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Glioma is the most frequent and malignant primary human brain
tumor with dismal prognosis despite multimodal therapy. Resveratrol
and quercetin, two structurally related and naturally occurring
polyphenols, are proposed to have anticancer effects. We report
here that resveratrol and quercetin decreased the cell number in
four glioma cell lines but not in rat astrocytes. Low doses of
resveratrol (10 μM) or quercetin (25 μM) separately had no effect on
apoptosis induction, but had a strong effect on caspase 3/7 activation
when administered together. Western blot analyses showed that
resveratrol (10 μM) and quercetin (25 μM) caused a reduction in
phosphorylation of Akt, but this reduction was not sufficient by
itself to mediate the effects of these polyphenols. Most important,
resveratrol and quercetin chronically administered presented a strong
synergism in inducing senescence-like growth arrest. These results
suggest that the combination of polyphenols can potentialize their
antitumoral activity, thereby reducing the therapeutic concentration
needed for glioma treatment. (Cancer Sci 2009; 100: 1655–1662)

Malignant gliomas comprise the most common and
devastating types of primary central nervous system

(CNS) tumors and have an incidence of 5–8/100 000 population.
The median survival of patients with malignant gliomas is only
12 months after diagnosis.(1) Gliomas are characterized by
diffuse infiltrations of the surrounding CNS tissue,(2) and this
characteristic is one of the main reasons for the lack of
successful treatment of this type of cancer.(3) Nevertheless, the
therapeutic strategy for gliomas has remained essentially
unchanged for decades due to a limited understanding of the
biology of the disease. There is an urgent need to develop
mechanism-based approaches for the management of glioma,
i.e. to develop strategies which can eliminate only the damaged
(pre-malignant) or malignant cells without harming normal CNS
tissue.(4)

Resveratrol (Rsv; 3,5,4′-trihydroxy-trans-stilbene) is found in
many plant species such as grapes, berries, and peanuts, and
exhibits pleiotropic health beneficial effects, including anti-
oxidant, anti-inflammatory, cardioprotective, neuroprotective, and
antitumor activities.(5–7) The cancer chemopreventive properties
of Rsv were first appreciated when Jang et al. (1997)(5) demon-
strated that Rsv inhibited cellular events associated with tumor
initiation, promotion, and progression. It has been shown that
Rsv can induce apoptotic cell death in a number of cancer cell
lines, including U251 human glioma cells,(8) RT-2 rat glioma
cells,(9) and the C6 rat glioma cell line.(10) It is thought that Rsv
affects whole pathways and sets of intracellular events rather
than a single enzyme and is, therefore, less prone to induce
resistance in cancer cells.(11)

Quercetin (Quer; 3,3′,4′,5,7-pentahydroxyflavone) is a flavo-
noid ubiquitous in nature that has recently been described as a
potential anticancer agent(12) because of its ability to modulate
cell proliferation,(13) survival, and differentiation, targeting key

molecules responsible for tumor cell growth such as p53, p21,
and Ras in several cancer cell types.(14,15) Quer induces little or
no toxicity when administered orally or intravenously, and
preliminary animal and human data indicate that Quer inhibits
tumor growth.(16) We have previously demonstrated that Quer
induced necrotic and apoptotic cell death in the U138-MG
human glioma cell line,(17) and Kim et al. (2007) demonstrated
that Quer treatment resulted in loss of cell viability in the A172
glioma cell line.(18)

Fresh grape skin contains about 50–100 μg/g of Rsv and
40 μg/g of Quer.(19,20) In red wine, the concentration of Rsv is in
the range of 7–13 μM(21) and Quer is in the range of 7.4 μM,(22)

while commercial grape juice contains about 20 μM of trans-
resveratrol.(23) In rats, injection of Rsv or Quer lead to levels of
these drugs in the low micromolar range in the CNS, suggesting
that they could potentially be used as therapeutic agents against
gliomas.(24,25)

The mechanisms of chemopreventive effects of Rsv and Quer
are not well understood. Moreover, studies suggest that targeting
regulatory molecules of the cell cycle, apoptosis, and senescence
in cancer cells can be an effective strategy for the management
of cancer(26–28) and, at present, many works have shown that Rsv
and Quer can modulate some of these processes.(17,29–31) Both
Rsv and Quer have been suggested to extend lifespam of model
organisms(32–35) and to reduce cell senescence in normal cells.(36,37)

There is only one report showing that Rsv can induce senes-
cence in cancer cells(31) and no such report was found for Quer.
Besides, no study considering the interactions of these agents on
cell senescence was found in the literature. Here we show that
Rsv and Quer cooperate in triggering apoptosis, inhibiting cell
proliferation and, most strikingly, in inducing senescence-like
growth arrest in gliomas cell lines.

Matherials and Methods

Cell culture. Rat C6 glioma cells, human U87-MG, and U138-
MG glioma cells were obtained from ATCC (Rockville, MD,
USA). Mouse GL261 glioma cell line was gently provided by
Dr Ilker Eyüpoglu, University of Zurich. All culture materials were
purchased from Gibco Laboratories (Grand Island, NY, USA).
Cells were cultured in DMEM low glucose supplemented with
10% FBS (5% for C6 cells), 1% penicillin/streptomycin, and
0.1% anphoterecin B at 37°C/5% CO2 in a humidified incubator.

Cell treatments. Rsv and Quer were purchased from Sigma
Chemical (St. Louis, MO, USA) and administered for 24–72 h.
Rsv (10 μM) and Quer (25 μM) were also added together and are
referred in the text as cotreatment. The PI3K (Phosphoinositide3-
kinase) inhibitor LY294002 (LY; Cell Signaling, Beverly, MA,
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USA), was administered (10 μM) for 72 h. The vehicle carrier
DMSO (Acros Organics, NJ, USA) was present in the control
wells at a maximum concentration of 0.5%.

Astrocyte cultures. Primary astrocyte cultures were prepared as
previously described.(38) Briefly, hippocampi of new-born Wistar
rats (1–2 days old) were removed and mechanically dissociated
by sequential passage through a Pasteur pipette. Cell suspension
was centrifuged at 1000 g for 5 min. The supernatant was
discarded, and the pellet resuspended in culture medium
containing DMEM with 10% FBS and 1 % penicillin/streptomycin
and 0.1% anphoterecin B. Cells were plated at a density of
1.5 × 105 cells/cm2 onto 24-well plates pretreated with poly-
lysine in 5% CO2 at 37°C, and allowed to grow to confluence
(14 days). All animal use procedures were approved by the local
Animal Care Committee and were in accordance with the NIH
Guide for the Care and Use of Laboratory Animals.

Cell number determination and propidium iodide (PI) staining.
The number of cells was counted in a hemocytometer and the value
of the treated cells was calculated as a percentage of the control.
For PI staining, cells were treated with the drugs in the presence
of 6 μM PI (Sigma) for 72 h and images were obtained using a
Carl Zeiss Fluorescence Inverted Microscope with a rhodamine
filter (Carl Zeiss, Jena, Germany). Results are presented as ratio
of cells marked with PI to total cells of at least three fields of
three experiments analyzed by Image J software (NIH Image,
Rockville, MD, USA).

Mitotic index (MI) determination. Cells were fixed with 70%
ethanol for 15 min and stained with 6 μM PI. MI was evaluated by
counting at least 300 cells per sample using Image J software
and the percentage of cells with condensed chromatin was
determined.

Long-term culture of C6 cells in the presence of Rsv and Quer and
determination of population doublings. Cells were plated at each
passage in 24-well plates at a density of 50 000 cells/well and
exposed to DMSO or different concentrations of Rsv and Quer
with renewal every 48 h of medium and treatments. Confluent cells
were passaged, and population doublings (PD) were determined
according to the formula PD = [log N(t)*logN(to)]/log 2, where
N(t) is the number of cells per well at time of passage, and N(to)
is the number of cells seeded at the previous passage.(31) The sum
of PDs was then plotted against time of culture.

Colony formation assay. After 6 or 12 days of treatments, cells
were trypsinized, counted, and plated at concentration of 1000
cells/well into six-well plates. After 7 days without treatments,
senescence induction was analyzed as described below and cells
were stained with Giemsa solution to determinate colony number
formation.(39) The percentage of colony forming efficiency was
calculated in relation to values of untreated control cells.

Senescence-associated-b-galactosidade (SA-b-gal) staining. After
12 days in culture, cells were washed in PBS, fixed in 3%
formaldehyde for 15 min at room temperature, washed, and
incubated with fresh SA-β-gal staining solution containing
1 mg/mL X-gal (Sigma), 40 mM citric acid/sodium phosphate
(pH 6.0), 5 mM potassium ferrocyanide, 5 mM potassium
ferricyanide, 150 mM NaCl, and 2 mM MgCl for 12–16 h at
37°C.(40) Results are presented as ratio of SA-β-gal-positive cells
to total cells of at least three fields of three experiments.

Caspase 3/7 activity. Measurement of caspase 3/7 activity was
done as previously described.(41) After treatments, C6 cells were
lysed and 40 μg of protein were incubated with a reaction
buffer. The caspase 3/7 substrate Ac-DEVD-MCA (Peptide
Institute, Osaka, Japan) was present at a final concentration of
20 μM. The cleavage of the fluorogenic synthetic substrate was
quantified by fluorimetry in a Spectramax Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA). The fluorescence
intensity was calibrated with standard concentrations of MCA,
and the caspase 3/7 activity was calculated using the slope of the
accumulated fluorogenic product and expressed in picomols per

min per mg of protein. Cells treated with 50 μM etoposide
(Sigma) for 24 h were used as positive control.

Annexin V staining. Phosphatidylserine externalization was
determined by annexin fluorescent signal of Annexin-V-FLUOS
Staining Kit assay (Roche, Germany) according to the manu-
facturer’s protocol. C6 cells were treated and incubated with PI
and annexin for 10 min at room temperature and photographed.
Necrotic cells were identified by double PI and annexin fluore-
scent staining, while apoptotic cells were positive only for annexin.

Immunoblotting. Preparation of protein samples and western
blot were performed as described previously with minor
modifications.(7) Whole-cell lysate (40 μg) was electrophoresed
and electroblotted onto a PVDF membrane (Amersham Pharmacia
Biotech, Piscataway, NJ, USA). The membrane was blocked in
5% skimmed milk/TBST for an hour and probed with Ab to
phosphatase and tensin homolog (PTEN) (1:2000 dilution; Cell
Signaling), phospho-Akt (pAkt Ser473) (1:1000; Cell Signaling),
and Akt (1:1000; Cell Signaling) for 1 h at room temperature.
Bound Ab was detected with appropriate HRP secondary Ab
(1:2000; Cell Signaling) using ECL and X-ray films (Kodak
X-Omat, Rochester, NY, USA). The optical density of the
bands was obtained in with Bio-Rad software (Quantity One;
Hercules, CA).

Statistical analysis. All data were expressed as mean ± SEM
and were analyzed using anova, followed by SNK post-hoc test
for multiple comparisons. Differences with P < 0.05 were
considered significant. Analyses of the data were performed
using the software GraphPad INSTAT, (GraphPad Software, San
Diego, CA, USA).

Results

Rsv and Quer decreased cell numbers. In search of novel strategies
to induce cell death, we investigated the antitumor effect of the
natural compounds Rsv and Quer on glioma cell lines. As
shown in Figure 1, Rsv and Quer decreased the number of
glioma cells in a time- and dose-dependent manner. In C6 cells,
after 72 h of 10 μM Rsv and 25 μM Quer treatment, the number
of cells was reduced 25% and 54%, respectively. When cells
were treated with both compounds at the same concentration
and exposure time, the number of cells was reduced 80%,
indicating an additive effect of the cotreatment. This reduction
was similar to the result observed with higher concentrations of
Rsv and Quer. These results were confirmed by MTT assay
(data not shown). In other glioma cell lines, the additive effect
was not observed, with 50 μM Rsv being the dose that induced
the biggest cell number reduction after 72 h of treatment. The
difference of response could be explained by the genetic
characteristics of each cell line, since U87-MG and U138-MG
are deleted for PTEN, and U138-MG is mutant for TP53,
whereas C6 has both proteins functional.(42,43)

To evaluate whether the cytotoxic effect of Rsv is selective to
glioma cell cultures, primary astrocyte cultures and glioma C6
cells were treated for 72 h with Rsv and stained with PI. As
shown in Figure 2(a,b), PI incorporation was highest in glioma
cells treated with 50 μM Rsv. This effect was not observed in rat
astrocyte cultures (Fig. 2c,d). C6 cells treated with 25–100 μM
Quer (Fig. 2a,b) presented no significant PI incorporation.

Rsv activated caspase 3/7. To assess whether cytotoxicity of
Rsv and Quer was due to apoptosis induction, we measured the
activity of the executioner caspase 3/7(44) after treating C6 cells
with these compounds. Rsv (50 μM) increased caspase 3/7
activity after 48 h of treatment at an intensity similar to 50 μM
etoposide, used as a positive control (Fig. 3a).(41) This activation
was slow, since there was no detectable caspase 3/7 activation
before this time (data not shown). Quer (100 μM) was unable to
induce caspase 3/7 even at 72 h of treatment. Neither 10 μM Res
nor 25 μM Quer alone were able to induce caspase 3/7 activation;
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Fig. 1. Resveratrol (Rsv) and quercetin (Quer) reduced the number of human, mouse, and rat gliomas. Glioma cell lines from rat (C6), mouse
(GL261), and humans (U87-MG and U138-MG) were treated with 10 or 50 μM Rsv, 25 or 100 μM Quer, and 10 μM Rsv plus 25 μM Quer for 24, 48,
and 72 h; cells were then counted in a hemocytometer. Each time point represents the mean ± SEM of three independent experiments. ANOVA was
followed by SNK post test. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 2. Resveratrol (Rsv) increased propidium
iodide (PI) incorporation in C6 cells but not in
astrocyte cell cultures. C6 cells were treated with
10 or 50 μM Rsv, 25 or 100 μM quercetin (Quer),
and 10 μM Rsv plus 25 μM Quer. Astrocyte
cultures were treated with 1, 10, 25, or 50 μM
Rsv. At the end of the treatments (72 h), the
images were obtained using a Carl Zeiss inverted
microscope. Representative light micrographs of
C6 (a), astrocyte cell cultures (c), fluorescence
micrographs of C6 (b), and astrocyte cell cultures
(d) stained with PI (×100) are shown. The
numbers below the pictures depict values of PI
staining (ratio of PI labeled cells/total number
cells, normalized to control) as mean ± SEM of
three independent experiments. ANOVA was
followed by SNK post test ***P < 0.001.
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however, a strong activation was observed with the cotreatment,
suggesting a synergistic effect of these compounds in caspase
3/7 activation (Fig. 3a).

To verify if the caspase 3/7 activation was leading to apoptosis,
we analyzed annexin V (an apoptosis marker) and PI (necrosis
or late apoptosis marker) staining. After 72 h of 50 μM Rsv and
cotreatment of Rsv and Quer, there was an increase in annexin
V and PI staining, suggesting that the observed caspase 3/7
activation was leading to apoptosis (Fig. 3b).

In order to investigate the effect of Rsv and Quer on cell cycle
progression we determined the MI. The MI decreased with
50 μM Rsv and 100 μM Quer treatments but did not decrease
with lower doses of Rsv and Quer. Surprisingly, 10 μM Rsv
increased the MI in the first 24 h of treatment, but had no effect
at later time-points. Rsv and Quer cotreatment induced a small
reduction in MI, which was not observed by these treatments
alone (Fig. 3c). Cell cycle distribution indicated that Rsv
(50 μM) caused a modest G1 arrest (60 ± 3% compared to
48 ± 5% control cells) while Quer (100 μM) induced an S-phase
accumulation (20 ± 3% compared to 16 ± 2 control cells) at
24 h. These effects were no longer observed at 72 h of treatment
(data not shown).

Reduction in pAkt by Rsv and Quer is not essential for their
cytostatic effects. Given the evidence that PI3K/Akt is overactiv-
ated in a wide range of tumor types and triggers a cascade of
responses that include cell growth, proliferation, and survival,(45)

we wondered whether this pathway could be involved in Rsv
and Quer apoptosis induction and growth arrest. Rsv (10 μM)
and Quer (25 μM) reduced the phosphorylation of Akt to a level
comparable to the PI3K inhibitor LY without changing the
intracellular Akt levels (Fig. 4a). This effect was more intense
within 30 min of treatment, but was also observed at 4 h and
even at 24 h (Fig. 4a). This reduction in the phosphorylation of
Akt was not due to alteration in expression of PTEN, which was
not affected by the treatments (Fig. 4b).

To verify if the reduction in the phosphorylation of Akt was
responsible for the cell number decrease, we counted cells after
LY treatment. While Rsv plus Quer reduced pAkt to 34% of the
control and the cell number to 20% of the control, LY reduced
the same parameter to 26% and 70% respectively (Fig. 4c).
Taken together, these results indicated that there was not a
relationship between pAkt reduction and cell number decrease
since LY was more potent in reducing pAkt and less effective
in decreasing cell number.

Rsv and Quer cooperated in inducing senescence-like growth
arrest in C6 cells. In order to assess a potential pro-senescence
activity of chronically administered Rsv and Quer, we cultivated
C6 cells in the presence of Rsv and Quer and determined
population doublings during 12 days. Rsv (10 μM) or Quer
(25 μM) had only a small effect on the proliferation rate of C6
cells, but Rsv plus Quer lead to a striking reduction in long-term
glioma growth (Fig. 5a). Senescence induction by Rsv plus
Quer, measured by the activity of acidic β-galactosidase, a
biochemical marker for lysosome acidification,(40) was cooperative,
since each treatment alone produced around 20% of SA-β-gal
positive cells, whereas combination of Rsv and Quer induced
staining in almost all cells (Fig. 5b,c).

Despite a lack of relationship between pAkt reduction and
cell number decrease in the acute treatments, we analyzed
whether Akt played a role in chronic treatments. For this reason,
we treated cells for 12 days with 10 μM LY and determined
population doublings. LY, despite blocking Akt (Fig. 4a), did
not affect the proliferation rate of C6 cells and these cells did
not present SA-β-gal staining (Fig. 5a–c), corroborating the
results found by acute treatments.

In order to assess the recovery ability of cells that survived
the long-term Rsv and Quer treatments, we performed colony
formation assay. For this, after 12 days of treatments we allowed
cells to grow for 7 days without treatment and then we analyzed
their ability to form colonies. The colony formation was reduced
after treatment with 25 μM Rsv, suggesting that in these cases,
a sub-population of cells that survived the 12-day treatment
were committed to arrest or death, but another sub-population
survived and formed SA-β-gal-negative colonies. (Fig. 5d,e). At
the end of 12 days of Rsv and Quer cotreatments, no cells
survived to form colonies. Therefore, we performed a test after
6 days of cotreatment followed by 7 days without treatment and

Fig. 3. Resveratrol (R) induces caspase 3/7 activation, annexin V staining,
and redudes mitotic index. C6 cells were treated with Rsv (10, 25, or
50 μM) and quercetin (Q) (25 or 100 μM) and 10 μM Rsv plus 25 μM
Quer for 48 or 72 h. Caspase 3/7 activity was estimated by fluorogenic
assay for the effector caspase 3/7 (a). Cells were stained with annexin
V-FLUOS and propidium iodide (PI) and positive cells were observed
using an inverted fluorescence microscope (×200). The same fields are
shown. Control cells (left panels), 50 μM Rsv (middle panels), and 10 μM
Rsv plus 25 μM Quer (right panels) observed under light microscopic
image (upper panel), with annexin V staining (middle panel) and PI
staining (lower panel) after 72 h of treatments (b). Cells were treated
as indicated above for 24, 48, and 72 h and cells in mitosis were
visualized by PI staining. The results represent mean ± SEM from three
independent experiments. ANOVA was followed by SNK post test.
*P < 0.05, **P < 0.01, ***P < 0.001.
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observed that the colony formation was reduced by 40%; and as
observed with the other treatments, cells that survived were not
SA-β-gal-positive (Fig. 5d,e).

Discussion

In the present work we found that Rsv and Quer elicited
cytostatic and cytotoxic effects on C6 glioma cell lines by
reducing cell growth when administered acutely and chronically.
The type of effect elicited was dependent on drug concentration
and exposure time. The concentrations at/or above 50 μM Rsv
induced necrosis, apoptosis, and cell cycle arrest in early
time-points, whereas lower concentrations of Rsv required the
presence of Quer for the induction of long-term growth arrest
and senescence. Others have observed additive effects with
acute treatments with Rsv plus Quer in leukemia, breast cancer,
and melanomas,(46–48) but these studies did not evaluate long-term
effects of this combination.

Inhibition of apoptosis and cell cycle deregulation are two
mechanisms of tumor formation, and many chemopreventive
agents act through the induction of apoptosis and cell cycle
arrest to block the carcinogenic process.(49–52) Our data showed
that C6 cells treated with 50 μM Rsv for 72 h and Rsv plus Quer
induced an increase in caspase 3/7 activity and an augmented
annexin V staining. As soon as 24 h after 50 μM Rsv treatment,
a strong decrease in MI accompanied by a small reduction in the
G1 population was observed. These results support our notion
that the cancer preventive effect of Rsv plus Quer may occur
through the induction of apoptosis.(8,53) Previous works showed that
the upregulation of p53-responsive genes such as p21WAF1/CIP1,
p300/CBP, and Apaf1 by Rsv predisposed human prostate cancer
(LNCaP) cells to undergo apoptosis.(54) Similarly, Rsv- and

Quer-induced apoptosis in HepG2 cells was accompanied by a
p53-dependent increase in Bax and p21.(55,56)

Cell cycle deregulation and apoptosis are closely related
events. The PI3K/Akt pathway has a key role in regulating both
processes and, as recently described, is involved in senescence
induction.(57,58) Besides this, it has been reported that increased
PI3K activity due to loss of PTEN, gene amplification, and
mutation of catalytic and regulatory subunits of PI3K is common
in high grade glioma,(59) and that inhibition of PI3K is cytotoxic
in several human glioma cell lines in vitro.(60) Both Rsv and
Quer reduced the phosphorylation of Akt at early time-points
and despite reducing pAkt to a similar level to Rsv or Quer, LY
produced only a small reduction in cell numbers with acute and
chronic treatments. These results indicate that inhibition of the
PI3K/Akt pathway does not play an essential role in Rsv- or
Quer-induced cell death. Other studies have found an inhibitory
effect of Rsv on the PI3K/Akt pathway, but in this case the
effect was mimicked by a PI3K inhibitor.(61)

The induction of senescence, irreversible growth arrest, is
regarded in cancer cells as a means to halt tumor initiation and
progression.(62) Recent studies have revealed some molecular
basis for cellular senescence, which may involve the p38 MAPK
cascade, and Rb and p53 tumor suppression pathways.(63) Rsv
and Quer are known for their antisenescent effects induced by a
variety of stresses, with only one report that shows Rsv-induced
senescence in the HCT116 colon cancer cell line(31) and no report
of Quer-induced senescence. The striking synergy observed with
low concentrations of Rsv and Quer point to the regulation of
converging pathways to the senescence machinery.

Long-term exposure to low concentrations of Rsv (10–25 μM)
or Quer (25 μM) induced senescence-like growth arrest. More
important, the clear additive – even synergistic – effect between

Fig. 4. Resveratrol (Rsv) and quercetin (Quer)
decreased the phosphorylation of Akt. C6 cells
were treated with 10 μM Rsv, 25 μM Quer, or
10 μM Rsv plus 25 μM Quer, for 30 min, 4 h, and
24 h, and with 10 μM LY294002 for 30 min.
Lysates were subjected to western blot analysis
for pS473Akt and total Akt antibodies (a) and
PTEN antibody (b). Representative blots of three
independent experiments are shown and the
numbers below the blots depict values of
densitometric evaluation as mean ± SEM. Number
of C6 cells treated as indicated for 72 h (c). The
results represent mean ± SEM from three
independent experiments. ANOVA was followed by
SNK post test. *P < 0.05, **P < 0.01.
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Fig. 5. Resveratrol (Rsv) and quercetin (Quer) induce senescence in C6 cells. C6 cells were cultivated in the continuous presence of 10 or 25 μM
Rsv, 25 μM Quer, 10 μM Rsv plus 25 μM Quer, or 10 μM LY294002 for 12 days and cumulative population doublings were plotted against time (a).
After this time cells were stained for senescence-associated-β-galactosidade (SA-β-gal) and photographed (b). The bar graph represents the ratio
of SA-β-gal-positive cells to total cells of at least three fields of three independent experiments (c). Colony formation efficiency of C6 cells 7 days
after 12 days Rsv or Quer treatment or 6 days of cotreatment (d), and SA-β-gal staining at the end of the colony formation assay (e). ANOVA was
followed by SNK post test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Rsv and Quer was observed on cell number decrease, caspase 3/
7 activation, long-term proliferation inhibition, and senescence
induction. This indicates that different targets may be involved
in the regulation of these features and supports the notion that
the combination of Rsv and Quer is an interesting strategy for
glioma treatment.

Inhibition of Akt(57) as well as activation of Akt(58) have been
linked to increase in senescence. Since we found that Rsv and
Quer reduced pAkt, we investigated whether these effects could
be involved with long-term growth arrest and senescence induc-
tion. LY, despite dramatically reducing Akt phosphorylation, did
not have any effect on cell growth and senescence, indicating
that pAkt reduction is not solely responsible for this process.

In this work we observed two types of effects, with high doses
of Rsv inducing apoptosis, low doses inducing senescence, and
cotreatment with low doses of Rsv and Quer inducing both. It is
still not clear what determines if a cell will undergo senescence
or apoptosis. Although most cells are capable of both, these
processes seem to be mutually exclusive.(28) Cell type, gene
expression, and level of tumour suppressor protein p53(64,65)

appear to be determinant for the cell to undergo apoptosis or
senescence. Some studies clearly point to a crosstalk between
the processes of apoptosis and cellular senescence;(66) however,
the cross-regulation between these processes is far from under-
stood and further studies are needed to clarify their relationship.

The synergistic induction of senescence and long-term growth
inhibition by Rsv and Quer suggests that the combination of
these agents is a good candidate treatment for preclinical studies
on glioma tumors. Studies in rodents indicate that both Rsv and
Quer cross the intact blood–brain barrier and reach concentrations

in the range of 0.1 and 0.3 μmol/kg, respectively.(24,25) Glioma
growth may break the blood–brain barrier, probably increasing
the concentration reachable inside the glioma. It is worthwhile
noting that Rsv is not toxic to primary astrocyte cultures and
both Rsv and Quer are protective against oxygen and glucose
deprivation in hippocampal organotypic cultures,(7,17) making
these agents ideal for therapeutic intervention in CNS tumors.

Taken together, our studies add a novel facet to the cancer
chemopreventive action of Rsv and Quer. Acutely administered
high doses of Rsv can induce apotosis and chronically adminis-
tered Rsv and Quer in subapoptotic doses can induce senescence-
like growth arrest.

Several reports have investigated the effect of individual
polyphenols. Because the majority of dietary compounds contain
a mixture of polyphenols, it is important to understand their
combinatorial effect at dietary concentrations. For a further
potential application of Rsv and Quer, isolated or combined, as
cancer chemopreventive agents or adjuvants in chemotherapy,
more studies focusing on bioavailability, the half-life of Rsv and
Quer, the interaction of both compounds and their metabolites
are needed. This is even more necessary when taken into account
that senescence induction normally requires the continuous
presence of the inducing agents at the tumor site.
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