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ARTICLE INFO ABSTRACT

Article type:

Objective(s): Glioblastoma multiforme (GBM) is one of the most lethal forms of human cancer and
Original article

temozolomide (TMZ) is currently part of the standard treatment for this disease. Combination

therapy using natural substances can enhance the anti-cancer activity of TMZ. The purpose of this
study was to evaluate the effect of TMZ in combination with thymoquinone (TQ) on human GBM
cell line (UB7MG).

Materials and Methods: The cell line was treated with TMZ and/or TQ. Cell viability was assessed
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using trypan blue and MTT assay. The effect of TMZ and/or TQ on colony-forming ability of the

Keywords: cells was investigated. Apoptosis and autophagy were quantified by fluorescent dye staining. The
Apoptosis expression level of two autophagy related genes (ATG) were assessed using RT-PCR. Furthermore,
Autophagy nitric oxide (NO) production was detected by Griess reaction.

Glioblastoma multiforme Results: After treatment with TMZ and/or TQ, the cell viability was reduced in a time- and dose-
Temozolomide

dependent manner, and the cell survival fraction (SF) was significantly decreased (P=0.000).
Apoptosis index of U887MG cells was also significantly increased (P=0.000). Autophagy was
significantly increased by TMZ (P=0.000) and decreased by TQ (P=0.018). Also TMZ and/or TQ
significantly decreased NO production by U87MG cell (P=0.000).

Conclusion: TQ enhanced the anti-cancer activity of TMZ by inhibition of autophagy at the
transcriptional level and decreased the colony-forming ability and NO production of U87MG cell
line.
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4- carboxamide), in a systemic circulation (7). This

The incidence of primary brain tumors has
increased over the past 20 years, and this trend is
expected to continue. Glioblastoma multiforme (GBM),
classified as a grade IV astrocytoma by world health
organization (WHO), is the most common malignant
primary brain tumor and one of the most aggressive
forms of cancer. It accounts for more than 50% of all
diagnosed brain tumors (1, 2). Current treatment
strategies of GBM are surgery in addition to radiation
therapy and alkylating agent-based chemotherapy (3).

Temozolomide (TMZ) (8-carbamoyl-3- methylimi-
dazo [5, 1-d] - 1, 2, 3, 5-tetrazin-4 (3H)-one), an
alkylating chemotherapeutic prodrug, belonging to
imidazotetrazine series (4), is currently part of GBM
treatment (5). It is one of a few drugs that is able to
cross the blood-brain barrier (6). TMZ is administered
orally and undergoes rapid chemical conversion to its
active form, MTIC (5-(3- methyltriazen-1-yl) imidazole-

active form of drug causes DNA damage during cell
replication, thereby destroying the proliferating tumor
cells (8).

Natural products have been used as useful sources
of anti-tumor or cancer prevention agents.
Thymoquinone (TQ) (CioH1202; molecular weight:
164.2), a naturally occurring quinone (2-isopropyl-5-
methylbenzo-1, 4-quinone), is the main bioactive
component (30%-48%) of the volatile oil of black seed
(Nigella sativa, Ranunculaceae family) and has been
shown to possess anti-oxidant, anti-inflammatory and
anti-neoplastic effects (9).

Previous studies have shown that thymoquinone
inhibits the proliferation of different types of cancer
cells including breast, colon, ovary, larynx, and lung
cancer, as well as myeloblastic leukemia, and
osteosarcoma (10).
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TQ has been reported to be a potent cytotoxic agent
against several multidrug-resistant human tumor cell
lines (11).

GBM is one of the most malignant tumors, and
despite research efforts, it is still associated with a poor
prognosis and a rare long-term survival of the patients
(12). Resistance to TMZ is the major therapeutic
obstacle to an effective therapy (13), thereby the
development of new therapeutic strategies is required
to enhance the anti-cancer effect of TMZ in GBM
therapy.

Autophagy is an important homeostatic cellular
recycling mechanism that has an important role in
response to therapeutic stresses. Recent studies have
shown that activation of autophagy in response to
chemotherapeutic agents acts as a prosurvival
mechanism and contributes to anti-cancer drug
resistance (14). Most of the genes encoding the key
components of autophagy pathway, named autophagy-
related genes (ATG), have been characterized. Beclin-1
is a mammalian homolog of yeast autophagy protein,
Atg-6, which plays a central role in autophagy pathway.
It interacts with several cofactors to induce autophagy
(15). ATG-7 is a key autophagy-promoting gene that
plays a critical role in regulation of autophagy (16).
Inhibition of the autophagic process may reduce cancer
cell drug resistance.

Nitric oxide (NO) is a small, easily diffusible gaseous
molecule that has shown numerous roles in cellular
function. In recent years, NO has been shown to have a
ubiquitous role in the physiopathology of human
diseases such as malignant gliomas (17).

Studies have indicated that NO is a chemosensitizer
and apoptosis inducer in tumor cells at low
concentrations. NO can induce or inhibit tumor
progression and metastasis depending on the
concentration and duration of exposure to glioma (18).

Previous data have demonstrated that natural
antioxidants can be used as adjuvant in combination
with chemotherapy to lower the side effects and to
increase the efficiency of cancer treatments (19). Since
TQ can cross the blood-brain barrier and inhibit GBM
growth (20), in the present study, we tested the effect
of TMZ and TQ alone and in combination with each
other on the viability, colony-forming ability, apoptosis,
necrosis, autophagy and NO production of human GBM
cell line.

Cell line and reagents

The human glioblastoma cell line (U87MG) was
obtained from the National Cell bank of Iran (NCBI).
TMZ, known commercially as Temodal®, TQ,
Dulbecco’s modified Eagle’s medium and Ham's F12
(DMEM/F12), fetal bovine serum (FBS), trypsin, and
acridine orange (AO) were purchased from Sigma-
Aldrich Chemical Co (St. Louis, MO, USA). RNX-Plus
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solution was purchased from SinaClon BioScience Co
(Tehran, Iran).

Cell culture and treatments

U87MG cells were cultured in DMEM/F12
supplemented with 10% FBS, without antibiotics, at
37 °C and 5% CO; in a humidified incubator. GBM cells
(1x10¢) were cultured in 25 cm? flasks, and the culture
medium was changed after 48 hr. Sub-confluent cells
were detached using trypsin-EDTA solution in calcium-
free phosphate buffered saline (PBS) and were counted
in hemocytometers. Dose-response study was
performed to calculate the ICsp values (the
concentration of TMZ and TQ that induced 50% cell
inhibition against U87MG cells) of each drug. Cells were
treated with 10, 20, 50 and 100 pM TMZ (21) and 10,
20, 50, 100, 150 and 200 uM TQ (22) for trypan blue
staining and MTT assay. For other tests, 20 uM
concentration of TMZ and/or 50 uM TQ were chosen.

Trypan blue Staining

Cells were cultured in 24-well plates (7x10% per
well) and after 24 hr, the culture medium was replaced
with a new serum-free medium containing TMZ, TQ or
a combined dose of both.

Plates were incubated for 24, 48, 72 and 96 hr.
Subsequently, the cells were trypsinized and mixed
with an equal volume of 0.4% trypan blue solution. The
number of dead cells (stained) versus the total number
of cells was calculated as the percentage of viability
(23).

MTT assay

MTT assay is a standard colorimetric assay for
measuring cell viability, based on tetrazolium dye
reduction by mitochondrial dehydrogenase enzymes of
viable cells with production of a purple color. UB87MG
cells (15x103 per well) were plated in 96-well culture
dish. After 24 hr incubation, the medium was removed
and replaced with a fresh serum-free medium
containing TMZ, TQ or a combination of TQ and TMZ
and was incubated again at 37 °C. After 24, 48, 72 and
96 hr, the medium was removed and 20 pul MTT
solution (5 mg/ml in PBS) was added to each well and
incubated for 3 hr at 37 °C. The formed purple
formazan crystals were dissolved in 100 pl dimethyl
sulfoxide (DMSO0).

The absorbance of each well was measured at 570
nm with reference reading at 630 using a microplate
reader. The percentage of viability was calculated as
follows: % of cell viability = (absorbance of treated cells
/ absorbance of control cells) x 100 (24). The ICso
values of TMZ and TQ against US7MG cells were
calculated using GraphPad Prism 5 (GraphPad Software
Inc, San Diego, USA).
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Median effect analysis

The method proposed by Chou (25) was used to
determine and quantify the nature of TMZ and TQ
interaction (synergistic, additive, or antagonistic). The
combination of TMZ and TQ was prepared in constant
concentration ratio (1.87:1) based on their
corresponding ICso values (90.63 and 48.50 uM for TMZ
and TQ respectively) in serial dilutions above and
below the ICsy value of each agent, and then the MTT
assay was performed. The combination index (CI) was
calculated using CompuSyn software (ComboSyn, Inc.,
Paramus, NJ, USA). The CI values were interpreted as
additive (CI = 1), synergistic (CI < 1) and antagonistic
(CI>1).

Colony formation assay

A colony formation assay was performed to
evaluate the effects of TMZ and TQ alone and in
combination with each other on the clonogenic capacity
of UB7MG cells. Colony formation assay is a standard
survival assay based on the ability of a single cell to
grow into a colony. Single cell suspensions of 500 cells
were cultured into 4-well plates and incubated
overnight. Subsequently, the cells were treated with TQ
and/or TMZ for 72 hr. Then, the culture medium was
replaced with a drug-free medium. Plates were
incubated for 12-14 days and thereafter the colonies
were fixed with 4% paraformaldehyde and stained
with 0.5% crystal violet solution. Only the colonies that
contained more than 50 cells were selected. The
percentage of UB7MG seeded cells that formed a colony
(the plating efficacy (PE)) was calculated as the
percentage of counted colonies/seeded cells x 100. The
surviving fractions (SF) of cells were determined as the
number of former colonies / number of seeded cells x
PE (26).

Terminal transferase dUTP nick end labeling
(TUNEL) assay

TUNEL assay was performed to detect apoptosis in
UB7MG cells using an in situ cell death detection Kkit,
(Roche Diagnostics; Germany) according to the
manufacturer’s instructions. Briefly, after 72 hr
treatment with 20 uM TMZ and/or 50 pM TQ, the cells
were fixed with 4% paraformaldehyde for 1 hr,
permeabilized with 0.2% Triton X-100 for 5 min on ice,
and incubated with 50 pl of TUNEL mixture solution for
1 hr. For differential staining of the cells, the propidium
iodide staining solution was added to each well and
incubated for 5 min at room temperature. Finally, the
cells were analyzed using a fluorescence microscope.
All the described stages were performed in dark
condition. The apoptotic index of the cells was
calculated as a follow (23):
Apoptotic index (%) = (number of apoptotic cells/total
number of cells) x100

Detection of acidic vesicular organelles (AVOs)

Autophagy is characterized by the formation of
AVOs in cells. To analyze autophagy induction, AVOs,
which consist predominantly of autophagosomes, were
quantified by staining the cells with AO. Autophagy is
an evolutionarily conserved process for recycling and
maintaining the quality of cells. During this process,
cytoplasmic  constituents are sequestered in
autophagosomes and degraded after fusion with
lysosomes and formation of acidic autolysosomes (27).
AO accumulates in acidic organelles in a pH-dependent
manner in cells. At neutral pH, it emits green
fluorescence, but within acidic environments, becomes
protonated, and gets trapped within the organelle and
then aggregates and emits red fluorescence. The
U87MG cells were grown in absence or presence of
TMZ, TQ and combination of both for 72 hr. These cells
were stained with 1 pg/ml AO for 15 min. A
morphological analysis was performed under a
fluorescence microscope. At least 1,000 cells in
randomly selected microscopic fields were counted.
The percentage of autophagic cells was calculated as
follows: % of autophagic cells = (the number of cells
with AVOs / the total number of stained cells) x 100
(28).

RNA isolation and RT-PCR

The effect of TMZ and/or TQ on the expression level
of autophagy marker genes, beclin-1 and ATG-7 was
analyzed by RT-PCR. GBM cells were treated with TMZ
and/or TQ for 72 hr. Then, total RNA was extracted by
RNX-Plus solution according to the manufacturer’s
instructions.

The quantity and quality of the purified RNAs were
verified by nanodrop spectrophotometer and
electrophoresis using 1% agarose gel, respectively.
cDNA synthesis was carried out taking 1 pg RNA using
cDNA synthesis kit (Vivantis Technologies, Selangor DE,
Malaysia) according to the manufacturer’s protocol. RT-
PCR was performed taking 1 pl of cDNA as template
using RT-PCR kit (Vivantis Technologies, Selangor DE,
Malaysia) based on the manufacturer’s protocol.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
a house keeping gene, was served as an internal
reference. The PCR products were separated via 2%
agarose gel electrophoresis and visualized by ethidium
bromide staining. The primer sequences were as
follows:

ATG-7 forward: 5'-ATTGCTGCATCAAGAAACCC-3',
reverse: 5-GATGGAGAGCTCCTCAGCA-3', beclin-1
forward: 5'-GCCGAAGACTGAAGGTCA,

reverse: 5'-GTCTGGGCATAACGCATC-3', GAPDH
forward: 5'- CAATGACCCCTTCATTGACC-3',

reverse: 5'- TTCACACCCATGACGAACAT-3".
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NO measurement

The alteration in NO production following
treatment with TMZ and/or TQ was determined by
Griess reaction.

This reaction is widely used to determine total
nitrate and nitrite concentration as an index of NO
production in biological samples (29). US7MG cells
were plated in 24-well plates (7x104 cells per well)
and incubated overnight. Next, the cells were treated
with TMZ, TQ and combination of TMZ and TQ for 72
hr. Subsequently, 400 pl of the culture medium of
each sample was collected and 6 mg of zinc sulfate
was added to deproteinize it, and centrifuged at
10,000 g for 10 min at 4 °C. Then, 100 pl of each
deproteinized sample was transferred to microplate
wells, and 100 pl vanadium (III) chloride (8 mg/ml in
HCl 1 M), 50 ul 2% sulfanilamide (in 5% HCI),
and 50 pl 0.1% N-(1-naphthyl) ethylenediamine
dihydrochloride (in deionized water) were added,
respectively. The plates were incubated for 30 min at
37 °C, and the absorbance rate was subsequently
measured by a microplate reader at 540 and 630 nm.
The concentrations of NO were determined from a
sodium nitrite standard curve (30).
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Figure 1. The effect of temozolomide (TMZ) and thymoquinone (TQ)
on viability of UB7MG cells. Cells were treated with TMZ and TQ for 24,
48, 72 and 96 hr and viability was measured by trypan blue staining
(A) and MTT assay (B). Control wells were treated with equivalent
amount of medium alone. The results showed the mean+SD from
triplicated experiments. (*P < 0.05; ** P < 0.01 compared with control)
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Figure 2. The effect of temozolomide (TMZ) and thymoquinone (TQ)
in combination on viability of UB7MG cells. Cells were treated with
combination of TMZ and TQ for 72 hr and viability was measured by
trypan blue staining (A) and MTT assay (B). Control wells were treated
with equivalent amount of medium alone. The results showed the
mean+SD from triplicated experiments. (*P < 0.05; ** P < 0.01
compared with control)
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Figure 3. The effect of temozolomide (TMZ) and/or thymoquinone
(TQ) on colony formation of U87MG cell line. A) control group; B) in
the presence of 20 uM temozolomide; C) in the presence of 50 uM
thymoquinone; D) in the presence of combination both; E) Columns
mean percentage of colonies from three independent experiments
performed in triplicate. (*P < 0.05 compared with control; **P < 0.01
compared with control)
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Statistical analysis

All data were presented as mean = SD of three
independent experiments. Statistical evaluation was
performed by SPSS software version 16.0 (SPSS Inc.,
Chicago, USA) using one-way ANOVA. Differences
were considered to be statistically significant when
P-value was <0.05.

Cytotoxic assay

The effects of TMZ and TQ on the survival of
U87MG cells were evaluated by trypan blue staining
and MTT assay after 24, 48, 72 and 96 hr, and
presented in Figure 1A and B. The results showed
that both TMZ and TQ decreased cell viability in a
dose- and time-dependent manner. This toxicity
effect was consistent with morphologic changes,
including cell rounding and granulation as well as
reduction in cell number. ICso values for each drug
were calculated by Graph Pad Prism 5.0 software
using the data of MTT assay and presented in Table
1.

U87MG cells were treated with TMZ and TQ in
combination for 72 hr. Reduction in the cell viability
by TMZ and TQ combination was greater than either
TMZ or TQ alone (Figure 2A and B). The CI values
were calculated by CompuSyn software using the
data of MTT assay and presented in Table 2. The
results showed that the CI values in all combinations
were smaller than 1, implying a synergistic effect in
all combination tests.

Colony formation assay

After 72 hr treatment, TMZ (20 pM) decreased
the percentage of SF significantly up to 29% when
compared to control (P=0.000). Interestingly, TQ (50
uM) decreased SF significantly up to 46% (P=0.000).
However, administration of TQ in combination with
TMZ reduced the percentage of SF significantly by
approximately 71% (P=0.000) (Figure 3).

Detection of apoptosis by TUNEL staining

The number of apoptotic cells were quantified
and presented as percentage (Figure 4).

After treatment with TMZ and TQ alone for 72 hr,
as much as 19% and 36% of the cells were apoptotic,
respectively, whereas 66% of the cells with
combination therapy were apoptotic.

Table 2. Combination indexa (CI) values for temozolomide (TMZ) and
thymoquinone (TQ) combination

TMZ (uM) TQ (uM) CI Interpretation
20 10 0.51 Synergism
50 20 0.37 Synergism
100 50 0.35 Synergism
150 100 0.33 Synergism

D

70

*x
60 -
50 |
40 b
30 |
o
20 |
i .
o | i B
- 20 20
s ] 50

Apoptosis (%)

TMZ (uM)

TQ (D s0

Figure 4. Apoptotic potential of temozolomide (TMZ) and/or
thymoquinone (TQ) was monitored by TUNEL (Terminal
deoxynucleotidyl transferase (TdT) dUTP nick-end labeling) staining
in UB7MG cells. A) positive control group; B) negative control group;
C) in the presence of 20 uM temozolomide; D) in the presence of 50
UM thymoquinone; E) in the presence of combination both. F)
Columns mean percentage of apoptotic and necrotic cells from three
independent experiments. Yellow arrows indicate TUNEL-positive
cells (*P < 0.05, **P < 0.01 compared with control)

Detection of autophagy by AVOs staining

The control cells and cells treated with TQ exhibited
a negligible cytoplasmic staining (Figure 5 A and C), and
the TMZ-treated tumor cells showed abundant
cytoplasmic AVO formation, which is a characteristic of
autophagy (Figure 5 B). Comparison of the mean AVO
in TMZ and TMZ/TQ treated cells indicated a significant
decrease in AVO number in the combination group
(P=0.000). So, after incubation with both TMZ and TQ,
the acidic vesicular organelle was significantly less than
that of TMZ alone (~71%).

Analysis of ATG-7 and beclin-1 expression

The results of RT-PCR showed that TMZ increased
the beclin-1 and ATG-7 mRNA levels significantly
(P=0.000), whereas TQ decreased them significantly
(P=0.000) in U87MG cells. However, the combined
treatment of TMZ and TQ could prevent TMZ-induced
upregulation of beclin-land ATG-7 mRNA levels
significantly (P=0.000) (Figure 6). Thus, TQ inhibited
TMZ-induced autophagy at the transcriptional level.

NO measurement

Both TMZ and TQ significantly decreased the NO
secretion of GBM cells after 72 hr, and combination of
both TMZ and TQ had a stronger effect on the reduction
of NO production than each of them separately
(P=0.000) (Figure 7).
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Figure 5. The effect of temozolomide (TMZ) and/or thymoquinone
(TQ) on autophagy was monitored by acidic vesicular organelles
detection assay in UB7MG cells. A) control group; B) in the presence of
20 pM temozolomide; C) in the presence of 50 uM thymoquinone; D)
in the presence of combination both. E) Columns mean percentage of
autophagic cells from three independent experiments. Red dots
indicate autophagic vesicles (*P<0.05, **P<0.01 compared with
control)
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Figure 6. The effect of temozolomide (TMZ) and/or thymoquinone
(TQ) on mRNA expression of Beclin-1 and ATG-7 in was monitored by
RT-PCR in UB7MG cells. A) control group; B) in the presence of 20 pM
temozolomide; C) in the presence of 50 uM thymoquinone; D) in the
presence of combination both . The results showed the mean+SD from
triplicated experiments. (*P<0.05; **P<0.01 compared with control)
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Figure 7. The effect of temozolomide (TMZ) and/or thymoquinone
(TQ) on nitric oxide (NO) production in U87MG cell line. Cells were
treated with temozolomide, thymoquinone alone and combination for
72 hours and nitric oxide concentration was measured by Griess
assay. Control wells were treated with equivalent amount of medium
alone. The results showed the mean+SD from triplicated experiments.
(*P<0.05; **P<0.01 compared to control)

The main purpose of this study was to investigate
whether TQ was able to enhance the anti-proliferative
effects of TMZ on U87MG cell line. First, the ability of
each agent alone was evaluated to promote cell death.
Our results showed that both TQ and TMZ decreased
the viability of U87MG cells in a time- and dose-
dependent manner. We also explored whether TQ
could demonstrate a therapeutically beneficial effect
when administered in combination with TMZ or not.

Results showed that TQ enhanced the anti-
proliferative activity of TMZ and combination of TMZ
and TQ exerted synergistic cytotoxic effects on UB7MG
cell line. In other words, TMZ and TQ acted
synergistically to reduce the viability of brain cancer
cells. Based on the previous studies, the 20 uM
concentration of TMZ was selected because it is the
concentration close to the content of TMZ in the brains
of patients with glioma. Using microdialysis sampling
technique and pharmacokinetic model has shown that
the peak concentration of TMZ in brain interstitium
was about 0.6 upg/ml (3 pM) (31), and TMZ
concentrations in the brain ranged from 1.8 to 3.7
pg/ml (9 uM - 20 uM) (32).

Our data also showed that TMZ and TQ reduced the
colony-forming ability, and combination of both exerted
a synergistic effect and reduced the number of colonies
of GBM cells. The formation of colonies by the original
cells requires intensive cell division, so the number of
colonies can be a good indicator of the cells growth
potential. Further, we found that both drugs induced
apoptosis, and enhanced TMZ-induced apoptosis may
account for the synergistic cytotoxicity of the
combination treatment. We also demonstrated that TQ
potentiated the anti-cancer effect of TMZ by increasing
apoptotic cell death via suppressing TMZ-induced
autophagy, suggesting that TMZ-induced autophagy
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acts as a prosurvival pathway, which is a reason for
chemotherapy resistance.

Despite remarkable improvements in surgical
techniques and treatment options, including
radiotherapy and chemotherapy with TMZ, GBM is still
associated with very poor prognosis, and only 3 to 5%
of patients survive more than 3 years owing to inherent
chemoresistance (33), so new treatment strategies are
needed to be developed for the patients with GBM.
Since a large number of different anti-cancer agents
have already been recognized for a novel combination
treatment, improvement of therapeutic approaches can
be one of these new treatment strategies. The current
study showed that TQ as the major bioactive
component of Nigella sativa Linn seed (also known as
black seed) oil has anti-cancer activity against
numerous cell lines (10), including glioblastoma (22,
30, 34, 35).

Autophagy is a conserved process that is crucial for
development, differentiation, survival and homeostasis,
and allows cells to sequester cytoplasmic contents
through the formation of vesicles and targets them for
degradation with lysosomes. A number of studies have
shown that anti-neoplastic agents induce autophagy in
human cancer cell lines (36). Whether therapy-induced
autophagy causes tumor cell death or resistance to
therapy-mediated cell death is still a controversial
issue. Increasing evidence supports the key role of
autophagy in resistance of cancer cells to anti-
neoplastic therapies. Therefore, inhibition of autophagy
may be a good strategy to improve the efficacy of
cancer therapy or to overcome therapeutic resistance
(37).

Our study demonstrated that the number of AVO-
containing cells was increased significantly by TMZ,
indicating the activation of autophagy, whereas it was
significantly decreased by TQ, indicating the inhibition
of autophagy. In combination treatment, the number of
AVO-containing cells was significantly lower than that
of TMZ-treated cells. Also at molecular level, the mRNA
expression of two autophagy promoting genes, beclin-1
and ATG-7, were significantly increased by TMZ,
whereas they were significantly decreased by TQ in
GBM cells. These results are in agreement with the
findings of AVO staining. So, induction of autophagy by
TMZ may be one of the main reasons of TMZ resistance,
and its inhibition in the transcriptional level by TQ can
be a good strategy to improve the efficacy of TMZ
treatment.

TMZ is an imidazotetrazine derivative of
dacarbazine and a novel oral alkylating agent used for
the treatment of GBM. Previous studies have
demonstrated that TMZ reduces cell viability, induces
cell-cycle arrest in the gap 2/mitosis phase, inhibits cell
migration (38) and activates apoptosis, autophagy and
senescence pathways in glioma cells. It also induces
necrosis in low level. These endpoints have a complex
interplay and the decision between death and survival

depends on the balance of autophagy, senescence and
apoptosis. Autophagy serves as a survival mechanism
inhibiting apoptosis and stimulating senescence (39).
Furthermore, glioblastoma cells are dependent on the
autophagic pathway for survival because exposure to
autophagy inhibitors reduces glioblastoma cell
proliferation (20). Hence, inhibition of autophagy in
combination with TMZ treatment might represent a
novel strategy for enhancing the killing effect of TMZ on
glioma cells and promoting the therapeutic response.

TQ has selective cytotoxicity for glioblastoma cells
compared to normal human astrocytes (20). It induces
DNA damage, inhibits telomerase activity and causes
apoptosis in glioblastoma cells (33).

Nitric oxide mediates many physiological and
pathological mechanisms in the brain and has a dual
and diverging role in glioma biology. We showed that
TMZ and TQ significantly reduced NO production and
combination of both had a stronger effect on the
reduction of NO level than each one of them separately.
NO is a small signaling molecule with complex
regulatory roles under physiological and pathological
conditions (40). Therefore, it is possible to achieve anti-
glioma effects by modulation of NO release. NO has
been shown to influence cell proliferation,
vascularization, invasion, chemo- and radiotherapy
sensitivity and immune reactivity in glioma tumors
(41). The role of NO in glioma cell invasion, as its role in
glioma cell proliferation, is ambiguous. The effect of NO
on the proteolytic enzymes involved in invasion is
critical in determining whether invasion is enhanced or
inhibited. Thus, NO induces cytotoxicity via a number of
different mechanisms.

We showed that combination treatment with TMZ
and TQ resulted in synergistic anti-tumor effect in GBM
cells. Our study suggested that the mechanism of
reducing cell resistance to TMZ by TQ might be
attributed to autophagy blockage. Also, both TQ and
TMZ reduced NO production in GBM cells. We propose
further in vivo studies about TMZ/TQ synergy and
future clinical trials to evaluate the efficacy of TMZ and
TQ combination therapy among GBM patients.
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