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ARTICLE INFO ABSTRACT

Keywords: Non-thermal plasma (NTP), an engineered technology to generate reactive species, induces ferroptosis and/or
Ferroptosis ) ) apoptosis specifically in various-type cancer cells. NTP-activated Ringer’s lactate (PAL) is another modality for
Non-thermal plasma-activated Ringer’s lactate cancer therapy at preclinical stage. Here we found that PAL induces selective ferroptosis of malignant meso-

Malignant mesothelioma
Nitric oxide
Autophagy

thelioma (MM) cells, where non-targeted metabolome screening identified upregulated citrulline-nitric oxide
('NO) cycle as a PAL target. ‘NO probe detected biphasic peaks transiently at PAL exposure with time-dependent
increase, which was responsible for inducible * NO synthase (iNOS) overexpression through NF-kB activation.
‘NO and lipid peroxidation occupied lysosomes as a major compartment with increased TFEB expression. Not
only ferrostatin-1 but inhibitors for - NO and/or iNOS could suppress this ferroptosis. PAL-induced ferroptosis
accompanied autophagic process in the early phase, as demonstrated by an increase in essential amino acids,
LC3B-II, p62 and LAMP1, transforming into the later phase with boosted lipid peroxidation. Therefore, "NO-
mediated lysosomal impairment is central in PAL-induced ferroptosis.

intracellular ratio of iron to sulfur (in association with antioxidants,
including glutathione), such as in excess iron or cysteine deprivation,
determines the cell fate toward ferroptosis, where lipid peroxidation,
especially derived from polyunsaturated phospholipids, finally executes
this form of cell death [3,6,8]. Of note, ferroptosis-inducible reagents are
demonstrated to strongly correlate with the selective cell death of
epithelial-derived cancer cells with highly mesenchymal state [9,10].
Recent studies suggest that dysfunction of intracellular organelles, such
as lysosome and mitochondria, under stress conditions contributes to
ferroptosis regulation [11].

Malignant mesothelioma (MM) is an aggressive cancer of somatic
cavities in association with asbestos exposure [12-14]. Current standard
therapeutic regimens for MM have been dismal due to the difficulty in
early diagnosis and operational access [15,16]. Non-thermal plasma
(NTP) is an engineered technology to generate various reactive species

1. Introduction

Cancer is a leading and increasing cause of human mortality
worldwide (https://www.who.int/news-room/fact-sheets/detail/ca
ncer). Despite recent progress in understanding carcinogenic mecha-
nisms and tumor biology, permanent cure is difficult in advanced can-
cers of various origins due to the deficiency in available targetable drugs
as well as therapy-resistance [1]. Thus, societies persistently require
novel modalities for better prognosis of cancer.

Recently, ferroptosis is considered as a biomarker of effectiveness in
cancer therapy [2,3]. Cancer cells are intrinsically rich in catalytic Fe(Il)
for proliferation [4,5], which is now targeted to specifically kill them.
Ferroptosis is catalytic Fe(Il)-dependent regulated necrosis [6] and
immunogenic in comparison to apoptosis [7]. Situations with increased
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Abbreviations
AAs amino acids
CE-MS capillary electrophoresis and mass spectrometry
FACS fluorescence-activated cell sorter
FBS fetal bovine serum
Fer-1 Ferrostatin-1
iNOS inducible nitric oxide synthase (NOS2)
NF-xB  nuclear factor-xB
‘NO nitric oxide
NOS nitric oxide synthase
NTP non-thermal plasma
PAL non-thermal plasma-activated Ringer’s lactate
PCA principal component analysis
pmTOR phosphorylated mechanistic target of rapamycin
(mTOR)
PPP pentose phosphate pathway
RL Ringer’s lactate
ROS reactive oxygens species
RT room temperature
TCA tricarboxylic acid
TFEB transcription factor EB

at near body temperature [17-21]. Previously, we showed that direct
exposure of NTP specifically kills MM cells in comparison to
non-tumorous cells, causing ferroptosis [22,23]. Ferroptosis may be
preferred in cancer chemotherapy to apoptosis due to immunogenicity
[7] to merit the current availability of immune checkpoint inhibitors
[24]. Here we used NTP-activated Ringer’s lactate (PAL) to MM cells,
considering flexible clinical applications in somatic cavities, and per-
formed comprehensive metabolomic screening in search of the respon-
sible chemical reactions. We report that PAL induces ferroptosis
specifically in MM cells, where lysosomal nitric oxide (NO) plays a
critical role in transforming autophagic process into ferroptosis.

2. Materials and methods
2.1. Cell lines and media

Human MM cells, Y-Meso-8A (8A) [25], NCI-H290 as a gift from Dr.
Adi F. Gazdar (University of Texas, Southwestern Medical Center) and a
human normal mesothelial cell line (LP9) purchased from ATCC (Man-
assas, VA) were used. Human fibrosarcoma cell line HT1080 was pur-
chased from JCRB (Ibaraki, Osaka, Japan). 8A, H290 and LP9 cells were
cultured in RPMI-1640 (189-02025, Wako, Osaka, Japan), containing
10% fetal bovine serum (Biowest; Nuaillé, France) under 5% CO- at-
mosphere. HT1080 cells was cultured in EMEM (051-07615, Wako,
Osaka, Japan), containing 10% fetal bovine serum (Biowest; Nuaillé,
France) under 5% CO; atmosphere.

2.2. Materials

Ringer’s lactate solution (Cat. #14500AMZ02080) and Ringer’s so-
lution (Cat. #16000AMZ00565) were from Otsuka Pharmaceutical Co.,
Ltd (Tokyo, Japan). Erastin (Cat. #571203-78-6) [26] was purchased
from Cayman Chemical (Ann Arbor, MI). Ferrostatin-1 (Cat. #SML0583)
was from Sigma-Aldrich (St. Louis, MO). Carboxy-PTIO (Cat. #C348)
[27] was from Dojindo (Kumamoto, Japan). Cisplatin (Cat. #BP809)
was from Sigma-Aldrich. 1400 W (Cat. #ab120165) [28] was from
Abcam (Cambridge, UK). Balflomycin Al (Cat. #54645) [29] was pur-
chased from Cell Signaling Technology (Danvers, MA).
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2.3. Preparation of PAL

Four distinct PAL solutions were prepared to determine the optimal
experimental condition. Briefly, a total of 10 mL of Ringer’s lactate so-
lution was placed in 60 mm-diameter culture dishes (Cat. # 430166;
Corning). The plasma exposure conditions were identical to those of
previously reported experiments [30-33]. Four different compositions
of atmospheric gas were applied as 80% Ar either with 20% No, 15%
N2+5% O, 10% N3+10% Oy or 5% Ny+15% O, with a closed system
(Fuji Corporation, Chiryu, Aichi, Japan). Other conditions were as fol-
lows: 10 kV of 60 Hz AC power and gas at a flow rate of 2 standard liters
per min. Final PAL was prepared by diluting the original
plasma-irradiated lactate solution 14-fold with untreated Ringer’s
solution.

2.4. Cell viability

In these studies, 5000 cells/well were seeded in 96-well plates (Cat.
#167008, Thermo Fisher Scientific) and incubated for 24 h/37 °C. The
cells were then treated with PAL for 15 min/37 °C. After incubation in
RPMI (5% FBS), the cell count reagent SF (Cat. #07553, Nacalai Tesque,
Kyoto, Japan) was used to determine the viability of the cells.

2.5. Calculation of cytotoxicity

Cytotoxicity was assayed by SYTOX™ Green Nucleic Acid Stain
(S7020, Thermo Scientific) or LDH assay. In Sytox Green nucleic acid
stain assay, 10° cells/well were seeded in 12-well plates (Cat. #167008,
Thermo Fisher Scientific) and incubated for 24 h/37 °C. The cells were
then treated with PAL for 15 min/37 °C. After a 6 h/37 °C incubation in
RPMI (5% FBS), the cells were stained with 2.5 pM SYTOX Green and the
number of positive cells were observed by a BZ9000 immunofluorescent
microscopy, and measured by a Gallios Flow Cytometer (Beckman
Coulter) using three technical replicates per sample. In LDH Assay, 5000
cells/well were seeded in 96-well plates (Cat. #167008, Thermo Fisher
Scientific) and incubated for 24 h/37 °C. The cells were then treated
with PAL for 15 min/37 °C. After incubation in RPMI (5% FBS), the
Cytotoxicity LDH Assay Kit-WST (Cat. # CK12, Dojindo, Japan) was
used to determine the viability of the cells.

2.6. Metabolomic profiling

Five groups were designed (N = 3) both for Y-Meso-8A (8A) and
H290 MM cells: RPMI with 10% FBS (as initial), PAL-untreated Ringer’s
lactate (RL) solution (as control), PAL, PAL + Fer-1 or erastin. After 5
min’s incubation with PAL, cells were treated with or without Fer-1 in
RL for 4 h. Cells in the erastin-group were incubated in RL. After 4 h-
incubation, extracellular proteins were removed by washing with 10 mL
of 5% (w/v) D-mannitol solution while retaining intracellular metabo-
lites. Methanol metabolite extraction was performed according to the
human metabolome technologies (HMT, Tsuruoka, Japan) metabolite
extraction method for adherent cells. Metabolite concentrations were
normalized to viable cell counts. Triplicate supernatants of each sample
were analyzed using capillary electrophoresis and mass spectrometry
(CE-MS) with a fused silica capillary (50 pm x 80 cm) column. Cations
were detected using a CE-time-of-flight MS system (Agilent Technolo-
gies) at a positive voltage of 27 kV. Anions were detected using an
Agilent 6460 TripleQuad LC/MS QqQl CE-MS system at a positive
voltage of 30 kV. Data processing and analysis of metabolite levels were
performed as follows. Principal component analysis (PCA) was per-
formed to identify global trends among the variables while ignoring
outliers. A heatmap was generated by normalization using the mean and
standard deviation of individual metabolite measurements across sam-
ples. Missing data were imputed as zero. Hierarchical clustering based
on Pearson’s correlation was performed on the log-transformed
normalized data after median centering per metabolite. Statistical
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analyses were carried out using Welch’s t-test, with P values < 0.05
considered significant.

2.7. Transmission electron microscopy

H290 MM cells pre-treated with PAL for 15 min/37 °C. After 4 or 24
h/37 °C incubation with or without Fer-1 in RPMI (5% FBS), cells were
harvested and fixed with 2 mM glutaraldehyde in 1 mM PBS as previ-
ously described [34]. Transmission electron microscopy was performed
with a JEM-1400PLUS (JEOL, Tokyo, Japan).

2.8. Intracellular.NO measurements

The concentration of - NO was measured using diaminofluorescein-
FM diacetate (DAF-FM DA, Cat. #SK1004-01; Goryo Chemical Inc.,
Sapporo, Japan) probe [35] by Gallios Flow Cytometer (Beckman
Coulter), using three technical replicates per sample. The fluorescent
images were taken with a Zeiss confocal microscope (LSM880; Carl
Zeiss, Oberkochen, Germany).

2.9. Intracellular peroxynitrite measurements

The concentration of peroxynitrite was measured using peroxynitrite
assay kit (Cat. #ab233468, Abcam). The fluorescent signal was moni-
tored at Ex/Em = 490/530 nm by a Cytation microplate reader using
three technical replicates per sample.

2.10. Intracellular ROS measurements

The concentration of peroxides and lipid peroxidation was measured,
respectively, using CM-H2DCFDA (Cat. #D399, Thermo Fisher Scienti-
fic) [36] and BODIPY™ 581/591 C11 (Cat. #D3861, Thermo Fisher
Scientific) [37] by FACS analysis. Fluorescent images were taken with a
LSM8800 confocal microscope.

2.11. Protein extraction and immunoblotting

Prior to PAL treatment, MM cells (2.5 x 105) or non-tumorous
mesothelial cell LP9 (1 x 10°) were plated onto 60-mm dishes and
incubated for 48 h/37 °C. After treatment with PAL, cells were then
incubated for 24 h/37 °C in complete medium, subsequently collected
and lysed to extract proteins. The primary antibodies used for immu-
noblotting were against iNOS (Cat. #CXNFT; 1/200 dilution; Invi-
trogen), eNOS (Cat. #9572; 1/500 dilution; Cell Signaling Technology,
Danvers, MA), nNOS (Cat. #4234; 1/800 dilution; Cell Signaling Tech-
nology), LAMP1 (Cat. #D2D11; 1/500 dilution, Cell Signaling Tech-
nology), and LC3B (Cat. #D11, 1/1000 dilution; Cell Signaling
Technology), SQSTM1/p62 (Cat. #D5L7G, 1/1000 dilution; Cell
Signaling Technology), mTOR (Cat. #7C10, 1/1000 dilution; Cell
Signaling Technology), Phospho-mTOR (Ser2448) (Cat. #D9C2, 1/300
dilution; Cell Signaling Technology) and Keapl (Cat. #ab139729, 1/
1000 dilution; Abcam). Antibodies against p-actin (Cat. #clone AC-15;
1/5000 dilution; Sigma) was used as protein-loading controls. Quanti-
fication of the bands was performed with ImageJ 4.7v software (NIH,
Bethesda, MD).

2.12. Immunofluorescence using confocal microscopy

After H290 and 8A cells were treated with PAL, they were then
incubated for 8 h/37 °C. The cells were then fixed with 4% (w/v)
paraformaldehyde for 10 min/RT, washed 3 times using PBS, incubated
with 0.1% (v/v) Triton X100 and blocked for 1 h at RT with 3% (w/v)
bovine serum albumin. The cells were then incubated overnight at 4 °C
with primary antibodies against iNOS (Cat. #CXNFT; 1/200 dilution;
Invitrogen), p65 (Cat. #D14E12; 1/400 dilution; Cell Signaling Tech-
nology), LAMP1 (Cat. #ab25630; 1/500 dilution; Abcam), LC3B (Cat.
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#D11; 1/1000 dilution; Cell Signaling Technology), SQSTM1/p62 (Cat.
#D5L7G, 1/1000 dilution; Cell Signaling Technology), TFEB (Cat.
#1337-1-AP, 1/100 dilution; Proteintech) and NF-kB (Cat. #PA5-88084,
1/500 dilution; Thermofisher), washed 3 times with PBS and incubated
with the secondary antibodies, Alexa Fluor® Plus 488 or Alexa Fluor®
Plus 568 (Invitrogen). A Zeiss confocal microscope (LSM880, Carl Zeiss)
was used to observe cellular morphology. The fluorescence intensity and
Mander’s overlap for image co-localization were measured using ImageJ
4.7v software. Fifty cells were quantified with ImageJ software for
integration of each fluorescence (wavelength) area via excluding the
cellular background. Relative intensities per cell in arbitrary units are
shown.

2.13. Statistics

All statistical analyses were performed with GraphPad Prism 5
software (GraphPad Software, La Jolla, CA). Significance of difference
was determined by unpaired t-test, one-way ANOVA or two-way
ANOVA, followed by Tukey’s multiple comparison test. Significance
was defined as P < 0.05.

3. Results

3.1. NTP-activated Ringer’s lactate (PAL) induces ferroptosis selectively
in MM cells

To assess the efficacy and selectivity with different preparations of
PAL, LP9 human mesothelial cells and NCI-H290 (H290; derived from
sarcomatoid subtype)/Y-MESO-8A (8A; derived from epithelioid sub-
type) human MM cells were treated with PAL, prepared with different
Ny/O; ratio as the atmosphere of plasma source. PAL prepared with 10%
N2/10% O2/80% Ar atmosphere exhibited significant anti-proliferative
effects on MM cells without disturbing the proliferation of LP9 normal
mesothelial cells (Fig. 1A and B). Of note, whereas sarcomatoid subtype
(H290) MM cells exhibited more aggressive behavior in comparison to
epithelioid subtype (8A) MM cells (Supplementary Fig. 1A), H290 cells
were more sensitive to PAL-induced mortality than 8A cells (Fig. 1B, C,
D; Supplementary Fig. 1B, C, D). To determine whether ferroptosis is
involved in PAL-induced mortality, cells were treated with PAL for 15
min and the cell viability was examined after an incubation up to 24 h/
37 °C in RPMI1640 (5% FBS) with a ferroptosis inhibitor, ferrostatin-1
(Fer-1; 5 pM). PAL induced significant cell death selectively in H290
and 8A cells, which Fer-1 prevented (Fig. 1C). In contrast, Fer-1 failed to
reverse cell death induced by cisplatin (20 pM), a chemotherapeutic
widely used for the treatment of MM via apoptosis induction (Fig. 1D
and E and Supplementary Fig. 1E). Finally, transmission electron mi-
croscopy revealed that H290 cells after PAL treatment exhibited
deformed mitochondria with vacuoles and dense deposits while nuclear
membrane was intact with no nuclear fragmentation (Fig. 1F). These
results indicated significant and selective cytotoxicity of PAL to MM cells
with the involvement of ferroptosis.

3.2. Metabolome analysis identified both similarities to and differences
from erastin-induced ferroptosis

Considering the selective ferroptosis-inducing ability of PAL in MM
cells, we performed metabolome analysis to understand the molecular
mechanisms involved. Supplementary Fig. 2A shows a schematic illus-
tration of the experimental protocol. Metabolomic profiling using 8A
and H290 cells revealed characteristic differences in 116 metabolites
among the samples (N = 3) in complete RPMI1640 medium (as initial),
Ringer’s lactate solution only (RL; as control), PAL, PAL with 5 pM Fer-1
or RL with 5 pM erastin, a cysteine deprivation-type ferroptosis inducer
[26] (Supplementary Figs. 2B and 3). Score plots of the principal
component analysis (PCA) revealed that PC1 and PC2 can explain 41.7%
and 14.4% of the variation, respectively (Fig. 2A). Top-40 metabolites
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Fig. 1. Non-thermal plasma (NTP)-activated Ringer’s lactate (PAL) reveals selective, ferroptosis-inducing activity on malignant mesothelioma (MM) cells in comparison to
non-tumorous mesothelial cells. (A) Schematic illustration of experimental design. Briefly, a total of 10 mL of Ringer’s lactate (RL) solution was placed in 60 mm-
diameter culture dishes and exposed to NTP for 10 min, which was diluted to 14-fold with untreated Ringer’s solution and used as PAL. The cells were treated with
PAL for 15 min, which was further incubated in RPMI1640 medium (5% FBS). Control cells were treated with RL solution for 15 min and further incubated in
RPMI1640 (5% FBS). (B) Differential effects of PAL between cancer and non-cancerous cells. Human non-tumorous mesothelial cells (LP9) and MM cells (H290,
sarcomatoid subtype) were treated with PAL generated under different atmospheric composition for 15 min to evaluate cell proliferation after an incubation of 0-24
h/37 °C in RPMI (5% FBS). (C) Protective effects of Ferrostain-1 (Fer-1) only on cancer cells exposed to PAL. LP9 and MM cells (H290; 8A, epithelioid subtype) were
treated with or without PAL (10% N»/10% 0,/80% Ar) for 15 min to assess cell proliferation with or without Fer-1 (means + SEM, N = 3; *P < 0.05, **P < 0.01,
***P < 0.001 vs RL unless indicated by bar). (D) PAL but not cisplatin induces ferroptosis in MM by dead cell analysis with SYTOX green and Hoechst 33342 nuclear
staining under fluorescent microscopy. H290 cells were treated either with PAL (15 min), followed by an incubation of 6 h/37 °C in RPMI (5% FBS) with or without
Fer-1, or with cisplatin in the presence or absence of Fer-1 for 6 h (bar = 50 pm). (E) FACS analysis of the experiments in D. Typical flow cytometry profiles are
shown. (F) Transmission electron microscopy reveals (i) nuclear and (ii) mitochondrial alterations in H290 cells after PAL exposure, which are reversed by Fer-1 (bar
=5 pm at [i] and 500 nm at [ii]). Refer to text for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

with absolute factor loading values in PC1 and PC2 are shown in Sup-
plementary Fig. 2B. Regarding 8A cells, control and PAL groups clus-
tered significantly apart from each other by PC2. Further, Fer-1 reversed
the separation between PAL and control groups. Erastin group clustered
close enough with control group both by PC1 and PC2. In contrast,
regarding H290 cells, PC1 differentiated control groups from PAL and
erastin groups, especially with PAL group clearly dissociated. PC2
significantly separated all the five groups. PAL-group cluster showed

wider distribution in comparison to that of control group. Fer-1 reversed
the dissociation. Notably, there was a distinct separation between PAL
and erastin groups. Supplementary Fig. 4 summarizes mapping of
metabolite levels of glycolysis, pentose phosphate pathway (PPP) and
tricarboxylic acid (TCA) cycle. Collectively, these results suggest that
PAL exposure induces ferroptotic MM cell death, accompanied by
various metabolic alterations via mechanism different from cysteine
deprivation (i.e. erastin).
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Fig. 2. PAL effects not only through exogenous but also through endogenous nitric oxide (NO) on MM cells. (A) Principal components analysis (PCA) of metabolome
reveals a separation of main source of variance among initial (cells cultured in complete RPMI1640 medium), control (cells cultured in RL solution), PAL treatment,
PAL + Fer-1 and erastin-treatment (N = 3; H290 sarcomatoid MM; 8A, epithelioid MM). (B) Mapping of metabolite levels in citrulline-NO cycle and urea cycle.
Comparison of relative metabolite levels in cells cultivated in complete medium (initial), RL solution (control), PAL, PAL + Fer-1 or erastin. Relative metabolite levels
are shown as bar plots. Characteristic reactions of citrulline-NO cycle and urea cycle are included. (C) Specific PAL-mediated iNOS induction in MM cells. Human
mesothelial cells (LP9) and MM cells (H290 and 8A) were treated with PAL (15 min) and then incubated in medium for 0-24 h/37 °C, followed by Western blot
analysis. The numbers above the bands indicate relative values by quantification through the entire figures. (D) Biphasic - NO increase. MM cells were treated with or
without PAL for 15 min. The cells were then incubated with or without caboxy-PTIO, 1400 W or Fer-1 for an additional 0.5-8 h/37 °C, and - NO was detected by flow
cytometry using the DAF-FM DA probe. (E) Association of - NO and iNOS expression. MM cells were treated with PAL (15 min) and then incubated in medium for 0-8
h/37 °C with or without Fer-1/a combination of caboxy-PTIO and 1400 W, followed by Western blot analysis. (F) Inmunofluorescence of iNOS induction after PAL
exposure. H290 cells were treated with PAL (15 min) and then incubated in medium for 4 h/37 °C with or without caboxy-PTIO (DAPI nuclear staining; bar = 20
pm). (G) Immunofluorescence of NF-kB after PAL exposure. H290 cells were treated with PAL (15 min) and then incubated in medium for 4 h/37 °C with or without
caboxy-PTIO (bar = 20 pm). Representative data are shown for immunofluorescence from 3 experiments and the analysis is shown as means + SEM (N = 3), *P <
0.05, **P < 0.01, ***P < 0.001 vs each RL unless indicated by bar. Refer to text for details.

3.3. PAL supplies exogenous ‘NO at first and later endogenous 'NO in MM Supplementary Fig. 5). 'NO-producing cells recycle citrulline, one of the
cells products of the NO synthase (NOS)-catalyzed reaction, to arginine in a
pathway termed citrulline-NO cycle. According to the metabolomic

We recognized in the metabolome of urea cycle that levels of argi- profiling, Fer-1 reversed the increase in the production of Arg, ornithine,
nine (Arg), ornithine, citrulline and Arg succinate were all increased 4 h citrulline and Arg succinate after PAL treatment (Fig. 2B; Supplementary
after PAL treatment. However, the levels of aspartate (Asp), fumaric Fig. 5), suggesting that PAL exposure leads to - NO production via cit-
acid, creatine and putrescine were all downregulated, which indicates rulline-NO cycle, thus contributing to ferroptosis. To confirm this hy-
that anabolism exceeded catabolism in the urea cycle (Fig. 2B; pothesis, we measured the expression of inducible NOS (iNOS [NOS2])
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and the level of - NO in MM cells. An immediate increase in - NO level at
30 min and a subsequent decrease at 1 h were observed after PAL
treatment (Fig. 2C and D). As PAL contains reactive oxygen and nitrogen
species [38], the immediate increase in - NO level reflects the exogenous
*NO from PAL. Unexpectedly, after this transient decrease, PAL caused a
persistent increase in - NO level in a time-dependent manner, which was
consistent with the upregulation of iNOS but neither endothelial nor
neuronal NOS (eNOS [NOS3], nNOS [NOS1]; Fig. 2D; Supplementary
Fig. 6D). In contrast, PAL failed to induce iNOS in human normal
mesothelial cells LP9 (Fig. 2C). Furthermore, caboxy-PTIO (NO scav-
enger, 100 pM), 1400 W (iNOS inhibitor, 100 pM) and Fer-1 reversed the
increase in both - NO level and iNOS expression at the later phase
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(Fig. 2D and E). The effect of 1400 W to decrease iNOS protein level is
previously described [39]. Immunocytochemistry confirmed the results
(Fig. 2F; Supplementary Fig. 6B). Given that the activation of tran-
scription factor nuclear factor (NF)-xB is a canonical mechanism to
upregulate iNOS, we evaluated the localization of p65 and found that
PAL treatment resulted in p65 translocation into the nucleus whereas -
NO scavenger suppressed the activation of NF-xB (Fig. 2G; Supplemen-
tary Fig. 6C). Similarly, PAL induced cell death time-dependently in
HT1080 fibrosarcoma cells with elevated level of iNOS (Supplementary
Fig. 6F and G). The results demonstrate that PAL treatment provides
biphasic high concentration of - NO in MM cells via NF-kB-mediated
iNOS overexpression with a positive feedback loop.
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Fig. 3. NO contributes to PAL-induced ferroptosis of MM cells via lysosomal localization with peroxynitrite formation. (A) Contribution of - NO to ferroptosis evaluated by
cell viability. MM cells were treated with PAL for 15 min, followed by incubation for 4-24 h with or without caboxy-PTIO, 1400 W or Fer-1 (H290, sarcomatoid MM,
8A, epithelioid MM). (B) Contribution of - NO to ferroptosis evaluated by lipid peroxidation. MM cells were treated with PAL for 15 min, followed by incubation for
0.5-8 h with or without Fer-1 or the combination of caboxy-PTIO and 1400 W, and then incubated with BODIPY™ 581/591 C11. Lipid peroxidation was evaluated by
FACS analysis. (C) Lysosomal - NO after PAL exposure. After treatment with PAL (15 min) and an incubation of 4 h with or without Fer-1, H290 cells were stained
with either DAF-FM DA (green) or LysoTracker Red DND-99 (red) and Hoechst 33342. The white punctate staining indicates electronic merge (Merge) of DAF-FM DA
and LysoTracker by confocal microscopy (bar = 20 pm). (D) Induction of lysosomal lipid peroxidation after PAL exposure. After treatment with PAL (15 min) and an
incubation of 4 h with or without Fer-1, H290 cells were stained with either BODIPY™ 581/591 C11 or LysoTracker Red DND-99 (red). The white punctate staining
indicates electronic merge (Merge) of BODIPY™ 581/591 C11 and LysoTracker by confocal microscopy (bar = 20 pm). (E) Peroxynitrite production after PAL
exposure. H290 cells were treated with PAL for 15 min, followed by incubation with or without Fer-1 or the combination of caboxy-PTIO and 1400 W for an
additional 0.5-8 h with Peroxynitrite Sensor Green working solution. (F) Erastin-induced ferroptosis is not NO-dependent. MM cells were treated with erastin in the
presence or the absence of caboxy-PTIO, 1400 W or Fer-1 for an additional 4-24 h. Cells treated with PAL for 15 min were taken as positive control. Representative
data are shown from 3 experiments and the analysis is shown as means + SEM (N = 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs each RL unless indicated by bar. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.4. "NO plays a major role in PAL-induced ferroptosis

To determine the role of - NO in PAL-induced ferroptosis, we eval-
uated whether - NO scavenger and iNOS inhibitor affect PAL-induced
ferroptosis of MM cells. Caboxy-PTIO and 1400 W significantly
reversed PAL-induced ferroptosis (Fig. 3A; Supplementary Fig. 6A).
Moreover, increased lipid peroxidation by PAL exposure was inhibited
by Fer-1 or by the combination of Caboxy-PTIO and 1400 W (for the
elimination of exogenous and endogenous - NO) (Fig. 3B). To analyze
how - NO eventually contributed to lipid peroxidation, we screened for
the localization of - NO and lipid peroxidation with specific probes. In
PAL-treated MM cells, the accumulation of - NO and lipid peroxidation
was unexpectedly both at lysosomes, which Fer-1 could protect from
undergoing this - NO-derived oxidants-mediated lipid peroxidation
(Fig. 3C and D; Supplementary Fig. 7A, B). Given that peroxynitrite is
generated by the combination of - NO and O3 and plays a critical role in
pro-oxidation [40], we determined the level of peroxynitrite in
PAL-treated MM cells. A time-dependent increase in peroxynitrite was
observed upon PAL treatment, which was reversed by Fer-1 or by the
combination of caboxy-PTIO and 1400 W (Fig. 3E; Supplementary
Fig. 7C). The observation suggests not only the unexpected role of - NO
but also of lysosome in PAL-induced ferroptosis in MM cells. Of note, we
found that cysteine deprivation-derived ferroptosis by erastin leads to a
significantly different metabolic alterations in citrulline-NO cycle
(Fig. 2A), suggesting a different mechanism of ferroptosis. As expected,
neither caboxy-PTIO nor 1400 W could reverse erastin-induced ferrop-
tosis (Fig. 3E), confirming that PAL-induced ferroptosis is unique in
nature.

3.5. "NO induces lysosome-dependent autophagy at the early phase after
PAL exposure

In addition to the activation of citrulline-NO cycle, metabolome
analysis revealed another category of results that levels of essential
amino acids (AAs) are significantly increased in PAL-treated group
despite AA deficiency in the culture media. Regarding H290 cell line,
amounts of 8 out of 9 essential AAs (His, Ile, Leu, Thr, Phe, Lys, Trp and
Val) were increased in response to PAL treatment whereas Fer-1
reversed the enhancement of 5 AAs (His, Ile, Leu, Thr, and Val)
(Fig. 4A). Moreover, PAL-treated cells exhibited a significant increase in
the number of phagophore, lysosomes and autolysosomes (Fig. 4B). The
observation led to a hypothesis that at this stage (4 h after PAL treat-
ment) MM cells undergo the autophagic process, especially in lyso-
somes, in response to accumulation of lipid peroxidation.

Indeed, we found that PAL treatment increased the expression of
LC3B-II in a time-dependent manner whereas Fer-1 or the combination
of PTIO and 1400 W reversed the increase (Fig. 4C and D; Supplemen-
tary Fig. 8A). Moreover, redistribution of LC3B from the nucleus, as
described in cancer cell lines [41], to the cytoplasm also suggested the
induction of autophagy in PAL-treated cells (Fig. 4C). Lysosomal mem-
brane marker, LAMP1, was similarly increased but decreased 8 h after
PAL treatment in comparison to 4 h, suggesting the temporary induction
of lysosomal biogenesis with autophagy [42], followed by extensive
lysosomal damage (Fig. 4D). To gain a better insight into how lysosomes
participate in this process, we used bafilomycin A1 (10 nM) [29], which
prevents maturation of autophagic vacuoles by inhibiting late-stage
fusion between autophagosomes and lysosomes as well as lysosomal
degradation (Fig. 4F). Bafilomycin Al protected MM cells from
PAL-induced ferroptosis via maintaining lysosomal function (Fig. 4E and
F). Moreover, bafilomycin Al eliminated NO accumulation and lipid
peroxidation in lysosomes (Fig. 4G and H; Supplementary Fig. 8B, C).
Taken together, these results indicate that PAL induces and also requires
autophagic process as an early event to cause - NO-derived oxi-
dants-mediated lipid peroxidation in lysosomes. The pH of lysosome is
estimated as ~5. "NO probe is stable above pH 5.8 and would be ~90%
at pH 5 [35], and C11-BODYPY for lipid peroxidation is stable at all pH
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[37], confirming these experiments are reasonable.

3.6. P62-regulated lipid peroxidation leads to ferroptosis at the late phase
after PAL exposure

mTORC1 represses autophagy by directly inhibiting specific Atg
proteins required for autophagy induction [43]. Further, mTORC1 is
able to control transcription factor EB (TFEB) activation by maintaining
it in the cytosol [44]. However, upon stimulation, such as fasting, TFEB
rapidly translocates to the nucleus, inducing expression of autophagy
and lysosomal genes, including p62, a multifunctional signaling hub
protein [45]. We evaluated the subcellular localization of TFEB and the
expression of phosphorylated mTOR (pmTOR) and p62. p62 was
persistently overexpressed for 8 h after PAL exposure whereas pmTOR
decreased 4 and 8 h after PAL treatment in H290 and 8A cells, respec-
tively. Notably, Fer-1 or the combination of caboxy-PTIO and 1400 W
could reverse both of them (Fig. 5A). PAL induced an increase in the
nuclear TFEB whereas bafilomycin Al or the combination of
caboxy-PTIO and 1400 W could prevent it (Fig. 5B; Supplementary
Fig. 9A).

Here downregulation of pmTORC]1 activated TFEB, which resulted in
the transcription of p62, initiating autophagy, at the early phase after
PAL exposure. p62 levels thereafter increased up to 8 h, followed by
gradual decrease as a function of time until 24 h, when p62 level was
lower than that at 0 h, concomitant with the increase in pmTOR levels
(Fig. 5C and D; Supplementary Fig. 9B). The results, together with the
rapidly decreasing LC3B and Keapl levels after 8 h with similar time-
course, indicate the inhibition of autophagy (Fig. 5D). As p62/Keapl/
Nrf2 plays an important role in mediating oxidative stress response [46],
we then examined the oxidative stress levels by lipid peroxidation and
peroxides. As mentioned above, oxidative stress rapidly and signifi-
cantly increased 1 h after PAL treatment, followed by a temporary
decrease at 4 h, which may be due to the regulatory activity of
p62-mediated antioxidant response (Fig. 5E and F). After 4 h, oxidative
stress level then gradually increased until 24 h with the decrease in p62
and Keapl levels (Fig. 5D, E and F) and the nuclear translocation of Nrf2
(Supplementary Fig. 9C). Moreover, bafilomycin Al reversed the
elevated level of p62 induced by PAL (Supplementary Fig. 9D, E),
indicating that its eliminating effect of lipid ROS (Fig. 4H) might be
partly due to the regulation of p62. This observation was consistent with
the fate of ferroptosis, suggesting that ferroptosis signal has a higher
hierarchy than the pro-autophagic response as the late-phase event after
PAL exposure.

4. Discussion

NTP technology, an engineered source of various reactive species,
has long been used in industry to remove - NO and SO, in the gas phase
in combination with TiO5 photocatalytst [47]. Here we for the first time
revealed that PAL, a simple solution after NTP exposure, causes fer-
roptosis in a lysosomal - NO-dependent manner specifically in cancer
(MM) cells.

Cancer cells are generally rich in catalytic Fe(II) for frequent DNA
replication and persistent proliferation, which can be the Achilles’ heel
targets to induce ferroptosis specifically [3,48]. PAL-mediated ferrop-
tosis was different in metabolic and signaling processes from that of
erastin, a classic cysteine deprivation-type ferroptosis inducer, based on
the present metabolomic study. We evaluated alterations in intracellular
metabolites in PAL-treated MM cells, which were compared to those of
PAL/Fer-1- and erastin-treated MM cells. We could identify upregula-
tion of citrulline-NO cycle by PAL exposure, but not by erastin. Of note,
this upregulation was inhibited by Fer-1, indicating a distinct ferroptosis
pathway. 'NO is involved in various aspects of physiological and path-
ological processes in biology [40,49,50]. Citrulline in human blood is
increased with aging [51]. Regulation of iNOS with - NO production is
complex and still controversial especially in cancer [39,52-54]. Biphasic
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Fig. 4. PAL initiates lysosome-dependent autophagy in MM cells. (A) Essential amino acids in MM cells cultured in RPMI (initial), Ringer’s solution (control), PAL, PAL
with Fer-1 or erastin. Relative metabolite levels shown as bar plots. (B) Autophagy by transmission electron microscopy of H290 cells treated with PAL. Red, blue and
yellow arrowheads represent phagophore, autolysosome and lysosome, respectively (bar = 500 nm). (C) Proximity of LAMP1 to LC3B after PAL. H290 cells were
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with anti-LAMP1 and anti-LC3B antibodies (Hoechst 33342) evaluated by confocal microscopy (bar = 20 pm). (D) Initiation of autophagy with lysosomegenesis after
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expression of LAMP1 and LC3B were assessed by Western blot. (E) Autophagic process is necessary for PAL-induced ferroptosis. MM cells were treated with PAL for
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Autophagic process is necessary for PAL-induced lysosomal lipid peroxidation. After treatment with PAL (15 min) and an incubation of 4 h with or without bafi-
lomycin A1, H290 cells were stained either with BODIPY™ 581/591 C11 or LysoTracker Red DND-99 (red; 10 pM) evaluated by confocal microscopy (bar = 20 pm).
Representative data are shown from 3 experiments and the analysis is shown as means + SEM (N = 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs each RL unless
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Fig. 5. Failure of phophorylated mTOR/TFEB/p62 signaling leads to ferroptosis of MM cells after PAL. (A) pmTOR reduction with p62 induction at an early phase after
PAL exposure. MM cells were treated with PAL for 15 min. The cells were then incubated with or without Fer-1 or the combination of caboxy-PTIO and 1400 W for an
additional 1-8 h, and the expression of p62 and pmTOR were assessed by Western blot. (B) TFEB induction is associated with - NO and autophagic processes. H290
cells were treated with or without PAL, and then incubated for an additional 4 h in the presence or the absence of the combination of caboxy-PTIO and 1400 W or
bafilomycin A1l. Immunocytochemistry was performed with anti-TEFB antibody (lower panel, DAPI nuclear staining), which was observed using confocal microscopy
(bar = 20 pm). (C) Early increase and late decrease of p62 in MM cells after PAL. H290 cells were treated with PAL, and then incubated for an additional 4-18 h.
Immunocytochemistry was with anti-p62 antibody, which was observed using confocal microscopy (bar = 20 pm). (D) Time course of pmTOR/p62/LC3B. MM cells
were treated with or without PAL for 15 min. The cells were then incubated for an additional 1-24 h, and the expression of p62, Keapl, LC3B, mTOR, pmTOR was
assessed by Western blot. (E) Increase in lipid peroxidation after PAL. After treatment with PAL (15 min) and an incubation of 1-24 h, the cells were stained for 30
min/37 °C with BODIPY™ 581/591 C11. The level of lipid peroxidation was examined by FACS analysis. (F) After treatment with PAL (15 min) and an incubation of
1-24 h, the cells were stained for 30 min/37 °C with CM-H2DCFDA. The level of ROS was examined by FACS analysis. Representative data are shown from 3
experiments and the analysis is shown as means + SEM (N = 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs each RL unless indicated by bar.

contribution of - NO to ferroptosis was unexpected, and our observation
supports a role of exogenous * NO in the amplification of iNOS-derived
NO levels in MM cells with a positive feedback loop through NF-xB
activation (Fig. 6A).

Lysosomes in MM cells were the critical subcellular location for the
effects of PAL. Cancer cells are rich in lysosome [55], which harbors
abundant catalytic Fe(II) and is a key organelle for iron homeostasis
under cell proliferation [56]. 'NO has strong affinity for Fe(II) and O3
may be coexistent via lysosomal membrane-associated NADPH oxidase
[57]. The reaction of - NO with O3 leads to pro-oxidant events with the
intermediacy of peroxynitrite, including lipid peroxidation of poly-
unsaturated fatty acids present in biomembranes and lipoproteins [40].
Here we showed for the first time that - NO-derived oxidants-mediated
lipid peroxidation in the execution of ferroptosis in MM cells, which was
distinct from a previous report in PAL-treated A549 lung adenocarci-
noma cells, where mitochondria were the major target and NF-kB was
downregulated [58]. Thus, histology- or origin-specificity of cancer may
be present for the effects of PAL, necessitating further investigation. Our
results provide with a novel insight of - NO in the regulation of

ferroptosis where - NO donors may promote the effect of chemotherapy,
especially in MM of sarcomatoid subtype.

Oxidative stress plays a role in regulating the balance between cell
survival and death, making it a double-edged sword in cancer progres-
sion and therapy [59]. During the way toward ferroptosis in
PAL-exposed MM cells, we observed autophagic process at an early
phase with - NO accumulation and lipid peroxidation in lysosomes. We
believe that this autophagy is a protective process, supported by the
observation of temporary decrease in lipid peroxidation level (4 h),
which was followed by significant upregulation of lysosomal biosyn-
thesis and p62 transcription. Multifunctional protein p62 not only acts
as an autophagy substrate protein, but also participates in antioxidant
response by activating Keapl/Nrf2 pathway [46], which may provide
with another explanation for the protective response at this timepoint.

However, pro-survival phase of autophagy was transformed into
ferroptosis past a threshold, when significant ferroptosis was observed
12 h after PAL exposure. This was accompanied by a rapid decrease in
lysosomal biosynthesis, p62 expression and LC3B levels with increasing
lipid peroxidation. We believe, based on our results, that this switching
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in lysosomes.
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contains the following molecular events; 1) lysosomal function and
biogenesis were suppressed at the late phase of PAL exposure, indicating
loss of lysosomal activity to maintain homeostasis (failure of lysophagy
[60] and iron homeostasis [56]); 2) lysosomal damage may be an
essential reason for the cells to cease autophagic process; 3) lysosomal
membrane damage results in the release of catalytic Fe(II), lysosomal
enzymes and reactive species into the cytosol, thus executing cell death;
4) sustained lipid peroxidation leads to the downregulation or damage
of p62 at the late phase, which may result in the dysfunction of
p62/Keapl/Nrf2-mediated antioxidant response, leading to a further
accelerated accumulation of lipid peroxidation, and thus constitutes a
switch from autophagy into ferroptosis (Fig. 6B). Other possibilities of
the associated molecular mechanisms include 5) oxidative DNA damage
of promoter regions in autophagy-associated genes, including p62, is
significant enough to inhibit autophagy [61]; 6) autophagy-associated
proteins may subject to redox-specific post-translational modifications
at Cys residues, which may determine their role as pro-survival versus
pro-death [62], which require further studies.

Of note, it was recently reported that obesity promotes hepatic
lysosomal iNOS localization and subsequent overproduction of lyso-
somal - NO, which contributes to hepatic insulin-resistance in obese
mice [63]. We believe that hepatic lysosomal iNOS induction of this
case is similar in mechanisms but in a milder fashion in pathology.

In conclusion, we demonstrated for the first time that PAL induces
ferroptosis in MM cells via lysosomal - NO-derived oxidants-mediated
lipid peroxidation. Our results point to an important scenario that - NO is
a potential regulator of ferroptosis through autophagic processes, which
may be interpreted as lysophagy failure. Moreover, the presence of a
threshold from the early autophagic phase into the late ferroptotic phase
elicited by PAL exposure provides us with a novel understanding toward
oxidative stress-dependent cancer therapies. PAL can be a burgeoning
ferroptosis-directed cancer therapy, flexibly combined with other
modalities.
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