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Abstract
Background: Glioma is the most common primary brain tumor 
with poor prognosis. Temozolomide (TMZ) has been used with 
irradiation (IR) to treat gliomas. The aim of the present study 
was to evaluate the cytotoxic and radiosensitizing effect of TMZ 
when combined with high-dose and high-dose rate of gamma 
irradiation in vitro.
Methods: Two ‘U87MG’ cell lines and skin fibroblast were 
cultured and assigned to five groups for 24, 48, and 72 hours. 
The groups were namely, TMZ group (2000 μM/L), IR group 
(5 Gy), TMZ plus IR group, control group, and control solvent 
group. MTT assay was applied to evaluate cell viability. Data 
were analyzed with SPSS 21.0 software using one-way ANOVA 
and Kruskal-Wallis test. P<0.05 were considered statistically 
significant.
Results: The slope of growth curve U87MG cells in semi-
logarithmic scale was equal to 27.36±0.89 hours. The viability of 
cells was determined for different TMZ and IR treatment groups. 
In terms of cell viability, there were no significant differences 
between the control and control solvent groups (P=0.35) and 
between treated group by IR (5 Gy) alone and TMZ (2000 µM/ml) 
alone (P=0.15). Data obtained for the cell viability of combined 
TMZ plus IR in both cell lines compared to TMZ or IR treated 
group alone showed a significant difference (P=0.002).
Conclusion: The evaluation of cells viability showed that TMZ 
in combination with IR on glioma cells led to a significant 
radiosensitivity compared to IR alone.
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Introduction

Glioblastoma multiforme (GBM) is the most aggressive 
and malignant brain tumors1 with an average survival time 
of 12–14 months.2 Despite various methods like surgery, 
radiotherapy, chemotherapy and even using a combination of 
different modalities,3 it is still a lethal disease with poor prognosis 
which does not offer completely effective and useful method for 
the treatment of glioma.4 Therefore, developing modern strategies 
for therapy is essential for such patients.

Temozolomide (TMZ)5,6 is currently the standard 
chemotherapeutic drug and radiosensitizing agent7 that is 
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What’s Known

• Glioblastoma is a tumor of the 
brain resistant to radiotherapy and 
chemotherapy. Although a combination 
of gamma-rays with TMZ is used for the 
treatment of such patients, but there 
is no universal agreement for using 
radiation and TMZ dose for achieving a 
significant therapeutic efficacy.

What’s New

• A single dose of 5 Gy with higher 
dose rate, usually used in conventional 
radiotherapy in combination with various 
doses of TMZ on Glioblastoma and normal 
skin fibroblast cell lines, is shown to have 
significant killing effects. This regimen might 
increase therapeutic efficacy if used clinically.
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used for the treatment of glioblastoma. The 
development of TMZ drug dates back to early 
1980s when the drug was first synthesized 
by scientists at Aston University. TMZ is 
orally available, imidazotetrazine-based, 
and DNA alkylating agent.8,9 TMZ is stable in 
acidic conditions, but the rate of degradation 
increases at high pH. The stability of TMZ in 
acidic condition allows it to be administered 
orally. TMZ is able to tolerate the high acidity 
condition of the stomach before entering the 
systemic circulation and passing blood-brain-
barrier (BBB).10 Spontaneous hydrolysis of TMZ 
and change of pH convert its molecules into 
active metabolite form and consequently does 
not require hepatic metabolism for its activity.8,9 

The ability of TMZ in delaying the growth of 
tumor cells and its easy prescription has turned 
it into a popular option for the treatment of 
glioblastoma.11 The anti-tumor effect of TMZ is 
methylation of tumor cell DNAs.12 Its cytotoxicity 
effect is apparently accomplished by adding 
methyl group to N7 and O6 position of guanine 
in DNA.13 This drug induces O6-MeG lesion and 
finally causes apoptosis death.14

The aim of the present study was to investigate 
cytotoxic and radiosensitizing effects of TMZ on 
U87MG cell line in vitro. We attempted to evaluate 
the extent of cell damage by TMZ in combination 
with gamma-rays of CO-60 in monolayer cells 
culture of glioma and primary fibroblast cells by 
MTT assay. The 3-(4,5-dimethylthiazolyl-2)-2, 
5-diphenyltetrazolium bromide (MTT) assay15 is 
a quantitative colorimetric method to measure 
and compare the metabolic viability of the cells 
in vitro under different treatment protocols.16 

The results of this study could be considered as 
an effective step to determine the therapeutic 
strategy of applying radiosensitizing agents 
for the treatment of malignant tumors such as 
glioma.

Materials and Methods

Cell Lines and Monolayer Cell Culture
U87MG human glioma cell line (ATCC® 

HTB-14™) was provided by the cell bank of the 
Pasteur Institute of Iran and fibroblast cell line 
of primary culture from the eyelid skin biopsy of 
a 45-year-old woman. Cells were maintained in 
Dulbecco’s modified eagle’s medium (DMEM, 
GIBCO) containing 10% fetal bovine serum 
(FBS, GIBCO), 100 U/ml penicillin (Sigma), 
100 U/ml streptomycin (Sigma), and 2 mM 
L-glutamine at 37°C in a humidified atmosphere 
of 5% CO2. For monolayer cells culture, both 
cell lines were cultured with the cell density of 
104 cell/cm² in T-25 flasks (Nunc).

Drug Treatment with Temozolomide (TMZ)
In order to evaluate the radiosensitizing 

effect of TMZ on glioma and primary fibroblast 
cells in the presence of irradiation, various 
concentrations of TMZ (1000 to 8000 µM) 
were added to plates. The plates contained 
monolayer cells with 2×10³ cell/cm² density 
(noted concentrations acquired with a solution 
of 2.5 mg TMZ powder in 1 ml of 0.2% DMSO 
in ambient temperature and kept at -20 °C) and 
samples were maintained under drug treatment 
for a cell doubling time.

Irradiation Procedure
Cells were irradiated with gamma-rays 

generated from a CO-60 teletherapy unit 
(megavoltage telecobalt units) (Theratron 780, 
Canada) with a dose of 5 Gy and dose rate of 
116.76 cGy/min at a distance of 80 cm from the 
source of CO-60, with a field size of 20×20 cm2 
at ambient temperature.

MTT Cell Viability Assay
Untreated control cells, TMZ, and 

gamma irradiation cells were exposed to 
various concentrations of TMZ (1000, 2000, 
4000, 6000, 8000 µM) for a cell doubling time 
(27 hours) and CO-60 gamma-rays with a dose 
of 5 Gy and a dose rate of 116.76 cGy/min. Cell 
viability at 24, 48, and 72 hours was determined 
with 300 µl MTT (Sigma) at a concentration of 
0.5 mg/ml for 4 hours. Then, by adding 150 µl 
DMSO (Sigma), the optical density of the 
solution at 540 nm wavelength was measured 
using ELISA reader (Biotech-USA).17

Experimental Design
In order to evaluate the effects of IR and 

TMZ on U87MG and skin fibroblast cell lines, 
growth curve was drawn in semi-logarithmic 
scale with cell numbers versus time during 
12 days. For the combined treatment based 
on IC50 values of TMZ, a concentration in 
which cells growth decreases to 50% was 
defined11 and approximately 4000 µM/ml was 
obtained. The concentration of TMZ in the last 
step was considered as 2000 µM in order to 
get the desirable effect with less TMZ dose in 
combination with irradiation. The groups after 
cells doubling time were treated with irradiation 
and TMZ were divided as follows:
1. Control group: Received neither drug nor 

irradiation
2. Control solvent group: Received neither drug 

nor irradiation, but received 0.2% DMSO
3. Treated group with dose 2000 µM of TMZ
4. Treated group with CO-60 gamma-rays 

(5 Gy)
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5. Treated group with TMZ 
(2000 µM/ml) in combination with gamma-
rays of CO-60 (5 Gy).

Statistical Analysis
Results from various experiments were 

analyzed using the statistical package for social 
science (SPSS version 21.0) and Excel 2010 
software packages and data were obtained 
with triplicate experiments. The significance of 
the data was compared by one-way ANOVA 
and Kruskal-Wallis non-parametric tests. 
P values <0.05 were considered statistically 
significant.

Results

The growth curve was drawn in semi-logarithmic 
scale with cell numbers versus time during 
12 days. The slope of the curve was calculated in 
a linear or logarithmic region of the curve, which 
was equal to 27.36±0.89 hours. Figure 1 shows 
U87MG cell growth curve in the monolayer cell 
culture model.

Data analysis for lethal dose and IC50 value of 
TMZ treated cells showed that by increasing the 
dose of TMZ from 1,000 to 8,000 µM, the cell death 
rate was increased and up to 50% cytotoxicity 
was seen in up to 4000 µM doses (figure 2). In 
addition, figures 2-5 show that by increasing TMZ 
uptake time to 24 hours, cytotoxicity value of the 
TMZ and the cell death were increased (P=0.009) 
and by increasing the time to 72 hours after 
adding TMZ, less cytotoxicity was seen. With the 
combination of TMZ (1,000 to 8,000 µM) and IR, 
cytotoxicity was more pronounced at 72 hours 
post treatment (P=0.006).

Finally, after irradiation of samples by gamma-
rays in combination with a dose of 2,000 µM/ml of 
TMZ, the percentage of viability and cytotoxicity 
of cells were assessed. Tables 1 and 2 show 
the percentage of cell viability acquired by 
different patterns under TMZ and IR treatment 
of cells. There were no statistical differences 
between data obtained for cell viability between 
the control and control solvent groups (P=0.35) 
and between IR alone and TMZ alone (P=0.15). 
Treated group with TMZ (2,000 µM/ml) in 
combination with IR (5 Gy) in both cell lines was 
compared to treated group with 2,000 µM dose 
of TMZ alone, showing a significant difference 
(P=0.02). Also, treated group with TMZ in 
combination with irradiation in both cell lines 
showed a significant difference compared to 
irradiation alone (P=0.02) (figure 6). There was 
no significance between the results obtained for 
U87MG cell lines and primary fibroblast (P=0.15) 
(figure 6).

Figure 1: The growth curve of U87MG cell line (cell numbers 
versus time). All experiments were repeated three times. 
Error bars indicate the standard error of means (SEM).

Figure 2: Viability of U87MG cells after treatment with 
various concentrations of TMZ assayed at values time 
intervals. Error bars represents the standard deviation of 
mean values obtained from triplicate experiments.

Figure 3: Viability of fibroblast cells after treatment with 
various concentrations of TMZ assayed at values time 
intervals. Error bars represents the standard deviation of 
mean values obtained from triplicate experiments.

Discussion

Glioblastoma multiforme is a tumor in the central 
nervous system and accounts for 35-50% 
of intracranial tumors in adults. In addition, 
malignant glioma accounts for about 60% of 
glioma.18 Currently, surgery is the first-line 
treatment for glioma19 and it can be combined 
with radiotherapy or chemotherapy.20 External 
radiation therapy has a particular importance in 
the treatment of most cancers.21 The standard of 
care treatment for newly diagnosed glioblastoma 
changed in 200522 when radiation therapy plus 
chemotherapy replaced radiation therapy alone. 
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Nowadays, for optimal use of external radiation 
therapy, combined techniques have been of 
interest to many investigators because of its 
potential in reducing radiation dose to normal 
tissues as well as increased damages to tumor 

cells. In a neurosurgery department, standard 
therapy in combination with chemotherapy and/
or radiotherapy may achieve a mean survival 
time of 14.6 months.23,24 Adjuvant chemotherapy 
following initial surgery plays an important role 
in the management of patients with GBM and 
thus reduces the risk of cancer recurrence. Prior 
to 1999, nitrosourea-based combinations were 
the most commonly used chemotherapeutic 
agents in GBM, among which carmustine 
and lomustine were the most active agents. 
However, by adding these agents to combined 
surgery and postoperative radiotherapy, no 
significant improvements in terms of response 
rates and overall survival were observed. 
Since 1999 and by introducing TMZ, a modest 
improvement in median survival was observed. 
At present, concurrent chemoradiation followed 
by sequential adjuvant TMZ is recommended 
for patients with GBM. Radiosensitizers of TMZ 
can act like oxygen25 and thus intensify lesion 
due to irradiation.26 TMZ is an imidazotetrazine 
derivative and a novel oral alkylating agent27 with 
a molecular weight of 194.151 daltons.28,29 This 
drug is uptake by dividing cells and thus both 
cancer and normal cells are able to receive this 
drug. Its availability as an oral agent and efficacy 
support its potential in the treatment of glioma. It 
is also able to penetrate the blood-brain-barrier 
(BBB) and it does not require hepatic metabolism 
for activating the methylation of DNA. This is 
the principal mechanism for the cytotoxicity 
of TMZ against malignant cells, resulting in 
the fragmentation of DNA and disrupted DNA 
replication, and thus growth suppression and 
apoptotic cell death. TMZ remains stable 
in acidic conditions.30 For this reason, it is 
administered orally due to its resistant to high 
acidic conditions of the stomach. After leaving 
the systemic circulation and passing the BBB; 
under spontaneous hydrolysis and a series of 
chemical reactions, it leads to cell death.31 It 
is important to note that brain tumors tend to 
have higher pH rather than normal brain tissue 
and as mentioned earlier, the uptake of TMZ 
is more in alkaline environment. Thus, TMZ is 
used especially for brain cancer cells since its 
surrounding cells have less proliferation ability. 
Theoretically, glioma is the best option for this 
type of treatment and TMZ is evaluated in 
this study due to its widespread use in clinical 
studies.32

The patients were initially treated with 40 Gy 
whole brain conventional radiotherapy (daily 
fraction of 1.8-2 Gy and five fractions per week), 
which was continued to the primary tumor 
using reduced size fields up to 54 Gy. However, 
nowadays, a median dose of 54 (range 40–60) 

Figure 4: Viability of U87MG cells after treatment with 
various concentrations of TMZ in combination with irradiation 
assayed at values time intervals. Error bars represents the 
standard deviation of mean values obtained from triplicate 
experiments.

Figure 5: Viability of fibroblast cells after treatment with 
various concentrations of TMZ in combination with irradiation 
assayed at values time intervals. Error bars represents the 
standard deviation of mean values obtained from triplicate 
experiments.

Figure 6: Viability of primary fibroblast and U87MG cells. 
Data represents the mean values obtained from triplicate 
experiments. Error bars indicate the standard deviation of 
mean values.
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Gy is considered for all patients. Patients with a 
poor general condition were treated palliatively 
and only received 30 Gy in 10 fractions (i.e. 3 Gy 
per fraction).33 For this reason, in the present 
study, a single dose of 5 Gy with a high dose rate 
in combination with temozolomide was used. In 
a retrospective study, Ahmadloo et al. reported 
that the prognosis of adult patients with GBM 
remains poor; however, adjuvant treatments 
improve the overall survival.33 Wedge et al. in 
2008 and 2011 have shown that the most damage 
due to radiosensitizing effect of TMZ drug is due 
to the presence of adenine and guanine in DNA. 
Methylation of DNA is the main mechanism 
of TMZ cytotoxicity against malignant cells 
that causes cell death with fragmentation and 
replication disorder of DNA.34,35 Based on this 
information and according to the repair process, 
researchers have found that such repair process 
can be disrupted and damage to tumor cells can 
be increased by ionizing radiation.34

Studies on the performance of TMZ in vitro 
and monolayer culture model of glioma cancer 
cells have been conducted.36 Results of these 
studies showed that TMZ has a synergistic effect 
in cancer cells’ radiosensitivity in combination 
with ionizing radiation.36 One of the main failures 
in radiation therapy of cancers is the presence 
of hypoxic cells. These cells are in the category 
of resistant cells to radiation. Consequently, 
radiosensitizers application of hypoxic cancer 
cells can help cancer cell death. In another study 
by Wei Shen et al. in 2006, they revealed that 
TMZ is inducing autophagy death.37 In addition, 
the treatment of cancer cells by irradiation 
in combination with TMZ causes autophagy 
death.38,39 Also, studies indicate that the number 
of cells after treatment with TMZ are less in S 

and G1 phases and are more in G2/M phase, 
which is a sign of cell arrest in G2/M phase.39 

These findings and previous results show that 
TMZ causes cell cycle arrest, DNA methylation 
and inhibition of DNA DSB repair, and will lead 
to radiosensitivity of cancer cells. Additionally, 
Kil et al. revealed that radiosensitivity induced 
by TMZ do not cause an increased susceptibility 
to apoptosis and the main factor in evaluating 
cytotoxicity induced by radiation is by inducing 
and repair of DNA damage, particularly DSB.34

Tumors hypoxia increases by increasing the 
fraction number of the delivered dose. Therefore, 
the most radiosensitizers are more effective 
when used with a single dose of radiation.40,41 

Since various doses of radiation is indicated for 
GBM in the literature, in this research a single 
dose of 5 Gy with a high dose rate was used to 
evaluate its efficacy when combined with TMZ. 
A decrease in cell viability following irradiation 
alone, TMZ treatment alone, or a combination 
of both modalities might be due to DNA DSB 
damage-induced leading to mitotic or apoptotic 
cell death.

Conclusion

A combination of high-dose with higher dose 
rate in a single fraction of irradiation with TMZ 
would lead to lower cell viability and eventually 
cell death. This observation may help to 
achieve a better therapeutic efficacy and clinical 
management of malignant glioma.
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Groups Mean±SD P value

Control Control solvent TMZ (2,000 µM) IR (5 Gy) TMZ+IR
Times

24 hrs 1.16±0.11 1.17±0.33 0.83±0.15 0.66±0.11 0.52±0.06 0.027
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