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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Aristidis Tsatsakis Glioblastoma, as an invasive tumor, is one of the most common primary malignant brain tumors. Despite

maximum aggressive treatment, patients with glioblastoma have a dismal prognosis. Thymoquinone (TQ) has

Keywords: been found to show anti-cancer effects on different types of cancer. There are a few in vitro studies on the effect of

Th.ymoqulnone TQ on glial tumors. However, the molecular mechanism of TQ’s anti-cancer effect has not been fully elucidated.

ghObtlaSFOT; In the present study, we aimed to investigate the genotoxic, apoptotic, and cytotoxic effects of TQ on C6 rat
€notoxicl .

Cytotoxicity glioma cells. . . o

Apoptosis C6 glioma cells were analyzed after 24 h of exposure to different concentrations of TQ by the ATP cell viability

assay for cytotoxicity, comet assay for genotoxicity, 2,7 dichlorodihydrofluorescein diacetate (HoDCF-DA) for
intracellular reactive oxygen species (iROS) generation, 3.3'dihexyloxacarbocyanine iodide (DiOC6(3)) for
mitochondrial membrane potential, GSH/GSSG-Glo Assay for glutathione level and Fura-2AM for intracellular
calcium levels. Apoptosis induction was studied by acridine orange/ethidium bromide double staining, flow
cytometry, and western blotting analyses. Caspase-3, Caspase-9, Bax, Bcl-2, and pSTAT3 protein levels were
determined by the western blotting method.

Cytotoxicity was enhanced by TQ in C6 glioma cells in a concentration-dependent manner. TQ also induced
DNA damage, apoptosis, and increased iROS. Also, MMP and GSH levels were decreased by TQ. It inhibited
PSTATS3, resulting in apoptosis induction through the regulation of anti-apoptotic and pro-apoptotic proteins.

Our results suggest that TQ would be an effective treatment in glioma. Further studies should support these
findings.

Reactive oxygen species

1. Introduction

Glioblastoma is one of the most aggressive and fatal cancer types in
the central nervous system [1]. They are characterized by the rapid
growth rate, high invasion capacity, and resistance to treatment. In
recent years, it has been reported as a steady increase in glioma. [2].
According to the statistics, malignant gliomas are responsible for 2.5 %
of the global cancer death rate [3,4]. The standard treatment method for
the patient with glioblastoma includes surgical resection, radiotherapy,
and adjuvant chemotherapy. Despite all of these treatment methods, the

median survival from the first diagnosis for patients is approximately 15
months. Researchers have been studying on other treatment options for
glioblastoma, but no ideal treatment has yet been found. Thymoquinone
(TQ) is the most active ingredient of Nigella sativa. It has a preventive
effect on pathologies, such as inflammation, oxidative stress, and hy-
pertension [1,5,6]. In addition, it inhibits cancer cells by apoptotic and
autophagic pathways, while its toxicity to healthy cells is very low
compared to cancer cells [7]. Recent studies show that toxic effects of
TQ against various cancers [8] have been demonstrated, such as
breast-adenocancer [9], ovarian adenocancer [10], colorectal cancer
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[11], pancreatic cancer [12], osteosarcoma [13], melanoma [14], and
lung cancers [15]. It also reduces the toxicity of chemotherapeutics and
their side effects [16]. Meanwhile, studies have shown that the use of
high concentration TQ was found to be safe in mice and rats. Our group
has shown for the first time that TQ is useful in an established intra-
cranial tumor model in mice using BI6F10 melanoma through inducing
apoptosis by inhibiting pSTAT3 [17].

For the current study, the most important feature of TQ is that it
crosses through the blood-brain barrier because of its dimension and
lipophilicity [18,19]. Anti-cancer effects of TQ is based on inhibitory
and excitatory impulses on genes, pathways, and proteins [20]. The
mechanism of tumorigenesis and the proliferation of tumor cells is also
considered as a reason to avoid apoptosis. Abnormal cells’ elimination
mechanism is based on decreased Bcl-2 and increased Bax levels [21].
The proteins that inhibit apoptosis are up-regulated, and the proteins
that activate apoptosis are downregulated in recurrent glioblastoma.
These protein expressions show that glioma cells have their selection for
being resistant to apoptosis [22]. Despite all research, the anti-tumoral
mechanism of TQ is still obscure [23]. In our study, we investigate the
different effects of TQ on the C6 glioma cell line by examining the levels
of apoptosis, intracellular calcium (iCa?"), reactive oxygen species
(iROS), genotoxicity, and cytotoxicity.

2. Materials and methods
2.1. Chemical and reagents

TQ, horse serum (HS), F12K medium, 2',7'-dichlorodihydro-
fluorescein diacetate (HoDCF-DA), 3,3'-dihexyloxacarbocyanine iodide,
penicillin/streptomycin (P/S) (10,000 U/mL), ethidium bromide (EB),
Fura-2AM, trypsin-EDTA, acridine orange (AO) were purchased from
Merck, Fluka, Sigma-Aldrich and Gibco. Annexin-V FITC apoptosis assay
kit was purchased from Ebioscience (Carlsbad, CA 92,008 USA). All
chemicals used in our study are analytical grade. The final concentration
of DMSO in the prepared stock TQ concentrations was less than 0.1 % for
all experiments, and low concentrations were diluted with non-serum
F12 K medium. The remaining reagents were prepared fresh before
each experiment.

2.2. Invitro cell culture

C6 cell line (ATCC ® CCL-107™ Rattus norvegicus brain glioma) were
purchased from the American Type Culture Collection (ATCC, Mid-
dlesex, UK). Glioma cells were cultured in a complete medium,
including F12 K medium, 10 % HS, and 1 % P/S under 5 % CO, incu-
bator at 37 °C equilibrium. Before the experiments, we checked cell
viability with trypan blue. 2.5-200 pM dose range of TQ was used for
cytotoxicity and iROS levels. After the ICsy was found by cytotoxicity
test, IC59 and below doses were studied in all other experiments. There is
no statistically significant difference between the 12, 24, and 48 h in-
cubation times of TQ in glioma cells. Therefore, 24 h of incubation was
chosen for all experiments.

2.3. ATP assay (Cytotoxicity test)

The cytotoxic effect of TQ in glioma cells was examined by the
luminometric ATP method. Glioma cells seeded into 96 opaque-white
plate at density of 10* cells/well for 24 h in the incubator (37 °C in 5
% CO-) to adhere. After incubation, the fresh medium was replaced and
incubated with different concentrations of TQ (2.5-200 pM) on glioma
cells for 24 h. Thereafter, 100 pL of ATP kit (Cell Titer-Glo Luminescent
Cell Viability Assay, Promega) solution was added to each well without
removing the culture medium and incubated for 10 min at room tem-
perature. The results were evaluated in luminometry (Varioskan Flash
Multimode Reader, Thermo, Waltham, MA). Luminescence emitted
from wells is directly proportional to ATP, i.e., cell viability. The results
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were calculated as % relative luminescence according to the control. The
ICsp value of TQ was calculated according to the concentration-response
curve by non-linear regression analysis. All concentrations (including
the control group) were repeated four independent times, and the
standard deviation was within 5 %.

2.4. Measurement of intracellular reactive oxygen species production

We used a fluorescence probe, HoDCF-DA for measuring the levels of
intracellular reactive oxygen species. As the iROS level increases, the
diacetate in the probe is separated, and fluorescence irradiation occurs.
The generation of iROS is correlated with emitted fluorescence. Glioma
cells were incubated with different concentrations of TQ (2.5-200 pM)
for 24 h. After incubation, the media were washed with cold 1xdPBS.
After incubating with 100 pL, 100 pM HpDCF-DA for 30 min in an
incubator, aspirated, and 100 pL. 1xdPBS was added. The results were
evaluated in a fluorescence plate reader (Varioskan Flash Multimode
Reader, Thermo, Waltham, MA) Ex/Em: 485/535 nm. The results of all
concentrations were given as % relative fluorescence according to the
control. Each concentration (including the control group) was run in 4
independent replicates.

2.5. Measurement of intracellular glutathione (GSH) level

The effect of TQ in glioma cells on glutathione levels was measured
with the luminometric GSH kit (GSH/GSSG-Glo™ Assay, Promega;
Madison, Wisconsin, USA). Glioma cells seeded into 96 opaque-white
plate at density of 10* cells/well for 24 h in the incubator (37 °C in 5
% CO-) to adhere. After incubation, the fresh medium was replaced and
incubated with different concentrations below ICsg of TQ on glioma cells
for 24 h. Thereafter, the medium was removed, and 50 pL Total or
Oxidized Glutathione Reagent was added for lysing the cells. The plate
was incubated in a shaker for 5 min at room temperature. After incu-
bation, luciferin generation reagent was added 50 pL and incubated for
30 min at room temperature. Finally, Luciferin Detection Reagent was
added 100 pL to all wells for equilibrating 15 min. The luminometer
(Varioskan Flash Multimode Reader, Thermo, Waltham, MA) was used
to measure GSH levels in glioma cells. Luminescence emitted from wells
is directly proportional to glutathione. The results were calculated as %
relative luminescence according to the control. All concentrations
(including the control group) were repeated four independent times, and
the standard deviation was within 5 %.

2.6. Determination of mitochondrial membrane potential (MMP, D¥'m)

The effect of TQ on mitochondrial membrane potential in glioma
cells was measured in flow cytometry with DiOC6(3) fluorescence mo-
lecular probe (Ex/Em: 483/501 nm) [24]. In glioma cells, this fluores-
cent probe accumulates in the matrix under the influence of the
mitochondrial potential. Glioma cells were seeded into the 6-well plate
at density of 5 x 10* cells/well for 24 h in the incubator (37 °Cin 5 %
CO-) to adhere. After incubation, the fresh medium was replaced and
incubated with different concentrations below ICsg of TQ on glioma cells
for 24 h for the determination of mitochondrial membrane potential.
Afterward, cells were removed by trypsin-EDTA and centrifuged with
1xdPBS at 400xg for 5 min at +4 °C. The supernatant was thrown, cell
debris was suspended with DiOC6(3) and incubated at 37 °C for 20 min.
After incubation, the cell suspension was analyzed with flow cytometry
(BD, FACS Canto II).

2.7. Effect of TQ on intracellular calcium

Intracellular calcium level is associated with the mechanism of
apoptosis. The effect of TQ on intracellular calcium level in glioma cells
was measured using the Fura-2AM fluorescence probe. The Fura-2AM
probe is oxidized in the cell where calcium is and emits fluorescence
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radiation. Glioma cells were incubated with different concentrations
under ICsgp of TQ (2.5-200 pM) for 24 h. After incubation, the media
were aspirated and washed with cold 1xdPBS. After incubating with
5 pM Fura-2AM for 30 min in an incubator. The results were evaluated
in a fluorescence plate reader (Varioskan Flash Multimode Reader,
Thermo, Waltham, MA) Ex/Em: 488/520 nm. The results of all con-
centrations were given as % relative fluorescence according to the
control. Each concentration (including the control group) was run in 4
independent replicates.

2.8. Detection of apoptosis

To measure the apoptotic effects of TQ on glioma cells by different
methods detailed below. Glioma cells were seeded to 5 x 10* cells/well
in 6 well plates overnight. Then it was incubated with under ICsq con-
centrations of TQ for another 24 h. Cells were removed with 0.25 %
Trypsin-EDTA, washed with 1xdPBS at +4°C, and the following
methods were applied.

2.9. Apoptosis detection by fluorescence microscope (AO/EB Dye)

Apoptosis detection using AO/EB dye is a method developed by
McGahon et al. that detects apoptosis according to morphological
changes in apoptotic cells [25]. Cells that undergo apoptosis are
morphologically different from healthy cells. Acridine orange (AO) and
ethidium bromide (EB) are DNA-specific dyes. AO dye penetrates both
living and dead cells and is a cationic dye that stains double and
single-strand nucleic acids. EB enters necrotic and apoptotic cell mem-
branes with impaired cell permeability and stains nucleic acids. AO/EB
double staining gives green in live cells, orange in apoptotic cells, and
red in necrotic cells under a fluorescence microscope [26]. After
washing, the cell suspension and AO/EB dye were mixed in a 1:1 ratio
and evaluated by a fluorescence microscope (Leica DM 1000, Solms,
Germany). Multiple images were obtained in randomly selected areas,
and a minimum of 100 cells were counted. All concentrations (including
control) were performed four times.

2.10. Determination of anti-apoptotic and pro-apoptotic proteins level

After washing, the cells were incubated on ice with lysis solution
(NP-40 lysis solution: 0.2 % protease inhibitor cocktail, 150 mM NacCl,
2 mM Tris-Cl pH 7.5, 10 % glycerol) for 30 min. The lysed cells were
centrifuged at 15000xrpm for 15 min at +4°C, and supernatants
(including cytosolic fraction) were separated. Protein determination was
performed from the separated supernatant by the Bradford method [27].
The proteins in the supernatant were incubated at 100 °C for 15 min to
denature. Proteins were separated by 8-12 % SDS-PAGE and transferred
to PVDF-membrane. PVDF-membrane was incubated with
phospho-signal transducer and activator of transcription 3 (pSTAT3),
Bax, Caspase-3, Bcl-2, Caspase-9, and B-actin proteins primary and
secondary antibodies (Cell Signaling Technology). Protein bands were
visualized with Clarity Western ECL Substrate (Biorad, California-USA),
and band densities were calculated with the Image-J program. Protein
expressions were normalized to p-actin.

2.11. Apoptosis detection by flow cytometry (Annexin V-FITC)

The annexin-V FITC kit was used to detect apoptosis. The method
principle shows Annexin-V anti-phospholipase activity and binds to
phosphatidylserine. FITC labeling provides simple direct detection with
FACS analysis. Counter-staining with propidium iodide allows the dif-
ferentiation of apoptotic cells. After washing, the procedure was carried
out according to the manufacturer’s instructions. After the cell suspen-
sion was incubated with annexin-V, FITC, and PI. Apoptosis of glioma
cell was analyzed with flow cytometry (BD, FACS Canto II; Ex/Em: 488/
525 nm).

164

Toxicology Reports 8 (2021) 162-170
2.12. Measurement of DNA damage

The effect of TQ on DNA damage on glioma cells was evaluated by
alkaline single cell gel electrophoresis (Comet assay method) modified
by Singh et al. [28]. Glioma cells seeded into 6-well plate at density of
5 x 10* cells/well for 24 h in the incubator (37°C in 5 % CO») to
adhere. After incubation, the fresh medium was replaced and incubated
with different concentrations below ICsg of TQ on glioma cells for 24 h
for the determination of DNA Damage of TQ. Afterward, cells were
removed by 0.25 % trypsin-EDTA and centrifuged with 1xdPBS at 400xg
for 5 min at +4 °C. The supernatant was thrown, cell debris was sus-
pended and used in the method described below.

85 pL of 0.6 % low melting agarose (LMA) and 10 pL of cell sus-
pension were mixed and placed onto slides with coated 1 % normal
melting agarose (NMA). Slides were left in lysis solution for 1 h at +4 °C
and then washed with cold 1xdPBS. Slides placed in the electrophoresis
tank to open bonds in DNA were incubated for 40 min at +4 °C of
alkaline electrophoresis buffer, and electrophoresis (25 V, 300 mA, and
25 min at +4 °C) was performed. Slides were rinsed 3 times with
neutralized buffer, and then slides were treated with EB dye (2 pg/mL).
All slides were taken under a Leica fluorescence microscope at 200x
magnification. We evaluated DNA damage in images with the Comet
Assay IV analysis program. All concentrations (including control) were
repeated 4 times [29].

2.13. Statistical analysis

All results were given as four independent replicates, mean-
+ standard deviation (mean + SD). The statistical significance level of
all experimental data was investigated with variance analysis (One Way
ANOVA). The statistical value of p < 0.05 was considered significant.
The ICsg value of TQ in rat glioma cells were calculated by non-linear
regression analysis. The Pearson correlation coefficient showed the re-
lationships between cytotoxicity and iROS, DNA Damage, glutathione,
iCa®", MMP, and apoptosis. The statistical value of p < 0.05 was
considered significant. All statistical analyses were stuck with the IBM
SPSS version 23 statistical program.

3. Results
3.1. Cell viability toward glioma cells
To evaluate the effect of TQ on cell viability, the concentration-

response cell viability ATP test was performed after 24 h incubation
into glioma cells. Glioma cell viability decreased with increasing TQ
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Fig. 1. The effect of increasing concentrations (2.5 to 200 pM) of TQ on glioma
cell viability. Glioma cells were incubated for 24 h with different concentration
of TQ. Luminometric ATP assay was used to measure viability. The results were
calculated by taking relative to control. All concentrations were studied at least
four times and expressed as mean =+ standard deviation. Statistical differences
were shown as *p < 0.05, **p < 0.01, ***p < 0.001 according to the control.
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concentrations (2.5-200 puM) (Fig. 1). The percentage of cytotoxic ac-
tivity increased statistically significantly (p < 0.001) depending on the
control.

The ICso concentration of TQ on glioma cells was calculated by a
concentration-response graph and was found to be 72 pM. All data
indicate that TQ is cytotoxic at all concentrations.

3.2. Concentration-dependent reactive oxygen generating activity

We measured the iROS level shown in Fig. 2 using the HoDCF-DA
fluorescence dye. 24 h TQ (2.5-200 pM) incubation in glioma cells
increased the iROS levels statistically significantly compared to control
(p < 0.001).

3.3. TQ reduces glutathione level

We measured glutathione levels in glioma cells by the luminometric
method (GSH/GSSG-Glo Assay). 24 h TQ (10-80 pM) incubation in
glioma cells significantly reduced glutathione levels (p < 0.001). The
reduced glutathione shown in Fig. 3 is glutathione relative luminescence
values. There is a negative correlation between TQ concentration and
glutathione levels.

3.4. TQ leads to decreased D¥'m in glioma cell

Mitochondrial pathways have been explored to demonstrate the
mechanisms underlying the apoptotic effect of TQ in the glioma cell.
DW¥m levels were measured since the decrease in mitochondrial mem-
brane potential caused apoptosis. According to Flow Cytometry analysis
results, 24 h TQ incubation in glioma cells statistically significantly
reduced (p < 0001) the mitochondrial membrane potential (Fig. 4).
Reduced mitochondrial membrane potential correlates positively with
increased apoptosis and cytotoxicity.

3.5. Effect of TQ on intracellular calcium level

The determination of the intracellular calcium level was imple-
mented using the iCa?* selective fluorescent indicator probe Fura-2AM.
The 24 h incubation of TQ on glioma cells increased the intracellular
calcium level statistically (p < 0.001). Increasing calcium activates the
apoptotic mechanisms of the cell, causing apoptosis (Fig. 5). There is a
significant positive correlation between increased TQ concentration and
intracellular calcium levels.

Intracellular Reactive Oxygen Species
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Fig. 2. TQ increased intracellular ROS formation in glioma cells. The increased
TQ concentration increased from (2.5 to 200 pM) iROS levels. All concentra-
tions were made in four independent repeats and expressed as mean =+ standard
deviation. Statistical differences were shown as * p < 0.05, ** p < 0.01, ***
p < 0.001 according to the control.
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Fig. 3. Glutathione levels in glioma cells after 24 h of TQ exposure (10-80 pM).
All concentrations were made in four independent repeats and expressed as
mean + standard deviation. Statistical differences were shown as *p < 0.05, **
p < 0.01, *** p < 0.001 according to the control.

J

Control

Mitochondrial Membrane Potential

*
*
o
wwx
e
10 20 40 60 80

Doses (M)

100

90

80

70

6

2

5

D¥m
2

4

5

3

S

2

S

5

=

Fig. 4. The effect of TQ on mitochondrial membrane potential in glioma cells.
Loss of mitochondrial membrane potential in glioma cells developed in
response to 24 h TQ incubation. All concentrations (10-80 pM) were made in
four independent repeats and expressed as mean =+ standard deviation. Statis-
tical differences were shown as * p < 0.05, ** p < 0.01, *** p < 0.001 ac-
cording to the control.
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Fig. 5. Intracellular calcium levels in glioma cells after 24 h of TQ exposure
(10-80 pM). All concentrations were made in four independent repeats and
expressed as mean =+ standard deviation. Statistical differences were shown as *
p < 0.05, ** p < 0.01, *** p < 0.001 according to the control.

3.6. TQ induces apoptosis

Apoptosis is important for tumor formation and treatment resistance.
Apoptosis was measured by using protein expression with western blot
and fluorescence microscope using the AO/EB dye. To confirm the
morphological characteristics of apoptosis, after the glioma cells were
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incubated with different concentrations of TQ for 24 h, cells were
stained with AO/EB dye and observed under fluorescence microscopy
(Fig. 6). As the TQ concentration increased, the number of apoptotic
cells increased statistically significantly (p < 0.001) in glioma cells
(Fig. 7).

The anti- and pro-apoptotic effects of TQ were evaluated. Expres-
sions of anti-apoptotic (Bcl-2, pSTAT3) and pro-apoptotic (Caspase-9,
Caspase-3, and Bax) proteins were examined by the western blot
method. After 24 h of TQ incubation in glioma cells, expressions of anti-
apoptotic proteins such as Bcl-2 and pSTAT3 decreased, whereas Bax,
Caspase-3, and Caspase-9 protein expressions increased concentration-
dependent. B-actin has been used as a control (Fig. 8).

3.7. Higher concentration of TQ induces apoptotic activity by Annexin-V
FITC

Apoptosis after 24 h TQ incubation in glioma cells was measured in
flow cytometry. Annexin-V FITC stain represents early and late
apoptosis and necrosis. Increased TQ concentration (10-80 pM) on gli-
oma cells induced apoptosis. Early and late apoptosis in the glioma cells
increased statistically significantly (p < 0.001) in a concentration-
dependent manner (Fig. 9).

3.8. TQ induces DNA damage

Since increased levels of iROS can cause damage to DNA, the effect of
TQ treatment on DNA damage in glioma cells were examined. The
single-cell alkaline comet assay method was studied to measure the 24 h
genotoxic activity of TQ on glioma. In this method, DNA damage is
measured. When the DNA is damaged, a shiny head and scattered tail are
formed. If there is no damage to the DNA, a circular structure without
tail appears (Fig. 10).

Each figure shows the DNA of the cells. The observed cells have the
appearance of either a compact shape or a comet. The comet images of
the DNA formed as a result of the 24 h incubation of TQ on glioma cells,
which are shown in Fig. 3. Head density decreased after 24 h of TQ
incubation, while tail density increased. The genotoxicity of TQ on gli-
oma increased statistically significantly (p < 0001) by damaging the
DNA in a concentration-dependent manner (Fig. 11).

Toxicology Reports 8 (2021) 162-170

Apoptosis - Fluorescence Microscopy
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Fig. 7. TQ induces apoptosis in glioma cells. We visualized the apoptosis
caused by TQ (10 to 80 pM) under a fluorescence microscope using AO/EB dye.
All concentrations were made in four independent repeats and expressed as
mean =+ standard deviation. Statistical differences were shown as * p < 0.05, **
p < 0.01, *** p < 0.001; + p < 0.05, ++ p < 0.01, +++ p < 0.001, and m
p < 0.05, MM p < 0.01, WM p < 0.001 according to the control.

4. Discussion

Brain tumors are extremely difficult to diagnose, and the least
treatable [30]. Glioblastoma is the primary brain tumor frequently
encountered and has a high mortality rate considering extensive efforts
to improve new therapies [31]. Therapeutic methods such as radio-
therapy, and immunotherapy used in cancer treatment have limited
effectiveness and have many side effects [32,33]. Due to the insulffi-
ciency of available chemotherapeutics, the search for a common target
that could provide an overall strategy for cancer treatment has
increased, regardless of tumor type. For this reason, the effective treat-
ment options for glioblastoma are lacking. There is a need for new
substances that can show cytotoxic, genotoxic, and apoptotic effects,
decrease intracellular glutathione and mitochondrial function, and in-
crease calcium levels. There has been an increasing number of in vitro
and in vivo scientific studies on the relationship between TQ and cancer
in recent years. In our study, we have shown different therapeutic effects
of TQ on glioma cells in a concentration-dependent manner through

Control

40 pM

60 M

100 ym

20 tM

80 M

Fig. 6. Effect of 24 h TQ incubation on glioma cells. Increasing TQ concentration causes apoptotic and necrotic cells to form in glioma cells.
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Fig. 8. A. TQ therapy in the glioma cell regulates apoptosis pathways. Ex-
pressions of pro-apoptotic and anti-apoptotic proteins were normalized to
p-actin. B. We measured the protein expression blot density with the image j
program. Statistical differences were shown as * p < 0.05, ** p < 0.01, ***
p < 0.001 according to the control.
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Fig. 9. Apoptotic effect of TQ in glioma cells for 24 h. TQ increases early and
late apoptosis in glioma cells. ICsy concentrations (10 to 80 pM) were analyzed
in flow cytometry using Annexin-V FITC dye. All concentrations were made in
four independent repeats and expressed as mean + standard deviation. Statis-

tical differences were shown as * p < 0.05, ** p < 0.01, *** p < 0.001 and +
p < 0.05, ++ p < 0.01, +++ p < 0.001 according to the control.

various mechanisms, as described in other studies [6,34-36].

The anti-cancer activity of TQ brings with it the necessity of being
selective to cancer cells in clinical applications. In a study, cytotoxic
effects of TQ on brain cancer cells SW1088 and A172 and cortical
neuronal cells-2 (HCN2), which are accepted as healthy cells, were
compared, and it was shown that the cytotoxicity of TQ in HCN2 was
much less than that of cancer cells [37]. In another study, Gli36, T98 G,
and U87MG human glioblastoma cells proliferation inhibitory doses
were found to be lower than normal astrocyte (NHA) cells in application
with TQ. At least 8 pM TQ with some easily observable cell growth was
not affected by NHA proliferation, even at TQ concentrations of up to
16 pM. By comparison, 2 pM of TQ was sufficient to dramatically inhibit
Gli36 cell growth, with no detectable cells at 4 pM. However, T98 G cells
were resistant (ICsg 10.3 pM), and intermediate sensitivity
(ICs0 = 8.3 pM) for U87MG cells [38]. ATP assay was performed by
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examining the TQ ability to suppress glioma cell growth. Due to the
astrocytic properties of C6 glioma cells, it is protective against the
modulation of polyphenols on neuroglial plasticity and unsteady
ROS/RNS regulation [39,40]. The agents used in the treatment of glioma
are also neurotoxic, but herbal agents such as TQ are generally
anti-oxidant and anti-inflammatory and can be resolved with
pro-oxidant effects at high doses in treatment [41,42]. According to our
results, it also demonstrates that TQ-treated C6 glioma cells exhibit with
a significant decrease in cell viability in a concentration-dependent
manner. The ICsq value for TQ occurred on glioma cancer cells was 72
pM.

Intracellular reactive oxygen species are related to mitochondrial
protein release and apoptosis due to playing essential roles in different
physiological and pathological processes. Studies in the literature have
shown that TQ increases cytotoxicity and apoptosis by increasing iROS
in various cancer cells [43-46]. However, the absence of a study which
includes the TQ-iROS correlation in C6 glioma cells constitutes a gap in
the literature. In a study, the level of generation of mitochondrial and
cytosolic ROS was investigated in C6 glioma cells with TQ. It was
observed that the development of cytosolic ROS in glioma cells was
increased at a concentration of TQ greater than 20 pM. Maximum iROS
production has been detected at 50-70 pM TQ in cells [47]. In our study,
we showed that TQ increases iROS generation on glioma cells; therefore,
it affects cell viability and apoptosis. In addition, iROS production also
causes in cancer cells due to increased metabolism, gene mutation, and
relative hypoxia [48].

Because of the high metabolic activity of cancer cells, they may be
more vulnerable to agents that increase iROS levels or that may decrease
glutathione levels [49,50]. Studies have shown increased levels of
oxidative damage products in clinical cancer cell lines. Furthermore, the
levels of the iROS-scavenging enzyme such as glutathione peroxidase
have been shown to modify significantly in malignant tumor cells. Thus,
pro-oxidant agents such as TQ can be considered a viable way to
selectively induce cancer cell death while protecting normal cells. To
date, several intracellular iROS modulating and GSH-reducing agents
have demonstrated anti-tumor activity in preclinical and clinical studies
[47,51]. From our obtained results of GSH, it is observed that TQ also
decreases the GSH levels on C6 glioma cells in comparison to the control.

It is associated with apoptosis due to decreased mitochondrial
membrane potential, translocation of Bax protein, and release of cyto-
chrome C into the cytoplasm [52]. As Salim and his colleagues showed
in their study of leukemia, we showed one of the mechanisms underlying
apoptosis by measuring the mitochondrial membrane potential in gli-
oma cell cells. Dy shows mitochondrial membrane potential, and loss of
Dy indicates mitochondrial damage, and it is an essential and premature
marker for apoptosis. According to our flow cytometric analysis, the
mitochondrial apoptosis demonstrated that TQ increased the loss of Dy
and apoptotic induction.

Intracellular calcium (iCa®") homeostasis is one of the signaling
mechanisms that control many cellular functions. Cytosolic Ca%t con-
centrations are dependent on Ca’" ions from the cell membrane or
endoplasmic reticulum via special ion channels and are sensitive to
changes [53]. Increasing Ca®" concentrations in cells triggers the
pro-apoptotic mechanism [54]. The obtained results showed that TQ on
C6 glioma cells increase the intracellular calcium level statistically in
comparison to the control. Increasing calcium activates the apoptotic
mechanisms of the cell, causing apoptosis. A significant positive corre-
lation was found between increased TQ concentration and intracellular
calcium levels. This is the first research to show that excessively
increased intracellular calcium was present in C6 glioma cells, and that
TQ evoked robust Ca®* influx. An acute rise in Ca®" induces an excess of
mitochondrial Ca®* and thus activates apoptosis. The production of high
levels of intracellular calcium is thought to play a significant role in
triggering apoptotic mechanisms. Increased levels of Ca®" result in
mitochondrial Ca®* overload within the cell, leading to the release of
caspase factors (caspase 3, caspase 9) and other regulators (Bax, Bcl-2).
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Fig. 10. The 24 h incubation of TQ in glioma cells caused DNA damage. The increased TQ induced DNA Damage and comet formation occurred.
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Fig. 11. TQ increases DNA damage in glioma cells. A comet image appears in
the DNA. The data are given as % Tail intensity. All concentrations were made
in four independent repeats and expressed as mean =+ standard deviation. Sta-
tistical differences were shown as * p < 0.05, ** p < 0.01, *** p < 0.001 ac-
cording to the control.

A further Ca®" gradient between the cytoplasm and other organelles is
formed within the intracellular space, including the endoplasmic retic-
ulum and mitochondria [55]. The importance of intracellular calcium
levels at concentrations of 60-80 pM TQ in the study indicates that
calcium is an essential regulator for apoptosis. Taken together, our study
suggests that TQ is a safe, potential medication that could provide a new
approach to gliomas management.

One of the most important findings for the anti-tumor effect of TQ is
the induction of apoptosis on C6 glioma cells, which was observed with
TQ treatment in a concentration-dependent manner. We assessed
whether TQ leads C6 glioma cells to undergo apoptosis, like other
studies in different cancer models [7,19,20,56-59]. Anti-apoptotic
proteins, such as Bcl-2, can be induced by chemotherapeutic agents
[60]. Also, studies have proven that abnormal activity of STAT3 is
related to malignancies like gastric, breast, and lung cancer [61]. We
investigated the expressions of anti- and pro-apoptotic proteins after
glioma cells exposed to different TQ concentrations. We sought to
measure the extent to which apoptosis might govern the
anti-proliferative effect of TQ by expressional analysis of Bax and Cas-
pase 3&9, Bcl-2, and pSTAT3 proteins. In our results, 24 h incubation of
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TQ on glioma cells increased the expression of Caspase-3, Caspase-9, and
Bax along with reducing the expression of Bcl-2 and pSTAT3 in a
concentration-dependent manner. The results of our study coincide with
other studies in the literature [60,62].

Apoptosis is important for tumor formation and treatment resistance.
Preceding studies have shown that the incidence and development of
gliomas are associated with apoptosis [63,64]. Apoptosis caused by TQ
was measured and visualized under a fluorescence microscope using the
AO/EB dye. With an increase in TQ treatment concentration, the num-
ber of normal cells constantly decreased while the number of apoptotic
cells increased significantly in C6 glioma cells, which emitted red fluo-
rescence in the cytoplasm or nucleus. According to the findings, TQ
induces apoptosis in glioma cells. The results were coherent with
mitochondrial membrane potential.

Consequently, we measured the damage of DNA caused by TQ.
Similar to other studies, we found that TQ prompts DNA damage within
increasing concentrations [65]. According to our findings, TQ can be
used as an anti-cancer agent, but in vivo studies must be performed for
further investigation.

An additional limitation for our study is that we do not have pre-
tentious information about the interaction of TQ with chemotherapeutic
agents. In that event, drug interactions with TQ also should be investi-
gated. Both proteomic and genomic in vitro and in vivo studies should be
conducted to understand the anti-cancer properties of TQ better. The
results from these studies will allow us to better understand the effect of
TQ on various cancer cells. In addition, the use of a single cell besides the
use of a Rattus norvegicus cell line instead of human are also limitations
of our study.

5. Conclusions

In our study, we have shown that natural anti-cancer TQ induces
cytotoxicity and apoptosis by increasing intracellular calcium and iROS
depending on the concentration against glioma cancer cells. Over-
production of iROS causes oxidative stress, which affects DNA damage
and apoptosis key proteins. Our results suggest that TQ may be the
treatment option for glioma. Further investigation with in vivo and
preclinical studies is warranted. These features of TQ can guide new
anti-cancer studies.
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