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Resveratrol induces ferroptosis to repress
malignant progression of lung cancer cells
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Abstract. Lung cancer (LC) is a highly lethal malignancy
arising from tracheobronchial mucosal or glandular epithe-
lium, responsible for ~18% of global cancer mortality, with
poor long-term patient survival. Resveratrol (Res, 445154),
a natural polyphenol enriched in grapes, peanuts and
Polygonum cuspidatum, exhibits robust anti-inflammatory
and antioxidant effects. Since chronic inflammation promotes
tumorigenesis, Res may restrain tumor progression via
disrupting inflammatory cascades. This study aimed to
evaluate Res-mediated suppression of proliferation, migration
and invasion in LC cells, and delineate its roles in inducing
apoptosis and ferroptosis. MTT, trypan blue exclusion and
colony formation assays were used to assess the anti-prolifer-
ative effects of Res. Wound healing, Transwell migration and
Matrigel invasion assays together with western blotting were
performed to examine LC cell migration, invasion and related
molecular mechanisms. Differentially expressed genes were
screened from the Gene Expression Omnibus (GEO) datasets,
followed by Kyoto Encyclopedia of Genes and Genomes
pathway enrichment analysis to predict the potential cell death
pathways modulated by Res. DCFH-DA staining, JC-1 assay,
glutathione quantification, western blotting and ferrostatin-1
rescue experiments were performed to confirm Res-triggered
ferroptosis. Functional experiments showed that Res markedly
suppressed LC cell proliferation, migration and invasion via
the epithelial-mesenchymal transition pathway and induced

Correspondence to: Professor Jing Chen, College of Life Sciences,
North China University of Science and Technology, 21 Bohai Road,
Caofeidian Xincheng, Tangshan, Hebei 063210, P.R. China

E-mail: chenjing@ncst.edu.cn

Professor Yanlei Ge, North China University of Science and
Technology Affiliated Hospital, 73 Jianshe South Road, Lubei,
Tangshan, Hebei 063000, P.R. China

E-mail: geyanlei@ncst.edu.cn

“Contributed equally

Key words: lung cancer, resveratrol, apoptosis, ferroptosis

apoptosis. Bioinformatics analysis identified enrichment of
the arachidonic acid metabolism pathway in Res-treated cells.
Owing to the close link between arachidonic acid metabolism
and ferroptosis, we hypothesized that Res triggers ferroptosis
in LC cells, which was verified by cellular assays. In summary,
Res exerts broad anti-tumor effects in LC cells by restraining
proliferation, migration and invasion and stimulating apoptosis
and ferroptosis.

Introduction

According to previous studies, the leading cause of death
worldwide remains cancer, with more than 100 types of
cancer currently identified. In 2022, 1.9 million new cancer
cases were reported in the United States alone, resulting in
more than 600,000 deaths. Among them, lung cancer (LC)
and bronchial cancer are the deadliest. LC is the second
most common cancer in the world after breast cancer (1).
The number of new cases worldwide has reached 2.2 million,
accounting for ~11.4% of all new cancer cases (2). Among
them, 1.79 million patients with LC have succumbed, which
is the highest death toll among all cancers (3). Patients with
LC show a wide range of symptoms and signs, but there are
no obvious diagnostic features in the early stages. Therefore,
more than 70% of patients with LC are already in the late stage
of LC when first diagnosed. There are few treatment methods,
and the effects and prognosis are poor. Therefore, there is still
an urgent need to discover new methods for the prevention,
early diagnosis and treatment of LC to reduce the prevalence
of LC and improve the survival rate of patients with LC.

Resveratrol (Res) occurs naturally in numerous plants such
as peanuts, soybeans, grapes and berries (4,5). As the extensive
biological properties of Res were discovered, a large number
of studies related to Res were proposed. Currently, Res is
considered to have various biological effects such as antioxi-
dant, anti-inflammatory, cardioprotective, neuroprotective and
anti-diabetic effects (6,7). Various studies have shown that
Res is involved in numerous stages of cancer development
and is considered a very promising drug to inhibit cancer
development (8).

Ferroptosis is a form of cell death driven by iron-dependent
accumulation of lipid peroxides, which is different from tradi-
tional forms of cell death such as apoptosis and necrosis (9).
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Iron plays a crucial role in cellular metabolism because it is
not only involved in oxygen transport and energy metabolism,
but also in DNA synthesis and repair (10). However, exces-
sive iron accumulation can lead to an increase in intracellular
reactive oxygen species (ROS), thereby triggering oxidative
stress, damaging cellular DNA and other macromolecules, and
promoting tumor occurrence and progression (11) In recent
years, increasing evidence has shown that iron metabolism
disorders are closely related to the occurrence of various
cancers, including LC.

In the present study, it was aimed to explore the regulatory
effect of Res on the proliferation, migration and invasion of
LC cells, and to further clarify whether it can induce apoptosis
and ferroptosis in LC cells.

Materials and methods

Cell culture and reagents. Res was obtained from Sangon
Biotech Co., Ltd. Human LC cell lines H460 and A549 were
preserved in our laboratory. H460 cells were cultured in
RPMI-1640 medium (cat. no. 03.4001C; Eallbio) supplemented
with 10% fetal bovine serum (FBS; cat. no. 164210; Procell
Life Science & Technology Co., Ltd.) and 1% penicillin-strep-
tomycin solution (cat. no. Eallbio). A549 cells were maintained
in DMEM (cat. no. 03.1002C; Eallbio) containing 10% FBS
and 1% penicillin-streptomycin solution (Eallbio). All cell
lines were incubated at 37°C in a humidified atmosphere with
5% CO, (Thermo Fisher Scientific, Inc.).

MTT. A total of 4,000-6,000 LC cells/well was inoculated into
a 96-well plate and cultured for 24 h at 37°C and 5% CO.,.
Then serum-free medium containing Res was added into the
96-well plate according to the concentration gradient and
treated for 24-48 h. After the treatment was completed, MTT
was added and incubation was continued for 4 h. Then DMSO
was added to each well to dissolve the formed crystals, and
the absorbance was measured at 570 nm. Calculations were
performed using GraphPad 10.0 software (Dotmatics).

Based on the preliminarily determined ICs, values of Res
in LC cells, gradient concentrations with low, medium and
high inhibitory effects were selected for subsequent func-
tional experiments, ensuring the rationality and reliability
of the experimental dose design. The working concentration
gradients of Res were set at 50, 100 and 150 M for H460
cells; and 100, 150 and 200 M for A549 cells.

Trypan blue and colony formation experiments. Trypan blue
staining was used to detect cell viability. LC cells were seeded
in a 6-well plate at a density of 5x10° cells/well, serum-free
medium containing Res was added, and incubated in a constant
temperature incubator at 37°C and 5% CO, for 48 h. Cells were
collected from each well and transferred to a centrifuge tube.
After centrifuging 800 x g at 37°C for 3 min, the supernatant
was discarded, 0.5% trypan blue dye was added, and stained
at room temperature (RT) for 3 min. The staining of the cells
was then observed under an inverted microscope, and the
cell survival rate was calculated by counting the number of
viable cells.

The colony formation assay was performed to evaluate
the regulatory effect of Res on cell proliferation. Briefly, the

treated cells were evenly seeded into 6-well plates at a density
of 4,000 cells per well. After cell adherence, the cells were
divided into different groups according to the experimental
design. For H460 cells, the experimental groups included the
blank control group, DMSO solvent control group, 50 uM Res
group, 100 uM Res group, and 150 gM Res group. For A549
cells, the cells were assigned to the blank control group, DMSO
solvent control group, 100 uM Res group, 150 uM Res group,
and 200 uM Res group. All experiments were performed in
at least three independent replicates. Subsequent culture was
continued until most cell clusters contained ~50 cells. The cell
colonies were then fixed with 4% paraformaldehyde at RT and
stained with 1% crystal violet solution for 15-20 min. Finally,
the colony formation status of each group was observed by
optical microscope and recorded for statistical analysis.

Wound healing assay, migration and invasion experiments.
LC cells in the logarithmic growth phase were seeded in a
6-well plate. When the cells were in favorable condition and
full, a 100-u1 pipette tip was used to perform a single fluid
movement in the well plate to make cell scratches and rinsed
with PBS to ensure that the scratched cells. The cells were
cleaned with PBS and images of them were captured under
an inverted microscope at 0 h. Then serum-free medium
containing Res was added according to the groups. Each
group had three duplicate wells. After culturing for 48 h,
images of the scratch healing after 48 h at the same position at
0 h were captured under an inverted microscope. Subsequent
analysis was performed using ImageJ 1.46r software (National
institutes of Health).

Transwell invasion experiment. An equal volume of 100 ul
4 mg/ml Matrigel (cat. no. 354230; Corning, Inc.) was
uniformly spread over the 8-ym pore size filter membrane
of 24-well Transwell upper inserts and incubated at 37°C to
allow full solidification. Complete medium supplemented with
20% FBS was added to the lower chamber as a chemotactic
attractant. Drug-treated cells were resuspended to prepare a
single-cell suspension, and 1x10* cells were seeded evenly
into the upper chamber, followed by routine incubation for the
preset duration.

After incubation, the culture medium in both upper and
lower chambers was discarded, and the Transwell inserts were
gently washed twice with sterile PBS. The invasive cells that
penetrated the membrane were fixed with 4% paraformalde-
hyde at RT for 10 min and subsequently stained with 0.1%
crystal violet solution for another 10 min. After removal of
excess stain via gentle rinsing, the non-invasive cells remaining
on the upper membrane surface were thoroughly wiped off
using sterile wet cotton swabs. Finally, the migratory cells on
the lower membrane surface were observed and images were
captured under an inverted optical inverted microscope for
subsequent quantitative analysis.

Hoechst 33342 fluorescent staining. The 1 mg/ml Hoechst
33342 fluorescent dye (cat. no. C1022; Beyotime Institute of
Biotechnology) was diluted with serum-free medium to prepare
a working concentration of 10 pg/ml. After drug intervention,
1 pl of the prepared working solution was gently added to each
well containing 1 ml of serum-free medium. The plates were
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subsequently incubated at 37°C for 30 min in a humidified cell
incubator. Finally, cell nuclear morphological changes were
observed and imaged using a fluorescence microscope with an
excitation wavelength of 377 nm and an emission wavelength
of 447 nm.

Flow cytometry apoptosis assay. LC cells were cultured until
the logarithmic growth phase and then subjected to drug treat-
ment for 48 h. After the treatment, the culture medium was
discarded, and the cells were rinsed twice with pre-cooled PBS
buffer. The cells were resuspended in 1X binding buffer, and
the cell density was adjusted to 1x10° cells/ml. Subsequently,
Annexin V-FITC and PI staining solutions were sequentially
added to the cell suspension in accordance with the manufac-
turer's protocols of the flow cytometric apoptosis detection
kit (cat. no. 556547; Becton, Dickinson and Company). After
gentle mixing, the cell suspension was incubated at RT for
15 min in the dark. Following staining, the cells were rinsed
with PBS again. Cell apoptosis was subsequently detected by
a flow cytometer (CytoFLEX; Beckman Coulter, Inc.), and
the acquired data were further analyzed using FlowJo 10.9
software (FlowJo LLC).

Bio-information prediction. Two gene expression datasets
GSE9008 (12) and GSE41445 (13) concerning Res-treated
A549 LC cells were retrieved from the Gene Expression
Omnibus (GEO) database (https:/www.ncbi.nlm.nih.gov/gds).
Batch effects between the two datasets were eliminated using
the sva package in R software (https://bioconductor.org/
packages/sva). The Limma package was subsequently applied
to screen differentially expressed genes (DEGs) with the
threshold values of llogFCI>0.5 and adjusted P<0.05. Finally,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was performed to explore the potential
functional pathways of the identified DEGs.

ROS detection. The instructions of the Report Biotech ROS
detection kit (cat. no. RK1002; Reportbio; http:/www.ruipate.
com/) was followed. The DCFH-DA reagent (10 mM) was first
diluted 1,000-fold with serum-free culture medium to prepare
a working solution; after aspirating the original culture solution
in the 6-well plate, 1 ml of DCFH-DA working solution was
added to each well for staining. After staining was completed,
the working solution in the well was aspirated and the cells
were washed three times with serum-free medium to ensure
complete removal of free DCFH-DA reagent. They were then
observed and images were captured under an inverted fluores-
cence microscope. A fluorescence channel with an excitation
wavelength of 488 nm and an emission wavelength of 525 nm
was selected to quantitatively detect the fluorescence intensity
of cells after drug stimulation through flow cytometry to
reflect ROS levels.

To further confirm that Res induces ferroptosis in LC
cells, rescue experiments were conducted using the ferrop-
tosis inhibitor Ferrostatin-1 (Fer-1; cat. no. 17729; Cayman
Chemical Company). The experiment comprised four groups:
A blank control group (C), a DMSO solvent control (DMSO), a
Res monotherapy group (Res), and a Res combined with Fer-1
group (Fer-1 + Res). The LC cells were treated with Res at the
48-h IC,, concentration and incubated for 48 h. For the Fer-1
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+ Res group, the cells were treated with Res and 1 mM Fer-1
working solution for 48 h.

JC-1 staining assay for mitochondrial membrane potential
(MMP). JC-1 staining solution (cat. no. HY-15534;
MedChemExpress) was added to 6-well plates containing
drug-treated cells at a final concentration of 10 mM. The plates
were incubated at 37°C for 15 min under dark conditions. To
prevent dye aggregation during incubation, the culture plates
were gently shaken every 4 min. Upon completion of incubation,
the staining solution was aspirated, and the cells were gently
rinsed twice with PBS to thoroughly remove unbound JC-1
dye. The cellular fluorescence alterations were subsequently
observed and captured using a fluorescence microscope for
subsequent qualitative and quantitative analysis.

Glutathione (GSH) level detection assay. Cells in the loga-
rithmic growth phase were seeded into 6-well plates and
subjected to corresponding drug treatment. Subsequently,
the cells were collected, and the detection reagent was
prepared and added strictly in accordance with the operating
instructions of the GSH Level Detection Kit (cat. no. S0052;
Beyotime Institute of Biotechnology). The absorbance of
each sample was measured at a wavelength of 412 nm using a
microplate reader. Finally, the relative GSH levels of all groups
were calculated, followed by statistical analysis and graphical
visualization.

Western blotting. Total cellular proteins were extracted
using RIPA lysis buffer (cat. no. PO013D; Beyotime Institute
of Biotechnology), and protein concentrations were deter-
mined via a BCA protein quantification kit (cat. no. ZJ102;
Epizyme) following the manufacturer's protocols. 10 ug
of protein per well was separated by 10% SDS-PAGE and
subsequently electro-transferred onto a PVDF membrane
(MilliporeSigma).The membranes were blocked with skim
milk powder (Becton, Dickinson and Company) for 2 h at RT
and then thoroughly rinsed with 1X TBST (containing 0.1%
Tween-20) three times for 10 min each. Protein bands were
visualized and band densitometric analysis was performed
using ImagelJ software.

Subsequently, the membranes were incubated with
diluted primary antibodies overnight at 4°C. The primary
antibodies and corresponding dilution ratios were as
follows: Anti-B-actin (1:20,000; cat. no. AC026; ABclonal
Biotech Co., Ltd.), anti-GAPDH (1:5,000; cat. no. ET1601-4;
Huabio), anti-E-cadherin (1:500; cat. no. 0407-25;
Huabio), anti-Slug (1:1,000; cat. no. HA722828; Huabio),
anti-Snail (1:1,000; cat. no. ER1706-22; Huabio), anti-P53
(1:2,000; cat. no. SA39-07 Huabio), anti-Bcl-2 (1:2,000;
cat. no. SA10-03; Huabio), anti-BAX (1:1,000; cat. no. SZ3-07,
Huabio), anti-SLC7A11 (1:1,000; cat. no. HA721868; Huabio),
anti-GPX4 (1:10,000; cat. no. ET1706-45; Huabio), and
anti-ACSL4 (1:500; cat. no. T510198; Abmart Pharmaceutical
Technology Co., Ltd.). After extensive washing with 1X
TBST, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (goat anti-rabbit
IgG; 1:5,000; cat. no. BR70004; ABclonal Biotech Co.,Ltd.) at
RT for 1 h. Finally, protein bands were visualized using ECL
ultrasensitive luminescent solution (cat. no. P1050; Applygen
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Figure 1. Effect of Res on LC cell proliferation. (A) MTT assay to assess the survival rate of LC cell lines treated with Res. (B) Trypan Blue experiment detects
the effect of Res on cell viability. (C and D) Colony formation experiment to detect the effect of Res on cell proliferation ability and calculated in histogram.

Data are presented as the mean + SD. Data are representative of three independent experiments. “P<0.05, “P<0.01 and ““P<0.001. Res, resveratrol; LC, lung

cancer; ns, no significance.

Technologies, Inc.) with a chemiluminescence imaging system
(SH-Compact 523; Shenhua Science Technology Co., Ltd.).

Statistical methods. In the present study, R language
(version 4.4.0) was utilized to analyze data in bioinformatics.
All experiments were performed in at least three independent
biological replicates. Data are presented as the mean + stan-
dard deviation (SD). Differences between two groups were
compared using unpaired Student's t-test and comparisons
among three or more groups were performed with one-way
or two-way ANOVA followed by Tukey's post hoc test for
multiple comparisons. All plots and graphs were generated
using GraphPad Prism version 10.2.3 (Dotmatics).

Results

Effect of Res on LV cell proliferation. In order to explore the
effect of Res on the proliferation of LC H460 and A549 cells,
different concentrations (0, 7.81, 15.62, 31.25, 62.5, 125, 250,
500, 1,000 and 2,000) Res and DMSO control group treated
LC H460 and A549 cells for 24 and 48 h. The MTT method
was used to determine the effect of Res on the proliferation of
human LC cells. Experimental results showed that compared
with the 0 uM group, Res could significantly inhibit the prolif-
eration of LC cells H460 and A549, induce LC cell death,
and show a time-dependent and concentration-dependent
trend (Fig. 1A). Statistical analysis revealed that the optimal

drug concentrations of Res for H460 were 155.17+2.14
and 81.31+1.64 uM at 24 and 48 h respectively, and the
optimal drug concentrations for A549 were 193.33+2.36 and
147.27+1.96 uM at 24 and 48 h respectively. The ICs, value
at 48 h was determined, and concentrations around this ICs,
(including lower and higher doses) were selected for subsequent
functional experiments.

Trypan blue can penetrate damaged cell membranes and
stain dead cells blue. Therefore, the trypan blue assay was used
to detect the survival rates of H460 and A549 cells after Res
treatment for 0, 24, 48 and 72 h. The results demonstrated that
when the drug concentration was the same, the cell survival
rate gradually decreased with the increase of treatment time.
Combined with the results of the MTT experiment, 48 h was
selected as the drug action time for subsequent experiments
(Fig. 1B).

Clone formation assay is used to detect the long-term
proliferation ability of cells. H460 cells and A549 cells were
treated with 0, DMSO control, 50, 100 and 150 uM and O,
DMSO, 100, 150 and 200 #M Res for 48 h, respectively. The
results showed that after treatment with Res, the number of
colonies formed by the two cells was significantly reduced
(Fig. 1C and D), proving that Res can inhibit the proliferation
of LC cells.

Effect of Res on migration and invasion of LC cells. To verify
whether Res is related to the migration and invasion of LC
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cells. The changes in cell migration ability of the two cell
lines after treatment with Res were detected by scratch assay.
The results showed that compared with the control group,
the scratch healing area gradually decreased with increasing
drug concentration (Fig. 2A and B), indicating that Res
inhibited the migration ability of H460 and A549 cells in a
dose-dependent manner.

Based on the results of the scratch experiment, the
Transwell migration experiment was used for verification. The
experimental results revealed that the number of cell migra-
tion decreased with increasing drug concentration, which
was consistent with the results of the scratch experiment
(Fig. 2C and D), further proving that Res inhibits the migration
ability of LC cells. The aforementioned results identify that
Res can inhibit the migration ability of LC H460 and A549
cells, and as the drug concentration increases, the inhibitory
effect becomes more obvious.

In order to verify the effect of Res on the invasion ability of
LC cells, a Transwell invasion experiment was performed. The
results showed that the number of cell migration was reduced
after drug treatment (Fig. 2E and F). Res inhibited the invasive
ability of LC cells.

Effect of Res on the expression of epithelial-mesenchymal
transition (EMT)-related proteins in LC cells. EMT is closely
related to migration and invasion. Related proteins were
detected by western blot experiment. The results demonstrated
that compared with the control group, the expression of
EMT-related protein E-cadherin in the drug-treated group was
significantly increased, and the expression levels of slug and
snail were significantly reduced (Fig. 2G and H). Combining
the results of scratch assay and Transwell migration and
invasion assay, Res can inhibit the migratory and invasive
ability of H460 and A549 cells through the EMT pathway.

Effect of Res on apoptosis of LC cells. In order to explore
whether Res induces apoptosis in LC cells, H460 and A549
were treated with different concentrations of Res and then
stained with Hoechest 33342. The results revealed that the
cells treated with Res showed strong blue fluorescence and
obvious apoptotic bodies (Fig. 3A). Cell apoptosis was detected
by flow cytometry, and it was found that the proportion of
apoptotic cells gradually increased as the drug concentration
increased (Fig. 3B and C). Western blot was used to detect the
expression of apoptosis-related proteins to further verify that
Res induces apoptosis in LC cells. The results identified that
Res upregulated the protein expression of BAX and p53 and
reduced the expression of Bcl-2 protein (Fig. 3D and E). Based
on the aforementioned experiments, it is confirmed that Res
promotes apoptosis of LC cells.

Bioinformatics predicts the mechanism of Res-induced LC
cell death. After de-batch correction of the two data sets
GSE9008 and GSE41445 in the GEO database, DEGs were
screened, and a total of 1,455 differential genes were obtained.
KEGG pathway enrichment analysis was performed on the
differential genes, and the results showed that the arachi-
donic acid metabolism pathway was significantly enriched
(Fig. 4A and B). Combined with the close relationship
between the arachidonic acid pathway and ferroptosis, it is
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hypothesized that Res may induce ferroptosis in LC cells by
regulating this pathway.

Effect of Res on ferroptosis in LC cells. Ferroptosis is a
programmed cell death driven by iron-dependent lipid peroxi-
dation that plays a crucial role in tumor development. In order
to explore the effect of Res on ferroptosis in LC cells, the
DCFH-DH probe was used to detect the accumulated level of
ROS in LC cells after treatment with Res. The results showed
that ROS levels in LC cells increased significantly after
treatment with Res (Fig. 5A).

The occurrence process of ferroptosis is accompanied by
specific changes in MMP, thus the JC-1 fluorescent probe is
also one of the important indicators for detecting ferroptosis.
The results revealed that the reduction in MMP caused the
JC-1 probe to change from red fluorescence to green (Fig. 5B),
proving that the MMP was reduced in LC cells after Res
treatment, and Res induced ferroptosis in LC cells.

Further exploring the changes in GSH content in LC cells,
it was found that the intracellular GSH content was signifi-
cantly reduced after Res treatment (Fig. 5C). Based on flow
cytometry, it was further demonstrated that ROS levels in LC
cells increased after Res treatment (Fig. 5D). Western blot
assays were carried out to confirm Res-mediated ferroptosis
in LC cells by measuring the abundance of ferroptosis marker
proteins. Elevated Res concentrations progressively downregu-
lated SLC7A11 and GPX4, whereas ACSL4, a critical mediator
of arachidonic acid metabolism, exhibited dose-dependent
upregulation (Fig. 5SE and F). The aforementioned experiments
collectively proved that Res induced ferroptosis in LC cells.

In order to clarify whether Res can induce ferroptosis in
LC cells, a ferroptosis inhibitor (Fer-1) intervention group
was added to the system of Res-treated LC cells to conduct a
rescue experiment. The results demonstrated that when Fer-1
was added after Res treatment, compared with the drug-treated
group alone, the green fluorescence of the DCFH-DA fluores-
cent probe decreased (Fig. 6A), and the ROS content decreased;
the green fluorescence of the JC-1 probe decreased, and the
MMP in LC cells increased (Fig. 6B); GSH content detec-
tion found that after adding Fer-1, the GSH content increased
(Fig. 6C); flow cytometric detection of ROS levels also showed
that after Fer-1 treatment, ROS levels decreased compared
with the Res treatment group alone (Fig. 6D). To further
validate this regulatory effect, western blotting was performed
to detect the ferroptosis-associated proteins SLC7A11, GPX4
and ACSL4. Compared with cells treated with Res alone,
co-administration of Fer-1 restored the protein abundances
of SLC7A11 and GPX4, while significantly downregulating
ACSL4 expression in Res-exposed LC cells (Fig. 6E and F).
In summary, Fer-1 may inhibit Res-induced ferroptosis by
regulating cellular redox balance.

Discussion

Res primarily exerts its cytotoxic effects by activating the
canonical TP53-dependent apoptosis pathway. It inhibits
the migratory and invasive abilities of LC cells through the
EMT pathway, while simultaneously inducing ferroptosis
within these cells. Consequently, Res demonstrates significant
antitumor activity (Fig. 7).
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Figure 2. Effect of Res on migration and invasion of LC cells. (A and B) Wound healing assay for detecting the effect of Res on LC cell migration and
calculated in histogram. (C and D) Transwell migration assays were used to assess cell migration ability (magnification, x100) and calculated in histogram.
Scale bar, 100 gm. (E and F) Transwell invasion assays were used to evaluate cell invasion ability (magnification, x100) and calculated in histogram. Scale bar,
100 ym. (G and H) Western blot analysis was used to detect the expression of epithelial-mesenchymal transition-related proteins and calculated in histogram.
Data are representative of three independent experiments. Data are representative of three independent experiments. ‘P<0.05, “P<0.01 and ““P<0.001. Res,
resveratrol; LC, lung cancer; ns, no significance.
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Figure 3. Effect of Res on apoptosis of lung cancer cells. (A) Hoechest 33342 fluorescence detection of changes in cellular apoptosis (magnification, x100).
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Despite advances in understanding of LC risk, develop-
ment, immune control and treatment options, it remains a
leading cause of cancer death (14,15) and poses a significant
threat to global public health (16). Most patients are already
at an advanced stage when diagnosed, and chemotherapy and
radiotherapy are the conventional main treatments for patients
with cancer. However, after a period of treatment, most cancer
cells will develop resistance to chemotherapy and radiotherapy,
in addition to fatal side effects, with extremely low survival
rates. Therefore, there is an urgent need to find new drugs and
methods (17).

Res is a natural phenolic with a variety of biological
effects, including antioxidant, anti-inflammatory, anticancer,
cardioprotective, neuroprotective and anti-diabetic activi-
ties (18-20). It is also a phytoalexin produced by a variety of
plants when they are injured or attacked by pathogens such as
bacteria and fungi. It plays a key role in plant defense against
stressful environments. Under stress, plants often trigger Res
biosynthesis, thereby increasing its content (21,22). Res is a
potent inducer of multiple tumor control (23) and is expected
to improve cancer and drive breakthroughs in cancer treat-
ment (24). Numerous studies indicate that Res offers a wide
range of preventive and therapeutic options for different
types of cancer. Furthermore, Res is widely considered to
be useful in anticancer treatment in combination with other
chemotherapeutic drugs and has received widespread attention
for its potential as a chemo-preventive agent against human
cancer (25). Therefore, the effect of Res on cancer cells has
also become the subject of some studies (26).

Ferroptosis is a non-apoptotic cell death mechanism
characterized by iron-dependent lipid peroxidation (27). The
iconic feature under the electron microscope is the specific
morphological changes of mitochondria, including increased
membrane density and reduced mitochondrial cristae (28,29).
It is morphologically, biochemically and genetically different
from apoptosis, necrosis and autophagy (30), and as an innate
tumor suppressive mechanism, it participates in the biological
process of tumors (31). The rapid development of research on
ferroptosis in cancer has enhanced its application prospects

in cancer treatment (32). Intracellular iron accumulation
and lipid peroxidation are the two major biochemical events
leading to ferroptosis. Organelles, including mitochondria and
lysosomes, are involved in the regulation of redox imbalance
in iron metabolism and ferroptosis (33). ROS mediate lipid
peroxidation to produce 4-hydroxyalkenal and other related
products, which play a key role in the initiation of ferrop-
tosis (34,35). GSH is an important member of the cellular
antioxidant system. In cancer cells, high levels of GSH are
crucial for clearing excess ROS. The loss of GSH will disrupt
the redox homeostasis, leading to the accumulation of ROS,
and ultimately triggering cell dysfunction and death. The
higher oxidative stress in cancer cells renders them more
sensitive to GSH deficiency. This feature can be used for
cancer treatment (36-38).

The results confirmed that Res treatment inhibited the
proliferative capacity of LC cells, attenuated the migratory
and invasive abilities of these cells via the EMT pathway, and
simultaneously induced apoptosis and ferroptosis in the cells.

In terms of clinical application prospects, the results of
the present study provide key experimental support for the
clinical transformation of Res: On the one hand, as a natural
product, Res has the advantages of low toxicity and favorable
biocompatibility. Compared with traditional chemotherapy
drugs, it is more suitable for long-term intervention and is
expected to be developed as an adjuvant treatment drug for
patients with advanced LC. It can enhance chemotherapy
sensitivity and reduce chemotherapy side effects by inducing
ferroptosis; on the other hand, based on the present study, it is
clear that based on its mechanism of action, combined treat-
ment options targeting the ferroptosis pathway can be further
developed, such as the combined use of Res with iron chelators,
GSH synthesis inhibitors and other drugs to achieve precise
targeted elimination of LC cells. In addition, the preventive
potential of Res in chemotherapy can be extended to early
intervention for high-risk groups of LC (such as long-term
smokers and occupational exposure groups), reducing the
incidence of LC by inhibiting cell proliferation and blocking
the carcinogenesis process.
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calculated in histogram. Data are representative of three independent experiments. “P<0.05, “P<0.01 and ““P<0.001. Res, resveratrol; ROS, reactive oxygen

species; GSH, glutathione; ns, no significance.

Collectively, numerous published studies have documented
the antitumor properties of Res in non-small cell LC (NSCLC),
with most mechanistic investigations centering on its capacity
to trigger intrinsic or extrinsic apoptotic pathways. Emerging
research has preliminarily noted Res-induced ferroptosis in
lung tumor cells, yet key limitations persist across existing
literature. Most previous studies examine apoptosis or

ferroptosis in isolation without dissecting their simultaneous
activation and mutual crosstalk, few integrate public transcrip-
tomic datasets to identify upstream lipid metabolic signaling
governing Res-elicited ferroptosis, and studies linking Res to
arachidonic acid metabolism in LC remain sparse.

Multiple previous studies have confirmed the antitumor
capacity of Res in NSCLC, and several findings of the present
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study are consistent with these published results. In agreement
with previous studies, Res was validated to induce apoptotic
cell death, inhibit EMT progression, and elevate intracellular
oxidative stress in NSCLC cells, which are well-recognized
anticancer phenotypes of Res in LC research. With regard
to ferroptosis regulation, existing NSCLC studies primarily
focused on the inhibitory effect of Res on the SLC7A11/GPX4

antioxidant system, which sensitizes NSCLC cells to ferroptotic
cell death. Consistent with these studies, the present results
also verified that Res significantly downregulates SLC7A11
and GPX4 expression in NSCLC cells.

Nevertheless, the present study provides several extended
and novel findings compared with current literature. First,
most previous studies only partially focused on either



ONCOLOGY REPORTS 57: 2, 2027 11

| Resveratrol

E-cadherin

®

~ Cell ( . N
@ & apoptosis e J

T
Chax

~Arachidonic

“~metabolism —

SLC7A11
< GPX4_

Anti-tumor effect

Figure 7. Mechanism diagram of resveratrol-mediated antitumor effects. EMT, epithelial-mesenchymal transition.

Res-induced apoptosis or ferroptosis in NSCLC, while few
studies clarified the simultaneous activation of these two
cell death patterns. Second, prior Res-ferroptosis studies
in NSCLC rarely involved the regulation of ACSL4, a core
pro-ferroptosis lipid-metabolizing enzyme. The current data
further extends existing knowledge by demonstrating that Res
markedly increases ACSL4 expression in NSCLC, thereby
promoting lipid peroxidation and facilitating ferroptosis. Most
importantly, an integrated regulatory network in NSCLC was
established: Res suppresses the SLC7A11/GPX4 antioxidant
defense while activating ACSL4-mediated lipid peroxidation,
thereby enhancing oxidative stress, inhibiting EMT, and trig-
gering concurrent apoptosis and ferroptosis. Unlike previous
single-mechanism studies, this multi-pathway synergistic
regulatory mode in NSCLC represents the specific and novel
contribution of the present study.
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