post hoc Tukey 
test and represented as error bars±standard error of mean (SEM; n=2). C: Choroidal vascular endothelial cells treated without/with hypoxia 
mimetic cobalt chloride at 200 µM concentration (CoCl2; H200) for 24 h and cotreated with resveratrol at 4 µg/ml (H200+4R) and 12 µg/
ml (H200+12R). Representative data were shown. D: Bars represent optical density units of quantified Sirt1 protein in percent. H represents 
hypoxia mimetic cobalt chloride treatment. R represents resveratrol treatment. Asterisks indicate significant difference compared with 
corresponding hypoxic cells (*p<0.01). Data were analyzed by ANOVA with post hoc Tukey test and represented as error bars±SEM (n=2).
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point to observe the maximal inhibitory effect of resveratrol 
in CVECs. We also observed dose-dependent inhibition of 
cell survival in hypoxic CVECs.

Resveratrol inhibits HIF and VEGF expression in human 
ovarian cancer cells [25]. Growth factors and cytokines 
upregulate HIF expression mainly by enhancing the protein 
translation as well as by inhibiting its degradation [26] 
through the ubiquitin proteasomal pathway [27-30]. Addition-
ally, an autocrine loop between hypoxia and growth factors 
may coexist in tumors, thus enhancing their angiogenic capa-
bility and new blood vessel growth. Our results suggest that 
resveratrol may act as a multifactorial antiangiogenic agent 
by downregulating the levels of HIF protein, thus suppressing 
the HIF-related proangiogenic factor, VEGF. In this study, 
CVECs under hypoxic conditions demonstrated an increase 
in VEGF levels in the media. Conditional media from resve-
ratrol treated hypoxic CVECs showed a decrease in VEGF 
levels at all treatment doses. Our data also showed decreased 
levels of HIF-1α in parallel to decreased VEGF levels at 
resveratrol doses of 4 and 12 µg/ml. This further confirms 
that the antiangiogenic effects of resveratrol is mediated by 
a resveratrol-induced change in HIF-related VEGF protein.

Based on earlier observations, we chose to investigate 
further the effects of resveratrol at 4  µg/ml and 12  µg/
ml concentrations [24]. Resveratrol induces apoptosis in 
human leukemia HL-60 cells through the JNK pathway [31]. 
Mitogen-activated protein kinases such as stress-activated 

protein kinase (SAPK)/JNK and p38 kinases are activated 
under metabolic and environmental stress and mediate apop-
totic signals [32]. Resveratrol can induce apoptosis through 
c-Jun-NH2-kinase and p53-dependent signaling pathways, in 
mouse JB6 epidermal cells [33], LNCaP [34], Hep G2 [35], or a 
mutant p53 prostate cancer cell line, DU 145 [36], and human 
glioma U251 and U87 cells [37], suggesting that resveratrol 
modulates various intracellular signal transduction pathways, 
which often go awry during the course of angiogenesis. In this 
study, we found that exposing CVECs to hypoxia results in 
the activation of SAPK/JNKs, which increases significantly 
after resveratrol treatment. This implies that the mechanisms 
in which resveratrol mediate cell death in hypoxic CVECs 
observed is comparable with the reported studies in other 
model systems.

Resveratrol is a potent activator of SIRT1, and the effects 
are mediated by SIRT1 [24]. Decreased levels of SIRT1 at 
12 μg/ml observed in our study confirm that resveratrol 
inhibits hypoxic CVEC proliferation through the SIRT1 
pathway.

Resveratrol induces apoptotic cell death in several cell 
lines, including hormone-sensitive LNCaP prostate cells 
[38], hormone-insensitive DU 145 prostate cells [36], human 
B cell chronic leukemia cells [39], as well as several other 
human cancer cell lines such as MCF7, SW480, HCE7, and 
HL60 [40]. Jiang et al. reported that resveratrol-induced 
apoptosis requires the activation of caspase-3 and involves the 

Figure 4. Evaluating the apoptosis 
or activation of caspase-3 activity 
at hypoxic condition (H200) 
and cotreatment of hypoxia with 
resveratrol at 4 µg/ml (H200+4R) 
and 12 µg /ml (H200+12R). 
X-axis represents the treatment 
conditions. Y-axis represents the 
cleaved caspase-3 in percent after 
the adjustment of caspase-3 with 
cell number. C represents control 
or untreated cells. H represents 
hypoxic condition. R represents 
resveratrol treatment. Data anal-
ysis: ANOVA with post hoc Tukey 
test. Asterisks indicate significant 
difference compared with corre-
sponding hypoxic cells (*p<0.05; 
n=3; error bars±standard error of 
mean [SEM]).
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upregulation of Bax expression and activation of caspase-9 
in U251 glioma cells [37]. Other studies revealed the activa-
tion of p53 for apoptosis [41], which indicates that multiple 
apoptotic signaling cascades may be activated by resveratrol, 
depending on the specific cell type and cellular environment. 
Resveratrol mediates apoptotic effect at a relatively higher 
concentration (100–300 μmol/L) [6] that support our observa-
tion of caspase-3. Our study on hypoxic CVECs showed acti-
vation of caspase-3 at 12 μg/ml resveratrol but not at 4 μg/ml 
resveratrol. However, our study also suggests that additional 
intracellular signaling pathways may have a possible role in 
resveratrol-induced apoptotic cell death process.

In conclusion, resveratrol, a natural antioxidant, inhibits 
proliferation of hypoxic CVECs through stopping VEGF 
secretion as well as promoting apoptosis, two different but 
complimentary mechanisms. Resveratrol, a compound found 
in many natural foods, may be a useful adjunct to current 
anti-VEGF therapy in managing exudative AMD.
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