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ABSTRACT: Medical applications of nonequilibrium atmospheric pressure plasma (NEAPP) 
have been reported in cancer therapy. Cells with tumorigenic potential are limited to a small 
population, called cancer-initiating cells (CICs), which are usually expressing aldehyde dehydro-
genase (ALDH) in a high level. CICs are believed to cause recurrence or metastasis due to their 
resistance to apoptosis. Here, we examined the effect of NEAPP on CICs using human uterine en-
dometrioid adenocarcinoma cells and poorly differentiated human gastric carcinoma cells. When 
treated with NEAPP, ALDH-high cells fell into apoptosis in a comparable level to ALDH-low 
cells. These results suggested that NEAPP treatment was effective not only on non-CICs but also 
on CICs. NEAPP might become a new therapeutic approach to CICs.
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I. INTRODUCTION

Recently, medical applications of nonequilibrium atmospheric pressure plasma (NE-
APP), also known as cold plasma or nonthermal plasma, have been reported in cancer 
therapy.1–6 Tumor cells with tumorigenic potential are limited to a small population, 
called cancer-initiating cells (CICs), in several tumors, such as leukemia, breast, brain, 
and colon cancers.7–14 CICs efficiently efflux antitumor chemicals, resist radiotherapy, 
and are believed to cause cancer recurrence or metastasis. Recent studies have revealed 
high aldehyde dehydrogenase (ALDH) activity as a characteristic of CICs.15–22 In fact, 
clinical cases of uterine endometrioid adenocarcinoma with abundant ALDH high-ex-
pressing cells showed a poor prognosis.22 To our knowledge, no studies have been done 
about the effect of NEAPP treatment on CICs. Therefore, using ALDH as a marker of 
CICs, we examined the effect of NEAPP on CICs of human uterine endometrioid ad-
enocarcinoma cells (HEC-1) and poorly differentiated human gastric carcinoma cells 
(GCIY). 

II. MATERIALS AND METHODS

A. Cell Lines

Human uterine endometrioid adenocarcinoma cell line HEC-1 was obtained from the 
Health Science Research Resource Bank of Osaka, Japan. Poorly differentiated human 
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gastric carcinoma cell line GCIY was gifted from Dr. Hayao Nakanishi (Aichi Can-
cer Center, Japan). Both cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM, Wako, Osaka, Japan) supplemented with 10% FCS (Nippon Bio-Supply Cen-
ter, Tokyo, Japan). 

B. Experimental Setup of Nonequilibrium  
Atmospheric Pressure Plasma (NEAPP)

Cell lines were treated with NEAPP provided from the National Institute of Ad-
vanced Industrial Science and Technology (AIST) (Fig. 1A).23,24 The flow rate of 
helium gas was set at 2 standard liters/min (slm), and the distance between the 
plasma source and the samples was fixed at L=15 mm (Fig. 1B). The depth of the 
medium was 4 mm. Cells were plated at 3×105 cells in 3 ml medium in a 6-well 
plate and at 1×105 cells in 1 ml medium in a 12-well plate. Exposure times of NE-
APP treatment were 0, 3, 5, and 10 min. Cells were cultured in plasma-irradiated 
medium for 20 h after treatment with NEAPP before the first medium change. 
ALDH-high and -low cells were used for the assay immediately after sorting by 
flow cytometer.

FIG. 1: Nonequilibrium atmospheric pressure plasma (NEAPP) device. (A) NEAPP device from 
AIST. (B) Schematic diagram of experiment
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C. Cell Viability Assay

Cells treated with NEAPP were plated in 100 µL medium in a 96-well plate. On the 
following day, cell viability was assessed with Premix WST-1 Cell Proliferative 
Assay System (Takara Bio Inc., Kyoto, Japan) according to the manufacturer’s 
instructions. The absorbance of NEAPP-treated cells at 450 nm was subtracted 
from the background absorbance (600 nm). The value was divided by that of 
cells without treatment of NEAPP, and the results are shown as the viability 
index.

D. Aldefluor Assay and Isolation of ALDH-high and -low Cells

To check and isolate the cell population with high ALDH activity, the Aldefluor 
kit (Stem Cell Technologies, Vancouver, BC, Canada) was used according to the 
manufacturer’s instructions and previous reports. Briefly, cells were suspended in 
Aldefluor assay buffer containing ALDH substrate and BODIPY-aminoacetaldehyde 
(BAAA). The BAAA was taken up by living cells and converted by intracellular 
ALDH into BODIPY-aminoacetate, which yields bright fluorescence. The brightly 
fluorescent ALDH expressing cells were detected with a FACS Canto II or FACS 
Aria II (BD Biosciences, Franklin Lakes, NJ, USA). As a negative control, cells 
were stained under identical conditions in the presence of the specific ALDH inhibi-
tor diethylaminobenzaldehyde (DEAB) (Sigma, St. Louis, MO). Data were analyzed 
by Cell Quest software (BD Biosciences). In HEC-1 and GCIY cell lines, cells with 
bright and faint fluorescence were defined as ALDH-high and ALDH-low, respec-
tively.

E. Statistical Analysis

Statistical analyses for experimental studies were performed using Student’s t-tests. The 
values are shown as the mean±SE of at least three experiments. The P values of less than 
0.05 were considered to be statistically significant.

III. RESULTS

A. Effect of NEAPP on Cancer Cell Lines

The treatment of NEAPP for 3 min reduced the viability of HEC-1 to 30%, and the treat-
ment for 5 min also affected HEC-1 in a similar manner (Fig. 2A), which was consistent 
with the recent report on the anticancer effect of NEAPP. The viability index of GCIY 
gastric adenocarcinoma cells was also reduced to approximately 70% by treatment of 
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NEAPP for 5 min and 30% for 10 min (Fig. 2B). NEAPP appeared to kill HEC-1 cells 
more efficiently than GCIY cells.

B. Effect of NEAPP on ALDH Activity

ALDH was recognized as a CIC marker in many types of tumors.15–22 To examine the 
changes of ALDH activity after NEAPP treatment, an Aldefluor assay was performed 
in HEC-1 and GCIY cells. In HEC-1 cells, the treatment of NEAPP for 3 min reduced 
the amount of ALDH-high population from 22.4% to 14.3%, and the treatment for 5 
min reduced it to 0.9% (Fig. 3A). Similarly, in GCIY cells, the amount of ALDH-high 
population was reduced from 39.8% to 9.2% (exposure time, 5 min) and 0.1% (exposure 
time, 10 min) after NEAPP treatment (Fig. 3B). 

C. Effect of NEAPP on the Sorted ALDH-high and -low Cells 

To observe the effect of NEAPP more precisely, ALDH-high and ALDH-low cells were 
sorted by flow cytometer, and treated with NEAPP. In HEC-1 cells, the treatment of 
NEAPP reduced the viability of sorted ALDH-low cells to approximately 50% (Fig. 
4A). The viability by NEAPP was also reduced to half in the sorted ALDH-high cells 
(Fig. 4A). In GCIY cells, the treatment of NEAPP reduced the viability, and the reduc-
tion ratio of ALDH-high cells was comparable to that of ALDH-low cells (Fig. 4B). As 
ALDH-high populations have the potential of CICs, these results showed that NEAPP 
treatment affected not only non-CICs but also CICs.

FIG. 2: Effect of NEAPP on cancer cells. HEC-1 and GCIY cells were plated at a density of 
3×105 in 3 ml DMEM with 10% FCS in a 6-well plate. Exposed times of NEAPP treatment were 
0, 3, and 5 min in HEC-1 cells, and 0, 5, 10 min in GCIY cells. On the following day, cell viability 
was examined using the WST-1 assay. (A) HEC-1 and (B) GCIY cells treated with NEAPP. The 
values are the means±SE of three experiments. *p<0.001 (Student’s t-test)
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FIG. 3: Effect of NEAPP on ALDH activity. Dot-blot of Aldefluor assay without inhibitor is 
shown on the upper side and that with inhibitor (DEAB) on the lower side. (A) HEC-1 cells treat-
ed with NEAPP for 0, 3, and 5 min. (B) GCIY treated with NEAPP for 0, 5, and 10 min. Aldefluor 
assay was performed on the following day after NEAPP treatment
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IV. DISCUSSION

Since NEAPP was developed, effects of normal or tumor cells, sterilization, and blood 
coagulation without heating have been reported.1–6,23,24 Recently, some studies showed 
that treatment of NEAPP could have an anticancer effect on several types of tumor, such 
as ovarian cancer, brain tumor, and colon cancer.1–6 As a mechanism of the anticancer 
effect, it is considered that electrons, ions, and radicals that occurred due to the NEAPP 
treatment caused the cells to induce reactive oxygen species and be killed by DNA dam-
age. In the present study, we demonstrated that NEAPP has an antitumor effect on hu-
man endometrioid adenocarcinoma and gastric adenocarcinoma cell lines. These results 
suggest that NEAPP treatment induced an antitumor effect on many types of tumor cells. 

Tumors consist of heterogeneous cell populations derived from a single clone and 
recent studies have demonstrated that tumor cells with tumorigenic potential are limited 
to a small population of cells, called CICs.7–14 To cure cancers, it is necessary to con-
trol CICs. ALDH, mainly the ALDH1 isoform, oxidizes retinol to retinoic acid in early 
stages of stem cell differentiation, and hematopoietic and neural stem cells show high 
ALDH activity.16,21 ALDH1 is also a cytosolic enzyme responsible for oxidizing a range 
of aldehydes to their corresponding carboxylic acids, and is involved in the degradation 
of toxins and anticancer agents.20 CICs of human multiple myeloma, acute myeloid 
leukemia, and cancers of brain, lung, and breast also show high ALDH activity.15,17–19 
Therefore, we examined the effect of NEAPP on CICs using ALDH high-expression 
cells as a marker of CICs. NEAPP treatment decreased cell viability of ALDH-high cells 
in a comparable level to ALDH-low cells. These results indicated that NEAPP affected 
not only non-CICs but also CICs. This was consistent with the recent study that the treat-
ment of NEAPP-associated medium had antitumor potential in chemo-resistant ovarian 

FIG. 4: Effect of NEAPP on ALDH-high and -low cells. NEAPP treatment was performed in the 
sorted ALDH-high and -low cells. Cell viability was shown in HEC-1 (A) and GCIY (B). The 
values are the means±SE of three experiments. *p<0.001; **p<0.01 (Student’s t-test)
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cancer cells which were supposed to contain abundant CICs, in addition to ordinary 
ovarian cancer cells.2,3 Although the ratio of ALDH-high population was reduced more 
compared to that of ALDH-low population after treatment with NEAPP in an Aldefluor 
assay, the reduction ratio of ALDH-high cells was comparable to that of ALDH-low 
cells in a cell viability assay. The discrepancy might be caused by the difference of the 
assessment procedure that cell viability assay measured the proliferative potential of the 
cells with NEAPP treatment, whereas the Aldefluor assay measured ALDH activity of 
cells that survived under NEAPP treatment. Further studies such as in vivo research us-
ing mouse and elucidation of the mechanism are needed in order to use as an application 
for medicine.

V. CONCLUSION

NEAPP induced cell apoptosis in HEC-1 and GCIY cells and showed an antitumor 
effect in both ALDH-high and -low cells. These results suggested that NEAPP affected 
not only non-CICs but also CICs.
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