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Abstract
Background: Nowadays, ovarian cancer is the most lethal gynecological cancer worldwide.
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Tumor debulking surgery followed by Cisplatin-based chemotherapy is the first line of ovarian
cancer therapy. However, many patients experience a relapse of the disease due to chemotherapy
resistance. Accordingly, this study aims to investigate the ability of microwave (MW) radiation
to increase the susceptibility of ovarian cancer cells toward Cisplatin (Cis).

Kerordfz Methods: Firstly we designed a hand-made electromagnetic field exposure system and CO,
_gporl)tom incubator to irradiate cells with a frequency equal to 2450+30 MHz and a power density of
-Cisplatin

2.47 mW/cm? at a distance of 30 cm from the antenna. Two ovarian cancer cell lines A2780
(Cisplatin-sensitive) and A2780CP (Cisplatin-resistant) were subjected to either Cis, MW
alone or Cisplatin + microwave radiation (Cis+MW). Cell viability, apoptosis, and P53 gene

-Drug resistance
-Microwave radiation

-Ovarian cancer ] ] o
expression were assessed following drug/radiation exposure.

Results: After 48 hours of treatment the combination of Cis and MW radiation has significantly
inhibited the growth of the A2780 and A2780CP cell lines in comparison with Cis-control
groups. The percentages of early apoptosis induced by Cis+MW was significantly increased in
comparison with Cis alone. P53 expression was significantly upregulated after treatment with
Cis+MW.

Conclusion: It can be concluded that MW radiation has been able to decrease the resistance of
ovarian cancer cells to Cis and it may improve the chemotherapy protocol for ovarian cancer
treatment.

Introduction

Ovarian cancer is the seventh common diagnosed cancer
among women.! It is one of the fatal gynecological cancers
as the disease is diagnosed at an advanced stage.>* Of note,
ovarian cancer mortality makes up to 5% of all cancer-
related deaths.’> The malignant cells can be originated from
epithelial, stromal, and ovum-producing cells, although
the epithelial form is more common.! Platinum-based
chemotherapeutic drugs, such as Cisplatin (Cis), have
been proved to be effective against several human tumors,
including testicular, bladder, head and neck cancers,
and ovarian cancer.*® However, the mean survival rate
of ovarian cancer is still low,>* which is partly due to the
presence of drug-resistant cells against Cis.*!! Therefore,
the development of new approaches seems urgent for a
more effective outcome. In recent decades, combination
therapy is strongly suggested to cancer therapy and drug
resistance reduction.’*”® The MW deposits energy in

tissues and cells and its non-thermal effect creates a torque
on the magnetic dipoles of biological systems based on
Frohlich’s hypothesis and some research has shown that
MWs affect the expression of genes involved in replication,
repair and cell death.'®!” Recent studies have shown that
MW radiation induces apoptosis in the cells’** and
inhibits tumor cell proliferation in vitro.** Moreover, it is
noted that exposure to MW radiation in frequency about
2450MHz can change the viability of human cells.'*2- It
can also trigger cell apoptosis by inducing DNA oxidative
damage and upregulating the expression of the P53
gene.”3® The P53 gene repairs or kills damaged cells by
inhibiting proliferation or inducing apoptosis. Apoptosis
as programmed cell death is an essential the mechanism
for tumor suppression because it eradicates cells with
damaged DNA that have carcinogenic potential.>*?!
Regarding the above-mentioned facts, this study was
aimed to evaluate the combined effect of non-ionizing
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Figure 1. Schematic form of the irradiation and incubation system (upper) and photographic image (lower).

radiation and Cis on ovarian cancer cells to investigate
whether the MW can overcome chemo-resistance. To our
knowledge, this is the first report showing the synergism
of non-ionizing radiation and Cis to induce the apoptosis
pathway in ovarian cancer cells.

Materials and Methods

The Electromagnetic field exposure system

A hand-made electromagnetic field exposure system was
designed and manufactured in the author’s research group.
As illustrated in Figure 1, the system as consisting of three
parts: A- An electromagnetic wave generator with an
adjustable frequency range from 100 to 4400MHz. B- An
antenna with a 14dBi gain waveguide. C- A CO, incubator
made of PVC with dimensions of 50x50x50 c¢m®. This
incubator has an electronic board including a temperature
sensor (to supply 37 0.3 °C), a humidity sensor (95%
acceptable level), and a CO, sensor to keep the CO, level
constant at %5. The sidewall of the incubator contains a

clear plexiglass window to view the flask in the incubator. It
can be penetrated by electromagnetic waves. The frequency
and spectrum of the antenna output were calibrated by the
Aaronia Spectrum Analyzer model Spectran HF 60105
(Germany).

Cell lines and culture condition

Ovarian cancer cell lines A2780 (Cisplatin sensitive) and
A2780 CP (Cisplatin-resistant) were purchased from the
National Cell Bank of the Pasteur Institute, Tehran, Iran.
Both A2780 and A2780CP cells were cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum,
10 w/mL penicillin, and 10 mg/mL streptomycin (Life
Technologies). All cells were grown at 37°C in a humidified
atmosphere of 5% CO, in the PVC incubator with the
plexiglass window to avoid the reflection and attenuation
of MW radiation. The cells were trypsinized and sub-
cultured every 3 days.
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Cell viability assay

Cell viability assay was performed using methyl thiazole
tetrazolium (MTT) reagent (Sigma-Aldrich) according
to the user’s manual and by the protocol provided in the
previous article.’? In summary, the A2780 and A2780CP
cells were seeded at a density of 0.8x10* and 1x10* cells/
well in 96-well plates and then incubated at 37°C overnight
(24 and 48 hours in the absence and presence of different
concentrations of Cis) to obtain the IC50 of cells. In an
independent experiment, the cells were exposed to Cis,
MW alone or a combination of Cis and MW radiation
(Cis+MW) 24 and 48 hours. Cis concentrations were 29
and 56 uM when exposed for 24 hours, while this amount
was 4.5 and 14 pM when exposed for 48 hours, in both
A2780 and A2780CP cell lines respectively. After that,
the media was removed completely, and the cells were
washed twice with PBS to eliminate any treatment agents.
Then 20ul of MTT (5 g/l of PBS) was added to each well
and incubated at 37 °C. Four hours later, the medium
was removed and 200 ul of dimethyl sulfoxide was added
to each well, and formazan crystals were dissolved by
pipetting. The proportional colourimetric change was
measured at 570 nm using a BioTek ELx808 plate reader.
All treated results were compared with their controls to
calculate the cell viability percentage of treated cells.

Flow-cytometry

Apoptosis was detected by staining the cells with Annexin-
V-FLUOS and PI staining kit (Biolegend, USA) following
the manufacturer’s instruction and our previous work.*? In
brief, A2780 and A2780CP cells were plated at a density of
3x10° cells/well onto six-well plates and incubated overnight
to adhere and then treated with desired concentrations of
Cis and MW radiation for 48 hours. After trypsinization,
cells were rinsed twice with PBS and centrifuged at 200 g
for 5 minutes. The cells pellet was then resuspended in 100
uL of buffer (10uL Annexin-V-FLUOS and 5uL PI labelling
solution) and incubated for 15 minutes at 15 °C-20 °C and
immediately analyzed by FACSCalibur flow cytometer.
Results were interpreted with the FlowJo V-10 software
and the percentage in the lower right quadrant indicated
early apoptotic cells.

Gene expression assay

Total RNA was isolated from control and treated cells
using RNX-Plus reagent (Sinaclon Iran) and purified using
DNase I digestion (Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s instructions.
Complementary DNA (cDNA) was synthesized with 2
micrograms of total RNA using RevertAid First Strand
cDNA Synthesis kit (Thermo Scientific) as recommended
by the manufacturer’s protocol. Real-time PCR was
performed using specific primers in Table 1, RealQ Plus
2x Master Mix Green (Ampliqon) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as the internal
control. According to the instructions of the manufacturer,
the revers and forward primers, Master Mix, cDNA

Table 1. P53 sequence used for PCR study.

Gene Sequence

P53 forward TGG CCATCT ACAAGC AGT CA
P53 reverse GGTACAGTC AGAGCCAACCT
GAPDH forward GTGAACCATGAGAAGTATGACAAC
GAPDH reverse CATGAGTCCTTCCACGATACC

and PCR-grade H,O were mixed in total vol. of 20 pl in
nuclease-free microtubes. The PCR program consists of;
10 min. 95 °C for activation of the TEMPase hot-start
enzyme and 40 repeats of 2 steps of 95 °C for 15 S and
60 °C for 60 S. Real-time PCR was performed using the
Rotor-Gene Q system. The relative difference in gene
expression level was calculated with the 2% method.
This is a common method for measuring relative changes
in gene expression known as the comparative Ct method
which is a mathematical model that calculates changes in
gene expression as a relative fold difference between an
experimental and calibrator sample.’>*

Statistical analysis

Results were expressed as mean+SD values from three
independent experiments. Statistical analysis was
performed with ANOVA and Student’s paired t-test using
the statistical software Graphpad prism 8 and SPSS 26.
Statistically, a significant difference was considered at
P<0.05 for all analyses.

Results

The half-maximal inhibitory concentration

As shown in Figure 2, the proliferation of A2780 and
A2780CP cells were significantly inhibited by Cis in a
time- and dose-dependent manner. Following the 24
hours of exposure to various concentrations of Cis, the
half-maximal inhibitory concentration (IC,)) values of
Cis in A2780 and A2780CP cells were 29.82 and 56.39uM
respectively (Figure 2A). However, these values in 48 hours
of exposure reached 4.87uM in A2780 and 14.22uM in
A2780CP (Figure 2B).

Exposure to microwave

A2780 and A2780CP cells were cultured on plate 96 cells.
After one night of incubation, cells were treated with MW
or Cis or Cis+MW for 24 and 48 hours and the control
group were incubated without any treatment for the same
time. Cell growth in any group was compared by the MTT
method. According to Figure 3, after treatment with MW,
the viability of the cells decreased. But these changes were
not statistically significant. The P-value for the sensitive
cells at 24 and 48 hours was 0.657 and 0.379, respectively,
and for the resistant cells was 0.975 and 0.554, respectively.

Combination of Cisplatin and microwave

Figures 4A and 4B shows the combinatory effect of 29
and 56pM Cis and MW on the A2780 and A2780CP cells
during 24h of exposure and Figures 4C and 4D show this
effect during 48h of exposure to 4.5 and 14 uM Cis and MW
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Figure 2. Survival curve of A2780 and A2780CP cells in the presence of different concentrations of Cis by MTT assay. A) 24 hours B) 48
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Figure 3. Effects of exposure to 2450 MHz MW radiation on the viability of A2780 and A2780CP cells. A) A2780 24 hours B) A2780CP
24 hours C) A2780 48 hours D) A2780CP 48 hours. The viability was determined by the MTT assay. Results are given as mean+S.D.

* P<0.05, ** P<0.01, *** P<0.001.

radiation. Cell survival after 24 hours of Cis treatment was
48.92% and 49.78% for A2780 and A2780CP respectively.
Whereas, treatment with Cis and MW reduced these
values to 46.67% and 47.83% respectively. After 48 hours
of exposure to Cis, A2780 and A2780CP cell survival was
48.67% and 50.26% respectively. However, these values
reduced to 42.08% and 42.16% after treatment with Cis
and MW respectively. As indicated, no statistically,
significant difference was observed between Cis alone and
Cis+MW during 24h of exposure, but the obtained data
was significant in 48 hours (P-value= 0.0143 and 0.0286 for
A2780 and A2780CP respectively).

Apoptosis detection
To determine the apoptosis, Annexin-V-FLUOS and PI
staining were applied to cells that were exposed to 2450

MHz MW radiation and 14pM Cis on A2780CP and 4.5uM
Cis on A2780 cells. As indicated in Figure 5, there is a
significant difference between the 48 hours exposure to Cis
and Cis+MW radiation. Percentages of early apoptosis in
A2780CP cells following treatment with Cis and Cis+ MW
radiation was determined as 12.37+0.75and 18.47+1.78
(P=0.0014) and for the A2780 cells were 16.5+0.77 and
25.19+1.76 respectively (P=0.0003). The increase in early
apoptosis in Cis+ MW treated cells was as large as 1.5 times
more than cells treated with Cis alone (Table 2).

Elevated expression of p53 in A2780 and A2780CP cells
after treatment

The effect of Cis and Cis+ MW on p53 expression was
examined after 36 hours of exposure to MW radiation and
14uM Cis on A2780CP and 4.5uM Cis on A2780 cells. As
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Figure 4. Effects of exposure to Cis and combination of Cis and MW radiation on the survival of A2780 and A2780CP cells. A) A2780,
24 hours B) A2780CP, 24 hours C) A2780, 48 hours D) A2780CP, 48 hours. The viability was determined by the MTT assay. Results are

given as meantS.D. * P<0.05, ** P<0.01, *** P<0.001.
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Figure 5. Apoptosis induced by 48 hours exposure to Cis and MW radiation a) Flow cytometry histograms of apoptosis b) comparison
between early apoptosis in two groups. Apoptosis was analysed by flow cytometry with Annexin V and PI. Results are given as mean+S.D.

* P<0.05, ** P<0.01, *** P<0.001.

Table 2. The ratio of the combination of drug and 48hr MW irradiation to the treated drug alone. The increased apoptosis in Cis+MW
treated cells was about 1.5 times more than cells treated with Cis alone. P53 expression was significantly up-regulated after treatment with
Cis+MW, and this enhancement was approximately 1.7-fold over chemotherapy alone.

A2780 A2780CP
Cis Cis+tMW (Cis+MW)/Cis ratio Cis Cis+tMW (Cis+MW)/Cis ratio
4867+19 4214132 0.865 50.26+1.1 42.16+2 0.84
o

Cell viability (%) P-value = 0.0143 P-value = 0.0286
Early Apoptosis (%) 1002077 25194176 1.53 12.37+0.75  18.47+1.78 1.49

y Apop ° P-value = 0.0003 P-value = 0.0014
P53 expression 3.81:0.16  6.69:0.26 1.76 2.24+0.31 3.78+0.17 1.69

Fold change P-value < 0.0001

P-value = 0.0015

shown in Figure 6, an increased expression level of p53
was observed in either Cis exposure or both of RF and Cis.
The mean fold change was around 2.24+0.31 in Cis treated
(P< 0.05) and 3.78+0.17 in cells treated with Cis+ MW

(P<0.001) in comparison with non-treated control cells.
Similarly, the expression level of p53 was also increased
in Cis treated cells (3.81+0.16 fold P<0.001) and Cis+ MW
treated (6.69+0.26 fold P<0.001) A2780 cells which
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Figure 6. Relative expression P53 gene in absence or presence of Cis and MW radiation after 36 hours. . Relative difference in gene
expression level was calculated with the 2724t method. Results are given as mean+S.D. * P<0.05, ** P<0.01, *** P<0.001.

were more than A2780CP. Table 2 shows that combined
treatment of the cells with both Cis and MW radiation can
increase the p53 expression level by approximately 1.7-
fold compared with Cis alone (P<0.05 for A2780CP and
P<0.001 for A2780).

Discussion
The ability of the cancer cell to become resistant to
chemotherapyis one of the biggest challenges in overcoming
cancer and ovarian cancer is no exception.>*'>!* Meanwhile,
combined therapy is in attention where the cancer cells
can be targeted with more than one drugs to, increase the
sensitivity of cancer cells to the therapy.’*'*** Combination
therapy with Cis and radiotherapy is an effective treatment
but the effectiveness of treatment in the sensitive cell
is greater than resistance cells. Another combined
therapy is retinoids with Cis. Increased expression of the
differentiated phenotype of human melanoma was shown
after exposure to retinoids. The other is hyperthermia with
Cis. In-vivo applying hyperthermia has complex effects on
the drug clearance, diffusion, pH and other factors.’>*!> A
growing body of evidence has indicated that MW radiation
is genotoxic and inhibit cell proliferation by induction
apoptosis in cancer cells.'82% 242

Accordingly, the present study was aimed to evaluate
the synergism of 2450MHz MW radiation with Cis
on ovarian cancer cells. To radiate the non-ionizing
wavelength, we have designed an electromagnetic wave
generator and incubator capable to expose cells to non-
ionizing wavelength. Since non-ionizing radiation is
scattered and reflected by metals and the walls of the cell
culture incubator, we decided to design a non-metallic
wall incubator that passes non-ionizing waves. Plexiglas
window of this incubator is capable of passing non-
ionizing radiation because Plexiglas materials have been
used in non-ionizing radiation experiments.*®

The obtained data showed that following 48 hours of co-
exposure of resistant cells to MW radiation and Cis, cell
proliferation was significantly inhibited in comparison
with the value of resistant cells treated with Cis alone.
Similarly, the induction of apoptosis was also increased

in resistant ovarian cells treated with both Cis and MW.
Zhu et al."® showed that exposure to 2450MHz MW can
induce apoptosis through the downregulation of Bcl2 and
upregulation of Bax. Several studies have indicated that
2450MHz MW radiation can induce genotoxic effects
and triggered apoptosis.?”*** It has been found that the
expression level of P53 has increased noticeably in resistant
cells receiving combined therapy although this value is
still less than sensitive cells. This indicates that MWs can
significantly increase the sensitivity of resistant ovarian
cancer cells. Previous studies showed that a wide range
of genotoxic stress promotes nuclear accumulation of P53
and trigger its ability to activate or even repress several
downstream target genes involved in the repair system.
Fugiang Xing reported, increase in caspase3 and p53
expression after exposure to 1800MHz MW radiation.®
Our findings in this study are in agreement with the result
obtained by Luukkonen et al,* Baohong et al," and
Zmyslony et al.** They showed that co-exposure to MW
radiation and some chemical mutagens can enhance the
cytotoxicity of chemical mutagens. Therefore, the altered
expression of P53 was considered in this study to answer
the question of non-ionizing radiation can affect the
expression level of this gene in response. This indicated that
not only ionizing radiation but also low energy wavelengths
non-ionizing can also activate cellular repair systems. In
other words, non-ionizing radiation therapy with Cis
therapy can be promising and increase the effectiveness of
cancer therapy at least in the case of resistant cells. As far
as we know, the synergistic effect of non-ionizing radiation
and Cis to induce the apoptosis pathway in ovarian cancer
cells has not yet been reported. It can be used as a novel
way to treat cancerous cells. Hohenforst-Schmidt et al.”®
reported combination therapy with MW and Cis is an
effective method for lung cancer treatment but they used
thermal MW effect by ablation. According to our result
24- and 48-hours exposure to 2450 MHz MW radiation in
this condition does not significantly affect cell viability. A
recent meta-analysis of studies about the biological effects
of MWs does not confirm an association between these
effects and radiation.*® Some research stated that non-
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thermal MW radiation induces apoptosis in the cells'®*
and inhibits tumor cell proliferation in vitro.** While other
researches are showed that non-thermal MW can induce
repairable or no DNA damage and no change in the cell
proliferation.”*S In a study, Ozgur et al*® concluded the
contradictory results in radiofrequency radiation biological
effects due to differences in P53 mutation.

Conclusion

In the end, it is suggested to survey the mechanism of the
effect of MW radiation on apoptosis induction. Further
research on the effect of radiation intensity and frequency
is also recommended. In this article, we have demonstrated
the combination of Cis and MW radiation can enhance the
efficacy of ovarian cancer therapy which is partly due to
the induction of apoptosis by upregulation of the p53 gene.
Therefore, it can be concluded that MW radiation has been
able to overcome drug resistance and thus improve the
chemotherapy protocol.
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