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Abstract:

The aim of the present study was to investigate the kinetics of the effects exerted by Temodal and quercetin on the survival of the hu-
man astrocytoma MOGGCCM cell line. Our results indicate that quercetin was toxic and induced necrosis, whereas Temodal in-
duced autophagy-mediated cell death most effectively. The amount of cell death directly correlated with drug concentration and
length of exposure. During combined administration of both drugs, Temodal attenuated the cytotoxic effects of quercetin. Combina-
tions of both drugs were effective in inducing programmed cell death, but the type of cell death was concentration-dependent. Co-
administration of Temodal (100 uM) with a low quercetin concentration (5 uM) resulted in a very significant induction of auto-
phagy; however, after treatment with quercetin at a higher concentration (30 pM), apoptosis became the primary mechanism of cell
death. The sequence of drug administration was also important. The highest number of dead cells was observed after simultaneous
administration of both drugs or after pre-incubation with Temodal followed by treatment with quercetin. Apoptosis was identified
through activation of the mitochondrial pathway including cleavage of caspase-3 and release of cytochrome c. Autophagy was iden-
tified through increased levels of LC3II. Our results indicate that Temodal and quercetin are synergistic inducers of programmed cell
death, better together than applied separately. This drug combination appears to be a potent and promising therapeutic relevant to the
treatment of gliomas.
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Introduction tration that makes complete surgical resection nearly
impossible. Additionally, resistance to chemotherapy
is correlated with activation of protective mechanisms

facilitating the escape of cells from death signals [17,

Anaplastic astrocytoma (WHO grade III) is a common
malignant brain tumor representing ~25% of all primary

brain tumors. Despite years of extensive investigations,
astrocytomas remain resistant to conventional therapy,
including resection followed by radiotherapy. The prog-
nosis for patients with this type of cancer is very poor,
and survival time from diagnosis is approximately 3-8
years. Astrocytomas are characterized by diffusive infil-

23, 25]. A potential solution towards the goal of eradi-
cating these chemotherapeutic-resistant tumor cells is
the use of agents that inhibit repair processes and in-
duce programmed cell death.

Quercetin (3,3”,4°,5,7-pentahydroxyflavone) is a natu-
ral flavonoid that is found in a broad range of fruit and
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vegetables with an average daily intake of about 30 mg.
It possesses multiple biological, pharmacological and
medical applications [26, 27, 31]. It is one of the most
potent antioxidants. As an anticancer agent, it facili-
tates apoptosis through caspase-3 and caspase-9 acti-
vation and cytochrome c release [5, 6]. Additionally,
it suppresses the level of heat shock proteins (Hsps),
well known molecular chaperones responsible for
chemotherapy resistance and overexpressed in nearly
all classes of tumors, including gliomas [7, 14, 43].

Temodal is a leading compound in a new class of
alkylating chemotherapeutic agents that enter the
cerebrospinal fluid and do not require hepatic metabo-
lism for activation [9]. With a 35% response rate in
WHO grade III anaplastic astrocytomas, Temodal is
trending towards increasing efficacy against lower
grade tumors [3, 40]. The cytotoxicity of Temodal is
due to formation of O°-methylguanine in DNA, which
mispairs with thymine during the next cell cycle of
DNA replication. In consequence, astrocytomas re-
spond by undergoing G,/M arrest and ultimately un-
dergo autophagy-induced cell death [16, 29, 38].

Previous studies have revealed that natural bioac-
tive compounds may act in synergy with chemothera-
peutic drugs used in clinical treatment [27, 31].
Therefore, this investigation was undertaken to exam-
ine the effects of varying Temodal and quercetin con-
centrations administered alone and in combination for
different amounts of time on astrocytoma cell sensi-
tivity to induction of apoptosis, necrosis and auto-
phagy. We also examined the molecular mechanism
underlying these processes based on Hsp27, Hsp72,
cytochrome c, caspase-3, caspase-8, LC3 and Bcl2L.12
protein expression.

Materials and Methods

Cell lines and culture conditions

Human brain astrocytoma cells (MOGGCCM, Euro-
pean Collection of Cell Cultures, Centre for Applied
Microbiology and Research, Salisbury, UK) were
grown in a 3:1 mixture of DMEM and Ham’s F-12
(Sigma) supplemented with 10% FBS (Sigma), peni-
cillin (100 U/ml) (Sigma) and streptomycin (100 pg/ml)
(Sigma). Cultures were kept at 37°C in a humidified
atmosphere of 95% air and 5% CO..
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Drug treatment

Quercetin (Sigma) at final concentrations of 5 puM,
15 uM, 30 uM, and Temodal (TMZ, Temozolomide,
Schering-Plough) at final concentrations of 5, 10, 25,
50, and 100 pM were used in the experiments. The
drugs were dissolved in dimethyl sulfoxide (DMSO,
Sigma). The final concentration of DMSO in the cul-
ture medium did not exceed 0.01%, which, as indi-
cated in preliminary experiments, did not influence
cell viability or expression levels of the studied pro-
teins. Three variants of drug treatment were em-
ployed. In the first one, MOGGCCM cells were incu-
bated with quercetin or Temodal for 6, 12, 24, 48 and
72 h. In the second, quercetin and Temodal were
added to the culture medium at the same time and in-
cubated for 24 h. In the third variant , cells were pre-
incubated with one of the two drugs for 6 h, followed
by treatment with the other drug for the next 18 h. As
a control, the cells were incubated with 0.01% of
DMSO.

Immunoblotting

After quercetin and/or Temodal treatment, the
MOGGCCM cells were lysed in hot SDS-loading
buffer (125 mM Tris-HCI, pH 6.8; 4% SDS; 10%
glycerol; 100 mM DTT), incubated in a boiling water
bath for 10 min, centrifuged at 10,000 x g for 10 min,
and the supernatants were collected. The protein con-
centration was determined using the Bradford method
[4], and samples of the supernatants containing 80 pug
of protein from whole cells lysates were separated by
10% SDS-polyacrylamide gel electrophoresis [18]
and subsequently transferred onto Immobilon P mem-
brane (Sigma). Following the transfer, the membrane
was blocked with 3% low fat milk in PBS for 1 h, and
incubated overnight with the mouse monoclonal anti-
bodies anti-Hsp72 (SPA 810, StressGen) diluted
1:1,000, anti-Hsp27 (SPA 800, StressGen) diluted
1:1,000, anti- caspase-8 active form (Sigma) diluted
1:500, anti-Bcl2L12 (Sigma) diluted 1:500, rabbit an-
tibodies anti-caspase-3 active form (Sigma) diluted
1:500, anti-LC3 (Sigma) diluted 1:1,000 or sheep
anti-cytochrome c antibody (Sigma) diluted 1:1,000.
The membranes were washed 3 times for 10 min with
PBS containing 0.05% Triton X-100 (Sigma) and in-
cubated for 2 h with a 1:30,000 dilution of alkaline
phosphatase-conjugated goat anti-mouse IgG, anti-
sheep IgG or anti-rabbit IgG (Sigma). The mem-
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branes were visualized with alkaline phosphatase sub-
strate (5-bromo-4-chloro-3-indolylphosphate and ni-
tro-blue tetrazolium, Sigma) in a color development
buffer (DMF, Sigma). The data were normalized rela-
tive to B-actin (Sigma, working dilution 1:2,000, data
not shown).

The levels of protein expression were determined
using the Bio-Profil Bio-1D Windows Application
V.99.03 program. Three independent experiments were
performed.

Apoptosis detection with fluorochromes

Apoptosis and necrosis were identified using the fluo-
rescent dyes Hoechst 33342 (Sigma) and propidium io-
dide (Sigma), respectively [13]. Morphological analy-
sis was performed under a fluorescence microscope
(Nikon E800). Cells exhibiting blue fluorescent nu-
clei (fragmented and/or with condensed chromatin)
were interpreted as apoptotic. Cells exhibiting pink
fluorescent nuclei were interpreted as necrotic. At
least 1,000 cells in randomly selected microscopic
fields were counted under the microscope. Each ex-
periment was performed in triplicate.

Detection of acidic vesicular organelles with
acridine orange

Autophagy is a process by which cytoplasmic proteins
are sequestered in the lytic compartment. It is character-
ized by the formation and promotion of acidic vesicular
organelles (AVOs). Detection of AVOs in MOGGCCM
cells treated with quercetin and/or Temodal was ob-
tained through staining with acridine orange (AO) [37].
The cells were incubated with AO at the final concentra-
tion of 1 pg/ml for 15 min. A typical orange acridine-
positive cell exhibited granular discretion of AVOs in
the cytoplasm, which was indicative of autophagosome
formation. Morphological analysis was performed under
a fluorescence microscope (Nikon E800). At least 1,000
cells in randomly selected microscopic fields were
counted under the microscope, with each experiment
performed in triplicate. The percentage of autophagic
cells was calculated as the number of cells with AVOs
vs. the total number of stained cells.

Statistical analysis

The data are presented as the mean + SD of the results
from three independent experiments. Statistical evalu-

ation was performed using one-way ANOVA tests fol-
lowed by Dunnett’s multiple comparison test; p < 0.05
in comparison to the control was taken as a criterion
of significance.
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Fig. 1. The time-dependent effect of quercetin (Q) on autophagy (a),
necrosis (b) and apoptosis (¢) induction in the MOGGCCM cell line.
The cells were incubated with the drug (5, 15 and 30 uM) for 6, 12
and 24 h; *p < 0.05
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Results

The effects of Temodal and quercetin on cell
death induction

To distinguish the type of cell death in MOGGCCM
cells after treatment with quercetin or Temodal, a stain-
ing method with specific fluorochromes (Hoechst
33342, propidium iodide and acridine orange) com-
monly used for identification of apoptosis, necrosis or
autophagy was performed.

Quercetin

Our experiments indicated that quercetin was not very
effective in the induction of programmed cell death in
MOGGCCM cells (Fig. 1). The highest number of
apoptotic cells (5.25%) was observed after 12 h incu-
bation with 30 pM of quercetin. Extending the incu-

bation time to 24 h did not result in an increase in the
number of apoptotic cells. At the three concentrations
studied (5, 15 and 30 puM), the amount of apoptotic
cells did not exceed 4.5% (Fig. 1c). In the case of
autophagy, a 24 h incubation with the flavonoid at
15 uM was the most effective (4.35%) (Fig. 1a). On
the other hand, astrocytoma cells underwent necrotic
cell death after drug treatment. During the first 6 h of
incubation with quercetin at 5 pM and 15 puM, the
number of necrotic cells did not change significantly,
whereas flavonoid treatment at 30 pM induced this
type of death in ~9% of cells. Longer treatment corre-
lated with gradual, concentration-dependent increases
in the cytotoxic effect of the flavonoid. For example,
a 24 h incubation with 5 uM of quercetin produced
a population containing 29% necrotic cells, whereas
30 uM induced necrosis in 45% of the cells (Fig. 1b).
After a longer incubation time with higher drug con-
centrations, necrosis was observed in more than 50%
of the cells (data not shown).

Fig. 2. The time-dependent effect of
Temodal (T) on autophagy (a), necro-

sis (b) and apoptosis (¢) induction in
the MOGGCCM cell line. The cells
were incubated with the drug (5, 10,
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Temodal

In contrast to quercetin, Temodal was less effective at
the induction of necrosis in MOGGCCM cells. The
highest number of necrotic cells (7.73%) was ob-
served after 72 h of treatment at 100 uM (Fig. 2b).
The sensitivity of MOGGCCM cells to the induction
of apoptosis was similar to quercetin treatment, and
the ratio of apoptotic cells did not exceed 5.5%
(Fig. 2c). We observed that astrocytoma cells re-
sponded to Temodal treatment by autophagy most ef-
fectively (Fig. 2a). This was directly correlated with
a longer incubation time and a higher drug concentra-
tion. The highest number of autophagic -cells
(13.66%) was observed after 72 h of incubation with
Temodal at 100 pM.

Temodal plus quercetin

Experiments with Temodal and quercetin as described
above revealed that the drugs induced different types
of death in MOGGCCM cells. Thus, we were inter-
ested to evaluate the effects of combined administra-
tion of both drugs on cell sensitivity to cell death
(Figs. 3-5). Astrocytoma cells were incubated with
quercetin and Temodal at different concentrations, ad-
ministrated simultaneously, at the same time or the
cells were pre-incubated with quercetin or Temodal
for 6 h followed by administration of the other drug
for the next 18 h. The combined drug treatment was
more effective in the induction of programmed cell
death than separate drugs, and induced necrosis to the
smaller extent, suggesting that quercetin in combina-
tion with Temodal loses its pro-necrotic properties.
The order of drug application was also important. We
observed that pre-incubation with Temodal followed
by quercetin treatment (Figs. 3a, 4a, 5a), as well as si-
multaneous drug administration (Figs. 3c, 4c, 5b),
were the most effective at inducing apoptosis and
autophagy. Pre-incubation with quercetin was less ef-
fective (Figs. 3b, 4b), however, it still resulted in ~25%
autophagic cells. The intensity of the programmed
cell death was also concentration-dependent. After
treatment with a low quercetin concentration (5 pM)
and Temodal, the autophagic type of cell death domi-
nated at all the concentrations studied and varied from
18.85% (Fig. 3b) to 38% (Fig. 3a). Few apoptotic and
necrotic cells were observed, not exceeding 4% (Figs.
3a,b,c). In the case of experiments with higher fla-
vonoid concentrations (15 pM and 30 uM), and Te-
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Fig. 3. Estimation of the level of apoptosis, necrosis and autophagy in
MOGGCCM cells incubated with 5 uM of quercetin and increasing
Temodal concentration (0-100 uM); (a) cells pre-incubated with Te-
modal followed by quercetin administration; (b) cells pre-incubated
with quercetin followed by Temodal administration; (¢€) cells treated
with both drugs administered at the same time; (d) an autophagic cell
after simultaneous treatment with 5 uM of quercetin and 100 uM of Te-
modal stained with acridine orange, magnification 400x; * p < 0.05
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modal followed by quercetin administration; (b) cells pre-incubated
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with both drugs administrated at the same time; * p < 0.05

modal at concentrations above 50 uM, we observed
more apoptosis than autophagic cell death (Fig. 4a,b,c,
Fig. 5a,b). The results obtained after pre-incubation
with quercetin at 30 uM were not presented, because
a high percentage of necrotic and unstuck cells were
observed during pre-incubation.
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Fig. 5. Estimation of the level of apoptosis, necrosis and autophagy in
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modal followed by quercetin administration; (b) cells treated with
both drugs administered at the same time; (¢) apoptotic cells after si-
multaneous treatment with 30 M of quercetin and 100 M of Temo-
dal, magnification 200x; * p < 0.05

The effect of Temodal and quercetin on the
expression of marker proteins

Cell death is characterized by the expression and acti-
vation of typical marker proteins. We decided to
evaluate the effects of Temodal and quercetin on the
activation of cleavable pro-apoptotic caspase-3, ex-
pression of anti-apoptotic and pro-necrotic protein
Bcl2L12, pro-apoptotic caspase-8 and cytochrome c,
anti-apoptotic molecular chaperones Hsp27 and Hsp72
and pro-autophagic LC3.



Temodal, quercetin and cell death in astrocytoma cells
Joanna Jakubowicz-Gil et al.

a @5Q 0150 m30Q
50 p——m———
N e
a 40 30Q 5 e 15 oan
N - E
@2 30
S @
-9 20
=3
33 10
2
= 0
0 6 12 24
Time of incubation (h)
C
O5Q O15Q m30Q
@ 50
]
%8 40
gg 30
G g 20
38 10
é 0
0 6 12 24
Time of incubation (h)
(3
b5 DOi15Q m30Q
50
~
N O
% c 40 \v ) % (e} 12 * =11
I.Q 30
Y= 0
O n *
<2 20 "
Y
2% 10
2
£ o0
0 6 12 24

Time of incubation (h)

b
DbOs5Q O15Q W30Q
(3]
g %0 15Q -—
s_ 40 06 12 24h
e}
o= 30
o8 *
o2 20
° o
2 o Lt m=M QFes _
0 6 12 24
Time of incubation (h)
d
Osa Oi15Q B30Q
($)
o
£ c 40 0 612 24h
8.8 39 * * %
Y
o9 20
S s
3 o 10
>
2 0
2
= 0 6 12 24
Time of incubation (h)
f
DO5Q O15Q W30Q
QN 50
&c 40 2Q g 6—12—24h
o
~5§ 30
% 5 20
% 8 10 il '-‘! it |
£L
- 0
0 6 12 24

Time of incubation (h)

Fig. 6. The effect of different quercetin (Q) concentrations (0-30 uM) on the expression of Bcl2L12 (a), caspase-3 (b), caspase-8 (¢), cyto-
chrome c (d), Hsp27 (e) and Hsp72 (f) after 6, 12 and 24 h of treatment. Representative western blots are included; * p < 0.05

Quercetin

Cell staining revealed that quercetin induces necrosis
rather than programmed cell death in MOGGCCM
cells. This was associated with overexpression of
Bcl2L12 especially after 24 h of incubation with the
flavonoid at 30 uM (Fig. 6a). Levels of the apoptotic
marker caspase-3 did not significantly vary after 6
and 12 h of treatment with 5 pM, 15 uM and 30 uM
of quercetin compared to the DMSO-only control
(Fig. 6b). After a 24 h incubation with 15 uM of quer-
cetin, strong overexpression of this marker protein

was observed. In contrast, the levels of caspase-8 de-
creased in time- and concentration-dependent man-
ners, most noticeable after 24 h with 5 pM of the fla-
vonoid (Fig. 6¢). In the case of cytochrome c, quer-
cetin increased the level of the protein in a stepwise
manner, being the most effective after 12 h of incuba-
tion with 30 pM and 24 h of incubation with 15 uM
and 30 uM (Fig. 6d). Treatment with 5 uM of the fla-
vonoid for 6 and 12 h reduced the level of cytochrome
¢, which reached the level of the control sample after
24 h incubation. Quercetin suppressed the levels of
Hsp72 at all concentrations used, but the results were

Pharmacological Reports, 2011, 63, 403-416 409
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Fig. 7. The effect of different Temodal (T) concentrations (0-100 uM) on the expression of Bcl2L12 (a), caspase-3 (b), caspase-8 (¢), cyto-
chrome c (d), Hsp27 (e) and Hsp72 (f) after 6, 12, 24, 48 and 72 h of treatment. Representative western blots are included; * p < 0.05

not significant (Fig. 6f). The effect of the flavonoid on
Hsp27 levels was concentration-dependent (Fig. 6e).
Five uM of the flavonoid increased expression, and
15 uM and 30 uM of the drug decreased expression.
The hallmark of autophagy is the conversion of LC3I
into a smaller form — LC3II that participates in the
formation of autophagosomes and is associated with
its structure. Accordingly, autophagy is associated
with an inverse level of LC3, and an increased LC311
to LC3I ratio [15]. A greater than 3-fold increase in
the level of LC3II was observed after quercetin treat-
ment at all incubation times examined, but the level of
the lipidated form did not exceed the level of LC3I
(Fig. 9a).
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Temodal

In cell staining experiments, Temodal appeared to be
a potent inducer of autophagy at all concentrations
that were investigated. The more than 2-fold increase
in the lipid-bound form of LC3, LC3II, confirms Te-
modal as an inducer of autophagy (Fig. 9b). Addition-
ally, 6, 12 and 24 h of incubation with 100 uM of Te-
modal caused the level of LC3II to exceed that of
LC3I. Such a ratio between the forms of LC3 was also
observed after 48 h of incubation with 25 pM of Te-
modal and after 72 h with 10 uM of the drug. In re-
gard to expression of caspases, Temodal only had
a significant effect on protein expression at 100 uM.
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After 24 h of treatment, an increased level of activated
caspase-3 (Fig. 7b) and after 12, 24 and 48 h of incuba-
tion, a decreased level of activated caspase-8 were ob-
served (Fig. 7c). After 72 h of incubation, the level of
caspase-3 reached the control level. In the case of
caspase-8, overexpression was observed but the result
was not significant. The expression of cytochrome ¢ in-
creased after 6, 12, 24 and 48 h at all concentrations,
but similarly to results observed with caspases, the pro-

tein level reached that of the control after 72 h (Fig. 7d).
The level of pro-necrotic Bcl2L12 was generally de-
creased in time- and concentration-dependent manners
(Fig. 7a). Five uM and 10 pM decreased the level of
the protein gradually without significant correlation
with increased incubation time. Concentrations higher
than 10 pM decreased the protein level most effec-
tively after 24 h of incubation. Temodal had no effect
on Hsp72 and Hsp27 expression (Fig. 7e,f).
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Temodal and quercetin

It is known from previously described experiments
that the sensitivity of MOGGCCM cells to autophagy,
apoptosis and necrosis after Temodal and quercetin
treatment was concentration-dependent. Temodal at
100 uM with quercetin at 5 uM induced autophagy
most effectively, whereas in combination with quer-

cetin at 15 uM or 30 puM, the fraction of autophagic
cells decreased, which was accompanied by an in-
creased fraction of apoptotic cells. Therefore, we de-
cided to use quercetin at 5 uM or 30 uM in combina-
tion with Temodal at 100 pM in future experiments.
At a low quercetin concentration, the expression
of Hsp27 was significantly inhibited, whereas no ef-
fect on Hsp72 expression was detected (Fig. 8e,f). No
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changes in caspase-3, -8, cytochrome c, or Bcl2L12
were observed (Fig. 8a—d). The level of LC3II protein
exceeded the level of LC3I (Fig. 9¢). In the experi-
ments with quercetin at 30 pM, the inhibition of
Hsp72 and Hsp27 expression was accompanied by an
induction of cytochrome c release (especially in the
cells pre-incubated with Temodal and quercetin) and
caspase-3 activation (after simultaneous drug admini-
stration) (Fig. 8a—f). The effectiveness of LC3I lipida-
tion to LC3II was not as effective as that observed in
the case of quercetin at 5 uM (Fig. 9c).

Discussion

Chemoprevention includes the use of natural or phar-
macological agents that suppress, arrest or reverse
carcinogenesis. Many phytochemicals present in
a diet rich in fruit and vegetables have been proposed
as potential chemopreventive agents. Quercetin is one
of the most potent antioxidant, anti-inflammatory,
anti-proliferative and apoptosis-inducing agents, as
demonstrated in different in vivo and in vitro studies
[31]. Quercetin is highly enriched in cultured cells
[33]. In vivo, the flavonoid is extensively metabolized
in the small intestine and the liver, therefore low
amounts of quercetin and higher levels of its metabo-
lites are found in the circulation [1, 2, 24]. On the
other hand, the elimination of quercetin and its me-
tabolites from the organism is quite slow, which could
favor its accumulation in plasma with repeated intake.
Baseline quercetin concentrations generally vary be-
tween 50 and 80 nmol/l. After 28 days of supplementa-
tion with over 1 g/day of quercetin, the baseline con-
centration increased to 1.5 uM [8]. An important bene-
fit of quercetin in anticancer treatment is its selectivity
for transformed cells. The flavonoid had no cytotoxic
effects on normal fibroblasts (BG-9), human gingival
fibroblasts (HGF), human periodontal ligament fibro-
blasts (HPLF), human skin fibroblasts (HSF), human
pulp cells (HPC), and green monkey kidney cells
(GMK) [6, 12, 22]. It protects hippocampal neurons
against ischemia and blocks apoptosis in mesen-
cephalic dopamine neurons induced by oxidative stress
[5, 21]. However, quercetin has been observed to im-
part neurotoxicity; in vitro, the flavonoid induced se-
vere apoptosis and necrosis in the cultured neurons, as
well as diminished neuronal arborization [12, 34]. In

vivo, the concentration of quercetin in brain tissues
might not reach the toxic level. Quercetin and some of
its metabolites (especially O-methylated metabolites)
are able to enter the central nervous system (CNS) but
its transport may be limited by the blood-brain barrier
(BBB). Additionally, the flavonoid is a substrate for
BBB efflux transport, especially the P-glycoprotein
transporter [44]. The neurotoxicity of quercetin may
also be diminished by rapid conjugation to glutathione
once it is within glial cells [41].

In our experiments, we observed that quercetin had
a toxic effect on the astrocytoma MOGGCCM cell
line, inducing necrosis rather than programmed cell
death. Necrosis is considered to be the hallmark of the
most common malignant primary brain tumor, GBM,
and is used to differentiate GBM from lower grade as-
trocytomas. Clinical observations suggest that the
presence of biological necrosis has a negative overall
impact on survival. On the cellular level, cells un-
dergo lysis, surrounding cells are alarmed to the pos-
sibility of injury, and local inflammation occurs [28].
On the protein level, we observed overexpression of
the pro-necrotic marker protein Bcl2L12, a Bel2 fam-
ily member that is significantly expressed in primary
human gliomas. It confers marked apoptosis resis-
tance and provokes a pro-necrotic state in vitro by in-
hibiting post mitochondrial apoptosis signaling at
the level of effector caspase activation. BcI2L12 does
not affect cytochrome c release and caspase-9 activa-
tion, but inhibits caspase-3 maturation [36]. We ob-
served low levels of caspase-3 expression, with the
exception of a 24 h incubation with 15 uM of quer-
cetin where we observed overexpression. Overexpres-
sion of caspase-3 did not correlated with a significant
increase in the level of apoptotic cells. It is known
that caspase-3 activity is modulated by various pro-
teins including Hsp27, a well known molecular chap-
erone that protects cells from apoptosis and necrosis
[32, 42]. Heat shock proteins are also responsible for
resistance to cell death after chemotherapy. This may
explain why overexpression of Hsp family proteins in
tumor cells indicates poor prognosis [11, 14, 35]. One
mechanism may be that the interaction between
Hsp27 and caspase-3 blocks enzyme activity and
therefore apoptosis [42]. Quercetin, as an inhibitor of
Hsp family proteins, may release caspase-3 from
complex and initiate cell death. In our experiments,
Hsp27 inhibition was observed after treatment with
flavonoid at 30 uM, but not observed at lower drug
concentrations. This may explain the lack of apopto-
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sis induction observed with quercetin at 15 pM when
caspase-3 levels were high. We also observed that
MOGGCCM cells responded to Hsp inhibition with
necrosis rather than apoptosis.

Similar to its effects on induction apoptosis, quer-
cetin was weak at inducing autophagy. Unlike apopto-
sis, autophagy is a caspase-independent form of pro-
grammed cell death, characterized by the accumula-
tion of autophagic vacuoles in the cytoplasm, the
degradation of the Golgi apparatus and ER, which
precedes destruction of the nucleus. Autophagy is
suppressed during the early stages of tumor progres-
sion. Therapeutically increasing autophagy could rep-
resent an alternative cancer therapy [10, 19]. In light
of recent investigations that gliomas naturally resist
apoptosis, therapies that target alternative pathways
would be beneficial [37]. The flavonoid induced the
lipidation of LC3I to LC3II, but the level of the
cleaved form did not exceed the level of the initial
form. Thus, the induction of autophagy was weak.

Pharmacokinetic studies revealed that in vivo, Te-
modal accumulates mainly in transformed cells. After
a single oral dose of 75-200 mg/m’, higher drug con-
centrations in human glioma tumors (2.9 to 6.7 pg/ml)
relative to normal brain (1.8 to 3.7 pg/ml) were ob-
served [30]. In MOGGCCM cells, Temodal induced
autophagy, as well as necrosis and apoptosis but to
smaller extents. Autophagy correlated with the in-
creased amount of the lipidated form of LC31. Gener-
ally, the drug had no significant effect on Hsp72 and
Hsp27 expression levels. Caspase-8 and Bcl2L12 pro-
tein expression levels were inhibited, and Temodal
had no effect on cytochrome c release. Temodal in-
duced the activation of caspase-3, probably being re-
sponsible for induction of a small fraction of apop-
totic cells in the culture.

Many studies demonstrated that flavonoids exhib-
ited a synergistic anti-tumor effect with chemothera-
peutics. Quercetin may effects several smaller insults
within the cells without inducing cytotoxicity, which
increases their sensitivity to chemotherapeutic drugs.
Such combinatorial therapy may allow the use of
lower concentrations of drugs and may minimize tox-
icity, generating a synergistic effect [27, 31]. There-
fore, we decided to examine the effects of a combina-
tion of quercetin and Temodal on cell death induction.
Our results indicate that the use of both drugs simulta-
neously was much more effective in the induction of
programmed cell death than the use of either drug by
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itself. The sensitivity of MOGGCCM cells to cell
death and the type of cell death was drug concen-
tration-dependent. When the cells were incubated
with low quercetin concentrations and Temodal,
strong autophagy was observed, accompanied by
a small fraction of necrosis and apoptosis. This was
correlated with increased lipidation of LC3I to LC3II.
Treatment with higher quercetin and Temodal concen-
trations resulted in an increased fraction of apoptotic
cells but a smaller fraction of autophagic cells. This
strongly correlated with increased caspase-3 activa-
tion, release of cytochrome c, and inhibition of Hsp27
and Hsp72 expression. The level of LC3II was also
increased. It is known that apoptosis and autophagy
may occur simultaneously in certain tissues, even in
the same cell. Apoptosis may begin or end with auto-
phagy, and the blockage of caspase activity can in-
duce autophagy [20]. The mechanism responsible for
decreasing chemoresistance of cancer cells to Temo-
dal treatment by quercetin may be correlated with the
p53 antagonist, p73. In melanoma cells, Temodal in-
duces the truncated form of p73 (ANp73), which in
turn prevents p53-mediated apoptotic cell death. Che-
moresistance was reversed by quercetin, which abro-
gated the inhibitory effect of ANp73 by modulating
the protein level and altering its localization [39].

Our results indicate that Temodal and quercetin
acting together are synergistic programmed cell death
inducers in MOGGCCM astrocytoma cells. The type
of cell death was concentration-dependent; low drug
concentrations mainly induced autophagy whereas
treatment with higher drug concentrations activated
intracellular mechanisms responsible for apoptotic
cell death. Temodal and quercetin combinatorial ther-
apy seems to be a promising candidate for treatment
of glioma.
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