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Abstract. Basal cell carcinoma is a common skin tumor. Cold
atmospheric plasma (CAP) has attracted increasing attention
for its antitumor effects. The aim of the present study was
to investigate the effects and related mechanisms of two
CAP-activated solutions on the TE354T basal cell carcinoma
and HaCat keratinocyte cell lines. Plasma-activated solu-
tion (PAS) was prepared by CAP irradiation of DMEM and
PBS. TE354T cells were treated with PAS in vitro and the
effect on cell viability was evaluated by an MTT assay. The
apoptosis rate was detected by Annexin V/propidium iodide
staining. Furthermore, western blotting and RNA-sequencing
were performed. The present results demonstrated that PAS
induced apoptotic signaling in basal cell carcinoma cells,
and that this effect was associated with the activation of
the MAPK signaling pathway. Therefore, the present study
demonstrated that PAS may serve as a novel treatment for
basal cell carcinoma.

Introduction
Basal cell carcinoma (BCC) is the most common skin tumor

worldwide, accounting for ~80% of non-melanoma skin
cancer cases (1-3). BCC is generally well-differentiated
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and exhibits a slow growth pattern, often resulting in skin
nodules and ulcers, and metastasis in rare cases (4). The most
appropriate treatment for BCC is determined according to
the size and location of the tumor, and the degree of infil-
tration. Interventions currently include surgical resection,
photodynamic therapy and molecular targeted therapy (5,6).
Previous studies demonstrated that the increased incidence
and mortality of BCC are due to the decreased effectiveness
of current treatments (3,7). Therefore, the development of
safe and reliable treatment strategies to reduce the mortality
rate is required.

Cold atmospheric plasma (CAP) is a near room tempera-
ture ionized gas composed of charged particles, neutral
particles and electrons (8). In the past two decades, CAP
has been demonstrated to stimulate coagulation and to
promote wound healing (9,10). An increasing number of
studies have demonstrated the significant anticancer effect
of CAP in several cancer cell lines, including glioblastoma,
malignant melanoma, breast cancer and lung cancer cell
lines, in vitro (11,12). From research on the anti-cancer
mechanism of CAP, it was identified that among some reac-
tive oxygen species (ROS) and reactive nitrogen species
(RNS) produced by CAP, ROS, such as hydrogen peroxide,
hydroxide, ozone and peroxide ion, play a major role in
inducing tumor cell apoptosis (13,14). A number of previous
in vitro experiments demonstrated that intracellular ROS
concentrations were significantly increased following treat-
ment with CAP, resulting in damage to the intracellular
antioxidant system (15,16). This phenomenon was also
observed in a previous study (17). There are currently two
different perspectives regarding the mechanisms underlying
this phenomenon. One is that ROS originating from CAP
enter the cells via transmembrane transporters and directly
disrupts cellular homeostasis due to the increased concentra-
tion of ROS, eventually leading to apoptosis. Alternatively,
activated plasma may trigger the expression of a series of
signaling molecules in the cells by acting on related protein
targets on the cell membrane (18,19). Either mechanism will
lead to an imbalance between intracellular ROS and cell
defense systems, leading to apoptosis.


https://www.spandidos-publications.com/10.3892/ijo.2020.5009

YANG et al: INHIBITION OF PROLIFERATION OF TE354T CELLS BY CAP

CAP comes into contact with the solution medium to
produce physical and chemical changes, and further acts
on cells to promote apoptosis in vitro (20). Based on this
phenomenon, the anticancer effect of CAP activating solution
has gradually been recognized (21-23). Compared with CAP
direct irradiation, CAP activating solution has the advantage
of convenient storage and transportation. The media used to
prepare the plasma activating solution (PAS) must be biocom-
patible, and include cell culture medium, PBS and Ringer's
equilibrium solution (21,24). Yan et al (25) identified that
CAP-stimulated medium and CAP-stimulated buffered solu-
tion exerted anticancer effects on pancreatic adenocarcinoma
and glioblastoma cells in vitro. In addition, the dilution of
the solution is an important factor that affects the anticancer
effect (25). Tanaka er al (24) observed that plasma-activated
Ringer's solution exhibited good anticancer effects in vitro
and in vivo. These previous results demonstrated significant
progress in the use of PAS in clinical applications.

Ishaq et al (26) identified that CAP selectively induced
cancer by stimulating the oxidative stress-induced tumor
necrosis factor (TNF)-apoptosis signal regulating kinase 1
(ASK1)-JNK/p38-caspase-3/7 apoptotic pathway in melanoma.
Furthermore, CAP-induced NADPH oxidases generated intra-
cellular ROS, which induced apoptosis in colorectal cancer
cells in vitro by activating the ASK1-mediated apoptotic
pathways (19). The CAP-induced apoptotic pathway in cancer
cells is triggered by DNA and mitochondrial damage (27). The
majority of tumor cells show different degrees of DNA double
strand breaks (DSBs) after treatment with CAP, and ataxia
telangiectasia-mutated (ATM) is an important marker of
DSBs. This factor activates several cell cycle arrest-associated
proteins, including p53, as well as the expression of apoptotic
signals through phosphorylation (28). The activation of p53
expression has been demonstrated in a variety of CAP-treated
cancer cell lines (16,29).

MAPKSs are a group of serine-threonine protein kinases
that are activated by different extracellular stimuli, including
cytokines, neurotransmitters, hormones and cellular stress (30).
MAPKSs can be divided into four subfamilies: ERKs, p38,c-JNKs
and ERKS, of which p38 plays a major role in mediating inflam-
mation and apoptosis (30-32). In the present study, the BCC cell
line TE354T was used to evaluate the effect of DMEM and PBS
on proliferation after treatment with CAP. Furthermore, the
changes in expression of factors in related apoptotic pathways
were detected by RNA-sequencing (RNA-seq) technology.
Differential expression analysis was performed on CAP-treated
TE354T cells to identify changes in the MAPK and TNF path-
ways in PAS-induced TE354 cell apoptosis.

Materials and methods

Cell culture. The TE354T BCC and HaCaT keratinocyte
cell lines were acquired from The American Type Culture
Collection, and were maintained in DMEM/High Glucose
(HyClone; GE Healthcare Life Sciences; pH 7.0-7.4; buffer salt
including sodium phosphate monobasic, sodium bicarbonate
and HEPES) with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.; 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco;
Thermo Fisher Scientific, Inc.). Cells were cultured at 37°C
and 5% CO, in a humidified environment.
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Preparation of CAP activation liquid. CAP equipment
was provided by The Institute of Plasma Physics, Chinese
Academy of Sciences (Fig. 1). The air plasma device includes
a DC voltage input, a copper rod array and a ballast resistor.
The electrode consists of six arrays of thin copper rods with
a radius of 1 mm. The ballast resistors are 30 2, and the
discharge current is limited to ~5 mA. The device is activated
by a 10-kV DC voltage and generates plasma through a copper
rod electrode. DMEM or PBS was added to a 35-mm cell
culture dish and irradiated with plasma to prepare the PAS.
Each dish was filled with 2 ml liquid (DMEM or PBS), the
plasma electrode was placed ~10 mm from the liquid surface,
and plasma activation liquids of different concentrations were
prepared by irradiation for different times (60, 120, 180, 240
and 300 sec). The doses of plasma-activated liquid are defined
as the different processing times of the liquid under the
same discharge parameters. The prepared activated solution
was placed in an ice water bath or stored at 4°C for further
experiments.

Cell morphology. TE354T cells were seeded in 6-well plates
(2x10° cells per well) and incubated at constant temperature
for 24 h. The medium was aspirated and 2 ml of 180 sec
plasma-activated DMEM solution was added to each well for
incubation for 6 and 12 h. The morphological changes of the
cells were observed directly under a light microscope (magni-
fication, x400). A Hoechst 33342 Staining kit was purchased
from Beyotime Institute of Biotechnology. The sterilized
coverslips were placed in 6-well plates and inoculated with
TE354T cell culture. After the cells had grown to 50-80% of
the coverslip area, the medium was aspirated and the cells were
treated with 2 ml 180 sec plasma-activated DMEM solution
for 2 h. DMEM was aspirated again and the fixing solution
(cat. no. C0003-1; Beyotime Insitute of Biotechnology) was
added at 4°C for 10 min. Subsequently, the cells were rinsed
twice with PBS and 0.5 ml Hoechst 33342 staining solution
was added for incubation at room temperature for 5 min in
the dark. The cells were washed twice with PBS and imaged
under a fluorescent microscope for observation (magnifica-
tion, x1,000). The images were taken using an IX-71 Olympus
microscope (Olympus Corporation).

Cell viability assay. Cell viability was measured by an MTT
assay. All experiments used logarithmic growth phase cells
collected by digestion, which were counted and inoculated in
a 96-well culture plate for 24 h (10,000 cells; 100 ul culture
medium per well). The cells were fully adherent at the start
of experimental treatment. The cells were stimulated with
plasma-activated fluid for 2 h. Thereafter, the activation fluid
was replaced with fresh DMEM and incubation was continued
for 24, 48 or 72 h. In the 96-well plates, 100 ul MTT solu-
tion was added to each well for 4 h. Thereafter, the formazan
was dissolved in DMSO and the absorbance was measured at
570 nm using a microplate reader (SpectraMax i3x; Molecular
Devices, LLC).

Detection of intracellular ROS. An ROS assay kit was
purchased from Beyotime Institute of Biotechnology. HaCat
and TE354T cells in the logarithmic growth phase were
inoculated on 96-well culture plates (10,000 cells per well),
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Figure 1. Schematic diagram of the CAP equipment used in the present study. (A) DMEM and PBS were active with CAP. (B) Transfer plasma-activated solu-
tion to culture plates with cells. (C) CAP equipment working in dark field. Scale bar, 10 mm. CAP, cold atmospheric plasma; RNS, reactive nitrogen species;

ROS, reactive oxygen species.
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Figure 2. Morphological changes in TE354T cells after treatment with plasma-activated solution. (A) After 6 and 12 h of treatment, shrinkage of the cell
membrane and partial cell detachment of adherent growth were observed. Magnification, x400. (B) As indicated by the arrow, the nuclei of treated cells shrunk
after treatment and showed brighter blue fluorescence. Scale bar, 20 ym. con, control.

and the experiment was performed after the cells were
completely adherent. Cells were loaded with the fluorescent
probe dichloro-dihydro-fluorescein diacetate and stimulated
with plasma-activated DMEM or PBS, and changes in the
concentration of ROS were measured after 2 h. Fluorescence
was measured using a fluorescence plate reader (SpectraMax
13x; Molecular Devices) at an excitation wavelength of 488 nm
and an emission wavelength of 525 nm to calculate intracel-
lular ROS levels.

Reactive species and pH in solution. A H,0, assay kit was
purchased from Beyotime Institute of Biotechnology. The

cell-free DMEM and PBS solutions were placed in 2-ml
culture dishes, and were exposed to CAP treatment for
60, 120, 180, 240 and 300 sec, respectively. H,O, detection
reagent was added and a microplate reader (SpectraMax i3x;
Molecular Devices) was used to measure A560 to calculate the
H,0, concentration in the liquid. The pH changes in different
experimental groups were detected using a pH meter. NO;™ in
the PBS after plasma treatment was evaluated using PhotoLab
6100 (Merck KGaA) with nitrate detection kit (Merck KGaA).

Apoptosis assay. The Annexin V-FITC/propidium iodide (PI)
apoptosis kit was purchased from Best-Bio(http://bestbio.bioon.
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Figure 3. TE354T cells cultured under the same conditions were treated with freshly prepared PAS and PAS stored for 24 h. Cell viability of each group was
measured by an MTT assay. Data are presented as the mean + SD of three independent experiment. “P<0.05, “P<0.01 vs. respective con. PAS, plasma-activated

solution; con, control; NS, not significant.

com.cn/), and a flow cytometer was provided by The Institute
of Technology Biology, Chinese Academy of Sciences. Cells
were innoculated in 6-well plates and were cultured until fully
adherent, and then stimulated for 2 h in PAS; thereafter, the
medium was replaced with fresh medium and samples were
placed in the incubator for 24 h. The cells were collected for
staining. Cells were suspended in Annexin V-FITC binding
solution at a concentration of ~1x10%ml. Subsequently, 5 ul
Annexin V-FITC staining solution was added for incubation
for 15 min. A total of 10 1 PI staining solution was then added
for incubation for 5 min, protected from light at 2-8°C. The
apoptosis rate of each group of cells was analyzed using a flow
cytometer (BD Biosciences). The data were analyzed using
FlowlJo software (v10.0.7; FlowJo LLC).

Western blotting. Western blot analysis was performed at 0,
3,6 and 12 h after treating the cells with PAS. The cells were
harvested by trypsinization and the resulting cell suspension
was washed twice with PBS. RIPA (Beyotime Institute of
Biotechnology) lysis buffer was added, and the supernatant
was collected after centrifugation (4°C; 10,000 x g; 5 min).
Protein quantification was performed using a bicinchoninic
acid assay kit (Thermo Fisher Scientific, Inc.). Loading
buffer was mixed with protein and the mixture was boiled for
3 min. Subsequently, proteins (10 pl per lane) were separated
by SDS-PAGE on 10% gels for 90 min, and transferred to a
polyvinylidene fluoride film (Bio-Rad Laboratories, Inc.) at
a temperature of 4°C. The membrane was blocked with 5%
skim milk powder in TBS with Tween-20 (TBST) for 1 h at
24°C. Antibodies against Cas3 (cat. no. 9665T; Cell Signaling
Technology, Inc.; 1:1,000), cleaved Cas3 (cat. no. 9664T; Cell
Signaling Technology, Inc.; 1:1,000), Cas9 (cat. no. 9508T;
Cell Signaling Technology, Inc.; 1:1,000), cleaved Cas9
(cat. no. 7237T; Cell Signaling Technology, Inc.; 1:1,000) and
B-actin (cat. no. TA-09; OriGene Technologies, Inc.; 1:1,000)
were added and incubated overnight at 4°C. The films were
then washed three times with TBST, and secondary antibodies
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Figure 4. Cell viability of TE354T cells 24, 48 and 72 h after receiving
plasma-activated solution treatment based on the MTT assay. (A) TE354T
cells were treated with CAP-activated DMEM, and cell viability was deter-
mined after 24,48 and 72 h. (B) TE354T cells were treated with CAP-activated
PBS under the same conditions, and the cell viability was determined. Cell
viability of the control group was 100%. Data are presented as the mean + SD
of three independent experiments. ‘P<0.05, “P<0.01,”"P<0.001 vs. respective
con. CAP, cold atmospheric plasma; NS, not significant.

conjugated with horseradish peroxidase (1:10,000) were added
for incubation for 1 h at room temperature. The secondary
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Figure 5. Survival rate of TE354T and HaCat cells treated with plasma-acti-
vated solution. (A) CAP-activated DMEM was used to treat both cell types,
and the cell viability in the two groups was measured after 24 h of standard
culture. (B) Both cell lines were treated with CAP-activated PBS, and the cell
viability in the two groups was measured after 24 h of standard culture. Data
are presented as the mean + SD of three independent experiments. "P<0.05,
“P<0.01,""P<0.001. CAP, cold atmospheric plasma.

antibodies used for Cas3, cleaved Cas3 and cleaved Cas9 were
goat rabbit anti-IgG (cat. no. ZB2301; OriGene Technologies,
Inc.); the secondary antibodies used for Cas9 were goat
mouse anti-IgG (cat. no. ZB2305; OriGene Technologies,
Inc.). Signals were detected with using an enhanced chemi-
luminescence kit (Amersham ECL plus; GE Healthcare Life
Sciences). B-actin (was used as an internal control. Density
was analyzed using the Fino-do X6 analysis system (Tanon
Science and Technology, Co., Ltd.). Imagel software (v1.46;
National Institutes of Health) was used to quantify the protein
bands of interest.

RNA-seq. Cells were treated with PAS for 0, 4 or 8 h, followed
by total RNA extraction using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). The cell lysate was loaded into
an RNase-free centrifuge tube and RNA-seq was performed by
Shenzhen Huada Gene Technology Co., Ltd. The sequencing
results and analysis of differential gene expression functions
were performed by Shenzhen Huada Gene Technology Co.,
Ltd. The sequencing results were provided by Shenzhen Huada
Gene Technology Co., Ltd. The analysis results report has not
been shared to a public database at the time of publication.

Statistical analysis. Data are presented as the mean + SD of
three independent experiments. Statistical significance was
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Figure 6. After plasma-activated solution treatment, cells were stained with
dichloro-dihydro-fluorescein diacetate, and fluorescence was measured using
a microplate reader to reflect changes in the levels of ROS in TE354T and
HaCat cells. (A) Cells treated with CAP-activated DMEM. (B) Cells treated
with CAP-activated PBS. Data are presented as the mean = SD of three
independent experiments. “'P<0.01. ROS, reactive oxygen species; CAP, cold
atmospheric plasma; con, control.

determined using an independent Student's t-test and ANOVA.
Least Significant Difference post hoc test and Dunnett's post
hoc test were used where appropriate. P<0.05 was considered
to indicate a statistically significant difference. Statistical
analyses were performed using GraphPad Prism (version 5.01;
GraphPad Software, Inc.) software.

Results

PAS leads to morphological changes in TE354T cells.
Compared with untreated cells, cells treated with PAS for
6 h exhibited reduced intracellular volume and shrunken cell
membranes. Furthermore, certain cells had detached from
the bottom of the culture dish, and appeared small and round
(Fig. 2). These effects became more apparent after treatment
for 12 h. Hoechst staining revealed bright blue cells after PAS
treatment, indicating that the nucleus was condensed, and that
the cells had begun to undergo apoptosis.

Evaluating the effect of PAS on BCC cell viability. Increased
PAS treatment time resulted in a gradual decrease in the cell
viability rate and this effect was more pronounced in the PBS
group compared with the DMEM group (Fig. 3). Furthermore,
plasma-activated DMEM and PBS stored for 24 h prior to
treatment induced cell death. It is worth noting that after
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Figure 7. Detection of changes in reactive species and pH in cell-free solutions. (A) pH of the two groups of solutions did not change significantly after CAP
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PAS storage for 24 h, compared with the control group, the
CAP-treated DMEM and PBS for 60 sec showed a prolifera-
tion-promoting effect on the cells.

As presented in Fig. 4, following treatment with PAS,
TE354T cells were cultured for 24, 48 and 72 h under stan-
dard conditions. The survival rate of each group was then
measured. It was observed that the proliferation of TE354T
cells was inhibited within 72 h of PAS treatment. In the 300 sec
group, after TE354T cells were treated with CAP-activated
DMEM and CAP-activated PBS, the cell survival rate was
~30%, and this inhibition continued to be significant for 72 h.
Furthermore, PAS demonstrated dose- and time-dependent
inhibitory effects on the proliferation of TE354T cells.

PAS significantly decreased the proliferation of TE354T
cells compared with HaCat cells (Fig. 5). In the absence of
malignant epidermal keratinocytes, the viability of cells
within the same groups was significantly higher than those of
the BCC cell groups. In the DMEM group, even at the highest
dose of PAS treatment, the survival rate of HaCat cells was
~75%, while that of TE354T cells in the same group was
<40%. In the PBS group, this difference was less pronounced.
Compared with DMEM, the apoptotic effect of PBS following
plasma irradiation was stronger, but the selectivity was rela-
tively weak.

Intracellular ROS levels are increased after PAS treatment.
The intracellular ROS levels in HaCat and TE354T cells
were examined before and after PAS treatment (Fig. 6).
After treating cells with CAP-activated DMEM, ROS levels
increased by ~1.7-fold in TE354T cells in the 300 sec group,
while those in HaCat cells only increased by ~1.4-fold. After
treating cells with CAP-irradiated PBS, ROS levels in TE354T

cells were increased by a maximum of ~2.6-fold. The basal
ROS concentration in HaCat cells was lower than that in
TE354T cells, and the increase in ROS levels in HaCat cells
was lower after PAS treatment.

Reactive species in the solution increase and the pH
decreases after CAP treatment. After 60, 120, 180, 240 and
300 sec of CAP treatment, the pH of both DMEM and PBS
solutions demonstrated a downward trend (Fig. 7A). After
CAP treatment, H,0, in both solutions increased. This
growth trend was more pronounced in PBS solution after
receiving CAP treatment at the same time. After 300 sec
of CAP treatment, the H,O, concentration measured in PBS
solution was ~33 mg/l. At the same time, it was ~28 mg/I
in DMEM (Fig. 7B). As the color of DMEM will affect the
detection of NO;-, only the change of NO;- concentration in
PBS solution after CAP treatment was measured. No NO;-
concentration was measured in the blank control group With
the increase of CAP treatment time, the concentration of
NO;- in PBS solution increased (Fig. 7C). After 300 sec of
treatment, the measured NO;_concentration in the solution
was ~90 mg/I.

PAS induces apoptosis of BCC cells. Cell staining with
Annexin V-FITC/PI can indicate the rate and time of apop-
tosis in cells. In the flow cytometry plots, the lower and upper
right quadrants indicate early and late apoptosis, respectively.
As presented in Fig. 8, the apoptotic rate was significantly
increased following PAS treatment compared with the
untreated control groups. Both early and late apoptosis exhib-
ited an upward trend, which was more pronounced in the
PBS-treated group.



SPANDIDOS .
PUBLICATIONS INTERNATIONAL JOURNAL OF ONCOLOGY 56: 1262-1273, 2020

A Con 60 sec 120 sec
_ ¥ <P 3 B 40 - DMEM
% ﬁ HEN ﬁ’ NEN # - . 304
o v a— o c A - "\. g
180 sec 240 sec 300 sec £ 5.
- ga | = 3= ] = = 2
43 v s =
. ‘ 5]
i g
=" : ; 10
1 ’ﬁ & 1 # ail ﬁ e )
e - . 04
s
DMEM Annexin V-FITC (]
Con 60 sec 120 sec
Cl= o & = o D
i = = P i 40+ PBS
- 501
@
= § 204
o
S
2
_ 104
T
! 0-
PBS Annexin V-FITC 5 8 8 8§ 8§ 8
8 & 8 g 3
-— - [4'] [}
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Figure 10. After treatment with PAS for 4 and 8 h, RNA-sequencing was performed on CON and treated cells to identify DEGs. (A) Scatter-plot distribution
of DEGs after 4 h (left) or 8 h (right) PAS treatment. Red dots indicate differential genes that are upregulated, and the blue dots indicate differential genes that
are downregulated. (B) GO functional classification of upregulated (red) and downregulated (blue) genes.

Western blot analysis of apoptosis-related protein expression.
Cleaved-caspase (cle-cas) is the activated form of caspase
(cas). The relative activity of cas9 and cas3 was significantly
increased following PAS treatment, suggesting that PAS
induced the intrinsic apoptotic pathway in TE354T cells. The
ratio of cle-cas to cas was calculated, and the ratio increased
significantly following PAS treatment. After 12 h, the activity
of cle-cas9 demonstrated a downward trend, possibly due to
the necrosis of cells (Fig. 9).

Detection of PAS-induced apoptosis by RNA-seq.
Differentially expressed genes (DEGs) were analyzed in
untreated control cells and BCC cells stimulated with PAS for
4 or 8 h. An increase in the expression of 754 genes, and a
decrease in the expression of 281 genes, were observed after
stimulation with PAS for 4 h. After 8 h, the number of upregu-
lated DEGs increased to 1,763 (Fig. 10A). Based on these

results, the genes were classified according to Gene Ontology
(GO) terms: Molecular function, cellular component and
biological process (Fig. 10B). Kyoto Encyclopedia of Genes
and Genomes (KEGG) biological pathway classification and
enrichment analysis was performed (Fig. 10C). Based on
the degree of enrichment and the number of DEGs, ‘MAPK
signaling pathway’, ‘TNF signaling pathway’ and ‘IL-17
signaling pathway’ were the KEGG pathways most signifi-
cantly associated with PAS-induced apoptosis.

Discussion

Previous studies have typically used CAP to directly treat
cells in standard culture. In this process, the active substance
produced by CAP is first incubated with the liquid medium,
ROS/RNS are dissolved in solution, and physical and
chemical changes are induced by high concentrations of these
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Figure 10. Continued. After treatment with PAS for 4 and 8 h, RNA-sequencing was performed on CON and treated cells to identify DEGs. (C) KEGG pathway
enrichment results of DEGs. PAS, plasma-activated solution; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes

and Genomes; CON, control.

components (33,34). In the present study, CAP-activated PBS
and DMEM solutions were prepared separately, in order to
compare the effects of the two different activating fluids on
BCC TE354T cells. PBS, which has a simple composition,
more effectively inhibited the viability and promoted the
apoptosis of TE354T cells following CAP treatment compared
with DMEM. By contrast, the selective effect of PBS was not
as prominent as DMEM when incubated with HaCat cells. The
H,O, concentration in the solution was found to be higher in
the PBS solution under the same processing conditions. This
may be associated with the simpler composition of the PBS
solution. Yan et al (21) identified that cysteine and methionine
in solution are the main factors leading to the inactivation
of active substances. However, due to the absence of these
specific amino acids, fewer physical and chemical changes

in PBS were observed after CAP treatment, suggesting that
it exerts more potent anticancer activity and can be stored for
longer periods. This phenomenon is consistent with the results
observed in the present study.

As a new strategy for cancer therapy, the shelf life of PAS
presents a challenge that needs to be addressed. The effects
of two PAS samples after 24 h storage and those of two fresh
PAS samples were compared in the present study. After
storage at 4°C, both fresh and aged PAS inhibited TE354T
cell viability after 24 h. It is worth noting that after 24 h of
storage, the group with the lowest exposure time exhibited
increased cell viability. In previous studies, low doses of CAP
were demonstrated to promote cell proliferation and wound
healing (35,36). In our previous study, plasma-activated
medium successfully inhibited the proliferation of TE354T
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and human skin squamous cell carcinoma A431 cells after
storage for 2 weeks at room temperature (~28°C), 4°C and
-20°C (Yang et al, unpublished).

Increased intracellular ROS is the most common cellular
response to CAP treatment (18,37,38). However, the magnitude
of this increase may differ based on a phenomenon known as
CAP selective action (39,40). ROS is an important intracellular
secondary messenger under normal physiological conditions.
However, under pathological conditions, when intracellular
ROS accumulation is excessive or the intracellular ROS scav-
enging system is damaged, it can cause damage to intracellular
macromolecules, leading to a series of changes that ultimately
induce necrosis or apoptosis (41,42). In the present study, ROS
levels in TE354T cells increased in a time-dependent manner
after incubation with CAP-irradiated solution. This increase
corresponded to the rate of necrotic apoptosis in the cells.
Furthermore, under the same conditions, the increase in ROS
in TE354T cells was higher than that in HaCat cells. Previous
studies have suggested that hydrogen peroxide, hydroxyl radical
and the peroxide ion are the main ROS produced by incuba-
tion with CAP (14,43,44). As the active substance from which
CAP originates is a polar or charged ion, specific channels and
transport proteins on the cell membrane are required for the
transmembrane diffusion of these activated substances (45,46).
Previous studies demonstrated that an increased number of
aquaporins on the surface of cancer cells are the main cause
of this significant increase in intracellular ROS levels (47,48).
This helps to explain why the ROS levels in TE354T cells were
higher than those in HaCat cells under the same conditions.

It is now well known that after CAP treatment, apoptotic
pathways are triggered by DNA and mitochondrial damage in
cancer cells (39). RNA-seq technology was used to identify
DEGs in TE354T cells before and after PAS treatment in the
present study. The TNF and MAPK signaling pathways were
significantly upregulated in TE354T cells after PAS stimula-
tion. These two pathways are major pathways associated with
cancer cell apoptosis (26,49). Ishaq et al (26) investigated
CAP-treated malignant melanoma cells and identified that
the TNF receptor-based apoptotic pathway was activated by
an increase in intracellular ROS. Xiang et al (49) identified
that the MAPK signaling pathway plays a major role in the
apoptosis of breast cancer cells induced by low temperature
plasma. The hypothesis is that after ROS stimulation, the cells
immediately develop DNA damage, particularly DNA DSBs.
ATM is an important marker of DSBs that activates several
cell cycle arrest-associated factors, including p53, as well as the
expression of apoptotic signals through phosphorylation (28).
Activation of the MAPK signaling pathway and the release
of cytochrome c into the mitochondria lead to activation of
the caspase family (49), which ultimately induced apoptosis
in TE354T cells in the present study. Whether this effect is
observed in all cancer cells treated with CAP requires further
verification.

In the present study, CAP-irradiated DMEM and PBS
inhibited the viability and promoted the apoptosis of BCC
TE354T cells. This phenomenon was most likely due to
an increase in intracellular ROS levels. Using RNA-seq
technology, the TNF and MAPK signaling pathways were
identified to be upregulated, and may play an important role
in mediating cell necrosis and apoptosis. The results obtained
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in the present study provided a theoretical basis for the further
study of the anticancer mechanisms of CAP.
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