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Resveratrol at H igh Doses A cts as an A poptotic Inducer in  
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  Purposes: Resveratrol is a phenolic compound found 
in  grapes and other food products. In order to assess 
the availability of resveratrol as an angio-inhibiting drug, 
we examined whether resveratrol plays an important role  
in bovine aortic endothelial cells (BAECs) for cell 
apoptosis and cell migration.
  Methods and Materials: Endothelial cell apoptosis was 
observed as detected by the Hoechst staining and the 
caspase-3 activity. Additionally, W estern blotting was 
performed for monitoring the activities of various cell 
signaling molecules. 
  Results: Resveratrol was shown to act as a pro-apopto-
tic agent. The pro-apoptotic effect of resveratrol was as 
great as that of etoposide, a well-known anti-cancer drug. 
In addition, resveratrol had an inhibitory effect on 
endothelial cell migration. The demonstrated efficacy of 
resveratrol suggests that resveratrol may be utilized as 

an anti-angiogenic drug. To determine the underlying 
mechanisms, we further investigated which signaling 
molecules are activated by resveratrol. Extracellular sig-
nal-regulated kinase (ERK) was activated by the treatment 
with resveratrol in BAECs, whereas endothelial nitric 
oxide synthetase (eNOS), Akt, and Jun N-terminal kinase  
(JNK) were inhibited. The pretreatment with PD com-
pound, an ERK inhibitor, had no effect on the pro-apo-
ptosis induced by resveratrol. 
  Conclusion: Resveratrol plays an important role in 
endothelial cell apoptosis, indicating that resveratrol can 
be utilized as a potent anti-angiogenic drug. (Cancer Res 
Treat. 2006;38:48-53)
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INTRODUCTION

  Tumor growth is an angiogenesis-dependent process because 
a tumor cannot grow over 2 to 3 mm

3 in size unless new vessel 
formation is induced. Accordingly, angioinhibitors are being 
examined as biological response modifiers (BRMs) that can 
modulate tumor growth via inhibition of the tumor vasculature 
(1).
  Resveratrol is a natural phytoalexin that is found in grapes, 
red wines and other food sources. It has been documented that 
resveratrol acts as an anti-inflammatory and anti-oxidant agent. 
In addition, resveratrol has also been suggested to have anti- 
cancer activity (2,3). It is interesting that resveratrol has bipha-
sic effects over its concentration: a low concentration (5μM) 
of resveratrol appears to be increase cell proliferation, whereas 
apoptosis is induced in various cancer cells at 15μM or higher 
concentrations (2). 

  In this study, we focused on the roles of resveratrol in 
normal endothelial cells to determine whether resveratrol can 
be utilized as a tumor growth-modulating BRM drug via the 
blockade of vascular functions. It was recently reported that re-
sveratrol activates extracellular signal-regulated kinase (ERK), 
a member of the mitogen-activated protein kinase (MAPK) fa-
mily, and it activates endothelial nitric oxide synthetase (eNOS) 
at low concentrations in endothelial cells (4). The enhanced 
ERK and eNOS activities by a low dose of resveratrol promote 
endothelial cell proliferation. In comparison, little is known 
about the role of high doses of resveratrol on the endothelium. 
Therefore, it is essential to determine the role of a high dose 
of resveratrol on the endothelium for utilizing resveratrol as a 
tumor growth-modulating BRM drug.

MATERIALS AND METHODS

    1) Cell culture and drug treatment

  BAECs obtained from descending thoracic aortas were main-
tained in growth medium (DMEM (1 g/liter glucose, Life 
technologies, Inc.) that contained 20% fetal bovine serum (FBS, 
Atlanta Biologicals) without antibiotics) at 37oC and 5% CO2 
(5,6). The cells used in this study were between passages 3 and 
10, and they were grown on untreated culture dishes. Before 
drug treatment, the BAECs were confluently grown in the 
growth media that contained 50μg/ml penicillin and 50μg/ml 
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Fig. 1. Resveratrol induces endothelial cell apoptosis. Confluent 
BAECs were starved for more than 4 h and then the cells were 
incubated for additional hours (0, 4, 8, 12, 24 or 72 h) with the 
indicated doses of resveratrol (RES). Consecutively, the cells were 
incubated for additional hours (0, 4, 8, 12, 24 or 72 h) We then 
counted the apoptotic cells (round shrunken cells) under the 
microscope. The line graphs represent the percentages of apoptotic 
cells (means±S.E.). The experiments were independently per-
formed at least three times. 

streptomycin in a 5% CO2 incubator; the cells were then star-
ved for 4～24 h in starvation media (DMEM that contained 
0.5% fetal bovine serum with 50μg/ml penicillin and 50μg/ml 
streptomycin). For the apoptotic analysis, the confluent cells 
were incubated for 36 hours with 0.5% FBS-DMEM that 
contained 0 or 100μM etoposide (ETO, Sigma) or 100μM 
resveratrol (RES, Sigma) for 36 h.

    2) Cell migration

  For the in vitro cell migration assay, the cultivated BAECs 
were wounded with a razor blade after 24 h starvation. The 
cells were subsequently incubated in media containing 20% 
fetal bovine serum or various concentrations (1 nM to 100μM) 
of resveratrol (RES). The cells were then allowed to migrate 
for 26 h and we observed the migrated cells under a micro-
scope. To rule out the apoptotic effect of resveratrol, another 
group of BAECs were incubated with resveratrol for a rela-
tively short time (less than 26 h). For the migration assay, cells 
that migrated over lines scratched with a blade were considered 
as migrated cells. Quantification was performed by counting the 
number of cells that migrated in the same field (7).

    3) Measurement of apoptosis

  Confluent BAECs were starved for more than 4 h and then 
they were treated with the indicated amounts of resveratrol. The 
cells were then incubated for an additional period of time (0, 
4, 8, 12, 24, and 72 h) to conduct the time-course experiments. 
After additional incubations, we observed apoptotic cells (ro-
und, shrunken cells) under the microscope. For quantification, 
we counted the apoptotic cells in the same visual field. For 
Hoechst staining, the confluent cells were incubated with 0.5% 
FBS-DMEM that contained none (the control: CON), 100μM 
etoposide (ETO) or 100μM resveratrol (RES) for 36h. The 
BAECs were then fixed with Conroy's fixative for 10 min and 
washed with phosphate buffered saline (PBS). The cells were 
next air-dried for 10 min. After air-drying, the cell were stained 
by Hoechst 33258 (12.5μg/ml, Sigma) for 30min at room 
temperature. After incubation, the stained cells were thoroughly 
washed with PBS. We then observed the nuclei under a 
fluorescence microscope (Zeiss Autoplan 2). 

    4) Western blots

  The BAECs were confluently grown in 20% FBS-DMEM. 
They were then washed in ice-cold PBS, scraped in 250μl 
RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 
0.5% sodium deoxycholate and 0.1% SDS), and solubilized for 
15 min to prepare the cell lysate as previously described (6). 
All the solubilization procedures were performed at 4o

C and the 
protein content of the soluble cell lysates was measured by 
using a Bio-Rad DC assay kit (Bio-Rad). The soluble lysates 
(10μg each) were resolved by 10% SDS-PAGE; they were 
transferred to a polyvinylidene difluoride (PVDF) membrane 
(Bio-Rad) and probed with antibodies specific to p～ERK (Cell 
Signaling), p～eNOS (Cell Signaling), p～Akt (Cell Signaling), 
and caspase-3 (Cell Signaling) for 1 h to overnight. The me-
mbrane was then incubated with a secondary antibody at room 
temperature for 1 h. Goat anti-rabbit IgG conjugated to alkaline 
phosphatase was used as a secondary antibody. Finally, the 
membrane was developed by a chemiluminescent detection 

method (6). 

RESULTS

    1) A high dose of resveratrol has a pro-apoptotic effect 
on endothelial cells

  We tested the effect of resveratrol on programmed cell death. 
The apoptotic activity was determined by counting the number 
of apoptotic cells that were decreased by a pretreatment with 
resveratrol. In Fig. 1, the ratio of apoptotic cells was increased 
as the treated concentration of resveratrol became higher. 
Whereas about 10% of the cells appeared apoptotic in the cells 
treated with 10μM resveratrol for 72 h, 80% of the endothelial 
cells were apoptotic at 100μM resveratrol, indicating that 
resveratrol at a high concentration has a strong pro-apoptotic 
effect on endothelial cells. In contrast, a low concentration (less 
than 5μM) of resveratrol inhibited oxidized LDL-induced cyto-
toxicity (8), indicating that resveratrol has a biphasic activity 
for cell viability as a function of its concentration.
  We also tested its pro-apoptotic effect as was detected by 
Hoechst 33258 staining (Fig. 2A). The apoptotic endothelial 
cells exhibited the characteristic features of cellular apoptosis, 
including condensation and fragmentation of the nuclei. As 
shown in Fig. 2, the fragmentation of nuclei was as great for 
the cells treated with 100μM resveratrol as that in the cells 
treated with 100μM etoposide, an anti-cancer drug (9). We 
then determined whether resveratrol activates caspase-3. In Fig. 
2B, 100μM resveratrol induced the cleavage of caspase-3, the 
same as 100μM etoposide did, indicating that the resveratrol- 
induced endothelial apoptosis is mediated by caspase-3. These 
data confirm that 100μM resveratrol acts as a pro-apoptotic 
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Fig. 2. The resveratrol-induced apoptosis is mediated by activation of caspase-3. Confluent cells were incubated with 0.5% FBS-DMEM 
containing none (CON), 100μM etoposide (ETO) or 100μM resveratrol (RES) for 36 h. The cell were then stained with Hoechst 33258 
and we observed the nuclei under a fluorescence microscope (A). Arrows indicate the fragmented nuclei. In panel B, after the cells were 
lysed, proteins in the cell lysates were resolved by SDS-PAGE, electrotransferred to PVDF membranes and immunoblotted with caspase-3 
antibodies. 

agent in endothelial cells.

    2) Resveratrol inhibits the endothelial cell migration

  Endothelial cell migration is one of essential processes for 
a variety of vascular functions such as tumor growth, vascular 
remodeling and vascular wound healing (10). We investigated 
whether resveratrol has an effect on endothelial cell migration. 
Of interest is that resveratrol had an inhibitory effect on cell 
migration, while fetal bovine serum had the stimulatory effect 
on the cell migration (Fig. 3). This result indicates that resv-
eratrol can be a potential anti-angiogenic drug, which is consis-
tent with previous reports (11). 

    3) Does resveratrol activate cell signaling molecules ?

  Since ERK and JNK, which are two important MAP kinases 
(12), are responsible for cell proliferation and apoptosis (13,14), 
we then determined whether those MAP kinases are modulated 
by 100μM resveratrol. As shown in Fig. 4, ERK activation was 
triggered by the resveratrol treatment, whereas JNK activation 
was inhibited. Resveratrol-stimulated ERK activation was 
previously reported in endothelial cells (4). On the other hand, 
a high concentration of resveratrol stimulates JNK activation in 
a variety of cancer cells, leading cancer cell apoptosis (15). 
Accordingly, the stimulatory effect of resveratrol on endo-
thelial ERK was consistent with previous reports, while the 
inhibitory effect of resveratrol on endothelial JNK was incon-

sistent with JNK activation in cancer cells. It is likely that these 
differential responses upon resveratrol stimulation occur in the 
context of different cells.
  Nitric oxide production has significant effects on the endo-
thelial physiology and pathophysiology (3,4). Therefore, we 
examined whether eNOS and Akt are modulated by a high dose 
of resveratrol. In Fig. 4, the basal levels of Akt and eNOS 
phosphorylation declined with treatment of 100μM resveratrol. 
It has been previously documented that NO production is 
enhanced by resveratrol in MCF breast cancer cells (3). On the 
contrary, the current results showed that eNOS was inhibited 
by resveratrol in endothelial cells. 

    4) The resveratrol-induced ERK activation is not respo-
nsible for the resveratrol-dependent apoptosis

  Since ERK was activated by 100μM resveratrol in endo-
thelial cells, we tested whether the resveratrol-dependent endo-
thelial apoptosis was mediated by the ERK activation. Endo-
thelial cells were pretreated with PD98059, an ERK inhibitor. 
Subsequently, the caspase-3 activity and apoptosis were asses-
sed. Whereas PD98059 inhibited the ERK activation, the acti-
vity of caspase-3 and apoptosis were not altered by the pretrea-
tment of PD98059, indicating that the resveratrol-stimulated 
ERK activity is not responsible for the resveratrol-stimulated 
apoptosis (Fig. 5). 
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Fig. 4. Resveratrol modulates a variety of cell signaling molecules. Serum-depleted cells (grown in 0.5% FBS-DMEM) were stimulated 
with 100μM resveratrol treatment as a function of time. After the cells were lysed, the proteins in cell lysates were resolved by SDS-PAGE, 
electrotransferred to PVDF membranes and immunoblotted with the appropriate antibodies.

Fig. 3. Resveratrol blocks the endothelial cell migration. Confluent endothelial cells were serum-starved and then scraped with a razor 
blade after 24 h starvation. The cells were subsequently incubated in media containing 20% fetal bovine serum (CON) or various con-
centration of resveratrol (RES). After 26 h, we then observed the migrated cells under the microscope. The line on each photograph indicates 
the boundary lines immediately after scraping. The photographs are representative of at least three different observations. We then counted 
the cells that migrated over the lines. Quantification was performed by counting the number of cells that migrated in the same field. 
The bar graphs show the mean number of migrated cells±S.E. (n=3). 
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Fig. 5. ERK is not associated with the resveratrol-induced apoptosis. (A) Apoptosis was observed as described in Fig. 1. Interestingly, 
10μM of PD compound had no effect on apoptosis. The bar graphs represent means±S.E. (n=3). (B) Serum-depleted cells (grown in 
0.5% FBS-DMEM) were stimulated with 100μM resveratrol treatment for 24 h. After the cells were lysed, proteins in the cell lysates 
were resolved by SDS-PAGE, electrotransferred to PVDF membranes and immunoblotted with caspase-3 antibodies. 

DISCUSSION

  In the last decade, resveratrol has been intensively studied 
as a potential anti-cancer drug. Resveratrol has biphasic pro-
perties according to its concentration. For instance, in andro-
gen-sensitive prostate cancer cells, resveratrol has a prolifer-
ative activity at a low dose (5μM), whereas it has a pro-apo-
ptotic activity at a high dose (15μM or higher) (3). In endo-
thelial cells, resveratrol activates eNOS at a low dose (～nM) 
and it inhibits eNOS at a high concentration (100μM). In 
addition, the efficacy of resveratrol it still being debated beca-
use of its multiplicity of targets and its contradictory functions 
that seem to depend upon its concentration and the type of 
target cell. Moreover, less is known for the roles of resveratrol 
in endothelium. Therefore, this study poses more queries on the 
uncertain roles of resveratrol in endothelium and (or) it pro-
poses broader roles for the applications of resveratrol. 
  This study showed resveratrol induces endothelial cell apop-
tosis and it also inhibits endothelial migration at a high dose. 
Although it was previously reported that apoptosis of ECV304 
endothelial cells is induced by the inhibition of ERK activity 
(16), we showed here that the resveratrol-stimulated ERK 
activity was not associated with apoptosis. More clearly, resve-
ratrol inhibits endothelial migration, which is an angiogenic 
process. Therefore, the high dose (100μM) of resveratrol may 
be anti-angiogenic. Since growth, invasion and metastasis of 
malignant tumors are angiogenesis-dependent processes (17～
19), it is possible that high doses of resveratrol can be utilized 
as an anti-angiogenic drug. Although the underlying mechan-
isms remain to be solved, the demonstrated effects of high 
doses of resveratrol provide insight on this drug as a tumor 
growth-modulating and angio-inhibiting BRM drug.

CONCLUSIONS

  Resveratrol plays an important role in endothelial cell apop-
tosis and cell migration, indicating that resveratrol can be utili-
zed as a potent anti-angiogenic drug.
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