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Abstract
Background: Emerging studies showed curcumin can inhibit glioblastoma and breast
cancer cells via regulating ferroptosis. However, the role of ferroptosis in the inhibi-
tory effect of curcumin on non-small-cell lung cancer (NSCLC) remains unclear.
Methods: Cell counting kit-8 (CCK-8) assay was used to measure the viability of A549 and
H1299 cells under different conditions. Cell proliferation was examined by Ki67 immuno-
fluorescence. Themorphological changes of cells and tumor tissues were observed by optical
microscope and hematoxylin and eosin (H&E) staining. Intracellular reactive oxygen spe-
cies (ROS), malondialdehyde (MDA), superoxide dismutase (SOD), glutathione (GSH),
and iron contents were determined by corresponding assay kit. The related protein expres-
sion levels were detected by western blot and immunohistochemistry. Transmission elec-
tronmicroscope was used to observe ultrastructure changes of A549 andH1299 cells.
Results: Curcumin inhibited tumor growth and cell proliferation, but promoted cell
death. Characteristic changes of ferroptosis were observed in curcumin group, includ-
ing iron overload, GSH depletion and lipid peroxidation. Meanwhile, the protein level
of ACSL4 was higher and the levels of SLC7A11 and GPX4 were lower in curcumin
group than that in control group. Incubation of ferroptosis inhibitors ferrostatin-1
(Fer-1) or knockdown of iron-responsive element-binding protein 2 (IREB2) notably
weakened curcumin-induced anti-tumor effect and ferroptosis in A549 and H1299
cells. Further investigation suggested that curcumin induced mitochondrial membrane
rupture and mitochondrial cristae decrease, increased autolysosome, increased the
level of Beclin1 and LC3, and decreased the level of P62. Curcumin-induced
autophagy and subsequent ferroptosis were both alleviated with autophagy inhibitor
chloroquine (CQ) or siBeclin1.
Conclusion: Curcumin induced ferroptosis via activating autophagy in NSCLC, which
enhanced the therapeutic effect of NSCLC.
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INTRODUCTION

Previous data have indicated that lung cancer continues to
be one of the commonest malignant tumors and the
world’s leading cause of cancer death.1 Non-small-cell lung

cancer (NSCLC) accounts for �85% of lung cancer.2 It has
made remarkable progress both in traditional treatment
and the emerging approaches like molecular targeted ther-
apy, anti-angiogenesis therapy, and immunotherapy,3,4

although morbidity and mortality of NSCLC remain par-
ticularly high. Therefore, a novel anti-tumor method is
urgently needed.†Xin Tang, Hui Ding and Maoli Liang contributed equally to this work
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Ferroptosis is a newly discovered regulatory cell death
(RCD),5 which is different from other forms of RCD. The
accumulation of intracellular iron and lipid-reactive oxygen
species (ROS), lipid peroxidation, and the depletion of glutathi-
one (GSH) are the indispensable hallmarks of ferroptosis.6

Emerging studies have shown that ferroptosis pathway can
repress tumor growth and kill tumor cells,7 which may be a
new idea for antitumor treatment. Therefore, ferroptosis
inducers are expected to provide potential strategies for anti-
cancer treatment, which has attracted wide attention.

Curcumin is a yellow polyphenol compound derived
from the turmeric plant, which shows anticancer properties
through a variety of mechanisms, including inhibition of
tumor proliferation, invasion and metastases, regulation of
apoptosis, and autophagy.8 Recent studies showed that cur-
cumin can treat glioblastoma and breast cancer via regulat-
ing ferroptosis.9,10 However, there seem to be few studies
exploring the relationship of ferroptosis and anti-NSCLC
induced by curcumin. Therefore, it is crucial to understand
the specific role and potential mechanism of ferroptosis in
the anti-NSCLC treatment of curcumin. Previous studies
have demonstrated that autophagy promotes ferroptosis.11

Nevertheless, the specific role of autophagy in curcumin-
induced ferroptosis in NSCLC remains unclear.

In this study, we have investigated whether ferroptosis
was beneficial to the anti-NSCLC effect of curcumin. Fur-
thermore, we have explored whether the activation of the
autophagy pathway promoted ferroptosis in NSCLC.

MATERIAL AND METHODS

Reagents

Curcumin (Cur, C7727), chloroquine (CQ, C6628) and
ferrostatin-1 (Fer-1, SML0583) were obtained from Sigma
Aldrich. Cell counting kit-8 assay (CCK-8, C6005) was pur-
chased from United States (US) Everbright. ROS (E004-1-1),
malondialdehyde (MDA, A003-1), and superoxide dis-
mutase (SOD, A001-3) detection kit were obtained from
Nanjing Jiancheng Bioengineering Institute. Glutathione
(GSH) Assay Kit (S0053) was purchased from Beyotime Bio-
technology. ACSL4 (sc-271 800) was purchased from Santa
Cruz Biotechnology. SLC7A11 (A2413), IREB2(A6382), and
β-actin (AC004) were obtained from ABclonal. GPX4
(ab125066) was purchased from Abcam. Beclin1 (3495),
LC3 (12741S), P62 (39749), and Ki67 (12075) were pur-
chased from Cell Signaling Technology (CST).

Lewis lung carcinoma mice model

Female C57BL/6 mice (14–18 g) were purchased from SiPeiFu
(Beijing) Biotechnology. All experimental procedures were
accomplished complying with the guidelines for the Care and
Use of Laboratory Animals of Tianjin Medical
University(Tianjin, China). The protocol was approved by the
Animal Ethical and Welfare Committee(AEWC) of Tianjin

Medical University. C57BL/6 mice were subcutaneously
injected with a total of 6 × 105 Lewis lung carcinomas (LLC)
cells on the left flank. Four days after LLC inoculation, the mice
were randomly divided into two groups of five. The vehicle
control and curcumin groups were given sodium carbo-
xymethyl cellulose (CMC) or curcumin (100 mg/kg/day) by
intraperitoneal injection for 15 days. Tumor volume was mea-
sured with a caliper every 3 days to track tumor growth and
calculated with the following formula: 0.5 × length × width.2

Mice were weighed every 3 days to assess the toxicity of the
drug. The mice were sacrificed under deep anesthesia, and
tumor tissue was removed.

Histological analysis

Tumor tissues collected from LLC-bearing mice were fixed
in 10% neutral buffered formalin and embedded in paraffin.
Tumor tissues were then cut to 4-μm thickness, and the sec-
tions were dewaxed. The sections were then stained with
hematoxylin and eosin (H&E) (Beyotime, Shanghai, China).
Stained sections were used to observe the structure of tumor
tissue and cell morphology under a light microscope.

Cell proliferation assay in tumor tissue

The expression of Ki67 was used to detect cell proliferation.
After dewaxing, the antigen was recovered with citrate buffer
(Sangon Biotech, Shanghai, China) in high temperature and
high pressure conditions. Tumor sections were then blocked
with 5% normal goat serum (NGS) for 1 hour at room temper-
ature and then incubated with the antibody against Ki67 over-
night at 4�C. Subsequently, sections were washed in phosphate
buffer saline (PBS) and treated with Cy3-conjugated anti-rabbit
IgG (1: 400; Beyotime, A0516). Fluorescent images were
obtained on a photomicroscope (Leica DM5000B, Germany).

Immunohistochemical staining

After the antigen was recovered, the sections were incubated
with 3% H2O2 for 10 minutes, then blocked in 5% NGS at
room temperature for 1 hour. Subsequently, the sections
were incubated with primary antibodies for ACSL4 and
GPX4 overnight at 4�C and anti-mouse/rabbit for
15 minutes. After that, an HRP-DAB system (Beyotime,
Shanghai, China) was applied to detect the immunoactivity.
The sections were imaged under a light microscope. Images
were quantified by Image-Pro Plus 6.0 analysis software.

Cell culture

The human lung cancer cell line, A549, and H1299 cells
were cultured in RPMI-1640 medium containing 10% fetal
bovine serum. The cells were incubated under humidified
conditions at 37�C and 5% CO2.
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Transfections

The A549 and H1299 cells were transfected with 50 nM of
IREB2 siRNA, Beclin1 siRNA, and control siRNA (RIBOBIO,
Guangzhou, China), respectively, using riboFECTCP transfec-
tion kit (RIBOBIO, Guangzhou, China). The target sequence
of IREB2 siRNA was “GGCTCATCAAATAAACTTA,” and
the target sequence of Beclin1 siRNA was “GGAGTCTCT
GACAGACAAA”. We diluted 5 μL of 20 μM siRNAs with
120 μL riboFECTCP buffer, then added 12 μL of riboFECTCP
reagent, mixed it gently, and incubated it at room temperature
for 5 min. The transfection mixture was then transferred into

6-well plates combined with 1863 μL of RPMI1640 media
without penicillin–streptomycin. After 2 hours, A549 and
H1299 cells were incubated with curcumin for another
24 hours and subjected to western blot analysis.

Transmission electron microscope assay

A549 and H1299 cells were cultured under different conditions
before being trypsinized and fixed in 2.5% glutaraldehyde. Sub-
sequently, cells were post-fixed in 1% osmium tetroxide with
0.1% potassium ferricyanide, dehydrated through a graded

F I G U R E 1 Curcumin inhibits tumor growth and promotes tumor cells death in mice. LLC-bearing female C57BL/6 mice were subjected to curcumin
(100 mg/kg/day) by intraperitoneal injection for 15 day (n = 5). (a) Body weight of mice, tumor volume, and image of tumors in mice after curcumin
treatment. (b) Ki67 immunofluorescence was conducted to detect the proliferation of lung cancer cells (scale bar = 25 μm). (c) H&E staining of tumor tissue
sections was analyzed (left: scale bar = 1000 μm, right: scale bar = 50 μm). All results are expressed as the mean � SD. **P < 0.002, ****P < 0.0001 versus
control group. #P < 0.05, ####P < 0.0001 versus day 4
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series of ethanol (50%–100%), and embedded in epoxy resin.
Samples were cut into ultrathin sections (60–80 nm) using an
ultramicrotome (Leica EM UC7, Solms, Germany). Ultrathin
sections were stained with 2% uranyl acetate saturated alcohol
solution and lead citrate, and the images were acquired using a
HITACHI-HT7700 transmission electron microscope (Tokyo,
Japan; magnification ×7000).

Measurement of cell viability

A CCK-8 assay kit was used to examine the cell viability. Trans-
fected or non-transfected A549 and H1299 cells were suspended
in RPMI-1640 medium and seeded into 96-well culture plates
with a density of 5000 cells per well for 12 hours. Cells were then

F I G U R E 2 Curcumin inhibits cell proliferation and triggers cell death in A549 and H1299 cells. The cells were treated with curcumin at different
concentrations. (a) The viability of A549 and H1299 cells with various curcumin concentrations for different time. (b), (c) The proliferation of A549 and
H1299 cells was detected by Ki67 staining (scale bar = 50 μm). (d) Representative cell morphological changes are shown (scale bar = 200 μm). All
experiments were done more than three times independently, and all results are expressed as the mean � SD. *P < 0.05, **P < 0.002, ***P < 0.0002,
****P < 0.0001 versus control group
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cultured with different concentrations of curcumin, Fer-1, and
CQ. CCK-8 solution was added after that at 10 μL/well, and cells
were incubated for an additional 2 hours. The absorbance at
450 nm measured by a microplate reader (BioTek, Winooski,
VT) was applied to analyze the cell viability.

Cell proliferation assay in A549 and H1299 cells

The A549 and H1299 cells were incubated with 30 μM of
curcumin after being seeded on glass coverslips for 24 hours.
The slides were fixed in 4% paraformaldehyde and perme-
abilized in 0.2% Triton X-100. The coverslips were blocked
with 5% NGS for 1 hour at room temperature and then
stayed overnight at 4�C with the antibody against Ki67
(1:200). Subsequently, the coverslips were incubated with

Cy3-conjugated anti-rabbit IgG. Fluorescent images were
obtained on a photomicroscope.

Determination of ROS, MDA, SOD, and GSH
levels

In accordance with the manufacturer’s instructions, the intra-
cellular ROS was measured using peroxide-sensitive fluorescent
probe DCFH–DA. Briefly, A549 and H1299 cells were incu-
bated with 10 μM of DCFH-DA at 37�C for 1 hour, and the
fluorescence intensity was calculated with flow cytometry.

On the basis of the manufacturer’s instructions, the contents
of MDA and the activity of SOD were measured by relevant
reagent kits. First, A549 and H1299 cells were harvested and
ultrasonicated, and the tumor tissue was homogenized. Second,

F I G U R E 3 The ferroptosis-related changes induced by curcumin in the tumor tissues of LLC-bearing mice. (a)–(c) Contents of MDA, SOD, GSH, and
iron in tumor tissue of mice. (d) Protein levels of ACSL4, SLC7A11, and GPX4 in tumor tissue lysates. (e) Immunohistochemical staining results and semi-
quantification analyses of ACSL4 and GPX4 in tumor tissues. All experiments were done more than three times independently, and all results are expressed
as the mean � SD. *P < 0.05, **P < 0.002, ***P < 0.0002, ****P < 0.0001 versus control group
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according to the protein concentration of cells and tissues, MDA
contents and SOD activity were evaluated and normalized.

The total quantity of glutathione was examined by GSH
and GSSG assay kit and performed in accordance with the
manufacturer’s instructions. The contents of GSH were eval-
uated by comparing with the standard curve of GSH.

Iron assay

The contents of iron in A549 and H1299 cells were deter-
mined according to the manufacturer’s instructions (E1042,
Beijing Applygen Technologies, China). The iron content of

tumor tissue was measured by tissue iron assay kit (A039-2,
Nanjing Jincheng Bioengineering Institute, China).

Western blot

Total proteins were extracted from cells and tumor tissue. The
BCA assay kit (Thermo Fisher Scientific, Shanghai, China) was
used to evaluate protein concentration. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was applied to
separate proteins. The proteins were transferred to poly-
vinylidene fluoride (PVDF) membranes. Subsequently, mem-
branes were incubated with primary antibodies at 4�C overnight

F I G U R E 4 Curcumin triggers ferroptosis-related changes in A549 and H1299 cells. (a)–(c) The MDA, SOD, GSH, and iron contents in A549 and
H1299 cells were measured using corresponding kits. (d) The protein levels of ACSL4, SLC7A11, and GPX4 were examined by western blotting. All
experiments were done more than three times independently, and all results are expressed as the mean � SD. *P < 0.05, **P < 0.002, ***P < 0.0002,
****P < 0.0001 versus control group
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after being blocked in 5% skimmilk for 1 hour at 37�C. The pri-
mary antibodies include anti-ACSL4 (1:500), anti-SCL7A11
(1:2000), anti-GPX4 (1:500), anti-IREB2 (1:1000), anti-Beclin1
(1:1000), anti-LC3 (1:1000), anti-P62 (1:1000), and anti-β-actin
(1:5000). The membrane was incubated with goat anti-rabbit/
mouse IgG, HRP-linked antibody (1:5000; CST) for 2 hours at
room temperature. Chemiluminescence was performed to visu-
alize all bands.

Statistical analysis

All data were expressed as mean � standard deviation
(SD). Student’s t-test was used to compare the differences
between the two groups. One-way analysis of variance
was used to analyze differences among three or more
groups. Statistical analysis was performed using the SPSS
20.0 statistical package and GraphPad Prism 7.0 Software.

For all the statistical analyses, a P-value < 0.05 was con-
sidered statistically significant.

RESULTS

Curcumin inhibits tumor growth and promotes
cells death in vivo

To validate the antitumor efficacy of curcumin in vivo, we used
curcumin to treat LLC-bearing mice and monitored tumor
growth for 15 days. The body weight between the vehicle con-
trol group and curcumin-treated group was no statistically sig-
nificant difference. Tumor volume in curcumin group was
lower than that of control group (Fig 1a). We investigated the
influence of curcumin on cell proliferation and cell death using
Ki67 immunofluorescence and H&E staining of tumor sec-
tions. As a result, curcumin treatment significantly suppressed

F I G U R E 5 Inhibition of ferroptosis by Fer-1 attenuates cell death induced by curcumin in A549 and H1299 cells. (a) The viability of A549 and H1299
cells with 30 μmol/L curcumin and 10 μmol/L Fer-1 treatment for 24 hours. (b) Representative cell morphological changes in each group of cells (scale
bar = 200 μm). (c) Effects of Fer-1 on the curcumin-induced accumulation of lipid ROS in A549 and H1299 cells. The level of ROS was detected by
fluorescent probe DCFH-DA. (d)–(f) Effects of curcumin and Fer-1 on MDA, SOD, GSH, and iron content in A549 and H1299 cells. (g), (h) Effects of
curcumin and Fer-1 on the protein level of ACSL4, SLC7A11, and GPX4. All experiments were done more than three times independently, and all results are
expressed as the mean � SD. *P < 0.05, **P < 0.002, ***P < 0.0002, ****P < 0.0001 versus curcumin group
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the proliferation of tumor cells (Fig 1b) and promoted the
death of tumor cells (Fig 1c).

Curcumin suppresses cell proliferation and
promotes cell death in vitro

To estimate the cytotoxicity for the A549 and H1299 cells
caused by curcumin, we treated growing cells with curcumin
at different concentrations and different times. CCK-8
assays showed that curcumin reduced cell viability in a
dose- and time-dependent manner (Fig 2a). We further
examined the effect of curcumin on cell proliferation using
Ki67 immunofluorescence, and we found that curcumin
inhibited cell proliferation (Fig 2b,c). To evaluate the effect

of curcumin on cell death, cell morphology was observed.
The results suggested curcumin greatly increased the num-
ber of dead cells (Fig 2d).

Curcumin induces characteristic changes of
ferroptosis in mice

It is well known that lipid peroxidation, GSH depletion, and
the accumulation of iron are critical events in ferroptosis.12

To explore whether curcumin induced ferroptosis in vivo,
we first detected levels of MDA, SOD, GSH, and iron in
tumor tissue. Compared with the control group, MDA con-
tents were significantly higher, and SOD activity was signifi-
cantly lower in the curcumin-treated group (Fig 3a).

F I G U R E 6 The low expression of IREB2 weaken the sensitivity of A549 and H1299 cells to ferroptosis. (a) The viability of A549 and H1299 cells in
siControl group, siControl+curcumin group, siIREB2 group, and siIREB2 + curcumin group. (b) Representative cell morphological changes in each group of
cells (scale bar = 200 μm). (c)–(f) The contents of ROS, MDA, SOD, GSH, and iron in each group of cells. (g) The protein expression of IREB2, ACSL4,
SLC7A11, and GPX4 in each group of cells. (h) Semi-quantitative analysis of immunoblotting results. All experiments were done more than three times
independently, and all results are expressed as the mean � SD. *P < 0.05, **P < 0.002, ***P < 0.0002, ****P < 0.0001 versus siControl+curcumin group

1226 TANG ET AL.



Meanwhile, curcumin increased GSH depletion (Fig 3b) and
the content of iron in tumor tissue (Fig 3c). We then
detected biomarker of ferroptosis. Western blotting results
showed that the protein level of ACSL4 in the tumor tissue
of mice was obviously upregulated, and the level of
SLC7A11 and GPX4 was significantly downregulated by
curcumin (Fig 3d). The immunohistochemical analysis also
indicated that the protein level of ACSL4 was higher and the
level of GPX4 was lower in the curcumin group than that in
the control group (Fig 3e). Therefore, we suggested that cur-
cumin could induce ferroptosis in vivo.

Curcumin triggers ferroptosis in A549 and
H1299 cells

For further confirmation, the A549 andH1299 cells were treated
with different concentrations of curcumin. The results showed

that a distinct dose-dependent change of MDA, SOD, GSH, and
iron contents (Fig 4a–c) and the protein levels of ACSL4,
SLC7A11, and GPX4 (Fig 4d,e) occurred after curcumin treat-
ment compared with the control group. In brief, all data showed
that curcumin triggered ferroptosis in A549 andH1299 cells.

Inhibition of ferroptosis by Fer-1 mitigated the
sensitivity of A549 and H1299 cells to cell death
induced by curcumin

Fer-1, a specific inhibitor of ferroptosis, was used to further
explore whether ferroptosis was involved in antitumor effect
of curcumin. We found that the cell viability (Fig 5a) was
significantly higher. and the number of dead cells (Fig 5b)
was lower in curcumin+fer-1 group than that in curcumin
group. Additionally, after being pretreated with Fer-1, ROS,
and MDA, contents were apparently reduced, and the

F I G U R E 7 Curcumin-induced cellular ferroptosis was alleviated by CQ. (a) Cell viability was measured after 30 μmol/L curcumin and 20 μmol/L CQ
treatment for 24 hours. (b) Representative cell morphological changes in each group of cells (scale bar = 200 μm). (c) Effects of curcumin and CQ on
autolysosome and ultrastructural features of mitochondrion in A549 and H1299 cells (scale bar = 10 μm). (d) The effect of CQ on protein levels of P62,
Beclin1, LC3, ACSL4, SLC7A11, and GPX4 in curcumin-treated A549 and H1299 cells. (e) Semi-quantitative analysis of immunoblotting results. (f)–(h)
Effects of curcumin and CQ on MDA, SOD, GSH, and iron content in A549 and H1299 cells. All results are expressed as the mean � SD. *P < 0.05,
**P < 0.002, ***P < 0.0002, ****P < 0.0001 versus curcumin group
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activity of SOD and GSH were greatly increased (Fig 5c–e).
Meanwhile, Fer-1 rescued the cumulation of iron induced
by curcumin (Fig 5f). Fer-1 reduced ACSL4 protein expres-
sion and increased the protein level of SLC7A11 and GPX4
(Fig 5g,h). In general, these results indicated that Fer-1
inhibited cell death and characteristic changes of ferroptosis
in curcumin-treated A549 and H1299 cells.

Silence of IREB2 alleviated the sensitivity of
A549 and H1299 cells to ferroptosis

SiIREB2 was transfected into A549 and H1299 cells to down-
regulate the expression level of IREB2. Similar to the effects of
Fer-1, siIREB2 transfection obviously alleviated the effects of
curcumin on inhibited cell viability and increased cell death

(Fig 6a,b). Meanwhile, compared with siControl+curcumin
group, the contents of ROS, MDA, and iron were decreased,
and the level of SOD and GSH were increased in siIREB2+cur-
cumin group (Fig 6c–f). Furthermore, the protein expression
levels of IREB2 and ACSL4 was lower, and the expression of
SLC7A11 and GPX4 were higher in siIREB2+curcumin group
than that in siControl+curcumin group (Fig 6g,h). These
results suggest that ferroptosis might participate in anti-
NSCLC effects of curcumin.

Inhibition of autophagy attenuated curcumin-
induced ferroptosis in A549 and H1299 cells

Studies have shown that autophagy increases ferroptosis by
ferritin and transferrin receptor regulation.5,13 However,

F I G U R E 8 Knockdown Beclin1 reverses ferroptosis related indicators in A549 and H1299 cells. (a) The viability of A549 and H1299 cells in siControl
group, siControl+curcumin group, siBeclin1 group, and siBeclin1+curcumin group. (b) Representative cell morphological changes in each group of cells
(scale bar = 200 μm). (c) The protein expression levels of P62, Beclin1, LC3, ACSL4, SLC7A11 and GPX4 in each group of cells. (d) Semi-quantitative
analysis of immunoblotting results. (e)–(g) The concentrations of MDA, SOD, GSH, and iron in each group of cells. All results are expressed as the
mean � SD. **P < 0.002, ***P < 0.0002, ****P < 0.0001 vs. siControl+curcumin group
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whether ferroptosis induced by curcumin in NSCLC is asso-
ciated with autophagy is unclear. Therefore, we first
observed whether autophagy was triggered by curcumin in
A549 and H1299 cells. As shown in Figures 7 and 8, com-
pared with the control group, autolysosome was accumu-
lated, the biomarker of autophagy Beclin1 and LC3 was
increased, and P62 was decreased in the curcumin group.

We downregulated basal autophagy using CQ
(an inhibitor of autophagosome-lysosome fusion) or
silencing the autophagy-related gene Beclin1 (siBeclin1) in
the A549 and H1299 cells. The results showed that cell via-
bility was increased and the number of dead cells was
decreased after CQ pretreatment or siBeclin1 interference
(Figs 7a,b and 8a,b). Additionally, the increased autophagy
caused by curcumin was reversed by CQ or siBeclin1
(Figs 7c–e and 8c,d). Subsequently, we found that cur-
cumin-induced mitochondrial membrane rupture and cris-
tae reduction were rescued by CQ (Fig 7c). -And western
blotting results also showed that the increased expression
of ACSL4 and decreased GPX4, SLC7A11 were overturned
by CQ or siBeclin1 in curcumin group (Figs 7d,e and 8c,d).
Furthermore, after pretreatment with CQ or siBeclin1,
overloaded MDA and iron and impaired SOD and GSH
caused by curcumin were alleviated (Figs 7f–h and 8e–g).
In conclusion, the results suggest that autophagy contrib-
uted to curcumin-induced ferroptosis of NSCLC, and
blocking autophagy alleviated the sensitivity of cells to cel-
lular ferroptosis.

DISCUSSION

Cell death has a significant part to play in preventing and
treating hyperproliferative diseases such as cancer.14 Fer-
roptosis, a novel form of cell death, is distinct from necrosis,
apoptosis, and autophagy in terms of morphology, biochem-
istry, and genetics.15,16 Emerging studies have shown that
ferroptosis is crucial in regulating growth of tumors, such as
NSCLC, glioblastoma, renal cell carcinoma (RCC), and
hepatocellular carcinoma (HCC).17,18 Therefore, ferroptosis
pathway may open up a new way for the use of anticancer
drugs.

Previous researches have suggested that curcumin could
suppress tumor growth via inhibiting cell proliferation,
inducing apoptosis and activating autophagy, and present
low side effects and toxicity.19 However, the role of cur-
cumin in ferroptosis is not well understood. Guerrero-Hue
et al. found that curcumin could prevent renal injury by
reducing ferroptotic cell death.20 Whereas Chen et al.
showed that ferroptosis were observed in glioblastoma cell
after treatment of curcumin analog.9 Li et al. found that cur-
cumin triggers ferroptosis in breast cancer cells.10

In this research, we observed whether ferroptosis
occurred in NSCLC cells under curcumin treatment both
in vitro and in vivo. These data suggested that curcumin sig-
nificantly triggered the cytological and molecular character-
istics of ferroptotic cell death in LLC-bearing mice, A549,

and H1299 cells, including the depletion of GSH, lipid per-
oxidation, and the accumulation of ROS and iron. In addi-
tion, the ferroptosis inhibitor Fer-1 pretreatment or siIREB2
interference could reduce curcumin-induced ferroptosis in
A549 and H1299 cells. All data indicated that curcumin can
promote ferroptosis, which is beneficial to the treatment of
NSCLC.

As a self-degradation system, autophagy is a double-edged
sword, which could suppress tumor initiation but accelerate
tumor progression.21 There is growing evidence that the
autophagy machinery plays an essential role in ferroptosis,22

and excessive autophagy can promote ferroptosis through the
accumulation of iron or lipid peroxidation.23 Our data dem-
onstrated that pretreatment with CQ or knockout of
autophagy-related genes Beclin1 could reduce curcumin-
induced autophagy and following ferroptosis in A549 and
H1299 cells, indicating that the activation of autophagy path-
way can trigger ferroptosis of tumor cells. This may be due to
the fact that the up-regulated autophagy could degrade ferri-
tin, regulate the intracellular iron homeostasis, promote the
production of ROS, and then lead to ferroptosis.24 Autophagy
can provide free iron for ferroptosis through nuclear receptor
coactivator-mediated ferritinophagy.25

Limitations still exist in this study. First, the potential
mechanisms of autophagy promoting ferroptosis in
NSCLC-suppressive effect of curcumin have not been
explored. Second, animal models are needed to provide
more evidence for research results. Third, activity of cur-
cumin in vivo is limited because of its low bioavailability,
poor water solubility, and fast metabolism.26 To solve this
problem, researchers are trying to explore new drug deliv-
ery systems, such as liposomes, solid dispersions, and
microemulsions.3

In conclusion, our results provide evidence that cur-
cumin could induce ferroptotic cell death of NSCLC cells via
activating autophagy. All these findings suggest that fer-
roptosis has the important potential of being a novel
approach in anti-NSCLC therapies. Consequently, the com-
bination of ferroptosis-inducing drugs and other anti-cancer
methods can be prospectively used to improve the effects of
anti-tumor treatments.
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