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ABSTRACT: Nonthermal atmospheric-pressure plasma (NTAPP) is defined as a partially ion-
ized gas containing electrically charged particles. Due to its low temperature and generation in 
atmospheric pressure, NTAPP has been useful for biomedical applications such as sterilization 
and wound healing. Recently, several groups have reported that NTAPP is able to induce apop-
tosis selectively in cancer cells, which opens a new discussion regarding whether NTAPP can be 
a competitive cancer therapy. Although most research has continued with in vitro experiments, 
a few groups have already demonstrated that NTAPP can be applied to xenograft mouse models 
to decrease the size of tumors. However, the mechanism of how the NTAPP efficiently induces 
apoptosis in cancer cells is not well understood. Results of current studies strongly suggest re-
active oxygen species (ROS) and reactive nitrogen species (RNS) to be the primary components 
that induce DNA double-strand breaks (DSBs) to cause apoptosis. Cancer cells are, in general, 
defective in genes responsible for cell cycle control. Thus, the effect of NTAPP on the signaling 
and checkpoint pathways to control the cell cycle should be examined to understand the molec-
ular mechanism of the selective apoptosis by NTAPP. This review evaluates the selective effect 
of NTAPP on cancer cells and their molecular mechanisms; our results support the potential of 
NTAPP as an efficient anticancer therapy in near future.
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I. GENETIC BACKGROUND OF CANCER

Cancer is regarded as a genetic disease because it is caused by genetic damage in genes 
that regulate the growth and proliferation of cells. The accumulated mutations of three 
classes of genes often result in the losses of cellular control in growth and proliferation 
that give rise to cancer: proto-oncogenes, tumor-suppressor genes, and caretaker genes. 
These genes normally encode proteins that control a cell proliferation process known 
as a cell cycle. Proto-oncogenes usually promote the cell cycle for cell duplication, 
and their function can be explained as an accelerator of the cell cycle. Their mutations 
transform them into oncogenes that excessively activate proliferation and provide ways 
to become cancer. Oncogenic mutations usually hyperactivate the function of the gene 
and thereby the signaling pathway in which it plays a role. Tumor-suppressor genes 
normally suppress cell cycle and proliferation and are assumed to provide a brake on the 
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cell cycle. Their mutations inactivate the genes and lead to unrestrained cell division. 
Caretaker genes normally function to maintain genomic integrity by repairing and pro-
tecting cells from various DNA damage. Caretaker genes also control cell death when 
genetic damage is unrepairable. Malfunction of these genes makes cells accumulate 
mutations, including proto-oncogenes and tumor-suppressor genes at an increased rate, 
which might lead to cancer (for a review, see Deininger1). 

Apoptosis is a well-known form of programmed cell death that removes damaged 
and unwanted cells. It serves as a crucial mechanism to defend tissues and organs from 
various types of stress and damage.2 Apoptosis is marked by a sequence of morphological 
changes, including shrinking and fragmentation of cells into a small, membrane-bound, 
apoptotic body that can be engulfed by neighboring cells. In cells undergoing apoptosis, 
the nucleus is condensed, DNA is fragmented, and a cascade of proteases known as 
caspases becomes activated (for a review, see Elmore2).

Usually, severe damage by anticancer therapies to induce apoptosis in cancer cells 
also results in the death of normal cells, causing side effects. Thus, any approach that in-
duces selective apoptosis in cancer cells with the minimal detrimental effect on surround-
ing normal cells is potentially an ideal treatment for cancer. Many anticancer therapies 
and agents have been developed, but all current approaches still face significant challeng-
es, including drug resistance, low therapeutic efficiency, and cancer cell selectivity.

II. BIOLOGICAL APPLICATION OF NONTHERMAL  
ATMOSPHERIC-PRESSURE PLASMA

Plasma is described as a quasineutral mixture of charged particles and radicals in a par-
tially ionized gas. Recently, many studies have attempted to take advantage of the low 
temperature of nonthermal atmospheric-pressure plasmas (NTAPPs) and the controlla-
bility of plasma chemistry and kinetics of NTAPPs for biomedical applications.3–5 Three 
main types of device generate NTAPP for biomedical applications: plasma needle, plas-
ma jet, and dielectric barrier discharge (DBD).5 The gas component and the strength and 
pulse duration of the electric field of NTAPP determine the exact composition of the 
plasma. NTAPPs are easily generated in air and can be used without causing thermal 
damage to cells. The effect of NTAPP on living tissues includes sterilization, cell death, 
wound healing, and cell migration changes (for reviews, see Kong et al.4 and Park et 
al.6). The various effects of plasma depend on plasma dosage and the complex chemical 
composition of the plasma.

Several gas sources have been used for plasma generation (Table 1). Inert gases (Ar 
and He), nitrogen, and air have been frequently used to generate plasma for biological 
applications. Recently, researchers have been prone to add oxygen to inert gas to im-
prove its biological effects. Air could also be considered as a combination of nitrogen 
and oxygen. Kim et al. showed that NTAPP generated using helium mixed with oxygen 
is much more efficient in blocking the migration and invasion of SW480 cells than 
NTAPP with helium alone.7 
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TABLE 1. Apoptotic Death of Cancer Cells by the Treatment of 
Nonthermal Atmospheric-Pressure Plasma In vitro

Cell Name Cell Type Device 
Type Gas NTAPP  

Treatment Reference

NOS2, NOS3
Human epithelial 
ovarian carcinoma 
cell

? Ar Plasma-activat-
ed medium

Utsumi et al., 
2013, PLoS 
ONE16

SK-HEP-1 Human hepatocellu-
lar carcinoma cell Jet He Direct

Gweon et al., 
2011, Applied 
Physics Letters9

A549 Human pulmonary 
carcinoma cell DBD Ar/O2 Direct

Jun Huang et al., 
2011, Applied 
Physics Letters47

HepG2 Human hepatocellu-
lar carcinoma cell Jet He/O2 Direct

Yan et al., 2012, 
Plasma Process 
and Polymers48

HepG2 Human hepatocellu-
lar carcinoma cell Jet He/O2 Direct

Yan et al., 2010, 
IEEE Transac-
tions on Plasma 
Science49

HeLa Human cervical 
carcinoma cell Jet N2 or 

Air Direct Ahn et al., 2011, 
PLoS ONE50

A2058 Human melanoma 
cell line

FE-
DBD ? Direct

Sensenig et al., 
2010, Annals 
of Biomedical 
Engineering51

SW480 Human colorectal 
cancer cell Jet

He or 
He/
O2

Direct
Kim et al., 2010, 
Applied Physics 
Letters7

HCT116, 
SW480, LoVo

Human colorectal 
cancer cell ? He/O2 Direct

Kim et al., 2010, 
Journal of Bio-
technology52

B16F10 Mouse melanoma 
cancer cell ? Air Direct

Kim et al., 2010, 
Applied Physics 
Letters53

U87MG,
HCT116

Glioblastoma cancer 
cell, 
Human colorectal 
cancer cell

FE-
DBD Air Direct

Vandamme et al., 
2012, Interna-
tional Journal of 
Cancer14
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Mel-RM, Mel-
007, Mel-JD

Human melanoma 
cell Jet He ?

Ishaq et al., 
2014, Molecular 
Biology of the 
Cell11

MSK QLL1, 
SCC1483, 
SCC15, 
SCC25

Human oral cavity 
cancer cell ? He/O2 Direct

Chang et al., 
2014, Archives of 
Biochemistry and 
Biophysics54

Table 1. (Continued)

III. SELECTIVE APOPTOSIS OF VARIOUS CANCER CELLS BY NTAPP

In efforts to develop NTAPP as a new cancer therapy, the clinical application of NTAPP 
for mammalian cells has mainly focused on its effect on apoptotic cell death. Many 
studies have shown that NTAPP generated by different plasma devices induce apoptotic 
death in various kinds of mammalian cancer cells (Table 1). However, the apoptotic 
effect of NTAPP is not enough to support NTAPP as a potential anticancer therapy. To 
develop NTAPP as a potential cancer therapy, the selective effect of NTAPP on cancer 
cells over normal cells must be evaluated.

Several research groups have reported the differential effect of NTAPP on cancer 
cells and normal cells. Volotskova et al. observed that two different murine skin can-
cer cells demonstrate more increased sensitivity to NTAPP than the wild-type murine 
keratinocytes.8 Gweon et al. reported the differential cell death of human liver cancer 
cells (SK-HEP-1) and normal cells (THLE-2) by NTAPP treatment. They also showed 
the different detachment cell death of human liver cancer cells (SK-HEP-1) and nor-
mal cells (THLE-2) by NTAPP treatment.9 They also showed the different detachment 
characteristics of cancer and normal cells in response to the atmospheric pressure 
plasma. Using an annular-type dielectric barrier discharge (DBD) NTAPP-generating 
apparatus with an He gas-feeding system, our group also showed a preferential anti-
proliferative effect of NTAPP on the cancerous HeLa cells over normal primary fibro-
blast IMR90 cells (Fig. 1A).10 When we applied the same NTAPP exposure condition 
for the apoptosis of HeLa cells to various human cancer cells from oral squamous 
carcinoma, colorectal carcinoma, malignant melanoma, lung cancer, uterine sarcoma, 
colorectal adenocarcinoma, to hepatocarcinoma (Table 2), we observed highly selec-
tive apoptotic cell death in these cancer cells.10 Meanwhile, Ishaq et al. showed that 
NTAPP generated with He gas by a jet induced apoptosis much more efficiently in 
human melanoma cells (Mel-RM, Mel007, Mel-JD) than in normal melanocytes and 
fetal lung fibroblasts (MRC5) (Fig. 1B).11 Panngom et al. also reported that human 
lung cancer cell lines showed a greater increase in cytotoxicity than in normal lung 
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FIG. 1: Selective apoptosis of various cancer cells by nonthermal atmospheric pressure plasma. 
(a) HeLa and IMR90 cells were exposed with 5 V input NTAPP for 30 s every hour 10 times 
and further incubated for 15 h. Cell viability was evaluated with MTT assays (Ma et al.,10 open 
access). (b) Melanoma (Mel-RM, Mel007, Mel-JD) and melanocytes (MC) were treated with 
NTAPP for 5–30 s and cell viability was monitored via cell titer nonradioactive cell proliferation 
assay (Ishaq et al.,11with the permission of Molec. Biol. Cell.). (c) Survival rate of two lung 
cancer cell lines (H460 and HCC1588) and two lung normal cell lines (MRC5 and L132) was 
presented after cells were treated with plasma for 1 min and incubated for 3 days.12 (d) Tumor or-
thotropic xenografts were prepared by injecting MIA PaCa2-luc cells into the tail of pancreas of 
female Swiss nude mice. Mice were treated with NTAPP for 10 min every 10 days at a repetition 
rate of 2 kHz. Tumor volumes were monitored by bioluminescence from day 10 to day 48. Values 
represent means ±SEM, n=9 for each group. Exemplary results from in vivo bioluminescence 
imaging (BLI) showed an increase of BLI intensity from D10 to D36, but a decrease from D42 
(Brulle et al.,13 open access).
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TABLE 2. Differential Effects of Nonthermal Atmospheric-Pressure Plasma on Cancer and 
Normal Cells

Cancer Cell Name (Type) Normal Cell 
Name (Type) Effect Reference

HeLa (Human adenocarcinoma) 
YD-9 (Human oral squamous carcinoma)
G361 (Human malignant melanoma)
HCT116 p53+/+ (Human colorectal carcinoma)
HCT116-E6 p53-/- (Human colorectal carcino-
ma)
RKO (Human colorectal carcinoma)
MES-SA (Human uterine sarcoma)
MES-SA/Dx5 (Human uterine sarcoma)
HepG2 (Human hepatocellular carcinoma)
LoVo (Human colorectal adenocarcinoma)
DLD-1 (Human colorectal adenocarcinoma)
HCT15 (Human colorectal adenocarcinoma)
HCT15/CL02 (Human colorectal adenocarci-
noma)
HT29 (Human colorectal carcinoma)
H1299 (Human non-small cell lung cancer)

IMR90 (Human 
lung fibroblast)

Selective 
anticancer 
effect, 
especially 
for p53- 
mutated 
cells

Ma et al., 
2014, PLoS 
ONE10

SK-HEP-1 (Human liver cancer cell) THLE-2 (Nor-
mal liver cells)

Cancer 
cells 
detached 
more 
readily 
than nor-
mal cells

Gweon et 
al., 2011, 
Applied 
Physics 
Letters9

Mel-RM, Mel007, Mel-JD (human melanoma 
cell line)

MRC5 (Human 
fetal lung fibro-
blast)
Melanocyte 
(Primary human 
epidermal mela-
nocyte)

Selec-
tively 
apoptotic 
effect on 
cancer 
cell lines

Ishaq et 
al., 2014, 
Molecular 
Biology of 
the Cell11

H460, HCC 1588 (Human lung cancer cell) MRC5, L132 
(Human lung 
normal cell)

Preferen-
tial killing 
of cancer 
cells to 
normal 
cells

Panngom et 
al., 2013, 
Cell Death 
and Dis-
ease12
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cell lines (MRC5 and L132) when a DBD non-thermal plasma based on air was ap-
plied (Fig. 1C).12 The preferential effects of NTAPP on various cancer cells reported 
in the current literature are summarized in Table 2. 

When NTAPP was directly applied to xenograft tumors using murine models with a 
glioblastoma cancer cell line and a pancreatic carcinoma in vivo, Brulle et al. and Van-
damme et al. reported that cell proliferation and tumor volume decreased (Fig. 1D).13,14 
Altogether, these results strongly support the feasibility of proper NTAPP exposures 
for selective apoptosis of cancer cells, suggesting a high potential of NTAPP as a new 
cancer therapy.

IV. SELECTIVE APOPTOSIS OF CANCER CELLS BY  
DIRECT OR INDIRECT NTAPP

In the previous section, we discussed the highly selective apoptotic death of cancer 
cells by NTAPP, when cells were directly exposed to NTAPP. Although most studies 
have reached the same conclusion that NTAPP can efficiently induce apoptosis of 
cancer cells, the method of NTAPP treatment has varied. In most research, NTAPP has 
been directly applied to the cells seeded in the dish with media. 

Interestingly, selective apoptosis of cancer cells has also been observed when cells 
were treated with plasma-activated medium (PAM). Tanaka et al. reported that glio-
blastoma cells were selectively killed by PAM through apoptosis, while normal hu-
man brain astrocytes were not affected.15 Similarly, Utsumi et al. also reported that the 
viability of chronic chemoresistant ovarian cancer cells, NOS2 and NOS3, decreased 
by ~30% after cells were treated with NTAPP-activated medium (NTAPP-AM) (Fig. 
2A and B).16 Surprisingly, they also reported that when a murine subcutaneous tumor 
model was developed by the inoculation of NOS2, the direct injection of NTAPP-AM 
to the tumor reduced its size by 66%.16 A DBD-type NTAPP device with an Ar gas 
source was used in these experiments. These results suggest that plasma-activated 
medium has also an antitumor effect on cancer cells in vitro and in vivo. However, 
when we only exposed the medium to NTAPP under the same conditions as we treated 
NTAPP to HeLa cells (Fig. 1A), and then NTAPP-unexposed HeLa cells were incu-
bated with NTAPP-exposed medium, these cells did not show a significant decrease 
in viability (Fig. 2C). In addition, when HeLa cells in the medium were directly ex-
posed to NTAPP under the same conditions and the medium was replaced with fresh 
medium after the exposure, the antiproliferative effect of NTAPP on HeLa cells was 
highly diminished (Fig. 2D). Our experiments demonstrate that the medium exposed 
to NTAPP plays an important role for the apoptosis of cancer cells and the indirect 
apoptotic effect of NTAPP is not efficient.

The discrepancy regarding the apoptotic effect of indirect NTAPP (Fig. 2) may 
have been derived from differences in the intensity of electric and magnetic fields 
applied to generate plasma, plasma dosage, and the complex chemical compositions 
of plasma including the reactive oxygen species and charged particles.
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 V. ANTIPROLIFERATIVE ROLES OF ROS AND RNS GENERATED BY NTAPP

Reactive oxygen species (ROS) are chemically reactive radicals, ions, or molecules con-
taining free oxygen radicals and a byproduct of normal metabolism. Basal levels of ROS 
activate numerous signaling cascades to promote cell proliferation under normal phys-
iological conditions.14,17,18 However, excessive ROS levels induce oxidative stress and 
directly attack DNA, protein, lipids, and other cellular components, ultimately contrib-
uting to cell senescence and apoptosis.19,20 Reactive nitrogen species (RNS) are a family 
of molecules from the reaction of nitric oxide (·NO) and superoxide (O2

·−) and act with 
ROS to damage cells. Especially peroxynitrite (ONOO−) can cause severe damage to an 
organism by depleting NO, a key mediator of many vascular functions.21 

Many plasma research groups have presented evidence suggesting that ROS and 
RNS are the major players of NTAPP-induced apoptosis in vitro and in vivo (Table 3). 
In fact, when intracellular ROS was observed in NTAPP-treated and untreated cells 
with dichlorofluorescein (DCF), an oxidation-sensitive dye that can detect the intracel-
lular ROS, bright DCF staining was only observed in NTAPP-treated cells (Fig. 3A).22 
This result suggests that exposure to NTAPP increases not only the extracellular but 
also the intracellular ROS. Our group wanted to determine whether the highly selective 
antiproliferative effect of NTAPP depends on the intracellular ROS or the extracellular 
ROS. For this purpose, two well-known thiol antioxidants, N-acetylcysteine (NAC) and 
sodium pyruvate (SP), were used.10,23 To examine the role of intracellular ROS in the se-
lective antiproliferative effect of NTAPP, we assessed the relative cell viability of HeLa 
cells with and without NTAPP treatment in the presence of different concentrations of 
NAC (3 and 5 mM). HeLa cell viability was sharply decreased by NTAPP exposure, but 
it was recovered by the presence of NAC in a concentration-dependent manner (Fig. 
3B). The antiproliferative effect of extracellular ROS generated by NTAPP was also 
examined using an extracellular ROS scavenger, SP. When HeLa cells were exposed to 
NTAPP in the presence of SP, the relative number of viable cells was increased in a con-
centration-dependent way, compared with NTAPP-exposed cells that were not treated 
with SP (Fig. 3C). These results demonstrate that both intra- and extracellular ROS play 
a major role in the antiproliferative effect of NTAPP. 

Our group was especially interested in whether NO is easily generated when plasma 
meets N2 and O2 in the air because NO is known to be an important cellular messen-
ger molecule involved in many physiological and signaling pathways in mammals.24,25 
When we detected NO in the media with Griess reagent assays26 after cells were ex-
posed to NTAPP, the concentration of NO in the media was increased more than 7−8 
fold and was persistent for 15 h after NTAPP exposure treatment compared with the 
untreated control.10 We then assessed the antiproliferative effect of NO generated in the 
media by NTAPP with an NO scavenger, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimid-
azoline-1-oxyl 3-oxide (carboxy-PTIO). There was no difference in viability by NTAPP 
exposure regardless of the addition of carboxy-PTIO (Fig. 3D), suggesting that the ex-
tracellular NO generated by NTAPP does not influence the antiproliferative effect of 
NTAPP.
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FIG. 2: In vitro antiproliferative effect of NTAPP-activated medium. (a, b) Medium irradiated 
with NTAPP for different exposure time (sec) as in the graph was incubated with ovarian cancer 
cell lines NOS2 and NOS3 for 24 h. Cell viability was assayed and the percentage of surviving 
cells relative to controls were plotted for (a) NOS2 and (b) NOS3. (Utsumi et al.,16 open access). 
(c, d) HeLa cells exposed with 5 V input NTAPP for 30 s every h for 10 times and further in-
cubated for 15 h were used as a positive control (APP). Unexposed to NTAPP, were used as a 
negative control (Control). Incubation time indicates the time after initial exposure to NTAPP or 
NTAPP-treated medium. Viable cells were quantified with MTT assays and the data are shown 
as mean ± SEM from three independent experiments. (c) Medium was exposed with 5 V input 
NTAPP for 30 s. The medium of HeLa cells were switched to NTAPP-treated one every h for 10 
times (9 h) without direct NTAPP exposures and cells were further incubated for 15 h (24 h). (d) 
After HeLa cells were exposed every hour with NTAPP for 30 s, the medium was changed to a 
NTAPP-untreated fresh medium every hour and cells were further incubated for 15 h.

VI. HIGHLY PREFERENTIAL ANTIPROLIFERATIVE EFFECT OF NTAPP ON P53- 
DEFICIENT CANCER CELLS 

The DNA damage checkpoint pathway is important to maintain the genomic stability 
of the cell. DNA damage caused by several different occasions are known to activate 
ATM and ATR kinases, which in turn activate kinase chk1 and chk2, further trigger-
ing DNA repair pathways and the cell cycle arrest (Fig. 4A). If DNA damage is too 
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severe to be fixed, cells undergo apoptosis. The p53 tumor suppressor protein plays 
an essential role in the DNA damage checkpoint to maintain genomic stability in 
mammals. When cells are subjected to various genotoxic and cellular stresses such 
as oxidative stress, hypoxia, radiation, or chemotherapeutic drugs, p53 is activated, 
and its ubiquitin-dependent degradation is blocked, leading to an accumulation of 
active p53 transcription factor.2 Activated p53 regulates cell cycle arrest, activation of 
antioxidants and DNA repair, and apoptosis by affecting the expression of its target 
genes, including the cyclin-dependent kinase (CDK) inhibitor p21/WAF1 and genes 
involved in cell death, such as BAX, PUMA, NOXA, and Fas.27,28 When cells are ex-
posed to oxidative stress, p53 also activates the transcription of sestrin, glutathione 
peroxidase (GPX), and aldehyde dehydrogenase (ALDH), thus playing a pivotal role 

TABLE 3. Evidence that ROS and RNS Generated by Nonthermal Atmospheric-Pressure 
Plasma are Responsible for Apoptosis
Cancer Cell 
Name Cell Type Mecha-

nism Reference

HeLa
HCT116 p53+/+
HCT116-E6 
p53-/-

Human adenocarci-
noma
Human colorectal 
carcinoma

ROS Ma et al., 2014, PLoS One10

NOS2, NOS3 Human epithelial 
ovarian carcinoma cell ROS Utsumi et al., 2013, PLoS One16

HeLa Human cervical carci-
noma cell ROS Ahn et al., 2011, PLoS One50

HepG2 Human hepatocellular 
carcinoma cell

ROS and 
RNS

Yan et al., 2012, Plasma Process 
and Polymers48

A2058 Human melanoma cell 
line ROS Sensenig et al., 2010, Annals of 

Biomedical Engineering51

U87MG, 
HCT116

Glioblastoma cancer 
cell, 
Human colorectal 
cancer cell

ROS Vandamme et al., 2012, Internation-
al Journal of Cancer14

Mel-RM, Mel-
007, Mel-JD Human melanoma cell ROS Ishaq et al., 2014, Molecular Biolo-

gy of the Cell11

FaDu, SNU1041, 
SCC,
SNU899,
HN9

Human hypopharynx 
squamous carcinoma 
cell,
Human laryngeal 
squamous carcinoma 
cell,
Human parotid gland 
carcinoma cell

ROS Kang et al., 2014, Cell Death and 
Disease23
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FIG. 3: Antiproliferative roles of ROS generated by NTAPP exposures. 
(a) H2DCFA was used as a florescence dye to detect intracellular ROS by fluorescence micros-
copy. H2DCFA was added to culture dishes of mammalian breast epithelial cells (MCF10A) and 
cells were treated with the indicated dose of NTAPP. One hour after plasma treatment, intracel-
lular ROS was detected through a florescence microscopy. (Kalghatgi et al.,22 open access). (b, c, 
d) HeLa cells pretreated with different concentrations of (b) NAC (untreated, 3 mM, 5 mM), (c) 
sodium pyruvate (SP, untreated, 3, 5, 10 mM), (d) a NO scavenger, carboxy-PTIO (0, 30, 50, 100 
μM), were exposed with 5 V input NTAPP for 30 s every h 10 times and further incubated for 15 
h. The relative percentages of viable cells are shown comparing the initial cell number prior to 
exposure and incubation as 100%. Viable cells were quantified with MTT assays, and data are 
shown as mean ± SEM from three independent experiments. p < 0.05 (*) indicates a significant 
difference compared with the control (Ma et al.,10 open access).

in maintaining redox balance and genomic stability under oxidative stress.29,30 Mu-
tation of the p53 gene or disruption of the pathway that leads to p53 activation have 
been frequently observed in most types of human cancer.31 More than 50% human 
cancer cells have been reported to have p53 mutations by which the function of p53 
is defective or deleted. 

The p53-dependent induction of apoptosis in response to genotoxic damage is an 
important aspect of tumor suppression. Thus, the loss of p53 in human cancers contrib-
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utes to aggressive tumor behavior and often promotes resistance of cancer cells to radi-
ation and chemotherapeutic drugs. For example, treatment of p53+/+ mouse thymocytes 
with radiation results in apoptosis, whereas p53-/- thymocytes are resistant. Similarly, 
p53+/+ mouse embryonic fibroblasts transformed by adenoviral E1A protein and Ha-ras 
oncogene undergo apoptosis in response to γ-irradiation or chemotherapeutic agents, 
but p53-/- fibroblasts are resistant to both treatments.32 In addition, some p53 mutations 
in cancers suppress the function of p73, which induces apoptosis through a p53-inde-
pendent mechanism.33 Thus, the common loss of p53 function in cancer cells presents 
a major limitation for anticancer therapies. Actually, the lack of functional p53 usually 
allows cancer cells to resist γ-irradiation or chemotherapeutic agents.32

When our group monitored the antiproliferative effect of NTAPP in various cancer 
cells, we observed that p53-deficient cancer cells (DLD-1, H1299, HT29, and HCT15) 
were much more sensitive to NTAPP than p53-proficient cancer cells (LoVo, MES-SA, 
HepG2, and RKO) (Fig. 4B). To further verify the reverse correlation between the func-
tion of p53 and the antiproliferative effect of NTAPP in cancer cells, we compared the 
number of viable cells after NTAPP exposure in p53-negative HT29 cells transfected with 
p53-expressing vector or with a vector-only control. The relative number of viable cells in 
HT29 expressing the wild-type p53 was increased to the level observed in other p53-pro-
ficient cancer cells (Fig. 4C). In short, these observations confirm that the antiproliferative 
effect of NTAPP is highly preferential toward p53-deficient cancer cells. In addition, our 
results demonstrate NTAPP exposures lead to G1 cell-cycle delay in a p53-dependent 
manner prior to apoptosis in p53-proficient cells.10 Yan et al. also demonstrated that the 
percentage of cells arrested at G2/M phase increased after plasma treatment,34 supporting 
the idea that cell cycle arrest or delay by plasma treatment is a general cellular response. 
Altogether, these observations let us propose that NTAPP exposures induces DNA DSB 
and activate p53 to delay the cell cycle at G1, leading to apoptosis in p53-proficient cells, 
while NTAPP expedites p53-independent apoptosis in p53-deficient cells. 

The JNK/p38 mitogen-activated protein kinase (MAPK) pathway has also been pro-
posed to activate apoptosis by NTAPP treatment (Fig. 4D). Kang et al. demonstrated 
that NTAPP induced apoptosis of head and neck cancer cells through MAPK-depen-
dent mitochondrial ROS.23 They showed that JNK and p38 become activated only in 
the cells treated with NTAPP, which lead to the cleavage of procaspase-3 and PARP 
for apoptosis. However, an antioxidant NAC, JNK inhibitor SP600125, and p38 inhib-
itor SB203580 blocked the phosphorylation of JNK and p38, leading to the decreased 
cleavage of caspase-3 and PARP.23 Similarly, Ishaq et al. proposed that ROS can induce 
apoptosis through the activation of JNK/p38.11

VII. ANTIPROLIFERATIVE EFFECT OF NTAPP ON CANCER CELLS RESISTANT TO 
CURRENT CANCER THERAPIES

The main hurdle in chemotherapy is overcoming the drug-resistance of cancer cells. 
Because NTAPP has a selective antiproliferative effect on cancer cells and may be a po-
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FIG. 4: The molecular mechanism of NTAPP-induced cell apoptosis.(a) The typical DNA dam-
age signaling pathway in mammalian cells. The ATM and ATR kinases become activated by 
various DNA damages, which in turn activate Chk1 and Chk2 kinases. The activated Chk1 and 
Chk2 further activate DNA damage repair pathways and arrest cell cycle through Cdc25 and p53 
(modified from Lodish et al.46). (b) Various cancer cells were exposed with 5 V input NTAPP for 
30 s every hour 10 times and further incubated for 15 h. The relative percentages of viable cells 
were plotted together after the same NTAPP exposures in p53-proficient cells (RKO, MES-SA, 
HepG2, G361, LoVo) and p53-deficient cells (DLD-1, H1299, HT29, HCT115). (c) p53-defi-
cient HT29 cells were transfected with pcDNA-p53-HA, and the expression of p53 in HT29 was 
verified by a western blot assay (shown on the right side) with actin as a loading control. The 
relative percentages of viable cells in HT29 and p53-transfected HT29 cells were plotted after the 
same NTAPP exposures. (d) JNK/p38 pathway was proposed as a mechanism of NTAPP-induce 
apoptosis. 

tential anticancer therapy, the antiproliferative effect of NTAPP needed to be examined 
in drug-resistant cancer cells. We demonstrated that the NTAPP exposure also induces 
apoptosis in two different doxorubicin-resistant cancer cell lines: human colon carcino-
ma-derived HCT15/CL02 and human uterus sarcoma-originated MES-SA/dx5 cells.10 
By indirectly applying NTAPP-exposed medium to chronic paclitaxel and cisplatin-re-
sistant ovarian cancer cells, Utsumi et al. also showed that NTAPP may induce apop-
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totic death in chemo-resistant cancer cells.16 Moreover, NTAPP might also be used in 
combination with other cancer therapies to increase anticancer efficiency. For example, 
Brelle et al. showed that the apoptotic cell death by NTAPP improved in combination 
with gemcitabine, a nucleoside analog used as chemotherapy.13 These observations sup-
port the merit of NTAPP as a potential anticancer therapy. These qualities of NTAPP are 
important because chemotherapeutic drug-resistance of cancer cells represents a great 
obstacle to the efficacy of  anticancer therapies. 

VIII. CONCLUSION

NTAPP has been suggested as a new cancer therapy. To develop NTAPP as a potential 
cancer therapy, its selectivity to cancer cells must first be documented. In this review, we 
have focused on the selective effect of NTAPP on the apoptosis of cancer cells, and we 
have presented the known molecular mechanism of NTAPP-induced apoptosis.

More than 50% of human tumors have a mutation that affects the function of the 
tumor suppressor p53.35 Inheriting a mutated p53 allele increases cancer susceptibility 
and reduces sensitivity to anticancer therapies. In general, cells with defective p53 are 
relatively resistant to apoptosis and, thus, to chemotherapeutic agents. In this regard, the 
finding that NTAPP exerts a highly preferential antiproliferative effect on p53-deficient 
cancer cells suggests a great potential of NTAPP as a new anticancer therapy. 

Why are cancer cells, and especially p53-deficient cancer cells, more sensitive to 
NTAPP? We and many others have shown that the antiproliferative apoptotic effect of 
NTAPP is due to increased intracellular ROS. ROS induces DNA damage and activates 
p53 to delay cell cycle and apoptosis in p53-proficient cells.36–38 Ma et al. showed that 
the hypersensitivity of p53-deficient cancer cells to NTAPP is correlated with the lack 
of p53-dependent cell cycle arrest or delay.10 Compelling evidence indicates that cancer 
cells, especially p53-defective cells, have higher levels of endogenous ROS than normal 
cells due to oncogene hyperactivation and aberrant metabolism.37,39,40 Thus, cancer cells 
have to survive in the higher intrinsic oxidative stress environments than normal cells, 
and they become more vulnerable to damage by ROS-generating agents.41–43 In fact, 
some research groups have attempted to modulate redox homeostasis to selectively in-
duce apoptosis in cancer cells without significant damage to normal cells.39,44,45 Thus, the 
high selectivity of NTAPP toward cancer cells might be attributable to the differential 
sensitivity of cancer cells versus primary cells to increased intracellular ROS by NTAPP. 
The preferential antiproliferative effect of NTAPP toward p53-deficient cells might also 
be due to the defective redox homeostasis in p53-defective cells10 because wild-type p53 
regulates the upregulation of several antioxidant genes.29,30 Alternatively, Volotskova et 
al. hypothesized that the increased sensitivity of cancer cells to plasma treatment is due 
to the difference in the distribution of cancer cells and normal cells within the cell cycle.8

Which particular component of plasma induces the increase of intracellular ROS is 
not yet clear. NTAPP could directly and/or indirectly cause changes in ROS components 
and composition. The physiological effect of NTAPP on cells could be due to a com-
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bination of the interactions between various electromagnetic radiations with ions, elec-
trons, and reactive chemical species in the cell. To develop NTAPP as an effective anti-
cancer therapy, further studies into the chemistry and kinetics of plasma are necessary to 
understand the physiological mechanism of NTAPP and to increase its reproducibility.

ACKNOWLEDGMENT

The authors would like to acknowledge Molecular Biology of the Cell for their permis-
sion to use the figures (PLoS ONE and Cell Death and Disease are open access jour-
nals). This work was partly supported by the National Research Foundation of Korea 
(NRF) grant funded by the Korea government (MSIP) (No. 2010-0027963).

REFERENCES

1.	 Deininger P. Genetic instability in cancer: caretaker and gatekeeper genes. Ochsner J. 1999;1(4):206–9.
2.	 Elmore S. Apoptosis: a review of programmed cell death. Toxic Pathol. 2007;35(4):495–516.
3.	 G. F, G Friedman, A Gutsol, AB Shekhter, VN Vasilets, A Fridman. Applied Plasma Medicine. Plasma 

Process Polym. 2008;5(6):503–33.
4.	 Kong MG, G Kroesen, G Morfill, T Nosenko, T Shimizu, DJ van, et al. Plasma medicine: an introduc-

tory review. New J Phys. 2009;11(11):115012.
5.	 Lee HW, GY Park, YS Seo, YH Im, SB Shim, HJ Lee. Modelling of atmospheric pressure plasmas for 

biomedical applications. J Phys D: Appl Phys. 2011;44(5):053001.
6.	 Park GY, SJ Park, MY Choi, IG Koo, JH Byun, JW Hong, et al. Atmospheric-pressure plasma sources 

for biomedical applications. Plasma Sources Sci T. 2012;21(4).
7.	 Kim CH, S Kwon, JH Bahn, K Lee, SI Jun, PD Rack, et al. Effects of atmospheric nonthermal plasma 

on invasion of colorectal cancer cells. Appl Phys Lett. 2010;96(24):243701.
8.	 Volotskova O, TS Hawley, MA Stepp, M Keidar. Targeting the cancer cell cycle by cold atmospheric 

plasma. Scientific Rep. 2012;2:636.
9.	 BM Gweon MK, DB Kim, D. Kim, H. Kim, H. Jung, J. H. Shin, and W. Choe. Differential re-

sponses of human liver cancer and normal cells to atmospheric pressure plasma. Appl Phys Letts. 
2011;99:063701-1-3.

10.	 Ma Y, CS Ha, SW Hwang, HJ Lee, GC Kim, KW Lee, et al. Non-thermal atmospheric pressure plasma 
preferentially induces apoptosis in p53-mutated cancer cells by activating ROS stress-response path-
ways. PloS One. 2014;9(4):e91947.

11.	 Ishaq M, S Kumar, H Varinli, ZJ Han, AE Rider, MD Evans, et al. Atmospheric gas plasma-induced 
ROS production activates TNF-ASK1 pathway for the induction of melanoma cancer cell apoptosis. 
Molec Biol Cell. 2014;25(9):1523–31.

12.	 Panngom K, KY Baik, MK Nam, JH Han, H Rhim, EH Choi. Preferential killing of human lung can-
cer cell lines with mitochondrial dysfunction by nonthermal dielectric barrier discharge plasma. Cell 
Death Dis. 2013;4:e642.

13.	 Brulle L, M Vandamme, D Ries, E Martel, E Robert, S Lerondel, et al. Effects of a non thermal plasma 
treatment alone or in combination with gemcitabine in a MIA PaCa2-luc orthotopic pancreatic carci-
noma model. PloS One. 2012;7(12):e52653.

14.	 Vandamme M, E Robert, S Lerondel, V Sarron, D Ries, S Dozias, et al. ROS implication in a new 
antitumor strategy based on non-thermal plasma. Int J Cancer. 2012;130(9):2185–94.

15.	 Tanaka H, M Mizuno, K Ishikawa, K Nakamura, H Kajiyama, H Kano, et al. Plasma-activated medi-
um selectively kills glioblastoma brain tumor cells by down-regulating a survival signaling molecule, 



Plasma Medicine

Song, Li, &  Ma208

AKT kinase. 2011;1(3–4):265–77.
16.	 Utsumi F, H Kajiyama, K Nakamura, H Tanaka, M Mizuno, K Ishikawa, et al. Effect of indirect non-

equilibrium atmospheric pressure plasma on anti-proliferative activity against chronic chemo-resistant 
ovarian cancer cells in vitro and in vivo. PloS One. 2013;8(12):e81576.

17.	 Tsukagoshi H, W Busch, PN Benfey. Transcriptional regulation of ROS controls transition from pro-
liferation to differentiation in the root. Cell. 2010;143(4):606–16.

18.	 Wang X, JZ Liu, JX Hu, H Wu, YL Li, HL Chen, et al. ROS-activated p38 MAPK/ERK-Akt cas-
cade plays a central role in palmitic acid-stimulated hepatocyte proliferation. Free Radic Biol Med. 
2011;51(2):539–51.

19.	 Vigneron A, KH Vousden. p53, ROS and senescence in the control of aging. Aging (Albany NY). 
2010;2(8):471–4.

20.	 Simon HU, A Haj-Yehia, F Levi-Schaffer. Role of reactive oxygen species (ROS) in apoptosis induc-
tion. Apoptosis. 2000;5(5):415–8.

21.	 Guzik TJ, NE West, R Pillai, DP Taggart, KM Channon. Nitric oxide modulates superoxide release and 
peroxynitrite formation in human blood vessels. Hypertension. 2002;39(6):1088–94.

22.	 Kalghatgi S, CM Kelly, E Cerchar, B Torabi, O Alekseev, A Fridman, et al. Effects of non-thermal 
plasma on mammalian cells. PloS One. 2011;6(1):e16270.

23.	 Kang SU, JH Cho, JW Chang, YS Shin, KI Kim, JK Park, et al. Nonthermal plasma induces head and 
neck cancer cell death: the potential involvement of mitogen-activated protein kinase-dependent mito-
chondrial reactive oxygen species. Cell Death Dis. 2014;5:e1056.

24.	 Mishra OP, AB Zubrow, QM Ashraf. Nitric oxide-mediated activation of extracellular signal-regulated 
kinase (ERK) and c-jun N-terminal kinase (JNK) during hypoxia in cerebral cortical nuclei of newborn 
piglets. Neuroscience. 2004;123(1):179–86.

25.	 Endo S, T Launey. Nitric oxide activates extracellular signal-regulated kinase 1/2 and enhances de-
clustering of ionotropic glutamate receptor subunit 2/3 in rat cerebellar Purkinje cells. Neurosci Lett. 
2003;350(2):122–6.

26.	 Giustarini D, R Rossi, A Milzani, I Dalle-Donne. Nitrite and nitrate measurement by Griess reagent in 
human plasma: evaluation of interferences and standardization. Methods Enzymol. 2008;440:361–80.

27.	 Amundson SA, TG Myers, AJ Fornace, Jr. Roles for p53 in growth arrest and apoptosis: putting on the 
brakes after genotoxic stress. Oncogene. 1998;17(25):3287–99.

28.	 Fridman JS, SW Lowe. Control of apoptosis by p53. Oncogene. 2003;22(56):9030–40.
29.	 Hussain SP, P Amstad, P He, A Robles, S Lupold, I Kaneko, et al. p53-induced up-regulation of MnSOD 

and GPx but not catalase increases oxidative stress and apoptosis. Cancer Res. 2004;64(7):2350–6.
30.	 Yoon KA, Y Nakamura, H Arakawa. Identification of ALDH4 as a p53-inducible gene and its protec-

tive role in cellular stresses. J Hum Genet. 2004;49(3):134–40.
31.	 Muller PA, KH Vousden. p53 mutations in cancer. Nature cell biology. 2013;15(1):2–8.
32.	 Paull TT, EP Rogakou, V Yamazaki, CU Kirchgessner, M Gellert, WM Bonner. A critical role 

for histone H2AX in recruitment of repair factors to nuclear foci after DNA damage. Curr Biol. 
2000;10(15):886–95.

33.	 Stiewe T, BM Putzer. Role of the p53-homologue p73 in E2F1-induced apoptosis. Nature Genetics. 
2000;26(4):464–9.

34.	 X. Yan FZ, SS. Zhao, XP. Lu, Senior Member, IEEE, GY. He, ZL. Xiong, Q. Xiong, QQ. Zhao, PY. 
Deng, JG. Huang, and GX. Yang. On the mechanism of plasma inducing cell apoptosis. IEEE Trans 
Plasma Sci. 2010;38:2451–7.

35.	 Jang ER, M Ryu, JE Park, JH Kim, JS Lee, K Song. A new isoquinolinium derivative, Cadein1, prefer-
entially induces apoptosis in p53-defective cancer cells with functional mismatch repair via a p38-de-
pendent pathway. J Biol Chem. 2010;285(5):2986–95.

36.	 Cardaci S, G Filomeni, G Rotilio, MR Ciriolo. Reactive oxygen species mediate p53 activa-
tion and apoptosis induced by sodium nitroprusside in SH-SY5Y cells. Molecular pharmacology. 
2008;74(5):1234–45.



Volume 4 Numbers 1-4, 2014

Selective Apoptosis of Cancer Cells by NTAPP 209

37.	 Achanta G, P Huang. Role of p53 in sensing oxidative DNA damage in response to reactive oxygen 
species-generating agents. Cancer Res. 2004;64(17):6233–9.

38.	 Moreno CS, L Matyunina, EB Dickerson, N Schubert, NJ Bowen, S Logani, et al. Evidence that 
p53-mediated cell-cycle-arrest inhibits chemotherapeutic treatment of ovarian carcinomas. PloS One. 
2007;2(5):e441.

39.	 Trachootham D, Y Zhou, H Zhang, Y Demizu, Z Chen, H Pelicano, et al. Selective killing of onco-
genically transformed cells through a ROS-mediated mechanism by beta-phenylethyl isothiocyanate. 
Cancer Cell. 2006;10(3):241–52.

40.	 Vafa O, M Wade, S Kern, M Beeche, TK Pandita, GM Hampton, et al. c-Myc can induce DNA dam-
age, increase reactive oxygen species, and mitigate p53 function: a mechanism for oncogene-induced 
genetic instability. Mol Cell. 2002;9(5):1031–44.

41.	 Sablina AA, AV Budanov, GV Ilyinskaya, LS Agapova, JE Kravchenko, PM Chumakov. The antioxi-
dant function of the p53 tumor suppressor. Nat Med. 2005;11(12):1306–13.

42.	 Trachootham D, J Alexandre, P Huang. Targeting cancer cells by ROS-mediated mechanisms: a radical 
therapeutic approach? Nat Rev Drug Discov. 2009;8(7):579–91.

43.	 Pelicano H, D Carney, P Huang. ROS stress in cancer cells and therapeutic implications. Drug resistance 
updates: reviews and commentaries in antimicrobial and anticancer chemotherapy. 2004;7(2):97–110.

44.	 Raj L, T Ide, AU Gurkar, M Foley, M Schenone, X Li, et al. Selective killing of cancer cells by a small 
molecule targeting the stress response to ROS. Nature. 2011;475(7355):231–4.

45.	 Lee HR, JM Cho, DH Shin, CS Yong, HG Choi, N Wakabayashi, et al. Adaptive response to GSH 
depletion and resistance to L-buthionine-(S,R)-sulfoximine: involvement of Nrf2 activation. Mol Cell 
Biochem. 2008;318(1–2):23–31.

46.	 Lodish H, Berk A, Kaiser CA, Krieger M, Bretscher A, Ploegh H, Amon A, Scott MP. Molecular cell 
biology. New York: W.H. Freeman; 2013. 

47.	 Huang J, H Li, W Chen, G-H Lv, X-Q Wang, G-P Zhang, et al. Dielectric barrier discharge plasma 
in Ar/O2 promoting apoptosis behavior in A549 cancer cells. Appl Physics Letts. 2011;99(25):3701.

48.	 Yan X, Z Xiong, F Zou, S Zhao, X Lu, G Yang, et al. Plasma-induced death of HepG2 cancer cells: 
intracellular effects of reactive species. Plasma Proc Polymers. 2012;9(1):59–66.

49.	 Lu X, F Zou, editors. On the mechanism of plasma inducing cell apoptosis. Plasma Science (ICOPS), 
2011 Abstracts IEEE International Conference on 26-30 June 2011.

50.	 Ahn HJ, KI Kim, G Kim, E Moon, SS Yang, JS Lee. Atmospheric-pressure plasma jet induces apopto-
sis involving mitochondria via generation of free radicals. PloS One. 2011;6(11):e28154.

51.	 Sensenig R, S Kalghatgi, E Cerchar, G Fridman, A Shereshevsky, B Torabi, et al. Non-thermal plas-
ma induces apoptosis in melanoma cells via production of intracellular reactive oxygen species. Ann 
Biomed Engin. 2011;39(2):674–87.

52.	 Kim CH, JH Bahn, SH Lee, GY Kim, SI Jun, K Lee, et al. Induction of cell growth arrest by atmo-
spheric non-thermal plasma in colorectal cancer cells. J Biotechnol. 2010;150(4):530–8.

53.	 Kim GJ, W Kim, KT Kim, JK Lee. DNA damage and mitochondria dysfunction in cell apoptosis in-
duced by nonthermal air plasma. Appl Physics Letts. 2010;96(2):1502–1.

54.	 Chang JW, SU Kang, YS Shin, KI Kim, SJ Seo, SS Yang, et al. Non-thermal atmospheric pressure 
plasma induces apoptosis in oral cavity squamous cell carcinoma: involvement of DNA-damage-trig-
gering sub-G1 arrest via the ATM/p53 pathway. Arch Biochem Biophys. 2014;545(0):133–40.




