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Abstract
Resveratrol (trans-3,4’, 5-trihydroxystilbene) is a naturally occurring polyphenolic compound that
has anti-inflammatory, antioxidant, neuroprotective properties and acts as a chemopreventive agent.
Resveratrol causes cell cycle arrest and induces apoptotic cell death in various types of cancer cells.
In the current studies, the effect of resveratrol on phosphoinositide kinase-3 (PI3K)/protein kinase
B (Akt)/mammalian target of rapamycin (mTOR) signaling pathway was examined in human U251
glioma cells. Resveratrol decreased both the expression and phosphorylation of Akt. Inhibitors of
PI3K (LY294002) and Akt (SH-6) enhanced resveratrol-induced LDH release and caspase-3
activation. Resveratrol reduced phosphorylation of ribosomal protein S6 and the mTOR inhibitor
rapamycin further enhanced resveratrol-induced cell death. These results suggest that the
downregulation of PI3K/Akt/mTOR signaling pathways may be an important mediator in resveratrol-
induced apoptosis in glioma cells.
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INSTRUCTION
Glioma is the most common malignant brain tumors in adults. Despite advances in the currently
available combined therapies, such as surgery, radiation and chemotherapy, the prognosis of
patients has not been improved (1). Alteration of major signaling cascades has been
demonstrated in the development of gliomas (2), such as overexpression and/or activation of
growth factors and their receptors [e.g. transforming growth factor-alpha (TGF-α), EGF and
EGFR], overexpression and/or activation of intracellular signaling proteins (e.g. PI3K/Akt),
and mutation of tumor suppressor genes [e.g. p53 and phosphatase and tensin homolog deleted
on chromosome 10 (PTEN)]. Development of therapeutic agents targeting these altered
signaling cascades may provide alternative strategies in addition to conventional treatment
procedures.
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Resveratrol is a naturally occurring polyphenolic compound that is highly enriched in grapes,
peanuts, red wine and a wide variety of other food sources (3). Resveratrol has anti-
inflammatory, anti-oxidant, antileukemic, anti-viral, neuroprotective properties (4), and acts
as a cancer chemopreventive and chemotherapeutic agent (5), inhibiting different stages of
carcinogenesis, such as initiation, promotion and progression of the tumor (6). Resveratrol is
implicated in the regulation of a variety of cellular responses such as cell cycle arrest,
differentiation and apoptosis in various cancer cell lines and experimental tumor models (7).

Alteration of growth factor receptor expression often leads to the overactivation of PI3K/Akt
(8). PI3K has been implicated in tumor progression, invasion and angiogenesis (9). Attenuation
of the PIK3CB gene encoding the PI3K catalytic subunit p110β by siRNA in human U251
glioma cells suppresses cell proliferation, induces cell cycle arrest, reduces cell invasion and
promotes apoptosis in vitro (10). In addition, the growth of the subcutaneous U251 glioma in
the nude mice is significantly inhibited after treatment with siRNA targeting PIK3CB (10).
Akt is a family of the serine/threonine protein kinases that are involved in cell proliferation
and survival, as demonstrated by several downstream cellular targets it regulates, such as Bad,
caspase-9, glycogen synthase kinase 3 (GSK3), Forkhead transcription factors and nuclear
factor-kappa B (NF-κB) (11). The mTOR is one of the downstream signaling targets of PI3K/
Akt that regulates the signaling proteins essential for protein synthesis, such as ribosomal
p70S6 kinase (12). Phosphorylation of Akt and mTOR is significantly correlated, and
deregulation PI3K/Akt/mTOR signaling may lead to uncontrolled protein synthesis and cell
cycle progression (13).

Our previous study showed that resveratrol induced time- and dose-dependent apoptosis in
human U251 glioma cells (14). The deregulation of cell cycle kinetics, alteration of expression
of Bcl-2 family and activation of caspases are involved in the resveratrol-induced apoptotic
cell death. In the current study, we further examined the effect of resveratrol on PI3K/Akt/
mTOR signaling pathway. We demonstrate that resveratrol downregulates PI3K/Akt/mTOR
signaling pathway and inhibitors of these signaling proteins further enhance the resveratrol-
induced caspase-3 activation and cell death.

MATERIALS AND METHODS
Materials

Resveratrol (Sigma Chemical Co., St. Louis, MO) was prepared in dimethyl sulfoxide (DMSO)
at the stock solution of 100 mM and further diluted to appropriate concentration with cell
culture medium immediately before use. Control experiments contain DMSO only. PI3K
inhibitor LY294002 (2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one), Akt inhibitor
(SH-6, phosphoinositide analogue inhibitor), and mTOR inhibitor rapamycin were obtained
from Calbiochem (La Jolla, CA). Antibodies against phospho-mTOR (ser2448), phospho-Akt
(ser473), Akt, cleaved caspase-3 (Asp-175) and PathScan multiplex Western cocktail I kit
(phospho-p90RSK, phospho-Akt, phospho-p44/42 MAPK and phospho-S6 ribosomal protein)
were obtained from Cell Signaling Technology (Beverly, MA). Antibodies against cyclin D1
and actin (I-19) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and antibody
against poly(ADP-ribose) polymerase (PARP) was purchased from Oncogene Research
Products (Cambridge, MA).

Cell Culture
U251 glioma cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT),
100 units/ml of penicillin and 100 µg/ml streptomycin (Invitrogen, Carlsbad, CA) at 37°C in
a humidified incubator containing 5% CO2 and 95% air, as previously described (14).
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Lactate dehydrogenase (LDH) Release Assay
LDH release was measured using a CytoTox 96 non-radioactive cytotoxicity assay kit from
Promega (Madison, WI). Cells (2×105 cells per well) were plated in 24-well plates the day
before the experiments. After various treatments, medium from each well was collected to
measure the amount of released LDH. Cells in separate sister wells were exposed to lysis buffer
(9% Triton X100) and media were collected to measure the total amount of cellular LDH. The
amount of LDH from each sample was measured at the wavelength of 490 nm by a BioTek
EL-340 microplate reader. The percentage of released LDH vs. total intracellular LDH was
calculated and reflected the amount of cell death.

Caspase-3 Activity Assay
Caspase-3 activity assay was performed using an Apo-Alert colorimetric caspase assay kit
from BD Biosciences Clontech (Palo Alto, CA). Cells (1×106) were plated into 6-cm dishes
the day before the experiments. After various treatments, cells were collected and cell lysates
were prepared. Protein concentration was determined by using a BCA (bicinchoninic acid)
protein assay kit (Pierce, Rockford, IL). Equal amounts of lysates were used for caspase-3
activity assay, measured at a wavelength of 405 nm using the detection of chromophore p-
nitroaniline (pNA) after its cleavage by caspase-3 from the labeled caspase-3 specific substrate,
DEVD-pNA. The data are presented as pmoles of pNA per µg of cell lysate per hour of
incubation.

Western Blot Analysis
Western blot analysis was performed, as previously described (15). Cells were collected after
various treatments and washed once with 1X phosphate-buffered saline (Mediatech) and lysed
in lysis buffer [20 mM HEPES, pH 7.4, 100 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 1%
deoxycholic acid, 10% glycerol, 1 mM EDTA (ethylendiaminetetraacetic acid), 1 mM EGTA
(ethylene glycol tetraacetic acid), 1 mM NaVO3, 50 mM NaF, and cocktail I of protease
inhibitors from Calbiochem]. Soluble proteins were obtained by centrifugation at 13,000 rpm
for 10 min at 4°C and protein concentration was determined. Equal amounts of cell lysate were
subjected to SDS-polyacrylamide electrophoresis on Novex tris-glycine pre-cast gels
(Invitrogen) and separated proteins were then electrotransferred to Immobilon polyvinylidene
fluoride (PVDF) membranes (Whatman, Sanford, ME). After incubation with selective
primary antibodies, proteins were visualized using SuperSignal West Pico chemiluminescence
substrate system (Pierce). The band intensity was analyzed using Scion image software
(Frederick, MD).

Statistical Analysis
Data were presented as means ± SD. Differences between different treatment groups were
analyzed by using student’s t-test and a p-value < 0.05 was considered statistically significant.

RESULTS
Resveratrol induces dose-dependent increase of caspase-3 activation and decrease of cyclin
D1 expression

Our previous study has shown that resveratrol induces apoptotic cell death through activation
of caspase-3 and decreases cyclin D1 expression at concentration of 100 µM (14). However,
the dose-dependent effect of resveratrol on caspase-3 activation and cyclin D1 expression was
not measured. In the current study, U251 cells were treated with 0, 1, 10, 25, 50 and 100 µM
of resveratrol for 24 h. Western blot analysis showed that caspase-3 activation appeared at the
concentration of 25 µM of resveratrol, with the highest activation of caspase-3 observed at the
concentration of 100 µM (Fig. 1A). Resveratrol decreased the cyclin D1 expression to 80%,
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87%, 76%, 59%, and 42% of the control levels at the concentrations of 1, 10, 25, 50 and 100
µM, respectively (Fig. 1B). Since 100 µM of resveratrol showed the maximal effect on
caspase-3 activation and inhibition of cyclin D1 expression, subsequent experiments were
carried out at this concentration.

Inhibition of PI3K/Akt activation enhances resveratrol-induced apoptosis
PI3K/Akt signaling pathway is important for cell growth, differentiation and survival.
Resveratrol has been shown to induce apoptotic cell death (14) and suppression of pro-survival
PI3K/Akt signaling may be an important mediator in this process. To examine the effect of
inhibition of PI3K on resveratrol-induced apoptosis, U251 cells were treated with a selective
PI3K inhibitor LY294002 or a selective Akt inhibitor SH-6. Basal levels of phospho-Akt were
greatly reduced after resveratrol treatment, and were further reduced in the presence of
LY294002 or SH-6 (Fig. 2A). Resveratrol increased the cleavage of pro-caspase-3 to active
caspase-3, as well as the cleavage of PARP from 110 kDa to 85 kDa, an effect which was
further enhanced in the presence of LY 294002 (Fig. 2B). SH-6 itself induced a strong increase
of activation of caspase-3 and cleavage of PARP, which was further enhanced in the presence
of resveratrol (Fig. 2B). Caspase-3 activity assay showed that resveratrol induced a 9.3-fold
increase of caspase-3 activation (Fig. 2C). LY294002 itself caused only a 1.6-fold increase of
caspase-3 activity, which was increased 13.2-fold in the presence of resveratrol (Fig. 2C). SH-6
itself increased caspase-3 activity 11.4-fold, to the levels which were comparable to resveratrol
treatment (9-fold as compared to control) and it further enhanced resveratrol-induced caspase-3
activity 27.7-fold (Fig. 2C). These results were consistent with results of Western blot analysis.
To further examine the role of Akt in resveratrol-induced apoptosis, LDH release assay was
performed (Fig. 2D). Resveratrol induced a 2.5-fold increase of LDH release, which is
compatible with the treatment of SH-6 alone. Combination of SH-6 and resveratrol treatment
further increased LDH release by 5.3- fold, indicating the additive effect of Akt inhibition on
the resveratrol-induced apoptosis. These results suggest that resveratrol decreases the
activation of pro-survival PI3K/Akt signaling pathway and inhibition of PI3K/Akt further
enhances the resveratrol-induced caspase-3 activation and LDH release in U251 cells.

Downregulation of Akt enhances resveratrol-induced apoptosis
To further examine the role of Akt in resveratrolinduced apoptosis, U251 cells were transfected
with Akt siRNA for 48 h followed by resveratrol treatment for 24 h. Western blot analysis
showed that resveratrol reduced the Akt phosphorylation and expression in normal cells (Fig.
3A). Resveratrol decreased Akt expression to 55% of the control levels in non transfected cells.
In transfected cells, Akt siRNA reduced Akt expression to 62% of the control levels.
Resveratrol further decreased Akt expression to 19% of the control levels. Resveratrol also
increased the cleavage of caspase-3 in Akt siRNA transfected cells compared to normal cells
(Fig. 3A). LDH release assay showed that resveratrol induced a 2-fold increase of LDH release
as compared to control, while Akt siRNA itself induced more than a 2-fold increase of LDH
release (Fig. 3B). Resveratrol induced close to a 4-fold increase of LDH release in Akt siRNA
transfected cells. These results again suggest that Akt siRNA transfected cells are more
sensitive or susceptible than untreated cells to resveratrol-induced apoptosis and Akt is a critical
mediator of resveratrol-induced apoptosis.

Inhibition of mTOR enhances resveratrol-induced apoptosis
The mTOR signaling protein is one of the downstream targets of PI3K/Akt. To further examine
the effect of resveratrol on mTOR, U251 cells were treated with resveratrol for 0, 2, 4, 8 and
24 h. Levels of phospho-Akt and phospho-mTOR were examined by Western blot using
phospho-specific antibodies. Resveratrol decreased phosphorylation of Akt and mTOR after
24 h of treatment (Fig. 4A). U251 cells were treated with 0 or 100 µM of resveratrol for 24 h,
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in the absence or presence of rapamycin, an inhibitor of S6 kinase. Western blot analysis was
performed using the antibodies from Pathscan Multiplex cocktail kit (Fig. 4B). S6
phosphorylation was slightly decreased after resveratrol treatment, but was greatly decreased
after rapamycin treatment, suggesting that resveratrol enhances rapamycin-mediated decrease
of S6 phosphorylation. Both phosphorylation and expression of Akt was decreased after
resveratrol treatment (Fig. 4C). Rapamycin itself had no effect on the phosphorylation and
expression of Akt, but further enhanced resveratrol-mediated decrease. LDH release assay
showed that rapamycin enhanced the resveratrol-induced cell death (Fig. 4D). These results
suggest that resveratrol decreases the activation of Akt/mTOR and inhibition of mTOR by
rapamycin further enhances the resveratrol-induced apoptosis.

DISCUSSION
Understanding the molecular signaling mechanisms of resveratrol-induced apoptosis may
facilitate the development of additional therapeutic interventions for the prevention and
treatment of glioma. The effect of resveratrol on PI3K/Akt/mTOR signaling pathway in glioma
cells is not extensively studied. Our current study has demonstrated that resveratrol induces
dose-dependent activation of caspase-3 and decrease of cyclin D1 expression. Resveratrol
downregulates PI3K/Akt/mTOR-mediated signaling pathway and inhibitors to these signaling
proteins further enhance resveratrol-induced caspase-3 activation and cell death. Akt is a
critical mediator of resveratrol-induced apoptosis as demonstrated by using both chemical
inhibitor and siRNA to reduce the Akt activation and expression, respectively. Our study
suggests that resveratrol-induced apoptosis may be mediated through the induction of pro-
apoptotic (e.g. caspase-3) and suppression of pro-survival (e.g. PI3K/Akt) signaling pathways.

Resveratrol has been shown to induce apoptotic cell death in a number of cancer cell lines,
including glioma cells (14,16,17). Multiple apoptotic signaling cascades may be activated by
resveratrol, such as mitochondria-mediated activation of caspases and alteration of expression
of Bcl-2 family of proteins (18). Our previous study suggests that resveratrol-induced apoptosis
involves cell cycle arrest and mitochondria-mediated activation of caspases (14). Resveratrol-
induced cytochrome C, Bax translocation and activation of caspase-9 have been observed,
which is consistent with other reported studies (19).

Inhibition of cell proliferation by resveratrol is likely mediated by the modulation of cell cycle-
related proteins, such as cyclin D1 (3). It has been reported that PI3K/Akt/mTOR signaling
may play a critical role in cell cycle progression in human prostate cancer cells (20). In addition,
resveratrol has been shown to inhibit cell proliferation and induce apoptosis through the
downregulation of Stat3- and NF-κB-mediated signaling proteins including cyclin D1 (21).

Akt belongs to a family of serine/threonine protein kinases that can be activated in response
to various stimuli, including growth factor stimulation, stress, or protein phosphatase
inhibitors, in a PI3K-dependent manner (11). Considerable evidence suggests that Akt plays a
critical role in tumorigenesis. It has been reported that Akt1 is amplified and overexpressed in
gastric adenoma, ductal breast carcinoma and ovarian cancer and cancer cell lines (22). Akt2
is amplified and/or overexpressed in ovarian, pancreatic, breast and thyroid carcinomas (22,
23,24). Inhibition of Akt2 by anti-sense approach has been reported to inhibit malignant glioma
cell growth and invasion (25,26). Furthermore, total Akt activity is increased in non small cell
lung cancer, breast and prostate cancer (27,28,29,30). These observations suggest that targeting
Akt may present a valuable therapeutic approach. Resveratrol has been reported to inhibit Akt
activity and to induce apoptosis in human uterine cancer cells (31). Our results demonstrate
that resveratrol downregulates Akt expression which may contribute to the reduction of Akt
phosphorylation. We observed that the Akt inhibitor SH6 greatly enhances the activation of
caspase-3, the cleavage of PARP and the induction of LDH release, as compared to the PI3K
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inhibitor LY294002. The combination of resveratrol and PI3K/Akt inhibitors further enhances
the apoptotic cell death in glioma cells suggesting that they act on two different aspects of the
signaling protein, expression and phosphorylation.

The mTOR is one of the major downstream signaling targets of PI3K/Akt and plays a critical
role in regulating various cellular functions, including cell proliferation, differentiation and
survival (32). Rapamycin is a mTOR inhibitor that has been implicated in regulation of cell
cycle progression and apoptosis (33) and induces autophagy, a type II apoptotic cell death
(34). It has been well established that activation of PI3K/Akt/mTOR pathway leads to
phosphorylation of p70S6 kinase, which subsequently induces the phosphorylation of
ribosomal protein S6. Our results show that resveratrol decreases the S6 phosphorylation,
suggesting that resveratrol may have a role in regulation of protein translational machinery, as
observed by others in human breast cell line (35).

In conclusion, our current study suggests that resveratrol downregulates and inactivates the
pro-survival PI3K/Akt/mTOR signaling pathway, which may play a critical role in resveratrol-
induced apoptosis in glioma cells and PI3K/Akt/mTOR signaling pathway may represent a
potential therapeutic candidate for treatment of glioma.
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Figure 1.
Resveratrol induces dose-dependent increase of caspase-3 activation and decrease of cyclin
D1 expression. U251 cells were treated with 0, 1, 10, 25, 50 and 100 µM of resveratrol for 24
h. Western blot analysis was performed using antibodies against cleaved caspase-3 and actin
(A) or Cyclin D1 and actin (B). For densitometric analysis of cyclin D1 expression, **, p <
0.01, ***, p < 0.001, vs. Con, n=3.
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Figure 2.
PI3K/Akt inhibitors enhance the resveratrol-induced apoptosis. U251 cells were treated with
0 or 100 µM of Res for 24 h, in the absence or presence of 20 µM of PI3K inhibitor LY294002
or 20 µM of Akt inhibitor, SH-6. (A) Western blot analysis of phospho-Akt (ser473). (B)
Western blot analysis of cleaved caspase-3 and PARP. (C) Caspase-3 activity assay; ***, p <
0.001, vs. Con; ***Δ, p < 0.001, vs. Res; n=3. (D) LDH release assay; **, p < 0.01, vs. Con;
**Δ, p < 0.01, vs. Res; n=3.
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Figure 3.
Akt siRNA enhances resveratrol-induced apoptosis. U251 cells in 6-cm dishes were transfected
with 50 nM of Akt siRNA for 48 h using a SignalSilence Akt siRNA kit (Cell Signaling),
followed by treatment with 100 µM of Res for 24 h. (A) Western blot analysis of phospho-Akt
(ser473), Akt, cleaved caspase-3 and actin. (B) LDH release assay; ***, p < 0.001, vs. Con;
*Δ, p < 0.05, vs. Res; n = 3.
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Figure 4.
The mTOR inhibitor rapamycin enhances resveratrol-induced apoptosis. (A) U251 cells were
treated with 100 µM of resveratrol for 0, 2, 4, 8 and 24 h. Western blot analysis was performed
using antibodies against phospho-Akt (ser473), phospho-mTOR (ser2448) and actin. In a
separate experiment, U251 cells were treated with 100 µM of resveratrol for 24 h, in the absence
or presence of 10 nM rapamycin (Rapa). Western blot analysis was performed using PathScan
multiplex Western cocktail I antibodies (B) or antibodies against phospho-Akt (ser473), Akt
and actin (C). (D) LDH release assay was performed in U251 cells treated with vehicle or 100
µM of resveratrol for 24 h, in the absence or presence of 10 nM rapamycin (Rapa); **, p <
0.01, Vs. Con;* Δ, p < 0.05, vs. Res; n = 3.

Jiang et al. Page 12

J Exp Ther Oncol. Author manuscript; available in PMC 2010 March 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


