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Background and Purposes: Ferroptosis, a type of regulated cell death, has been confirmed to play a role in the pathogenesis of
bronchopulmonary dysplasia (BPD). This study aimed to test the hypothesis that melatonin mitigates hyperoxia-induced BPD by
inhibiting ferroptosis in alveolar epithelial cells, specifically through modulation of the KEAP1/NRF2/PTGS?2 signaling pathway.
Methods: Hyperoxia-induced MLE-12 cells and neonatal mice were used to establish BPD models. The effects of melatonin on
hyperoxia-induced ferroptosis in MLE-12 cells were assessed by administering melatonin and ferroptosis inducer erastin to these cells.
Key target genes involved in melatonin’s ameliorative effects on BPD were identified using bioinformatics analysis. To confirm the
regulatory relationship between melatonin and the KEAP1/NRF2/PTGS2 pathway, MLE-12 cells were treated with the NRF2 inhibitor
ML385 under hyperoxic conditions. Additionally, molecular docking was performed to predict interactions between melatonin and
KEAPI.

Results: Melatonin (MT) treatment up-regulated the expression of glutathione peroxidase 4 (GPX4) and xCT in hyperoxia-treated
alveolar epithelial cells. The anti-ferroptosis effect of MT on these cells was significantly reduced by ML385, confirming the role of
the KEAP1/NRF2 pathway in MT’s mechanism of action. In vivo experiments demonstrated that MT up-regulated NRF2, GPX4, and
xCT levels and down-regulated KEAP1 and PTGS2 levels in hyperoxia-induced BPD models.

Conclusion: Melatonin exerts a protective effect against hyperoxia-induced BPD by inhibiting ferroptosis in alveolar epithelial cells,
and this effect is mediated, at least in part, through the KEAP1/NRF2/PTGS2 axis.
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Introduction

Bronchopulmonary dysplasia (BPD), a respiratory disorder predominantly affecting preterm infants, is characterized by
alveolar simplification and arrested vascular development.'* The pathogenesis of BPD involves multifactorial mechan-
isms, including hyperoxia-induced toxicity, inflammatory insults, and prematurity-related immaturity, with inflammation
being a predominant etiological driver.** Current clinical management lacks definitive therapies and primarily relies on
supportive strategies such as vitamin A supplementation, glucocorticoids, and mechanical ventilation.”” Consequently,
many infants with BPD face significant challenges during recovery, exhibiting high in-hospital mortality rates.
Identifying effective therapeutic interventions is thus critical for improving outcomes in this population.

Alveolar epithelial cells synthesize surfactant protein C (SPC), which facilitates repair of damaged alveolar
epithelium.® Preterm infants exhibit inherent pulmonary immaturity at birth, including insufficient surfactant production,
underscoring the necessity of protecting alveolar epithelial cells. While oxygen therapy remains a cornerstone respiratory
support for preterm infants, prolonged hyperoxia exacerbates lung injury, particularly in pulmonary epithelial cells,
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ultimately contributing to BPD pathogenesis.” Studies suggest that surfactant replacement therapy in preterm neonates
reduces major complications and hospitalization rates.'’

Ferroptosis, a novel form of regulated cell death, is driven by intracellular Fe** overload. Excessive Fe*" catalyzes the
Fenton and Haber-Weiss reactions, generating highly toxic reactive oxygen species (ROS) that induce lipid peroxidation
and ferroptosis.'' Key regulators of ferroptosis include glutathione peroxidase 4 (GPX4), ferritin heavy chain 1 (FTH1),
and solute carrier family 7 member 11 (SLC7A11) also known as xCT.'* Emerging evidence implicates ferroptosis in
BPD pathogenesis, where activation of the nuclear factor erythroid 2-related factor 2 (NRF2)/heme oxygenase-1 (HO-1)
axis suppresses alveolar epithelial ferroptosis, ameliorating lung injury.'*>"'*> Upon oxidative stress, Kelch-like ECH-
associated protein-1 (KEAP1) dissociates from NRF2, enabling NRF2 nuclear translocation and subsequent binding to
antioxidant response elements (ARE) to activate cytoprotective transcription. Our prior work established the pivotal role
of NRF2 in BPD progression.'®

Melatonin (MT), a hormone primarily secreted by the pineal gland, regulates circadian rhythms, sleep-wake cycles,
immune responses, and exhibits potent anti-inflammatory and antioxidant properties.'”'® Extensive studies identify MT
as a robust natural antioxidant that enhances tissue antioxidant capacity by upregulating enzymes such as superoxide
dismutase (SOD) and GPX.' MT has demonstrated ferroptosis-suppressive effects in diverse pathologies, including
acute kidney injury, acute respiratory distress syndrome (ARDS), traumatic brain injury, and myocardial injury.® >’
Recent investigations confirm MT’s therapeutic potential in BPD, though its mechanistic underpinnings remain
elusive.”*?” However, whether MT alleviates BPD by inhibiting pulmonary epithelial ferroptosis remains unexplored.

In this study, we investigate whether MT mitigates BPD through ferroptosis inhibition in vitro and in vivo, and
elucidate the underlying molecular mechanisms. Our findings may provide novel therapeutic strategies for BPD
management.

Methods

Animal Treatment

The C57BL/6]J wild pregnant female mice were developed in Jiangnan University (Wuxi), Jiangsu Province.
Experimental procedures were approved by the Experimental Animal Care and Use Committee of Jiangnan University
(JN.N020240315c0180630[108]) and the Guide for the Care and Use of Laboratory Animal published by the US
National Institutes of Health (NIH publication, Eighth edition, 2011).

Animal Model and Study Design

The animal model and research design employed a murine model of bronchopulmonary dysplasia (BPD) induced by
hyperoxia. Briefly, neonatal mice within 12 hours of birth were randomly assigned to four groups: control group(CON),
control + melatonin group(MT), hyperoxia group(HYP), and hyperoxia + melatonin group(HYP+MT). Melatonin
(10 mg/kg)*® was administered via intraperitoneal injection daily for 7 consecutive days starting from postnatal day 7
until postnatal day 14, when body weights were measured and lung tissues were collected.

Pathological Examination of the Lung Tissues

The mice were anesthetized, and the left lung lobes were collected, soaked in 10% formalin buffer, and embedded in
paraffin. Lung tissue slices with a thickness of 3 pm were taken. The morphology of lung injury was observed by
hematoxylin-eosin (HE) staining. The radial alveolar number (RAC) and mean linear intercept (MLI) were calculated
according to previous reports. To determine the immunoreactivity of ferroptosis marker protein GPX4, lung tissue
sections were immunostained, followed by detection of avidin-biotin complex signal with biotinylated secondary anti-
body and 3,3'-diaminobenzidine (DAB) solution.

Immunofluorescence Staining
MLE-12 cells was seeded in Petri dishes at a density of 1x10° cells /mL. After 24 h, the cells were immersed in 4%
paraformaldehyde for 15 min and 0.5% Triton X-100 for 20 min at room temperature. They were then washed three times
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with phosphate buffer (PBS) and then incubated with 3% bovine serum albumin (BSA) for 30 min at room temperature.
Primary antibody was then added overnight at 4 °C (1:400 dilution of 1% BSA in PBS). Cells were washed three times
with cold PBS and then incubated in Alexa 488-labeled secondary antibodies. The cells were stained with 1 mg/mL
DAPI solution for 5 min at room temperature. After the slides were washed again, images were acquired on a zeiss
upright microscope (Carl Zeiss, Germany).Mice were anesthetized, and the left lung lobes were collected, soaked in 10%
formalin buffer, and embedded in paraffin. Lung tissue sections with a thickness of 3 um were taken. The procedure was
the same as for cell fluorescent staining.

Cell Culture and Treatment

MLE-12 cells were obtained from ScienCell (Carlsbad, CA) and cultured in endothelial cell medium (ECM) containing
fetal calf serum, antibiotics, and endothelial cell growth serum in a humidified atmosphere at 37 °C and 5% CO, as
recommended by the manufacturer (Scien Cell). The normal group was 37 °C, 21% normoxic environment. The
treatment group was pretreated with 10uM melatonin and incubated at 37 °C for 2 h,*” and then placed in 85% hyperoxia
for 24 h before the samples were collected.

Real-Time Quantitative Polymerase Chain Reaction (qQPCR)

Lung tissue or MLE-12 cells were sonicated in Trizol reagent (Life Technologies, USA) and then homogenized according
to the manufacturer’s protocol. After integrity and purity determination, about 1 pg of RNA was then applied to reverse
cDNA with a PrimeScript II cDNA Kit (Vazyme, China). Subsequently, the qPCR detection protocol utilized an SYBR
Premix II kit (Vazyme, China). Primer sequences are listed in Table 1.

Western Blotting Analysis

Mouse lung tissues or cells were lysed using RIPA lysis buffer containing the protein inhibitor mixture. Total protein
concentrations were quantified using the BCA kit (Thermo Fisher Scientific). Samples were denatured at 100 °C for
10 min and separated on 10—15% SDS-PAGE gels with standard molecular weights. Proteins from SDS-pAGE gels were
transferred to PVDF membranes (Merck Millipore, Darmstadt), blocked with 5% skim milk for 2 h, and incubated with

Table | Primers Used for qRT- PCR Analysis

Genes Primer sequences (5'-3")

IL- IB-F TTCCTTGTGCAAGTGTCTGAAG
IL- IB-R CACTGTCAAAAGGTGGCATTT
IL- 6- F CTCCGCAAGAGACTTCCAG

IL- 6- R GGTCTGTGTGTGTGGGTGGTATC
TNF-a- F TTCTCATTCCTGCTTGTGG
TNF-a- R ACTTGGTGGTTTGCTACG

xCT- F GGCACCGTCATCGGATCAG

xCT- R CTCCACAGGCAGACCAGAAAA
GPX4- F GATGGAGCCCATTCCTGAACC
GPX4- R CCCTGTACTTATCCAGGCAGA
NOXI- F GGTTGGGGCTGAACATTTTTC
NOXI- R TCGACACACAGGAATCAGGAT
ACSL4- F CTCACCATTATATTGCTGCCTGT
ACSL4- R TCTCTTTGCCATAGCGTTTTTCT
NRF2- F TCTTGGAGTAAGTCGAGAAGTGT
NRF2- R GTTGAAACTGAGCGAAAAAGGC
PTGS2- F TTCAACACACTCTATCACTGGC
PTGS2- R AGAAGCGTTTGCGGTACTCAT
GAPDH- F | CTITGGCATTGTGGAAGGGC
GAPDH- R | CAGGGATGATGTTCTGGGCA

Journal of Inflammation Research 2025:18 hetps: 7573



Deng et al

the primary antibodies overnight at 4 °C. After three washes, the membranes were incubated with the corresponding
HRP-conjugated secondary antibody (1:5000, Proteintech, Wuhan, China) for 1 h at room temperature. Protein bands
were detected using ECL, Image] software was used to analyze the intensity of protein bands in the realistic images. The
band intensities of the photonic crystals were analyzed using ImagelJ software.

Measurement of Ferroptosis-Related Markers
The levels of Fe**, malondialdehyde (MDA) and reduced glutathione (GSH) in alveolar epithelial cells were detected by
iron detection kit that all detection kits were from Nanjing Jianxian Bioengineering Institute. The reactive oxygen species

(ROS) detection kit was also from Nanjing Jianxian Bioengineering Institute.

Database Source

The target genes of melatonin were screened from the TCMSP database, and the BPD genes obtained from GeneCards
were intercrossed to obtain the key genes (http://www.genecards.org/). The molecular docking model between melatonin
and KEAP1 was obtained by Autodock and Pymol software.

Molecular Docking Prediction

To assess the potential binding affinity between Melatonin and the KEAP1 protein, we employed molecular docking
technology. Initially, the compound’s structure in the mol2 format was obtained directly from the TCMSP tool.
Subsequently, crystal structures of the candidate proteins were acquired from the RCSB PDB database (www.rcsb.org),30
and these structures underwent ligand and water molecule removal using PyMOL software. Molecular docking was then
performed utilizing the Swissdock tool, and the results were imported into UCSF Chimera 1.14 software for visualization

and analysis.

Statistical Analysis

All data were expressed as mean = S.E. One-way and two way analysis of variance (ANOVA) techniques were used for
data analysis of more than two groups followed by GraphPad Prism analysis. A value of P < 0.05 was considered
statistically significant.

Result
Melatonin Attenuates Hyperoxia-Induced BPD

In this study, we established a mouse model of BPD by exposure to hyperoxia,'* and further investigated the protective
effect of MT on BPD mice and its mechanism (Figure 1A). In our study, we noted that neonatal mice lost weight after 14
days of hyperoxia compared with the air environment (CON group). Hematoxylin-eosin (HE) staining showed that after
hyperoxia exposure, the alveoli in the lung tissue of mice were severely damaged, the structure was disordered, the shape
was extremely irregular, and the number was significantly reduced. As for the mice exposed to hyperoxia were treated
with MT at the same time, the number of alveoli was increased, the shape of alveoli was improved (Figure 1B). However,
when the hyperoxia exposed mice were treated with MT at the same time (HYP+MT group), the body weight recovered
significantly, reaching 83.5% of that of the CON group (Figure 1C), the radial alveolar count (RAC) was significantly
increased (Figure 1D), and the mean alveolar intercept (MLI) was significantly reduced (Figure 1E). Compared with the
control group, the levels of inflammatory factors interleukin (IL)-1p, IL-6 and TNF-oo mRNA in the lung tissues of the
model group were up-regulated. Compared with the model group, the mRNA levels of inflammatory factors IL-1p, IL-6
and TNF-a in lung tissue of MT-treated mice were down-regulated (Figure 1F-H). The mRNA levels of inflammatory
factors IL-1f, IL-6 and TNF-a in lung epithelial cells (MLE-12) cultured in 85% hyperoxia were increased, and the
mRNA levels were down-regulated after MT treatment. (Supplementary Figure 1A—C). These results indicate that MT

attenuates hyperoxia induced lung injury in mice.
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Figure | Melatonin attenuates hyperoxia-induced lung injury. (A) Molecular structure of melatonin (B) HE staining of lung tissue in mice (C) Body weight of mice (D) Radial
alveolar count of lung tissue in mice (E) Mean linear intercept of lung tissue in mice (F-H) mRNA levels of IL-If, IL-6 and TNF-a in lung tissue of mice. Data are expressed
as mean * SD (n = 5), *p < 0.05, **p < 0.01, *p < 0.001, ***p < 0.0001 indicate significant differences from each group.

Melatonin Inhibits Ferroptosis in BPD

To understand the effect of MT on ferroptosis in hyperoxia induced BPD, we examined the ferroptosis marker proteins
GPX4, xCT, NADPH oxidase 1(NOX1), and Acyl Coenzyme A Synthetase Long Chain Family, Member 4(ACSL4) The
results showed that the levels of GPX4 and xCT mRNA in the lung tissue of MT treatment group (HYP + MT) were
significantly increased (Figure 2A and B), and the levels of NOX1 and ACSL4 mRNA were significantly decreased
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Figure 2 Melatonin inhibits ferroptosis in BPD. (A—D) mRNA levels of ferroptosis marker proteins GPX4, xCT, NOXI and ACSL4 in lung tissue of mice. (E) protein levels
of GPX4 and xCT in lung tissue of mice and their quantitative analysis. (F-1) detection of GSH, MDA, Fe?* and lipid ROS kits in lung tissue of mice. (J) immunohistochemical
detection and quantitative analysis of lung tissue of mice. *p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 indicate significant differences from each group.
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(Figure 2C and D) compared with these in the hyperoxia group. In alveolar epithelial cells, compared with the hyperoxia
group, the changes of GPX4, xCT, NOX1 and ACSL4 mRNA levels after MT treatment (HYP + MT) were the same as
those in the lung tissue of mice (Supplementary Figure 2A—D). Then, we detected the protein levels of GPX4 and xCT.

Compared with the hyperoxia group, GPX4 and xCT protein levels were significantly increased after MT treatment
(Figure 2E). The same protein trend was observed at the cellular level (Supplementary Figure 2E). After that, we
measured the levels of glutathione (GSH), Malondialdehyde (MDA), Fe*" and Reactive Oxygen Species (ROS). In the
lung tissue of mice, hyperoxia increased the contents of ROS, MDA and Fe*" and decreased the content of GSH

(Figure 2F-T). However, MT treatment significantly reduced the content of ROS, MDA and Fe*" induced by hyperoxia,
and increased the content of GSH. Immunohistochemistry showed that the positive rate of GPX4 reduced after
hyperoxia, which could be reversed after MT treatment (Figure 2J). By immunofluorescence staining of lung tissue
sections and alveolar epithelial cells, the results showed that similar to immunohistochemistry, the expression of GPX4 in
the hyperoxia group was reduced, and MT could reverse this increase (Supplementary Figure 2F and G).

Erastin Abolished the Effect of Melatonin on MLE-12 Cells in Hyperoxia Conditions
In order to further explore the impact of MT on ferroptosis, we treated MLE-12 cells prior to exposed to MT with erastin,
an inducer of ferroptosis. The results indicated that compared to the HYP+MT group, the levels of GPX4 and xCT in the
HYP+MT+Erastin group were significantly reduced (Figure 3A and B), while prostaglandin-endoperoxide synthase 2
(PTGS2) levels were notably increased (Figure 3C). Western blot analysis showed that GPX4 and xCT protein
expression in the HYP+MT+Erastin group exhibited a similar trend as mRNA levels compared to the HYP+MT group
(Figure 3D). Subsequently, ROS was assessed. In MLE-12 cells, treatment with erastin reversed the impact of MT
treatment on high oxygen-induced oxidative stress (Figure 3E).

Melatonin Can Improve BPD by Inhibiting Ferroptosis via Activating KEAPI/NRF2/
PTGS2 Signaling Pathway

Molecular docking between melatonin and the NRF2-binding protein KEAP1 showed that melatonin could bind to
KEAPI, thereby activating NRF2 nuclear translocation and inhibiting ferroptosis, thus providing a protective effect. The
binding energy of the most stable structure obtained using Autodock4 docking was —6.4 kcal/mol. The primary docking
site is that the hydroxyl group of melatonin forms two hydrogen bonds with residues Ile559, Ile416, Val512, Val463,
Ala336, Leu365, Argdl5s, Gly462 and Gly509 of KEAPI protein, with the main contributions to binding being van der
Waals interactions, hydrogen bonding, and desolvation energy (Figure 4A). According to the molecular docking results in
this study, melatonin can directly inhibit the function of KEAP1, possibly destroy the stability of KEAP1- NRF2
complex, reduce the ubiquitination and degradation of NRF2, and lead to the accumulation of NRF2. By immunofluor-
escence confocal microscopy, we found that KEAP1-NRF2 complex was decreased and NRF2 was accumulated after
melatonin treatment compared with the normal group (Supplementary Figure 3). The related targets of melatonin and

BPD were obtained by screening the Chinese Medicine System Pharmacology Database and Analysis Platform (TCMSP)
database and GeneCard database, among which PTGS2 was the key gene. PPI network showed that KEAPI1 affected
NFE2L2 and possibly PTGS2. (Figure 4B and C).

Subsequently, the hyperoxia group showed a decrease in NRF2 level and an increase in KEAP1 and PTGS2 levels as
determined by Western blot compared with the control group, and the protein level of NRF2 increased and KEAP1 and
PTGS2 decreased after MT treatment (Figure 4D and E). The immunofluorescence trends for NRF2 and PTGS2 in
mouse lung tissue were similar to those for protein levels (Figure 4F and G). MT may affect the expression of ferroptosis
key protein PTGS2 by promoting NRF2 expression and decreasing KEAP1 expression to inhibit ferroptosis in MLE-12
cells.

ML385 Abolished the Effect of Melatonin on MLE-12 Cells in Hyperoxia
To investigate the role of NRF2 in the effects of MT on MLE-12 cells, MT-treated MLE-12 cells were treated with
hyperoxia and the NRF2 inhibitor ML385. In the HYP+MT group cells treated with ML385, the mRNA and protein
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Figure 3 Erastin abolished the effect of melatonin on MLE-12 cells under hyperoxia condition. (A—C) mRNA levels of ferroptosis marker genes GPX4, xCTand PTGS2 in
MLE-12 cells. (D) protein levels of GPX4 and xCT in MLE-12 cells and their quantitative analysis. (E) Reactive oxygen species detection and fluorescence intensity analysis.
*p < 0.05, ¥p < 0.01; ¥*p < 0.001, ¥**¥p < 0.0001 indicate significant differences from each group.

levels of NRF2, GPX4, and xCT were decreased, and those of KEAP1, PTGS2 were increased (Figure SA-D), which
reversed the protective effect of MT. In addition, ML385 treatment reversed the increase in cell viability and decrease in
inflammation in MT-treated cells (Figure SE and F). Similarly, ML385 treatment effectively reversed the decrease in
intracellular ROS after MT treatment (Figure 5G). Together, these findings suggest that the KEAP1/NRF2/PTGS?2 axis is
important in mediating the effects of MT on MLE-12 cells.
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Discussion

Significant advancements in neonatal medicine have improved the survival and prognosis of preterm infants with low
gestational age; however, recurrent oxygen therapy increases the risk of hyperoxic lung injury and secondary BPD.
Despite the clinical application of numerous novel pharmacological agents, BPD remains neither preventable nor curable.
BPD is a multifactorial disorder, with oxidative stress induced by hyperoxia being the most prominent contributor.>'-**
Disruption of systemic oxidative homeostasis can trigger diverse forms of regulated cell death, including ferroptosis—an
iron-dependent programmed cell death driven by lipid peroxidation. Previous studies have demonstrated ferroptosis
involvement in hyperoxic lung injury in neonatal rats.'*** Our study revealed ferroptosis-like alterations in both alveolar
epithelial cells and pulmonary tissue of BPD mice exposed to hyperoxia, characterized by elevated Fe**, ROS, and MDA
levels, upregulated expression of GPX4, xCT, NOX1, and ACSL4 genes, and reduced GSH, a critical antioxidant.

MT has been reported to mitigate ferroptosis in multiple pathologies. For instance, MT alleviates sepsis-induced acute
respiratory distress syndrome (ARDS) by suppressing NCOA4-mediated ferritinophagy in alveolar macrophages.”' In
this study, MT administration attenuated hyperoxia-induced ROS, MDA, and Fe?" accumulation while restoring GSH
levels. Melatonin effectively suppressed both inflammatory responses and ferroptosis in pulmonary tissue and alveolar
epithelial cells (MLE-12) of hyperoxia-exposed mice. Furthermore, prior studies highlight the pivotal role of NRF2 in
mediating lipid peroxidation and ferroptosis.>* >’ Activation of the NRF2/HO-1 axis ameliorates hyperoxia-induced
acute lung injury by inhibiting ferroptosis.38 Notably, xCT and GPX4 are central regulators of ferroptosis, while PTGS2
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serves as a biomarker of this process.’” Thus, the KEAP1/NRF2/PTGS2 pathway may constitute a key mechanism
through which MT inhibits ferroptosis and protects against BPD.

Our findings demonstrate that MT treatment activates NRF2 expression and suppresses PTGS2 expression, effects
reversible by the ferroptosis inducer Erastin. This suggests that melatonin’s protective effects in hyperoxia-induced BPD
animal models are mediated via ferroptosis inhibition in vitro and in vivo. Melatonin reversed hyperoxia-induced
reductions in NRF2, GPX4, and xCT levels, while downregulating KEAP1 and PTGS2 expression. Concurrently, the
NRF2 inhibitor ML385 abolished MT’s protective effects against hyperoxia-induced ferroptosis and inflammation in
pulmonary epithelial cells.

In summary, we demonstrate that melatonin protects alveolar epithelial cells and neonatal mice from hyperoxia-
induced ferroptosis by activating the KEAP1/NRF2/PTGS2 axis, thereby attenuating hyperoxic lung injury and fetal
growth restriction. Although further investigation is warranted, our results identify melatonin as a potential therapeutic
strategy for preventing and treating ferroptosis-associated BPD.
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