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Abstract. Small-cell lung cancer (SCLC) is a highly aggres-
sive cancer with poor prognosis, due to a lack of therapeutic 
targets. Sulforaphane (SFN) is an isothiocyanate derived 
from cruciferous vegetables and has shown anticancer effects 
against numerous types of cancer. However, its anticancer 
effect against SCLC remains unclear. The present study aimed 
to demonstrate the anticancer effects of SFN in SCLC cells by 
investigating cell death (ferroptosis, necroptosis and caspase 
inhibition). The human SCLC cell lines NCI-H69, NCI-H69AR 
(H69AR) and NCI-H82 and the normal bronchial epithelial 
cell line, 16HBE14o- were used to determine cell growth and 
cytotoxicity, evaluate the levels of iron and glutathione, and 
quantify lipid peroxidation following treatment with SFN. 
mRNA expression levels of cystine/glutamate antiporter xCT 
(SLC7A11), a key component of the cysteine/glutamate anti-
porter, were measured using reverse transcription-quantitative 
PCR, while the levels of SLC7A11 protein were measured 
using western blot analysis. Following the addition of SFN 
to the cell culture, cell growth was significantly inhibited, 
and cell death was shown in SCLC and multidrug-resistant 
H69AR cells. The ferroptotic effects of SFN were confirmed 
following culture with the ferroptosis inhibitor, ferrostatin-1, 
and deferoxamine; iron levels were elevated, which resulted in 
the accumulation of lipid reactive oxygen species. The mRNA 
and protein expression levels of SLC7A11 were significantly 

lower in SFN-treated cells compared with that in the control 
cells (P<0.0001 and P=0.0006, respectively). These results 
indicated that the anticancer effects of SFN may be caused 
by ferroptosis in the SCLC cells, which was hypothesized 
to be triggered from the inhibition of mRNA and protein 
expression levels of SLC7A11. In conclusion, the present study 
demonstrated that SFN-induced cell death was mediated via 
ferroptosis and inhibition of the mRNA and protein expression 
levels of SLC7A11 in SCLC cells. The anticancer effects of 
SFN may provide novel options for SCLC treatment.

Introduction

Small-cell lung cancer (SCLC), which accounted for ~15% of 
all cases of lung cancer in the United States in 2020 (1), is a 
highly aggressive lung cancer tumor. The 5-year survival rate 
was <7% in the United States in 2017 (2). The survival rate is 
poor for a number of reasons. Firstly, SCLC is characterized 
by rapid growth and metastasis and the lack of early detec-
tion means few cases can be treated by surgery (3). Secondly, 
the initial effects of chemotherapy quickly diminish, and the 
majority of patients relapse within the first year, worldwide (1), 
developing multidrug resistance. Finally, a lack of adequate 
surgical tissues and re-biopsy for molecular profiling results 
in few therapeutic options for SCLC compared with that in 
non-small-cell lung cancer (NSCLC).

Sulforaphane (SFN) is an isothiocyanate derived from 
cruciferous vegetables, particularly broccoli sprouts  (4). 
SFN has been reported to protect against the development of 
numerous types of cancer, such as liver, prostate, and colon 
cancer, by inhibiting phase I enzymes, that activate carcino-
gens, and by inducing nuclear factor erythroid 2-related 
factor 2 (Nrf2)-regulated genes of phase II detoxification 
enzymes (4-7). The anticancer effects of SFN in various types 
of cancer have been reported, in both in vitro and in vivo 
studies. For example, SFN has been reported to induce apop-
totic cell death in NSCLC, as well as in pancreatic, breast and 
prostate cancer (8-11). Other angiogenic activities of SFN are 
mediated by the suppression of vascular endothelial growth 
factor and matrix metalloproteinase-2 (12). Antimetastatic 
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effects of SFN were also achieved by inhibiting cell migration 
and invasion (13,14). However, the anticancer effects of SFN 
against SCLC have not yet been fully elucidated.

Ferroptosis is a type of programmed cell death, that is 
non-apoptotic and has been described as an iron- and reac-
tive oxygen species (ROS)-dependent form of regulated cell 
death (15). The morphological features of ferroptotic cells 
include alterations in the mitochondrial structure, accom-
panied by the absence of nuclear shrinkage and ruptured 
plasma membranes (15,16). This process is triggered by two 
mechanisms. The first mechanism is the inhibition of system 
xc- (e.g. induced by erastin) (17). System xc- is the cystine/
glutamate antiporter that imports extracellular cystine in 
exchange for intracellular glutamate (18). The cystine/gluta-
mate antiporter xCT (SLC7A11) is a key component of system 
xc- (19). Intracellular cystine starvation leads to the depletion 
of glutathione (GSH) levels and subsequent inactivation of 
GSH peroxidase 4 (GPX4) function (20). The second mecha-
nism of ferroptosis is direct blocking of GPX4 [e.g. induced by 
Ras-selective lethal (RSL)3] (21,22). GPX4 is an enzyme that 
reduces lipid hydroperoxides to lipid alcohols (15). The loss of 
GPX4 activity leads to the formation of high lipid ROS (15,22). 
In addition, excessive iron also contributes to ferroptotic cell 
death by producing ROS via the Fenton reaction (23,24). A 
previous report demonstrated that siramesine and lapatinib 
induced ferroptosis in breast cancer cells  (25). The newly 
discovered ‘ferroptosis’ form of programmed cell death (17) 
may provide a novel target for cancer treatment.

The present study investigated the cell death effects of SFN 
treatment and demonstrated the anticancer effects of SFN in 
SCLC cells.

Materials and methods

Reagents. SFN (R,S-sulforaphane; cat. no.  S8044) was 
purchased from LKT Laboratories, Inc.. SFN was dissolved 
in DMSO and was subsequently used for each assay. Z-vad 
(cat. no. 4800-520), an apoptosis inhibitor, was purchased from 
Medical and Biological Laboratories Co., Ltd. Necrostatin-1 
(cat. no. N9037), a necroptosis inhibitor, ferrostatin-1 (cat. 
no. SML0583), a ferroptosis inhibitor, and deferoxamine (DFO; 
cat. no. D9533), an iron chelator, were purchased from Sigma-
Aldrich (Merck KGaA). The optimum concentration of each 
reagent (z-vad, necrostatin-1 and ferrostatin-1) was determined 
as previously described (17,26,27). The optimum concentration 
of DFO was determined from preliminary experiments (data 
not shown). The following concentrations were used: z-vad, 
10 µM; necrostatin-1, 50 µM; ferrostatin-1, 1 µM; and DFO, 
10 µM. Amrubicinol (AMR), an anthracycline anticancer agent 
and active metabolite derived from amrubicin, was obtained 
from Dainippon Sumitomo Pharma Co., Ltd.

Cell culture. The human SCLC cell lines NCI-H69 (H69), 
NCI-H82 (H82) and NCI-H69AR (H69AR) were purchased 
from American Type Culture Collection. The H69AR cell 
line are cross-resistant to anthracycline analogs. The normal 
bronchial epithelial cell line, 16HBE14o- (16HBE) were 
kindly provided by Dr Gruenert (Head and Neck Stem Cell 
Laboratory, University of California, USA). The H69, H82 
and H69AR cells were cultured in RPMI-1640 medium 

(Sigma-Aldrich; Merck KGaA), supplemented with 10% FBS 
(Sigma-Aldrich; Merck KGaA) and 1% penicillin-streptomycin 
(Nacalai Tesque, Inc.) while, the 16HBE cells were cultured in 
minimum essential medium (Sigma-Aldrich; Merck KGaA) 
supplemented with 10% FBS (Sigma-Aldrich; Merck KGaA) 
and 1% penicillin-streptomycin (Nacalai Tesque, Inc.). The 
cells were maintained at 37˚C in a humidified atmosphere 
with 5% CO2. Stocks of these cells were prepared within five 
passages of receipt; cells used for experiments were passaged 
for <6 months.

MTT assay. H69 cells (5,000 cells/well) were treated with 
increasing concentrations (1, 5, 10, 20  µM) of SFN and 
seeded into each well of 96-well plates. Control cells were 
left untreated. Cells were incubated for 24, 48 and 96 h at 
37˚C in a humidified atmosphere with 5% CO2. Cell viability 
was measured using an MTT Cell Viability Assay kit (cat. 
no.  30006; Biotium, Inc.). The signal absorbances were 
measured at 570 nm using a Multiskan™ GO Microplate 
Spectrophotometer (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions, and the background absor-
bance at 630 nm was subtracted.

Lactate dehydrogenase (LDH) assay. To determine if cell death 
was induced by SFN in the H69, H82, H69AR and 16HBE cell 
lines, the release of LDH into the medium was measured using 
a Cytotoxicity LDH Assay kit-WST (LDH assay) (Dojindo 
Molecular Technologies, Inc.). The cells were treated with 
z-vad (10 µM), necrostatin-1 (50 µM), ferrostatin-1 (1 µM), and 
DFO (10 µM) 1  h before SFN treatment at 37˚C. Each sample 
(5,000 cells/well) treated with SFN was incubated in a 96-well 
plate for 48 or 96 h at 37˚C, and the LDH assay was performed 
according to the manufacturer's instructions. H69 and H69AR 
cells (5,000 cells/well) treated with AMR were incubated 
in a 96-well plate for 96 h at 37˚C, and the LDH assay was 
performed. The absorbance of each sample was determined at 
490 nm, using a Multiskan GO Microplate Spectrophotometer 
(Thermo Fisher Scientific, Inc.). LDH release (cytotoxicity) was 
calculated by comparing the absorbance with maximum LDH 
release (value measured upon adding the lysis buffer included 
in the kit) of control cells (28). Representative images of the 
H69 cell line undergoing cell death in SFN-treated (20 µM) 
and untreated controls were obtained using Fluorescent Cell 
Imager (Bio-Rad Laboratories, Inc.).

Live and dead assay. The H69 cells treated with SFN (20 µM) 
and untreated control cells were seeded into 24-well plates, at 
a density of 1x105 cells/well at 37˚C for 96 h. Cytotoxicity was 
measured using a LIVE/DEAD™ Viability/Cytotoxicity kit 
for mammalian cell analysis (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions. Calcein-AM 
is retained within live cells, producing green fluorescence, 
whereas ethidium homodimer-1 (EthD-1) enters the dead 
cells with damaged membranes and binds to nucleic acids, 
producing red fluorescence (29). A concentration of 50 µM 
calcein-AM and 4 µM EthD-1 solution was used according 
to preliminary experiments (data not shown). Flow cytometry 
analysis was performed using a flow cytometer (Gallios; 
Beckman Coulter, Inc.) and analyzed with Kaluza software 
(v1.0; Beckman Coulter, Inc.).
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Iron assay. Intracellular levels of ferrous (Fe2+) iron were 
determined using an iron assay kit from Sigma-Aldrich (cat. 
no. MAK025; Merck KGaA), according to the manufacturer's 
instructions. The H69 cells (2x106 cells), treated with 20 µM 
SFN and untreated control cells were cultured at 37˚C for 96 h. 
The absorbance of each sample was measured at 593 nm using 
a Multiskan GO Microplate Spectrophotometer (Thermo 
Fisher Scientific, Inc.). The results were analyzed using Skanit 
Software (v3.2; Research Edition for Multiskan GO; Thermo 
Fisher Scientific, Inc.).

Analysis of lipid peroxidation. The H69 cells, treated with 
SFN (20 µM) and untreated control cells, were seeded into 6- 
or 24-well plates, at a density of 2x105 cells/well at 37˚C for 48, 
72, 96 or 120 h. DFO (10 µM) and ferrostatin-1 (1 µM) were 
added to the cells at 37˚C, 1 h before they were treated with 
SFN. Lipid peroxidation was measured using an Image-iT 
Lipid Peroxidation kit for live cell analysis (Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
Flow cytometry analysis was performed using a flow cytom-
eter (FACSCalibur; BD Biosciences) and mean fluorescence 
intensity (MFI) was analyzed using FlowJo software (v10.7.1; 
BD Biosciences).

Detection of intracellular ROS. The intracellular levels of 
ROS were detected using a fluorescence plate reader (Infinite 
200Pro MPlex; Tecan Group, Ltd.), using 6-carboxy-2',7'-
dichlorofluorescein diacetate dye (Thermo Fisher Scientific, 
Inc.), according to the manufacturer's instructions. The H69 
cells (3x105 cells), treated with 20 µM SFN, and untreated 
control cells were cultured at 37˚C for 4, 8, 12, 16 or 24 h 
before subsequent analysis.

Confocal fluorescence imaging of mitochondria. The H69 
cells, treated with 20 µM SFN or untreated control cells, were 
seeded into plates, at a density of 5x105 cells/ml, and incubated at 
37˚C for 96 h. To determine the mitochondrial morphology, the 
H69 cells were cultured in glass-bottom dishes (AGC Techno 
Glass Co., Ltd.) and transfected with a modified baculovirus 
vector (BacMam 2.0; Thermo Fisher Scientific, Inc.) encoding 
mitochondria-targeted green fluorescent protein according to 
the manufacturer's instructions. The vector (2 µl/10,000 cells) 
was transfected into the cells for 16 h at 37˚C. The cells were 
incubated at 37˚C in a humidified incubator with 5% CO2. The 
cell nuclei were stained with Hoechst33342 (5 µg/ml; Thermo 
Fisher Scientific, Inc.), at room temperature for 5 min in the 
dark box. Images of the cells were captured with an Olympus 
FV1000 confocal laser scanning microscope, using an α Plan-
Apochromatic X x100/1.46 NA objective with 3X digital zoom 
(Carl Zeiss AG).

Reverse transcription-quantitative (RT-q) PCR. SFN 
(20 µM) 96 h-treated and untreated control cells (1x104 cells/
sample) were seeded into 96-well plates. To investigate the 
changes in mRNA expression levels of SLC7A11, RT-qPCR 
was performed using the TaqMan® Gene Expression Cells-
to-CT™ kit (Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. The following temperature conditions 
were used: Incubation at at 37˚C for 60 min then at 95˚C for 
5 min. RT-qPCR was performed using an Applied Biosystems 

7500 Fast Real-Time PCR System (Thermo Fisher Scientific, 
Inc.). The target mRNA was amplified using a TaqMan gene 
expression master mix (Thermo Fisher Scientific, Inc.) and the 
following TaqMan gene expression assay (probe and primer): 
SLC7A11, Hs00921938_m1 and GAPDH, Hs02758991_g1 
(both from Thermo Fisher Scientific, Inc.).

The RT-qPCR thermocycling conditions were as follows: 
Initial denaturation at 50˚C for 2 min, 95˚C for 10 min and 40 
cycles of 95˚C for 15 sec and 60˚C for 1 min. The expression 
levels of target mRNA were calculated using the 2-∆∆Cq method 
and normalized to those of GAPDH (30).

GSH assay. Total GSH levels in SFN (20 µM)-treated for 
96 h and untreated cells (5x106 cells/sample) were determined 
using a GSSG/GSH Quantification kit (Dojindo Molecular 
Technologies, Inc.) according to the manufacturer's instruc-
tions. The absorbance of each sample was measured at 405 nm 
using a Multiskan GO microplate spectrophotometer (Thermo 
Fisher Scientific, Inc.). The glutathione concentration was 
obtained from the calibration curve using GraphPad Prism 
software (v8; GraphPad Software, Inc.). A total of three inde-
pendent repeats was performed.

Western blot analysis. The H69 cells treated with 20 µM 
SFN for 48, 72 or 96  h were subsequently prepared for 
analysis using western blot analysis. The whole cell lysates 
were collected at the indicated times and lysed using RIPA 
buffer [25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 
1% sodium deoxycholate and 0.1% SDS]. The protein levels 
were quantified with a Bio-Rad Protein Assay Dye Reagent 
Concentrate (Bio-Rad Laboratories, Inc.), according to 
the manufacturer's instructions. The total proteins (20 µg) 
were separated on 4-15% gradient gels (Criterion™ TGX™ 
Precast Gel; Bio-Rad Laboratories, Inc.) using SDS-PAGE 
and subsequently transferred onto PVDF membranes (Merck 
Millipore), then blocked with 3% BSA (Iwai Chemicals 
Company) mixed with TBS-Tween-20 (0.05%; TBST) at room 
temperature for 1 h. After washing three times with TBS, in 
0.1% Tween-20, the membranes were incubated overnight 
at 4˚C with anti-human xCT/SLC7A11 (cat. no. ab175186; 
1:1,000; Abcam) and β-actin (cat. no. 4967; 1:1,000) (Cell 
Signaling Technology, Inc.) antibodies diluted in TBST. The 
membranes were subsequently incubated at room tempera-
ture for 1 h with a goat anti-rabbit-HRP secondary antibody 
(cat. no. 7074; 1:3,000; Cell Signaling Technology, Inc.). The 
proteins were then detected with an Amersham™ ECL™ 
Prime Western Blotting Detection Reagent (Cytiva) and 
quantified using ImageJ software (v1.53a; National Institutes 
of Health).

Detection of apoptotic cell death. The H69 cells (3x105 cells), 
treated with 20 µM SFN for 96 h and untreated control cells, 
were subsequently prepared for detection of cellular apoptosis 
using flow cytometry. Apoptosis was detected by analyzing the 
sub-G1 peaks (DNA fragmentation). The cells were stained 
using a Propidium Iodide Flow Cytometry kit (Abcam), 
according to the manufacturer's instructions. Flow cytometry 
was performed using a Gallios flow cytometer and analyzed 
using the Kaluza (v1.0) Flow Cytometry Analysis software 
(both Beckman Coulter, Inc.).
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Statistical analysis. Data are presented as the mean ± SD 
(n≥3). The statistical significance of differences between two 
groups was determined using a paired or unpaired Student's 
t-test or Mann-Whitney U test. The statistical significance of 
differences among >2 groups was determined using one-way 
or two-way ANOVA followed by Tukey's multiple compari-
sons post hoc test. The statistical analysis was performed 
using GraphPad Prism software (v8; GraphPad Software, Inc.). 
P<0.05 was considered to indicate a statistically significant 
difference; P<0.01, P<0.001 and P<0.0001 were considered as 
further thresholds of significance.

Results

SFN inhibits growth and induces cell death in the SCLC cells. 
The effect of SFN on growth inhibition of the H69 SCLC cells 
was investigated using a MTT assay (Fig. 1A). Significant 
inhibition of cell growth was observed in H69 cells treated 
with >10 µM SFN over 48 h compared with that in the control 
group.

The cell death effects of SFN in the SCLC H69 and 
H69AR, and the normal bronchial epithelial cell line, 16HBE 
cell lines were initially observed to occur in a dose-dependent 
manner (data not shown). The cell death effects (cytotox-
icity) of SFN (20 µM) in the H69, H69AR and 16HBE cell 
lines, after 96 h were measured using LDH assays (Fig. 1B). 
A significant cell death effect was shown in the SCLC and 
16HBE cell lines following 20 µM SFN treatment compared 
with that in the untreated cells. However, the cell death effect 
in the 16HBE cell line was significantly less compared with 
that in the SCLC cell lines. Furthermore, the cell death effect 
was not significantly different between the H69 and H69AR 
cell lines. Similar results were observed using the SCLC H82 
cell line. Significant inhibition of cell growth was observed at 
24 h following >20 µM SFN treatment, at 48 h with >10 µM 
SFN treatment, and at 96 h with >5 µM SFN treatment. Cell 
death effects of SFN in H82 small cell lung cancer cells were 

observed to occur in a dose-dependent manner (Fig.  S1). 
Fig. 1C shows representative images of H69 cell death in 
SFN-treated (20 µM) and untreated controls from the LDH 
assay experiments.

Flow cytometric cell sorting analysis of the live and dead 
assays demonstrated that cell death was significantly induced 
in SFN-treated (20 µM; 96 h) SCLC cells compared with that 
in the untreated control cells (Fig. S2).

SFN exhibits anticancer effects against SCLC cells via induc-
tion of ferroptosis. Apoptosis, necroptosis and ferroptosis 
were investigated as potential cell death mechanisms caused 
by SFN treatment in the SCLC cells using the cell death 
inhibitors, z-vad, necrostatin-1 and ferrostatin-1. The results 
demonstrated that ferrostatin-1, which inhibits ferroptosis, 
significantly inhibited the effects of SFN-induced cell death. 
However, necrostatin-1, which inhibits necroptosis, and z-vad, 
which is a caspase inhibitor, did not inhibit SFN-induced cell 
death (Fig. 2A). In the sub G1 peak assay, the percentage of 
cells in the sub G1 phase (<2N), in the cells treated with SFN 
was 6.56% compared with that in the control group 2.73% 
(Fig. S3).

Ferroptosis is a type of iron-dependent cell death and 
is known to be inhibited by the iron chelator, DFO (17). 
The intracellular levels of Fe2+ were significantly elevated 
in SFN-treated cells compared with that in untreated cells 
at 96 h (Fig.  2B). It was next determined whether DFO 
inhibited cell death induced by SFN in the H69 cell line. 
SFN-induced cell death was significantly decreased in 
DFO-treated cells compared with that in the control cells 
(Fig. 2C).

Ferroptosis is characterized by cell death leading to the 
accumulation of lipid peroxidation (17). The effects of SFN 
on lipid peroxidation in the H69 cells were determined 
using FACS analysis. MFI was significantly increased in 
SFN-treated cells compared with that in the untreated cells at 
96 h (Figs. 2D and S4A). Maximum increase in the production 

Figure 1. SFN induces growth inhibition and cell death in SCLC cells. (A) H69 cells were treated with 0, 1, 5, 10 and 20 µM SFN for 0, 24, 48 and 96 h then, 
cell viability was determined using a MTT assay. (B) The H69 and H69AR SCLC and 16HBE cell lines were treated with 20 µM SFN for 96 h then, cell 
death was determined using a lactate dehydrogenase assay. (C) Representative images of H69 cells in the presence or absence of SFN (20 µM, 96 h) treatment. 
Magnification, x20. Data are presented as the mean ± SD (n≥3). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. SFN, sulforaphane; SCLC, small cell lung cancer; 
N.S., not significant.
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of ROS induced by SFN was observed at 12 h (Fig. S4B). The 
effect of lipid peroxidation induced by SFN was reversed by 
pretreatment with DFO and ferrostatin-1 (Fig. 2E). Confocal 
fluorescence imaging indicated that the levels of mitochondria 
were decreased; however, there were no changes in nuclear 
morphology, which are characteristic features of ferrop-
tosis (15,16) (Fig. S5).

SFN inhibits SLC7A11 expression levels. Previous studies 
have showed that ferroptosis was initiated by the inhibition of 
system xc-, which leads to a depletion of GSH levels (17,20). 

RT-qPCR was performed to determine the mRNA expression 
levels of SLC7A11, a member of system xc-, following treat-
ment of the H69 cell line with SFN (Fig. 3A). The mRNA 
expression levels of SLC7A11 were 1.00±0.21 in the untreated 
control cells; however, they were 0.41±0.09 in SFN-treated 
cells (20 µM, 96 h). Thus, the mRNA expression levels of 
SLC7A11 were significantly lower in the SFN-treated cells 
compared with that in the untreated cells. In addition, the 
protein expression levels of SLC7A11 in the SFN-treated cells 
were significantly lower compared with that in the untreated 
control group (Fig. 3B).

Figure 2. SFN induces cell death by ferroptosis. H69 cells were treated with SFN (20 µM) for 96 h or untreated, as a control. (A) Inhibition of cell death by 
SFN using inhibitors of apoptosis, necroptosis and ferroptosis. Cell death was investigated using a LDH assay. (B) Intracellular levels of Fe2+ were determined 
using an iron assay and the 2 groups were statistically analyzed. (C) Inhibition of SFN-induced cell death in the presence of DFO (10 µM; 1 h). Cell death was 
investigated using a LDH assay. (D) Lipid peroxidation by SFN in H69 cells. FITC fluorescence in SFN-treated H69 cells (red line), untreated (black line) 
and background controls (gray filled). Lipid peroxidation was quantified using flow cytometry. (E) Inhibition of lipid peroxidation by SFN in the presence of 
DFO and Fer-1. Following treatment with DFO (10 µM) or Fer-1 (1 µM) for 1 h, lipid peroxidation was quantified using flow cytometry. Data are presented 
as the mean ± SD (n≥3). *P<0.05, **P<0.01, ****P<0.0001. SFN, sulforaphane; LDH, lactate dehydrogenase; DFO, deferoxamine; -, no inhibitor; z, z-vad; n, 
necrostatin-1; Fer-1, ferrostatin-1.
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Furthermore, intracellular total GSH levels were signifi-
cantly lower in the SFN-treated H69 cells compared with that 
in the untreated control cells (Fig. 3C).

Cytotoxic effects of SFN in the anticancer drug-resistant 
H69AR cell line. The effect of SFN was analyzed in the H69AR 
cell lines. First, the minimum dose of AMR, that was found to 
be ineffective in the H69AR cell line, when compared with that 
in the H69 cell line, was investigated. At a minimum AMR 
concentration of 20 µM, the rate of cell death was significantly 
lower in the H69AR cell line compared with that in the H69 
cell line (Fig. S6A). Thereafter, the effects of SFN were inves-
tigated in the H69AR cell line compared with that in AMR. A 
significant increase in induced cell death was observed in the 
presence of SFN (20 µM) when compared with that in cells 
treated with AMR (20 µM) in the H69AR cells (Fig. S6B). 
Furthermore, the SFN-induced cell death was significantly 
inhibited by ferrostatin-1 in the H69AR cell line (Fig. S6C).

Discussion

The present study demonstrated that SFN exhibited anticancer 
effects by inducing cell death via ferroptosis in the SCLC cells.

Ferroptosis is triggered by the inactivation of cellular 
GSH-dependent antioxidant defenses, leading to iron-
dependent accumulation of toxic lipid ROS (20,31). It has been 
reported that ferroptosis is an iron-dependent non-apoptotic 
regulated form of cell death that can be inhibited by ferro-
statin-1 and the iron chelator, DFO, but not by apoptosis 
or necroptosis inhibitor (z-vad and necrostatin-1, respec-
tively) (17,20). However, the effect of ferroptosis in the SCLC 
cell is still unclear. The present study observed inhibition of 
SFN-induced cell death by ferrostatin-1 and DFO, GSH deple-
tion, elevated intracellular levels of iron and the accumulation 
of lipid ROS, which indicated that SFN induced ferroptosis in 
SCLC cells.

A number of mechanisms have been reported for ferrop-
tosis inducers. For example, erastin and sorafenib induced 
ferroptosis by inhibition of system xc- (17). RSL3 has also been 
reported to directly inhibit GPX4 activity (22). The present 

Figure 3. SFN inhibits expression levels of SLC7A11. H69 cells were treated with SFN (20 µM) for 96 h or untreated, as a control. (A) Decreases in mRNA 
expression levels of SLC7A11 following SFN treatment were determined using reverse transcription-quantitative PCR. Expression levels were normalized to 
those of the untreated control group. Data are presented as the mean ± SD (n=6). ****P<0.0001. (B) The expression levels of SLC7A11 protein were detected 
using western blot analysis. The band obtained at 96 h was quantified with ImageJ software and intensity was normalized to that of β-actin. Data are presented 
as the mean ± SD (n=5). ***P<0.001. (C) Change in glutathione concentration following SFN treatment was determined using a glutathione assay. Data are 
presented as the mean ± SD (n=9). ***P<0.001. SFN, sulforaphane; SLC7A11, cystine/glutamate antiporter xCT.

Figure 4. An overview of the SFN-induced ferroptosis pathway. SFN-
induced ferroptosis observed in small cell lung cancer cells is triggered 
by the inhibition of SLC7A11, resulting in decreased intracellular levels of 
Cys and GSH. This effect leads to the accumulation of iron-dependent lipid 
ROS. Ferroptosis is inhibited by ferrostatin-1 and DFO. SFN, sulforaphane; 
SLC7A11, cystine/glutamate antiporter xCT; Cys, cysteine; GSH, gluta-
thione; ROS, reactive oxygen species; DFO, deferoxamine; Glu, glutamate; 
TFR: transferrin receptor; GPX4, glutathione peroxidase4.
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study investigated the mechanisms of SFN-induced ferroptosis 
in 2 SCLC cell lines. According to the RT-qPCR and western 
blot analysis results, the mRNA and protein expression levels 
of SLC7A11, a component of system xc-, were significantly 
decreased following treatment with SFN. The present results 
demonstrated that inhibition of SLC7A11 expression levels, 
which was triggered by SFN-induced ferroptosis, resulted in 
decreased intracellular cystine and GSH and iron-dependent 
lipid peroxidation (Fig. 4).

Cytotoxic chemotherapy (e.g. cisplatin, etoposide and 
amrubicin) is currently a standard therapy for the treatment 
of advanced stage SCLC (32). These agents induce apoptotic 
cell death in SCLC cells  (33). However, these agents also 
induce cell death in non-malignant cells as one of their side 
effects, which also include severe bone marrow suppression 
and pneumonia (34,35). Therefore, selective and specific drugs 
for tumor cells are required for SCLC treatment. A previous 
report demonstrated that SFN (15 µM) selectively induced cell 
cycle arrest and apoptosis in cancerous prostate epithelial cells 
(LnCap and PC3), but not in normal prostate epithelial cells, 
under the same stimulation (36). SFN may exhibit different 
effects on cell proliferation and death between cancer cells 
and non-cancerous cells. It was also confirmed that the cell 
death activity was significantly lower in normal bronchial cells 
(16HBE) compared with that in SCLC tumor cells (Fig. 1B). 
The present results indicated that SFN may exhibit specific anti-
cancer effects in tumor cells, but not in normal non-cancerous 
cells in SCLC. Numerous types of cancer cell, such as breast 
and prostate cancer, exhibit higher expression levels of the 
cystine/glutamate antiporter system xc- compared with that in 
non-cancerous cells (18,37,38). Cystine is an essential amino 
acid, and its uptake from the microenvironment is required 
for growth and progression in cancer (18). Furthermore, excess 
iron has been found to contribute to tumor growth (39), and 
previous studies have reported that cancer cells exhibited 
increased expression levels of transferrin receptors and iron 
uptake  (40,41). A previous study reported that serum iron 
levels were elevated in smokers (42); the majority of patients 
with SCLC were previous or are current smokers (2). Given the 
high expression levels of system xc- and excess intracellular 
iron, we hypothesized that cancer cells have a greater tendency 
to undergo ferroptosis compared with that in non-cancer cells.

Furthermore, it has previously been reported that tumor 
cells which exhibit an epithelial-to-mesenchymal transition 
(EMT)-like signature were more sensitive to ferroptosis 
compared with that in tumor cells, which are not sensitive (43). 
Zinc finger E-box binding homeobox 1, which suppresses 
E-cadherin, has been associated with changes in lipid accu-
mulation and an increase in sensitivity to ferroptosis  (43). 
SCLC is highly metastatic and develops chemoresistance via 
the EMT process (44). Therefore, ferroptosis may be induced 
in SCLC tumor cells by SFN.

The present results indicated that SFN may be used in 
novel anticancer strategies for SCLC. Furthermore, SFN 
significantly induced cell death compared to AMR in H69AR 
cells. SFN-induced cell death in multidrug-resistant H69AR 
SCLC cells was not significantly different from that induced 
in H69 cells. It has been reported that ferroptosis overcame 
cisplatin resistance in the head and neck cancer cells via phar-
macological and genetic inhibition of the cystine/glutamate 

antiporter (45). Therefore, SFN may be a new potential adju-
vant therapy for patients with SCLC, who have few effective 
treatment options, even after resistance to cytotoxic anticancer 
drugs occurs.

In the present study, the newly discovered programmed 
cell death ‘ferroptosis’ was induced by SFN treatment in 
SCLC cells. However, it is still unclear whether the anticancer 
effects of SFN was more effective in terms of cell death or 
cell cycle arrest. The effect on cell cycle arrest in SCLC cells 
with SFN treatment should be investigated further. In addition, 
although z-vad did not inhibit SFN-induced cell death, SFN 
may have induced caspase-independent apoptosis, as indicated 
by the increase in the percentage of SFN-treated cells in the 
sub-G1 phase, compared with that in the untreated control 
cells (Fig. S6). Further studies are required to investigate the 
association between SFN-induced ferroptosis and caspase-
independent apoptosis. In addition, SFN-induced detoxifying 
effects, that activate Nrf2-driving detoxifying genes have 
been previously reported (4). However, Nrf2 has been shown 
to be a negative regulator of ferroptosis in hepatocellular 
carcinoma (46) and SFN has been reported to induce different 
effects in prostate cancer and non-cancerous cells compared 
with that in Nrf2  (47). The role of Nrf2 in SFN-induced 
ferroptosis in SCLC cells is still unclear. Future studies will 
investigate the cell death effect of SFN by considering the 
involvement of Nrf2 in SCLC cells.

In conclusion, SFN treatment of SCLC cells led to ferrop-
totic cell death via the inhibition of SLC7A11, leading to 
decreased GSH and increased lipid ROS levels. These results 
indicated that SFN may be a novel potential anticancer agent 
for the treatment SCLC via its underlying mechanism of 
ferroptosis.
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