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Abstract. Autophagy is an intracellular protein transport 
process leading to the degradation of organelles and long-lived 
proteins in eukaryotes. The down-regulation of autophagy 
observed in cancer cells has been associated with tumor 
progression. This study investigated autophagy induced by 
resveratrol, a natural compound, in human glioma cells. 
Glioma cells were exposed to resveratrol, and the cell growth 
and autophagic level were evaluated. Resveratrol inhibited 
growth and induced cell death in U373 glioma cells. When 
treated with resveratrol, glioma cells stably expressing GFP 
fused to LC3, recruited more GFP-LC3-labeled autophago-
somes, and the percentage of cells with GFP-LC3-labeled 
autophagosomes increased. Furthermore, in resveratrol-
treated glioma cells, pretreatment with P38 or ERK1/2 
inhibitors reduced the autophagic level, suggesting that 
resveratrol-induced autophagy was positively regulated by 
P38 and the ERK1/2 pathway. The Akt/mTOR pathway was 
not involved in resveratrol-induced autophagy. Our results 
suggest that resveratrol has an anticancer effect on glioma 
cells by inducing autophagy.

Introduction

The prognosis of patients with glioblastoma, the most common 
primary brain tumor, is very poor. Despite the combination of 
surgery, radiotherapy and chemotherapy, the life expectancy 
of patients with glioblastoma is approximately one year from 
diagnosis (1,2). Therefore, developing a new therapeutic 
strategy is imperative.

Resveratrol (trans-3,4',5-trihydroxystilbene) is a natural 
phytoalexin present in grapes, peanuts and red wine (3). It has 
been reported to possess anticancer activity based on its 

striking inhibition of tumor initiation, promotion and progres-
sion (4). Furthermore, resveratrol has been shown to induce 
apoptotic cell death in several human cancer cell lines, such 
as MCF7, SW480, HCE7, Seg-1, HL60 and U251 glioma cells 
(5,6). Although resveratrol inhibits different stages of tumor 
growth depending on the cell type and cellular environment, 
the molecular mechanism of its anticancer activity is not 
entirely clear.

Autophagy has multiple physiological functions including 
protein degradation, organelle turnover and the response 
of cancer cells to chemotherapy. Autophagy is induced by a 
variety of conditions, such as nutrient starvation, hormone 
treatment and cellular stress. It has been reported that malig-
nant glioma cells are very resistant to apoptosis, but they 
undergo autophagy in response to chemotherapeutic agents 
or treatment with γ-irradiation (7,8). The role of autophagy 
in cancer therapy is controversial in terms of whether it is 
protective of or detrimental to cancer cells. However, the 
manipulation of autophagy may lead to a novel therapeutic 
method for treating apoptosis-resistant cancers. The regula-
tion of autophagy by signaling pathways overlaps with the 
control of cell growth, proliferation, cell survival and death 
(9). Although it was established that Akt/mTOR and ERK1/2 
are two significant signaling pathways regulating autophagy, 
several signaling pathways may modulate the autophagic 
response in cancer cells depending, among other criteria, on 
the cell type, the stage of cancer development and the stromal 
and nutritional environment (10).

The present study investigated the anticancer effect of 
resveratrol on U373 human glioma cells. Resveratrol was 
found to inhibit cell growth in a dose-dependent manner. 
Resveratrol-induced autophagy in glioma cells was also 
demonstrated. P38 and ERK1/2 inhibitors reduced the sensi-
tivity of resveratrol-challenged glioma cells to autophagy, 
indicating that P38 MAPK and ERK1/2 MAPK are involved 
in resveratrol-induced autophagy in human glioma cells.

Materials and methods

Reagents. Resveratrol, P38 inhibitor SB203580, ERK1/2 
inhibitor PD98059 and PI3K inhibitor LY294002 were 
purchased from Sigma (St. Louis, MO). These were 
dissolved in dimethyl sulfoxide (DMSO, Sigma) to produce 
stock solutions.
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Cell culture and cell viability assay. U373 human glioma cells 
were grown in Dulbecco’s modified Eagle’s medium (Sigma) 
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (Sigma) at 37˚C in 5% CO2. The sensitivity of 
U373 cells to resveratrol was determined in vitro by using 
the cell proliferation assay reagent WST-1 (Roche Applied 
Science, Indianapolis, IN, USA). For this purpose, 5x103 U373 
cells were seeded on a flat-bottomed 96-well microtiter plate 
in triplicate and cultured overnight. After cells were treated 
with resveratrol (20-500 µM) for 48 h, they were exposed to 
10 µl of the WST-1 reagent for 3 h at 37˚C. The absorbance at 
450 nm was measured using a Beckman Coulter microplate 
reader. The viability of DMSO-treated cells was considered 
to be 100%.

Apoptosis detection assay. U373 cells were cultured on cover-
slips overnight and treated with 100 µM resveratrol for 48 h. 
The cells were stained with the terminal deoxynucleotidyl 
transferase-mediated dUTP nick-end labeling (TUNEL) assay 
using the In Situ Cell Death Detection kit, TMR red (Roche 
Applied Science). Two hundred cells were counted, and the 
percentage of TUNEL-positive cells was scored under a 
microscope.

Analysis of autophagy. The pEGFP-LC3 plasmid was kindly 
provided by Dr N. Mizushima (Tokyo Metropolitan Institute 
of Medical Science, Tokyo, Japan). LC3, one of the mamma-
lian homologues of Atg8, is widely used as a specific marker 
of autophagosomes (11). Transfection of the plasmids into 
U373 human glioma cells was performed using TransFectin 
Lipid Reagent (BioRad Laboratories, Hercules, CA). Stable 
cell lines were selected in 1 mg/ml geneticin (G418), and 
single clones were selected in order to yield clonal cell lines. 
U373 cells expressing GFP-LC3 were treated with resveratrol 
for 48 h, then fixed with 4% paraformaldehyde. The number 
of GFP-LC3-labeled autophagosomes per cell or the number 
of GFP-LC3-labeled autophagosome-positive cells was 
counted under a confocal microscope (LSM5 Pascal, Zeiss, 
Germany). The counting of GFP-LC3-labeled autophago-
somes was assisted by the Metamorph software (Molecular 
Devices, Sunnyvale, CA).

To determine the effects of Akt/mTOR, P38 and ERK1/2 
on resveratrol-stimulated autophagy in glioma cells, we 
evaluated autophagy in cells pre-treated with or without 
15 µM LY294002, 10 µM SB202190 and 20 µM PD98059 for 
3 h. The cells were then treated with resveratrol for 48 h, as 
described above.

Results

Resveratrol inhibits survival of U373 glioma cells. To examine 
the effect of resveratrol on cell survival, we treated U373 cells 
with different doses of resveratrol (0, 20, 50, 100, 200 and 
500 µM). Cell viability was measured after 48 h by the WST-1 
assay. Cell viability decreased in a dose-dependent manner 
(Fig. 1A). To examine whether resveratrol induces apoptosis, 
we performed the TUNEL assay in U373 cells following 
treatment with resveratrol. Treatment with 100 µM resveratrol 
increased the ratio of TUNEL-positive cells compared with 
the control-treated cells (Fig. 1B).

Resveratrol induces autophagy in U373 glioma cells. To 
visualize the induction of autophagy in human glioma cells, 
a U373 cell line expressing GFP fused to the N-terminus 
of LC3 was treated with 100 µM resveratrol for 48 h. In 
control-treated cells, GFP-LC3 diffused throughout the 
cytosol (Fig. 2A). When cells were treated with resveratrol, 
GFP-LC3-labeled autophagosomes appeared in the cyto-
plasm. The percentage of autophagic cells in GFP-positive 
cells was ~90%. Furthermore, the number of GFP-positive 
vesicles per cell dramatically increased in cells treated with 
50 µM resveratrol compared with those treated with 10 µM 
resveratrol (Fig. 2B).

P38 and ERK1/2 play a role in resveratrol-induced 
autophagy. It has been reported that Akt/mTOR is the main 
pathway, negatively regulating autophagy, whereas the ERK 
pathway positively regulates autophagy in cancer cells upon 
starvation (9). However, the molecular mechanism regulating 
autophagy in response to anticancer agents remains unclear, 
and may vary depending on the type of cancer cell involved. 
To investigate the roles of PI3K, P38 and ERK1/2 kinases 
on resveratrol-induced autophagy in U373 cells, inhibitors 
of these kinases were used. As shown in Fig. 3A, the P38 
SB203580 and ERK1/2 PD98059 inhibitors down-regulated 
the autophagic process, suggesting that both P38 and ERK1/2 
promoted resveratrol-induced autophagy in glioma cells. 
PD98059 reduced cell viability in the resveratrol-applied 
system, indicating that ERK1/2 contributed to cell survival in 
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Figure 1. Effects of resveratrol on cell growth and apoptosis in glioma cells. 
(A) The cytotoxic effect of resveratrol as measured by the WST-1 assay. 
Cells were treated with different concentrations of resveratrol for 48 h and 
subjected to the WST-1 assay. The viability of DMSO-treated cells was 
considered to be 100%. (B) Quantitation of TUNEL-positive cells. Cells 
were treated with 100 µM resveratrol for 48 h and subjected to TUNEL 
staining. In each sample, TUNEL-positive cells were counted from among 
approximately 100 cells selected at random. Data are the means of triplicate 
experiments; error bars, SD. 
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this system (Fig. 3B). The PI3K inhibitor, LY294002, had no 
obvious effects on either resveratrol-induced autophagy nor 
cell viability in glioma cells (Fig. 3).

Discussion

Resveratrol, a phytoalexin found in food products such as nuts, 
grapes and wine, produces a variety of physiological effects. It 
has been reported that a low dose of resveratrol has cytopro-
tective activity, which is mostly attributed to its antioxidant 
properties. On the other hand, a high dose of resveratrol exhibits 
anticancer activity by interfering with different cellular events 
associated with the initiation, promotion and progression of 
multi-stage carcinogenesis (12,13). The present study found 
that resveratrol elicited a dose-dependent inhibition of glioma 
cell proliferation in the micromolar range. The concentrations 
used were reported to result in anticancer effects in different 
types of cancer cells (6,14).

Autophagy is a ubiquitous cellular process in eukaryotic 
cells that results in the breakdown of cytoplasmic organelles 
within the lysosomes following various types of cellular 
stress. This breakdown allows for the cells to respond to 
environmental changes or adapt to developmental processes. 
Opipari et al (14) reported that resveratrol inhibited cancer 
growth and induced autophagocytosis in ovarian carcinoma 
cell lines. We found that resveratrol induced autophagy in 
human glioma cells. Although there are multiple mechanisms 

by which resveratrol may exert its actions on tumor cells, 
autophagy may be a biological mechanism that accounts for 
the anticancer effects of this compound. The implication 
of autophagy in cancer therapy is controversial in terms of 
whether autophagy plays a protective or detrimental role in 
cancer cells. However, reduced autophagic activity has been 
reported in certain types of cancer cells (15,16). Several 
natural compounds, such as arsenic trioxide, soybean 
B-group triterpenoid saponins or curcumin, have been shown 
to induce autophagy in a variety of tumor cells (17-20). Thus, 
compounds that induce autophagy may be of potential use as 
anticancer agents. Previous studies have shown that resveratrol 
induces apoptosis in a variety of cancer cells including glioma 
cells (5,6). In this study, we also observed a certain degree 
of resveratrol-induced apoptosis in U373 cells. Autophagy 
and apoptosis may be triggered by common upstream signals 
occasionally resulting in combined autophagy and apoptosis. 
In other instances, however, the cell switches between the 
two responses in a mutually exclusive manner (21). Further 
research is necessary to identify the functional relationship 
between autophagy and apoptosis in response to resveratrol.

In mammalian cells, several signaling pathways are 
known to regulate autophagy in a cell type-specific and 
signal-dependent manner, including the ERK, PI3K class I 
and II, and mTOR pathways. Cancer often occurs following 
the deregulation of these signaling pathways. Therefore, 
it is important to investigate the interplay of their role in 
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Figure 2. Resveratrol induces autophagy in glioma cells. (A) Cells expressing GFP-LC3 were cultured either with DMSO (control) (left panel) or 100 µM 
resveratrol (right panel) for 48 h. Magnification, x63. (B) The number of autophagosomes per cell was determined by confocal microscopy. Data are the 
means of triplicate experiments; error bars, SD. 
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modulating autophagy, cell survival and cell growth. This 
study showed that resveratrol activated P38 and ERK, but not 
Akt/mTOR signaling, resulting in the induction of autophagy 
and the reduction of cell viability. Regarding the function 
of P38 MAPK in autophagy, abrogation of P38 by chemical 
inhibitors has been reported to be sufficient to interfere with the 
normal autophagic maturation step (22,23). Our study showed 
that P38 was a contributing factor to resveratrol-induced 
autophagy. Oridonin, a herbal ent-kaurane diterpenoid, has 
been shown to induce autophagy by activating P38 signaling 
in HeLa cells, in accordance with our findings (24). The 
ERK and Akt pathways are known to regulate autophagy, 
but with opposite effects in that the ERK pathway regulates 
autophagy positively, whereas the Akt pathway regulates 
autophagy negatively (9). The natural products triterpenoid 
B-group soysaponins and curcumin have been shown to 
induce autophagy by inhibiting Akt signaling and enhancing 
ERK activity in human colon cancer and human glioma cells, 
respectively (18,19). Our data showed that the inhibition of the 

ERK pathway using PD98059 inhibited resveratrol-induced 
autophagy, but the inhibition of the Akt pathway had no 
effect. Cui et al (24) reported that ERK had no obvious role 
in oridonin-induced autophagy in HeLa cells. Further studies 
are needed to determine whether the combination of Akt 
inhibition and ERK activation is essential for the autophagic 
process induced by different anticancer agents in different 
cancer cell types.

In conclusion, our study showed that resveratrol induces 
autophagy and that the ERK and P38 pathways are involved 
in resveratrol-induced autophagy. This may offer novel thera-
peutic options to explore the relationship between autophagy, 
cell death/growth and response to anticancer agents in glioma 
cells.
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Figure 3. Effects of P38, ERK and Akt on cell autophagy and cell growth. (A) Effects of SB202190, PD98059 and LY294002 on resveratrol-induced autophagy 
in glioma cells. Cells were pre-incubated with these inhibitors followed by treatment with 100 µM resveratrol. The number of cells with GFP-LC3-positive 
autophagosomes was counted, and the percentage among the total number of cells expressing GFP was determined. Data are the means of triplicate experi-
ments; error bars, SD. (B) Effects of SB202190, PD98059 and LY294002 on the viability of resveratrol-treated glioma cells. Cells were pre-incubated with 
these inhibitors followed by treatment with 100 µM resveratrol. Cell viability was determined by the WST-1 assay. Data are the means of triplicate experi-
ments; error bars, SD. *P<0.05; **P<0.01. 
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