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Background: Ferroptosis is an iron-dependent form of regulated cell death, which offers therapeutic potential in non-small cell
lung cancer (NSCLC). This study aimed to evaluate whether Micheliolide (MCL) induces ferroptosis in NSCLC cells via the
nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway.
Methods: H1299 cells were treated with different concentrations of MCL. Cellular assays, including the Cell Counting Kit-8
(CCK-8), colony formation, scratch test, and Transwell, were used to evaluate the viability, proliferation, migration, and invasion
of the cells. Ferroptosis-related indicators (reactive oxygen species (ROS), malondialdehyde (MDA), glutathione (GSH), Fe2+)
and protein expression (Nrf2, glutathione peroxidase 4 (GPX4), Acyl-CoA Synthetase Long-Chain Family Member 4 (ACSL4),
Transferrin Receptor 1 (TFR1) were assessed via flow cytometry, biochemical assays, and Western blot. Additionally, Nrf2-
specific activator (tert-butylhydroquinone (tBHQ)) and ferroptosis inhibitors (Fer-1) were used to verify the involvement of this
pathway.
Results: MCL inhibited proliferation, migration, and invasion of H1299 cells in a dose-dependent manner and induced ferrop-
tosis as evidenced by elevated ROS, MDA, and Fe2+ levels, and reduced GSH concentration. Western blot analysis revealed
significantly increased ACSL4 and TFR1 and decreased Nrf2 and GPX4 expression. These MCL-induced effects were reversed
by tBHQ or Fer-1, confirming the involvement of Nrf2.
Conclusions: MCL induces ferroptosis in NSCLC cells by suppressing the Nrf2 pathway. Targeting Nrf2 may enhance the
anticancer efficacy of Micheliolide, offering new therapeutic insights for NSCLC.
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Introduction

Lung cancer remains the leading cause of cancer-
related deaths worldwide [1]. Histologically, lung can-
cer is classified into non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC), with NSCLC repre-
senting approximately 85% and SCLC the remaining 15%
of all cases [2]. Conventional therapeutic approaches for
lung cancer include surgical interventions, chemotherapy
and radiation therapy [3]. In recent years, the develop-
ment of molecular targeted therapies and immunotherapy
has expanded the range of treatment options [4]. Although
chemotherapeutic agents are widely used to induce apop-
tosis in tumor cells, the increasing incidence of drug resis-
tance highlights the need to explore alternative cell death
mechanisms as potential options for novel anticancer ther-
apies [2].

Ferroptosis is a unique form of cell death characterized
by iron-dependent lipid peroxidation, offering a promising
therapeutic target [5–7]. It is defined by iron accumula-
tion, elevated malondialdehyde (MDA) levels, and com-
promised mitochondrial integrity. The excessive produc-
tion of reactive oxygen species (ROS) triggers ferroptosis
by inducing oxidative stress and subsequent cellular dam-
age, contributing to the pathogenesis of various diseases,
including cancer [8–12]. This process is regulated by the
balance between cellular redox status and lipid metabolism,
with crucial involvement of molecules such as glutathione
(GSH) peroxidase 4 (GPX4), iron metabolism-related pro-
teins, and the nuclear factor erythroid 2-related factor 2
(Nrf2) pathway [13]. Under normal conditions, Nrf2 is
sequestered in the cytoplasm by its repressor, Kelch-like
Electrophile Carrier Homolog (ECH)-associated protein 1
(KEAP1) [14,15]. In response to oxidative stress, Nrf2 is
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activated, translocates to the nucleus, and leads to expres-
sion of antioxidant response elements (ARE)-driven target
genes, thereby creating a cellular environment that supports
NSCLC cell survival and proliferation [13–17]. Therefore,
targeting Nrf2 with small molecule inhibitors may offer a
viable strategy to sensitize NSCLC cells to ferroptosis.

Natural products are increasingly recognized as valu-
able sources for the development of novel anticancer
agents, particularly due to their ability to enhance tumor
susceptibility to existing therapies. Micheliolide (MCL), a
natural compound, has demonstrated significant therapeutic
potential in treating inflammation and various cancers, in-
cluding mucoepidermoid carcinoma (MEC) and head and
neck squamous cell carcinoma (HNSCC) [18–20]. Re-
search indicates that Micheliolide enhances the radiosen-
sitivity of p53-deficient NSCLC and overcomes platinum-
based chemotherapy resistance in NSCLC cells [21]. How-
ever, its overall therapeutic efficacy against NSCLC re-
mains to be fully elucidated.

Therefore, this study aimed to explore the anticancer
effects and underlying mechanisms of Micheliolide, with
the goal of developing novel therapeutic approaches for
lung cancer. We hypothesized that Micheliolide triggers
ferroptosis in NSCLC cells bymodulating ROS levels, lipid
peroxidation, and the Nrf2 signaling pathway. To vali-
date this hypothesis, we conducted a comprehensive in vitro
analysis of Micheliolide’s anticancer effects, evaluating its
impact on cell proliferation, migration, and invasion, along-
side its modulation of ferroptosis-related biomarkers. Fur-
thermore, we examined the involvement of the Nrf2 path-
way in Micheliolide-induced ferroptosis, providing deeper
insights into its anticancer mechanisms. Our findings add
to the growing body of evidence supporting the anticancer
therapeutic potential of Micheliolide, particularly in the
context of NSCLC treatment.

Materials and Methods

Cell Culture
The human NSCLC cell line H1299 (p53-null) was

obtained from theNational Collection ofAuthenticated Cell
Cultures (Catalog No. TCHu160, Chinese Academy of Sci-
ences, Shanghai, China). The supplier authenticated the
cell lines using routine short tandem repeat (STR) profiling.
To minimize genetic drift, experiments were performed us-
ing cells within 10 passages. The cells were maintained
in Roswell Park Memorial Institute (RPMI) 1640 medium
(GE Healthcare Life Sciences, Logan, UT, USA) contain-
ing 100 U/mL penicillin (Gibco, Carlsbad, CA, USA),
100 µg/mL streptomycin (Gibco, Carlsbad, CA, USA), and
10% fetal bovine serum (FBS) (GE Healthcare Life Sci-
ences, Logan, UT, USA). Under normoxic conditions, in-
cubation was conducted at 37 °C in a humidified envi-
ronment containing 95% air and 5% CO2. All cell cul-
tures were found negative for mycoplasma contamination.

Micheliolide (obtained from Wuhan ChemFaces Biochem-
ical, Wuhan, China) was dissolved in DMSO before use.

Isolation of Cytoplasm and Nucleus
Nuclear and cytoplasmic fractions were isolated us-

ing the Nuclear and Cytoplasmic Extraction Kit (Beyotime,
Shanghai, China) following the manufacturer’s protocols.
Briefly, cells were harvested, washed with cold PBS, and
resuspended in homogenization buffer containing Tris-HCl,
sucrose, EDTA, and protease inhibitors. The suspension
was homogenized on ice using a Dounce homogenizer to
disrupt the plasma membrane while preserving nuclear in-
tegrity. The homogenate was centrifuged at 600 ×g for 10
minutes at 4 °C to pellet the nuclei and any intact cells. The
resulting supernatant, containing the cytoplasmic compo-
nents and organelles, underwent an additional centrifuga-
tion at 10,000 ×g for 20 minutes at 4 °C to isolate the cy-
tosol fraction. The nuclear pellet was washed, followed by
another round of centrifugation at 600 ×g to ensure purity,
and the resulting pellet was collected as the nuclear frac-
tion. All procedures were performed on ice in the presence
of protease inhibitors.

Cell Viability Test
To evaluate the cytotoxic effect of MCL on NSCLC

cells, H1299 cells were treated with various concentrations
of MCL (0, 5, 10, 20 µM) for 24 hours. Cell viability
was assessed using the Cell Counting Kit-8 (CCK-8) (Cat-
alog No. K1018, ApexBio, Houston, TX, USA). Follow-
ing treatment, each well was supplemented with 200 µL of
CCK-8 solution and incubated at 37 °C for one hour. Ab-
sorbance was measured at 450 nm using a microplate reader
(Varioskan Flash, Thermo Fisher, Waltham, MA, USA).
The relative cell viability (%) was calculated using the fol-
lowing formula:

Cell viability (%) =
ODtreatmert – ODblank
ODcontrol – ODblank

× 100%

Colony Formation Assay
H1299 cells were seeded in 6-well plates (Corning In-

corporated, Corning, NY, USA) at a density of 500 cells
per well. After allowing 24 hours for cell adhesion, the
cells were treatedwithMicheliolide alone or in combination
with either 10 µM tert-butylhydroquinone (tBHQ), an acti-
vator of Nrf2-specific and incubated for 14 days. The cells
were then fixed with 4% paraformaldehyde for 30 minutes
at room temperature, followed by three washes with PBS.
The fixed cells were subsequently stainedwith crystal violet
(Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China) for 30 minutes at room temperature. Excess crys-
tal violet was removed by washing with PBS, and colonies
containing 50 or more cells were counted following a pre-
viously described protocol [22].
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Wound Healing Assay
H1299 cells were incubated with MCL, with or with-

out 10 µM tBHQ (Catalog No. 112941, Sigma-Aldrich,
St. Louis, MO, USA), in DMEM supplemented with 0.1%
bovine serum albumin for 24 hours. The cells were uni-
formly seeded into 6-well plates. A scratch was made in
the cell monolayer using a 200 µL pipette tip. Cells were
then cultured in serum-free medium, and images of the
wound area were captured at 0 and 24 hours after scratch-
ing. Wound closure was quantitatively analyzed using Im-
ageJ software (version 1.53t; National Institutes of Health,
Bethesda, MD, USA), and the wound healing rate was cal-
culated using the formula: [(wound area at 0 h – wound area
at 24 h)/wound area at 0 h] × 100%.

Transwell Assay
Cell invasion was assessed using a Transwell assay.

H1299 cells suspension (150 µL) was seeded into the up-
per chamber of a Transwell insert pre-coated with Ma-
trigel (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA). The lower chamber was filled with 600 µL of
medium containing FBS. After 24 hours of incubation, cells
that had invaded the Matrigel and adhered to the lower side
of the membrane were fixed with paraformaldehyde (4%)
and stained with crystal violet dye, and the stained cells
were counted using a microscope.

Flow Cytometry
Following MCL and ferrostatin-1 (Fer-1), ferroptosis

inhibitor (Cat. No. SML0583, Sigma-Aldrich St. Louis,
MO, USA) treatment, approximately 1 × 106 cells in the
logarithmic growth phase were collected and digested. Af-
ter washing three times with PBS, cells were incubated
with 10 µM BODIPY 581/591 C11 (Catalog No. D3861,
Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C to
determine lipid ROS levels. After incubation, the cells were
analyzed by flow cytometry using a BD FACSCanto II cy-
tometer (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA). The cells were examined using the Fluorescein
Isothiocyanate (FITC) channel, and lipid ROS levels were
quantified based on mean fluorescence intensity (MFI) us-
ing FlowJo software (Version 10.8.1, BDBiosciences, Ash-
land, OR, USA).

Measurement of Malondialdehyde, Glutathione, and
Iron Content

Cells were seeded into 6-well plates at a density of
1 × 106 cells/well and allowed to adhere for 24 hours.
MDA levels were measured at 532 nm using a lipid oxi-
dation test kit (Catalog No. S0131S, Beyotime, Beijing,
China), GSH levels at 412 nm using a GSH assay kit (Cata-
log No. ab65322, Abcam, Cambridge, UK), and Fe2+ lev-
els at 593 nm using the Iron Ion Colorimetric Assay Kit
(Catalog No. E1042, Applygen, Beijing, China). Each as-
say was performed in triplicate, and quantitative analysis

was conducted using standard curves according to the man-
ufacturer’s protocols. Absorbance for all assays was deter-
mined using a microplate reader.

Western Blot Analysis
Protein samples were separated using SDS-PAGE (8%

gel) and subsequently transferred onto PVDF membranes.
After blocking with 8% skim milk for 2 hours, the mem-
branes were incubated overnight at 4 °C with primary an-
tibodies against Nrf2 (Servicebio, Wuhan, China; Catalog
No. GB113808-100; 1:1000), GPX4 (Servicebio, Wuhan,
China; Catalog No. GB115275-100; 1:1000), Acyl-CoA
Synthetase Long-Chain Family Member 4 (ACSL4) (Ser-
vicebio, Wuhan, China; Catalog No. GB115608-100;
1:1000), Transferrin Receptor 1 (TFR1) (Merck Milli-
pore, Burlington, MA, USA; Catalog No. MABC1765;
1:1000), GAPDH (Servicebio, Wuhan, China; Catalog
No. GB11002-100; 1:2000), and Histone H3 (Service-
bio, Wuhan, China; Catalog No. GB11026-100; 1:1000).
The next day, membranes were incubated with appropriate
HRP-conjugated secondary antibodies (Servicebio,Wuhan,
China; Catalog No. GB23303; 1:10,000) for 1 hour at room
temperature. Protein bands were visualized using an ECL
Kit (Abcam, Cambridge, MA, USA; Catalog No. ab65623)
and imaged using the Tanon 5200 Multi Chemilumines-
cent Imaging System (Cat. No. 5200, Shanghai, China).
Band intensities were quantified using ImageJ software and
normalized to Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or Histone H3 as internal loading controls.

Statistical Analysis
Experimental data were analyzed using SPSS 20.0

software (IBM Corp., Armonk, NY, USA), and outcomes
were expressed as mean± standard deviation (SD). All ex-
periments were independently repeated three times, and the
data were recorded as the means of three biological repli-
cates. To assess differences among multiple groups, one-
way analysis of variance (ANOVA) was used to effectively
control the family-wise error rate. Post hoc analyses were
selected based on the nature of the comparisons: Dunnett’s
test was applied when comparing each experimental group
to a single control, while Tukey’s test was used for multiple
group comparisons without a specific control. A p-value of
<0.05 was deemed statistically significant.

Results

Micheliolide Inhibits Proliferation, Migration, and
Invasion of H1299 Cells

Micheliolide significantly inhibited the viability of
NSCLC cells in a dose-dependent manner at concentrations
of 5, 10, and 20 µM. Specifically, treatment with 20 µM
Micheliolide led to a significant reduction in the viability
of H1299 cells after 24 hours (p < 0.01, Fig. 1A). CCK-
8 assay demonstrated that Micheliolide induces a dose-
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Fig. 1. The impact of Micheliolide on viability, proliferation, invasion, and migration of H1299 cells. CCK-8 assay (A) was utilized
to evaluate cell viability, the colony formation assay (B) to assess proliferation, and the wound healing assay (C) and Transwell assay (D)
to examine migration and invasion abilities, respectively. **p < 0.01 vs. untreated cells (0 µM). Each experiment was independently
performed in triplicate (n = 3). MCL, Micheliolide; CCK-8, Cell Counting Kit-8.

dependent reduction in cell viability. Additionally, its im-
pact on cell proliferation, migration, and invasion was also
assessed. Micheliolide significantly reduced the colony for-
mation in H1299 cells, with the most pronounced inhibition
observed at 20 µM after 14 days of incubation (p < 0.01,
Fig. 1B).

The migration ability of H1299 cells was progres-
sively decreased with increasing concentrations of Miche-
liolide, with a significant reduction observed at 20 µM af-
ter 24 hours (p < 0.01, Fig. 1C). Transwell assays further
confirmed that Micheliolide significantly impaired cell in-
vasion in a concentration-dependent manner, significantly
suppressed cell invasion, with significant inhibition ob-
served at 10 µM (p < 0.01, Fig. 1D). These findings indi-
cate that Micheliolide decreases the viability, proliferation,
migration, and invasion of H1299 cells in a concentration-
dependent manner.

Micheliolide Induces Ferroptosis in H1299 Cells

Ferroptosis is a form of non-apoptotic cell death
which is characterized by intracellular iron accumulation
and leads to increased lipid peroxidation and ROS pro-
duction. A key feature of ferroptosis is the downregu-
lation of GPX4, an essential enzyme involved in cellu-
lar antioxidant defense [23]. In this study, we investi-
gated key biomarkers of ferroptosis, including ROS, MDA,
GSH, and ferrous ions (Fe2+), as well as the expression of
ferroptosis-associated proteins GPX4, ACSL4, and TFR1,
to assess whether Micheliolide induces ferroptosis. Miche-
liolide treatment led to a significant increase in ROS lev-
els (Fig. 2A), elevated MDA (Fig. 2B), and higher Fe2+
concentrations (Fig. 2D), accompanied by a reduction in
GSH levels (Fig. 2C). Furthermore, Micheliolide signifi-
cantly upregulated the expression of ferroptosis-associated
proteins ACSL4 and TFR1 (p < 0.01), while downregulat-
ing GPX4 expression compared to the control group (p <

0.01, Fig. 2E,F). Importantly, these ferroptosis-associated
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effects were reversed by Fer-1, a ferroptosis inhibitor, indi-
cating that Micheliolide-induced ferroptosis is a modifiable
cellular process (Fig. 2A–F).

Micheliolide Inhibits the Activation of the Nrf2
Pathway in H1299 Cells

To elucidate the role of Nrf2 in Micheliolide-induced
ferroptosis, we assessed the changes in the Nrf2 pathway in
H1299 cells exposed to Micheliolide. The results demon-
strated a significant reduction in Nrf2 expression in both the
cytoplasm and nucleus following Micheliolide treatment.
Exposure to 5 µM or higher concentrations of Micheliolide
resulted in a notable dose-dependent decrease in Nrf2 lo-
calization across these cellular compartments (Fig. 3A,B).
These results indicate that the Nrf2/GSH/GPX4 pathway
may play a crucial role in mediating Micheliolide-induced
ferroptosis in NSCLC.

Nrf2 Activation Counteracts Micheliolide-Induced
Ferroptosis in H1299 Cells

To further validate the impact of Nrf2 onMicheliolide-
induced ferroptosis, we utilized the Nrf2-specific activa-
tor tBHQ to explore the interaction between Nrf2 and fer-
roptosis under Micheliolide exposure. tBHQ pre-treatment
significantly elevated Nrf2 expression in both the nucleus
and cytoplasm (p < 0.01, Fig. 4A), restoring levels com-
parable to those observed in the control group. This ac-
tivation of Nrf2 mitigated Micheliolide-induced ferropto-
sis, as evidenced by a significant reduction in ROS levels
compared to Micheliolide treatment alone (Fig. 4B). Fur-
thermore, tBHQ pre-treatment decreased MDA and intra-
cellular iron levels while markedly increasing GSH lev-
els compared to Micheliolide treatment alone (Fig. 4C–
E). Additionally, tBHQ pre-treatment significantly upreg-
ulated GPX4 expression and downregulated ferroptosis-
related proteins ACSL4 and TFR1, restoring their levels
close to those of the control group (Fig. 4F,G). Overall,
these findings suggest that Nrf2 activation by tBHQ effec-
tively counteracts Micheliolide-induced ferroptosis, high-
lighting the antagonistic role of Nrf2 in this cell death path-
way.

Nrf2 Activation Promotes Proliferation, Migration,
and Invasion of Micheliolide-Treated H1299 Cells

After establishing that tBHQ-induced Nrf2 activation
suppresses Micheliolide-induced ferroptosis, we further in-
vestigated how Micheliolide affects NSCLC proliferation,
migration, and invasion through Nrf2 modulation. H1299
cells were pre-treated with the Nrf2 activator tBHQ prior
to assessing cell viability using the CCK-8 assay. The
findings revealed a significant reduction in Micheliolide-
induced cell death following tBHQ pre-treatment (p< 0.01,
Fig. 5A). It was observed that tBHQ pre-treatment not
only preserved cell viability but also promoted prolifera-
tion, with colony formation levels nearly restored to those

of the control group (p< 0.01, Fig. 5B). Scratch wound as-
says indicated that tBHQ pre-treatment effectively restored
the migration ability of Micheliolide-treated H1299 cells
(p < 0.01, Fig. 5C). Furthermore, Transwell assays con-
firmed a substantial reversal of Micheliolide-induced inva-
sion impairment (p < 0.01, Fig. 5D). Collectively, these
findings provide compelling evidence that Micheliolide im-
pairs NSCLC cell viability, proliferation, migration, and in-
vasion by targeting Nrf2 to induce ferroptosis.

Discussion

This study investigates the therapeutic potential of
Micheliolide in NSCLC by assessing its ability to in-
duce ferroptosis, a regulated form of non-apoptotic cell
death characterized by iron-dependent lipid peroxidation
[6,7]. Our findings provided compelling evidence sup-
porting Micheliolide as a potent inducer of ferroptosis in
NSCLC therapy, exhibiting significant antitumor effects
in vitro. Micheliolide effectively suppressed the prolifer-
ation, migration, and invasion of H1299 lung cancer cells
in a concentration-dependent manner, aligning with previ-
ous studies underscoring its anti-cancer effects in various
cancer cell lines [24–26]. The ability of Micheliolide to in-
hibit tumor growth and metastasis suggests its therapeutic
potential in NSCLC treatment.

A key finding in our studywas the identification of fer-
roptosis as a potential mechanism underlying Micheliolide-
induced cytotoxicity in NSCLC cells. Micheliolide treat-
ment led to increased levels of ROS, lipid peroxidation,
and intracellular iron, the hallmark indicators of ferroptosis.
Excessive ROS further drives lipid peroxidation, ultimately
oxidizing into malondialdehyde [27]. In this study, Miche-
liolide treatment significantly enhanced MDA production
in H1299 cells, further confirming ferroptosis induction.

Nrf2 is a key transcription factor that regulates the ex-
pression of numerous genes involved in mitigating oxida-
tive stress and subsequent lipid peroxidation by reducing
ROS levels. Notably, Nrf2 governs the synthesis of GSH,
an essential antioxidant enzyme that relies on NADPH to
regenerate its reduced form from the oxidized state. GPX4
is another key enzyme that protects cells from ferroptosis
by converting cytotoxic lipid peroxides into non-toxic lipid
alcohols [13]. Hence, inhibiting Nrf2 is anticipated to trig-
ger ferroptosis in NSCLC cells. We investigated whether
Micheliolide induces ferroptosis in NSCLC cells through
suppression of the Nrf2 pathway. Unsurprisingly, Miche-
liolide treatment remarkably downregulated the expression
of Nrf2, GSH and GPX4. This inhibition of Nrf2 signaling
sensitizes cells to ferroptosis, making themmore vulnerable
to oxidative damage induced by Micheliolide. Conversely,
Fer-1, a selective ferroptosis inhibitor, has been shown to
hinder excessive ROS production and abolish ferroptosis
[7,28]. Our findings demonstrated that Fer-1 treatment ef-
fectively reversed Micheliolide-induced increases in intra-
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Fig. 2. Micheliolide promotes ferroptosis in NSCLC. DCFH-DA staining was utilized to assess intracellular ROS production (A).
Levels of MDA (B), GSH (C), Fe2+ (D), GPX4, ACSL4, and TFR1 protein, as well as their activity levels in H1299 cells (E,F), were
depicted. All data were expressed as mean ± standard deviation (SD). **p < 0.01 indicated comparison with the Control; ##p < 0.01
indicated comparison with MCL. Each experiment was independently repeated three times (n = 3). NSCLC, non-small cell lung cancer;
DCFH-DA, 2′,7′-Dichlorodihydrofluorescein diacetate; ACSL4, Acyl-CoA Synthetase Long-Chain Family Member 4; TFR1, Transfer-
rin Receptor 1; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; ROS, reactive oxygen species; MDA, malondialdehyde; GSH,
glutathione; GPX4, glutathione peroxidase 4; Fer-1, ferrostatin-1.

cellular iron and ROS levels, as well as the decrease in
GPX4 expression, in H1299 cells. These results strongly
support that ferroptosis is the primary mechanism underly-
ing Micheliolide-induced cytotoxic effect in NSCLC cells.

To further validate the role of Nrf2 signaling in
Micheliolide-induced ferroptosis, NSCLC cells were pre-
treated with a specific Nrf2 activator, tBHQ. The tBHQ pre-
vents ferroptosis by reducing iron levels and suppressing
lipid peroxidation. Interestingly, pre-treatment with tBHQ
effectively restored Nrf2 expression and activity, result-

ing in significantly reduced levels of ROS, lipid peroxida-
tion, and intracellular iron [29]. Consequently, tBHQ pre-
treatment significantly enhanced cell viability and attenu-
ated Micheliolide-induced ferroptosis. These findings un-
derscore the protective role of Nrf2 signaling in safeguard-
ing cells from ferroptosis, highlighting that Nrf2 activators
could serve as valuable adjuvants to enhance the therapeutic
efficacy of ferroptosis inducers such as Micheliolide.

Overall, this study provides compelling evidence sup-
porting Micheliolide as a potential ferroptosis inducer for
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Fig. 3. Micheliolide inhibits Nrf2 pathway activation. (A,B) Western blot analysis of Nrf2 protein levels in both the nucleus (n-Nrf2)
and cytoplasm (c-Nrf2) of H1299 cells treated with varying concentrations of Micheliolide (0, 5, 10, and 20 µM) for 24 hours. Relative
fold changes compared to the control group (0 µM) were expressed as mean ± SD. ** p < 0.01 compared with the 0 µM control group.
Each experiment was independently repeated three times (n = 3). Nrf2, nuclear factor erythroid 2-related factor 2.

Fig. 4. Nrf2 activation attenuates Micheliolide-induced ferroptosis. (A) Western blot analysis depicting Nrf2 protein levels in both
the nucleus (n-Nrf2) and cytoplasm (c-Nrf2) of H1299 cells pre-treated with tBHQ (10 µM) followed byMicheliolide treatment. Relative
fold changes compared to the control group are presented as mean ± SD. (B) Levels of reactive oxygen species (ROS), (C) Glutathione
(GSH), (D) Fe2+, and (E) malondialdehyde (MDA) in H1299 cells pre-treated with tBHQ followed by Micheliolide treatment. (F,G)
GPX4, ACSL4, and TFR1 protein, as well as their activity levels in H1299 cells, were depicted. Data were expressed as mean ± SD.
**p< 0.01 compared to the control group; ## p< 0.01 compared to the MCL group. Each experiment was independently repeated three
times (n = 3). tBHQ, tert-butylhydroquinone.

NSCLC therapy. By targeting the Nrf2 signaling pathway,
Micheliolide can circumvent the antioxidant defense mech-
anisms of cancer cells, leading to iron-mediated cell death.

This novel therapeutic approach holds promise for over-
coming therapy resistance in NSCLC and improving treat-
ment outcomes.
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Fig. 5. Nrf2 activation mitigates the inhibitory effects of Micheliolide on NSCLC cells. Cell viability was assessed using the CCK-8
assay (A), proliferation ability was evaluated using colony the formation assay (B), and migration and invasion abilities were determined
using the wound healing assay (C) and Transwell assay (D), respectively. Relative fold changes were expressed as mean ± SD. **p <

0.01 indicates comparison with control; ##p < 0.01 indicates comparison with MCL. Each experiment was independently repeated three
times (n = 3).

The results show that tBHQ can partially reverse the
effects of Micheliolide, underscoring the significant role of
the Nrf2 pathway in this process. However, it is likely
that additional signaling pathways, such as the Keap1-
Nrf2-ARE axis or other antioxidant defense mechanisms,
also contribute to the overall effects of Micheliolide, po-
tentially mediating responses that tBHQ alone cannot re-
verse. In addition to Nrf2 and GPX4, other key regula-
tors of ferroptosis, such as solute carrier family 7 member
11 (SLC7A11) and ferroptosis suppressor protein 1 (FSP1),
play an essential role in controlling lipid peroxidation and
ironmetabolism [30]. Although these factors were not eval-
uated in the present study, their interaction with the Nrf2-
GPX4 axis and modulation by MCL merit further investi-
gation. Moreover, while our findings show that Nrf2 acti-

vation can restore cancer cell viability by attenuating fer-
roptosis, this observation appears paradoxical given Nrf2’s
well-established roles in promoting tumorigenesis and con-
tributing to drug resistance [27]. This highlights the com-
plex, context-dependent, and cell-type-specific functions
of Nrf2, where its activation may confer survival advan-
tages under certain oxidative stresses but also promote can-
cer progression in others. These dual roles warrant care-
fulmechanistic investigations to understandNrf2’s function
and to develop targeted therapeutic strategies that balance
its protective and oncogenic effects.

Micheliolide offers a novel therapeutic candidate ca-
pable of overcoming such resistance by targeting the Nrf2
signaling pathway and inducing ferroptosis. This ap-
proach may substantially enhance cancer treatment effi-
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cacy, particularly in patients with advanced or therapy-
resistant NSCLC. By inducing ferroptosis, Micheliolide
could expand therapeutic possibilities for patients with lim-
ited options, thereby improving clinical outcomes. Addi-
tionally, further investigation into the molecular mecha-
nisms of Micheliolide-induced ferroptosis and its interac-
tion with other signaling pathways may identify additional
therapeutic targets, enhancing the overall effectiveness of
this promising anticancer strategy.

Patients with chemotherapy- or radiotherapy-resistant
NSCLC, particularly those with p53-deficient tumors,
present significant therapeutic challenges due to their in-
creased resistance to conventional treatments [7]. These
patients often have limited therapeutic options and face
rapid disease progression. Ferroptosis, a form of iron-
dependent, non-apoptotic cell death driven by lipid peroxi-
dation, provides a potential alternative to conventional ther-
apies [31]. Unlike apoptosis, ferroptosis functions through
p53-independent mechanisms, making it a promising alter-
native for targeting treatment-resistant cancer cells [10].

In NSCLC cases resistant to chemotherapy or radio-
therapy, inducing ferroptosis through agents such asMiche-
liolide may offer a strategy to circumvent the apoptotic
pathway impairments often associated with p53 deficiency
[32]. Micheliolide enhances ROS accumulation and lipid
peroxidation while inhibiting the Nrf2-GSH-GPX4 antiox-
idant defense system, thereby promoting ferroptosis and in-
creasing the sensitivity of resistant cancer cells to thera-
peutic intervention. By diminishing the antioxidant mecha-
nisms that p53-deficient and treatment-resistant tumors rely
on, Micheliolide’s ability to induce ferroptosis could repre-
sent a novel and effective approach to overcome resistance
and improve outcomes in advanced NSCLC [12].

Despite the promising findings, this study has sev-
eral limitations. First, all experiments were conducted us-
ing a single NSCLC cell line (H1299), which may not
reflect the full molecular diversity of NSCLC. Validation
in additional cell models, including adenocarcinoma and
squamous cell carcinoma models, is necessary to improve
the generalizability of the findings. Second, although the
role of Nrf2 was investigated using the pharmacological
activator tBHQ, no genetic approaches such as siRNA or
CRISPR-Cas9-mediated editing were employed to con-
firm its specific involvement. Moreover, tBHQ may in-
fluence other redox-sensitive pathways, potentially intro-
ducing confounding effects. Third, potential upstream or
parallel pathways, including the Keap1-Nrf2-ARE axis and
Phosphoinositide 3-kinase (PI3K)/Protein kinase B (Akt)
signaling, were not examined. Finally, this study lacks in
vivo experiments, leaving the pharmacokinetics, safety pro-
file, and therapeutic efficacy of Micheliolide unaddressed.
Tomaximize clinical benefits, future studies should address
these limitations and explore their potential in combination
with standard therapies, such as Epidermal Growth Factor
Receptor (EGFR) inhibitors or immunotherapy.

Conclusions

In conclusion, Micheliolide demonstrates strong po-
tential as a promising anticancer agent by inducing fer-
roptosis in NSCLC cells through modulation of the Nrf2
signaling pathway. This study emphasizes the therapeu-
tic potential of Micheliolide-based therapies in NSCLC
and underscores the significance of further investigation
to support their clinical application. The development of
ferroptosis-inducing agents like Micheliolide offers a novel
and promising therapeutic approach for combating NSCLC
and possibly other resistant malignancies.
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