Translational Oncology 13 (2020) 100843

Contents lists available at ScienceDirect

Translational Oncology
journal homepage: www.elsevier.com/locate/tranon

Superoxide-mediated ferroptosis in human cancer cells induced by
sodium selenite
Karthikeyan Subburayan, Faisal Thayyullathil, Siraj Pallichankandy,
⁎
Anees Rahman Cheratta, Sehamuddin Galadari
Cell Death Signaling Laboratory, Division of Science (Biology), Experimental Research Building, New York University Abu Dhabi, P.O. Box 129188, Saadiyat Island Campus, Abu
Dhabi, United Arab Emirates

A R T I C L E

I N F O

Article history:
Received 22 April 2020
Received in revised form 22 July 2020
Accepted 23 July 2020
Available online xxxx
Keywords:
Deferoxamine
Ferroptosis
Ferrostatin-1
Lipid peroxidation
ROS
Sodium selenite

A B S T R A C T

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 the ﬁrst 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 deferoxamine (DFO), rescue cells from SS-induced ferroptosis. Furthermore, SS down-regulates ferroptosis regulators; solute
carrier family 7 member 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 particular 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 accumulation, 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.

Introduction
Selenium is an essential trace element which is involved in several physiological processes. Selenium compounds have been used in cancer prevention and treatment for over 5 decades [1,2]. The Nutritional Prevention of
Cancer (NPC) trial proved the potential efﬁcacy of selenium as a chemopreventive 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 compounds possess high potency, sufﬁcient metabolic stability, and acceptable

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 synthesizing selenoproteins [2,7]. Indeed, several investigations have indicated that SS inhibits growth of different cancer cell types, including lung
[8], synovial sarcoma [9], leukemia [10,11], liver [12], prostate [13], osteosarcoma [14], colorectal [15], and brain [16]. A large number of epidemiological and pre-clinical studies support the notion that SS could
speciﬁcally kill tumor cells without adverse effects on normal cells

Abbreviations: 3MA, 3-methyl adenine; AKT, protein kinase B; BafA1, baﬁlomycinA1; Bim, Bcl-2-like protein; CHP, cumene hydroperoxide; CO2, carbon dioxide; DCFH-DA, 2′,7′dichlorodihydroﬂuorescein diacetate; DHE, dihydroethidium; DFO, deferoxamine mesylate; DMSO, dimethyl sulfoxide; DPI, diphenylene iodonium chloride; DTNB, 5,5′-dithiobis-(2-nitrobenzoic
acid); EDTA, ethylene diamine tetra acetic acid; FBS, fetal bovine serum; FeCl3, ferric chloride; Fer-1, ferrostatin-1; FIN56, ferroptosis inducing compound 56; FoxO3a, Forkhead box O3; GPx4,
glutathione peroxidase 4; GSH, reduced glutathione; H2O2, hydrogen peroxide; HCQ, hydroxychloroquine; LPO, lipid peroxidation; MLKL, mixed lineage kinase domain-like; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; NAC, N-acetyl cysteine; NADPH, membrane nicotinamide adenine dinucleotide phosphate; NaPy, sodium pyruvate; Nec-1, necrostatin-1; NPC,
nutritional prevention of cancer; NSA, necrosulfonamide; RCD, regulated cell death; PARP, poly ADP-ribose polymerase; PBS, phosphate buffered saline; PCD, programmed cell death; PTEN, phosphatase and tensin homolog; RIPK1, receptor interacting protein kinase 1; RIPK3, receptor interacting protein kinase 3; ROS, reactive oxygen species generation; RSL3, RAS-selective lethal 3;
SLC7A11, solute carrier family 7 member 11; SOD, superoxide dismutase; SNG, sanguinarine; z-VAD-FMK, Benzyloxycarbonyl-Val-Ala-Asp (OMe) ﬂuoromethylketone.
⁎ Corresponding author at: Cell Death Signaling Laboratory, Division of Science (Biology), New York University Abu Dhabi, P.O. Box 129188, Abu Dhabi, United Arab Emirates.
E-mail addresses: karthi@nyu.edu, (K. Subburayan), t.faisal@nyu.edu, (F. Thayyullathil), sirajpk@nyu.edu, (S. Pallichankandy), anees@nyu.edu, (A.R. Cheratta), sehamuddin@nyu.edu.
(S. Galadari).

http://dx.doi.org/10.1016/j.tranon.2020.100843
1936-5233/© 2020 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

K. Subburayan et al.

Translational Oncology 13 (2020) 100843

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), antip62/SQSTM1 (#sc-28359), anti-Beclin-1 (#sc-11427), and donkey antigoat IgG (#sc-2056) antibodies were purchased from Santa Cruz Biotechnology 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 Technologies (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.

[13,16]. Moreover, SS was found to exhibit its tumor-suppressive activity
via modulation of extensive molecular signaling pathways including p53and p38-dependent signaling [17,18], PTEN-regulated AKT/FoxO3a/Bim
signaling [19], and thioredoxin reductase [15]. However, despite the emergence 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 mechanistically different modes 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 production of lethal levels of reactive oxygen species (ROS), as well as, an irondependent 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 glutamate induce GSH depletion mostly by targeting solute carrier family 7
member 11 (SLC7A11), a member of a heteromeric anionic cystine/glutamate antiporter [21,25]. While Class II inducers such as RAS-selective lethal 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 antioxidant enzymes such as superoxide dismutase (SOD), catalase, and glutathione peroxidases (GPXs) to prevent themselves from damage induced by
excessive ROS [27]. Increasing evidence suggests that some ROS scavengers can entirely block ferroptotic cell death via inhibiting cellular ROS generation [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 induces 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 systematically demonstrated that ROS, in particular O2•−, is speciﬁcally responsible for SS-induced ferroptosis. Additionally, this study provides a molecular
link between ROS and the ferroptosis signaling network. Overall, our ﬁndings unveil a novel antitumor mechanism of SS action in various cancer
cells. Therefore, opening up the possibility of developing SS-based proferroptotic drugs for future clinical applications.

Cell culture conditions and SS treatment
Human malignant glioma (U87MG), cervical cancer (HeLa), breast cancer (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 cancer (HCT-116) cells were procured from the European Collection of Authenticated 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
GlutaMAX media. 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 solution (10 mM in water) was prepared fresh in a dark-colored bottle, from
which desired dilutions were made. Cells were grown to about 80% conﬂuence and then treated with SS at different concentrations and for a different
period of time.
Cell viability assay
Cell viability assay was 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).

Materials and methods
Colony formation assay
Chemicals and antibodies
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. Detached, 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

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-2,5,7,8tetramethylchromane-2-carboxylic acid), Hoechst 33342, crystal violet,
ferrostatin-1 (Fer-1), deferoxamine (DFO), necrostatin-1 (Nec-1), GSK872, necrosulfonamide (NSA), 3-methyl adenine (3MA), baﬁlomycinA1
(BafA1), hydroxychloroquine (HCQ), ferric chloride (FeCl3), 2′,7′2
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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 Texas Red and Hoechst channels.

at 37 °C followed by washing twice with PBS. Images were acquired using a
Nikon D7000 DSLR camera and counted.
Protein lysate preparation and immunoblot analysis

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

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 phosphate) in potassium phosphate buffer was added and absorbance was measured at 412 nm using EnSpire™ multimode plate reader (PerkinElmer,
Waltham, USA).

Intracellular ROS measurement
Intracellular ROS generation was measured by using oxidation-sensitive
ﬂuorescent probe DCFH-DA, as described previously [31]. Cells were preincubated with DCFH-DA (25 μM) for 30 min in dark followed by treatment
with SS for the different time periods. Subsequently, cells treated with H2O2
(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).

Iron assay
The intracellular iron level was determined using the iron assay kit according to the manufacturer's instructions.

LPO analysis by ﬂow cytometry and imaging

Prussian blue staining

The Image-iT® LPO kit was used to measure the lipid ROS levels through
oxidation of the C-11-BODIPY® 581/591 sensor according to the manufacturer's instructions. Brieﬂy, cells were treated with SS for the indicated time
points. After incubation, cells were washed with PBS, trypsinized, and pelletized by centrifugation. Then, the pellet was stained with C11-BODIPY 581/
591 (2 μM) for 30 min 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 ﬂuorescence 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 imaged on IX73 inverted ﬂuorescent microscope (Olympus, Tokyo, Japan)
using a 20× objective with FITC, Texas Red, and Hoechst channels.

Prussian blue staining was used to conﬁrm the presence of intracellular 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 intracellular 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 analyzed 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 considered signiﬁcant only when p < 0.05.

Intracellular O2•− measurement by ﬂuorometry and imaging
Results
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 deoxyribonucleic 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 Rotenone (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 rotenone 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.

SS inhibits the proliferation of human cancer cells
To gain insights into the antitumor actions of SS, we examined the cytotoxic 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 examination, SS signiﬁcantly reduced the cell viability in both a concentration- dependent (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 SVG P12 cells compared to U87MG human malignant glioma cells (Supplementary Fig. S1B), suggesting that SS is preferentially cytotoxic 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 suppressing cancer cell growth with a long-term effect.

Measuring mitochondrial O2•− by imaging
SS induces non-apoptotic, non-autophagic and non-necroptotic cell death in human cancer cells

MitoSOX Red was used to measure mitochondrial 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

Previously, SS has been shown to induce apoptosis in a number of different cancers [8–12]. To elucidate the molecular mechanism of SS-induced
3
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Fig. 1. SS inhibits proliferation and colony formation in multiple human cancer cells (A) cells were treated with the indicated concentration of SS for 24 h and (B) 10 μM SS for
the indicated time period. Cell viability was assessed by MTT assay. Data shown are means ± SD (n = 3) (***p < 0.001 and ns: 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 stained with crystal violet. Images were acquired and the colonies were counted.

cell death, we ﬁrst investigated whether SS-induced cell death is associated
with apoptosis. Immunoblot analysis reveals that SS did not cause proteolytic cleavage of poly ADP-ribose polymerase (PARP), one of the prime hallmarks 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 (Supplementary Fig. S2A). Furthermore, pre-treatment with z-VAD-FMK (pan-

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 SSinduced 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 mechanism [34]. It has been reported that SS induces autophagy-mediated cell
4
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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 classical ferroptosis inducer, erastin, was shown to induce ferroptosis via inhibition of SLC7A11 [38]. Thus, we examined whether SS acts via system X−
c
inhibition. Treatment of human cancer cells with SS resulted in a doseand time-dependent reduction of SLC7A11 protein (Fig. 2F and G), suggesting that system X−
c inhibition might, indeed, be the primary mechanism
responsible for SS-induced ferroptosis. Inhibition of system X−
c 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 SStreatment caused signiﬁcant GSH depletion in all the cancer cell lines tested
(Fig. 2H). GPx4 is a central defense enzyme against LPO. The downregulation of GPX4 often linked with ferroptosis [26,40]. It has been reported 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 cancer cells (Fig. 2I), suggesting that SS at lower and higher concentrations affects 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 downregulation.
In our experimental setup, when MCF-7, PC3, and U87MG cells, seeded
at high cell density (>80% conﬂuency), were treated with 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 relatively 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 induces ferroptosis in wild type RAS cells (MCF-7, U87MG, and PC3), but
not in NRAS and KRAS mutant cells (HT-1080 and HCT-116) [21], suggesting that RAS mutation is not a pre-requisite for SS-induced ferroptosis
(Fig. 2A and Supplementary Fig. S3A and B). The mechanism likely possesses complex interdependence with different experimental parameters
such as drug concentration levels, duration of drug effects, and/or cell-type.

death in diverse cancer cell lines [8,16,35]. Therefore, we sought to determine whether autophagic cell death is involved in SS-induced tumor suppression. LC3 conversion to phosphatidylethanolamine-conjugated LC3-II,
Beclin-1 induction, and degradation of p62/SQSTM1 are considered as primary hallmarks of autophagy. Immunoblot analysis of SS-treated cells revealed 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 significantly elevated LC3-II in U87MG cells [34], which was used as a positive
control (Supplementary Fig. S2C). To corroborate this, we examined the effects 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 characterized by the activation of the receptor-interacting protein kinase 1–receptorinteracting 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 (Supplementary Fig. S2F and G). This is further conﬁrmed as SS did not induce phosphorylation 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
X−
c 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 HCT116 (Supplementary Fig. S3A and B). As expected, Fer-1 signiﬁcantly
blocked erastin (classical ferroptosis inducer) induced cell death in HT1080 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 vitamin E that limits lipid peroxidation) in SS-treated cancer cells. Remarkably, 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 formation 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 C11BODIPY 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 (Supplementary 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

SS-induced ferroptosis is mediated via ROS-dependent manner
Previously, SS has been reported to induce ROS generation during apoptosis 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 ﬂuorescent 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 explore the possible link between ROS and ferroptosis, cells were pretreated with various ROS scavengers (NAC, GSH, and Trolox) followed by
SS treatment. Indeed, NAC, GSH, and Trolox, signiﬁcantly reduced SSinduced ROS generation (Fig. 3B), GSH depletion (Fig. 3C), lipid ROS accumulation (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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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 SStreated 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 rescue 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.

molecule and scored for SS-induced cytotoxicity. Pre-treatment with SOD
and Tiron (O2•− scavengers), but not catalase (H2O2 scavenger), signiﬁcantly abrogated SS-induced loss of cell viability (Fig. 4A and Supplementary Fig. S6A), indicating the involvement of O2•− in SS-induced
cytotoxicity. To further validate our observation, we measured the intracellular 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 accumulated in the nucleus. This DHE-derived ﬂuorescence intensity was further
quantiﬁed by ﬂuorometry (Fig. 4B, bottom panel). Similar results were also
observed with rotenone, which was used as a positive control of O2•− generation (Fig. 4B, upper and bottom panel). Notably, SS-induced intracellular
8
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Fig. 2. SS induces ferroptosis, which is associated with inhibition of system X−
c and altered GSH homeostasis. Cells were pre-treated with (A) Fer-1 (25 μM), (B) DFO (100
μM), and Trolox (1 mM) for 1 h followed by SS (10 μM) treatment for further 24 h. Cell viability was measured by using MTT assay. Data shown are means ± 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).
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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

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 SSinduces NADPH oxidase-dependent ROS generation, the effect of two

Previous studies have shown that ROS generated from nicotinamide adenine dinucleotide phosphate (NADPH) oxidases play an important role in

←

Fig. 4. Superoxide (O2•−) anion is the ROS molecule responsible for the SS-induced ferroptosis. (A) Cells were pre-treated with SOD (500 U/mL) and Tiron (1 mM) for 1 h
followed by SS (10 μM) treatment for further 24 h. Cell viability was measured by using MTT assay. Data shown are means ± SD (n = 3) (***p < 0.001). (B) Cells were
treated with SS (10 μM) for 3 h. Following the treatment, cells were stained with DHE to visualize the production of O2•− and counter-stained with MitoTracker Green.
Green and red ﬂuorescence signals were separately visualized by a ﬂuorescent microscope with constant ﬂuorescence parameters as described in the Materials and
methods. Rotenone (5 μM) is used as a positive control for O2•− production. 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, **p < 0.01, and ***p < 0.001 vs respective control). (C) Cells were
pre-treated with SOD (500 U/mL), Tiron (1 mM), and Catalase (2000 U/mL) for 1 h followed by SS (10 μM) treatment for further 3 h. Production of O2•− was
determined. Scale bar, 50 μm (left panel). The ﬂuorescence intensity was further quantiﬁed by ﬂuorometry analysis (right panel). Data shown are means ± SD (n = 3)
(*p < 0.05, **p < 0.01, ***p < 0.001, and ns: no signiﬁcance). Cells pre-treated with SOD (500 U/mL) and Tiron (1 mM) were treated with SS (10 μM). Following the
treatment, cells were analyzed for (D) ROS generation. Data shown are means ± SD (n = 3) (***p < 0.001), (E) GSH depletion. Data shown are means ± SD (n = 3)
(***p < 0.001), and (F) 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). (G) Cells were pre-treated with SOD (500 U/mL) for 1 h followed by SS (10 μM) treatment
for 3 h. Following the treatment, western blot analysis of SLC7A11 and GPx4 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).
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Fig. 4 (continued).

and cell death (Fig. 2B), hence, suggesting that SS-induced O2•− 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), divalent 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 exogenous iron in the form of ferric chloride (FeCl3), SS-induced cell death was
signiﬁcantly augmented when compared to SS alone treated cells (Supplementary Fig. S11). These results clearly suggest that SS-treatment alters
iron transport in cells, culminating in cell death through ferroptosis. Previous studies suggest that ROS and iron inﬂuence each other in a positive
feedback loop process [46,47]. Therefore, we investigated whether iron

different NADPH oxidase inhibitors (DPI and apocynin) were examined.
Both DPI and apocynin failed to protect SS-induced cell death (Supplementary Fig. S7), suggesting that ROS generation during SS-treatment might not
be mediated via NADPH oxidase. Next, we used MitoSOX Red to examine
whether SS-induces mitochondrial ROS generation. Fluorescence microscopy 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 (Supplementary Fig. S8), hence, suggesting that ROS generation during SStreatment 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•− production (Fig. 5B, upper and bottom panel and Supplementary Fig. S9),
13

K. Subburayan et al.

Translational Oncology 13 (2020) 100843

Fig. 4 (continued).

a positive feedback loop mechanism between ROS and iron, and thereby,
contribute to the induction of ferroptosis.

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 signiﬁcant reduction in the SS-induced DMT1 accumulation was observed. We
then measured 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
SOD and Trolox (Fig. 5F), hence, demonstrating that SS can, in fact, activate

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
14
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Fig. 4 (continued).

have increased vulnerability to ferroptosis, ﬁnding novel approaches to selectively 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 treatment 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 capable 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. Previous reports have shown that most of the FINs act either via inhibiting system X−
c (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 X−
c , resulting in drastic
depletion of cellular antioxidant GSH, and leads to iron-dependent accumulation of lipid ROS. Secondly, SS acts as a potent class II FIN by facilitating
GPx4 down-regulation, which ultimately leads to ferroptosis and tumorsuppression. Investigations to determine the precise mechanism
(s) underlying how SS inducing GPx4 down-regulation are currently underway 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,

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 SSmediated 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 reports 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 O 2 • − level, which is almost completely abolished by
O 2 • − scavengers. Secondly, SS induces ROS generation, GSH depletion, LPO accumulation, and cell death, such effects are signiﬁcantly
prevented in the presence of O 2 • − -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 O 2 • − generation is, indeed, critical for SS-induced
ferroptotic cell death.
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by O2•− scavengers. Taken together, this data indicates that O2•− production 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

ROS is mainly generated from NADPH oxidase, mitochondria, and lysosomes [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 SSinduced ROS generation and cell death. Our current ﬁndings indicate that
SS induces mitochondrial O2•− production and that this effect is negated

←

16

K. Subburayan et al.

Translational Oncology 13 (2020) 100843

mechanisms (Fig. 6). Identiﬁcation of SS as a novel FIN opens a unique
opportunity for the optimization of SS in various clinical settings. Further in-depth studies using in vivo models are required to validate SSmediated 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.

the ferroptotic cell death induced by various agents including erastin, RSL3,
and glutamate [21,26,57]. In corroboration with this observation, our results 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 SSinduced ferroptosis. Previous studies have shown that ROS and iron inﬂuence each other via a positive feedback loop mechanism [46,47]. Consistently, 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
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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 are means ± SD (n = 3) (**p < 0.01 and ***p < 0.001), and (B) production of O2•−. Scale bar, 50 μm (upper panel). The DHEderived 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 were measured. 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-treated with SOD (500 U/mL) and Trolox (1 mM) for
1 h followed by SS (10 μM) treatment for 3 h. Following the treatment, (E) western blot analysis of DMT1 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 < 0.001), 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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