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Abstract

Background: Several types of regulated cell deaths are known, in-
cluding apoptosis, necroptosis, autophagy, ferroptosis, and pyropto-
sis. Among these types of cell deaths, apoptosis is induced by many 
cancer therapeutic agents. In the case of resistance, however, induc-
tion of other regulated cell death, such as necroptosis, are required. 
Liquid plasma, which is prepared by treatment of non-thermal plasma 
to solution, induces various types of regulated cell death via reactive 
oxygen and nitrogen species.

Methods: Liquid plasma was generated by N2/Ar plasma treatment 
in culture medium (minimum essential medium (MEM), Dulbecco’s 
modified Eagle medium (DMEM), or Roswell Park Memorial Insti-
tute (RPMI)-1640) for 120 s per milliliter of medium (2 cm). Cell 
viability was determined using Cell Counting Kit-8 (CCK8), and 
apoptosis was determined by terminal deoxynucleotidyl transferase 
deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL) assay. 
Tumor necrosis factor alpha (TNF-α), cycloheximide (CHX), and 
zVAD-fmk were used to induce necroptosis in head and neck squa-
mous cell carcinoma (HNSCC) cells, and necroptosis inhibitors, such 
as necrostatin-1 (Nec-1, 50 µM), GSK872 (10 µM), and necrosulfon-
amide (NSA, 2 µM) were used to inhibit necroptosis. Statistical com-
parisons between groups were carried out using the Student’s t-test.

Results: Here, we determined the type of cell death induced by liquid 
plasma in head and neck cancer (HNC) cells. Our results show that 
liquid plasma caused necroptosis in HNC cells, and peroxynitrite in 
the liquid plasma might be involved in the cell death. The expression 
of inflammation-related molecules, including nuclear factor kappa 
B (NF-κB), interleukin (IL)-6, and mitochondrial antiviral signaling 

proteins, were detected in HNC cells, and treatment of HNC cells 
with liquid plasma decreased their expression.

Conclusions: These results suggest that liquid plasma could be used 
to treat HNC by inducing necroptosis without inflammatory respons-
es. In this study, we demonstrated that liquid plasma treatment may 
kill HNC cells without causing necroptosis-induced inflammation 
and inflammation-mediated diseases.

Keywords: Liquid plasma; Necroptosis; Head and neck cancer; In-
flammation; Treatment

Introduction

Since Lockshin et al mentioned programmed cell death in 
1964 [1], various types of programmed cell death have been 
discovered, including apoptosis and necroptosis [2]. Unlike 
apoptosis, caspase-dependent cell death, necroptosis, also 
called programmed necrosis, induces inflammatory immuno-
genic cell death through receptor-interacting protein kinase 
1 (RIP1)-RIP3-mixed lineage kinase domain-like protein 
(MLKL) instead of caspases [3]. Briefly, necroptosis in cancer 
cells requires RIP3, and its kinase activity is required to form 
a stable necrosome complex that induces necroptosis [4, 5]. 
Upon activation by tumor necrosis factor alpha (TNF-α), RIP1 
binds to and activates RIP3, which in turn activates MLKL 
via phosphorylation, leading to the formation of a necrosome 
complex. Necroptosis involves translocation of MLKL to the 
plasma membrane [6]. This molecular mechanism of necrop-
tosis has recently been considered a promising strategy for 
cancer treatment. Some cancer chemotherapy drugs cause 
apoptosis [7]; however, if mutations in proteins involved in 
the apoptotic pathway or increased expression of antiapoptotic 
proteins occur, the chemotherapy will fail. Previous studies 
have shown increased production of Bcl-2, Bcl-xL, or FLIP, 
which are anti-apoptotic proteins, or mutations in p53, Bax, 
Fas, or caspases in cancer cells [8, 9]. Therefore, other chemo-
therapeutic drugs that cause different forms of cell death may 
need to be developed. Indeed, in several carcinomas, includ-
ing breast, leukemia, ovarian, and colorectal cancers, resistant 
cancer cells can be killed through necroptosis during apoptotic 
therapy [9-12].

Necroptosis is a programmed form of cell death that is cas-
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pase-independent and morphologically similar to necrosis. Ne-
crosis may occur in cells where apoptosis cannot be induced. 
Therefore, necroptosis could act as an alternative method of 
programmed cell death to overcome resistance to apoptosis. 
Unlike apoptosis, necroptosis induces inflammatory responses 
by releasing damage-associated molecular pattern proteins. 
Therefore, necroptosis is involved in many inflammatory dis-
eases, such as Crohn’s disease and pancreatitis [13, 14], and in-
hibition of necroptosis-induced inflammatory responses might 
be critical in preventing or treating these diseases. Therefore, 
the induction of necroptosis without inflammatory responses 
may be a promising strategy to treat cancer.

Plasma is the fourth state of matter along with solid, liquid, 
and gas, and it is created by applying energy to gas. Reactive 
oxygen and nitrogen species (RONS), radiation, and electronic 
fields generated by non-thermal atmospheric plasma are useful 
in medical fields for various applications, such as disinfection, 
dental care, skin disease, chronic wounds, cosmetics, tissue 
regeneration, and cancer therapy [13]. RONS not only stimu-
late cell proliferation but also induce cell death if intracellular 
RONS levels reach a toxic threshold. Because the intracellu-
lar levels of RONS in cancer cells are already high, induction 
of RONS would not affect normal cells but would kill cancer 
cells [14]. This selectivity of non-thermal plasma (NTP) has 
attracted interest, and its anticancer effect has been reported 
in several carcinomas, including brain, skin, breast, head and 
neck, blood, ovary, gastrointestinal, bone, and lung [15-25].

NTP treatment has been shown to induce multiple regu-
lated cell death (RCD) pathways [26], including apoptosis [25, 
27, 28] autophagic cell death [29], pyroptosis [30], ferroptosis 
[31], and necroptosis [32], depending on the cancer cell type 
and molecular context, and the gas composition used for plasma 
generation [33]. Notably, apoptosis and pyroptosis share cas-
pase-3 activation as a common feature; however, the transition 
to pyroptosis occurs when cancer cells overexpress gasdermin E 
(GSDME), which forms membrane pores to induce pyroptotic 
cell death [30]. Caspase-8 serves as a key regulator of apopto-
sis and necroptosis, activated through death receptor signaling 
to trigger apoptosis by cleaving downstream effectors like cas-
pase-3 [34]. However, FLICE-like inhibitory protein (cFLIP), 
often overexpressed in cancer cells, inhibits procaspase-8 acti-
vation by forming a heterodimer, which interacts with RIPK1 
and RIPK3 to drive necrosome assembly and necroptosis [35]. 
Similarly, ferroptosis is more likely in cancer cells with high lev-
els of polyunsaturated fatty acids and low expression of the cys-
tine transporter solute carrier family 7 member 11 (SLC7A11 
also called xCT) [31], while necroptosis is associated with the 
p-MLKL activation and elevated MLKL expression levels [36]. 
These observations underscore that NTP-induced cancer cell 
death is influenced not only by plasma conditions but also by 
the molecular profile of the target cancer cells.

In this study, we investigated whether liquid plasma (LP), 
which is generated by treatment of NTP in solution, could trig-
ger necroptosis in head and neck cancer (HNC) cells. Our re-
sults demonstrate that LP treatment induced necroptosis. In ad-
dition, it was discovered that LP-induced necroptosis does not 
promote inflammation through degradation of mitochondrial 
antiviral signaling (MAVS) protein and inhibition of nuclear 
factor kappa B (NF-κB) activation. These results suggest that 

LP treatment could be a new option for HNC therapy without 
inflammation, which is involved in many inflammatory dis-
eases, such as Crohn’s disease, pancreatitis, and neurodegen-
erative disorders.

Materials and Methods

Cells culture and reagents

HNC cell lines, including FaDu cells (human hypopharyngeal 
cancer, American Type Culture Collection (ATCC), HTB-43) 
and SNU1041 cells (human hypopharyngeal cancer, Korean 
Cell Line Bank (KCLB), 01041.1), were obtained from their 
respective sources. Human dermal fibroblasts (HDFa, PCS-
201-012) were purchased from the ATCC (Manassas, VA, 
USA). MSKQLL1 cells (human oral cavity cancer) [37] and 
SCCQLL1 cells (a squamous cell carcinoma cell line origi-
nating from metastatic lymph nodes in oral cancer) [38] were 
generously provided by Prof. Se-Heon Kim (Yonsei Univer-
sity, Korea). 293T cells (ATCC, CRL-3216) were supplied by 
Prof. Hyeseong Cho (Ajou University, Korea). HN3 cells (hu-
man laryngeal cancer) and HN6 cells (human floor-of-mouth 
cancer) [39] were obtained from Prof. Sang Yoon Kim (Asan 
Medical Center, Korea).

FaDu, HN3, HN6, and SCCQLL1 cells were cultured in 
minimum essential medium (MEM) (Welgene, Daegu, Korea) 
supplemented with 10% fetal bovine serum (Gibco, Carlsbad, 
CA, USA), 1% antibiotic-antimycotic containing penicillin, 
streptomycin, and amphotericin B (Gibco, 15240062), and 1% 
sodium pyruvate (Gibco, 11360-070). SNU1041 cells were 
cultured in Roswell Park Memorial Institute (RPMI)-1640 
(Welgene, Daegu, Korea) supplemented with 10% fetal bovine 
serum (Gibco, Carlsbad, CA, USA), and 1% antibiotic-anti-
mycotic (Gibco, 15240062). MSKQLL1 cells were cultured in 
Dulbecco’s modified Eagle medium (DMEM)/F12 (Welgene, 
Daegu, Korea) supplemented with 10% fetal bovine serum 
(Gibco, Carlsbad, CA, USA) and 1% antibiotic-antimycotic 
(Gibco, 15240062). 293T cells and fibroblasts were cultured 
in DMEM (Welgene, Daegu, Korea) supplemented with 10% 
fetal bovine serum (Gibco, Carlsbad, CA, USA), 1% antibiot-
ic-antimycotic (Gibco, 15240062). Cells were incubated at 37 
°C in 5% CO2 under humidified conditions.

Recombinant human TNF-α was purchased from Pepro-
Tech (Rockville, MD, USA). The pan-caspase inhibitor zVAD-
fmk, RIP1 inhibitor necrostatin-1 (Nec-1), RIP3 inhibitor 
(GSK872), and MLKL inhibitor (NSA) were purchased from 
Selleckchem (Houston, TX, USA). N-acetylcysteine (NAC, 
A9165), manganese (III) tetrakis (4-benzoic acid) porphyrin 
chloride (MnTBAP, 475870), sodium nitrate (7631-99-4), and 
sodium nitrite (7632-00-0) were purchased from Sigma-Al-
drich. Cycloheximide (CHX, 2112) was purchased from Cell 
Signaling Technology (USA). Antibodies against RIP1 (Cell 
Signaling Technology, #3493), p-RIP1 Ser161 (Thermo Fisher 
Scientific, PA5-105640), RIP3 (Cell Signaling Technology, 
13526), p-RIP3 Ser227 (Cell Signaling Technology 93654), 
MLKL (Cell Signaling Technology, 91689), cleaved caspase 
3 (Cell Signaling Technology, 9661), cleaved caspase 8 (Cell 
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Signaling Technology, 9496), cleaved caspase 9 (Cell Signal-
ing Technology, 9505), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (Cell Signaling Technology, 2118), MAVS 
(Cell Signaling Technology, 3993), NF-κB (Cell Signaling 
Technology, 8242), and p-NF-κB Ser536 (Cell Signaling Tech-
nology, 3033) were purchased from Cell Signaling Technology 
(USA). Anti-phospho-MLKL Ser358 (Abcam, ab187091) was 
purchased from Abcam (Cambridge, UK).

N2/Ar plasma characteristics and preparation of LP

In this study, as reported in previous experiments [40], a spray-
type NTP system was developed and manufactured by adding 
Ar to N2 plasma using an N2/Ar plasma machine. The N2 gas 
of the machine was maintained at a flow rate of 200 standard 
cubic centimeters per minute (sccm), and the Ar gas was main-
tained at a flow rate of 1,500 sccm. We treated N2/Ar plasma 
in culture medium (MEM, DMEM, or RPMI-1640) accord-
ing to the manufacturer’s protocol for 120 s per milliliter of 
medium (2 cm). After the culture medium was removed, cells 
were treated with 100 µL for 96-well plates, 1 mL for 12-well 
plates, and 3 mL for 60-mm dishes.

Cell counting

Cells were treated with LP for 0, 24, and 36 h and subsequently 
counted. Each cell line was washed with phosphate-buffered 
saline (PBS), detached using 0.25% trypsin- ethylenediamine-
tetraacetic acid (EDTA) (Gibco, 25200-056), and centrifuged 
at 1,300 rpm for 3 min. Trypsin solution was removed, and the 
cells were resuspended in 1 mL of PBS. Cell suspension (10 
µL) was mixed 1:1 with 0.4% trypan blue (Gibco, 15250-061) 
and counted using a hemocytometer.

Cell viability assay

HNC cells were seeded in 96-well plates at a density of 5 × 
103 cells/well and incubated for 12 h. Following incubation, 
the culture medium was replaced with plasma-treated medium, 
and the cells were further incubated for 16 - 24 h. Cell viability 
was measured by using the Cell Counting Kit (CCK-8; Do-
jindo, Tokyo, Japan) according to the manufacturer’s instruc-
tions. The CCK-8 solution (10 µL per well) was added, and 
the plate was incubated for 1 h. We measured cell viability at 
450 nm, as specified in the CCK-8 assay protocol, with 600 
nm as the reference wavelength to reduce background noise, 
using an Epoch Microplate Spectrophotometer (BioTek Instru-
ments, Winooski, VT, USA). Each experiment was repeated in 
triplicate.

To assess the selective effect of LP on cancer cells com-
pared to normal cells, FaDu, HN3, and SNU1041 (HNC cell 
lines) as well as fibroblasts and HaCaT cells were exposed to 
LP for 16 - 24 h, and their viability was evaluated using the 
CCK-8 assay.

To determine the role of necroptosis inhibitors, FaDu cells 

were pretreated with Nec-1 (50 µM), GSK872 (10 µM), or 
NSA (2 µM) for 1 h prior to LP treatment. After incubation for 
16 - 24 h, cell viability was measured.

To investigate the role of peroxynitrite in LP-induced 
necroptosis, FaDu cells were pretreated with the peroxynitrite 
scavenger MnTBAP or NAC for 1 h before exposure to LP. 
Cell viability was assessed 16 - 24 h post-treatment.

Three-dimensional (3D) spheroid culture

HNC cells were added to a round 96-well plate with 1 × 104 
cells/well. Following centrifugation at 3,000 rpm for 15 min at 
37 °C, the cells were incubated for 7 days at 37 °C and 5% CO2 
under humidified conditions.

Terminal deoxynucleotidyl transferase deoxyuridine 
triphosphate (dUTP) nick end labeling (TUNEL) assay

To determine cell apoptosis, the TUNEL Assay Kit (In Situ Cell 
Death Detection Kit, POD) (Sigma-Aldrich, 11684817910) 
based on TUNEL assay was used according to the manufac-
turer’s protocol. Nuclear staining was carried out using Hoe-
chst (Thermo Fisher 33342) diluted at a 1:10,000 ratio. After 
incubating the cells for 10 min, the staining solution was re-
moved, and the cells were washed three times with PBS. The 
stained cells were then observed under a fluorescence micro-
scope (EVOS FL Auto, Thermo Fisher Scientific, Waltham, 
MA, USA).

Western blotting analysis

HNC cells were lysed in radioimmunoprecipitation assay 
(RIPA) buffer (Invitrogen, IBS-BR002) containing 50 mM 
Tris-HCl, pH7.5, 150 mM sodium chloride, 0.5% sodium 
deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sul-
fate (SDS), 2 mM EDTA, a protease inhibitor cocktail, and 
PhoSTOP (Roche Molecular Biochemicals, Bas). Protein 
lysate (20 µg) was separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE, 10% gel) and 
transferred to polyvinylidene difluoride (PVDF) membranes. 
After transfer, each membrane was blocked with 5% skim milk 
for 2 h at room temperature and washed three times with 0.1% 
TBST (Tris-buffered saline containing Tween-20). Following 
the washes, cells were incubated overnight with the primary 
antibody (1:1,000) at 4 °C and washed three times with 0.1% 
TBST. The membranes were incubated with a secondary an-
tibody (1:5,000) for 2 h at room temperature. Protein bands 
were visualized using ECL reagents (GE Healthcare Life Sci-
ences, RPN2235) and detected using an ImageQuantTM LAS 
4000 (Fuji Film, Tokyo, Japan).

Induction and inhibition of necroptosis

Necroptosis in HNC cells was induced using TCZ (TNF-α + 
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cycloheximide + zVAD-fmk) [41], a combination of TNF-α 
(30 µg/mL), CHX (300 µM), and zVAD-fmk (10 µM), while 
necroptosis was inhibited using Nec-1 (50 µM), GSK872 (10 
µM), or NSA (2 µM). Cells were pretreated with necroptosis 
inhibitors for 1 h, followed by treatment with either LP or TCZ. 
To identify the molecules involved in LP-induced necroptosis, 
cells were treated with NAC, MnTBAP, or a reactive nitrogen 
species (RNS) scavenger along with LP.

Immunocytochemistry microscopy

HNC cells were cultured on coverslips to 80% confluence and 
treated with LP for 12 h. After treatment, cells were washed 
with PBS and fixed with 4% paraformaldehyde for 15 min. 
Blocking was performed with 10% bovine serum albumin 
(BSA) containing 0.1% Triton X-100 (Sigma-Aldrich, 93443) 
for 1 h. Cells were then incubated overnight at 4 °C with a 
primary antibody solution. After washing with PBS, a second-
ary antibody (Alexa Fluor 488-conjugated goat anti-rabbit, 
A11034) was applied and incubated at room temperature for 
1 h. Finally, the nuclei were stained with Hoechst (diluted 
1:1,000) for 10 min, washed three times with PBS, and visual-
ized under a fluorescence microscope (EVOS FL Auto, Ther-
mo Fisher Scientific, Waltham, MA, USA).

RNA interference analysis

HNC cells were transfected with 500 pmol of double-stranded 
siRNAs targeting human RIP3, MLKL, or a negative control, 
synthesized by Bioneer (Deajeon, Korea), using Lipofectamine 
RNAi MAX (Invitrogen, 13778150) according to the manu-
facturer’s protocols, and 24 h post-transfection, the cells were 
exposed to LP, followed by protein collection at the indicated 
time points for subsequent experiments.

Specific siRNA sequences were as follows: for RIP3 
(sense: 5’- CAG CAA UAG GAG AUU UUC U -3’; anti-
sense: 5’- AGA AAA UCU CCU AUU GCU G -3’), for MLKL 
(sense: 5’- GAC GUG AAC AGG AAG CUG A -3’; antisense: 
5’- UCA GCU UCC UGU UCA CGU C -3’), and for the nega-
tive control siRNA (sense: 5’- UUC UCC GAA CGU GUC 
ACG UTT -3’; antisense: 5’- ACG UGA CAC GUU CGG 
AGA ATT -3’).

JC-1, MitoRed, and MitoSOX staining

HNC cells were seeded at 1 × 105 cells/well in a 12-well plate 
and incubated for 24 h. After treatment with LP for 6 h, the 
culture medium was removed, and the cells were washed with 
PBS. JC-1 (Thermo Fisher, D-1168), MitoRed (Sigma-Al-
drich, 53271), and MitoSOX (Thermo Fisher, M36008) were 
each diluted 1:1,000 in fresh culture medium and applied to the 
cells. The cells were incubated at 37 °C for 30 min, followed 
by PBS washing. Living cells were observed under a fluores-
cence microscope (EVOS FL Auto, Thermo Fisher, Waltham, 
MA, USA).

Enzyme-linked immunosorbent assay (ELISA)

FaDu, SCCQLL1, and SNU1041 cells were seeded into six-
well plates and LP-treated for 12 h. After treatment, the super-
natants were collected and centrifuged at 1,300 rpm for 10 min 
to remove cell debris. The Human IL-6 ELISA Kit (Thermo 
Fisher, Cat # BMS213HS) was used to detect the concentra-
tion of the indicated molecules following the manufacturer’s 
instructions.

Statistical analysis

Statistical comparisons between groups were carried out us-
ing the non-opposite t-test, and differences of < 0.05 (*), < 
0.01(**), and < 0.001(***) were considered significant. All 
experiments were conducted at least three times.

Ethical compliance statement

This study did not involve human primary cells or animal ex-
periments, and therefore Institutional Review Board (IRB) ap-
proval and ethical compliance with human or animal studies 
were not applicable.

Results

Treatment of LP induces HNC cell death

To investigate the effect of LP on cancer cells, we cultured 
HNC cells in plasma-treated medium and counted the num-
ber of cells. The plasma-treated medium was prepared by 
treating the cell culture media with NTP, plasma with N2 at 
200 sccm and Ar at 1,500 sccm, for 2 min (Fig. 1a). After 
culturing the HNC cells in LP, we observed a decrease in the 
cell count of several HNC cell lines (Fig. 1b). We conducted 
a quantitative analysis and found that the cell numbers de-
creased as the exposure time to LP increased. A cell viability 
test was conducted using various doses of NTP to investi-
gate the dose-dependent effects of NTP. Cell viability sig-
nificantly decreased when the cells were treated with higher 
doses of NTP (Fig. 1c, d). On the other hand, treatment of LP 
in normal cells does not affect cell viability (Supplementary 
Material 1, wjon.elmerpub.com). In addition, LP treatment in 
the 3D spheroid culture of FaDu cells decreased the spheroid 
size (Fig. 1e). Cell viability of the spheroid culture also de-
creased by LP treatment (Supplementary Material 2A, wjon.
elmerpub.com), and it was similar to that of the LP-treated 
two-dimensional (2D) culture of FaDu cells. The necroptosis 
markers (p-RIP1, p-RIP3, and p-MLKL) were expressed in 
LP-treated spheroid culture cells (Supplementary Material 
2B, wjon.elmerpub.com). Next, we conducted a TUNEL as-
say to determine whether cancer cell death by LP occurred 
owing to apoptosis. We observed no TUNEL positive cells in 
FaDu and SNU1041 cells exposed to LP, suggesting that LP 
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Figure 1. Liquid plasma (LP) induces cell death in HNC cells. (a) N2 gas was set to 200 standard cubic centimeters per minute 
(sccm) and Ar gas to 1,500 sccm. Cell culture medium was treated with N2/Ar plasma for 2 min per milliliter. (b) HNC cells were 
treated with LP for 24 or 36 h, stained with trypan blue, and then number of live cells was measured. (c) FaDu, HN3, and SNU1041 
cells were treated with LP (N2/Ar plasma-treated medium for 2 min or 5 min per milliliter), and the viability was measured using CCK-
8 assays after 24 h. (d) The morphology of cells was observed under a microscope 24 h after LP treatment. (e) A 3D spheroid culture 
of FaDu cells was observed following LP treatment. (f) FaDu cells and (g) SNU1041 cells were subjected to TUNEL assays (scale 
bar: 50 µm). *P < 0.05, **P < 0.01, ***P < 0.001. HNC: head and neck cancer; CCK: Cell Counting Kit; 3D: three-dimensional.
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caused non-apoptotic cancer cell death (Fig. 1f, g).

LP induces necroptotic cell death in HNC cells

LP induces non-apoptotic programmed cell death in HNC (Fig. 1f, 
g). Therefore, we investigated whether it could cause necroptosis, 
which is one of the forms of the non-apoptotic cell death, in HNC 
cells. The necroptosis markers, p-RIP1, p-RIP3, and p-MLKL, in-
creased in FaDu and SNU1041 cells treated with LP for 6 or 12 
h. (Fig. 2a). The expression of p-MLKL was induced, and it was 
localized in the plasma membrane by LP or TCZ treatment (Sup-
plementary Material 3, wjon.elmerpub.com). The expression of 

p-RIP3 was also high in LP-treated FaDu cells in immunofluores-
cence microscopy (Fig. 2b). We treated HNC cells with LP with or 
without a necroptosis inhibitor (Nec-1, GSK872, and necrosulfon-
amide (NSA)) to determine whether LP-induced cancer cell death 
is caused by the RIP3-MLKL signaling pathway. Upon treatment 
of cells with LP and a necroptosis inhibitor, cell viability signifi-
cantly increased compared with those treated with LP alone (Fig. 
2c). Western blot results also showed that necroptosis markers 
decreased after treatment with LP and necroptosis inhibitors (Fig. 
2d). Cells were treated with LP upon RIP3 and MLKL knockdown 
to confirm whether LP can cause necroptosis. Upon knockdown of 
RIP3 expression in FaDu cells with siRIP3 RNA and subsequent 
treatment with LP, necroptosis marker levels decreased, and cell 

Figure 2. Liquid plasma (LP) induces necroptosis in FaDu and SNU1041 cells. (a) FaDu and SNU1041 cells were treated with 
LP for 6 or 12 h, and the expression levels of p-RIP1, RIP3, p-RIP1, RIP, p-MLKL, MLKL, cleaved caspase-8, cleaved caspase-3, 
and GAPDH were analyzed by Western blotting. (b) FaDu cells were treated with LP for 6 h, and p-RIP3 expression was visual-
ized using fluorescence staining (scale bar: 50 µm). (c) FaDu cells were treated with LP, a p-RIP1 inhibitor (Nec-1), a p-RIP3 
inhibitor (GSK872), and a p-MLKL inhibitor (NSA), and cell viability was measured using CCK-8 assays. (d) The expression 
levels of p-RIP1, RIP3, p-RIP1, RIP, p-MLKL, MLKL, and GAPDH were analyzed by Western blotting. *P < 0.05, **P < 0.01, 
***P < 0.001. RIP: receptor-interacting protein; Nec-1: necrostatin-1; MLKL: mixed lineage kinase domain-like protein; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; NSA: necrosulfonamide; CCK: Cell Counting Kit.
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viability increased compared with those groups not treated with 
siRIP3. (Fig. 3a, c, d). Similar results were obtained when MLKL 
was knocked down with siMLKL RNA (Fig. 3b, e, f). We also 
confirmed that the amount of MLKL oligomers increased upon 
treatment with LP (Fig. 3g). These results indicate that necroptosis 
occurred when cancer cells were treated with LP.

LP induces necroptosis of HNC cells via peroxynitrite

Distilled water was treated with NTP to generate LP, which 
was then analyzed using a chromatographic ion analyzer to de-

termine which substance in LP causes necroptosis. We found 
that RNS, nitrite and nitrate were present in the LP (Fig. 4a). 
Next, to determine which RNS (NO, NO2, or NO3) was the 
main effector, fibroblasts and FaDu cells were treated with LP, 
DetaNO, NaNO2, and NaNO3. NaNO2 had no effect on fibro-
blast and FaDu cell viability; however, DetaNO and NaNO3 
treatment decreased cell viability as the dose increased (Fig. 
4b, c). Western blot analysis showed that p-MLKL was ex-
pressed when LP and 50 mM NaNO3 were treated, and the 
expression of cleaved caspase 3 and 9 increased in the 0.5 mM 
DetaNO-treated group (Fig. 4d). These results suggest that LP 
and NO3 induce necroptosis, and NO induces apoptosis. In 

Figure 3. RIP3 and MLKL levels affect the sensitivity to liquid plasma (LP) in HNC cells. (a) RIP3 and (b) MLKL were knocked 
down in FaDu cells using siRNA. (c) FaDu cells transfected with siRIP3 RNA and (e) siMLKL RNA were treated with LP for 6 or 
12 h, and protein expression levels (RIP3, MLKL, and their phosphorylated forms) were analyzed by Western blotting. (d) FaDu 
cells transfected with siRIP3 RNA and (f) siMLKL RNA were treated with LP for 6 or 12 h, and cell viability was measured using 
Cell Counting Kit (CCK-8) assays. (g) MLKL oligomerization was detected by Western blotting under non-reducing conditions. 
*P < 0.05, **P < 0.01, ***P < 0.001. HNC: head and neck cancer; RIP: receptor-interacting protein; MLKL: mixed lineage kinase 
domain-like protein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.



Articles © The authors   |   Journal compilation © World J Oncol and Elmer Press Inc™   |   https://wjon.elmerpub.com464

Plasma Induces Necroptosis Without Inflammation World J Oncol. 2025;16(5):457-470

Figure 4. Peroxynitrite in liquid plasma (LP) induces necroptosis in HNC cells. (a) The components of LP were analyzed using 
a chromatographic ion analyzer. (b) Human dermal fibroblasts (HDF) and (c) FaDu cells were treated with DetaNO, NaNO2, 
NaNO3, and LP, representing nitrite and nitrate, which are presumed components of plasma. (d) FaDu cells were treated with 
DetaNO, NaNO2, NaNO3, and LP, and the expression levels of p-MLKL, MLKL, cleaved caspase-9, cleaved caspase-3, and 
GAPDH were analyzed by Western blotting. (e) FaDu cells were treated with LP, and the peroxynitrite inhibitor MnTBAP was 
added at different concentrations. Cell viability was measured using CCK-8 assays. (f) FaDu cells were treated with NaNO3, and 
the peroxynitrite inhibitor MnTBAP was added at different concentrations. Cell viability was measured using CCK-8 assays. (g) 
FaDu cells were treated with NAC and MnTBAP for 12 h, and the expression levels of p-RIP2, RIP1, p-RIP3, RIP3, p-MLKL, 
MLKL, and GAPDH were analyzed by Western blotting. (h) The expression of p-RIP3 following LP treatment was confirmed using 
fluorescence staining (scale bar: 50 µm). *P < 0.05, **P < 0.01, ***P < 0.001. HNC: head and neck cancer; MLKL: mixed lineage 
kinase domain-like protein; MnTBAP: manganese (III) tetrakis (4-benzoic acid) porphyrin chloride; RIP: receptor-interacting pro-
tein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; DAPI: 4′,6-diamidino-2-phenylindole; NS: non-significant.
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addition, when the peroxynitrite (ONOO-) inhibitor, which is 
MnTBAP and non-cytotoxic (Supplementary Material 4, wjon.
elmerpub.com), was simultaneously treated with LP, LP treat-
ment did not induce cancer cell death, suggesting that a main 
component of LP for necroptosis induction is ONOO- (Fig. 4e, 
f). The increased expression of p-RIP3 in the group treated 
with LP was observed through immunofluorescence micros-
copy, and treatment of the ONOO- inhibitor decreased pRIP3, 
which is induced by LP (Fig. 4g, h). Based on these results, we 
conclude that LP causes cancer cell death via ONOO-.

LP treatment increases mitochondrial reactive oxygen 
species (ROS) in HNC cells

NTP affects the intercellular ROS and increases mitochondrial 
stress in cancer. Therefore, effect of LP on the mitochondrial 
complex were examined. When cells were treated with LP for 
0, 6, or 12 h, no difference in the expression of each mito-
chondrial complex component in FaDu cells was observed, as 
shown in Western blots. (Fig. 5a). However, among the mi-

tochondrial stress-involved proteins, a decrease in MAVS ex-
pression was observed (Fig. 5b). We observed no change in the 
number of mitochondria and membrane potential following LP 
treatment by MitoRed and JC-1 staining experiments, respec-
tively (Fig. 5c, d). However, MitoSOX staining revealed an in-
crease in mitochondrial ROS levels by LP treatment (Fig. 5e).

LP treatment decreases necroptosis-induced inflammation 
through degrading MAVS

Aggregation of MAVS protein activates an inflammatory re-
sponse via NF-κB. Therefore, we hypothesized that LP is in-
volved in the inflammatory response by reducing MAVS. In 
general, p-NF-κB and MAVS levels increase during necropto-
sis, which was confirmed by treatment with TCZ, a drug that 
induces necroptosis, in FaDu cells (Fig. 6a). In contrast, upon 
treatment of HNC cell lines with LP, a decrease in MAVS and 
p-NF-κB was observed (Fig. 6b). Western blotting was per-
formed after DSS treatment to determine whether LP treatment 
reduced MAVS aggregation. MAVS aggregation was reduced 

Figure 5. Liquid plasma (LP) treatment induces mitochondrial stress in HNC cells. (a, b) The expression of mitochondria complex 
and mitochondrial proteins (VADC, TOM20, COX IV, cytochrome c, SOD, MAVS) following LP treatment was confirmed using 
Western blotting. (c, d) Changes in mitochondrial morphology after LP treatment were observed using fluorescence staining 
with MitoRed and JC-1, respectively (scale bar: 50 µm). (e) ROS levels following LP treatment were assessed using fluores-
cence staining with MitoSox (scale bar: 50 µm). HNC: head and neck cancer; MAVS: mitochondrial antiviral signaling; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; ROS: reactive oxygen species.

https://wjon.elmerpub.com
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in FaDu cells transfected with MAVS. We obtained the same 
results when we transfected MAVS-negative 293T cells with 
MAVS (Fig. 6c). Immunofluorescence microscopy revealed 
that LP treatment reduced the NF-κB level, compared to TCZ 
treatment (Fig. 6d). When interleukin (IL)-6, an inflamma-
tory cytokine, was measured by ELISA, IL-6 significantly 
decreased upon LP treatment (Fig. 6e). These results indicate 
that LP treatment induces necroptosis but inhibits inflamma-
tory responses.

Discussion

Necroptosis is a regulated form of cell death involved in 
cancer immunosurveillance through both innate and adap-
tive immunity. Necroptosis plays a role in innate immunity 
as it affects cytokine secretion by dendritic cells, promoting 
the anti-tumor immune response of natural killer T cells, and 
maintaining homeostasis in peripheral T cells. Adaptive immu-
nity is activated as phagocytic cells secrete pro-inflammatory 
cytokines in the damage associated molecular pattern caused 
by necroptosis [42]. However, the proinflammatory molecules 

secreted during necroptosis, such as IL-1α, can promote cancer 
cell proliferation, foster angiogenesis, and accelerate metasta-
sis, contributing to tumor progression [43, 44]. Thus, inducing 
necroptosis without triggering inflammation is critical for its 
therapeutic application.

RONS generated by plasma have been widely applied in 
medicine, particularly for their selective ability to kill cancer 
cells, making plasma a promising cancer therapeutic tool [45, 
46]. The composition and effects of plasma-generated RONS, 
including O, O3, •OH, H2O2, O2•-/•OOH, •NO, ONOO-, 
OONOO-, NO2

-, and NO3
-, vary depending on the gas supply 

and generation system [47]. Among the various RONS gener-
ated by plasma, NO plays a dual role. Although NO is impor-
tant for wound healing and tissue repair [48], it also exerts 
a pro-apoptotic effect by inhibiting ribonucleotide reductase, 
leading to DNA damage and cell death [49]. Additionally, ni-
tric oxide synthase (NOS)/NO promotes apoptosis by inhibit-
ing autophagy in liver cancer cells [50] and induces apoptosis 
in oral squamous cell carcinoma cells by facilitating p53 ac-
cumulation [51]. In this study, treatment of HNC cells with 
DetaNO confirmed that apoptosis was induced, as evidenced 
by increased levels of cleaved caspase-3. In contrast, treat-

Figure 6. Liquid plasma (LP) inhibits necroptosis-mediated inflammation by degrading MAVS aggregates. (a) FaDu cells were 
treated with TCZ (30 µg/mL TNF-α, 300 µM CHX, and 10 µM zVAD-fmk) for 12 h, and the expression of MAVS and p-NF-κB 
was observed. (b) LP treatment suppressed the expression of MAVS and p-NF-κB in FaDu and SNU1041 cells. (c) After induc-
ing MAVS oligomerization in FaDu and 293T cells, the degradation of oligomerized MAVS by LP treatment was observed. (d) 
FaDu cells treated with both LP and TCZ, changes in NF-κB expression levels and nuclear translocation were analyzed using 
fluorescence microscopy (scale bar: 50 µm). (e) LP treatment inhibited TCZ-induced IL-6 production in FaDu and SNU1041 
cells. IL-6 levels in the supernatant were measured using ELISA assay. **P < 0.01, ***P < 0.001. MAVS: mitochondrial antiviral 
signaling; TNF-α: tumor necrosis factor alpha; CHX: cycloheximide; NF-κB: nuclear factor kappa B; IL: interleukin; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; DAPI: 4′,6-diamidino-2-phenylindole; TCZ: TNF-α + cycloheximide + zVAD-fmk.
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ment of HNC cells with NaNO3 led to necroptosis, marked 
by cell death and increased expression of p-RIP3, mirroring 
the effects observed with LP treatment. These results suggest 
that different nitrogen species distinctly influence the mode 
of cell death, with NO driving apoptosis and NO3

- contribut-
ing to necroptosis. Among the various RONS generated by 
plasma, Xu et al identified ONOO- as a key mediator of plas-
ma-induced cancer cell death [52]. Based on these findings, 
we speculate that ONOO- plays a pivotal role in LP-induced 
necroptosis.

Previous studies have demonstrated that the type of cell 
death induced by plasma treatment depends on various factors, 
including the gas composition and molecular context of the 
target cell [53]. When necroptosis occurs, NF-κB is activated, 
causing an inflammatory response. The downstream signaling 
caused by the activation of NF-κB induces cancer prolifera-
tion, which poses some risks for the application of necropto-
sis to cancer [8, 43]. However, in this study, we demonstrated 
that LP-induced necroptosis, unlike normal necroptosis, sup-
pressed MAVS expression in the mitochondria, resulting in 
decreased NF-κB activation and IL-6 expression.

MAVS is known to undergo ubiquitin-proteasome-mediat-
ed degradation in resting cells to maintain immune homeosta-
sis [54]. Multiple E3 ligases, including MARCH5, Smurf1/2, 
AIP4, VHL, RNF5, RNF115, and RNF125 mediate K48-
linked ubiquitination and proteasomal degradation of MAVS 
to regulate immune responses after viral infection [55-61]. 
Among these, our previous study demonstrated that MARCH5 
resolves MAVS aggregates during antiviral signaling and pre-
vents excessive immune activation [55]. RONS generated by 
plasma are well-known to modulate cellular signaling path-
ways through oxidative stress and K48-linked ubiquitination 
and proteasomal degradation [62]. In our previous work, LP-
derived RONS were shown to induce the ubiquitination of 
mTOR via RNF126 in leukemia cells [63], as well as HSPA5 
[28] and AKT [64] via MUL1 E3 ligase in HNC cells. These 
findings suggest that plasma-derived RONS may similarly 
regulate MAVS ubiquitination, contributing to the suppres-
sion of inflammatory responses during necroptosis. However, 
further studies are required to identify the specific E3 ligases 
involved in MAVS ubiquitination under LP treatment and to 
elucidate their role in modulating inflammatory responses dur-
ing necroptosis.

Future studies should investigate the broader implications 
of LP’s anti-inflammatory activity in various cancer types and 
its interaction with the immune system within the tumor mi-
croenvironment. While LP’s ability to suppress inflammation 
in HNC cells is promising, future studies should investigate 
whether this effect is universal across various cancer types. 
Moreover, detailed exploration of how LP modulates immune 
cell dynamics, such as T-cell activation or macrophage polari-
zation, could provide new insights into its role in the tumor mi-
croenvironment and enhance its therapeutic potential. Necrop-
tosis after irradiation promotes tumor cell repopulation, which 
is the major reason for radiotherapy resistance and recurrence 
due to necroptosis-induced inflammation [65]. Necroptosis is 
involved in the pathogenesis of many inflammatory disorders. 
Therefore, it must be induced without inflammation. In this 
study, we demonstrated that LP could induce necroptosis in 

HNC cells without inflammatory responses through the deg-
radation of MAVS.

While our findings indicate that LP treatment increases 
mitochondrial ROS levels without causing detectable mito-
chondrial damage, the precise mechanisms underlying this 
phenomenon remain unclear. Previous studies suggest that 
specific alterations in the electron transport chain, such as 
reverse electron transfer through complex I, may lead to en-
hanced superoxide generation without affecting mitochondrial 
membrane potential [66, 67]. However, the potential contri-
bution of non-mitochondrial sources of ROS, such as the 
cytoplasm, cannot be ruled out. Future studies are needed to 
elucidate these mechanisms and to explore how this ROS pro-
duction influences the therapeutic efficacy and safety of LP in 
cancer treatment.

Our previous findings demonstrated that NTP induces 
selective apoptosis in cancer cells by downregulating the 
NRF2-induced ROS scavenger system and inhibiting au-
tophagy, while sparing normal cells through enhanced anti-
oxidant gene expression and autophagic flux [68]. In contrast, 
the current study shows that LP primarily induces necropto-
sis in HNC cells, with ONOO- identified as a key effector. 
This transition from apoptosis to necroptosis highlights the 
versatility of plasma-based therapies in modulating RCD. 
However, the mechanisms driving this selective induction of 
necroptosis in cancer cells, while sparing normal cells, re-
main unclear and require further investigation. As these find-
ings are based on in vitro experiments, in vivo studies are 
crucial to confirm the therapeutic efficacy and safety of LP 
under physiological conditions. Therefore, it might be neces-
sary to investigate whether LP can induce necroptosis in a 
mouse xenograft model using FaDu cells, as well as deter-
mine the expression levels of proinflammatory cytokines and 
the degradation of MAVS in a tumor mass. It is also essential 
for future research to identify the E3 ligase that is mediated 
in LP-induced necroptosis so that the mechanisms of LP-in-
duced cancer cell death are clarified. In addition, it has not 
been identified how ONOO- can induce necroptosis. Thus, it 
is necessary to determine the role of ONOO- in necroptosis 
induction to understand how LP induces necroptosis without 
inflammation in HNC cells. Furthermore, the development 
of effective delivery systems, such as injectable formulations 
or localized applications, is necessary to enable its clinical 
translation. Despite these challenges, LP’s ability to induce 
necroptosis without triggering inflammatory responses un-
derscores its potential as a promising therapeutic strategy for 
apoptosis-resistant cancers and necroptosis-related neurode-
generative and inflammatory diseases.

Conclusions

LP induces non-inflammatory necroptosis in HNC cells, of-
fering a potential therapeutic strategy to eliminate cancer cells 
without triggering necroptosis-mediated inflammation or tu-
mor recurrence. These findings suggest LP as a promising 
treatment for drug-induced apoptosis-resistant cancers, as it 
induces necroptosis instead of apoptosis while minimizing the 
risks of inflammatory disease and tumor repopulation.
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