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Cold atmospheric plasma (CAP) that generates reactive oxygen species (ROS) has received considerable scientific attentions as a
new type of anticancer. In particular, an indirect treatment method of inducing cancer cell death through plasma-activated medium
(PAM), rather than direct plasma treatment has been well established. Although various cell death pathways such as apoptosis,
necroptosis, and autophagy have been suggested to be involved in PAM-induced cell death, the involvement of ferroptosis,
another type of cell death regulated by lipid ROS is largely unknown. This study reports, that PAM promotes cell death via
ferroptosis in human lung cancer cells, and PAM increases intracellular and lipid ROS, thereby resulting in mitochondrial
dysfunction. The treatment of cells with N-acetylcysteine, an ROS scavenging agent, or ferrostatin-1, a ferroptosis inhibitor, protects
cells against PAM-induced cell death. Interestingly, ferroptosis suppressor protein 1 (FSP1) is downregulated upon PAM treatment.
Furthermore, the treatment of cells with iFSP1, an inhibitor of FSP1, further enhances PAM-induced ferroptosis. Finally, this study
demonstrates that PAM inhibits tumor growth in a xenograft model with an increase in 4-hydroxynoneal and PTGS2, a byproduct of
lipid peroxidation, and a decrease in FSP1 expression. This study will provide new insights into the underlying mechanism and
therapeutic strategies of PAM-mediated cancer treatment.
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INTRODUCTION
Cold atmospheric plasma (CAP), an ionized gas generated at room
temperature, contains neutral molecules and atoms, electrons,
various types of ions, excited species, and radicals [1–3]. Among
them, reactive oxygen species (ROS) are considered significant
factors that can lead to cancer cell death. Since CAP is a
convenient and abundant source of ROS, CAP has been applied to
cancer treatment in vitro and in vivo [4–8]. There are two methods
for treating cancer cells with CAP. One is to induce cancer cell
death by directly irradiating plasma, which has been studied since
the early stages of plasma medicine [9–14]. The other is an indirect
treatment method that has recently been studied [15–19]. Even
now, studies to explore the mechanism underlying cancer cell
death by direct and indirect treatment of CAP have been actively
conducted [20–24].
In our previous study, it was found that directly treated oxygen-

containing CAP can induce DNA damage and cell death in human
lung cancer cells [25]. In addition, we reported that cancer cell
death is induced through indirect treatment using a plasma-
activated medium (PAM), and PAM increases the intracellular ROS
levels and regulates JNK/p53/Bax signaling, resulting in apoptosis
[26–28]. Other studies have also reported that PAM causes
necroptosis and autophagy, including apoptosis [29, 30]. However,

to our knowledge in-depth studies on the mechanism of PAM-
induced cancer cell death are scarce.
Among the ROS-associated cell signaling pathways, ferroptosis

has been associated with PAM. Ferroptosis is newly recognized as
a form of regulated cell death that is distinct from apoptosis,
necroptosis, and autophagic cell death [31]. It is can occur via
increased lipid peroxidation and iron accumulation [32, 33].
Glutathione peroxidase 4 (GPX4) reduces lipid peroxide to lipid
alcohol using glutathione (GSH), thereby protects cells from
ferroptosis [34, 35]. Therefore, the inhibition of GPX4 or depletion
of GSH can induce ferroptosis in various cell types. Nuclear factor
erythroid 2-related factor 2 (NRF2) is a master transcription factor
for the antioxidant defense mechanism [36, 37]. NRF2 is also a
potent ferroptosis suppressor protein (FSP) that determines
ferroptosis sensitivity [38]. Recently, apoptosis-inducing factor
mitochondria-related 2 (AIFM2) has been reported to act as
antiferroptotic protein that was not recognized previously and
was then renamed FSP1 [39, 40]. FSP1/AIFM2 protects cells from
ferroptosis by reducing ubiquinone, an oxidized form of
coenzyme Q10, thereby promoting the recycling of coenzyme
Q10 at the plasma membrane, independently of GPX4.
Given that PAM generates ROS to induce cell death, we

hypothesized that ferroptosis might also be involved in PAM-
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mediated cell death. In support of this hypothesis, we observed
several characteristics of ferroptosis in PAM-induced cell death.
Here, we showed that PAM leads to changes in the levels of major
proteins involved in ferroptosis and the accumulation of labile iron
and lipid peroxidation, thus, meeting the principal criterion for
ferroptosis. Moreover, we confirmed that PAM regulates NRF2/
FSP1 expression. PAM showed cancer-inhibiting ability in vivo and
regulated ferroptosis without causing any toxicity.

RESULTS
PAM induces cancer cell death by increasing intracellular
reactive oxidative stress
To test whether PAM can induce cell death in human lung cancer
cells, H1299 and A549 cells were treated with PAM prepared at
different plasma exposure times. The viability of these cancer cells
was measured using the MTT assay, and the cytotoxicity was
measured using the lactate dehydrogenase (LDH) assay. PAM
reduced the viability and increased and the cytotoxicity. In
addition, cell viability was further reduced when PAM was used for
> 24 h (Fig. 1A). The intracellular ROS level was increased in the
PAM-treated H1299 and A549 cells (Fig. 1B). Using qRT-PCR, we

investigated whether oxidative stress-related genes changed with
PAM treatment (Fig. 1C). The result revealed a PAM-induced
altered expression of oxidative stress-related genes. In both cell
lines, the gene expression of NCOA7 decreased by < 0.5-fold
(Supplementary Table 1). We used ROS scavengers to investigate
whether ROS generated by PAM induce cell death. The results
showed that N-acetylcysteine (NAC), an ROS scavenging agent,
significantly restored cell viability in PAM-treated cells to a level
similar to that of control. Moreover, when we co-treated the cells
with NAC and PAM, intracellular ROS levels significantly decreased
in both cancer cell lines (Fig. 1D). These results indicated that PAM
induces cancer cell death by regulating intracellular ROS.

PAM-induced cancer cell death is associated with increased
mitochondrial dysfunction
ROS can induce cancer cell death by impairing mitochondrial
function [41]. To confirm whether PAM affects the mitochondrial
function, the mitochondrial membrane potential was measured
using the Muse Cell Analyzer. The result indicated that the ratio of
depolarized mitochondria was increased in proportion with the
plasma exposure time (Fig. 2A). A previous study has reported that
ROS can regulate mitochondrial ROS and mass [42, 43]. To validate

Fig. 1 Plasma-activated medium induces cancer cell death by regulating intracellular ROS. The plasma exposure conditions were
1.9 standard liter per minute (SLM), 7 W input power and three exposure times (60, 120, and 180 sec). A The cell viability and cytotoxicity were
measured using MTT and LDH assay. B Intracellular ROS was detected at 24 h after PAM treatment. C PAM regulated mRNA expression levels of
oxidative stress genes in H1299 and A549 cancer cells (exposure time: 180 sec). D N-acetylcysteine (NAC, 2mM) recovered cell viability and
suppressed intracellular ROS by PAM treatment. Cells were treated with PAM (180 sec) for 24 h. Data represent the mean ± SD from three
independent experiments (*p < 0.05, **p < 0.01 and ***p < 0.001, as determined by t test).
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that ROS generated by PAM leads to increased mitochondrial
superoxide levels and biogenesis, we evaluated mitochondrial
superoxide level and mass. PAM-induced ROS was found to
elevate mitochondrial superoxide level (Fig. 2B). Thus, mitochon-
drial biogenesis increased significantly upon PAM treatment
(Fig. 2C). Interestingly, PAM-induced mitochondrial membrane
potential was reversed when NAC was part of the treatment
(Fig. 2D). These findings suggest that PAM causes depolarization
by upregulating biogenesis and increasing mitochondrial super-
oxide levels.

PAM induces ferroptosis in lung cancer cells
Recently, ferroptosis has been identified as a type of mitochondria-
related cell death driven by elevated ROS levels [44]. We showed
that PAM can induce mitochondrial dysfunction, resulting from
increased mitochondrial ROS levels. Thus, we hypothesized that
PAM induces ferroptosis. To test this hypothesis, we identified
hallmarks of ferroptosis. First, labile iron level was measured using
an iron assay. The level of labile iron was observed to increase in
both cancer cell lines (Fig. 3A). Increased expression of FTH1 and
FTL resulted from upregulated antioxidant defense [45] (Fig. 3B).
Second, the accumulation of lipid peroxidation was measured
using BODIPY 581/591 C11 staining. The result indicated that the
levels of lipid peroxidation were drastically increased in H1299 and
A549 cells (Fig. 3C). On the other hand, the level of lipid
peroxidation decreased when treated with ferrostatin-1, a ferrop-
tosis inhibitor (Fig. 3D). In accordance with these results, PTGS2,
whose levels increase upon ferroptotic stimuli, was upregulated in
both H1299 and A549 cells (Fig. 3E). Finally, we confirmed that
cytotoxicity was restored by ferrostatin-1, which suggests that
ferroptosis is responsible for PAM-induced cell death (Fig. 3F and
Fig. S1). These results show that PAM not only promotes ferroptosis
but also partially inhibits cell proliferation.

PAM induces ferroptosis by regulating the NRF2/FSP1
pathway
Subsequently, we sought to elucidate the mechanism though
which PAM induces ferroptosis. We confirmed the expression
levels of several key proteins involved in ferroptosis pathway and
found that both NRF2 and FSP1 protein levels are largely affected
by PAM (Fig. 4A). It was found that the expression of NRF2, a well-
known suppressor of ferroptosis, increased in response to PAM
treatment in H1299 cells, whereas its expression decreased
continuously with treatment time in A549 cells. Notably, FSP1,
another key ferroptosis suppressor protein, was downregulated in
both cancer cell lines treated with PAM. These results suggest that
PAM-mediated reduction in FSP1 protein levels contributes to
ferroptosis. However, the level of other ferroptosis-related
proteins, such GPX4, SLC7A11, and ACSL4, remained unchanged
upon PAM treatment.
To investigate the potential role of FSP1 in PAM-induced

ferroptosis, we used an FSP1 inhibitor, iFSP1. When iFSP1 was
used, PAM-induced lipid peroxidation increased significantly
(Fig. 4B). FSP1 inhibition in lung cancer cells leads to the
upregulation of lipid ROS. Of note, when both cancer cell lines
were co-treated with PAM and NAC, the expression of FSP1 was
restored. The level of FSP1 protein increased as the effect of PAM
was limited by NAC treatment (Fig. 4C). As expected, the viability
of cells treated with in iFSP1 and PAM significantly decreased
compared with that of those treated with only PAM (Fig. 4D).
Taken together, PAM-generated ROS induce ferroptosis by
regulating the expression of FSP1.

Ferroptosis is involved in PAM-induced tumor suppression
in vivo
Next we tested whether PAM can induce ferroptosis in vivo. The
nude mice implanted with H1299 cells were treated with PAM for

Fig. 2 Mitochondrial dysfunction causes by plasma-activated medium. The plasma exposure conditions were 1.9 standard liter per minute
(SLM), 7 W input power and three exposure times (60, 120, and 180 sec). A PAM increased the proportion of total depolarized mitochondria.
Cells were treated with PAM for 24 h. B Levels of mitochondrial superoxide was observed by MitoSOX fluorescence using confocal microscopy.
H1299 and A549 cells were treated with PAM (180 sec) for 2 h. Scale bar = 10 μm. C Mitochondrial biogenesis was detected by Mitotracker
using flow cytometry. Cells were treated with PAM (180 s) for 24 h. D N-acetylcysteine (NAC) inhibited mitochondrial depolarization by PAM.
Cells were treated with PAM (180 s) for 24 h. Data represent the mean ± SD from three independent experiments (***p < 0.001, as determined
by t test).
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a desired period. When tumors reached 100 mm3, PAM was
injected nine times into the mice [46, 47] (Fig. 5A). Compared with
the control group, tumor growth in the PAM-treated group was
modestly suppressed by PAM treatment (Fig. 5B). In addition,
tumor weight was determined to be lower in the PAM-treated
group (Fig. 5C). After isolating the tissue, we analyzed the
expression of FSP1 at the mRNA level. As shown in Fig. 5D, the
expression of FSP1 decreased dramatically. For liver and kidney
toxicity measurements, we analyzed the concentration of alanine
aminotransferase (ALT) and blood urea nitrogen (BUN). However,
no significant changes in health values were observed (Fig. 5E).
Moreover, it was observed that PAM reduced the staining ratio of
FSP1 in tumor sample. In contrast, the staining ratio of
4-hydroxynonenal (4-HNE), a lipid peroxidation marker [48],
increased (Fig. 5F–G). The expression of PTGS2, which is used as
an in vivo indicator of ferroptosis, was also increased (Fig. S2).
Collectively, our data strongly suggest that PAM can suppress
tumor growth through ferroptosis.

DISCUSSION
In our previous study, we showed that CAP can generate various
reactive oxygen and nitrogen species in the culture medium. CAP-
generated PAM increased the levels of intracellular ROS and
oxidative stress to ultimately induce apoptosis. We suggest that
hydrogen in particular is an important mediator that induces
cancer cell death. In this study, we determined the changes in the
expression of representative antioxidant genes (Fig. 1C). The
lowest expression of NCO7A was noted after PAM treatment.
NCOA7 can detect oxidative stress and regulate cellular responses
to DNA damage due to oxidative stress. Furthermore, the high
expression of NCOA7 in oral squamous cell carcinoma has been
suggested as a potential biomarker of the disease [49]. The
expression of most antioxidant genes, such as GSS, CAT, SOD2/4,
NOX4/6, and NQO1 are generally reduced upon PAM treatment,
suggesting that failure in the antioxidant defense mechanism
promotes or facilitates PAM-induced ROS production and
cell death.

Fig. 3 Plasma-activated medium induces ferroptosis in human lung cancer cells. The plasma exposure conditions were 1.9 standard liter
per minute (SLM), 7 W input power and three exposure times (60, 120, and 180 s). A The expression levels of labile iron were measured using
iron assay kit. Indicated cells were treated with PAM (180 s) for 24 h. B mRNA expression of FTH1 and FTL was measured by qRT-PCR. C PAM-
induced lipid ROS levels as assessed by flow cytometry using BODIPY 581/591 C11 dye. H1299 and A549 cells were treated with PAM (180 s)
for 2 h. D Lipid ROS levels were detected using BODIPY 581/591 C11 dye. The indicated cells were treated PAM (180 s) or 2 μM ferrostatin-1 for
2 h. E The expression of PTGS2, the representative ferroptosis marker, was measured by qRT-PCR. F H1299 and A549 cells were treated with
PAM (180 s) or 2 μM ferrostatin-1 for 24 h. Release of LDH levels was measured using cytotoxicity kit. Data represent the mean ± SD from three
independent experiments (*p < 0.05, **p < 0.01 and ***p < 0.001, as determined by t test).
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Fig. 4 Plasma-activated medium regulates ferroptosis via NRF2/FSP1 signaling. The plasma exposure conditions were 1.9 standard liter per
minute (SLM), 7 W input power and 180 s. A Western blot analyses of expression of NRF2, FSP1, SLC7A11, and ACSL4 were detected by
Western blotting. GAPDH was used as a loading control. B Lipid ROS levels were detected using BODIPY 581/591 C11 dye. H1299 and A549
cells were treated with PAM (180 s) or 2 μM ferrostatin-1 for 2 h. C The protein levels of FSP1 in H1299 and A549 cells following PAM (180 s) or
2mM NAC treatments. GAPDH was used as a loading control. D The cell viability was measured using MTT assay. H1299 and A549 cells were
treated with indicated concentration of FSP1 inhibitor (iFSP1) with or without PAM (180 s). Data represent the mean ± SD from three
independent experiments (*p < 0.05, **p < 0.01 and ***p < 0.001, as determined by t test).

Fig. 5 Plasma-activated medium suppresses tumor growth by regulating ferroptosis. The plasma exposure conditions were 1.9 standard
liter per minute (SLM), 7 W input power and 180 sec. AMouse treatment schedule. B Tumor volumes were determined at injection time points
before PAM treatment. Data represent the mean ± SD from seven independent experiments (***p < 0.001, as determined by t test). C Tumor
weights were measured after the tumors were dissected. Data represent the mean ± SD from seven independent experiments (*p < 0.01, as
determined by t test). D The mRNA levels of FSP1 were measured by qRT-PCR. Data represent the mean ± SD from three independent
experiments (*p < 0.05, **p < 0.01 and ***p < 0.001, as determined by t test). E BUN and ALT were analyzed and compared between the control
and PAM treatment groups. Data represent the mean ± SD from five independent experiments (n.s.; not significant, as determined by t test). F
Tumor tissue sections were stained with hematoxylin-eosin (H&E) and immunohistochemical staining (FSP1 and 4-HNE). Representative
images of stained tumor tissue. Scale bar = 100 μm. G Immunochemistry scoring of FSP1 and 4-HNE staining. Data represent the mean ± SD
from five independent experiments (**p < 0.01 and ***p < 0.001, as determined by t test).
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Studies have been frequently conducted on the association
between PAM and apoptosis [50–52]. We assumed that PAM may
have other anticancer effects and thus explored new pathways
associated to ROS. The association between ferroptosis, which was
newly proposed in 2012, and PAM has not yet been identified at
the molecular level [31]. In this study, we showed that ferroptosis
can also be induced by PAM, a newly-studied cancer therapy. After
treating lung cancer cells with PAM, we identified several
characteristics representing ferroptosis. PAM-induced ROS pro-
moted labile iron level, mitochondrial superoxide level, and lipid
peroxidation. Moreover, cell cytotoxicity was decreased upon PAM
treatment with a ferroptosis inhibitor (Fig. 3F). This result shows
that co-treatment of PAM and inhibitor can synergistically
decrease cell viability. Figure 4A shows that the expression of
FSP1 was suppressed in both cancer cell lines. Anti-ferroptosis
induced by FSP1 is not associated with the expression of GSH,
GPX4, or ACSL4 [39]. This was in agreement with our western
blotting results. In this study, we did not observe any distinct
changes in GPX4 or ACSL4 expression upon PAM treatment.
Furthermore, the presence or absence of p53 had no effect on
FSP1 expression. Therefore, FSP1 levels could be decreased in
both H1299 cell lines without p53 or A549 and with p53.
Interestingly, the change in the expression of NRF2 exhibited an

opposite trend in both cells. Presumably, A549 cells harbor a
Keap1 mutation, thus, expressing high levels of NRF2 proteins as
well as its target genes, thereby protecting cells from oxidative
stress such as ferroptotic stimuli. Indeed, basic levels of NRF2 and
FSP1 proteins were much higher in A549 cells than in H1299 cells
(Fig. 4A). In H1299 cells, NRF2 might be induced by oxidative stress
as a negative feedback loop to restore ROS-induced cell damage
against PAM. A previous study reported that NRF2 expression was
increased in H1299, a KEAP1 wild type, when treated with an
oxidative stress inducer similar to our study findings [53, 54]. In
particular, HO-1 levels, a target of NRF2, increased up to 12-fold by
PAM in H1299 cells, but were consistent in A549 cells (Fig. 1C). HO-
1 may promote ferroptosis rather than exerting an antioxidant

function, which implies that increased levels of HO-1 contribute
toward ferroptosis [55, 56].
Our findings show new possibilities for PAM. Over the past few

years, most studies have shown that PAM-induced cancer cell
death is associated with necrosis, apoptosis, and autophagy. We
suggest a novel signaling pathway induced by PAM (Fig. 6). First,
PAM can increase the intracellular ROS level. Second, the
expression of various oxidative stress genes is regulated. In
addition, mitochondrial dysfunction is increased and the expres-
sion of FSP1/NRF2 is regulated. Finally, upregulation of lipid ROS
ultimately induces ferroptosis. Taken together, our findings
suggest that ferroptosis is a new mechanism related to cancer
treatment and providing a deeper understanding of PAM in
cancer therapy as well.

MATERIALS AND METHODS
Cell culture and reagents
Human non-small lung cancer A549 cells, H1299 cells were purchased from
American Type Culture Collection (Rockville, MD, USA). A549 cells were
grown in Dulbecco Modified Eagle Medium (Capricorn Scientific,
Ebsdorfergrund, Germany) supplemented with 10% fetal bovine serum
(Capricorn Scientific, Ebsdorfergrund, Germany) and 1% penicillin/strepto-
mycin solution (Capricorn Scientific, Ebsdorfergrund, Germany). H1299
cells were grown in Roswell Park Memorial Institute with L-glutamine
media (RPMI, Capricorn Scientific, Ebsdorfergrund, Germany). The cells
were maintained in the monolayer at 37 °C in a humidified atmosphere
with 5% CO2.
Ferrostatin-1 (Cat# S7243), RSL3 (Cat# S8155) were purchased from

Selleck Chemicals (Houston, USA). 3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Cat# M1415) was purchased from
Duchefa Biochemie (Harrlem, Netherlands). PrimeScript RT Master mix
(Cat# RR036) and TB Green (Cat# RR430) were purchased from TAKARA
(Shiga, Japan). The primary antibodies against GAPDH (Cat# 5174) and
SLC7A11 (Cat# 12691) were purchased Cell Signaling Technology
(Massachusetts, USA). NRF2 (Cat# 16396), FSP1 (Cat# 20886) and ACSL4
(Cat# 22401) were purchased from Proteintech (Rosemont, USA).
4-hydroxynonenal (4-HNE, Cat# ab46546) was purchased from Abcam
(Cambridge, UK).

Plasma sources and preparation of PAM
In producing PAM, a 2.45 GHz commercial microwave-excited atmospheric
pressure plasma jet (ME-APPJ) (PM-10, Heuermann HF-Technik GmbH) was
used to treat the cell culture medium. The operating conditions of the ME-
APPJ included various argon gas flow rates (1.9 SLM) and input powers
(7W). The optical emission spectrum and the gas temperature of ME-APPJ
were measured using optical spectrometer (USB-2000+XR-ES Ocean
Optics) and a fiber-optic temperature sensor (Luxtron M601-DM&STF),
respectively. The cell culture medium was prepared to 3mL in 60-mm Petri
dishes and treated by plasma for 60–180 s. The distance between the open
end of quartz tube and surface of cell culture medium was fixed at 5 mm
during plasma treatment. And then, the media on top of cells grown in
plates was replaced by PAM.

Cell viability assay
In order to confirm the viability of lung cancer cells, we used MTT solution
(5mg/mL). The cells were seeded in 96-well plates at a density of 7000
cells/well. After the cells are attached, PAM was treated at the desired time.
After incubation, PAM was removed and 100 μL MTT solution was added to
each well and the cells were further incubated for 3 h. The violet crystals
are solubilized with DMSO and the absorbance was measured at 550 nm
using microplate reader (FLUO star OPTIMA, BMG Lab tech, Ortenberg,
Baden-Wrttemberg, Germany). The relative cell viability (%) was calculated
as (O.D. of PAM-treated cells/O.D. of non-treated cells) × 100.

Cytotoxicity assay
Cytotoxicity was evaluated by measuring the release of LDH in the
supernatants from cancer cells cultures with LDH cytotoxicity detection kit
(TAKARA, Shiga, Japan) according to the manufacturer’s protocol. At the
end of treatment, the cells were treated with reaction mixture for 20min at
room temperature in the dark. The absorbance was measured at 490 nm
using a microplate reader. The cytotoxicity (%) was calculated as (O.D. of

Fig. 6 Ferroptosis pathway scheme upon PAM treatment. The
schematic description shows the biological impact of PAM on
human lung cancer cells. PAM-induced intracellular ROS triggers
oxidative stress genes regulation, mitochondria dysfunction, and
control of FSP1/NRF2 expression. Subsequently, upregulation of
lipid ROS levels ultimately induce ferroptosis.
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samples−O.D. of low controls/O.D. of high control−O.D. of low controls)
× 100.

Intracellular ROS detection
The percentage of intracellular ROS was measured using Muse Oxidative
Stress Assay Kit (Luminex, Austin, Texas, USA), following the manufacturer’s
protocol. In brief, the cells were incubated in 12-well plates (50,000 cells/
well) with PAM at 37 °C. At the end of treatment, the cells were washed
with 1X PBS buffer and collected in 1.5 mL microtube. Subsequently, the
cells were incubated with the Muse Oxidative Stress working solution in
the dark at 37 °C for 30min and quantified using the Muse Cell Analyzer.

Mitochondria potential detection
Mitochondria potential was confirmed using the mitopotential kit
(Luminex, Austin, Texas, USA) according to the manufacturer’s protocol.
Briefly, the cells were incubated with the mitopotential working solution
for 20min at 37 °C in a humidified incubator with 5% CO2. Subsequently,
the 7-AAD reagent added into each samples and incubated for 5 min at
room temperature. Each sample was then analyzed using the Muse Cell
Analyzer.

Mitochondrial ROS measurements
To quantify mitochondrial superoxide, we used MitoSOX (Invitrogen,
Carlsbad, USA). After the cells were treated with PAM, it was incubated
with MitoSOX (500 nM) at 37 °C for 20min. Data are analyzed using
confocal microscope.

Mitochondrial mass measurements
To detect mitochondrial mass, we used MitoTrackerTM Green FM (Thermo
fisher scientific, Massachusetts, USA). After cells were treated with PAM,
cancer cells were incubated with MitoTracker (40 nM in 0.5 mL 1X PBS) for
15min. Then, cells were harvested and were added 0.5 mL FACS buffer (1%
BSA in 1X PBS). Mitochondrial mass levels were detected using S3e Cell
Sorter (Bio-Rad, Hercules, California, USA).

Labile iron assay
The labile iron concentration was measured using the Iron Assay Kit (Sigma
Aldrich, Burlington, USA). Briefly, cells were harvested and homogenized in
5X volumes of Iron Assay Buffer. After getting the supernatant, 5 μL of Iron
Reducer was added to each of the sample wells to reduce Fe3+ to Fe2+ and
incubated for 30min. Subsequently, 100 μL of Iron Probe to each well and
incubated the reaction for 60min. The absorbance was detected at 593 nm
using microplate reader.

Lipid peroxidation assay
For detecting the lipid ROS levels, the cells were seeded on 12-well plates
and incubated for attachment. After removing the culture medium, PAM or
chemicals were added followed by further incubation of 2 h. Subsequently,
cells were treated with 2.5 μM BODIPY 581/591 C11 dye (Invitrogen,
Carlsbad, USA) for 15min in a humidified incubator. Then, the cells were
washed with 1X PBS and trypsinized to obtain a single-cell suspension.
Lipid peroxidation levels were detected using S3e Cell Sorter (Bio-Rad,
Hercules, California, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis
Total RNA was extracted with AccuPrep Universal RNA Extraction kit
(Bioneer, Daejeon, Korea), and cDNA was synthesized with PrimeScript RT
Master mix. Then, quantitative real-time PCR was carried out using TB
Green and QuantStudio 3 (Thermo fisher scientific, Massachusetts, USA).
The primers were purchased from Bioneer (Accutarget qPCR Screening kit,
Bioneer, Daejeon, Korea) (Supplementary Table 2).

Western blot analysis
Cells were harvested and lysed in RIPA buffer (iNtRON, Seongnam, Korea)
containing protease inhibitor and phosphatase inhibitor. Next, the transfer
process was carried out using PVDF membrane (Millipore, Billerica, MA,
USA). The membranes were blocked with 5% skim-milk (LPS solution,
Daejeon, Korea) in 1X TBS-T (1% Tween-20 in Tris-HCl buffer) for 1 h.
Subsequently, the membranes incubated with primary antibodies at 4 °C

overnight. The secondary antibodies were incubated at room temperature
for 1 h. Finally, we were detected using ECL reagent (Dongin, Seoul, Korea)
onto an X-ray film (Fuji Film, Tokyo, Japan).

Mouse
Male 6- to 8-week-old athymic nude mice were purchased from the Slc Inc
(Shizuoka, Japan). H1299 cells were collected in cold 1X PBS, and 1 × 107

cells were injected into mice subcutaneously. When the tumor volume
reached 100mm3, mice were divided randomly into two groups. Tumors
were treated with PAM 3 times a week until a total of 21 treatments were
reached. Tumor volume was calculated as volume = length × width2 × 1/2.
All animal experiments were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee of the Kosin
University.

Hematoxylin & Eosin staining
Tumor tissues were collected and fixed immediately with formalin
overnight. Then tissues embedded in paraffin, and cut to a thickness of
5 μm sections. For hematoxylin-eosin (H&E) staining, tissue sections were
embedded in xylene for 5 min. Next, tissue sections were sequentially
immersed in 100, 90, and 70% ethanol. After exposing the harris
hematoxylin for 1 min, the sections were washed with tap water. Then,
the sections immersed in eosin for 30 s and it also was washed with tap
water. Finally, tissue sections were sequentially immersed in 70, 90, and
100% ethanol for fixing.

Immunohistochemistry
For immunohistochemistry, the primary antibody used 4-HNE (1:200,
Abcam, ab46545), FSP1 (1:200, ProteinTech, 20886), and PTGS2 (1:200, Cell
signaling, 12282). In brief, the serial sections were de-paraffinized with
xylene and ethanol. Samples were immersed in citrate buffer (pH 6.0), and
incubated with boiled water for 20min. Then the sections were incubated
with blocking buffer (2% BSA in 1X PBS) for 10min at room temperature.
The serial sections were incubated with primary antibody for overnight at
4 °C. The antibodies were detected using Peroxidase/DAB kit (DAKO
Corporation, Carpinteria, CA, USA). Following fixation, the tissue sections
were observed at 200x magnification. Positive staining (%) was calculated
using ImageJ software. The staining ratio (%) was calculated as (Positive
area / Total area) × 100.

Statistical analyses
Each experiment was repeated at least three times in all cases. Data are
presented as means ± SD (standard deviation). Statistical differences
among groups were analyzed using GraphPad Prism 5 (GraphPad
Software). In all of the comparisons, a level of p < 0.05 was considered
significant (n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001).

DATA AVAILABILITY
Most of the data can be found in the manuscript, and further data used to support
the results of this study may also be requested from the corresponding authors.
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