ONCOLOGY REPORTS 35: 3169-3177, 2016

Variable susceptibility of ovarian cancer cells to
non-thermal plasma-activated medium
Fumi Utsumi1, Hiroaki Kajiyama1, Kae Nakamura1, Hiromasa Tanaka2,5, Masaaki Mizuno3,
Shinnya Toyokuni4, Masaru Hori2,5 and Fumitaka Kikkawa1
1

Department of Obstetrics and Gynecology, Nagoya University Graduate School of Medicine, Showa-ku, Nagoya 466-8550;
2
Department of Electrical Engineering and Computer Science, Graduate School of Engineering, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464-8603; 3Center for Advanced Medicine and Clinical Research,
Nagoya University Graduate School of Medicine, Showa-ku, Nagoya 466-8550; 4Department of Pathology
and Biological Responses, Nagoya University Graduate School of Medicine, Showa-ku, Nagoya 466-8550;
5
Plasma Medical Science Global Innovation Center, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan
Received November 12, 2015; Accepted January 12, 2016
DOI: 10.3892/or.2016.4726

Abstract. Non-thermal atmospheric pressure plasma has been
widely studied in recent years in many fields, including cancer
treatment. However, its efficiency for inducing apoptosis
sometimes varies depending on the cell species and experimental conditions. The aim of this study was to elucidate what
causes these differences in responses to plasma treatment.
Using four ovarian cancer cell lines, the cell density had a
markedly negative impact on the proliferation inhibition rate
(PIR) and it was more obvious in OVCAR-3 and NOS2 cells.
Furthermore, TOV21G and ES-2 cells were drastically sensitive to plasma‑activated medium (PAM) compared with the
other two cell lines. We demonstrated that the proportion of
reactive oxygen species and cell number had a marked impact
on the effect of PAM against ovarian cancer cells. Additionally
it was suggested that the morphological features of cells were
also closely related to the sensitivity of cancer cells to the
plasma treatment.
Introduction
Plasma has been defined as ionized gas containing electrons,
positive and negative ions, neutral atoms, and neutral and
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charged molecules (1). Because it has become possible to
generate plasma at room temperature and atmospheric pressure with technical developments, plasma has been studied
and applied in many medical fields, such as sterilization (2),
implants (3), blood coagulation (4), and wound healing (5).
Furthermore, the use of atmospheric pressure plasma has
attracted much attention in cancer therapy as an innovative
technology (6).
It has been reported that plasma generates a large amount
of reactive oxygen species (ROS), leading to DNA damage and
inducing the apoptosis of many types of cancer cells in vitro
and in vivo (6-10). In addition, recent experimental evidence
in a variety of tumors has led to the strong support of the
hypothesis that plasma has a cytotoxic effect against cancer
cells without damaging surrounding normal cells (11-13). This
has attracted interest in identifying the mechanisms underlying the anticancer effect of this new technology and how to
effectively apply it to clinical treatment. It has been suggested
that various ROS and reactive nitrogen species that are generated by plasma could cause peroxidation of the lipid double
membrane of cancer cells, resulting in elevation of intrinsic
ROS and induction of apoptosis (7,14). Although every somatic
cell possesses a detoxifying system against oxidative stress
produced by aerobic metabolism and extrinsic stimuli, cancer
cells have a higher basal ROS concentration compared with
normal cells due to their active metabolic status (15). It is
considered that this difference in basal ROS concentration
makes cancer cells more sensitive to plasma. This may explain
in part the mechanisms underlying the selective sensitivity
of cancer cells to plasma. It is widely known that cancers are
heterogeneous in terms of various aspects, including the intracellular ROS level according to their various metabolic activity
and anti-oxidant capacity (16). According to these facts, it has
been suggested that different cancer cells may exhibit a variety
of susceptibilities to plasma treatment. However, many studies
on plasma treatment have focused primarily on only one type
of cancer cell. Taken together, a mechanistic explanation of
these differences has remained elusive.
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Moreover, it was suggested that the environmental condition including background fluid or cell number markedly
influenced the plasma efficacy in addition to the type of cancer
cell (12,17,18). Further investigations on the cause of these
differences and how they might occur are urgently needed
for clinical application and for optimizing the use of this new
technology.
To clarify the different responses of cancer cells to plasma
treatment, we assessed the impact of cell numbers and the
morphological characteristics of cells using several ovarian
cancer cell lines showing different plasma sensitivities. In
addition, we performed these experiments using indirect
plasma, which has been suggested to be comparable to direct
plasma irradiation (10,19). Indirect plasma means that cells are
exposed to liquid that has been exposed to plasma beforehand
separately from the cells. It has been considered that ROS
generated by plasma could be transferred and diffused in the
medium. With this ROS-containing plasma-activated medium
(PAM), the apoptosis of cancer cells could be induced (19). In
this study, we demonstrated that the number and morphology
of ovarian cancer cell lines were closely related to the sensitivity of the cancer cells to PAM treatment.
Materials and methods
Cell culture. Four human ovarian cancer cell lines were
used. Three cell lines (OVCAR-3 TOV21G, and ES-2) were
purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA) and NOS2 cells which were
derived from serous epithelial ovarian cancer (EOC) were
established in our institute (20). These cell lines were all maintained in RPMI-1640 medium (Sigma‑Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS) and
penicillin-streptomycin at 37˚C in a humidified atmosphere of
5% CO2.
Experimental system generation of PAM. We used a nonequilibrium atmospheric pressure plasma (NEAPP) system as a
plasma-producing device. The details of this experimental
NEAPP system were previously described (11). In brief,
discharge conditions were in argon gas (2 standard liters/min;
slm) excited by applying 10 kV of a 60-Hz commercial power
supply to two electrodes with a distance of 8 mm. In brief,
NEAPP with an ultra-high electron density (approximately
2x1016 cm-3) provided an ultra-high O density estimated to be
~4x1015 cm-3. Furthermore, the generation of reactive oxygen
species (ROS), such as hydroxyl radicals, singlet oxygen radicals, nitrogen oxide and nitrogen, was confirmed by optical
emission spectroscopy. We exposed the above NEAPP to
RPMI-1640 without FBS separately from the cells, which was
designated as plasma-activated medium (PAM). The separated
distance between the plasma source and the medium (L) is
critical to consistently reproduce data, and so all experiments
were performed under a set condition, L=15 mm. The duration
of plasma treatment ranged from 0 to 8 min. Six milliliters of
RPMI-1640 medium was placed in a 60-mm dish. The center
of each 60-mm dish was treated for several exposure times (0,
1, 3, 5, and 8 min) with NEAPP fixed above the dish at a single
point, indicated by PAM-0, -1, -3, -5, and -8, respectively.
For the control, we used 6 ml of RPMI-1640 medium blown

by argon gas without the irradiation of NEAPP for an equal
duration as PAM (argon-activated medium; Ar-AM). NEAPP
exposure can cause changes to the media in regards to pH
or temperature. We referred to these change in our previous
manuscript, and they were almost negligible (11). ROS in
medium were generated homogeneously due to the convective
flow by gas or sufficient mixture before the addition to cells.
Treatment with TGF- β1. NOS2 cells were stimulated with
recombinant human transforming growth factor-β1 (TGF-β1)
(Wako Pure Chemical Industries, Osaka, Japan) at 10 ng/ml in
RPMI-1640 supplemented with 2% FBS for 96 h. After a 96-h
incubation with TGF-β1, the cells were washed with PBS and
used for a number of assays.
Cell viability assay. To examine the influence of the cell
density (cell number) on the effect of PAM, cells were plated
in 96-well plates at a density of 2.5x103, 5x103, 7.5x103, 1x104,
1.5x104 and 2.0x104 cells/well in 100 µl of complete culture
medium, respectively. On the following day, the cells were
treated with PAM-3 or -5 (3 and 5 min/6 ml) for 24 h. In
our previous study, we previously confirmed that there were
no different effects between the untreated control and the
Ar-AM-treated group (12). Thus, we used Ar-AM as a more
appropriate control. Control cells were treated with Ar-AM-3
or -5 in the same way as PAM. Then, the viability of cells
was measured by the MTS assay (Aqueous One Solution
Cell Proliferation Assay kit; Promega, Madison, WI, USA),
according to the manufacturer's instructions. Absorbance
was measured at 490 nm with a microplate absorbance reader
(ELx808; BioTek).
Furthermore, to assess the impact of morphological
change after a 96-h incubation with TGF-β1, NOS2 cells were
washed with PBS and seeded in 96-well plates at a density
of 1x104 cells/well in 100 µl. On the following day, the cells
were treated with PAM-0, -1, -3, -5, and -8 and Ar-AM-0, -1,
-3, -5, and -8, for 24 h and then assessed by the MTS assay, as
described above.
The proliferation inhibition rate (PIR) was calculated
according to the following formula:
PIR = (ODAr-AM - ODPAM)/ODAr-AM x 100.
Each cell number was duplicated in 3 wells. Experiments
were performed in triplicate.
Cell imaging assay. The morphological changes in the cells
were observed after PAM treatment, and the cells were seeded
in a 12-well plate at a density of 2.7x10 4 (7.5x10 4/cm 2) and
2.1x105 (6.0x105/cm2) cells per well, adjusted to the consistent
density of 2.5x103 and 2.0x10 4 cells/well in 96-well plates,
respectively. Then, after being cultured for 24 h at 37˚C, the
cells were exposed to PAM-3 and Ar-AM-3 and incubated for
another 24 h. The cells were subsequently observed with a
microscope.
TUNEL assay. Apoptotic cells were identified using the In
Situ Cell Death Detection kit, Fluorescein (Roche Applied
Science, Mannheim, Germany), according to the manufacturer's instructions. EOC cells (4x104/well) were seeded in a
collagen-coated 8-well cover glass, incubated for 24 h, and
then treated with NEAPP-AM-3 or Ar-AM-3. After 24 h of
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Figure 1. The effect of PAM on cell viability at each cell density. OVCAR-3, NOS2, TOV21G and ES-2 cells were plated in 96-well plates at a density of
2.5x103, 5x103, 7.5x103, 1x104, 1.5x104, and 2.0x104 cells/well, respectively. On the following day, the cells were treated with PAM-3 (P) for 24 h. Control cells
were treated with Ar-AM-3 (Ar). Then, the effect of PAM on the viability of cells was measured by the Aqueous One Solution Cell Proliferation Assay kit.
Three independent experiments were performed. Error bars represent SD. *P<0.05, **P<0.01. N.S., not significant.

incubation, the cells were fixed with 4% paraformaldehyde
and the TUNEL reaction mixture was added. After being
incubated in a chamber for 60 min at 37˚C, the cells were
observed under a fluorescence microscope (Olympus, Japan)
at 4-8 fields. This experiment was repeated at least two times.
The apoptosis rate was calculated according to the following
formula: Apoptosis rate = the number of florescence cells/the
number of total cells in each view.
Western blot analysis. For western blotting of E-cadherin,
EOC cells were plated in 10-cm dishes. On the following day,
the cells were grown to 70-80% subconfluency and treated
with lysis buffer containing 1% Triton X-100 in PBS and
protease inhibitor mixture tablets (Roche, Barcelona, Spain).
For the TGF-β1-treated cells, total cell lysates were isolated in
the same way after a 96-h incubation with TGF-β1.
Samples were electrophoresed on a 10% SDS-polyacrylamide
gel and transferred electrophoretically to Immobilon
membranes (Millipore, Bedford, MA, USA). After blocking
in blocking solution (5% nonfat dry milk/0.1% Tween-20/
PBS), the membranes were incubated overnight with a recommended dilution of primary antibodies. We used the following
antibodies: anti-E-cadherin (Santa Cruz Biotechnology, Dallas,
TX, USA) and anti-β-actin (Sigma-Aldrich). The primary antibodies were washed in 0.05% Tween-20/PBS and then incubated
with horseradish peroxidase-conjugated secondary antibody.
Immunoreactive proteins were stained using a chemiluminescence detection system (ECL; Amersham, Arlington Heights,
IL, USA). An Ab against β-actin (AC-15; Sigma-Aldrich) was
used to standardize the protein loading.

Migration assay. Cell migration was assayed using Boyden
chambers. NOS2 and ES-2 cells were applied in the upper
chamber at a final density of 2.5x105 cells/ml in 200 µl
of RPMI‑1640 serum-free medium. We set up 800 µl of
RPMI‑1640 supplemented with 5% FBS in the lower chamber.
After a 6-h incubation, the remaining cells on the upper surface
of the filters were removed by wiping with cotton swabs, and the
migrating cells on the lower surface underwent May-Giemsa
staining. The number of cells on the lower surface of the filters
was counted under a microscope (magnification x100), and we
carried out four individual experiments for the migration assay
in duplicate.
Statistical analysis. Data are presented as means ± SD from
at least three independent experiments. Statistical analysis of
the data was performed using the Student's t-test. Differences
between groups were considered significant at P<0.05.
Results
The association between cell density and PAM susceptibility.
We first examined the impact of the relative cell number on
PAM efficacy in the different EOC cell lines. OVCAR-3,
NOS2, TOV21G and ES-2 cells were seeded onto 96-well
plates at a density of 2.5x103, 5x103, 7.5x103, 1x104, 1.5x104
and 2.0x104 cells/well one day before treatment. Ar-AM was
used as a control to exclude the gas effect of PAM. Cells were
treated with PAM-3 and Ar-AM-3 and incubated for another
24 h. Then, cell viability was evaluated as described in the
cell viability assay. Compared with the proliferation rate of
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Figure 2. Microscopy images of OVCAR-3 and NOS2 cells treated with PAM and Ar-AM. Upper panels show the cells seeded at a low density (7.5x103/cm2)
and lower panels at a high density (6.0x104/cm2). Cells were plated in 12-well plates at the indicated density, respectively, treated with PAM-3 and Ar-AM-3
for 24 h, and observed with a microscope.

cells treated with Ar-AM-3, PAM treatment in OVCAR-3 cells
resulted in a significant reduction in cell proliferation when
cells were seeded at the density of 1x104 cells/well (Fig. 1). By
increasing the cell number to 2.0x104 cells/well, the number
of viable cells was significantly increased (Fig. 1). The same
tendency was also observed in NOS2 cells. In contrast,
although the growth-inhibitory effect decreased almost in
a cell density-dependent manner, TOV21G and ES-2 cells
showed marked sensitivity to PAM, and the impact of the cell
number on the PAM effect was smaller than that of the former
two cell lines.
Morphological changes induced by PAM at each cell density.
To visualize the impact of the cell density on the antiproliferation of PAM by the cell viability assay, we assessed
the morphological changes in OVCAR-3 and NOS2 cells,
whose sensitivity to PAM was markedly affected by the cell
density. We seeded both cell lines at densities of 7.5x103/cm2
and 6.0x104/cm 2 in 12-well plates, which were equivalent to
~2.5x103/well and 2.0x104/well in a 96-well plate, respectively.
After a 24-h incubation, the cells were exposed to PAM-3 and
Ar-AM-3 for another 24 h and observed under a microscope.
In both cell lines, most cells that had been seeded at the
density of 7.5x103/cm2 showed morphological changes such as
shrinking, blebbing, and detachment. On the contrary, most
of the cells that had been seeded at the density of 6.0x104/cm2

survived in the presence of PAM and there were no marked
changes observed in their morphology (Fig. 2).
The proliferation inhibition rate (PIR) by PAM in EOC cells.
To clarify the results of Fig. 1 and compare the impact of the
cell density on the sensitivity to PAM among cell lines, we
calculated the PIR as described in Materials and methods.
We also calculated the inclination of the approximate straight
line based on these PIR graphs. The results were -5.4x10 -4,
-4.8x10 -4, -1.0x10 -4 and -3.0x10 -5 in the OVCAR-3, NOS2,
TOV21G and ES-2 cells, respectively (Fig. 3). These results
indicated that the cell density had a markedly negative impact
on PIR and it was clearer in OVCAR-3 and NOS2 cells.
Furthermore, TOV21G and ES-2 cells were highly sensitive to
PAM compared with the other two cell lines.
Stronger PAM inhibits the proliferation of EOC cells even
when seeded at a high density. Since it has been demonstrated
that ROS in PAM induced the apoptosis of cells and this was
cancelled out by N-acetyl cysteine, which is an antioxidant
agents, we hypothesized that the intrinsic antioxidant that each
cell secreted reduced the ROS contained in PAM, when there
were sufficient numbers of cells to counteract the ROS in PAM.
To asses this hypothesis, we next examined whether stronger
PAM that contained higher levels of ROS could inhibit the
proliferation of EOC cells even when seeded at a high density.
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Figure 3. Proliferation inhibition rate (PIR) in the four EOC cell lines. PIR was calculated according to the formula: PIR = (ODAr-AM - ODNEAPP-AM)/ODAr-AM
x 100.

Figure 4. Cell viability is decreased by stronger PAM. OVCAR-3 and NOS2 cells were seeded at 2.0x104 in 96-well plates which were not influenced by PAM-3
and treated with Ar-AM-5 and NEAPP-AM-5. The cell viability was measured 24 h after treatment by the Aqueous One Solution Cell Proliferation Assay kit.
Error bars represent SD. *P<0.05, **P<0.01. N.S., not significant,

We seeded each EOC cell line at 2.0x104 in 96-well plates
not influenced by PAM-3. On the following day, the medium
was replaced with PAM-5. After another 24-h incubation, we
assessed the cell proliferation rate according to the cell viability
assay and compared it with that of the cells treated with PAM-3.
As expected, the cell proliferation was further inhibited by
PAM-5 while it was not inhibited by PAM-3 (Fig. 4). These

results indicate that sufficient ROS in PAM was important for
PAM to inhibit cell proliferation.
Sensitivity to PAM is also affected by cell morphological characteristics. The differences in the gradient of the PIR graphs
among these 4 cell lines may reflect the fact that the sensitivity
of cells to PAM varies according to the type of cell line. To
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Figure 5. TUNEL assay. OVCAR-3, NOS2, TOV21G, and ES-2 cells were treated with PAM-3 or Ar-AM-3 as a control. After a 24-h incubation, the cells
were fixed and the TUNEL assay was performed using an In Situ Cell Detection kit. Representative TUNEL stained images of OVCAR-3 and NOS2 (A), and
TOV21G and ES-2 cells (B). (C) Bar graph of the apoptotic rate (n=4). Error bars represent SD. *P<0.05, **P<0.01. N.S., not significant.

identify the factors responsible for this variation in susceptibility, we first focused on the relationships among apoptosis
induced by PAM, cell localization, and the morphological characteristics of these four EOC cell lines. Since we hypothesized
that the intrinsic redox system of cells acts protectively against
ROS in PAM, the localization and distribution of cells were
also important for cell survival as well as the number of cells.

Firstly, to assess the apoptosis and its localization, we
performed a TUNEL assay in the four EOC cell lines. In
OVCAR-3 and NOS2 cells, TUNEL-positive cells were
sporadically and limitedly observed at the edge of a cluster
of cells while the central cells survived (Fig. 5A). These two
cell lines showed an epithelial morphology that was polygonal
in shape with more regular dimensions, and organized into
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Figure 6. Morphological characteristics of the four ovarian cancer cell lines. (A) Basal expression levels of E-cadherin in the OVCAR-3, NOS3, TOV21G, and
ES-2 cells. (B) Migration ability of NOS2 and ES-2 cells. The capacity of ES-2 cells to migrate was significantly greater than that of the NOS2 cells (data
represent the mean ± SD. *P<0.01).

closely adherent sheets. On the contrary, in the TOV21G and
ES-2 cells, apoptosis was observed uniformly in all cells
loosely aggregated with each other (Fig. 5B). The quantitative
analysis of the results of cell apoptosis is shown in Fig. 5C.
Quantitative analysis of the TUNEL images indicated that the
apoptotic rate in the ES-2 cell line was significantly increased
compared to those in the OVCAR-3 and NOS2 cells in addition
to the locational difference in apoptotic cells between these
cell lines. The number of apoptotic cells in the TOV21G cells
was also significantly increased compared to that in the NOS2
cells. Although there was no statistical difference between the
OVCAR3 and TOV21G cells, the location of apoptotic cells
was clearly different.
Morphological characteristics of the four ovarian cancer
cell lines. It is well-known that during cancer progression,
epithelial cells often acquire mesenchymal features. These
steps are accompanied by changes in morphology from
an epithelioid or cobblestone appearance to a fibroblastic
form. As shown in Fig. 5B, TOV21G and ES-2 cells which
displayed high-level sensitivity to PAM showed a fibroblastlike (mesenchymal) appearance and were more likely to
come apart and be invasive, while OVCAR-3 and NOS2 cells
showed an epithelial morphology. We hypothesized that cells
with fibroblastic morphology/scattered growth pattern bring
many surfaces into contact with PAM, thus the cytotoxic
effect of PAM may be more efficient in such mesenchymal
cells. To confirm the relationship between this morphological
difference and PAM susceptibility, we confirmed the basal
expression of the epithelial marker E-cadherin in these
four EOC cell lines. As shown in Fig. 6A, high expression
of E-cadherin was noted in OVCAR-3 and NOS2 cells
compared with that in the TOV21G and ES-2 cells. The
results were consistent with the morphological features of
the epithelioid appearance. Furthermore, we examined the
basal motile potential of ES-2 cells compared to NOS2 cells

with a migration assay. The capacity of the ES-2 cells to
migrate was significantly greater than that of the NOS2 cells
(Fig. 6B; P<0.01). These results suggest that the aggregation
of many cells may act advantageously with respect to cell
survival in the presence of ROS, and lead to the hypothesis
that PAM can inhibit cell growth more effectively in mesenchymal than epithelial cells.
PAM sensitization induced by mesenchymal morphological
change using TGF- β1. To validate the aforementioned
hypothesis, we next examined whether or not induction of
a mesenchymal phenotype in EOC cells could sensitize
cancer cells to PAM. TGF-β signaling was shown to promote
epithelial-mesenchymal transition (EMT) in which cells
acquire mesenchymal features and single-cell migration of
mammary tumor cells (21). We used TGF-β1 as an inducer
of mesenchymal change. We used NOS2 cells which were
induced to mesenchymal morphology by stimulation with
TGF- β1 and examined the proliferation rate after PAM
treatment. Firstly, we assessed the cell morphology and
expression of E-cadherin, and we confirmed the presence
of EMT in the NOS2 cells induced by TGF-β1. NOS2 cells
stimulated by TGF-β1 showed a mesenchymal morphology
and reduced E-cadherin expression in comparison with cells
which were incubated without TGF-β1 (Fig. 7A and B). Next,
after incubation with or without TGF- β1 for 96 h, NOS2
cells were seeded in 96-well plates at a density of 1x10 4/
well in 100 µl. On the following day, the cells were treated
with PAM-0, -1, -3, -5, and -8 for 24 h and assessed by a cell
viability assay. As shown in Fig. 7C, the proliferation rate
decreased by ~96% after PAM-3 in NOS2 cells that had been
stimulated by TGF-β1, while in these cells incubated without
TGF-β1 the proliferation was inhibited by 13% after PAM-3
treatment (P<0.01). These results provide supporting evidence
that mesenchymal cells are more sensitive to PAM than cells
which have epithelial characteristics.
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Figure 7. Effect of PAM on the growth of NOS2 cells treated with TGF-β1. (A) Microscopy images of NOS2 cells stimulated with or without recombinant
human TGF-β1 at 10 ng/ml for 96 h. (B) Effect of TGFF-β1 on expression of E-cadherin in NOS2 cells. The levels of E-cadherin expression are shown in
the top panel. The bottom panel shows the western blotting for β-actin as a loading control. (C) NOS2 cells which were exposed to TGF-β1 at 10 ng/ml for
96 h were treated with PAM-1, -3, -5, and -8 and Ar-AM-1, -3, -5, and -8 for 24 h, and the cell proliferation rate was assessed using the MTS assay. *P<0.01 by
Student's t-test compared to the control.

Discussion
Apoptosis is characterized by a well-orchestrated mechanism
inducing cells to undergo self-regulation and programmed
cell death, and its initiation is a key mechanism in cancer
treatment. Several reports have provided clear evidence that
plasma-mediated cell death is elicited by inducing apoptosis (6,22). Furthermore, some of these reports indicated that
indirect plasma therapy also exhibits an effect comparable to
direct plasma treatment against cancer growth (19). In spite of
the accumulation of evidence that plasma treatment effectively
inhibits cancer growth, the mechanisms underlying this effect
remain to be elucidated. Moreover, in some studies of plasma
treatment applied to cancer, its efficiency for inducing apoptosis varies depending on the cell species and experimental
conditions. In this investigation, we investigated what causes
these differences using four ovarian cancer cell lines while
modifying experimental conditions.
It has been suggested that plasma induces apoptosis in cells
through ROS generated by plasma, leading to peroxidation of
the cell lipid double membrane and the subsequent elevation
of intrinsic ROS (7,14). Cancer cells may be more vulnerable to ROS-generating agents, because they generate more
intrinsic ROS than normal cells due to their high metabolic
activity (15). However, recent studies suggest that cancer cells
vary in the sensitivity to plasma treatment according to the
type of cell and treatment situation (17,23). Panngom et al
assessed the different sensitivities to plasma using 6 different

cell lines, and reported that plasma induces apoptosis in
cancer cell lines to various degrees depending on the type of
cancer (24). Furthermore, Tanaka et al showed that the effect
of indirect plasma decreased as the number of cells increased
using glioma cells (12). In this study, we demonstrated that the
cell density and morphological characteristics had a marked
impact on cell sensitivity to PAM. Every cell possesses various
redox defense systems against intrinsic and extrinsic oxidative
stress. Plasma efficacy was suggested to be affected by these
types of intrinsic redox substances. If the cell number relative
to ROS which are contained in PAM increases, the amount
of intrinsic redox substance will also increase, leading to an
improved survival rate of cancer cells and the effect of plasma
is expected to be limited. In this study, the proliferation rate
of cancer cells seeded at the density whose proliferation was
less markedly inhibited by PAM-3, was completely reduced by
PAM-5, supporting the aforementioned hypothesis.
Furthermore, we focused on the relationship between
cell morphology and PAM sensitivity, and found that cells
which express less E-cadherin may be more sensitive to
PAM. Additionally, inducing mesenchymal morphologic
change by TGF-β1 can sensitize cancer cells to PAM. TGF-β
has been shown to be an inducer of epithelial-mesenchymal
transition in cancer (25). We used TGF-β1 as an inducer of
mesenchymal changes. We hypothesized that cell-cell adhesion acted protectively against PAM as well as the increase in
the number of cells because the local balance of ROS versus
the intrinsic antioxidant substance of cells may be changed
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by the aggregating of cells. Interestingly, there is a possibility
that plasma therapy is more effective against cells with a more
mesenchymal phenotype which have lost E-cadherin expression. Cancer cells that have undergone epithelial-mesenchymal
transition (EMT) acquire aggressive malignant properties
and exhibit resistance to chemotherapy or radiotherapy (23).
Plasma therapy is expected to also exert a cytotoxic effect
against these metastatic or resistant cancer cells which cannot
be controlled with conventional therapies. In fact, we previously demonstrated that PAM inhibited tumor growth in a
xenograft mouse model using chemoresistant ovarian cancer
cells established in our institute (10). Of course, other factors
may affect the sensitivity to plasma, and the relevant molecular
mechanisms in this setting are poorly understood. Yet, plasma
therapy may be a new and powerful strategy for the prevention
or treatment of metastatic ovarian cancer. Further investigation
is warranted to elucidate the mechanisms of this promising
alternative for cancer treatment.
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