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Abstract

Thymoquinone (TQ) is a highly perspective chemotherapeutic agent against gliomas and glioblastomas because of its abil-
ity to cross the blood-brain barrier and its selective cytotoxicity for glioblastoma cells compared to primary astrocytes.
Here, we tested the hypothesis that TQ-induced mild oxidative stress provokes C6 glioma cell apoptosis through redox-
dependent alteration of MAPK proteins. We showed that low concentrations of TQ (20-50 uM) promoted cell-cycle arrest
and induced hydrogen peroxide generation as a result of NADH-quinone oxidoreductase 1-catalyzed two-electron reduc-
tion of this quinone. Similarly, low concentrations of TQ efficiently conjugated intracellular GSH disturbing redox state
of glioma cells and provoking mitochondrial dysfunction. We demonstrated that high concentrations of TQ (70-100 pM)
induced reactive oxygen species generation due to its one-electron reduction. TQ provoked apoptosis in C6 glioma cells
through mitochondrial potential dissipation and permeability transition pore opening. The identified TQ modes of action
on C6 glioma cells open up the possibility of considering it as a promising agent to enhance the sensitivity of cancer cells
to standard chemotherapeutic drugs.
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Introduction

Glioblastoma, the highest grade glioma tumor, is the most
common malignant brain tumor [1]. Despite considerable
research efforts, glioblastoma remains incurable because
of its infiltrating growth, quick-developing chemotherapy
resistance and the inability of the majority of anticancer
drugs to penetrate blood-brain barrier. Nowadays, only two
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chemotherapeutic agents, namely carmustine and temozo-
lomide, have been approved by the US FDA for treating
malignant gliomas [2, 3]. However, glioma and glioblastoma
often show resistance to these drugs due to a variety of cel-
lular mechanisms that include increased efflux of drugs from
cancer cells, autophagy, cancer stem cells and miRNAs [4,
5]. Therefore, the development of more efficient therapeutic
approaches for the treatment for glioblastoma is required. To
date, naturally occurring phytochemicals which have been
revealed to induce apoptosis of tumor cells are considered
to be one of the most prospective compounds for anticancer
therapy [5].

Quinone derivatives are widely used in medicine as
antibacterial and antiviral agents, antimicotics and chemo-
therapeutic compounds [6]. Doxorubicin, one of the high-
effective anticancer quinones, is used for treatment for
diverse types of tumors such as lymphomas, sarcomas of
various etiology and breast cancer. Natural quinones such as
menadione and thymoquinone (TQ, 2-isopropyl-5-methyl-
1,4-benzoquinone) are considered promising chemothera-
peutic drugs [7, 8]. Antitumor activity of TQ has been dem-
onstrated against different tumors in vivo and in vitro. TQ
has been shown to cross the blood-brain barrier and induce
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glioma and glioblastoma cell death [9-11] and exhibits anti-
metastatic and anti-invasive activity. TQ possesses selec-
tive cytotoxicity for glioblastoma cells compared to normal
human astrocytes [9]. The molecular mechanisms of TQ-
induced tumor cell apoptosis involve activation of caspases
8, 9 and 3, Bax up-regulation and Bcl2 down-regulation, and
inhibition PI3K/Akt and NF-kB signal pathways [8, 12, 13].

In glioblastoma cells, TQ has been shown to significantly
decrease NO production and functions as an autophagy
inhibitor, which results in the perturbation of the lysosomal
membrane and a leakage of lysosomal protease cathepsin B
into the cytosol, finally provoking the caspase-independent
cell death [9, 14]. It has also been demonstrated that TQ can
induce apoptosis via both p53-dependent and p53-independ-
ent pathways [15-19].

Although many cellular effects of TQ have been revealed,
the molecular mechanisms of TQ antitumor activity remain
uncertain. A growing body of evidence [9, 16, 20, 21] indi-
cates that reactive oxygen species (ROS) generation is a gen-
eral mechanism underlying the TQ antitumor effect. In lym-
phoma cells, TQ induces superoxide and hydrogen peroxide
production followed by NF-kB inactivation and apoptosis
initiation [20]. It is known that ROS can modulate (stimulate
or inhibit) redox-dependent Akt and MAPK signal transduc-
tion pathways, which also can lead to apoptosis of cancer
cells. However, the data of TQ effects on the MAPK path-
way are conflicting. To date, the activation or inhibition of
the MAPK protein family seems to depend on the cell type
and on the TQ concentration used. The aim of this study is
to elucidate redox-dependent mechanisms of TQ-induced
glioma cell death.

Materials and methods
Chemicals

Carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone
(FCCP), dimethyl sulfoxide (DMSO), 3,3'-methylene-
bis(4-hydroxycoumarin) (dicumarol), monochlorobimane
(MCB), propidium iodide (PI), trypsin—~EDTA, TQ, Triton
X-100, cyclosporine A, inhibitors PD098059, Sb203580,
SP600125, G66983, LY294002, JSH were purchased from
Sigma-Aldrich Chemie GmbH (Steinheim, Germany), and
the fluorescent probes 2’,7'-dichlorodihydrofluorescein diac-
etate (H,DCF-DA), 5,5',6,6"-tetrachloro-1,1',3,3"-tetraethyl-
benzamidazolocarbocyanine iodide (JC-1) and MitoSOX
Red were obtained from Molecular Probes Inc. (USA).
Dulbecco’s modified Eagle’s medium (DMEM) was pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA),
fetal bovine serum was obtained from HyClone (USA), and
gentamicin was purchased from Belmedpreparaty (Minsk,
Belarus). Hematoxylin/eosin and HEPES-buffer components
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were purchased from Analysis X Company (Minsk, Bela-
rus). Apoptosis detection kit was obtained from Trevi-
gen Inc. (USA). All other reagents were purchased from
Reakhim (Moscow, Russia). All solutions were made with
Milli-Q water. TQ was dissolved in DMSO. Final DMSO
concentration in the probe did not exceed 0.1%.

HEPES-buffer containing 131 mM NaCl, 5 mM KClI,
1.3 mM CaCl,, 1.3 mM MgSO,, 6 mM glucose and 20 mM
HEPES (pH 7.3) was freshly prepared.

Cell culture and treatment

C6 glioma cell line (originally cloned from a cell strain
of a rat glial tumor induced by N-nitrosomethylurea) was
purchased from the Cell Culture Collection of the Insti-
tute of Cytology (St. Petersburg, Russia). The C6 glioma
cells were cultured in DMEM supplemented with 10%
fetal bovine serum and 50 pg/ml gentamicin at 37 °C in
a humidified 5% CO, and 95% air atmosphere. After cells
reached 70% confluency, the cells were harvested, washed
with HEPES-buffer, resuspended (1 X 10° cells/ml) and used
for experiments.

To study cell proliferation and viability, the cells were
plated in Petri dishes at a density of 1x 10° cells/ml. The
culture medium was replaced by fresh one on the 2nd day
when the monolayer confluence was about 70-80%. The
cells were treated for 24 h with TQ in various doses or
DMSO as a control.

Cell viability and proliferation assay

Viability and proliferation of C6 cells exposed to TQ for 24 h
were assessed according to [22] with PI using spectrofluo-
rometer SM2203 (Solar, Belarus). It is known that PI pen-
etrates only in damaged (necrotic) cells and intercalates into
DNA structure resulting in high-intensive fluorescence. The
intensity of PI fluorescence is proportional to the number
of damaged cells in a sample. We determined the viability
of attached cells after treatment with TQ for 24 h. Attached
C6 cells were washed with HEPES-buffer, suspended after
trypsin addition and stained with 4 pM PI. Fluorescence
intensity F; (A, =530 nm, A,,, =645 nm) was measured in
5 min. Then, cells were lysed with 0.1% Triton X-100 and
fluorescence intensity F, was registered. Cell viability in
each sample was determined as the ratio of viable cells to
the total cell number according to the formula (1):

Viability = L. 100%. (1)

2

Thereafter, viability in each sample was normalized for
viability in control sample.



Molecular and Cellular Biochemistry (2019) 462:195-206

197

Proliferation index N relative to the value N, of the con-
trol sample was determined according to the formula (2):

F,—-F
Proliferation index = ﬁ =2 1
W R

- 100%, )

where index “0” denotes the control samples. The back-
ground level of PI fluorescence intensity in the cell-free
buffer system has been subtracted from each fluorescent
intensity values F; and F).

Data obtained with PI assay were confirmed by counting
of viable cells in Goryaev’s chamber. As seen from Fig. S1
in Supplementary materials, PI-based fluorescent assay and
direct counting of cells have showed the similar results.

Mitotic index was determined by direct examination
under a light microscope (Nikon eclipse E-100, Japan) of
cells fixed with ice-cold ethanol and stained with Béhmer’s
hematoxylin, as percentage of mitotic cells from 10,000 cells
in a sample.

Assessment of cell apoptosis

Percentage of apoptotic cells was measured by flow cytom-
etry on BD FACScanto II flow cytometer (Becton—Dick-
inson, Heidelberg, Germany). Cells were treated with TQ
(20 pM, 50 pM) for 24 h and then washed in HEPES-buffer
and resuspended in binding buffer (total volume was 100 pl
per one sample) containing Annexin V-FITC and PI and
incubated for 15 min at room temperature in the dark follow-
ing the manufacturer’s instructions (TACS Annexin V Kits.
Apoptosis Detection by Flow Cytometry or In Situ labe-
ling, Trevigen Inc., USA). Minimum of 3 x 107 cells/ml were
analyzed for each sample. These experiments were done in
triplicate and were independently repeated three times.

Mitochondrial membrane potential quantification

Mitochondrial membrane potential in the C6 glioma cells
was evaluated using the mitochondrial membrane poten-
tial sensitive carbocyanine dye JC-1 [23]. This lipophilic
and cationic dye accumulates within mitochondria driven
by the negative membrane potential and forms concentra-
tion dependent J-aggregates. When excited at 490 nm, the
monomeric form of the dye emits at 530 nm, while the
J-aggregates show maximum emission at 590 nm. Briefly,
1 x 10° cells were treated with TQ for 20 min, washed with
HEPES-buffer and incubated in the presence of 1 pM JC-1
for 15 min. After washing cells twice again with HEPES-
buffer, JC-1-related fluorescence was analyzed using spec-
trofluorometer. The ratio of fluorescence intensities at 590
and 530 nm (I59(/153() is proportional to mitochondrial mem-
brane potential. Membrane potential in the control sample
without quinone was chosen as 100%.

Measurements of ROS generation in mitochondria

For studying mitochondrial superoxide production in C6
glioma cells, MitoSOX Red (fluorogenic dye specifically
targeted to mitochondria in live cells [24]) was used. Mito-
SOX Red was added to cells in 1.25 pM final concentration
for 20 min. Cells were washed twice with HEPES-buffer and
analyzed. Difference in fluorescence intensity (A, =510 nm,
Aem =580 nm) of MitoSOX Red (IrlrgtOSOX) between moments
0 min and 10 min after TQ addition to cell suspension was
measured using spectrofluorometer. Superoxide production
rate in the control sample without quinone was chosen as
100%.

Measurements of cytosolic ROS generation

The ROS generation in cytosol after addition of TQ
(10-100 uM) was estimated fluorometrically using a flu-
orescent probe H,DCF-DA [25, 26]. 1 uM H,DCF-DA
was added to cell suspension for 30 min at 37 °C. Then,
cells were washed and resuspended in HEPES-buffer
(1x10° cells/ml). Fluorescence intensity (A., =488 nm,
Aem =330 nm) was recorded by a spectrofluorometer for
10 min after the addition of freshly prepared TQ solution.

Intracellular reduced glutathione level analysis

Concentration of reduced glutathione (GSH) in cells treated
with TQ was determined by MCB assay [27]. Cells in sus-
pension 1x 10° cells/ml were incubated in HEPES-buffer
with TQ in different concentrations for 30 min, once washed
and incubated with 10 yM MCB for 30 min at 37 °C. Fluo-
rescence intensity of MCB glutathionyl-conjugates (1)
was registered (A, =390 nm, A.,, =480 nm). The results
are presented as the ratio of concentrations in the tested
([GSH]rq) and the control ([GSH],) samples that corre-
sponds to the ratio of MCB fluorescence intensity for both
samples (Im“b/IOme).

Statistical analysis

The results were expressed as the means of three to five
replicates + SD. The statistical analysis was conducted using
the analysis of variance (ANOVA) with post hoc Dunnett’s
test for multiple pairwise comparisons with the respective
control group for concentration dependences of viability,
proliferation, mitochondrial potential, ROS and GSH pool.
Bonferroni multiple comparison test was used for all mul-
tiple pairwise comparisons to analyze the statistical signifi-
cance of the inhibitory analysis results.

The number of mitotic cells was expressed as
mean + SD for three independent experiments, each run-
ning in triplicate. The unpaired two-tailed Student’s ¢
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test was used to determine the significance of differences
between means for mitotic index.

p <0.05 was considered to be statistically significant.
Calculations were performed using the statistical software
packages StatSoft Statistica 6.0.

Results

TQ inhibits proliferation and reduces viability of C6
glioma cells

To evaluate the dose-dependent TQ effects on viability and
proliferation of C6 glioma cells, PI staining was used. As
shown in Fig. la, TQ in 10-70 uM concentration induced
a dose-dependent proliferation index decrease after treat-
ment of C6 cells for 24 h. The dose of TQ required to
induce 50% reduction in the C6 glioma cell number
(LD50) was 40 uM. When cells were exposed to 100 uM
TQ for 24 h, all cells detached and were lost. This effect
indicates cytotoxic and/or cytostatic action of TQ on gli-
oma cells.

To differentiate between these two types of action, we
determined the viability of attached cells after treatment
with TQ for 24 h, as it is known that PI penetrates only in
damaged (necrotic) cells. As seen in Fig. 1a, the viability
of attached cells decreased at TQ concentrations higher
than 30 uM. However, treatment of C6 glioma cells with
20 uM TQ resulted in the proliferation index decrease
(26 + 4)% with unchanged cell viability compared to con-
trol (Fig. 1a).

In order to determine whether TQ had effects on cell
cycle, we examined the mitotic activity of C6 glioma cells.
As shown in Fig. 1b, the mitotic index of cells was twofold

Fig. 1 Dose-dependent effect a

of TQ on proliferation and 120
viability (a) and mitotic activ-
ity (b) of C6 glioma cells.

Cells were exposed to TQ for
24 h. Data were represented as
means + SDs from at least three
independent experiments run

in triplicate. The statistical sig-
nificance of the results (a) was
analyzed by ANOVA with post
hoc Dunnett’s test (*p <0.05,
**p <0.01). The unpaired two-
tailed Student’s t-test was used
to determine the significance of
differences between means for 0 :

(2]
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decreased in samples treated with 20 pM TQ. Thus, TQ at
a concentration of 20 pM could promote cell-cycle arrest.

TQ induces apoptosis in C6 glioma cells

In order to determine whether the observed inhibition of cell
proliferation was caused by an increase in apoptosis, flow
cytometry analysis using annexin V was performed with C6
glioma cells exposed to TQ. After treatment with increasing
concentrations of TQ, a dose-dependent increase in PI and
Annexin V double positive cells was observed. As shown in
Fig. 2, in non-treated control samples the majority of cells
(93%) were viable and non-apoptotic. When cells were
treated with 20 uM and 50 pM of TQ for 6 h, a moderate
increase (up to 20% and 30%, p <0.05, respectively) in late
apoptotic cells was observed. TQ induced necrosis in glioma
cells, as indicated by a slight increase in PI staining com-
pared to non-treated control cells (from 3 to 7%, p <0.05).

Preincubation with phosphoinositol-3-kinase inhibi-
tor (LY294002) significantly attenuated the effect of TQ
treatment (Fig. 2d). The number of apoptotic cells sig-
nificantly decreased from 20 (in the lack of inhibitor) to
14% (p <0.05), suggestive of participation of PI3K in TQ-
induced apoptosis.

TQ disrupts mitochondrial function

Mitochondrial dysfunction is known to participate in the cell
death. In order to examine the effect of TQ on mitochondrial
functioning in C6 glioma cells, intramitochondrial superox-
ide level and mitochondrial transmembrane potential were
measured.

As shown in Fig. 3a, TQ in a dose-dependent manner
rendered both antioxidant and pro-oxidant effects. TQ at
10-20 pM significantly decreased the mitochondrial super-
oxide production rate (Fig. 3a). A further increase in TQ

mitotic index (*p <0.05) 0 20 40
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Fig.2 The effect of TQ on apoptosis and necrosis in C6 glioma
cells evaluated by annexin V assay. C6 glioma cells were treated for
6 h with TQ. a—c—The representative flow cytometry histograms
[Annexin V (FL1A) and propidium iodide (FL2P) labeling] of cell
apoptosis for cells treated with solvent control (a) or with 20 uM (b)
and 50 pM (c) of TQ. d represents the percentage of late apoptotic
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Fig.3 TQ effect on mitochondrial functioning in C6 glioma cells.
a—The level of mitochondrial superoxide production in cells treated
with TQ in different concentrations for 10 min. b—Mitochondrial
membrane potential dissipation in C6 glioma cells exposed to TQ for
20 min, FCCP is an ionofore that depolarizes mitochondrial mem-
brane potential. c—Proliferation of C6 glioma cells treated 24 h with

concentration led to the rise of mitochondrial superox-
ide yield up to 1.6-fold in cells treated with 100 pM TQ
compared to controls. Thus, mitochondrial ROS could be
responsible for cell death induction at TQ treatment at high
concentration.

TQ (30-100 pM) induced mitochondrial depolarization,
as shown in Fig. 3b. The total dissipation of mitochondrial
transmembrane potential was registered in cells treated with
100 pM TQ for 30 min.

It is known that the mitochondrial permeability transi-
tion pore (PTP) opening is a step in apoptosis. Because
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and necrotic cells treated with TQ and PI3K inhibitor LY294002.
Data are presented as the means +SDs of three independent experi-
ments. The statistical significance of the results was analyzed by
ANOVA with post hoc Dunnett’s test (¥*p <0.05, **p<0.01 vs. the
respective control)

100 1
90
80 -
70
60 -
50 -
40 -
30
20
10 -

*%
*%

**
**

Proliferation index, %

S O 062 TQ TQ+cycA
<

(TQl, um

30-puM TQ without inhibitors (TQ) or preincubated for 4 h with 1 pM
cyclosporine A (TQ+cycA). Each experiment was done in triplicate.
Data were represented as means+SDs. The statistical significance
of the results was analyzed by ANOVA with post hoc Dunnett’s test
(*p<0.05, **p <0.01)

the observed mitochondrial depolarization can be a sign
of PTP opening, we tested cell proliferation under the
action of the PTP inhibitor cyclosporine A together with
TQ. We observed a decrease in the number of dead cells
after cyclosporine A treatment from 37 to 20% (p <0.05;
Fig. 3c). Thus, TQ promotes mitochondrial PTP opening
followed by the loss of transmembrane potential and apop-
tosis. The fact that the number of viable cells after cyclo-
sporine A and TQ treatment did not reach the control level,
could suggest that TQ induces both apoptosis and necrosis.
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TQ affects the redox state of C6 glioma cells

As intracellular oxidative stress could induce PTP opening
and apoptosis, we studied the cytosolic ROS involvement
in TQ-induced cell death. To examine whether TQ induces
intracellular ROS generation, we quantified the levels of
ROS by DCEF fluorescence (Fig. 4a). We observed that
at a TQ concentration higher than 20 pM cytosolic ROS
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production in glioma cells was increased (Fig. 4a). Maximal
ROS production was detected in cells at 50-70 uM TQ.

In order to investigate whether one- or two-electron
reduction pathways would contribute into the ROS-inducing
effects of TQ, dicoumarol, an inhibitor of NADH-quinone
oxidoreductase 1 (NQOI1, DT-diaphorase), was used. As
shown in Fig. 4a, the presence of dicoumarol reduced ROS
generation totally in cells exposed to 20-50 pM TQ. We

(2]
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Fig.4 TQ effects on the redox state of C6 glioma cells. a—Cytosolic
ROS yield in C6 glioma cells exposed to TQ in different concentra-
tion for 10 min. Cells were preincubated for 10 min with 1 pM of
dicoumarol, and then, TQ was added. b—Intracellular GSH pool
changes in C6 glioma cell treated with TQ for 30 min. Before TQ
addition, cells were preincubated for 10 min with inhibitors (1 pM
dicoumarol, 0.1 pM DPI or 120 U/ml catalase) or the correspond-
ing volume of solvent. Each experiment was done in triplicate. Data
were represented as means+SDs. In a and b, the statistical signifi-
cance of the results was analyzed by ANOVA with post hoc Dunnett’s
test (¥p<0.05, **p<0.01 for TQ effect in comparison with control
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sample without quinone). Bonferroni multiple comparison test was
used to estimate the statistical significance of the inhibitory analysis
results (7p<0.05 and "p<0.01 for inhibitor effect compared to the
corresponding sample without inhibitor). c—Proliferation of C6 gli-
oma cells treated for 24 h with 25 pM TQ without inhibitors (TQ)
or preincubated for 4 h with 5 mM N-acetylcysteine (TQ+NAC),
100 U/ml catalase (TQ+catalase), 100 U/ml superoxide dismutase
(TQ+ SOD). Each experiment was done in triplicate. Data were rep-
resented as means+SDs. The statistical significance of the results
was analyzed by Bonferroni multiple comparison test (¥p <0.05)
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observed that when C6 glioma cells were applied to dicou-
marol prior to 70 pM TQ, ROS levels were about 1.4-fold
decreased compared to the sample treated with TQ only. At
higher TQ concentration (100 pM), dicoumarol had no effect
on TQ-induced ROS production (Fig. 4a). Thus, both one-
electron reduction and two-electron reduction contribute to
the TQ-induced generation of ROS in the cytosol, and likely
the two-electron reduction has a major role in TQ action at
low concentrations.

GSH is one of the important antioxidants of cellular
defense system that also implements thiol-mediated detoxi-
fication of anticancer drugs. We evaluated the influence of
TQ on GSH levels. GSH levels in C6 cells treated with TQ
for 30 min are shown in Fig. 4b. TQ (10-100 pM) decreased
the cellular pool of GSH in a dose-dependent manner as
indicated by a significant decrease in MCB fluorescence
compared to controls. TQ induced more than 50% drop
in intracellular GSH level at concentrations of 25 uM and
higher. The GSH levels were dramatically decreased in C6
glioma cells exposed to 50-100 pM TQ.

TQ can induce GSH depletion due to generation of ROS
or through direct conjuration of GSH with TQ. To evaluate
the contributions of each reaction, we used the inhibitors of
one- and two-electron quinone reduction enzymes (DPI and
dicoumarol) and hydrogen peroxide scavenger (catalase).
As shown in Fig. 4b, when C6 glioma cells were applied
to catalase prior to 20-100 pM TQ treatment, GSH levels
increased compared to the TQ-treated group. In contrast,
TQ-induced cellular GSH depletion was more pronounced
after DPI and dicoumarol pretreatments of C6 glioma cells.
Inhibition of one-electron reduction enzymes by DPI had a
significant effect at TQ concentrations of 30 uM and higher,
while treatment of cells with dicoumarol results in GSH lev-
els decrease even at 1 uM TQ. Addition of TQ at concentra-
tions of 30 uM and higher caused a total reduction of GSH
levels in the presence of dicoumarol (Fig. 4b).

Figure 4c shows the effects of antioxidants [N-acetyl-
cysteine (NAC), catalase and superoxide dismutase (SOD)]
on TQ-induced C6 glioma cells’ death. Incubation with cata-
lase, but not SOD reduced cell death in samples treated with
TQ. Noticeably, a combination of TQ and the ROS scaven-
ger NAC induced significantly less cell death compared to
the rates in the individual drug treatments. Thus, production
of ROS and depletion of GSH pools may be responsible, at
least in part, for cell death induction by TQ.

PI3K and JNK pathways are involved in TQ-induced
glioma cell death

To define the molecular mechanisms of redox-mediated
apoptosis, we performed an inhibitory analysis of a number
of redox-sensitive kinases participating in the redox regula-
tion of cellular functions [6]. Proliferative activity of C6

glioma cells in the presence of inhibitors and exposed to TQ
is shown in Table 1.

Inhibition of NF-xB activation with JSH showed a sig-
nificant suppression in the number of viable cells exposed
to TQ. However, proliferation index in PD098059 (ERK1/2
inhibitor), G66983 (protein kinase C inhibitor) and
Sb203580 (p38 inhibitor) pretreatment cell samples exposed
to TQ was reduced to the same levels as in the control sam-
ple exposed to 25 pM TQ. Preincubation of the cells with
the PI3K inhibitor LY294002 or JNK inhibitor SP600125
partially prevented TQ-induced proliferation index decrease.

Discussion

Due to the fact that expression levels of different oncogenes
and a variety of gene mutations vary vastly from cell to cell
even in the same tumor, it is unlikely to succeed suppressing
tumor progression through the inhibition of a single gene
or individual signal transduction pathway. Because of this,
the quest for common targets, which could provide a gen-
eral strategy for cancer treatment independent on the type of
tumor, has been intense in the research community. Redox
alterations in cancer cells associated with mitochondrial dys-
function and elevated ROS generation may be exploited for
such therapeutic purpose.

As cancer cells have alterations in redox state and mostly
reveal the constitutively elevated rates of ROS production,
it has been proposed [28-31] that these cells would be more
vulnerable to agents, which induce the enhanced ROS gen-
eration and/or GSH depletion, so-called oxidative therapy.

Table 1 Proliferation index of glioma cells pretreated with inhibitors
of various signaling pathways and exposed to 25 pM TQ for 24 h

Molecular target Inhibitor Proliferation index, (%)

Control 25 pM TQ

Ni/N, No/Ny N/N;
- - 1005 70 4% 70+4
NF-kB JSH 78+9  30+3** 39457
PKC G06983 115+5 83 +4* 72+4
PI3K LY294002 79+3 76+2 96 +47
ERK1/2 PD098059 82+4 58 +4%* 71+4
p38 Sb203580 90+5 71 +4% 78+5
INK SP600125 87+4 76 +4% 87 +47

Ny—cell proliferation index in control sample without both TQ and
inhibitor; N;—cell proliferation index in the presence of inhibitor
but with TQ lack; Ny—proliferation index of cells treated with TQ
in the presence of inhibitors. Data were represented as means + SDs.
The statistical significance of the results was analyzed by Bonferroni
multiple comparison test (*p <0.05 and **p <0.01 vs. the respective
control with inhibitor in the absence of TQ, 'p <0.05 Tp <0.01 com-
pared to the sample with TQ and without inhibitor)
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Because of that, pro-oxidant agents could be considered a
suitable way to selectively induce cancer cell death while
sparing normal cells. To date, several ROS modulating
agents have exhibited antitumor activity in preclinical and
clinical studies [31].

Diverse natural redox-active polyphenols and quinones,
including TQ, demonstrated antitumor action in in vitro and
in vivo studies [6—8]. These could affect several cellular tar-
gets and act as an agents both directly inducing cell death
and increasing the sensitivity of cancer cells to standard
chemotherapeutic drugs.

When we examined the TQ ability to suppress the growth
of glioma cells, we found that proliferation was regulated in
a TQ dose-dependent manner and 50% cell death occurred at
40 pM TQ treatment for 24 h (Fig. 1). TQ has been shown to
regulate cell-cycle proteins, inducing both G1/S and G2/M
cell-cycle arrest in various cancer cell lines [10, 15, 32, 33].
For example, TQ induces G2/M phase cell-cycle arrest and
inducing apoptosis of neuroblastoma cells [34]. Our results
indicated that TQ significantly reduced mitotic index of C6
cells (Fig. 1b). Taking into account the results described in
[10, 15, 32-35], we hypothesize that TQ could arrest cell-
cycle decreasing proliferation of C6 glioma cells.

We revealed pro-apoptotic effects of TQ in C6 glioma
cells (Fig. 2), as others have shown in other tumor types
[8-10, 12, 15, 16, 18, 19, 21, 33—41]. Many studies have
reported that TQ mediates ROS production as a mecha-
nism to induce apoptosis and growth inhibition [8, 16, 20,
21, 39-43]. Moreover, TQ has been shown to manifest
multidirectional redox activity in normal and tumor cells,

OH

O~

H,0, o,

2H,0

2GSH

GSSG

OH

Fig.5 TQ redox reactions in C6 glioma cells. Reaction 1—one-
electron TQ reduction, catalyzed by enzymes E,, such as NADPH-
cytochrome P450 reductase, NADH-cytochrome b5 reductase,
NADH: ubiquinone oxidoreductase, etc. (inhibited by DPI). Reac-
tion 2—two-electron reduction, catalyzed by NADH-quinone oxi-
doreductase 1 (NQOI, inhibited by Dicoumarol). Reaction 3—
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namely inducing oxidative stress, inhibiting cell prolif-
eration in cultured tumor cells and displaying antioxidant
activity or relatively inaction on proliferation in normal
cells, as reviewed in [15-17, 35, 44].

In the present study, we show that TQ induces oxidative
stress in C6 glioma cells accompanied by an increase in
intracellular ROS production and GSH reduction (Fig. 4a,
b). Quinones are well-known redox-cycling agents which
can undergo one- or two-electron reduction by cellular
reductases [45, 46]. Potential redox reactions of TQ in
C6 glioma cells are shown in Fig. 5. One-electron TQ
reduction (Reaction 1), catalyzed by NADPH-cytochrome
P450 reductase, NADH-cytochrome b5 reductase, NADH:
ubiquinone oxidoreductase, etc., yields semiquinone
radicals, which react rapidly with molecular oxygen
(Reaction 5) to form superoxide and hydrogen peroxide
afterward [45, 46]. Two-electron TQ reduction (Reac-
tion 2), catalyzed by NQO1, leads to formation of qui-
nols (hydroquinones), which have high redox-potential
and predominantly possess antioxidant activity [45]. In
appropriate conditions, quinols could undergo autooxida-
tion (Reaction 6) or participate in the disproportionation
reaction (Reaction 4) with semiquinone radicals forma-
tion, resulting in additional ROS generation [47, 48]. We
have demonstrated that NQO/1 is the essential source of
the TQ-induced ROS formation, especially at low doses
(20-50 pM) of quinone (Fig. 4a). The higher the TQ
concentration, the more considerable the contribution of
one-electron reduction of TQ to the ROS generation in C6
glioma cells.

Dicoumarol

Michael-type addition of GSH with formation of TQ-GS conjugate.
Reaction 4—disproportionation reaction. Reactions 5 and 6—autoox-
idation of semiquinone and quinol, respectively. Superoxide dismu-
tation is catalyzed by SOD. Hydrogen peroxide is scavenged in the
presence of catalase or GSH
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Of particular interest is the fact that many types of tumor
cells are characterized by having increased level of NQOI1
expression, as compared to normal cells [49]. Therefore, the
mechanism of TQ-induced ROS production described in the
present study could determine the TQ selectivity for tumor
cells. For example, TQ-mediated preferential killing of high-
expressing NQO1 glioblastoma cells [50] with low cytotox-
icity to primary astrocytes was demonstrated elsewhere [9].

As high levels of intracellular GSH have been associated
with tumor drug resistance, depletion of cellular GSH could
restore sensitivity to the cytotoxic effect of an anticancer
drug [51]. Using catalase, we demonstrated GSH oxidation
with hydrogen peroxide in cells treated with TQ. Compar-
ing the dependence of TQ-induced ROS (H,0,) genera-
tion (Fig. 4a) and GSH decrease (Fig. 4b), and taking into
account the increased GSH depletion by inhibition of the
one-electron reduction and two-electron reduction, it is plau-
sible that the decrease in GSH depends on other mechanism.

It is known that quinone-mediated GSH depletion can
occur in the nucleophilic addition reaction (Michael-type
addition) with formation of quinone conjugates with glu-
tathione (Q-SG), as shown in Fig. 5, Reaction 3 [52-54].
Despite that the inhibition of redox-cycling of quinone by
dicoumarol and DPI led to the decrease in TQ-induced
hydrogen peroxide production in C6 glioma cells, a marked
glutathione depletion was observed, probably owing up
the enhancement of TQ-SG conjugates formation. As was
shown elsewhere [55], TQ forms GSH conjugates even in a
non-enzymatic reaction. Thus, TQ can simultaneously dis-
play antitumor effects as both redox-cycling and alkylating
agents. Inhibition of antioxidant systems, including GSH
depletion by modifying thiol groups, constitutes an alterna-
tive approach to increase ROS accumulation in tumor cells.

Excessive intracellular ROS production can promote
apoptosis via mitochondrial PTP opening with subsequent
release of pro-apoptotic factors and caspases activation [56].
As TQ was found to cause PTP opening in C6 glioma cells
(Fig. 3¢), we have investigated whether ROS level can inter-
fere with TQ-induced growth inhibition. We found that the
antiproliferative effect of TQ in C6 glioma cells was par-
tially reversed by NAC and catalase (Fig. 4c). Thus, it could
be assumed that oxidative stress leads to a decrease in cell
proliferation.

Of note, in our study TQ induced both apoptotic cell
death and necrotic cell death (Fig. 2). It has been shown by
[9] that TQ inhibited autophagy and induced caspase-inde-
pendent apoptosis in glioblastoma cells T98G and US7TMG
with negligible number of necrotic cells. Thus, TQ treatment
could be an exciting and emerging strategy in cancer therapy.

Many antitumor compounds (mitocans) have been estab-
lished to act as pro-oxidant agents, disturbing the mito-
chondrial respiratory chain and leading to further increase
in mitochondrial ROS levels [57]. Indeed, mitochondria

are excellent targets for cancer treatment as they determine
the aberrant energetic metabolism of malignant cells and
regulate intracellular redox homeostasis and cell death by
apoptosis and necrosis [57, 58]. Our study indicates that TQ
causes mitochondrial potential dissipation and modulates
superoxide generation in mitochondria in a dose-dependent
manner (Fig. 3). These data may be considered as early
events of apoptosis through the mitochondrial pathway.
The anticancer effect of TQ, via the induction of apoptosis
resulting from mitochondrial dysfunction, was assessed in
an acute lymphocyte leukemic cell line [39]. Therefore, TQ
could be classified as a mitocan disturbing both cell and
mitochondrial redox states.

We have demonstrated that at low doses TQ suppressed
mitochondrial superoxide (Fig. 3a). It had been shown that
several chemotherapeutic agents such as anthracycline anti-
biotics can induce ROS production causing toxicity, which
in turn limits their use [19]. Therefore, TQ ability of mito-
chondrial ROS inhibition could reduce the toxicity of these
agents. Indeed, TQ was found to suppress doxorubicin-
induced cardiotoxicity without influencing the antitumor
effects of doxorubicin [44]. It was shown that the ability of
TQ to suppress breast tumor growth and the combined treat-
ment with doxorubicin caused significantly higher suppres-
sion [37]. On the other hand, mitochondrial ROS production,
intensification of mitochondrial interaction with the endo-
plasmic reticulum and the accumulation of mitochondria in
the filopodia of glioma cells are considered to be the factors
of invasive growth of these tumors [59]. Thus, the reduction
of mitochondrial ROS in glioma cells treated with TQ may
cause an anti-invasive effect.

TQ was found to induce apoptosis in tumor cells by regu-
lating NF-xB [35, 60], STAT3 [61], AKT, ERK1/2, INK
[42], p38 [37], p53 [15] signaling pathways, which are
redox-sensitive. ROS could directly or indirectly modify
signaling proteins [62] activating or suppressing pathways.
TQ was shown to induce ROS production and ROS-medi-
ated MAPK phosphorylation in cancer cells [8, 12, 16, 20,
21, 33, 35, 37, 39-43, 63]. However, in our experimental
system ERK1/2, PKC and p38 inhibitors had no influence on
TQ-induced antiproliferative effect (Table 1). Although TQ
is generally considered as a potent suppressor of the direct
binding of p65 NF-kB subunit to DNA, down-regulating the
expression of different gene products [60, 64], we showed
that it acts in combination with NF-kB inhibitor JSH in favor
of antiproliferative effect in C6 glioma. In this respect, inhib-
itory mechanisms of TQ and JSH are proposed to be similar.
Such effect of TQ would be useful for treatment for cancers
with constitutive NF-kB activity.

PI3K/AKT/mTOR signaling pathway plays an outstand-
ing role in cell proliferation and alterations (amplification)
in the proteins involved in this pathway are common in
cancer [65]. PI3K inhibiting drugs, including wortmannin,
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flavonoid derivative LY294002 could suppress prolifera-
tion and enhance the sensitivity of tumor cells to apopto-
sis-inducing agents [65, 66]. Moreover, PI3K/AKT path-
way could be involved in tumor drug resistance [67]. GBM
patients with an activated PI3K/AKT/mTOR pathway have
poor prognosis than patients without oncogenic activation
of this pathway [68]. Thus, PI3K/AKT/mTOR (PI3K/AKT/
PTEN) pathway is considered to be additional target for gli-
oma treatment [66—68]. We have demonstrated here that the
reduction of TQ-induced antiproliferative and antiapoptotic
effect was registered in C6 glioma cells after PI3K inhibi-
tion (Table 1). Therefore, TQ is suggested to suppress PI3K
pathway in C6 glioma cells. TQ-induced apoptosis through
the suppression of PI3K and AKT activation has also been
shown in prostate cancer, human umbilical vein endothelial
cells, primary effusion lymphoma cells [33, 40], breast can-
cer cells (T-47D and MDA-MB-468) [36] and cholangio-
carcinoma cells [63].

Of particular interest is the fact that JNK inhibition
also resulted in attenuation of TQ antiproliferative effect
(Table 1). Although JNK is predominantly activated dur-
ing apoptosis [69, 70], some studies have demonstrated the
involvement of this kinase in tumor cells proliferation and
survival [52, 54, 55]. For example, it has been shown that
JNK?2 activation accelerates KB-3 cells proliferation reduc-
ing the transition time from S to G2/M phase of cell cycle
[71]. The antiproliferative effect of JNK inhibition in serum-
starved C6 glioma cells was reported by us earlier [72].

Conclusions

Our results demonstrate that the antiproliferative and pro-
apoptotic effects of TQ in C6 glioma cells are mediated
through both cellular redox state modulation via ROS pro-
duction and GSH depletion, and mitochondrial dysfunc-
tion. Therefore, it could be hypothesized that TQ decreases
intracellular GSH levels not only through hydrogen peroxide
generation, but also by TQ-SG conjugates formation. We
demonstrated that TQ induces ROS generation due to two-
electron reduction of TQ at low concentrations by NQO1,
while one-electron reduction contributes at high TQ con-
centrations. We proposed that TQ induces apoptosis in C6
glioma cells through the modulation of ROS generation,
mitochondrial potential dissipation and permeability transi-
tion pore opening.

TQ exhibits significant antitumor effect in C6 glioma
cells providing a new possibility to improve cancer therapeu-
tic outcomes. The observed effects of TQ led us to speculate
a high selectivity of TQ anticancer activity against tumor
cells with over-activated PI3K/AKT pathway as well as a
big potential to enhance the sensitivity of glioma cells to
standard chemotherapeutic drugs.
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