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Ferroptosis is a novel form of programmed cell death characterized by an iron-dependent increase in reactive oxygen
species (ROS). However, the role of ROS in the regulation of ferroptosis remains elusive. In this study, for thefirst time,
we demonstrate that sodium selenite (SS), a well-established redox-active selenium compound, is a novel inducer of
ferroptosis in a variety of human cancer cells. Potent ferroptosis inhibitors, such as ferrostatin-1 (Fer-1) and deferox-
amine (DFO), rescue cells from SS-induced ferroptosis. Furthermore, SS down-regulates ferroptosis regulators; solute
carrier family 7member 11 (SLC7A11), glutathione (GSH), and glutathione peroxidase 4 (GPx4), while it up-regulates
iron accumulation and lipid peroxidation (LPO). These SS-induced ferroptotic responses are achieved via ROS, in par-
ticular superoxide (O2•

−) generation. Antioxidants such as superoxide dismutase (SOD) and Tiron not only scavenged
O2•

− production, but also markedly rescued SLC7A11 down-regulation, GSH depletion, GPx4 inactivation, iron accu-
mulation, LPO, and ferroptosis. Moreover, iron chelator DFO significantly reduces the O2•

− production, indicating a
positive feedback regulation between O2•

− production and iron accumulation. Taken together, we have identified
SS as a novel ferroptosis inducing agent in various human cancer models.
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Introduction

Selenium is an essential trace element which is involved in several phys-
iological processes. Selenium compounds have been used in cancer preven-
tion and treatment for over 5 decades [1,2]. The Nutritional Prevention of
Cancer (NPC) trial proved the potential efficacy of selenium as a chemo-
preventive agent [3]. However, the role of selenium in carcinogenesis and
cancer therapy has been controversially discussed for at least half a century
and is still a matter of ongoing debate [4]. One of the main concerns for the
use of selenium as a therapeutic agent is the narrow margin between toxic
amounts and the amounts needed for therapeutic effects [4]. Recently, a
phase I clinical trial has shown that supranutritional doses of selenium com-
pounds possess high potency, sufficient metabolic stability, and acceptable
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pharmacokinetic profiles with no detectable toxicity [5]. Moreover, certain
selenium compounds have unique properties to modulate redox balance to
activate various cell death pathways in cancer [1,6]. Therefore, activation
of programmed cell death (PCD) using selenium compounds is a potential
anticancer treatment strategy.

Sodium selenite (SS) is a common dietary form of selenium, and when
used in appropriate dosage, is considered as a vital nutrient and aids in syn-
thesizing selenoproteins [2,7]. Indeed, several investigations have indi-
cated that SS inhibits growth of different cancer cell types, including lung
[8], synovial sarcoma [9], leukemia [10,11], liver [12], prostate [13], oste-
osarcoma [14], colorectal [15], and brain [16]. A large number of epidemi-
ological and pre-clinical studies support the notion that SS could
specifically kill tumor cells without adverse effects on normal cells
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[13,16]. Moreover, SS was found to exhibit its tumor-suppressive activity
via modulation of extensive molecular signaling pathways including p53-
and p38-dependent signaling [17,18], PTEN-regulated AKT/FoxO3a/Bim
signaling [19], and thioredoxin reductase [15]. However, despite the emer-
gence of SS as a potential cancer chemo-preventive agent, the mechanism
(s) as to how SS-induces cell death is still poorly understood.

Different PCD pathways play important roles in a wide range of normal
biological processes and in the maintenance of homeostasis [20]. Studies
over the past several decades have explored and elucidated several mecha-
nistically differentmodes of PCD such as apoptosis, autophagy, necroptosis,
ferroptosis, pyroptosis, and oxeiptosis [21]. Amongst these, ferroptosis was
recently identified as a non-apoptotic PCD that depends upon the produc-
tion of lethal levels of reactive oxygen species (ROS), as well as, an iron-
dependent accumulation of lipid peroxides [22,23]. Ferroptosis induction
can be beneficial, especially in the treatment of highly resistant cancers
and various targeted therapies such as those with a strong mesenchymal
state [24]. Therefore, the induction of ferroptosis opens a whole new and
promising avenue for eliminating cancer cells and limiting the survival of
drug-resistant clones. Based on their ability to alter glutathione (GSH)
levels, ferroptosis inducers (FINs) are categorized into two broad classes.
Class I inducers such as erastin, sulfasalazine (SLS), sorafenib, and gluta-
mate induce GSH depletion mostly by targeting solute carrier family 7
member 11 (SLC7A11), a member of a heteromeric anionic cystine/gluta-
mate antiporter [21,25]. While Class II inducers such as RAS-selective le-
thal 3 (RSL3) and ferroptosis inducing compound 56 (FIN56) inhibits
glutathione peroxidase (GPx4), leading to lipid peroxidation (LPO) without
altering the GSH levels [25,26]. These FINs not only provide important
tools for ferroptosis studies, but also are potential therapeutic agents for
treating some pathological conditions.

Reactive oxygen species (ROS), including free radicals such as hydroxyl
radicals (•OH), superoxide anions (O2•

−), hydrogen peroxide (H2O2), and
singlet oxygen (O•), have long been implicated in the mediation of various
PCD pathways [27]. In particular, ROS accumulation is considered as the
key determinant for the execution of ferroptosis [21,28]. Cells produce an-
tioxidant enzymes such as superoxide dismutase (SOD), catalase, and gluta-
thione peroxidases (GPXs) to prevent themselves from damage induced by
excessive ROS [27]. Increasing evidence suggests that some ROS scaven-
gers can entirely block ferroptotic cell death via inhibiting cellular ROS gen-
eration [21,29]. Previously, SS was shown to induce apoptosis and growth
inhibition in cancer cells via inducing ROS generation and alterations in the
intracellular GSH levels [10,12,14]. Studies have also shown that SS in-
duces apoptosis- and autophagy-associated cell death via O2•

− generation
[16,30]. Thus, ROS, in particular O2•

− generation, has been postulated to
be key metabolites for the induction of cancer cell death by SS. However,
the role of ROS in the regulation of ferroptosis signaling has not yet been
well-defined.

In this study firstly, we report that SS induces ferroptosis in a number of
human cancer cells (MCF-7, PC3, and U87MG). Secondly, we have system-
atically demonstrated that ROS, in particular O2•

−, is specifically responsi-
ble for SS-induced ferroptosis. Additionally, this study provides amolecular
link between ROS and the ferroptosis signaling network. Overall, our find-
ings unveil a novel antitumor mechanism of SS action in various cancer
cells. Therefore, opening up the possibility of developing SS-based pro-
ferroptotic drugs for future clinical applications.

Materials and methods

Chemicals and antibodies

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide),
SS, erastin, GSH assay kit, iron assay kit, N-acetyl cysteine (NAC), SOD,
Tiron (1,2-dihydroxybenzene-3,5-disulfonate), Trolox (6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid), Hoechst 33342, crystal violet,
ferrostatin-1 (Fer-1), deferoxamine (DFO), necrostatin-1 (Nec-1), GSK-
872, necrosulfonamide (NSA), 3-methyl adenine (3MA), bafilomycinA1
(BafA1), hydroxychloroquine (HCQ), ferric chloride (FeCl3), 2′,7′-
2

Dichlorodihydrofluorescein diacetate (DCFH-DA), formaldehyde, dimethyl
sulfoxide (DMSO), Rotenone, anti-LC3B (#L7543), anti-rabbit IgG
(#A6154), and anti-mouse IgG (#A0412) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Dulbecco's modified essential medium
(DMEM), RPMI 1640, MEM GlutaMAX, phosphate buffered-saline (PBS),
trypsin-EDTA, and fetal bovine serum (FBS) were purchased from Gibco
BRL (Grand Island, NY, USA). Diphenylene iodonium chloride (DPI),
Apocynin, Prussian blue stain, anti-actin (#sc-1616; #sc-47778), anti-
p62/SQSTM1 (#sc-28359), anti-Beclin-1 (#sc-11427), and donkey anti-
goat IgG (#sc-2056) antibodies were purchased from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA, USA). Peroxidase AffiniPure goat anti-mouse
HRP (#115–035-003) antibodies were purchased from Jackson Immuno
Research Europe Ltd. (Cambridge House, UK). Anti-SLC7A11 (#12691S),
anti-TFR1/CD71 (#13113S), anti-DMT1/SLC11A2 (#15083S), anti-FTH1
(#4393), anti-PARP (#9542), anti MLKL (#14993), anti-pMLKL
(#91689) and anti-LC3B (D11) XP (#3868) antibodies were purchased
from Cell Signaling Technology (Beverly, MA, USA). Image-iT™ LPO kit
(#C10445), dihydroethidium (DHE), MitoSOX Red, and MitoTracker
Green (FM) were purchased from Molecular Probes, Invitrogen Life Tech-
nologies (Waltham, MA, USA). Anti-GPx4 (#125066) was purchased
from Abcam, Cambridge, MA, USA. N-benzoyloxycarbonyl-Val-Ala-Asp
fluoromethylketone (z-VAD-FMK) was purchased from Enzo Life Sciences,
Switzerland.

Cell culture conditions and SS treatment

Humanmalignant glioma (U87MG), cervical cancer (HeLa), breast can-
cer (MCF-7), prostate cancer (PC3), colon cancer (HT-29), and normal fetal
glial cells (SVG P12) were procured from ATCC, Rockville, MD, USA.
Human malignant glioma (A172), fibrosarcoma (HT-1080), and colon can-
cer (HCT-116) cells were procured from the EuropeanCollection of Authen-
ticated Cell Cultures (ECACC), Porton Down, Salisbury, UK. U87MG, A172,
HT-1080, and HeLa cells were cultured in DMEM. MCF-7 and PC3 cells
were cultured in RPMI 1640. SVG P12 cells were cultured in MEM
GlutaMAXmedia. HCT-116 cells and HT-29 cells were cultured in McCoy's
5A media. All cells were supplemented with 10% heat-inactivated FBS,
50 IU/mL penicillin, and 50 μg/mL streptomycin in an incubator containing
a humidified atmosphere of 95% air and 5% CO2 at 37 °C. Cells were
checked quarterly for mycoplasma contamination using the first generation
MycoAlert™mycoplasma detection kit (Lonza, #: LT07-118). SS stock solu-
tion (10 mM in water) was prepared fresh in a dark-colored bottle, from
which desired dilutions were made. Cells were grown to about 80% conflu-
ence and then treated with SS at different concentrations and for a different
period of time.

Cell viability assay

Cell viability assaywas carried out as described previously [31]. Briefly,
cells (10,000 cells/well) were plated in 96-well flat-bottom plates and were
subjected to SS treatment. Subsequently, at desired time intervals, 25 μL of
MTT (5 mg/mL) in PBS was added to each well. The plates were incubated
additionally for 2 h at 37 °C. After the incubation, the formazan crystals
were solubilized in 200 μL of DMSO, and the absorbance at 570 nm was
measured using EnSpire™multimode plate reader (PerkinElmer, Waltham,
USA).

Colony formation assay

Cells (0.1 × 106 cells/well) were seeded in 6-well plates in triplicate
with full complete medium and allowed to grow for 24 h. After being
treated with different concentrations of SS for a time period of 24 h. De-
tached, dead cells were removed and after trypsinization, 500 cells per
well were seeded into new 6-well plates and grown in full medium for
14 days to allow the formation of colonies. The cells were supplied with
the fresh complete medium on every alternate day. The colonies were
stained with 0.25% crystal violet (dissolved in 50% methanol) for 30 min
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at 37 °C followed bywashing twice with PBS. Images were acquired using a
Nikon D7000 DSLR camera and counted.

Protein lysate preparation and immunoblot analysis

Whole-cell lysate with- and without-SS treatments were prepared and
immunoblot analysis was performed as described previously [31]. The rel-
ative band intensity was quantified using Image Studio Lite 5.2.5 software
(LI-COR Biosciences).

Intracellular ROS measurement

Intracellular ROS generationwasmeasured by using oxidation-sensitive
fluorescent probe DCFH-DA, as described previously [31]. Cells were pre-
incubatedwith DCFH-DA (25 μM) for 30min in dark followed by treatment
with SS for the different time periods. Subsequently, cells treatedwithH2O2

(1 mM) were used as a positive control. At the end of each time intervals,
DCFH-DA derived fluorescence was measured using EnSpire™ multimode
plate reader at Ex/Em ~485/535 nm (PerkinElmer, Waltham, USA).

LPO analysis by flow cytometry and imaging

The Image-iT® LPOkitwas used tomeasure the lipid ROS levels through
oxidation of the C-11-BODIPY® 581/591 sensor according to the manufac-
turer's instructions. Briefly, cells were treated with SS for the indicated time
points. After incubation, cells werewashedwith PBS, trypsinized, and pellet-
ized by centrifugation. Then, the pellet was stained with C11-BODIPY 581/
591 (2 μM) for 30min at 37 °C. Oxidation of the polyunsaturated butadienyl
portion of the dye resulted in a fluorescence emission peak shift from
~590 nm to ~510 nm, detected using flow cytometric analysis (BD
FACSAriaIII; Becton Dickinson, Heidelberg, Germany). The median fluores-
cence intensity (MFI) was then quantitated using FlowJo V.10.1 software.

For imaging, cells plated on 6-well were treated with SS or 200 μM
cumene hydroperoxide (CHP) for 3 h at 37 °C. Cells were then stained with
C11-BODIPY 581/591 (5 μM) for 30 min and counter-stained with Hoechst
33342 for the last 15 min of drug incubation in complete growth medium
at 37 °C in the dark. The cells were then washed 3× with PBS and then im-
aged on IX73 inverted fluorescent microscope (Olympus, Tokyo, Japan)
using a 20× objective with FITC, Texas Red, and Hoechst channels.

Intracellular O2•
− measurement by fluorometry and imaging

DHE was used to measure intracellular O2•
− production according to the

manufacturer's instructions. DHE is a cell-permeable probe that reacts with
O2•

− to form fluorescent ethidium, which in turn intercalates in the deoxyri-
bonucleic acid, thereby exhibiting a red fluorescence [32]. Briefly, cells were
pre-incubated with DHE (25 μM) for 30 min in dark followed by treatment
with SS for the different time periods. Subsequently, cells treated with Rote-
none (5 μM)were used as a positive control. At the end of each time intervals,
DHE-derived fluorescence intensity was measured by EnSpire™ multimode
plate reader at Ex/Em ~500/590 nm (PerkinElmer, Waltham, USA).

For imaging, cells plated on 6-well were treated with SS or 5 μM rote-
none for 3 h at 37 °C. Cells were then stained with DHE (25 μM) for
30 min and counter-stained with green-fluorescent mitochondrial stain,
MitoTracker Green FM (500 nM) for the last 15 min of drug incubation in
complete growth medium at 37 °C in the dark. The cells were then washed
3× with PBS and then imaged on IX73 inverted fluorescent microscope
(Olympus, Tokyo, Japan) using a 20× objective with FITC and Texas Red
channels.

Measuring mitochondrial O2•
− by imaging

MitoSOX Redwas used tomeasuremitochondrial O2•
− according to the

manufacturer's instructions. Briefly, SS-treated cells were stained with
MitoSOX Red (2.5 μM) for 10 min and counter-stained with Hoechst
33342 for the last 15 min of drug incubation in complete growth medium
3

at 37 °C in the dark. The cells were then washed 3×with PBS and then im-
aged on IX73 inverted fluorescent microscope (Olympus, Tokyo, Japan)
using a 20× objective with Texas Red and Hoechst channels.

Determination of total GSH

GSH levels were determined as detailed in the instructions from the
manufacturer's protocol. Briefly, SS treated cells were lysed in 150 μL of
lysis buffer (5% sulfosalicylic acid). Lysates were centrifuged and 50 μL of
supernatant was mixed with 150 μL of assay buffer (Potassium phosphate
buffer, pH 7.0, containing 5 mM EDTA, 1.5 mg/mL DTNB (5,5′-dithiobis-
(2-nitrobenzoic acid), and 6 U/mL glutathione reductase). To this mixture,
50 μL of (0.16 mg/mL) NADPH (nicotinamide adenine dinucleotide phos-
phate) in potassium phosphate buffer was added and absorbance was mea-
sured at 412 nm using EnSpire™ multimode plate reader (PerkinElmer,
Waltham, USA).

Iron assay

The intracellular iron level was determined using the iron assay kit ac-
cording to the manufacturer's instructions.

Prussian blue staining

Prussian blue staining was used to confirm the presence of intracel-
lular iron. Briefly, SS treated cells were washed 3× with PBS and
fixed using 4% formaldehyde solution for 30 min. Prussian blue staining
(10 mg/mL) was done by incubating the fixed cells for 30 min and then
rewashed 3× with PBS. Stained cells were examined under an inverted
bright field microscope (Olympus, Tokyo, Japan) to determine intracel-
lular iron distribution.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism 8.0 software.
Data are shown as mean± standard deviation (n=3). Significance was an-
alyzed by one-way ANOVA using the Bonferroni post-hoc test. Asterisk (*)
represents p-value<0.05, double-asterisk (**) represents p-value<0.01,
and triple-asterisk (***) represents p-value<0.001. Differences were consid-
ered significant only when p < 0.05.

Results

SS inhibits the proliferation of human cancer cells

To gain insights into the antitumor actions of SS, we examined the cyto-
toxic effect of SS on a panel of different human cancer cell lines such as
MCF-7, PC3, U87MG, HT-1080, HeLa, HCT-116, and A172 cells. Upon exam-
ination, SS significantly reduced the cell viability in both a concentration- de-
pendent (Fig. 1A; Supplementary Fig. S1A), and time-dependent (Fig. 1B)
manner in different human cancer cells. Additionally, cytotoxicity of SS on
normal human fetal glial cells (SVG P12) was assessed. Surprisingly, SS had
minimal toxicity on SVGP12 cells compared toU87MGhumanmalignant gli-
oma cells (Supplementary Fig. S1B), suggesting that SS is preferentially cyto-
toxic to malignant cells over non-malignant cells. In order to evaluate the
effect of SS on long-term cell survival and proliferation, we performed colony
formation assays. As can be seen in Fig. 1C, MCF-7, PC3, and U87MG cells
were unable to form viable colonies following exposure to 7.5, 10, and 12.5
μM concentrations of SS, suggesting that SS is an effective agent in suppress-
ing cancer cell growth with a long-term effect.

SS induces non-apoptotic, non-autophagic and non-necroptotic cell death in hu-
man cancer cells

Previously, SS has been shown to induce apoptosis in a number of differ-
ent cancers [8–12]. To elucidate the molecular mechanism of SS-induced



Fig. 1. SS inhibits proliferation and colony formation inmultiple human cancer cells (A) cells were treatedwith the indicated concentration of SS for 24 h and (B) 10 μMSS for
the indicated time period. Cell viabilitywas assessed byMTT assay. Data shownaremeans±SD (n=3) (***p<0.001 andns: no significance vs respective control). (C) Cells
were treated with indicated concentrations of SS for 24 h. After 24 h, 500 surviving cells were re-seeded for a colony formation assay. Following 14 days of incubation, cells
were stainedwith crystal violet. Imageswere acquired and the colonieswere counted. (For interpretation of the references to colour in thisfigure legend, the reader is referred
to the web version of this article.)
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cell death, we first investigated whether SS-induced cell death is associated
with apoptosis. Immunoblot analysis reveals that SS did not cause proteo-
lytic cleavage of poly ADP-ribose polymerase (PARP), one of the prime hall-
marks of cells undergoing caspase activation and apoptosis, while robust
PARP cleavage was observed in chemotherapeutic compound sanguinarine
(SNG)-treated PC3 cells [33], which was used as a positive control (Supple-
mentary Fig. S2A). Furthermore, pre-treatment with z-VAD-FMK (pan-
4

caspase inhibitor) failed to inhibit SS-induced loss of viability in all cancer
cells tested, yet it effectively inhibited the SNG-induced cell death in PC3
cells (Supplementary Fig. S2B), thus, confirming that the mode of SS-
induced cell death is not associated with apoptosis.

Autophagy, though generally functions as a survival mechanism, during
extensive stress conditions can also function as a tumor-suppressive mech-
anism [34]. It has been reported that SS induces autophagy-mediated cell
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death in diverse cancer cell lines [8,16,35]. Therefore, we sought to deter-
mine whether autophagic cell death is involved in SS-induced tumor sup-
pression. LC3 conversion to phosphatidylethanolamine-conjugated LC3-II,
Beclin-1 induction, and degradation of p62/SQSTM1 are considered as pri-
mary hallmarks of autophagy. Immunoblot analysis of SS-treated cells re-
vealed that SS neither causes the accumulation of LC3-II, Beclin-1
induction, nor does it lead to p62/SQSTM1 degradation. Whereas,
curcumin (CUR; an inducer of autophagy in U87MG cells) treatment signif-
icantly elevated LC3-II in U87MG cells [34], which was used as a positive
control (Supplementary Fig. S2C). To corroborate this, we examined the ef-
fects of various autophagy inhibitors (such as 3MA, Baf A1, and HCQ) on
SS-induced loss of viability. As shown in Supplementary Fig. S2D and E,
none of the autophagy inhibitors negated the loss of viability induced by
SS, while 3MA was effective in negating CUR-induced cell death in
U87MG cells, suggesting that autophagy is not involved in the SS-induced
cell death.

Necroptosis is another form of caspase-independent PCD. It is character-
ized by the activation of the receptor-interacting protein kinase 1–receptor-
interacting protein kinase 3–mixed lineage kinase domain-like (RIPK1–
RIPK3–MLKL) axis [36]. To determine whether SS initiates the necroptotic
cell death cascade, we employed inhibitors of necroptosis such as Nec-1
(RIPK1 inhibitor), GSK-872 (RIPK3 inhibitor), and NSA (MLKL inhibitor).
None of the inhibitors tested protected the cells against SS-induced cell
death up to 24 h. Whereas, NSA effectively inhibited TCZ (an established
trigger of necroptosis) [37]-induced cell death in HT-29 cells (Supplemen-
tary Fig. S2F and G). This is further confirmed as SS did not induce phos-
phorylation of MLKL at ser358 in both PC3 and MCF-7 cells, while
phosphorylation of MLKL at ser358 was observed in HT-29 cells treated
with TCZ combination (Supplementary Fig. S2H). Collectively, our data
suggest that SS-induced cell death is not mediated by PCD pathways such
as apoptosis, autophagy, and necroptosis.

SS selectively induces ferroptosis, which is associated with inhibition of system
Xc
− and altered GSH homeostasis

Since SS-induced cell death did not demonstrate features of classical cell
death pathways, we sought to determine if ferroptosis is responsible for the
SS-mediated tumor-suppression. In order to exam this we used Fer-1 on a
panel of five different SS-treated human cancer cell lines. Interestingly,
we noticed that Fer-1 significantly blocked the SS-induced cell death in
MCF-7, PC3, and U87MG cells (Fig. 2A), whereas it failed to protect against
SS-induced cell death in ferroptosis sensitive cells such HT-1080 and HCT-
116 (Supplementary Fig. S3A and B). As expected, Fer-1 significantly
blocked erastin (classical ferroptosis inducer) induced cell death in HT-
1080 cells, which was used as a positive control (Supplementary
Fig. S3A). It has been suggested that iron-dependent accumulation of
lipid peroxides is critical for ferroptosis [21]. Thus, to further confirm
ferroptosis, we employed DFO (iron chelator) and Trolox (an analog of vi-
tamin E that limits lipid peroxidation) in SS-treated cancer cells. Remark-
ably, both DFO and Trolox, effectively negated the cytotoxicity of SS
(Fig. 2B), suggesting that iron-dependent accumulation of LPO is the likely
cause of SS-induced cell death. To further validate ferroptosis, the forma-
tion of lipid ROS was examined with the fluorescent probe C11-BODIPY
581/591-staining followed by fluorescent microscopy and flow cytometry.
As shown in Fig. 2C–E, treatment with SS led to a significant accumulation
of lipid ROS as evidenced by the clear shift in fluorescence signal from red
to green. Notably, pre-treatment with Fer-1 and DFO effectively decreased
the SS-induced green fluorescence (Fig. 2C–E, upper panel). The C11-
BODIPY fluorescence intensity was further verified by flow cytometry
(Fig. 2C–E, bottom panel). Similar results were also observed with cumene
hydroperoxide (CHP), which was used as a positive control for LPO (Sup-
plementary Fig. S4A and B). Taken together, these results indicate that
supranutritional doses of SS can selectively induce ferroptosis in different
cancer cells.

Having demonstrated that SS causes ferroptosis in various cancer cells,
the underlying molecular mechanism behind this important event is to be
5

characterized. Cystine/glutamate antiporter encoded by the SLC7A11 is a
crucial protein for GSH synthesis that functions to prevent LPO formation
and protects cells from undergoing ferroptosis [21]. Previously, the classi-
cal ferroptosis inducer, erastin, was shown to induce ferroptosis via inhibi-
tion of SLC7A11 [38]. Thus, we examined whether SS acts via system Xc

−

inhibition. Treatment of human cancer cells with SS resulted in a dose-
and time-dependent reduction of SLC7A11 protein (Fig. 2F and G), suggest-
ing that system Xc

− inhibition might, indeed, be the primary mechanism
responsible for SS-induced ferroptosis. Inhibition of system Xc

− usually
leads to GSH depletion, and it is considered as an important signaling
event in the execution of ferroptosis mediated by class I FINs such as
erastin, sulfasalazine, and sorafenib [39]. Indeed, we found that SS-
treatment caused significant GSHdepletion in all the cancer cell lines tested
(Fig. 2H). GPx4 is a central defense enzyme against LPO. The down-
regulation of GPX4 often linked with ferroptosis [26,40]. It has been re-
ported that SS at its subtoxic range of concentration (0–100 nM) induces
the expression of GPx4 in human lung adenocarcinoma cell lines [41]. In
our study, SS at higher concentration (2.5–12.5 μM) caused significant
dose-dependent down-regulation of GPx4 expression in various human can-
cer cells (Fig. 2I), suggesting that SS at lower and higher concentrations af-
fects differently on cancer cells through dissimilar mechanisms. This is
supported by a previous study in which different concentrations of SS
exerted distinct effects on apoptosis, cell cycle, and gene expression profile
in human leukemic cells [42]. However, further investigation is warranted
to understand the exact mechanisms behind SS-mediated GPx4 down-
regulation.

In our experimental setup, whenMCF-7, PC3, and U87MG cells, seeded
at high cell density (>80% confluency), were treatedwith SS, the cells were
highly sensitive to the cytotoxic effects of SS. However, when all these cells
were seeded at lower cell density (50–60% confluency), they were rela-
tively less sensitive to the cytotoxic effects of SS (Supplementary Fig. S5).
These findings suggest that optimum cell density is critical for ferroptosis
sensitivity, at least during SS treatment. Moreover, we found that SS in-
duces ferroptosis in wild type RAS cells (MCF-7, U87MG, and PC3), but
not in NRAS and KRASmutant cells (HT-1080 and HCT-116) [21], suggest-
ing that RAS mutation is not a pre-requisite for SS-induced ferroptosis
(Fig. 2A and Supplementary Fig. S3A and B). The mechanism likely pos-
sesses complex interdependence with different experimental parameters
such as drug concentration levels, duration of drug effects, and/or cell-type.

SS-induced ferroptosis is mediated via ROS-dependent manner

Previously, SS has been reported to induce ROS generation during apo-
ptosis and/or autophagy in several cancer cell types [12,16,43]. To this
end, we investigated whether ROS signaling is involved in SS-induced
ferroptotic cell death as well. Using DCFH-DA, an oxidant-sensing fluores-
cent probe, we found that SS could, indeed, elicit a sharp time-dependent
increase in intracellular ROS in all the cancer cells tested (Fig. 3A). To ex-
plore the possible link between ROS and ferroptosis, cells were pre-
treated with various ROS scavengers (NAC, GSH, and Trolox) followed by
SS treatment. Indeed, NAC, GSH, and Trolox, significantly reduced SS-
induced ROS generation (Fig. 3B), GSH depletion (Fig. 3C), lipid ROS accu-
mulation (Fig. 3D), and loss of cell viability (Figs. 2B and 3E) in all the cells
tested. Furthermore, the addition of Trolox also reverses the SS-induced
down-regulation of SLC7A11 and GPx4 in human cancer cells (Fig. 3F).
Together, these results provide compelling evidence that SS-induces
ferroptosis via a ROS-dependent manner in various human cancer cells.

Superoxide (O2•
−) anion is the ROS molecule responsible for SS-induced

ferroptosis

In biological systems, the sequential reduction of oxygen leads to the
generation of O2•

− and H2O2. The observed differences in the types of cell
death may well be due to the type of ROS molecule being generated [27].
In order to identify the specific ROS responsible for SS induced ferroptosis,
cells were pre-treated with the scavengers specific for each major ROS
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molecule and scored for SS-induced cytotoxicity. Pre-treatment with SOD
and Tiron (O2•

− scavengers), but not catalase (H2O2 scavenger), signifi-
cantly abrogated SS-induced loss of cell viability (Fig. 4A and Supplemen-
tary Fig. S6A), indicating the involvement of O2•

− in SS-induced
cytotoxicity. To further validate our observation, wemeasured the intracel-
lular O2•

− production using the DHE, a highly selective fluorogenic probe
for O2•

−. As shown in Fig. 4B upper panel, SS treatment strongly generated
intracellular O2•

− as evidenced by red-fluorescent ethidium which is accu-
mulated in the nucleus. This DHE-derivedfluorescence intensitywas further
quantified by fluorometry (Fig. 4B, bottom panel). Similar results were also
observed with rotenone, which was used as a positive control of O2•

− gen-
eration (Fig. 4B, upper and bottom panel). Notably, SS-induced intracellular
8

O2•
− was significantly abrogated by pre-treatment with SOD and Tiron,

whereas pre-treatment with catalase was unable to do so (Fig. 4C). SOD
and Tiron also prevented DCFH-DA-sensitive ROS accumulation (Fig. 4D),
GSH depletion (Fig. 4E), and lipid ROS accumulation (Fig. 4F) in SS-
treated cells, signifying that O2•

− is, indeed responsible for the SS-induced
ferroptosis. Further to clarify the role of O2•

− in SS-induced ferroptosis,
cells were pre-treated with the O2•

− scavenger (SOD) and H2O2 scavenger
(NaPy) followed by SS-treatment. Pre-treatment with SOD was able to res-
cue SS-induced down-regulation of SLC7A11 and GPx4 in human cancer
cells (Fig. 4G), whereas NaPy was not able to do so (Supplementary
Fig. S6B). Taken together, these results demonstrate that ROS, specifically
O2•

−, plays a critical role in SS-induced ferroptosis.



Fig. 2. SS induces ferroptosis, which is associated with inhibition of system Xc
− and altered GSH homeostasis. Cells were pre-treated with (A) Fer-1 (25 μM), (B) DFO (100

μM), and Trolox (1mM) for 1 h followed by SS (10 μM) treatment for further 24 h. Cell viabilitywasmeasured by usingMTT assay. Data shown aremeans±SD (n=3) (***p
< 0.001). (C–E) Cells were pre-treated with Fer-1 (5 μM) and DFO (100 μM) for 1 h followed by SS (10 μM) treatment for further 3 h. The generation of lipid ROS was
determined by the C11-BODIPY 581/591 probe. Cell nuclei were counter-stained with Hoechst dye (blue). Green, red and blue fluorescence signals were separately
visualized by fluorescent microscope with constant fluorescence parameters as described under Materials and methods. Scale bar, 50 μm (upper panel). The fluorescence
intensity was further quantified by flow cytometry analysis (bottom panel). Bar graph showing relative levels of lipid ROS by C11-BODIPY staining in the indicated cells.
Data shown are means ± SD (n = 3) (**p < 0.01 and ***p < 0.001). Cells were treated with (F) indicated concentration of SS and (G) 10 μM SS for the indicated time
period. Western blot analysis of SLC7A11 was detected. Actin was used as a loading control. Signal intensity of protein bands were normalized to actin of each group, and
fold changes were presented in histogram from three independent experiments (n = 3). (*p < 0.05, **p < 0.01 and ***p < 0.001 vs respective control). (H) Cells were
treated with SS (10 μM) for 3 h and GSH depletion was measured. Data shown are means ± SD (n = 3) (***p < 0.001). (I) Cells were treated with the indicated
concentration of SS for the indicated time period. Western blot analysis of GPx4 was carried out. Actin was used as a loading control. Signal intensity of protein bands
were normalized to actin of each group, and fold changes were presented in histogram from three independent experiments (n = 3). (**p < 0.01 and ***p < 0.001 vs
respective control). (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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Fig. 3. SS-induced ferroptosis is mediated via a ROS-dependent manner. (A) Cells were treated with SS (10 μM) for the indicated time period and DCFH-DA-derived
fluorescence was quantified. Cells treated with H2O2 (1 mM) is used as a positive control. Data shown are means ± SD (n = 3) (*p < 0.05, **p < 0.01 and ***p <
0.001 vs respective control). Cells pre-treated with NAC (2.5 mM), GSH (2.5 mM), and Trolox (1 mM) were treated with SS (10 μM) and analyzed for (B) ROS generation.
Data shown are means ± SD (n = 3) (***p < 0.001), (C) GSH depletion. Data shown are means ± SD (n = 3) (***p < 0.001), (D) flow cytometry quantification of
lipid ROS. Bar graph showing relative levels of lipid ROS by C11-BODIPY staining in the indicated cells. Data shown are means ± SD (n = 3) (*p < 0.05, **p < 0.01
and ***p < 0.001), and (E) cell viability. Data shown are means ± SD (n = 3) (***p < 0.001). (F) Cells pre-treated with Trolox (1 mM) were treated with SS (10 μM).
Following the treatment, cells were analyzed for western blot analysis of SLC7A11 and GPx4. Actin was used as a loading control. Signal intensity of protein bands were
normalized to actin of each group, and fold changes were presented in histogram from three independent experiments (n = 3). (***p < 0.001).
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SS induces iron accumulation via O2•
−-dependent process

Previous studies have shown that ROS generated from nicotinamide ad-
enine dinucleotide phosphate (NADPH) oxidases play an important role in
Fig. 4. Superoxide (O2•
−) anion is the ROS molecule responsible for the SS-induced ferr

followed by SS (10 μM) treatment for further 24 h. Cell viability was measured by usin
treated with SS (10 μM) for 3 h. Following the treatment, cells were stained with DHE
Green and red fluorescence signals were separately visualized by a fluorescent micr
methods. Rotenone (5 μM) is used as a positive control for O2•

− production. Scale
quantified by fluorometry analysis (bottom panel). Data shown are means ± SD (n = 3
pre-treated with SOD (500 U/mL), Tiron (1 mM), and Catalase (2000 U/mL) for 1
determined. Scale bar, 50 μm (left panel). The fluorescence intensity was further quan
(*p < 0.05, **p < 0.01, ***p < 0.001, and ns: no significance). Cells pre-treated with
treatment, cells were analyzed for (D) ROS generation. Data shown are means ± SD (
(***p < 0.001), and (F) flow cytometry quantification of lipid ROS. Bar graph showin
shown are means ± SD (n = 3) (*p < 0.05, **p < 0.01 and ***p < 0.001). (G) Cells
for 3 h. Following the treatment, western blot analysis of SLC7A11 and GPx4 was det
normalized to actin of each group, and fold changes were presented in histogram fro
0.001). (For interpretation of the references to colour in this figure legend, the reader is

12
ferroptosis [21]. Indeed, Dixon et al., have shown that erastin-induced
ferroptosis in Calu-1 and HT-1080 cells was strongly repressed by DPI
(NADPH oxidase inhibitor) [21]. In order to determine whether SS-
induces NADPH oxidase-dependent ROS generation, the effect of two
optosis. (A) Cells were pre-treated with SOD (500 U/mL) and Tiron (1 mM) for 1 h
g MTT assay. Data shown are means ± SD (n = 3) (***p < 0.001). (B) Cells were
to visualize the production of O2•

− and counter-stained with MitoTracker Green.
oscope with constant fluorescence parameters as described in the Materials and
bar, 50 μm (upper panel). The DHE-derived fluorescence intensity was further
) (*p < 0.05, **p < 0.01, and ***p < 0.001 vs respective control). (C) Cells were
h followed by SS (10 μM) treatment for further 3 h. Production of O2•

− was
tified by fluorometry analysis (right panel). Data shown are means ± SD (n = 3)
SOD (500 U/mL) and Tiron (1 mM) were treated with SS (10 μM). Following the
n = 3) (***p < 0.001), (E) GSH depletion. Data shown are means ± SD (n = 3)
g relative levels of lipid ROS by C11-BODIPY staining in the indicated cells. Data
were pre-treated with SOD (500 U/mL) for 1 h followed by SS (10 μM) treatment
ected. Actin was used as a loading control. Signal intensity of protein bands were
m three independent experiments (n = 3). (*p < 0.05, **p < 0.01 and ***p <
referred to the web version of this article.)
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different NADPH oxidase inhibitors (DPI and apocynin) were examined.
Both DPI and apocynin failed to protect SS-induced cell death (Supplemen-
tary Fig. S7), suggesting that ROS generation during SS-treatmentmight not
be mediated via NADPH oxidase. Next, we used MitoSOX Red to examine
whether SS-induces mitochondrial ROS generation. Fluorescence micros-
copy of pre-stained-cells demonstrated that the levels of mitochondrial
O2•

− detected by MitoSOX Red were markedly increased in cells treated
with SS. Moreover, pre-treatment with SOD and Tiron completely
abolished SS-induced mitochondrial O2•

− in all the cells tested (Supple-
mentary Fig. S8), hence, suggesting that ROS generation during SS-
treatment might be mediated via targeting mitochondria.

Lysosomes are another major source of ROS generation, owing to their
low pH and excessive iron content, which can contribute to the induction of
ferroptosis [44]. DFO acts mainly by chelating lysosomal/endosomal iron
and prevents ferroptosis, and hence, is an important tool to test lysosomal
ROS [45]. Upon examination, our results demonstrate that treatment of
cells with DFO prevented SS-induced ROS generation (Fig. 5A), O2•

− pro-
duction (Fig. 5B, upper and bottom panel and Supplementary Fig. S9),
13
and cell death (Fig. 2B), hence, suggesting that SS-inducedO2•
− production

and ferroptosis ensue via an iron-dependent mechanism. Furthermore,
when we measured the total intracellular iron level by using an iron assay
kit, we found that SS significantly induced intracellular iron level and
that this increase was suppressed by co-treatment with DFO (Fig. 5C).
Therefore, confirming the vital role for iron in SS-induced ferroptosis.
Iron transport regulatory proteins, such as transferrin receptor 1 (TFR1), di-
valent metal transporter 1 (DMT1), and ferritin heavy chain-1 (FTH1) are
critical mediators of ferroptosis [21,44]. As demonstrated in Fig. 5D and
Supplementary Fig. S10, expression levels of TFR1, DMT1, and FTH1
were dose-dependently up-regulated following SS-treatment in all the
cells tested. In support of this, when the cells were pre-treated with exoge-
nous iron in the form of ferric chloride (FeCl3), SS-induced cell death was
significantly augmented when compared to SS alone treated cells (Supple-
mentary Fig. S11). These results clearly suggest that SS-treatment alters
iron transport in cells, culminating in cell death through ferroptosis. Previ-
ous studies suggest that ROS and iron influence each other in a positive
feedback loop process [46,47]. Therefore, we investigated whether iron
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accumulation is a ROS-dependent process. As shown in Fig. 5E, when the
cells were pre-treated with SOD and Trolox followed by SS treatment, a sig-
nificant reduction in the SS-inducedDMT1 accumulationwas observed.We
thenmeasured intracellular iron distribution by using Prussian blue cellular
staining. Intracellular iron levels were significantly increased following
treatment with SS and this increase was prevented by pre-treatment with
SODand Trolox (Fig. 5F), hence, demonstrating that SS can, in fact, activate
14
a positive feedback loop mechanism between ROS and iron, and thereby,
contribute to the induction of ferroptosis.

Discussion

Ferroptosis is a novel form of PCD characterized by an iron-dependent
increase in ROS [21]. Since therapy-resistant cancers have been found to
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have increased vulnerability to ferroptosis, finding novel approaches to se-
lectively induce ferroptosis in cancer cells and exploring the underlying
mechanisms are gaining more attention. SS is an inorganic form of the
trace element selenium, and it is currently in a clinical trial for the treat-
ment of various cancers [1–3,5,48]. Accumulated research has all pointed
to an anticancer function of SS [1,16,30,49], but the mechanism through
which the anticancer effect is exerted remains elusive. In the present
study, we report for the first time that SS, at supranutritional doses, is capa-
ble of inducing ferroptosis-associated cell death which is mediated by O2•

−

in multiple human cancer cell lines. Our results demonstrate that the cell
death phenotype induced by SS is distinct from other well-characterized
cell death modalities such as apoptosis, autophagy, and necroptosis. Previ-
ous reports have shown that most of the FINs act either via inhibiting sys-
tem Xc

− (class I mechanism) or via directly acting on the GPx4 (class II
mechanism). Either way, these agents potentially facilitate the formation
of lipid ROS inside the cells, leading to ferroptosis-associated cell death
[25]. Hassannia et al. have indicated that the natural compound withaferin
A induces ferroptosis in neuroblastoma cells via activating both class I and
class II mechanisms [50]. Our findings demonstrate that SS triggers
ferroptosis in a similar manner via activating dual mechanisms. Firstly, SS
acts as a class I FIN that conceivably inhibits system Xc

−, resulting in drastic
depletion of cellular antioxidant GSH, and leads to iron-dependent accumu-
lation of lipid ROS. Secondly, SS acts as a potent class II FIN by facilitating
GPx4 down-regulation, which ultimately leads to ferroptosis and tumor-
suppression. Investigations to determine the precise mechanism
(s) underlying how SS inducing GPx4 down-regulation are currently under-
way in our laboratory.

ROS, in particular O2•
− plays a very critical role in the facilitation of a

wide variety of cellular responses such as proliferation, differentiation,
15
transcription factor activation, and gene expression. In contrast, excessive
production of ROS gives rise to the activation of events that lead to death
in several cell types [27]. Several studies have suggested that the anticancer
functions of selenium compounds involve the production of O2•

−

[12,16,30,51,52]. Selenium compounds such as SS, selenium dioxide,
diselenides, and selenocysteine react with cysteine residues of reduced
GSH ultimately leads to the generation of O2•

− [52,53]. Mechanistically,
the generation of O2•

− from the reaction of SS and GSH has been shown
to form selenodiglutathione (GSSeSG) and glutathione disulfide (GSSG).
GSSeSG reacts with NADPH or GSH to produce hydrogen selenide (H2Se).
Subsequently, H2Se is oxidized by O2 to produce elemental selenium and
O2•

−. The intermediate metabolite selenotrisulfide (RSSeSR) generated
from the interaction of SS with GSH may also produce O2•

− [53,54].
Other studies also demonstrated that O2•

− generation is important for SS-
mediated tumor-suppression via inducing classical cell death pathways
such as apoptosis and autophagy [16,30]. Therefore, O2•

− generation likely
plays a key role in the tumor-suppressive effects of SS. These previous re-
ports prompted us to investigate the possible molecular link between
O2•

− and the ferroptotic signaling pathway. We have concluded that
O2•

− is primarily responsible for the SS-induced ferroptosis based on
the following findings: Firstly, SS-treated cells produce a significant
increase in O2•

− level, which is almost completely abolished by
O2•

− scavengers. Secondly, SS induces ROS generation, GSH deple-
tion, LPO accumulation, and cell death, such effects are significantly
prevented in the presence of O2•

−-scavengers such as SOD and
Tiron. Finally, SLC7A11 and GPx4 down-regulation induced by SS
are also reversed by the addition of SOD. Taken together, our results
prove that O2•

− generation is, indeed, critical for SS-induced
ferroptotic cell death.
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ROS is mainly generated fromNADPH oxidase, mitochondria, and lyso-
somes [27]. It has been reported that NADPH oxidases derived ROS play an
important role in ferroptosis [21]. However, the specific NADPH oxidase
inhibitors, such as DPI and apocynin, failed to protect against SS-induced
cell death, suggesting that NADPH oxidase may not be involved in SS-
induced ROS generation and cell death. Our current findings indicate that
SS induces mitochondrial O2•

− production and that this effect is negated
16
by O2•
− scavengers. Taken together, this data indicates that O2•

− produc-
tion in mitochondria, at least in part, plays a key role in SS-induced
ferroptosis. In addition to the mitochondria, ROS can also be formed in
the lysosomes via an iron-dependent mechanism [55]. Recently, Torii
et al., have demonstrated that lysosomes are the major source of cellular
ROS during erastin- and RSL3-induced ferroptosis [56]. In agreement
with this report, several previous studies have shown that DFO can prevent
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the ferroptotic cell death induced by various agents including erastin, RSL3,
and glutamate [21,26,57]. In corroboration with this observation, our re-
sults do, indeed, demonstrate that SS significantly induces intracellular
iron accumulation which is effectively negated by pre-treatment with
DFO. DFO also prevents SS-induced O2•

− generation and ferroptosis,
thereby, suggesting that iron-dependent activation of O2•

− regulates SS-
induced ferroptosis. Previous studies have shown that ROS and iron influ-
ence each other via a positive feedback loop mechanism [46,47]. Consis-
tently, we have also found that iron accumulation caused by SS can be
rescued by pre-treatment with SOD and Trolox, suggesting that O2•

− and
iron regulate SS-induced ferroptosis through a positive feedback loop
process.

In conclusion, we report that SS-induces O2•
−-mediated ferroptosis

in various human cancer cells via activating both class I and class II
17
mechanisms (Fig. 6). Identification of SS as a novel FIN opens a unique
opportunity for the optimization of SS in various clinical settings. Fur-
ther in-depth studies using in vivo models are required to validate SS-
mediated regulation of ferroptosis. Collectively, our findings identify
SS as a potential therapeutic alternative in cancer treatment, especially
in patients who are resistant to other forms of tumor-suppressive
therapies.
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Fig. 5. SS induces iron accumulation via the O2•
−-dependent process. Cells pre-treated with DFO (50 μM)were treated with SS (10 μM). Following the treatment, cells were

analyzed for (A) ROS generation. Data shown aremeans±SD (n=3) (**p<0.01 and ***p<0.001), and (B) production ofO2•
−. Scale bar, 50 μm (upper panel). The DHE-

derived fluorescence intensity was further quantified by fluorometry analysis (bottom panel). Data shown are means ± SD (n= 3) (*p < 0.05, and **p < 0.01). (C) Cells
were pre-treated with DFO (50 μM) for 1 h followed by SS (10 μM) treatment for further 1 h and intracellular iron levels weremeasured. Data shown are means± SD (n=3)
(**p < 0.01 and ***p < 0.001). (D) Cells were treated with the indicated concentration of SS for the indicated time period. Western blot analysis of TFR1 and DMT1 was
carried out. Actin was used as a loading control. Signal intensity of protein bands were normalized to actin of each group, and fold changes were presented in histogram from
three independent experiments (n=3). (*p<0.05, **p<0.01 and ***p<0.001 vs respective control). Cells were pre-treatedwith SOD (500U/mL) and Trolox (1mM) for
1 h followed by SS (10 μM) treatment for 3 h. Following the treatment, (E) western blot analysis of DMT1was detected. Actin was used as a loading control. Signal intensity of
protein bands were normalized to actin of each group, and fold changes were presented in histogram from three independent experiments (n = 3). (***p < 0.001), and
(F) intracellular iron distribution was performed by Prussian blue cellular staining as described under Materials and methods. The stained cells were then examined under
an inverted bright field microscope. Scale bar, 50 μm.
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