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Background: Acute lung injury (ALI) and its severe manifestation, acute respiratory distress syndrome, are life-threatening
pulmonary disorders for which effective therapeutic interventions are currently lacking. This study aimed to investigate the
role of ferroptosis in LPS-induced ALI and elucidate the synergistic mechanism of metallothionein-1 (MT-1) and galactoxylan
polysaccharide (VDPS) in inhibiting ferroptosis, potentially offering novel therapeutic strategies for ALI.
Methods: Using Lipopolysaccharide (LPS)-induced murine models and MLE-12 cell lines, we analyzed ferroptosis-related in-
dicators, including glutathione peroxidase 4 (GPX4), malondialdehyde (MDA), reduced glutathione (GSH), and iron content.
Interventions with ferroptosis inhibitor ferrostatin-1 (Fer-1), activator erastin, and VDPS were performed. MT-1 knockdown
experiments were conducted to explore its role in oxidative stress, iron metabolism, and inflammatory responses.
Results: LPS stimulation induced characteristic ferroptosis features in both mice and MLE-12 cells, manifested by increased
pulmonary iron content, decreased GSH levels, elevated MDA levels, and reduced GPX4 expression (p < 0.05). Fer-1 treatment
significantly ameliorated these oxidative stress markers and protected lung function (p< 0.05). LPSmarkedly upregulatedMT-1
expression, while MT-1 knockdown exacerbated oxidative stress, lipid peroxidation, and ferroptosis (p< 0.05). VDPS effectively
inhibited LPS-induced ferroptosis, reducing oxidative damage and inflammation (p < 0.05). Combined treatment with Fer-1
notably decreased pulmonary edema, inflammatory infiltration, and fibrosis (p < 0.05). VDPS also regulated iron metabolism,
suppressing elevated iron levels in lung tissue and serum (p< 0.05). Importantly, MT-1 enhancedVDPS-mediatedGPX4 pathway
activation, synergistically inhibiting ferroptosis and attenuating LPS-induced oxidative injury (p < 0.05).
Conclusion: This study reveals the crucial role of ferroptosis in LPS-induced ALI. MT-1 enhances VDPS-mediated ferroptosis
inhibition by modulating oxidative stress responses and antioxidant enzyme activities, effectively alleviating lung injury. These
findings provide experimental evidence for MT-1 and VDPS as potential therapeutic strategies, highlighting the promising ap-
plication of anti-ferroptosis therapy in ALI treatment.
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Introduction
Acute lung injury (ALI) and acute respiratory distress

syndrome (ARDS) are common clinical syndromes charac-
terized by extensive and rapid damage to the alveolar ep-
ithelium, pulmonary microvascular endothelium, and inter-
stitial tissue of the lungs. These pathological alterations,
triggered by various pulmonary or extrapulmonary insults,
ultimately contribute to the continuous deterioration of res-
piratory function and the development of respiratory fail-
ure. Severe cases may progress to varying degrees of end-
stage pulmonary changes [1,2]. While the pathogenesis
of ALI remains incompletely understood, uncontrolled in-
flammation and oxidative stress are widely recognized as
primary mechanisms [3]. Lipopolysaccharide (LPS), an es-
sential structural molecule found in the outer membrane of
gram-negative bacteria, is critically involved in the devel-

opment of ALI and ARDS. It contributes to disease pro-
gression primarily by significantly increasing the perme-
ability of the alveolar epithelial barrier and compromising
the structural and functional integrity of lung tissue [4].
Previous research has revealed that exposure to LPS can
trigger a variety of regulated cell death pathways, such as
apoptosis, autophagy, pyroptosis, and necroptosis, reflect-
ing its extensive impact on cellular survival and homeosta-
sis; however, inhibiting these death pathways only partially
alleviates LPS-induced lung tissue damage [5]. Current
ALI/ARDS treatment primarily relies on various mechani-
cal ventilation support strategies, yet no specific pharmaco-
logical interventions exist to significantly reduce mortality
or improve quality of life [6]. Therefore, elucidating novel
inflammatory mechanisms and exploring potential thera-
peutic targets for ALI/ARDS holds critical significance.
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Ferroptosis represents a unique type of regulated
cell death that arises from overwhelming lipid peroxida-
tion within cellular membranes. This process exhibits
distinct morphological and molecular characteristics that
clearly differentiate it from other well-knownmodes of pro-
grammed cell death [7]. Recent research has increasingly
demonstrated that ferroptosis is closely linked to a range of
lung disorders, such as ALI and ARDS, pulmonary fibrosis,
chronic obstructive pulmonary disease, as well as lung can-
cer [8–11]. Multiple studies utilizing ferroptosis inhibitors
or transgenic animal models have demonstrated the crucial
role of ferroptosis in ALI. Liu et al. [12] found that ferrop-
tosis participates in LPS-induced inflammatory responses,
and treatment with the ferroptosis inhibitor ferrostatin-1
(Fer-1) significantly ameliorated alveolar epithelial inflam-
matory damage in ALI mice. These findings indicate that
ferroptosis inhibition may represent an important therapeu-
tic breakthrough for ALI. However, research on ferrop-
tosis in ALI remains in preliminary stages, and the spe-
cific molecular regulatory mechanisms linking ferroptosis
to ALI pathogenesis require further investigation.

Metallothionein-1 (MT-1) is a metal-binding and an-
tioxidant protein characterized by low molecular weight
and high cysteine content with diverse biological functions
[13–15]. Previous research has demonstrated that MT-1 is
widely expressed in a variety of tissues throughout the body
and, as an important stress-responsive protein, its upregu-
lation confers protection in various disease models through
regulation of metal homeostasis, oxidative stress, and in-
flammation. Multiple stress factors including LPS, heavy
metals, and dexamethasone can induce MT-1 expression
and enhance its activity [13,16]. Recent evidence suggests
that MT-1 functions as an important molecular regulator of
ferroptosis, whereby its functional suppression or loss am-
plifies lipid peroxidation-driven cell death, while its tran-
scriptional induction exerts a potent cytoprotective effect
against ferroptotic injury [17,18]. Another study demon-
strated that MT-1, as a zinc-inducible cytoprotective pro-
tein, plays a pivotal role in mitigating pulmonary injury by
maintaining zinc homeostasis, restraining neutrophil over-
activation, and attenuating inflammatory oxidative dam-
age within the lung microenvironment [19]. Given MT-
1’s properties in reactive oxygen species (ROS) scaveng-
ing, antioxidant defense, and inflammatory suppression, it
may serve as a crucial regulatory molecule in ALI and fer-
roptosis, potentially representing an effective therapeutic
target. In-depth investigation of its regulatory mechanisms
could provide new therapeutic perspectives for ALI. There-
fore, this study developed cellular and animal models of
ALI to investigate the role of MT-1 in ALI and elucidate its
molecular regulatory mechanisms, with a particular focus
on the involvement of ferroptosis in ALI pathogenesis and
its regulatory relationship withMT-1. Additionally, we em-
ployed siRNA-mediated MT-1 gene silencing in MLE-12
cells to examine changes in downstream signaling pathway

proteins, thereby exploring MT-1’s role and mechanisms in
LPS-induced ALI.

Viola diffusa, a herbaceous plant belonging to the Vio-
laceae family, has been traditionally used to treat hepatitis,
pleurisy, conjunctivitis, venomous snake bites, and ulcera-
tive carbuncles [20]. To date, its chemical constituents have
not been systematically studied. In our previous research,
we isolated and identified a novel galactoxylan polysac-
charide (VDPS) from Viola diffusa, primarily composed of
Rha, GlcA, Glc, Gal, Xyl, and Fuc, with a molecular weight
of 2.72 × 103 kDa, which demonstrated protective effects
against LPS-induced ALI [21]. Given the similarities be-
tween MT-1 and VDPS in antioxidant stress response and
inflammatory inhibition, we hypothesize that MT-1 may
synergistically enhance VDPS-mediated ferroptosis inhibi-
tion, thereby augmenting protection against ALI. This in-
vestigation aims to identify novel therapeutic targets and
inform the development of effective treatments for ALI.

Materials and Methods
Experimental Animals and Model Establishment

Healthymale C57BL/6mice (6–8weeks old, 21–24 g)
were purchased from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd (China). All experimental pro-
cedures were performed in adherence to the institutional
animal ethics guidelines. The mice were maintained un-
der controlled conditions (temperature 22± 2 °C, humidity
55%± 5%, 12/12 h light/dark cycle) with ad libitum access
to food and water.

To establish the LPS-induced ALI model, the mice
were deprived of water for 4 h prior to experimentation.
Anesthesia was induced with 0.4% sodium pentobarbital
(Sigma-Aldrich, Cat# P3761, St. Louis, MO, USA). Af-
ter anesthesia, the trachea was surgically exposed, and
LPS was administered intratracheally at a dose of 5 mg/kg
(Sigma-Aldrich, Cat# L2630, St. Louis, MO, USA) [22].
The mice were gently rotated to ensure uniform distribution
of the solution and then placed in the lateral position. After
recovery, animals were returned to the facility for monitor-
ing.

VDPS extraction and physicochemical characteriza-
tion were conducted as described in our previous study
[21]. VDPS (200 mg/kg) was administered by oral gavage
once daily for 7 consecutive days prior to ALI induction.
Ferroptosis-related interventions were performed 2 h before
LPS challenge: Erastin (10mg/kg,MedChemExpress, Cat#
HY-15763, Monmouth Junction, NJ, USA) and Fer-1 (0.8
mg/kg, MedChemExpress, Cat# HY-100579, Monmouth
Junction, NJ, USA) were administered intraperitoneally.

At 72 h post-LPS administration, the mice were anes-
thetized by intraperitoneal injection of sodium pentobar-
bital (200 mg/kg, Sigma-Aldrich, Cat# P3761, St. Louis,
MO, USA) and subsequently euthanized by cervical dis-
location. For further analysis, lung specimens and bron-
choalveolar lavage fluid (BALF) were collected.
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HE Staining and Histological Scoring
Fixed lung tissues underwent gradient dehydration us-

ing ethanol series, followed by clearing in xylene and stain-
ing with hematoxylin-eosin (HE) staining kit (Beyotime,
Cat# C0105, Shanghai, China) for histological analysis.
Pathological sections were examined under a light micro-
scope (Leica DM2000, Leica Microsystems, Wetzlar, Ger-
many) to evaluate inflammatory cell infiltration, edema,
and tissue damage.

Lung injury was scored according to the criteria
described by Matute-Bello et al. [23], based on five
histopathological parameters: alveolar interstitial edema,
congestion, patchy hemorrhage, neutrophil infiltration, and
alveolar wall thickening or hyaline membrane formation.
Each parameter was graded on a five-point scale from 0 to
4, representing minimal (0), mild (1), moderate (2), severe
(3), and extreme (4) injury, and the total lung injury score
was calculated as the sum of the individual scores. All scor-
ing was performed independently by two blinded patholo-
gists to ensure objectivity and reduce subjective bias.

Masson’s Trichrome Staining
Sections were deparaffinized, rehydrated through

graded ethanol, and stained using a Masson’s Trichrome
Staining Kit (Beyotime, Cat# G1340, Shanghai, China) ac-
cording to the manufacturer’s instructions. Finally, the sec-
tions were dehydrated, cleared in xylene, and observed un-
der a light microscope (Olympus, Model BX53, Tokyo,
Japan).

BALF Collection
Following 72 hours of LPS treatment, the mice were

administered pentobarbital via intraperitoneal injection and
subsequently subjected to bronchoalveolar lavage. The tra-
chea was punctured with a blunt-end, sterile, 22-gauge nee-
dle. The lungs were lavaged twice with 0.8 mL of nor-
mal saline in a slow and uniform manner, and the resulting
lavage solution was collected. A BCA kit (Beyotime, Cat#
P0010, Shanghai, China) was used to measure the total pro-
tein concentration of BALF.

ELISA
Serum and BALF concentrations of tumor necrosis

factor α (TNF-α), interleukin (IL)-1β, and IL-6 were mea-
sured using ELISA kits (Beyotime, TNF-α: Cat# PT512,
IL-1β: Cat# PI301, IL-6: Cat# PI326, Shanghai, China).

Detection of Iron Level
Tissue samples were homogenized in 9 volumes of

physiological saline (w/v = 1:9) on ice, and both tissue ho-
mogenates and blood samples were centrifuged at 2500 rpm
for 10 minutes at 4 °C to collect supernatants, which were
stored at –80 °C until analysis. Iron levels in lung tissue and
serum supernatants were determined using an Iron Assay

Kit (Novus Biologicals, Cat#NBP3-25844, Littleton, CO,
USA). Absorbance was measured at 532 nm using a mi-
croplate reader (Multiskan GO, Thermo Fisher Scientific,
Waltham, MA, USA).

Detection of Malondialdehyde (MDA) Levels
Tissue specimens were homogenized in 500 µL RIPA

lysis buffer (Beyotime, Cat# P0013B, Shanghai, China)
and lysed on ice for 30 minutes. Cell specimens were
washed with phosphate-buffered saline (PBS; Beyotime,
Cat# C0221, Shanghai, China) and lysed in 200 µL lysis
buffer at 4 °C for 30 minutes. All samples were centrifuged
at 12,000 rpm for 10 minutes, and protein concentration in
supernatants was determined using the BCA protein assay
kit (Beyotime, Cat# P0010, Shanghai, China). Serum sam-
ples were measured directly.

Following the malondialdehyde (MDA) Assay Kit’s
protocol (Beyotime, Cat# S0131, Shanghai, China), 200 µL
of the supernatant was transferred to a microplate and ab-
sorbance was measured at 532 nm using a microplate reader
(Multiskan GO, Thermo Fisher Scientific, Waltham, MA,
USA), and the MDA content was subsequently calculated
(expressed as µmol/mg).

Detection of Total GSH
Tissue samples were rapidly frozen in liquid nitrogen

and ground into a fine powder using a pre-cooledmortar and
pestle. For every 10 mg of tissue, protein removal reagent
from a Glutathione (GSH) assay kit (Nanjing Jiancheng
Bioengineering Institute, Cat# A006-2-1, Nanjing, China)
was added according to themanufacturer’s instructions. Af-
ter incubation and centrifugation, the supernatants were col-
lected for GSH measurement. Cell samples were washed
with PBS, scraped, and centrifuged. The resulting pellets
underwent three freeze-thaw cycles in liquid nitrogen and
were then processed using the same GSH assay kit. GSH
levels in both tissue and cell samples were determined at
532 nm using a microplate reader (Multiskan GO, Thermo
Fisher Scientific, Waltham, MA, USA).

Cell Culture
Mouse lung epithelial MLE-12 cells (American Type

Culture Collection, ATCC® CRL-2110™, Manassas, VA,
USA) were cultured in Dulbecco’sModified EagleMedium
(DMEM; Gibco, Cat# 11965-092, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, Cat# 10099-141, Grand Island, NY, USA) and 1%
penicillin–streptomycin solution (Beyotime, Cat# C0222,
Shanghai, China) at 37 °C in a humidified incubator con-
taining 5% CO2. All cells were authenticated by short
tandem repeat profiling and confirmed to be free of my-
coplasma contamination.
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Cell Treatment
The siRNA sequences were synthesized by GeneCre-

ate Bioengineering Co., Ltd. (Wuhan, China). The specific
sequences were siMT-1: F: 5′-CCUCAAUGCGAUCA

UAUAUUTT-3′, R: 5′-AUAUAUGAUCGAUUGA
GGTT-3′ and siNC: F: 5′-UUCUCC

GAACGUGUCACGUTT-3′, R: 5′-ACGUGACAC
GUUCGGAGAATT-3′. MLE-12 cells were seeded in a
6-well plate at a density of 1 × 105 cells per well. Trans-
fection was performed when cell confluence reached ap-
proximately 70%. Transfection complexes were prepared
by mixing 200 µL serum-free DMEM, 50 nM siRNA, and
5 µL Lipofectamine™ 3000 transfection reagent (Invitro-
gen, Cat# L3000015, Carlsbad, CA, USA). The mixture
was gently pipetted, incubated for 20 min at room tempera-
ture, and then added dropwise to 6-well plates for a 48-hour
incubation period.

After transfection, cells were subjected to drug pre-
treatment. For combined pretreatment, VDPS (100 µg/mL)
and/or Fer-1 (1 µM, MedChemExpress, Cat# HY-100579,
Monmouth Junction, NJ, USA) or erastin (1 µM, Med-
ChemExpress, Cat# HY-15763, Monmouth Junction, NJ,
USA) were added simultaneously to serum-containing
medium and incubated for 2 h. Following pretreatment,
themedium containing the compounds wasmaintained, and
cells were stimulated with LPS (20 mg/L, Sigma-Aldrich,
Cat# L2630) for the indicated period to establish the inflam-
matory injury model. Control groups received either VDPS
or vehicle treatment, as appropriate.

Cell Viability Assay
Cell viability was assessed using the Cell Counting

Kit-8 (CCK-8; Dojindo Laboratories, Cat# CK04, Ku-
mamoto, Japan) according to the manufacturer’s instruc-
tions. Cells were seeded in 96-well plates at a density of 1
× 104 cells/mL and allowed to adhere overnight in a humid-
ified incubator (Heracell 150i, Thermo Fisher Scientific,
Waltham, MA, USA). After treatment with the respective
drugs for 24 hours, 10 µL of CCK-8 reagent was added to
each well and incubated for 2 h at 37 °C. The optical den-
sity was then measured at 450 nm using a microplate reader
(Multiskan GO, Thermo Fisher Scientific, Waltham, MA,
USA).

Detection of Cellular ROS
Cells were seeded in 6-well plates at a density of

1 × 104 cells/mL and treated as indicated. After treat-
ment, cells were incubated with 10 µmol/L DCFH-DA (Be-
yotime, Cat# S0033S, Shanghai, China) for 20 minutes at
37 °C in the dark for intracellular ROS detection. Follow-
ing three PBS washes to remove excess dye, fluorescence
signals were observed and imaged under a fluorescence mi-
croscope (Leica DMi8, Leica Microsystems, Wetzlar, Ger-
many).

Western Blotting
Approximately 25 mg of lung tissue or collected cells

were lysed in RIPA lysis buffer (Beyotime, Cat# P0013B,
Shanghai, China) on ice for 30 minutes. Lysates were
centrifuged at 12,000 rpm for 10 minutes at 4 °C, and
protein concentration was determined using the BCA Pro-
tein Assay Kit (Thermo Fisher Scientific, Cat# 23225,
Waltham, MA, USA). Equal amounts of protein were sepa-
rated by SDS-PAGE using 10% polyacrylamide gels and
transferred onto 0.45 µm PVDF membranes (Millipore,
Cat# IPVH00010, Burlington, MA, USA). Membranes
were blocked with 5% non-fat dry milk (BD Difco, Cat#
232100, Sparks, MD, USA) in Tris-buffered saline with
Tween-20 (TBST) for 2 hours at room temperature, fol-
lowed by incubation with specific primary antibodies (di-
luted 1:1000; anti-glutathione peroxidase 4 (GPX4) anti-
body, Cat# ab125066, Abcam, Cambridge, UK; anti-MT-
1 antibody, Cat#NB018787, Novus Biologicals, Littleton,
CO, USA; anti-SLC7A11 antibody, Cat# ab307601, Ab-
cam, Cambridge, UK; anti-β-actin, Cat# ab8226, Abcam,
Cambridge, UK) overnight at 4 °C. After washing, mem-
branes were incubated with HRP-conjugated goat anti-
rabbit and goat anti-mouse IgG secondary antibodies (di-
luted 1:5000; Beyotime, Cat# A0208 andA0216, Shanghai,
China) at room temperature for 1 h. Protein bands were
visualized using an enhanced chemiluminescence detec-
tion kit (Thermo Fisher Scientific, Cat# 32106, Waltham,
MA, USA) and imaged using a ChemiDoc XRS+ Imaging
System (Model 1708265, Bio-Rad, Hercules, CA, USA).
Densitometric analysis of protein bands was performed us-
ing ImageJ software (National Institutes of Health, Version
1.53t, Bethesda,MD,USA). The relative protein expression
levels were calculated as the ratio of the target protein band
intensity to that of β-actin, and the results were normalized
to the control group.

Statistical Analysis
All data were analyzed using GraphPad Prism 8.3.0

(GraphPad Software, San Diego, CA, USA). Quantitative
data are presented as mean± standard deviation (SD) from
at least three independent experiments or n biological repli-
cates as indicated in the figure legends. Data distribution
was assessed for normality using the Shapiro–Wilk test and
for homogeneity of variance using Levene’s test. For com-
parisons between two groups, an unpaired Student’s t-test
was used. For comparisons involving three or more groups,
one-way analysis of variance (ANOVA) was performed;
whenANOVA indicated significance, Tukey’s post-hoc test
was used for all pairwise comparisons (or Dunnett’s post-
hoc test when multiple groups were compared only against
a single control). A p value < 0.05 was considered statisti-
cally significant.
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Results

Ferroptosis Mediates LPS-induced ALI in vivo and in
vitro

To investigate the involvement of ferroptosis in LPS-
induced acute lung injury in vivo, wemeasured biochemical
indicators of iron metabolism and oxidative stress in lung
tissue and serum. As shown in Fig. 1A–H, LPS administra-
tion significantly increased iron levels in both lung tissue
and serum (p< 0.05), accompanied by decreased GSH lev-
els (p < 0.001), increased MDA production (p < 0.001),
and reduced GPX4 expression (p < 0.001), indicating en-
hanced ferroptotic activity. Treatment with erastin further
exacerbated these changes (p < 0.05), resulting in greater
iron accumulation, more pronounced oxidative stress, and
further suppression of GPX4. In contrast, Fer-1 pretreat-
ment effectively alleviated LPS-induced ferroptotic alter-
ations (p < 0.05), significantly reducing tissue and serum
iron levels, restoring GSH levels, lowering MDA content,
and increasing GPX4 expression. These results demon-
strate that ferroptosis contributes to the progression of LPS-
induced lung injury in mice, and Fer-1 exerts protective ef-
fects by inhibiting ferroptotic pathways.

To further confirm the activation of ferroptosis under
in vitro conditions, MLE-12 cells were exposed to increas-
ing concentrations of LPS (0, 1, 10, 20, 40, and 80 mg/L)
in serum-free medium for 24 hours, and cell viability was
assessed using the CCK-8 assay. As shown in Fig. 1I, 20
mg/L LPS significantly reduced cell viability (p < 0.01);
therefore, this concentration was used for subsequent ex-
periments. LPS stimulation decreased MLE-12 cell via-
bility, which was further reduced by erastin treatment (p
< 0.05), whereas Fer-1 significantly restored cell viability
(p < 0.05) (Fig. 1J). Consistent with the in vivo findings,
Fer-1 treatment in LPS-exposedMLE-12 cells markedly in-
creased GPX4 protein expression, enhanced GSH levels,
and reducedMDA levels (p< 0.05) (Fig. 1K–N), indicating
effective attenuation of lipid peroxidation and ferroptotic
stress. Collectively, these results suggest that LPS induces
ferroptosis in lung tissue and epithelial cells, and Fer-1 mit-
igates ferroptotic cell death.

MT-1 Exerts Protective Effects in LPS-induced
Ferroptosis by Regulating Oxidative Stress and
Antioxidant Enzyme Activity

To verify the effect of LPS-induced ALI on MT-1 pro-
tein expression in lung tissue, we examined MT-1 protein
levels in LPS-inducedmouse lungs. As shown in Fig. 2A,B,
LPS treatment significantly increased MT-1 protein expres-
sion compared with the control group (p < 0.05). Co-
treatment with erastin further enhanced MT-1 upregulation
(p< 0.001), whereas Fer-1 pretreatment effectively attenu-
ated MT-1 expression, restoring it toward baseline levels (p
< 0.05), suggesting a protective role of Fer-1 in modulating
ferroptosis-associated protein changes.

Consistent with the in vivo results, in vitro experiments
in MLE-12 cells revealed that LPS exposure significantly
increased MT-1 protein expression (p < 0.001). This up-
regulation was further potentiated by erastin (p < 0.001),
while Fer-1 pretreatment significantly reduced MT-1 lev-
els toward baseline (p < 0.001) (Fig. 2C,D). These obser-
vations were confirmed by immunofluorescence analysis
(Fig. 2E,F).

To further investigate the regulatory role of MT-1
in LPS-induced ferroptosis-associated responses, MLE-12
cells were transfected with either siCont or siMT-1 and sub-
sequently treated with PBS or LPS for 24 hours. As shown
in Fig. 2G–K, MT-1 knockdown significantly decreased
cell viability andGSH levels, andmarkedly increasedMDA
and ROS production (p < 0.05). Further examination of
ferroptosis-related proteins revealed significant reductions
in GPX4 and SLC7A11 expression in MT-1 knockdown
cells (p< 0.05) (Fig. 2L–O). These results indicate thatMT-
1 knockdown enhances oxidative stress and lipid peroxida-
tion while impairing antioxidant capacity and cell viability
in lung epithelial cells, highlighting the protective role of
MT-1 against LPS-induced ferroptotic injury.

VDPS Alleviates LPS-induced ALI by Inhibiting
Ferroptosis

The ALI mouse model was established via intratra-
cheal administration of LPS at a dose of 5 mg/kg, as il-
lustrated in the experimental workflow (Fig. 3A). Pretreat-
ment with Fer-1 and VDPS effectively prevented the LPS-
induced increase in lung tissue wet/dry (W/D) ratio, indicat-
ing attenuation of pulmonary edema (p < 0.001) (Fig. 3B).
Subsequently, right lung weight and corresponding lung in-
dex were measured, and BALF analyses were performed to
quantify both cellular components and total protein concen-
tration, providing comprehensive indicators of pulmonary
inflammation and injury severity. Results showed that the
Fer-1 and VDPS pretreated groups exhibited significantly
lower right lung weight and lung index compared to the
LPS-only group (p < 0.001) (Fig. 3C,D). BALF analy-
sis further demonstrated that Fer-1 and VDPS pretreatment
markedly attenuated LPS-induced increases in total cell
number and protein concentration, notably reducing inflam-
matory cell infiltration into the alveolar spaces (p < 0.05)
(Fig. 3E–I).

Consistently, Fer-1 and VDPS pretreatment signif-
icantly suppressed LPS-induced systemic inflammation,
as evidenced by reduced serum levels of TNF-α, IL-1β,
and IL-6 (p < 0.05) (Fig. 3J–L). Histological examina-
tion using HE staining revealed that LPS administration
caused severe pathological changes in lung tissue, includ-
ing thickened alveolar walls, alveolar collapse, disruption
of normal structural integrity, edema and thickened alve-
olar septa, and extensive inflammatory cell infiltration (p
< 0.001) (Fig. 3N). Compared with the LPS group, Fer-
1 and VDPS pretreatment markedly mitigated lung dam-
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Fig. 1. LPS-induced ALI affects lung tissue function through ferroptosis pathway. (A) Serum iron levels in ALI mice. (B) Lung
tissue iron levels in ALI mice. (C) Serum GSH levels in ALI mice. (D) Lung tissue GSH levels in ALI mice. (E) Serum MDA levels
in ALI mice. (F) Lung tissue MDA levels in ALI mice. (G,H) GPX4 protein expression in ALI mouse lung tissue. (I) Cell viability of
MLE-12 cells at 24 hours after LPS stimulation. (J) Effects of different treatments on LPS-treated MLE-12 cell viability. (K) Effects
of different treatments on GSH levels in LPS-treated MLE-12 cells. (L) Effects of different treatments on MDA levels in LPS-treated
MLE-12 cells. (M,N) Effects of different treatments on GPX4 protein expression in LPS-treated MLE-12 cells (n = 6, *p < 0.05, **p
< 0.01, ***p < 0.001). Abbreviations: ALI, Acute lung injury; GSH, Reduced glutathione; GPX4, Glutathione peroxidase 4; LPS,
Lipopolysaccharide; MDA, Malondialdehyde.

age, resulting in significantly lower lung injury scores (p
< 0.001) (Fig. 3M,N). Masson’s trichrome staining further
demonstrated that Fer-1 and VDPS pretreatment signifi-
cantly reduced LPS-induced pulmonary interstitial fibrosis
(Fig. 3O,P). Finally, assessment of 72-hour survival in sep-
tic ALI mice indicated that Fer-1 and VDPS pretreatment
significantly improved survival rates at 72 h post-treatment
(p < 0.05) (Fig. 3Q).

Furthermore, we assessed the levels of GSH and
MDA in both serum and lung tissue. The results indi-
cated that, in comparison with the LPS group, mice treated

with Fer-1 and VDPS exhibited a significant reduction in
MDA concentrations, reflecting decreased lipid peroxida-
tion in systemic circulation and pulmonary tissue (p< 0.05)
(Fig. 4A,B), while GSH levels was significantly elevated (p
< 0.01) (Fig. 4C,D). To gain deeper insight into alterations
in iron homeostasis, we quantified iron concentrations in
both lung tissue and serum, providing a detailed assessment
of systemic and pulmonary iron metabolism under experi-
mental conditions. Twenty-four hours following intratra-
cheal administration of LPS, the total iron concentrations
in both lung tissue and serum were markedly increased,
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Fig. 2. MT-1 exerts protective effects in LPS-induced ferroptosis by regulating oxidative stress and antioxidant enzyme activity.
(A) MT-1 protein expression levels in lung tissue. (B) Quantitative analysis of MT-1 protein expression in lung tissue. (C) MT-1 protein
expression levels in MLE-12 cells. (D) Quantitative analysis of MT-1 protein expression in MLE-12 cells. (E) Immunofluorescence
detection of MT-1 expression in MLE-12 cells under different treatments; red fluorescence represents MT-1 protein, blue fluorescence
indicates nuclei (scale bar: 100 µm, magnification 100×). (F) Statistical analysis of relative immunofluorescence intensity. (G) Cell
viability of MLE-12 cells under different treatments. (H) GSH levels in MLE-12 cells under different treatments. (I) MDA content
in MLE-12 cells under different treatments. (J) Statistical analysis of ROS levels in each group. (K) ROS levels in MLE-12 cells de-
tected by fluorescent probe DCFH-DA; green fluorescence represents ROS (scale bar: 50 µm, magnification 200×). (L) Expression of
ferroptosis-related proteins. (M) Quantitative analysis of MT-1 protein expression. (N) Quantitative analysis of GPX4 protein expres-
sion. (O) Quantitative analysis of SLC7A11 protein expression (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: GSH,
Reduced glutathione; GPX4, Glutathione peroxidase 4; LPS, Lipopolysaccharide; MDA, Malondialdehyde; MT-1, Metallothionein-1;
ROS, Reactive oxygen species.
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Fig. 3. Protective effects of VDPS in ALI mice. (A) Experimental workflow diagram (Created with Figdraw). (B) Lung tissue wet/dry
(W/D) ratio. (C) Right lung weight in mice. (D) Right lung index in mice. (E) Total cell count in BALF. (F) Protein content in BALF.
(G–I) IL-1β, IL-6, and TNF-α content in BALF. (J–L) Serum IL-1β, IL-6, and TNF-α content. (M) HE staining of lung tissue (scale
bar: 100 µm, magnification 200×; 25 µm, magnification 400×). (N) Mouse lung injury score. (O) Masson’s trichrome staining of lung
tissue (scale bar: 100 µm, magnification 200×; 25 µm, magnification 400×). (P) Ashcroft score of the mice. (Q) 72-hour post-treatment
survival analysis of mice (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: BALF, Bronchoalveolar lavage fluid; HE,
Hematoxylin-eosin; IL, Interleukin; LPS, Lipopolysaccharide; TNF-α, Tumor necrosis factor α.
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Fig. 4. VDPS alleviates LPS-induced ALI by inhibiting ferroptosis and oxidative stress. (A) Changes in serum MDA levels in ALI
mice. (B) Changes in lung tissue MDA levels in ALI mice. (C) Changes in serum GSH levels in ALI mice. (D) Changes in lung tissue
GSH levels in ALI mice. (E) Changes in serum iron levels in ALI mice. (F) Changes in lung tissue iron levels in ALI mice. (G) Western
blot analysis of GPX4 protein expression. (H) Quantitative analysis of GPX4 protein expression (n = 6, *p < 0.05, **p < 0.01, ***p <
0.001). Abbreviations: ALI, Acute lung injury; GSH, Reduced glutathione; GPX4, Glutathione peroxidase 4; LPS, Lipopolysaccharide;
MDA, Malondialdehyde.

indicating a substantial disruption of iron homeostasis as-
sociated with LPS-induced pulmonary injury, while Fer-1
and VDPS pretreatment significantly suppressed this eleva-
tion (p< 0.001) (Fig. 4E,F). Western blot analysis revealed
that Fer-1 and VDPS pretreatment markedly increased ex-
pression of the ferroptosis marker GPX4, showing signifi-
cant upregulation compared to the LPS group (p < 0.001)
(Fig. 4G,H). In summary, the present study provides ev-
idence that VDPS effectively mitigates LPS-induced ALI
through multiple mechanisms, including the inhibition of
ferroptotic cell death, attenuation of oxidative stress, mod-
ulation of inflammatory responses, and regulation of iron
metabolism, highlighting its potential as a therapeutic agent
for ALI.

VDPS Inhibits Lipid Peroxidation and Ferroptosis in
MLE-12 Cells

To investigate whether VDPS can inhibit ferroptosis
in vitro, we developed a cellular injury model by expos-
ing MLE-12 cells to LPS, thereby simulating the patholog-
ical conditions associated with ALI. Furthermore, our find-
ings revealed that the decrease in cellular viability caused

by LPS exposure was markedly alleviated following VDPS
administration, indicating its protective effect against LPS-
induced cytotoxicity (p < 0.05) (Fig. 5A). Subsequently,
we examined whether pretreatment with VDPS or Fer-1
could mitigate oxidative injury induced by LPS exposure.
The results showed that cells receiving VDPS or Fer-1 pre-
treatment exhibited a pronounced reduction in intracellular
MDA levels relative to those in the LPS-treated group, sug-
gesting a marked attenuation of lipid peroxidation and ox-
idative stress (p < 0.001) (Fig. 5B). Meanwhile, treatment
with VDPS and Fer-1 effectively reinstated the GSH levels
that had been markedly diminished following LPS stimula-
tion, indicating their capacity to restore intracellular redox
balance (p< 0.05) (Fig. 5C). In addition, our results demon-
strated that pretreatment with VDPS or Fer-1 markedly at-
tenuated the excessive generation of ROS induced by LPS
exposure in MLE-12 cells, thereby alleviating oxidative
stress at the cellular level (p < 0.001) (Fig. 5F,H). Fer-1
and VDPS pretreatment also significantly suppressed LPS-
triggered inflammatory responses, markedly reducing lev-
els of TNF-α, IL-1β, and IL-6 (p < 0.001) (Fig. 5D,E,G).
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Fig. 5. VDPS inhibits lipid peroxidation and ferroptosis in MLE-12 cells. (A) Cell viability of MLE-12 cells under different treat-
ments. (B) MDA content in MLE-12 cells under different treatments. (C) GSH levels in MLE-12 cells under different treatments.
(D,E,G) Levels of IL-1β, IL-6, and TNF-α in cell culture supernatants. (F) ROS content in MLE-12 cells detected by fluorescent probe
DCFH-DA; green fluorescence represents ROS (scale bar: 50 µm, magnification 200×). (H) Statistical analysis of ROS in each group.
(I) Western blot analysis of GPX4 protein expression. (J) Quantitative analysis of GPX4 protein expression (n = 6, *p< 0.05, **p< 0.01,
***p < 0.001). Abbreviations: GSH, Reduced glutathione; GPX4, Glutathione peroxidase 4; IL, Interleukin; LPS, Lipopolysaccharide;
MDA, Malondialdehyde; ROS, Reactive oxygen species; TNF-α, Tumor necrosis factor alpha.

Subsequently, we observed the effects of VDPS in-
tervention on intracellular GPX4 protein expression. Both
VDPS and Fer-1 pretreatment increased GPX4 expres-
sion levels, with VDPS pretreatment demonstrating more
pronounced ferroptosis resistance (p < 0.001) (Fig. 5I,J).
These findings suggest that VDPS effectively mitigates
LPS-induced ferroptotic injury in MLE-12 cells by sup-

pressing lipid peroxidation and alleviating oxidative dam-
age, thereby contributing to the preservation of cellular in-
tegrity and function. These findings indicate that VDPS
confers significant protection against LPS-induced ALI by
suppressing ferroptosis throughmultiple coordinatedmech-
anisms. Specifically, VDPS reduces excessive iron accu-
mulation, attenuates lipid peroxidation and inflammatory
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signaling, enhances the activity of endogenous antioxidant
enzymes, and modulates the expression of key proteins
involved in the ferroptotic pathway, thereby collectively
maintaining redox balance and cellular homeostasis.

MT-1 Enhances the Protective Effect of VDPS on
Lung Epithelial Cells and Inhibits Ferroptosis via
GPX4 Pathway

To further investigate whether MT-1 enhances VDPS-
mediated protection of lung epithelial cells, we performed
LPS stimulation and VDPS treatment following MT-1
knockdown. Experimental observations revealed that, rela-
tive to the control group (siCont+LPS+VDPS), silencing of
MT-1 expression (siMT-1+LPS+VDPS) led to a marked de-
cline in cellular viability following VDPS administration,
indicating that MT-1 may play a crucial role in mediating
the cytoprotective effects of VDPS (p < 0.001) (Fig. 6A),
suggesting that MT-1 deficiency partially inhibited VDPS
protective effects on MLE-12 cells. This result indicates
that MT-1 presence exerts a sensitizing effect on VDPS an-
tioxidant and anti-oxidative stress functions.

We analyzed intracellular lipid peroxidation levels
through classical oxidative stress indicators GSH and
MDA. Compared to the siCont+LPS+VDPS group, the
siMT-1+LPS+VDPS group showed significantly increased
MDA content, markedly reduced GSH levels, and elevated
ROS levels, indicating thatMT-1 suppression weakened the
anti-oxidative stress capacity of VDPS (p< 0.01) (Fig. 6B–
E). Similarly, compared to the siCont+LPS+VDPS group,
the siMT-1+LPS+VDPS group showed markedly higher
concentrations of the pro-inflammatory cytokines TNF-α,
IL-1β, and IL-6 in the culture supernatants following LPS
stimulation, demonstrating that MT-1 silencing effectively
abolished the anti-inflammatory effects of VDPS and sug-
gesting that MT-1 is essential for mediating its immunoreg-
ulatory activity (p < 0.01) (Fig. 6F–H).

To further explore whether MT-1 participates in fer-
roptosis inhibition by affecting the GPX4 pathway, we
analyzed GPX4 protein expression by means of West-
ern blotting. Results showed that compared to the
siCont+LPS+VDPS group, the siMT-1+LPS+VDPS group
exhibited significantly reduced GPX4 protein levels. This
indicates that MT-1 deficiency diminishes VDPS-mediated
promotion of GPX4 activity, potentially reducing VDPS in-
hibitory effects on ferroptosis (p< 0.001) (Fig. 6I,J). These
results demonstrate that MT-1 and VDPS exert synergistic
effects in protecting lung epithelial cells from lipid peroxi-
dation and ferroptosis. MT-1 maintains cellular antioxidant
capacity by enhancing VDPS-mediated GPX4 activation,
thereby alleviating LPS-induced oxidative damage and fer-
roptosis.

Discussion

Previous studies have demonstrated that multiple cell
death pathways, including apoptosis [24], autophagy [25],
and pyroptosis [26], participate in LPS-induced ALI pro-
cesses. However, recent ferroptosis research, accompanied
by growing understanding of this pathway, has prompted
more investigators to explore the relationship between fer-
roptosis and ALI. Iron ions are considered essential for the
ferroptosis process, with excessive iron deposition leading
to cellular oxidative stress and membrane lipid peroxida-
tion, ultimately resulting in ferroptotic cell death [7]. Ex-
cessive oxidative stress triggers the oxidation of polyun-
saturated fatty acids within the lipid bilayer of biological
membranes, consequently generating lipid peroxidation by-
products such as MDA. This process enhances lipid peroxi-
dation levels in the membrane and ultimately compromises
the integrity and stability of the cellular membrane structure
[27]. Initially, our observations revealed that the iron con-
centrations in both lung tissue and serum of mice with LPS-
induced ALI were markedly elevated compared to con-
trol animals, indicating the presence of dysregulated iron
metabolism associated with ALI. Subsequently, in the ALI
mouse model, LPS and LPS+Erastin groups showed exac-
erbated alveolar inflammation and pulmonary edema with
increased inflammatory mediator expression, while these
manifestations were reversed by Fer-1. Furthermore, our
experimental results demonstrated that LPS-induced ALI in
mice was accompanied by a pronounced reduction in GSH
levels and a substantial elevation in MDA levels within
both lung tissue and pulmonary epithelial cells, reflecting
heightened oxidative stress and lipid peroxidation. These
alterations in iron homeostasis and oxidative stress markers
were effectively reversed upon Fer-1 administration, high-
lighting the pivotal role of oxidative stress in the pathogen-
esis of LPS-induced ALI.

Ferroptosis can be triggered by various factors involv-
ing different signaling pathways, but all upstream pathways
ultimately affect glutathione peroxidase activity directly or
indirectly, reducing cellular antioxidant capacity and lead-
ing to ferroptosis [28,29]. GPX4 serves as the principal en-
zyme responsible for catalyzing the reduction of phospho-
lipid hydroperoxides (PL-OOH) in mammalian cells. Dur-
ing this process, GPX4 utilizes GSH as a substrate, convert-
ing it to its oxidized formwhile simultaneously reducing the
cytotoxic PL-OOH molecules to their corresponding non-
toxic lipid alcohols, thereby protecting cells from oxidative
damage. Therefore, GPX4 activity inhibition can lead to
lipid peroxide accumulation, resulting in ferroptosis [30].
Our study found that GPX4 expression levels in lung tis-
sue and alveolar epithelial cells of LPS-treated mice were
lower than controls, with a more pronounced reduction fol-
lowing erastin intervention, while Fer-1 treatment upregu-
lated GPX4 levels in mouse lung tissue and epithelial cells.
These results reveal that LPS-induced lung injury triggers
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Fig. 6. MT-1 promotes the protective effect of VDPS on lung epithelial cells and contributes to GPX4-mediated inhibition of
ferroptosis. (A) Cell viability of MLE-12 cells under different treatments. (B) MDA content in MLE-12 cells under different treatments.
(C) GSH levels in MLE-12 cells under different treatments. (D) Statistical analysis of ROS in each group. (E) ROS content in MLE-
12 cells detected by fluorescent probe DCFH-DA; green fluorescence represents ROS (scale bar: 50 µm, magnification 200×). (F–H)
IL-1β,IL-6, and TNF-α content in cell culture supernatants. (I) Western blot analysis of GPX4 protein expression. (J) Quantitative
analysis of GPX4 protein expression (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: GSH, Reduced glutathione; GPX4,
Glutathione peroxidase 4; IL, Interleukin; LPS, Lipopolysaccharide; MDA, Malondialdehyde; ROS, Reactive oxygen species; TNF-α,
Tumor necrosis factor alpha.
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ferroptosis, with the reversal of experimental outcomes by
ferroptosis inhibitors further confirming our conclusions.

MT-1 belongs to a family of cysteine-rich, low-
molecular-weight proteins with high metal-binding capac-
ity. These proteins are critically involved in various inflam-
matory conditions, playing key roles in regulating inflam-
matory responses and modulating immune processes [15].
When bound to metal ions in vivo, MT-1 participates in
crucial functions including metal ion transport and storage,
ROS scavenging, maintenance of intracellular oxidation-
reduction balance, autophagy regulation, and apoptosis in-
hibition. Nevertheless, the specific regulatory function of
MT-1 in the progression of ALI remains poorly understood.
In the initial phase of our study, bioinformatics analyses
were employed to identify MT-1 as a potential biomarker
associated with ferroptosis, suggesting its possible involve-
ment in ALI pathophysiology. To further investigate the
regulatory relationship between MT-1 and ferroptosis in
LPS-stimulated MLE-12 cell injury models, we used li-
posome transfection to mediate MT-1 gene knockdown in
MLE-12 cells. Research results demonstrated that MT-1
knockdown increased intracellular oxidative stress levels,
manifested by significantly elevated MDA and ROS levels
in MLE-12 cells, as well as marked reductions in GSH lev-
els and cell viability, suggesting that MT-1 knockdown in-
creases lipid peroxides and oxidative stress levels in lung
epithelial cells. The cystine/glutamate antiporter system
Xc⁻-glutathione-GPX4 regulatory axis represents a key reg-
ulatory mechanism in ferroptosis control. SLC7A11 in-
duces GSH synthesis by promoting cellular cystine reduc-
tion to cysteine [31,32]. Our experimental results demon-
strated that silencing MT-1 expression markedly decreased
the levels of GPX4 and SLC7A11, thereby promoting fer-
roptotic cell death and aggravating lung tissue injury. Our
findings demonstrate for the first time that MT-1 allevi-
ates LPS-induced ALI by activating the SLC7A11-GSH-
GPX4 axis to inhibit ferroptosis, providing a novel molec-
ular mechanism for disease treatment.

A previous study has shown that VDPS alleviates
LPS-induced ALI by inhibiting P-selectin–mediated cell
adhesion, thereby reducing inflammatory cell recruitment
and pulmonary tissue damage [21]. Nevertheless, its spe-
cific molecular mechanisms in treating ALI have not been
fully elucidated. Our study confirmed that administration
of VDPS substantially ameliorated LPS-induced patholog-
ical damage in lung tissue and alleviated the severity of
pulmonary edema. This protective effect was accompa-
nied by significant reductions in the expression of pro-
inflammatory cytokines within the lungs, including IL-1β,
IL-6, and TNF-α, indicating effective suppression of the
inflammatory response. Cellular susceptibility to ferrop-
tosis is predominantly governed by the balance between
ROS accumulation and the activity of GPX4, which to-
gether determine the extent of lipid peroxidation and fer-

roptotic cell death [33], with GPX4 converting toxic lipid
ROS to non-toxic lipid alcohols in the presence of GSH,
thereby preventing ferroptosis [34,35]. Our research re-
sults confirmed that VDPS and Fer-1 treatment reduced
excessive lipid ROS accumulation and MDA formation in
LPS-induced lung tissue and epithelial cells while increas-
ing GSH production. Furthermore, from a mechanistic per-
spective, our results demonstrated that VDPS is capable of
suppressing GPX4-dependent lipid peroxidation. Based on
these observations, VDPS can be regarded as a potent and
safe protective agent that effectively inhibits LPS-induced
ferroptosis and excessive ROS generation in both in vivo
and in vitro models.

MT-1 has emerged as a context-dependent modulator
in inflammatory and oxidative stress-related pathologies.
Environmental toxicants such as black carbon and cadmium
can markedly induce MT-1 expression in lung epithelial
cells, where it mitigates metal-induced oxidative damage
and apoptosis [36]. In addition, MT-1 is closely associ-
ated with inflammatory regulation, as its elevated expres-
sion correlates with increased levels of pro-inflammatory
cytokines and enhanced immune activation [15,37]. These
results indicate that MT-1 functions as a molecular medi-
ator connecting oxidative damage with inflammatory re-
sponses, highlighting its pivotal role in coordinating cellu-
lar stress and immune signaling, thereby maintaining cel-
lular homeostasis under stress conditions. Through fur-
ther exploration, we discovered that MT-1 exerts a sen-
sitizing effect on VDPS. MT-1 can promote VDPS pro-
tective effects on lung epithelial cells and reduce oxida-
tive stress levels. Mechanistically, MT-1 interacts with
VDPS to increase GPX4 protein expression, thereby exert-
ing ferroptosis-inhibiting functions and ultimately alleviat-
ing LPS-induced ALI. However, several limitations of this
study should be acknowledged. First, despite the confir-
mation of ferroptosis involvement in ALI, the underlying
mechanism proposed here remains to be fully delineated,
as the synergistic interaction between MT-1 and VDPS re-
quires further mechanistic clarification. Second, the ex-
perimental design included only MLE-12 cells and lacked
additional lung epithelial or endothelial cell models, limit-
ing the generalizability of the findings. Third, the sample
size in both in vivo and in vitro experiments was relatively
small, which may affect the statistical robustness. Fourth,
VDPS is a complex polysaccharide mixture, and the spe-
cific active component or structural domain responsible for
the observed effects remains unclear. Fifth, the study did
not include comprehensive control groups, such as blank or
positive drug controls, which may limit the interpretation
of VDPS and MT-1 effects. Finally, the clinical translation
of MT-1 or VDPS was not addressed; issues such as fea-
sibility, safety, pharmacokinetics, and potential off-target
effects in humans remain to be explored. Future studies
with larger sample sizes, diverse cell models, purified ac-
tive components of VDPS, and more rigorous experimental
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designs will be essential to validate these findings and to ex-
plore the potential clinical applications of MT-1 and VDPS
in ALI.

Conclusion

In summary, our study demonstrates that MT-1 miti-
gates LPS-induced ALI by activating the SLC7A11-GSH-
GPX4 signaling axis, thereby suppressing ferroptotic cell
death. Additionally, VDPS exerts protective effects against
LPS-induced ALI by inhibiting ferroptosis through mul-
tiple interconnected mechanisms, including the reduction
of iron accumulation, attenuation of lipid peroxidation, en-
hancement of antioxidant enzyme activity, and modulation
of the expression of key ferroptosis-related proteins, collec-
tively contributing to the preservation of pulmonary tissue
integrity and function. Moreover, this work demonstrates
that MT-1 and VDPS exert synergistic protective effects
against lipid peroxidation and ferroptosis in lung epithelial
cells, suggesting a novel molecular basis for therapeutic de-
velopment.
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