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Abstract
Background Anticancer treatments aim to selectively target cancer cells without harming normal cells. While non-
thermal atmospheric pressure plasma (NTAPP) has shown anticancer potential across various studies, the mechanisms 
behind its selective action on cancer cells remain inadequately understood. This study explores the mechanism of 
NTAPP-induced selective cell death and assesses its application in cancer therapy.

Methods We treated HT1080 fibrosarcoma cells with NTAPP and assessed the intracellular levels of mitochondria-
derived reactive oxygen species (ROS), mitochondrial function, and cell death mechanisms. We employed 
N-acetylcysteine to investigate ROS’s role in NTAPP-induced cell death. Additionally, single-cell RNA sequencing was 
used to compare gene expression in NTAPP-treated HT1080 cells and human normal fibroblasts (NF). Western blotting 
and immunofluorescence staining examined the expression and nuclear translocation of nuclear factor erythroid 
2-related factor 2 (NRF2), a key antioxidant gene transcription factor. We also evaluated autophagy activity through 
fluorescence staining and transmission electron microscopy.

Results NTAPP treatment increased ROS levels and induced mitochondrial dysfunction, leading to apoptosis in 
HT1080 cells. The involvement of ROS in selective cancer cell death was confirmed by N-acetylcysteine treatment. 
Distinct gene expression patterns were observed between NTAPP-treated NF and HT1080 cells, with NF showing 
upregulated antioxidant gene expression. Notably, NRF2 expression and nuclear translocation increased in NF but not 
in HT1080 cells. Furthermore, autophagy activity was significantly higher in normal cells compared to cancer cells.

Conclusions Our study demonstrates that NTAPP induces selective cell death in fibrosarcoma cells through the 
downregulation of the NRF2-induced ROS scavenger system and inhibition of autophagy. These findings suggest 
NTAPP’s potential as a cancer therapy that minimizes damage to normal cells while effectively targeting cancer cells.
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Background
Cancer presents a significant global health challenge, and 
while chemotherapy and radiotherapy serve as primary 
treatment modalities, they come with various compli-
cations and side effects [1]. These treatments not only 
target cancer cells but also inflict harm on normal cells, 
resulting in complications such as fatigue, chronic pain, 
and organ toxicity [2, 3]. While these treatments have 
contributed to increased life expectancy, cancer survi-
vors may experience prolonged toxicity. Hence, there is 
an urgent need for the development of novel anticancer 
agents capable of selectively targeting cancer cells while 
preserving normal ones, thus enhancing patient quality 
of life.

Plasma has recently emerged as a promising next-gen-
eration therapeutic agent. Plasma forms when energy 
is applied to a gas and can be obtained as non-thermal 
atmospheric pressure plasma (NTAPP) under atmo-
spheric pressure at temperatures below 40  °C [4, 5]. 
Moreover, since plasma does not cause thermal damage 
to tissues, its potential applications across various medi-
cal domains, including antiseptics, skin wound healing, 
tooth bleaching, and cancer therapy, have been exten-
sively explored [6–12]. 

Plasma exhibits a selective anticancer effect due to the 
differential basal levels of reactive oxygen species (ROS) 
between normal and cancer cells. Cancer cells typically 
generate higher levels of ROS than normal cells, resulting 
in hyperactivation of cellular signaling pathways crucial 
for maintaining cellular transformation and cancer pro-
gression [13]. Despite cancer cells’ upregulated antioxi-
dant processes and altered redox equilibrium, a critical 
threshold of ROS can trigger cancer cell death through 
various mechanisms [14–16]. Notably, elevated intracel-
lular ROS levels can induce apoptosis in cancer cells by 
causing cell membrane breakdown and damage, as evi-
denced by previous studies involving mouse tumor mod-
els [17, 18]. 

In this study, our objective was to elucidate the dispa-
rate effects of NTAPP on fibroblasts and fibrosarcoma 
cells and to investigate the specific mechanisms through 
which NTAPP induces selective cell death.

Materials and methods
Experimental design of plasma-treated solution (PTS) 
treatment
A plasma-treated solution (PTS) was prepared using 
oxygen and helium gas [18], employing a NTAPP sys-
tem (Fig. S1a and b). The system featured two electrodes 
crafted from Al2O3, with dimensions of 10 × 40 mm2 for 
the ground electrodes, an inter-electrode gap of 2  mm, 
a power range of approximately 2–13  kV, and an aver-
age frequency of approximately 20–30  kHz. Plasma 
treatment was administered at a rate of 1 min/mL, with 

the distance between the plasma nozzle and the cul-
ture media maintained at approximately 1  cm. Follow-
ing treatment, the medium’s temperature remained 
unchanged, and pH values were measured at 7.8–8.2, 
8.3, and 8.3 for helium + oxygen, nitrogen, and nitro-
gen + argon, respectively, as carrier gases (Fig. S1c).

Cell lines and reagents
The human fibrosarcoma cell line HT1080 was procured 
from the Korean Cell Bank (Seoul, Korea), while the 
FaDu and HaCaT cell lines and primary dermal fibro-
blasts (HDFa, PCS-201-012) were purchased from the 
American Type Culture Collection (Manassas, VA, USA). 
HT1080 cells were cultured in Roswell Park Memorial 
Institute-1640 medium (Gibco, Carlsbad, CA, USA), 
FaDu cells in minimum essential medium (Gibco), and 
HDFa and HaCaT cells in Dulbecco’s Modified Eagle’s 
medium (Gibco). The culture media were supplemented 
with 10% fetal bovine serum and penicillin-streptomycin 
(100 U/ml, Gibco) and maintained at 37 °C with 5% CO2 
under humidified conditions. HDFa cells between pas-
sages 6 and 9 were utilized for analyses. N-acetylcysteine 
(NAC) was procured from Sigma-Aldrich (St. Louis, MO, 
USA).

Dead/live cell assay
Dead/live cell viability/cytotoxicity assays were con-
ducted utilizing calcein acetoxymethyl ester and ethid-
ium homodimer-1, both sourced from Thermo Fisher 
Scientific (Rochester, NY, USA) [19]. In brief, cells were 
seeded into 12-well culture plates at a density of 2 × 103 
cells/well, and the impact of PTS treatment on cell viabil-
ity was assessed 24 h post-treatment. Fluorescent images 
were acquired using the EVOS FL Auto Cell Imaging Sys-
tem (Thermo Fisher Scientific).

Fluorescence-activated cell sorting (FACS) analysis 
(annexin V–PI staining)
Apoptotic cell death was identified utilizing the FITC 
Annexin V-PE Apoptosis Detection Kit I, following the 
manufacturer’s protocol (556547, BD Biosciences, Bed-
ford, MA, USA), as previously outlined [18]. The distri-
bution of apoptotic cells per 10,000 cells was determined 
using a BD FACS Aria III instrument (BD Biosciences), 
with excitation and emission wavelengths set at 488 and 
530 nm, respectively.

Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) analysis
DNA fragmentation resulting from apoptosis was 
assessed using an in-situ cell death detection kit 
(11684795910, Roche Molecular Biochemicals, Basel, 
Switzerland), as described previously [18]. Fluorescent 
images of apoptotic cells were captured randomly using a 
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fluorescence EVOS FL Auto microscope (Thermo Fisher 
Scientific).

Western blot analysis
Western blot analysis was conducted following estab-
lished protocols [18]. In brief, cells were lysed using 
Radioimmunoprecipitation assay (RIPA) buffer (R0278, 
Sigma-Aldrich), with the addition of 1× protease inhibitor 
cocktail and 1× PhoSTOP (Roche Molecular Biochemi-
cals). Primary and secondary antibodies (anti-rabbit IgG 
[#7074] or anti-mouse IgG [#7076]; dilution 1:2000) were 
procured from Cell Signaling Technology (Danvers, MA, 
USA), while the OXPHOS cocktail (ab110411) was pur-
chased from Abcam (ab117600, Cambridge, UK). Immu-
noreactive proteins were detected using an ECL western 
blot analysis kit (RPN2235, GE Healthcare, Chicago, IL, 
USA), and results were analyzed using the ImageQuant™ 
LAS 4000 (GE Healthcare).

Measurement of mitochondrial superoxide localization 
and ROS generation
To quantify ROS and mitochondrial superoxide pro-
duction, cells were treated with PTS for 24  h, followed 
by treatment with 10 µM hydroethidine (HE, D1137 
Molecular Probes, Eugene, OR, USA) and MitoSOX Red 
(M36008, Molecular Probes) [20]. Fluorescence-stained 
cells (1 × 104) were analyzed using FACS. Additionally, 
to examine mitochondrial superoxide localization, cells 
on coverslips were exposed to 2.5 mM MitoSOX Red for 
10  min, followed by staining with 180 nM MitoTracker 
Green (M7514, Molecular Probes) for 20  min at 37  °C. 
Images were captured and processed using an EVOS FL 
Auto fluorescence microscope (Thermo Fisher Scientific).

Mitochondrial membrane potential (MMP) assay
MMP was assessed using FACS with the FACS Aria III 
system (BD Biosciences) and fluorescence microscopy 
(EVOS Auto) utilizing the JC-1 system (T3168, lipophilic 
cationic probe 5,5,6,6-tetrachloro-1,1,3,3-tetra ethyl-
benzimidazolcarbocyanine iodide; Molecular Probes) 
[20]. 

RNA sequencing, identification of differentially expressed 
genes (DEGs), and gene ontology (GO) analysis
RNA sequencing was conducted following established 
protocols [21]. Total RNA was extracted from the cells 
and subjected to next-generation sequencing (NGS) at 
DNA Link Incorporation (Seodaemun-Gu, Seoul, Korea). 
Sequence reads underwent processing using the Tux-
edo Suite (Baltimore, MD, USA), and aligned reads were 
assembled using Cufflinks software version 2.0.2 to pre-
dict transcript structures and compare transcriptome 
profiles based on the RNA-Seq data. Gene expression 
levels in the non-side population (NSP) were utilized as 

control data to determine the up- or downregulation of 
gene expression in the side population (SP) cells. Genes 
with a p-value < 0.05 and log2-transformed values <–1 or 
> 1 were considered statistically significant DEGs. Heat-
maps were generated based on the DEG data (N = 3).

Real-time quantitative PCR (qPCR) assay
Real-time PCR assays were conducted following estab-
lished procedures [21]. Target genes were quantified via 
one-step real-time PCR using StepOnePlus™ (Applied 
Biosystems, Foster City, CA, USA). PCR primers were 
procured from Qiagen (Hilden, Germany), and GAPDH 
mRNA levels were utilized for normalization.

Isolation of nuclear and cytoplasmic extracts
Nuclear and cytoplasmic protein fractionation was per-
formed following previously described methods [22]. 
Nuclear and cellular extracts were isolated from vehicle 
cells or cells treated with PTS for 24 h using the NE-PER 
Nuclear and Cytoplasmic Extraction Reagent Kit (78833, 
Thermo Fisher Scientific) in accordance with the manu-
facturer’s instructions.

Immunocytochemical analyses
Immunocytochemical assays were conducted follow-
ing established protocols [21]. SP cells were cultured 
on microscope coverslips (Thermo Fisher Scientific) 
and treated with PTS. After 24  h, the coverslips were 
washed with 1× PBS and fixed in 4% paraformalde-
hyde for 15 min. Subsequently, blocking was performed 
for 1  h using bovine serum albumin (in 5% PBST). The 
slides were then incubated with primary antibodies 
(NRF2, LC3B) (1:200; Cell Signaling Technology) for 
2 h, followed by PBS washes and incubation with Alexa 
488-labeled antibodies (1:250; Thermo Fisher Scientific) 
for 1 h. Hoechst 33,258 and rhodamine phalloidin (1:50; 
R415, Thermo Fisher Scientific) were applied for 15 min 
to counterstain nuclei and F-actin, respectively. After 
PBS washes, the slides were mounted with VECTA-
SHIELD (Vector Laboratories, Inc., Burlingame, CA, 
USA, H-1000) and examined using a confocal micro-
scope (LSM 710, Carl Zeiss, Germany) and fluorescence 
microscopy (EVOS FL auto, Thermo Fisher Scientific).

Transmission electron microscopy (TEM)
Cells were fixed in 2% glutaraldehyde following 24  h of 
PTS treatment [21]. Subsequently, all sections were 
observed using an electron microscope (JEM-1011 JEOL, 
Tokyo, Japan) at an acceleration voltage of 80  kV. The 
images obtained were analyzed utilizing the Megaview 
III Soft imaging system (Olympus Soft Imaging Solution 
GmbH, Münster, Germany).
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RNAi transfection
Transient siRNA transfection (Cell Signaling Technol-
ogy) was executed using Lipofectamine™ RNAi/MAX 
reagent (13778100, Thermo Fisher Scientific) [21]. 

Measurement of extracellular ROS and nitric oxide
Extracellular ROS production was measured by treat-
ing the cell supernatant with Amplex Red assay reagent 
(Invitrogen, Carlsbad, CA, USA) and incubating it at 
20–25 °C for 30 min. Nitric oxide production was deter-
mined by assessing stable nitrite levels using Griess 
reagent (Abcam), following the manufacturer’s protocol. 
Briefly, 50 µl of the supernatant was added to a 96-well 
plate, followed by the addition of 50 µl sulfanilamide and 
50 µl N-1-naphthylethylenediamine dihydrochloride. The 
concentrations of hydrogen peroxide and nitric oxide in 
the supernatant were then measured using a microplate 
reader (Epoch 2, BioTek Instruments Inc., Winooski, 
VT, USA) with excitation set at 540 nm. NO3

˗ level was 
determined using a Colorimetric Nitric Oxide Assay Kit 
(ab65328, Abcam) and detected using an EPOCH micro-
plate reader (BioTek).

Cell viability
Cell viability assays were conducted as previously out-
lined [21]. The optical density of each culture well was 
measured using an EPOCH microplate reader (BioTek) 
at 540  nm. Cells were seeded into 96-well cell culture 
plates at a density of 2 × 103 cells/well. Following 24 h, the 
cells were treated with PTS and assessed thereafter. Cell 
viability was expressed as ratios relative to the viability of 
untreated cells.

GFP-LC3 transfection
An assay using the pEGFP-LC3 plasmid was performed 
to assess autophagy as previously reported [23]. pEGFP-
LC3 was a gift from Tamotsu Yoshimori (Addgene plas-
mid #21073) [24]. Transfection with the pEGFP-LC3 was 
carried out using Lipofectamin 2000 reagent (Thermo 
Fisher Scientific, MA, USA) and fluorescence micro-
scopic images were captured at 7 and 24 h after the addi-
tion of PTS.

Statistical analysis
All statistical analyses were conducted using SPSS soft-
ware ver29.0 (SPSS, Chicago, IL, USA). Data were pre-
sented as the mean ± standard deviation. Statistically 
significant differences between groups in each assay were 
determined using the Mann–Whitney U test, one-way 
analysis of variance, Tukey’s test, and the least significant 
difference post hoc test. Differences were considered sta-
tistically significant at p < 0.05.

Results
Selective apoptotic effect of PTS on cancer cells
PTS demonstrates a selective induction of apoptosis 
in various tumor cells while sparing normal cells [18]. 
Notably, PTS significantly decreased cell viability in the 
two cancer cell lines (HT1080 and FaDu) but exhibited 
no impact on the two normal cell lines (NF and HaCaT) 
(Fig.  1a and b). Moreover, a distinct reduction in the 
viability of lung and thyroid cancer cells was evident fol-
lowing PTS treatment (Fig. S2a). Longitudinal assess-
ment of cell viability further revealed a time-dependent 
decline solely in the cancer cells used. Conversely, nitro-
gen-based gas plasma treatment showed no effect on cell 
viability (Fig. S3).

PTS treatment markedly elevated the population of 
Annexin V/PI double-positive cancer cells exclusively, 
corroborating the cancer cell-specific apoptotic response 
(Fig.  1c, Fig. S2b). Additionally, examination of cellu-
lar morphology unveiled typical apoptotic features in 
the cancer cells used subsequent to PTS treatment (Fig. 
S4). Western blot analysis further unveiled heightened 
expression of apoptosis-related markers, including poly 
(ADP-ribose) polymerases (PARP) and cleaved caspase 
3, alongside key signaling molecules implicated in cell 
death (p-ERK, p-JNK, and p-p38), solely in PTS-treated 
cancer cells (Fig.  1d). Furthermore, exclusive TUNEL-
positive staining was observed in PTS-treated cancer 
cells (Fig. 1e).

PTS-induced mitochondrial damage selectively triggers 
cancer cell death by regulating ROS levels and MMP
Our prior investigations have demonstrated that NTAPP 
induces apoptosis in cancer cells through the accumula-
tion of intracellular ROS originating from the mitochon-
dria, resulting in the disruption of the MMP [18]. Upon 
PTS treatment, two cancer cell lines exhibited significant 
increases in ROS levels (Fig.  2a, Fig. S2c). Microscopic 
examination revealed co-localization of the MitoSOX-
stained area (indicative of ROS, red) and Mitotracker-
stained spots (representing mitochondria, green) within 
these cell lines. Additionally, flow cytometry analysis 
(FACS) demonstrated heightened mitochondrial super-
oxide levels subsequent to PTS treatment (Fig. 2b). Fur-
thermore, PTS treatment led to a selective increase in 
MMP (ΔΨm, indicated by green fluorescence) solely 
within the two cancer cell lines, signifying mitochon-
drial damage and MMP loss as evidenced by JC-1 stain-
ing (Fig. 2c). Notably, PTS treatment downregulated the 
expression of various mitochondrial proteins, particu-
larly impacting mitochondrial metabolic proteins such as 
pyruvate dehydrogenase and OXPHOS I (Fig. 2d). These 
findings collectively suggest that PTS-induced apoptosis 
in cancer cells is facilitated by ROS accumulation result-
ing from mitochondrial dysfunction.
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Fig. 1 Induction of selective apoptosis in cancer cells following plasma-treated solution (PTS) treatment. Human normal fibroblasts (NF), human fibrosar-
coma (HT1080), human keratinocytes (HaCaT), and hypopharyngeal cell carcinoma (FaDu) cells were analyzed 24 h after PTS treatment (sec/ml). (a) Cell 
viability assay. (b) Dead/live cell viability and cytotoxicity assays. Cells were visualized using fluorescence imaging. Scale bar: 1050 μm. (c) Apoptosis analy-
sis results obtained using fluorescence-activated cell sorting (FACS) and Annexin-VI staining. (d) Western blot analysis results obtained using antibodies 
against PARP, cleaved caspase-3, p-ERK, p-JNK, and p-p38. (e) Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Fluorescence 
images of apoptotic cells were obtained using a fluorescence microscope. Scale bar: 50, 150 μm. NS: not significant; *p < 0.05; ***p < 0.001
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Fig. 2 Plasma treated solution (PTS)-induced apoptosis in cancer cells via the upregulation of mitochondrial reactive oxygen species (ROS) and mito-
chondrial dysfunction. NF, HT1080, HaCaT, and FaDu cells were treated with PTS for 24 h, followed by the addition of 10 µM hydroethidine and MitoSOX 
Red. (a) Fluorescence-stained cells were analyzed using fluorescence-activated cell sorting (FACS) to evaluate intracellular ROS levels. (b) Cells were 
exposed to MitoTracker Green for 20 min to localize mitochondrial superoxide radicals (red: Mito-SOX stained area, ROS; green: Mitotracker-stained area, 
mitochondria). Scale bar: 75 μm. (c) Mitochondrial membrane potential was evaluated via JC-1 staining. Scale bar: 200 μm. (d) Western blot analysis results 
showing decreased expression of pyruvate dehydrogenase and OXPHOS, particularly OXPHOS complex I. NS: not significant; ***p < 0.001
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Inactivation of mitochondria-derived ROS and cancer cell 
apoptosis by ROS scavenger
To ascertain whether apoptotic cell death signaling was 
initiated by ROS, we conducted loss-of-function tests 
using NAC, a well-established ROS scavenger. Dead/live 
cell assays conducted with NAC demonstrated significant 
inhibition of PTS-induced cancer cell death (Fig. 3a), fur-
ther validated by Annexin V-PI analysis (Fig.  3b). NAC 
effectively prevented the substantial increase in ROS pro-
duction induced by PTS (Fig. 3c). Similarly, the impact of 
NAC was evident through the reduction in co-localized 
areas of MitoSOX and MitoTracker. FACS data supported 
these findings, showing NAC’s ability to attenuate PTS-
induced mitochondrial superoxide production (Fig.  3d). 
Furthermore, NAC treatment reversed PTS-induced 
changes in MMP in the cancer cells used (Fig. 3e). How-
ever, no significant alterations in ROS generation were 
observed in the normal cells used following PTS or NAC 
treatment. The overall increase in the expression lev-
els of cytosolic PARP and cleaved caspase-3 induced by 
PTS treatment was notably reduced with co-treatment of 
NAC and PTS (Fig. 3f ).

PTS-induced selective cancer cell death accompanied 
by upregulation of NRF2-mediated defense response in 
normal cells
Cancer cells exhibit heightened vulnerability to PTS-
induced oxidative stress due to their inherently elevated 
ROS levels, resulting in an imbalanced redox status [25, 
26]. Conversely, normal cells can regulate excessive intra-
cellular ROS levels by upregulating antioxidant enzyme 
transcription. Therefore, to elucidate the genetic mecha-
nisms contributing to the disparate responses of nor-
mal and cancer cells to PTS treatment, RNA sequencing 
was conducted. The expression levels of 969 genes were 
altered in PTS-treated cells more than two-fold com-
pared to control cells (Fig. 4a). Furthermore, GO analysis 
of these 969 genes revealed their involvement in oxida-
tive response and mitochondrial metabolism (Fig.  4b). 
A heat map in Fig.  4c illustrates nine genes associated 
with antioxidant enzymes and mitochondria-related 
genes in PTS-treated cells, consistent with the known 
regulation of ROS via inducible antioxidant programs, 
primarily through NRF2-Keap1 signaling [27]. qPCR 
analysis further confirmed significantly higher expres-
sion levels of NRF2 genes in PTS-treated groups com-
pared to control groups (Fig. 4d). No significant change 
in NRF2 expression was observed in the cancer cells 
used; however, mitochondria-related genes were nota-
bly downregulated in these cells (Fig.  4a-d). Western 
blot analysis also validated increased expression of NRF2 
and SOD1 in the normal cells used. Consistent with pre-
vious reports, a higher level of NRF2 was observed in 
non-treated HT1080 cells compared to NF cells (Fig. 4e) 

[28]. The nuclear translocation of NRF2 is closely asso-
ciated with its transcriptional activity [29]. PTS-treated 
NF cells exhibited increased NRF2 protein levels in the 
nuclear fraction, whereas nuclear NRF2 expression was 
undetectable in HT1080 cells (Fig. 4f ). Furthermore, con-
focal microscopy revealed notable NRF2 nuclear trans-
location in PTS-treated NF cells, while HT1080 cells 
showed no nuclear NRF2 localization (Fig.  4g). These 
findings suggest that PTS treatment not only upregulates 
the transcriptional level of NRF2 in normal cells but also 
enhances its nuclear localization, resulting in increased 
expression of antioxidant proteins.

NRF2 modulates ROS-dependent mitochondrial metabolic 
responses
Cell survival significantly decreased in both the NRF2 
siRNA- and PTS-treated groups compared to the con-
trol siRNA group, exhibiting a consistent trend across 
the normal and cancer cells used (Fig. 5a). Furthermore, 
Annexin V-PI staining unveiled that NRF2 knockdown 
heightened sensitivity to PTS-induced apoptosis, with 
cancer cells particularly affected (Fig.  5b). Western blot 
analysis consistently demonstrated elevated PARP pro-
tein levels following PTS treatment in cells treated with 
NRF2 siRNA (Fig. 5c). Moreover, NRF2 knockdown led to 
a significant reduction in PTS-induced antioxidant pro-
tein (HO-1) expression in both cell lines (Fig. 5d). Levels 
of NRF2 in the cytoplasm and nuclei notably decreased 
in cells exhibiting downregulated NRF2 expression, with 
a significant suppression observed in nuclear protein lev-
els across both cell types (Fig.  5e). Recent findings pro-
pose that mitochondrial ROS activates NRF2 [30]. NRF2 
downregulation markedly increased PTS-induced mito-
chondrial superoxide generation in both cell lines, with 
cancer cells showing a particularly heightened response 
(Fig.  5f ). Additionally, NRF2 downregulation signifi-
cantly decreased levels of OXPHOS complex I (pyruvate 
and malate) post-PTS treatment, as observed via west-
ern blotting (Fig.  5g). Furthermore, NRF2 downregula-
tion substantially augmented sensitivity to PTS-induced 
MMP reduction (Fig.  5h). These findings suggest a piv-
otal role for NRF2 in regulating PTS-induced mitochon-
drial redox processes.

Autophagy regulates redox homeostasis via STSQM1/
KEAP1 interaction
The findings from our prior investigation demonstrated 
that PTS induces ROS-related apoptosis in cancer cells 
[18]. Nonetheless, the mechanisms underlying apoptosis 
inhibition and redox maintenance in normal cells remain 
unclear. Recent literature has emphasized the role of 
STSQM1 (p62) in modulating NRF2 and redox homeo-
stasis through direct interaction with Keap1 under ROS-
induced stress. Therefore, we explored the relevance of 
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Fig. 3 Effect of a reactive oxygen species (ROS) scavenger on plasma treated solution (PTS)-induced mitochondria-derived ROS and apoptotic cell death 
in cancer cells. NF and HT1080 cells were treated with 10 mM N-acetylcysteine (NAC) for 1 h before PTS treatment. (a) Dead/live cell assays. Scale bar: 
1050 μm. (b) Apoptotic cell death was measured using fluorescence-activated cell sorting and Annexin-VI staining. (c) Intracellular ROS generation was 
quantified using dihydroethidium staining. (d) Mitochondrial superoxide levels were measured using MitoSOX and MitoTracker kits. Scale bar: 75 μm. (e) 
Mitochondrial membrane potential was measured via JC-1 staining. Scale bar: 200 μm. (f) Western blot analysis results obtained using antibodies against 
PARP and cleaved caspase-3. NS: not significant; ***p < 0.001
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Fig. 4 (See legend on next page.)
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PTS-induced NRF2 activation and autophagy in normal 
cells. We conducted an analysis of autophagy signal-
ing at 7- and 24-hours following PTS treatment. The 
expression of ATG5 and ATG3 was increased at 7-hours 
post-PTS treatment. Also, PTS upregulated the expres-
sion of autophagy-specific markers, LC3B and p62. 
The LC3II/LC3I ratio indicates that autophagic flux is 
more strongly induced in NF cells than in HT 1080 cells 
(Fig.  6a, Fig. S5). It was confirmed that PTS activated 
autophagy through GFP-LC3 transfection in the normal 
cell used (Fig. 6b). This discovery was further supported 
by a notable increase in green puncta (LC3B) observed 
in PTS-treated normal and cancer cells (Fig.  6c). TEM 
analysis additionally confirmed PTS-induced autopha-
gosome formation, particularly in NF cells (Fig.  6d). 
Figure 6e illustrates a significant augmentation in Keap1-
p62 co-localization following PTS treatment, endorsing 
the notion of Keap1 degradation via autophagy. Knock-
down of NRF2 in NF cells led to decreased levels of LC3B 
and p62 proteins compared to observations in control 
siRNA-treated NF cells. Conversely, in HT1080 cells, 
NRF2 knockdown did not decrease LC3B levels (Fig. 6f ). 
Additionally using the autophagy inhibitor chloroquine, 
the association of autophagy with PTS treatment was 
confirmed (Fig. S6). These data reveal that autophagy is 
related to ROS homeostasis in NF cells.

Discussion
Fibrosarcoma, a rare and notably aggressive subtype 
within the spectrum of soft-tissue sarcomas, poses 
diagnostic challenges due to its nonspecific symp-
toms, often leading to diagnosis at an advanced stage 
[31]. The primary treatment for fibrosarcomas typically 
involves extensive surgical excision, with radiotherapy 
and chemotherapy commonly employed as neoadju-
vant or adjuvant therapies [32]. However, the prognosis 
for fibrosarcomas remains bleak, primarily due to their 
low sensitivity and high recurrence rate, which limit the 
efficacy of traditional radiotherapy and chemotherapy 
treatments [33]. Thus, exploring alternative treatment 
strategies such as NTAPP becomes imperative. Our find-
ings demonstrate that PTS treatment induced apoptosis 
in fibrosarcoma and head and neck cancer cells by elevat-
ing intracellular ROS levels and inducing mitochondrial 
dysfunction, while exhibiting no significant difference in 

apoptosis rates between PTS-treated and non-treated 
normal cells.

PTS treatment facilitated the generation of various 
radicals from three carrier gases; however, these radicals 
influenced cells through distinct mechanisms (Fig. S1d–
f). Measurement of angular and radial radical generation 
revealed that helium/oxygen-based plasma produced 
substantially more hydrogen peroxide compared to nitro-
gen or argon/nitrogen-based plasma. This observation 
suggests that ROS derived from helium/oxygen-based 
plasma can impact cellular redox metabolism. Notably, 
treatment with NAC significantly restored cellular viabil-
ity and suppressed apoptosis in cancer cells, providing 
compelling evidence for the close association between 
increased intracellular ROS levels and PTS-induced 
apoptosis.

Additionally, our study underscores the pivotal role of 
NRF2 in cellular responses to PTS-induced ROS stress. 
Under normal conditions, NRF2 is sequestered in the 
cytosol by Keap1 and targeted for proteasomal degrada-
tion. However, during oxidative stress, it is released from 
Keap1, translocates into the nucleus, and functions as a 
transcription factor to activate genes involved in anti-
oxidant responses [34]. Previous studies have reported 
plasma-induced effects on NRF2 signaling in various 
cancer cells, including melanoma and non-small-cell lung 
cancer [10, 35]. Our results demonstrate increased NRF2 
expression at both mRNA and protein levels in plasma-
treated NF and HaCaT cells, coupled with heightened 
NRF2 translocation into the nucleus following PTS treat-
ment. This observation suggests that the upregulation of 
antioxidant activity mediated by NRF2 plays a vital role 
in safeguarding normal cells against PTS-induced ROS 
stress.

p62 serves as a mediator in the crosstalk between 
autophagy and the Keap1-NRF2 pathway [36]. In this 
canonical pathway, oligomerized p62 undergoes phos-
phorylation, enhancing its binding affinity to polyu-
biquitinated cargo and Keap1. This process results in 
the release of NRF2 from Keap1, enabling its activation 
of several target genes, including p62, thus forming a 
feedback loop in the p62-Keap1-NRF2 axis. Ultimately, 
the polyubiquitinated cargo complex of p62 and Keap1 
is degraded via autophagy [37, 38]. Our study reveals 
increased autophagy in PTS-treated normal cells, indi-
cating that PTS activates the p62-Keap1-NRF2 pathway, 

(See figure on previous page.)
Fig. 4 Upregulated NRF2-mediated defense response in plasma treated solution (PTS)-treated normal cells. RNA sequencing was conducted to discern 
the differential gene expression patterns between PTS-treated and untreated NF and HT1080 cells. (a) Scatter plot illustrating global gene expression in 
PTS-treated NF and HT1080 cells compared to control cells, with genes represented by dots (red indicating upregulated genes, blue indicating down-
regulated genes). (b) Gene Ontology analysis of 969 regulated genes following PTS treatment. (c) Heatmap displaying RNA-Seq expression data depicting 
differentially regulated genes post-PTS treatment. (d) qPCR analysis revealing the expression of NRF2 genes. (e) Western blot analysis results employing 
antibodies against Keap1, NRF2, HO-1, and SOD1. (f) Western blot analysis of subcellular fractionated nuclear and cytosolic lysates. (g) NRF2 immunostain-
ing images of NF and HT1080 cells (blue: 4′,6-diamidino-2-phenylindole (DAPI); green: NRF2). The right panels depict merged images of NRF2 and DAPI, 
along with quantification of relative fluorescence intensity (nucleus/cytoplasm). Scale bar: 10 μm. NS: not significant; ***p < 0.001
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Fig. 5 Role of NRF2 in modulating reactive oxygen species (ROS)-dependent mitochondrial metabolic responses. NF and HT1080 cells were transfected 
with either siRNA targeting NRF2 or control siRNA and subsequently treated with PTS for 24 h. (a) Dead/live cell assay. Scale bar: 1050 μm. (b) Annexin 
V-propidium iodide staining. (c) Western blot analysis employing antibodies against PARP. (d) Western blot analysis utilizing antibodies against NRF2, 
Keap1, HO-1, and SOD1. (e) NRF2 localization in the cytoplasm and nucleus as determined by western blot analysis. (f) Measurement of mitochondrial 
superoxide levels. (g) OXPHOS complex levels determined by western blot analysis. (h) Measurement of mitochondrial membrane potential using JC-1 
staining. Scale bar: 200 μm. *p < 0.05; ***p < 0.001
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Fig. 6 (See legend on next page.)
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and highly activated autophagy plays a protective role 
against oxidative stress in normal cells. However, con-
trary to the general understanding that p62 decreases 
during autophagy, our experiment showed an increase in 
p62. This could be interpreted as being related to NRF2 
signaling. Overexpression of NRF2 induced by plasma 
may contribute to the accumulation of p62, one of target 
genes of NRF2.

While previous studies have reported the apoptotic 
effect of NTAPP on cancer cells, our study significantly 
advances the field of cancer therapy by uncovering 
underlying mechanisms associated with this effect. This 
study marks the first comparison of the distinct effects of 
plasma on fibrosarcoma and normal cells. We have con-
firmed that PTS promotes selective cell death in fibro-
sarcoma by downregulating the NRF2-induced ROS 
scavenger system, while PTS-treated normal cells exhibit 
survival through redox adaptation and activation of the 
ROS scavenger system. Furthermore, our findings indi-
cate that PTS induces autophagy in normal cells to coun-
teract oxidative stress. Although additional experiments 
are required to determine the optimal frequency and dos-
age of PTS administration, this study suggests the poten-
tial clinical application of PTS as a cancer treatment.
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