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Effectiveness of plasma treatment on gastric cancer cells
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Abstract

Background Treatment of peritoneal carcinomatosis

arising from gastric cancer remains a considerable chal-

lenge. In recent years, the anticancer effect of nonequi-

librium atmospheric pressure plasma (NEAPP) has been

reported in several cancer cell lines. Use of NEAPP may

develop into a new class of anticancer therapy that aug-

ments surgery, chemotherapy, and radiotherapy.

Method Gastric cancer cells were assessed for changes in

cell morphology and rate of proliferation after treatment

with NEAPP-exposed medium (PAM). To explore the

functional mechanism, caspase 3/7, annexin V, and uptake

of reactive oxygen species (ROS) were evaluated, along

with the effect of the ROS scavenger N-acetylcysteine

(NAC).

Results PAM treatment for 24 h affected cell morphol-

ogy, suggestive of induction of apoptosis. PAM cytotox-

icity was influenced by the time of exposure to PAM, the

type of cell line, and the number of cells seeded. Cells

treated with PAM for 2 h demonstrated activated cas-

pase 3/7 and an increased proportion of annexin V-positive

cells compared with untreated cells. Additionally, ROS

uptake was observed in PAM-treated cells, whereas NAC

reduced the cytotoxicity induced by PAM presumably

through reduction of ROS uptake. Furthermore, CD44

variant 9, which reportedly leads to glutathione synthesis

and suppresses stress signaling of ROS, was overexpressed

in PAM-resistant cells.

Conclusions PAM treatment induced apoptosis of gastric

cancer cells through generation and uptake of ROS. Local

administration of PAM could develop into an option to

treat peritoneal carcinomatosis.
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Introduction

Gastric cancer accounts for more than 10 % of cancer-

related deaths worldwide and remains one of the leading

causes of cancer mortality [1]. The commonest pattern of

disease failure among patients who underwent curative D2

dissection in the Far East is peritoneal carcinomatosis [2, 3].

Attempts to improve the outcome of patients who have this

morbid condition remain a significant challenge, and the

development of novel therapeutic modalities and approaches

is urgently required. Intraperitoneal administration of tax-

anes has been explored as a promising strategy [4].

Plasma is essentially an ionized gas consisting of a fraction

of ionized atoms or molecules [5], and is sustained by an

energy supply containing charged particles such as positively

charged ions, electrons, free radicals, excited molecules, and

energetic photons. Importantly, it may be a potential alter-

native to conventional cytotoxic agents or radiotherapy [6].

Cold or nonthermal plasma has been actively deployed for

practical purposes [7], and nonequilibrium atmospheric

pressure plasma (NEAPP) therapy is currently hoped to fulfill

new roles in the field of medical science [8–10]. In recent

years, several therapeutic trials have been completed in the

fields of tissue sterilization, blood coagulation, wound-healing

promotion, and dental bleaching [11–13]. Additionally, it has

been reported that plasma can exert antiproliferative effects

on various cancer cell lines, possibly through induction of

apoptosis [6, 14, 15]. Ultimately, it could develop into a

treatment option alongside conventional cytotoxic agents or

radiotherapy in the field of oncology [6].

Although the anticancer effect of NEAPP could also

apply to gastric cancer, direct exposure of tumors located

in the gastric wall to NEAPP treatment may result in

adverse effects; it is uncertain what effects ultraviolet or

other electromagnetic radiation may have on the sur-

rounding noncancerous tissue. In the current study, the role

of a novel form of plasma treatment, exposure to plasma-

activated medium (PAM), was explored using gastric

cancer cell lines. We evaluated the antiproliferative effect

of PAM along with the underlying mechanisms. To our

knowledge, this study is the first to explore the therapeutic

potential in gastric cancer of NEAPP, which, if delivered

intraperitoneally in the form of PAM either alone or in

combination with anticancer agents [4], could provide a

novel option in the treatment of peritoneal carcinomatosis.

Materials and methods

Production of NEAPP-activated medium

PAM was prepared as reported previously [16]. In brief,

6 mL of RPMI 1640 medium (Life Technologies,

Carlsbad, CA, USA) in a 60-mm dish was exposed to

NEAPP, which was generated by the plasma source orig-

inally set up at the Plasma Nanotechnology Research

Center, Nagoya University Graduate School of Engineer-

ing [17]. The flow rate of argon gas and the distance

between the plasma source and the sample to be treated are

critical parameters for plasma treatment. Although a high

flow rate of argon needs to be maintained, it should be

optimally controlled lest the medium evaporate. A flow

rate of two standard liters per minute and a distance

between the plasma source and the medium of 9 mm were

established as the tentative standard in the current experi-

mental setup. The duration of exposure of the medium to

the plasma was fixed at 5 min. Under this condition, the

differences in pH and temperature of the medium before

and after plasma treatment were found to be negligible

[17].

Cell culture

Human gastric cancer cell lines NUGC4, SC-2-NU,

MKN28, and MKN45 and human fibroblast cell line WI-38

were used. NUGC-4 and SC-2-NU were established and

maintained at the Department of Gastroenterological Sur-

gery, Nagoya University Graduate School of Medicine.

MKN28 and MKN45 were obtained from RIKEN Cell

Bank (Tsukuba, Japan). WI-38 was purchased from

American Type Culture Collection (Rockville, MD, USA).

These cell lines were grown in RPMI 1640 medium sup-

plemented with 10 % fetal bovine serum (Life Technolo-

gies), 2 mM L-glutamine, and penicillin (100 UI/mL)–

streptomycin (100 UI/mL). All cells were maintained in a

humidified incubator at 37 �C with 5 % CO2.

Cell proliferation assay

Cells were seeded in a 96-well plate containing 100 lL
medium in each well at 1 9 103, 5 9 103 and 1 9 104

cells per well and were incubated for 24 h. The medium

was then replaced with 100 lL of freshly prepared PAM.

Twenty-four hours later, cell viability was assayed using

Premix WST-1 (Takara-Bio, Tokyo, Japan), and the

absorbance was measured at 440 nm with a microplate

reader. The absorbance values were averaged over three

independent experiments.

To evaluate the cytotoxic mechanism of PAM, cell

proliferation assay was performed with N-acetylcysteine

(NAC; Sigma-Aldrich, St Louis, MO, USA), a reactive

oxygen species (ROS) scavenger. Cells were seeded in a

96-well plate at 1 9 103, 5 9 103, and 1 9 104 cells per

well and were incubated for 24 h. The medium was

replaced with 100 lL PAM and 4 mM NAC. Twenty-four

hours later, cell viability was assayed using WST-1.
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Cell apoptosis assay

Cells were seeded in 200 lL medium in an eight-well

culture slide for 24 h, and then the medium was replaced

with 200 lL PAM. Two hours after treatment with PAM,

5 lM CellEvent caspase 3/7 green detection reagent (Life

Technologies) was added, and the cells were incubated for

2 h at 37 �C. The cells were observed using a BZ9000

microscope (Keyence, Osaka, Japan).

Flow-cytometric analysis

A total of 0.5 lL of diluted (ten times) anti-human CD44

variant 9 (v9) rat IgG antibody (LinkGenomics, Tokyo,

Japan) was added to 1 9 106 cells in 50 lL phosphate-

buffered saline. After incubation at 4 �C for 30 min, the

cells were stained with secondary anti-rat IgG (H?L)

antibody with Alexa Fluor 488 conjugate (Cell Signaling

Technology, Danvers, MA, USA). Flow cytometry was

performed with a FACSCalibur instrument (BD Biosci-

ences, Franklin Lakes, NJ, USA) to measure the expression

of CD44v9.

Cells were seeded at a density of 8 9 105 cells in a

60-mm dish and were incubated for 24 h, and then the

medium was replaced with 5 mL PAM. After 2 h treatment

with PAM, the cells were harvested and stained with

annexin V and propidium iodide (PI), and then flow-cyto-

metric analysis was performed with a FACSCalibur

instrument to examine apoptosis.

Detection of intracellular ROS accumulation

Cells were seeded in 200 lL medium in an eight-well

culture slide for 24 h, and then the medium was replaced

with 200 mL PAM. Two hours after PAM treatment, the

PAM was replaced with 10 lM 5-(and-6)-chloromethyl-

20,70-dichlorodihydrofluorescein diacetate, acetyl ester

(CM-H2DCFDA; Life Technologies) diluted in phosphate-

buffered saline, and the cells were incubated for 1 h at

37 �C. The cells were observed using a Keyence BZ9000

microscope.

CD44v9 messenger RNA expression in clinical samples

A total of 60 consecutive patients who underwent surgery

for gastric cancer from November 2001 to January 2005 at

Nagoya University Hospital were examined. The mean age

was 63.3 years (range 45–83 years). This study was

approved by the Ethics Committee of the hospital, and

signed informed consent was obtained from all patients.

Total RNA from human gastric tissues was isolated

using ISOGEN (NIPPON GENE, Tokyo, Japan) according

to the manufacturer’s protocol. Real-time quantitative PCR

analysis was performed as described previously [18]. The

PCR primers of CD44v9 were as follows: 5-GA-

AGGTGACAGAGCCTCTGGAT-3 (forward) and

5-CATTCCCGTTGGATGACACA-3 (reverse); these

amplify a 89-bp product. Each assay was repeated at least

three times.

Statistical analysis

Differences between two groups were evaluated using a

two-tailed paired Student t test. Data are expressed as the

mean ± SD. The presence of a statistically significant

difference was denoted by P \ 0.05. Data were analyzed

using JMP version 10 (SAS Institute, Cary, NC, USA).

Results

Cell cytotoxicity of plasma in gastric cancer cell lines

Four gastric cancer cell lines, SC-2-NU, NUGC4, MKN28,

and MKN45, were treated with PAM for 24 h to evaluate

sensitivity to the plasma. The same four gastric cancer cell

lines were plated at 1 9 103, 5 9 103, and 1 9 104 cells

per well, and culture medium was replaced with PAM after

24 h of incubation. In all cell lines, proliferation was

suppressed in a time-dependent manner (Fig. 1a). The

sensitivity of PAM differed among the cell lines in that the

more highly sensitive cell lines (SC-2-NU and MKN28)

were affected by PAM in a relatively shorter exposure time

(within 2 min) (Fig. 1a). As for the efficacy according to

the cell number, cancer cells seeded at 1 9 104 cells per

well were resistant to the PAM generated with an exposure

time of 2 min or less. However, PAM generated with an

exposure time of more than 2 min overcame the resistance,

and showed similar efficacy regardless of the number of

cells (Fig. 1a). To evaluate the difference between tumor

cells and normal tissue, cytotoxicity was examined in a

gastric cancer cell line sensitive to PAM treatment (SC-2-

NU), a gastric cancer cell line that is relatively resistant to

PAM treatment (MKN45), and a fibroblast cell line rep-

resentative of normal tissue (WI-38), each at 3 9 103 cells

per well. WI-38 was more tolerant of PAM compared with

either of the gastric cancer cells, although both cancer and

fibroblast cell lines were vulnerable to PAM which was

generated with an exposure time longer than 3 min

(Fig. 1b).

Plasma induces apoptosis of gastric cancer cells

Morphological changes of the same four gastric cancer cell

lines were assessed after exposure to PAM. Cell deformity

was noticed after 4 h of exposure, and cell shrinkage and
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blebbing indicative of apoptosis were observed after 24 h

(Fig. 2).

To understand better the mechanism of cell death caused

by plasma treatment, the expression of caspase 3/7 as an

apoptotic indicator was examined. Most cells that were

shrunk with rounded morphology after PAM treatment

were shown to overexpress caspase 3/7 (Fig. 3).

To investigate further the induction of apoptosis, flow-

cytometric analysis was performed. A greater proportion of

cells that underwent PAM treatment were distributed in an

annexin V-positive and PI-negative region when compared

with untreated cells in three of the four cell lines, sug-

gesting that these cells had undergone apoptosis but not

necrosis (Fig. 4).

ROS uptake in plasma-treated gastric cancer cells

To explore the underlying mechanism of apoptosis, ROS

uptake into cells was measured. A total of 1 9 104 cells

were seeded, and after 2 h of PAM treatment, the PAM

was replaced with CM-H2DCFDA and ROS uptake was

examined. Frequent ROS uptake was seen in apoptotic

cells with concomitant morphological changes, whereas no

ROS uptake was found in untreated cells (Fig. 5).

To confirm the ROS effect of PAM, cell proliferation

assays were performed using PAM containing NAC as a

ROS scavenger. All cell lines showed resistance to PAM,

although a cytotoxic effect became apparent after 5 min of

exposure to PAM in three of the four cell lines (Fig. 6).

Since correlation of CD44v9 expression with ROS

resistance has been reported [18], CD44v9 expression was

evaluated by fluorescence-activated cell sorting (Fig. 7).

As expected, cell lines that were more sensitive to PAM

(SC-2-NU and MKN28) exhibited low CD44v9 expression,

whereas less sensitive cell lines (NUGC4 and MKN45)

exhibited fairly high CD44v9 expression. Additionally,

measurement of CD44v9 expression in clinical samples

was conducted by real-time quantitative PCR. The 5-year

Fig. 1 a Cell proliferation assay of plasma-activated medium

(PAM)-treated cells. A total of 1 9 103, 5 9 103, and 1 9 104 cells

were seeded into a 96-well plate, and the following day the medium

was replaced with PAM. The cell proliferation rate was measured

24 h after medium replacement by the WST-1 assay. b Comparison of

PAM sensitivity between gastric cancer cells (SC-2-NU and MKN

45) and fibroblast cells (WI-38)
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Fig. 2 Morphological changes

of gastric cancer cell lines after

treatment with PAM. A total of

1 9 105 cells were seeded into a

12-well plate, and the following

day the medium was replaced

with PAM. Cells became more

rounded after 4 h, and were

smaller and spherical after 24 h.

Round and prominent

cytoplasm were also observed

(arrowheads)

Fig. 3 Caspase 3/7 activation

by PAM treatment. A total of

1 9 104 cells were cultured on

slides, and medium was

replaced with PAM. Caspase 3/

7 activity in the cell nuclei was

measured by fluorescence

microscopy. Caspase 3/7

expression was found in the

nuclei of cells that exhibited

morphological changes. The

scale bar corresponds to

100 lm
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Fig. 4 Apoptotic changes induced by PAM treatment. A total of

8 9 105 cells were seeded, and were harvested after 2 h of incubation

with PAM. Cells were stained with annexin V and propidium iodide

(PI), and were measured by fluorescence-activated cell sorting.

Annexin V-positive and PI-negative ratios were increased in PAM-

treated cells; only SC-2-NU cells showed an inverse result. This may

be a result of poor affinity for annexin V

Fig. 5 Measurement of reactive

oxygen species (ROS) uptake

resulting from PAM treatment.

A total of 1 9 104 cells were

seeded, and then PAM was

replaced with 5-(and-6)-

chloromethyl-20,70-
dichlorodihydrofluorescein

diacetate, acetyl ester (CM-

H2DCFDA), and ROS uptake

was measured. Increased ROS

uptake was found in apoptotic

cells with morphological

changes compared with

untreated cells. The scale bar

corresponds to 100 lm
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survival rate of the high CD44v9 expression group was

64.5 %, whereas that of the low CD44v9 expression group

was 47.2 % (P = 0.14). Eight of 60 patients had gastric

cancer with pathologically confirmed peritoneal dissemi-

nation, and the patients with peritoneal dissemination ten-

ded to have lower CD44v9 expression than those without

peritoneal dissemination (P = 0.123, data not shown).

Discussion

The cytotoxicity of NEAPP observed with various cancer

cell lines indicated its potential as a promising treatment

option in the field of oncology [17, 20, 21]. However, a

device to directly irradiate lesions deep within the body

with NEAPP is currently unavailable. In addition, the

potential for adverse effects from ultraviolet rays and other

electromagnetic waves through direct exposure to NEAPP

will also have to be considered. To resolve these issues, we

explored herein the feasibility of treatment with PAM

since, in our earlier attempts, PAM was found to have a

cytotoxic effect on glioma cells while circumventing

exposure to ultraviolet or other electromagnetic wave-

lengths as in the case of direct irradiation with NEAPP

[22]. Intraperitoneal administration of cytotoxic agents has

been found to be effective in the treatment of peritoneal

surface malignancy, including metastasis from gastric

cancer [4, 23]. However, novel agents designed for intra-

peritoneal administration remain scarce [24]. As a liquid

agent with a cytotoxic effect specific to cancer, PAM either

alone or with cytotoxic agents could be a breakthrough in

the treatment of gastric cancer with peritoneal

dissemination.

Ma et al. [25] reported that plasma generates several

types of ROS, and this could at least partially account for

the cytotoxicity induced by plasma treatment, although

details of the sequence of events that occur after the

exposure to ROS and the relevance of other possible

Fig. 6 Cell proliferation assay following PAM treatment and ROS

scavenger treatment. A total of 1 9 103, 5 9 103, and 1 9 104 cells

were seeded, and the following day medium was replaced with PAM

containing N-acetylcysteine (NAC). Cell proliferation assays revealed

that all cell lines showed resistance to PAM; however, the greatest

effect was observed with PAM exposure for 5 min
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mechanisms that lead to cytotoxicity remain unclear. Our

results support this and other hypotheses that attributed the

cytotoxic effects of plasma to apoptosis resulting from

ROS uptake into tumor cells [14, 26]. Only SC-2-NU cells

showed an inverse result. We thought this may be depen-

dent on poor affinity for annexin V, because similar mor-

phological changes and caspase 3/7 activation were found,

and the proportion of PI-positive cells was increased in

PAM-treated cells compared with untreated cells. Fur-

thermore, sensitivity to PAM differed among the four

gastric cancer cell lines tested in the current study. In a

study using prostate cancer cell lines, Chan et al. [27]

reported that the variation among cell lines in the amount

of ROS accumulated when triggered by the same exoge-

nous oxidative stimuli resulted in differing levels of cyto-

toxicity. Further investigations to elucidate the mechanisms

behind the sensitivity to plasma treatment are warranted,

and CD44 could be a candidate molecule for scrutiny.

CD44 is essentially a major component of extracellular

matrices and has some variant isoforms, which arise by the

alternative splicing of variant exons. One of these variants,

CD44v9, is considered as a candidate stem cell marker for

gastric cancer [28], and is significantly associated with

recurrence, mortality, and resistance to chemotherapy or

radiotherapy [29–31] through its role as a common

downstream effector of RAS [32]. More recently, the

correlation between CD44v9 expression and resistance to

ROS was reported [19]. In the current study, cells with low

sensitivity to PAM (NUGC4 and MKN45) overexpressed

CD44v9, whereas cells with high sensitivity to PAM (SC-

2-NU and MKN28) did not express CD44v9. These

findings are compatible with the implicated role of ROS in

the cytotoxic effect of NEAPP and account for the mech-

anism that confers cancer cells with resistance to NEAPP

treatment. Cells expressing CD44v9 reportedly keep xCT

(a subunit of glutamate-cystine exchange transporter)

activated and cysteine uptake promoted, leading to intra-

cellular synthesis of glutathione, which plays a key role in

neutralization of free radicals and prevention of such stress

signaling inducing p38 mitogen-activated protein kinase

activation which could lead to cell-cycle arrest and

senescence [19]. Additionally, Yoshida et al. [33] reported

that the epithelial splicing regulatory protein 1–

CD44 variant–xCT–glutathione axis renders numerous

epithelial cancer cells resistant to ROS. In the current

study, gastric cancer patients with peritoneal dissemination

tended to show lower CD44v9 expression in cancer tissues.

This implies further that PAM could be suitable for treat-

ment of peritoneal carcinomatosis.

Tanaka et al. [22] revealed that the cytotoxicity of PAM

was specific to malignant cells. Nicco et al. [34] showed

that normal cells were more tolerant of exogenous oxida-

tive stress than cancer cells, which supports the differential

cytotoxicity of PAM between normal and malignant cells.

Our results also show that WI-38 fibroblast cells are more

tolerant of PAM treatment than gastric cancer cells,

although even WI-38 cells die as a result of prolonged

exposure to PAM. Thus, PAM treatment is a treatment

option with a therapeutic window, and stringent conditions

may need to be observed for safety and efficacy.

In conclusion, PAM has a significant cytotoxic effect on

gastric cancer cells by an indirect exposure method, and

apoptosis due to ROS uptake into tumor cells might be the

underlying mechanism, and the expression of CD44v9 may

be associated with resistance. Furthermore, PAM treatment

could selectively target cancer cells under optimal condi-

tions. Therefore, local administration of PAM could be a

promising therapeutic option for gastric cancer patients

with peritoneal dissemination.
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