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Human breast milk, the best source of nutrition for newborns, can reduce the incidence of bronchopulmonary
dysplasia (BPD). Bioactive peptides are important components of human breast milk. However, their function in
BPD are unclear. We screened a novel peptide (named MDABP) in the breast milk of mothers of premature in-
fants, which has beneficial effects in experimental BPD. This study aimed to investigate the role and mechanism
of MDABP in vivo and vitro. Newborn Sprague-Dawley (SD) rats were exposed to normoxia (21 % O) or
hyperoxia (85 % O,) and injected with MDABP or PBS from postnatal days 1 to 7 (PN1-PN7). On PN7, the lungs
were harvested for histological and biochemical analysis. The results revealed that MDABP improved alveolar
simplification and pulmonary vascular retardation, promoted alveolar epithelial cell (AEC) proliferation and
inhibited cell apoptosis. In vitro, MDABP, but not scrambled MDABP, promoted cell proliferation and reduced cell
injury without obvious toxicities. RNA-sequencing in A549 cells showed a total of 214 genes were significantly
differentially expressed between the MDABP + hyperoxia and hyperoxia groups, including 80 upregulated and
134 downregulated genes. KEGG pathway analysis showed that significant differentially expressed genes were
related to the ferroptosis signaling pathway. Rescue experiments showed that MDABP reduced the hyperoxia-
and ferroptosis-induced damage to AEC by decreasing the levels of Fe?* and ROS and increasing the levels of
GSH and GPX4. The p-value of the above experiment was less than 0.05, which was considered statistically
significant. This study provides a new basis for developing treatments for BPD.

1. Introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung disease with
multifactorial etiology. In premature infants, the lungs are still in the
developmental stage and are thus vulnerable to environmental factors.
Long-term oxygen therapy, especially when administered at high
oxygenation levels, is a significant risk factor for the development of
BPD (Deng et al., 2023). BPD is characterized by impaired alveolariza-
tion and abnormal pulmonary vascular development (Gilfillan et al.,
2021). The survival rates of neonates, particularly those born extremely
premature, have continuously improved in recent years due to ad-
vancements in perinatal treatment technology (Thébaud et al., 2019).
Meanwhile, the incidence of BPD has also increased over time. Research
suggests that the incidence of BPD is up to (Bell et al., 2022)9.8 %4.
Current treatments for BPD are mainly supportive, and there have been
no breakthroughs in progress. Therefore, it is an urgent problem to find
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reliable ways to alleviate or intervene in BPD.

In recent years, some bioactive peptides, such as apelin (Visser et al.,
2010); erythropoietin-derived peptide (Liu et al., 2017) and calcitonin
gene-related peptide (CGRP) (Dang et al., 2017), have been identified to
have important functions in attenuating hyperoxia-induced lung injury.
Human breast milk is known as the best source of nutrition to support
infant growth and development, not only because of its composition of
proteins, carbohydrates and lipids, but also its various other biologically
active components (Yi and Kim, 2021).. A large number of studies has
revealed that breastfeeding decreases the incidence of BPD and that
active ingredients in breast milk play a major role in this association
(Huang et al., 2019; Villamor-Martinez et al., 2018). Bioactive peptides
are an important part of the anti-infective properties of breast milk (Fu
etal., 2017), as well as its benefits to immune regulation, and promotion
of growth and development (Hamley, 2017). The peptides are charac-
terized by their small molecular weights and easy absorption. All of
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these studies indicate that the further research into the bioactive pep-
tides found in breast milk is expected to provide new ideas for the
treatment of BPD.

Based on theoretical support and polypeptide analysis of the colos-
trum of mothers with premature infants, in our previous paper, we
identified a novel immunoglobulin-derived polypeptide that retained
the functional region of its source protein (Wang et al., 2019). Then, we
conducted functional verification in vitro and vivo, and found that it
promoted the proliferation of alveolar epithelial cells (AEC), inhibited
cell apoptosis, and increased the expression of the type I and type II AEC
markers AQP5 and SP-C. We further revealed that MDABP alleviated
AEC damage by inhibiting the ferroptosis signaling pathway. Our find-
ings provide the basis to propose a novel candidate drug that alleviates
AEC injury and may be a potenrial therapeutic approach for the treat-
ment of BPD.

2. Materials and methods
2.1. Acquisition of peptides

The synthetic peptide MDABP comprising amino acids (aa) 20-38 of
human breast milk immunoglobulin (QSVLTQPPSVSAAPGQKYV), a
scrambled version of MDABP (SPQQPGVVASTKQPSLVA) and fluores-
cein isothiocyanate (FITC)-labeled MDABP (FITC-MDABP) were ob-
tained from Science Peptide Biological Technology Co, Ltd (Shanghai,
China). Bioactive peptides were endotoxin free and synthesized via
solid-phase technology. The purity of the peptides was determined by
reverse-phase high- performance liquid chromatography (HPLC) and
exceeded 95 %. Stock solutions of peptides were distilled with deionized
water (Thermo, USA) and stored at —80 °C. The properties of MDABP
were calculated with the ProtParam tool from the Expasy server (Cai
et al., 2021).

2.2. Cell culture and the localization of MDABP in cells

A549 cells (human alveolar epithelial cells) were obtained from the
Chinese Academy of Sciences. The cells were cultured in Dulbecco’s
modified eagle medium (DMEM) /F12 medium (Gibco, USA) containing
10 % fetal bovine serum (FBS) (Gibco, USA) and 1 % penicillin strep-
tomycin (Gibco,USA) at 37 °C containing 5 % CO3. A549 cells were
cultured in a special hyperoxic cell culture chamber with 85 % O3 and 5
% CO, at 37 °C to simulate the BPD state, while control cells were
cultured in 21 % O, and 5 % CO,. After treated with FITC-MDABP (1
puM) for 2 h, A549 cells were fixed with 4 % polyformaldehyde and
stained with DAPI. Then, photographs were taken using a fluorescence
microscope (Zeiss, Germany).

2.3. Cell viability assay

The cell counting kit-8 (CCK-8) assay was used to detect cell
viability. A549 cells (3 x 10°® cells/well) were seeded into a 96-well
culture plate for 24 h and then incubated with different concentra-
tions of MDABP for 24 h. Afterward, the cells were cultured with a
mixture (1:10) of CCK-8 detection reagent (APExBIO, USA) and serum-
free DMEM/F12 medium for 2 h at 37 °C containing 5 % CO,. The
absorbance at 450 nm was measured by a microplate reader.

2.4. Cell proliferation

A549 cells were plated on a 6-well plate at a concentration of 1.5 x
10° cells/well and incubated overnight. The A549 cells were then
treated with hyperoxia (85 % O3) and MDABP (1 pmol/L) for 36 h. Then,
a BeyoClickTM EdU-488 kit (Beyotime,China) was used to detect cell
proliferation following the manufacturer’s instructions. Firstly, the cells
were incubated with EdU for 2 h at 37C. Then they were washed by PBS
for three times and fixed with 4 % paraformaldehyde. After incubating
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with 0.3 % Triton X-100, the cells were successively stained with Click
Addictive Solution and DAPI. Finally, photographs were taken using a
fluorescence microscope (Zeiss, Germany).

2.5. Measurement of intracellular free iron levels

The intracellular free iron levels were measured with FerroOrange
(Dojindo, Japan), a fluorescent probe specific for the detection of labile
iron Fe (II). The A549 cells were seeded at a concentration of 2 x 10°
cells/well in a black 96-well microplate and incubated overnight. Then,
the A549 cells were treated with hyperoxia, MDABP (1 pmol/L) or RSL3
for 36 h, and incubated with 1 pM FerroOrange for 0.5 h. The fluores-
cence intensity was measured with a fluorescence microscope (Zeiss,
Germany) with FerroOrange.

2.6. Measurement of GSH levels

Intracellular GSH concentration was measured using a GSH assay kit
(Wanleibio,Shenyang, China). The assay was carried out according to
the kit instructions after 36 h of treatment. In brief, we added reagent 1
to the cell supernatant and centrifuged for 10 min at 3500 rpm. Then the
supernatant mixed with reagent 2 and 3, respectively. The absorbance
was determined by fluorescence microplate, and the GSH content was
calculated according to OD value.

2.7. Measurement of ROS generation

A549 cells were seeded at a concentration of 1.5 x 10° cells/well in a
6-well plate and incubated overnight. A549 cells were treated with
MDABP, RSL3, or hyperoxia for 36 h. The fluorescent dye 2',7-dichlor-
odihydrofluorescein diacetate (DCFH-DA; Beyotime, China) was used as
a probe to detect intracellular ROS levels. According to the manufac-
turer’s instructions, the probe (10 pM) was loaded in A549 cells about
30 min. The fluorescence intensity was measured with a microplate
reader at an excitation wavelength of 488 nm and an emission wave-
length of 525 nm. The ROS expression level was calculated as the ratio of
the fluorescence intensity to the number of cells in each group.

2.8. Animal models and treatment

In the term Sprague-Dawley (SD) rat model of BPD, lung develop-
ment in pups from embryonic day 18 to postnatal day 5 (E18 to PN5) in
pups resembled that from 24 to 38 weeks of gestational age in preterm
infants (Giusto et al., 2021). Thus, we selected newborn SD rats as the
BPD animal model. All pregnant SD rats were obtained from the
Experimental Animal Center of Nanjing Medical University (Nanjing,
China). All animal experiments were approved by the Animal Research
and Care Committee of Nanjing Medical University (Approval number:
IACUC-1907021). Neonatal SD rats were randomly divided into three
groups: newborn SD rats and their mothers in normoxia (21 % O3)
served as the control group (CTL); the hyperoxia group (HYP) and their
mothers, the hyperoxia + peptide group (HYP + MDABP) and their
mothers,were kept in a cage in a sealed plexiglass chest. The HYP +
MDABP group received intraperitoneal injections of MDABP at a con-
centration of 10 mg/kg. The BPD model was induced in the newborn rats
by exposing them to high oxygen (85 % O3) aspreviously described
(Zhou et al., 2022). The adult animals were allowed two hours of re-
covery in room air every day to prevent excessive oxygen toxicity. Male
and female pups were randomly assigned to maintain a 1:1 ratio. The
litter size was controlled at 12 + 2 pups; and the average weight dif-
ference was + 1 g. The body weights of the rat pups were measured
every day. All pups were euthanized at day 7, and lung tissues were
harvested for further analysis.
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Table 1
Primer sequences for real-time quantitative PCR.

Target Primer sequence (5'~3") (F: Forward; R: Reverse)
human-GAPDH F: GGAGCGAGATCCCTCCAAAAT

R: GGCTGTTGTCATACTTCTCATGG
human-AQP5 F: GCCACCTTGTCGGAATCTACT

R: GGCTCATACGTGCCTTTGATG
human-SP-C F: GAGATGAGCATCGGAGGAGC

R: AGGAGCCGCTGGTAGTCATA
Rat-GAPDH F: AGGTCGGTGTGAACGGATTTG

R: TGTAGACCATGTAGTTGAGGTCA
Rat-AQP5 F: CCCAAGGCCACCATGAAGAA

R: TATGGCCAGGCCAAAGGCTA
Rat-SP-C F: ATGGAGAGTCCACCGGATTAC

R: ACCACGATGAGAAGGCGTTTG
Rat-IL-6 F: AGCGATGATGCACTGTCAGA

R: GGAACTCCAGAAGACCAGAGC
Rat-IL-1p F: CCAGGATGAGGACCCAAGCA

R: TCCCGACCATTGCTGTTTCC
Rat-TNF-« F: CTCAAAACTCGAGTGACAAGC

R: CCGTGATGTCTAAGTACTTGG

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH); Aquaporin 5 (AQP5);
Surfactant protein C (SP-C); Interleukin-6 (IL-6); Interleukin-1p (IL-1f); Tumor
Necrosis Factor alpha (TNF-a).

2.9. Histopathological analysis

The lungs of each rat were subjected to immersion in 4 % para-
formaldehyde, fixing in paraffin, and sectioning at 5 pm. Sections were
stained with hematoxylin and eosin (H&E) and evaluated by light
microscopy.

2.10. . Immunofluorescence staining and vWF immunohistochemistry

To assess AEC proliferation in the lung after hyperoxia, lung tissues
were stained for Ki67 (proliferative marker) and SP-C (marker of type II
alveolar epithelial cells). Briefly, lung sections were deparaffinized and
rehydrated. For antigen retrieval, lung sections were exposed to 10 mM
citrate buffer (pH 6, Servicebio, G1202, China) at 90-120 °C for 25 min.
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Subsequently, tissue sections were treated with blocking solution at
room temperature for 1 h. Lung sections were incubated with the pri-
mary antibodies rabbit anti-Ki67 (Servicebio, GB111141, China,1:400)
and rabbit anti-SP-C (Servicebio, GB25303, China, 1:400) in the dark at
4 °Covernight. Following washing steps with 1 x PBS, sections were
stained with Alexa Fluor 488-conjugated secondary antibody (Service-
bio, GB27303, China, 1:400) and Cy3-conjugated secondary antibody
(Servicebio, GB21303, China, 1:300) at room temperature for 2 h. After
a final washing step, sections were mounted with DAPI (Vector Labs,
California,1:1000) and quantified for cells positive for Ki67 and SP-C.

Similarly, 5 pm paraffin-embedded lung sections were stained
overnight with a primary antibody against vWF (Sigma, AB7356, 1:250)
at 4 °C. Following three washing steps with 1 x PBS, sections were
analyzed for vWF-positive vessel density.

2.11. RT-qPCR analysis

Total RNA was obtained from cultured A549 cells or fresh lung tissue
using TRIzol Reagent (Takara, Japan) and reverse transcribed into cDNA
with a reverse transcription kit (Vazyme, Nanjing, China) according to
the manufacturer’s instructions. AQP5, SP-C, IL-6, IL-1p, TNF-a and
GAPDH mRNA expression levels were quantified with a ViiA7 Real-Time
PCR system (Life Technologies, USA). The sequences of the primers are
listed in Table 1. GAPDH was used as the internal control, and the
relative expression levels of the target genes were calculated according
to the 2724 ¢ method.

2.12. Protein extraction and Western blotting

A549 cells and lung tissues subjected to different treatments were
lysed in RIPA buffer containing protease inhibitor cocktail and phos-
phatase inhibitor cocktail (APExBIO, USA). The lung tissues were
further homogenized with a homogenizer. Then, the lysates were
centrifuged at 12000 rpm and 4 °C for 30 min. The protein concentration
was measured with a BCA kit (Thermo Fisher Scientific,USA). Equal
amounts of proteins were separated by gel electrophoresis, and trans-
ferred to PVDF membranes (Millipore, Billerica, MA, USA). The

A
Name Length Molecular Isoelectric | Net charge Hydrophobicity
weight point (Kcal * mol 1)
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Fig. 1. Biological characterization of peptide MDABP. (A-B) Basic physical and chemical properties and amino sequence of peptide MDABP; (C) Helical wheel
projections of MDABP (http://heliquest.ipmc.cnrs.fr/). (D) Fluorescence microscope images of A549 cells treated with FITC-MDABP. A549 cells were incubated with
FITC-MDABP (green) at 37 °C for 2 h before imaging. Nuclei were stained with DAPI (blue) before imaging. The magnification of these images was 400 x. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. MDABP improved the pathological changes in animal models of BPD. The pregnant SD rats were kept in room air until delivery. Then, the newborn mice were
immediately exposed to 85 % hyperoxia for 7 days to establish the BPD model. Meanwhile, 10 mg/kg MDABP was intraperitoneally injected into BPD model mices.
(A) Flow chart showing the BPD model. (B) Body weights were recorded at 0, 3, 5 and 7 days after birth. (C-E) The morphology of lung tissue, H&E staining and vWF
immunostaining are shown in the control, hyperoxia and hyperoxia treated with MDABP groups. The endothelial cell marker vWF showed the development of
pulmonary microvessels in newborn mice. Summary data of the quantitative histomorphometric analysis: mean linear intercept (MLI) (F) and radial alveolar count
(RAQ) (G). Scale bars, 100 pm. Data are reported as the means + SDs, n > 6, */# P < 0.05, **/## P < 0.01, ***/### P < 0.001, ns > 0.05, * vs control group (CTL),

# vs hyperoxia group (HYP).

membranes were blocked 5 % skim milk at room temperature for 2 h and
then incubated with the following primary antibodies at 4 °C overnight:
anti-SP-C (Affinity, 1:1000 dilution), anti-AQP5 (Wanleibio, 1:500
dilution), anti-VEGF-A (Proteintech, 1:1000 dilution), GPX4 (Pro-
teintech, 1:1000 dilution), anti-GAPDH (Proteintech, 1:5000 dilution).
The membranes were washed with Tris-buffered saline Tween-20
(TBST) three times, and then incubated with HRP-conjugated second-
ary antibodies(goat antirabbit or goat antimouse IgG; Proteintech
1:5000) at room temperature for 1 h. GAPDH expression was used as an
internal control. The blots were developed with an enhanced chem-
iluminescence detection kit and the images were captured with Imager-
Tanon. Finally, ImageJ software was used to quantify the data.

2.13. RNA sequencing

To further explore the underlying mechanisms of the protective
functions of MDABP, RNA sequencing was performed to compare the
mRNA expression profile between the HYP and HYP + MDABP groups.
Total RNA was extracted from A549 cells using an RNeasy kit (Vazyme,
Nanjing, China). The RNA quality and quantity were assessed using an
Agilent 2100 bioanalyzer (Agilent Technologies, USA). After RNA
quality control, double-stranded cDNA was synthesized from RNA by
reverse transcription and then end-repaired. The cDNA was amplified
and purified by RT-qPCR, followed by quality testing for library
screening. The qualified cDNA libraries were sequenced using Illumina
HiSeqTM platform according to the manufacturer’s instructions. The
raw sequencing were subjected to bioinformatics analysis. The mRNAs
with | fold change| > 1.5 and p value < 0.05 were considered as
significantly differentially expressed. The DEGs were further annotated
and enriched for Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway using Cluster Profiler R v3.8.1 and
KOBAS v3.0.3.

2.14. Statistical analysis

The experimental data were analyzed by ImageJ and GraphPad
Prism 8.0 Software. Data were represented as the mean + standard
deviation(SD). In each group, more than three parallel samples were
collected and the mean and SD were calculated. In each experiment,
there was independently repeated at least three times, and Statistics
were analyzed by the average value and standard error of parallel
samples. An unpaired two-tailed Student’s t-test were used for pairwise
comparison between each group of data. P < 0.05 was considered sta-
tistically significant.

3. Results
3.1. Biological characterization of the peptide MDABP

MDARBP is an 18-amino acid peptide with a molecular weight of 1.79
kDa. The basic information and primary structure of the peptide MDABP
are shown in Fig. 1A-B. The amphipathicity of MDABP was determined
using helical wheel projections to show the distribution of hydrophobic
and hydrophilic amino acids (Fig. 1C). To investigate the membrane
permeability and subcellular distribution of MDABP, A549 alveolar
epithelial cells were incubated with FITC-tagged MDABP for 2 h and
analyzed using a fluorescence microscope. As shown in Fig. 1D, tagged
MDABP penetrated the cell membrane and was observed in both the
cytoplasm and nucleus, displaying no sign of specific intracellular
localization.

3.2. MDABP improved lung tissue injury in a mouse model of BPD

Long-term exposure to high oxygen levels is one of the most
important factors causes of BPD (Dakshinamurti, 2022). Thus, we
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Fig. 3. The function of MDABP in animal models of BPD. Ki67 and TUNEL staining were performed on whole lung sections from (PN7 mice). (A) Ki67 and SP-C
double immunofluorescence staining showed that MDABP promoted alveolar epithelial cell proliferation. (B) TUNEL staining showed that MDABP ameliorated
hyperoxia (HYP)-induced apoptosis. The mRNA expression levels of AQP5 and SP-C and the protein expression levels of AQP5, SP-C and VEGF-A in animal models of
BPD were measured by RT-qPCR (C-D) and Western blotting (H-K) after treatment with 10 mg/kg MDABP. The levels of IL-1p, IL-6, and TNF-a were measured by RT-
qPCR in lung tissues from mouse BPD models of MDABP treatment (E-G). Scale bars, 100 pm. Data are reported as the means + SDs, n > 6, */# P < 0.05, **/## P <
0.01, ***/### P < 0.001, ns > 0.05, * vs control group (CTL), # vs hyperoxia group (HYP).

established a murine model of BPD through postnatal hyperoxia, which
is depicted in Fig. 2A. The body weight of the hyperoxia-treated mice
was reduced by an average of 17.3 % at PN7 compared to control mice
reared under normoxic conditions. Meanwhile, the body weight of the
MDABP-treated pups was increased by an average of 9.2 % compared to
the hyperoxia group (Fig. 2B). Compared to the hyperoxia group, the
MDABP-treated rat pups showed attenuated lung tissue collpse and in-
flammatory infiltration (Fig. 2C). Histological analysis revealed that
alveolar and microvessel development were impaired in the hyperoxia
group, as evidenced by a significantly decreased number of pulmonary

alveoli, reduced expression of the endothelial cell marker vVWF and
enlarged, simplified alveoli. However, these effects were improved in
MDABP-treated rat pups (Fig. 2D-G).

3.3. The function of MDABP in a mouse model of BPD

To further study the effects of the peptide MDABP, immunofluores-
cence staining of rat pup lungs was performed. The results showed that
MDABP treatment improved the inhibition of Ki67 and the increase in
apoptosis (shown by TUNEL staining) induced by high oxygen exposure
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Fig. 4. MDABP can reduce A549 cell damage induced by hyperoxia and promote proliferation. (A) The cell viability of A549 cells treated with different concen-
trations of MDABP was examined by CCK-8 assay. (B) The expression of AQP5 and SP-C in A549 cells was measured by Western blotting after treatment with different
concentrations of MDABP for 36 h. (C-G) The expression levels of AQP5 and SP-C in A549 cells was measured by Western blot and RT- qPCR after treatment with 1
puM MDABP for 36 h. (H-I) Cell proliferation was measured by a BeyoClick TM EdU-488 kit, and the image magnification was 200 x. Data are presented as the mean

+ SD, n > 3, */# P < 0.05, **/## P < 0.01, ns > 0.05,

(Fig. 3A and B). Compared with BPD mice, the qPCR results showed that
the mRNA expression levels of AQP5 (the marker of AT I) and SP-C (the
marker of AT II) were increased (Fig. 3C and D) and MDABP treatment
also ameliorated the protein expression levels of AQP5, SP-C and VEGF-
A (the marker of pulmonary vascular endothelial cells) in BPD mice
(Fig. 3H-K). In addition, the levels of IL-1f, IL-6, and TNF-a were
significantly lower in lung tissues from mice with BPD treated with
MDABP (Fig. 3E-G).

3.4. MDABP ameliorated damage to alveolar epithelial cells in vitro

Human A549 alveolar epithelial cells were selected to evaluate the
effect of MDABP in vitro. A549 cells were incubated with different
concentrations of MDABP for 36 h, and MDABP showed no cytotoxicity
(Fig. 4A). Subsequently, we measured the protein expression of SP-C and

* vs control group (CTL), # vs hyperoxia group (HYP).

AQP5, which were significantly higher in the 1 pM MDABP treatment
group than in the BPD group (Fig. 4B). To further determine whether
MDABEP is beneficial to alveolar epithelial cells, we treated hyperoxia-
exposed A549 cells with 1 pM MDABP or 1 pM scrambled-MDABP for
36 h, and assessed the protein expression levels, mRNA expression
levels, and cell proliferation. The results indicated that MDABP signifi-
cantly promoted the mRNA and protein expression levels of alveolar
epithelial cells (Fig. 4C-G) and reduced the inhibition of A549 cell
proliferation caused by hyperoxia exposure (Fig. 4H and I). However,
scrambled peptide treatment had none of the above effects.

3.5. Differential gene expressions (DEGs)

The gene expression profiles of hyperoxia and MDABP-treated A549
cells were analyzed by RNA sequencing (RNA-seq) to explore the
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molecular mechanism underlying MDABP treatment. We identified 214
genes with significant differential expression (|Fold-change (FC)| > 1.5
and g-value < 0.05) and visualized them in a volcano plot (Fig. 5A, C).
We performed a hierarchical clustering analysis of differentially
expressed mRNAs between the hyperoxia (HYP) and MDABP-treated
(HYP + MDABP) groups using a heatmap (Fig. 5D). The two groups
showed similar expression patterns and clustered together. Gene
Ontology (GO) enrichment analysis was used to annotate the potential
functions of DEGs, Molecular function analysis showed that the DEGs
were involved in the guanylate and serine metabolism processes, as well
as ferric iron binding (Fig. 5E). Cellular component analysis showed that
DEGs were significantly enriched in ribosomes and mitochondria com-
ponents (Fig. 5F). Biological process analysis revealed an enriched GO
term related to cellular iron homeostasis (Fig. 5G). KEGG pathway
analysis revealed that significantly DEGs were involved in arginine and
proline metabolism and ferroptosis (Fig. 5H). Hyperoxia has been shown
to reduce L-arginine levels nitric oxide generation (Yue et al., 2021).
Thus, the arginine and proline metabolism pathways were verified by
detecting the intracellular nitric oxide concentration. Nitric oxide con-
centration was significantly decreased in the HYP group, but not in the
MDABP-treated group (Fig. 5B). Therefore, we hypothesized that
MDABP might not exert its biological function through the arginine and

proline metabolism pathways.

3.6. The protective effects of MDABP are associated with ferroptosis

To explore the protective function of MDABP against hyperoxia lung
injury, we measured the markers of ferroptosis signaling pathway. We
found that the hyperoxia group had increased cellular concentrations of
Fe?" and levels of oxidative indicators (ROS) and decreased activities of
antioxidative indexes such as GSH compared with the normoxia group.
However, the MDABP-treated group showed markedly decreased in
cellular Fe** (Fig. 6A) and ROS (Fig. 6E) and increases in GSH (Fig. 6D).
Furthermore, we found that 1 pyM MDABP treatment significantly
increased the expression of GPX4, a ferroptosis-associated protein in
vitro (Fig. 6B and C).

3.7. MDABP ameliorates AEC injury by modulating ferroptosis

To further determine whether MDABP acts by the ferroptosis
signaling pathway, we treated AEC with the ferroptosis inducer RSL3 (2
pM) (Tang et al., 2021). The results showed that MDABP had no sig-
nificant effect. Conversely, RSL3 decreased cell proliferation (Fig. 7A
and B) and protein expression of SP-C and AQP5 (Fig. 7F, G, I), which
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were restored by MDABP treatment. In addition, we assessed ROS, GSH,
Fe?* and GPX4, a ferroptosis-associated protein, after RSL3 treatment.
RSL3 increased Fe*™ (Fig. 7C) and ROS levels (Fig. 7E), and decreased
GSH (Fig. 7D) and GPX4 expression (Fig. 7H and I), compared with the
control group, but MDABP treatment reversed these effects. These re-
sults suggested that MDABP enhanced cell proliferation by inhibiting
ferroptosis, thereby improving AEC injury induced by RSL3.

4. Discussion

Despite the significant advances in perinatal care over the past
several decades, there is still a high incidence of BPD without an effec-
tive prevention or treatment. BPD results from impaired lung vascular
and alveolar development leading to defective gas exchange (Baker
et al., 2012). Thus, protecting AEC and pulmonary endothelial cells is a
strategy for BPD therapy. Continuous hyperoxia exposure has been
shown to cause AEC damage and reduce vascular density (Giusto et al.,
2021). Thus, in this study, we used newborn SD rats to construct models
of BPD through long-term exposure to high levels of oxygen.

Many bioactive peptides with diagnostic or therapeutic applications
for neonatal diseases have been identified. Apelin, which has vasodilator
and angiogenic effects, attenuates pulmonary inflammation, fibrin
deposition, and right ventricular hypertrophy, and improves alveolari-
zation in neonatal hyperoxic lung injury rats through a nitric oxide
synthase-dependent mechanism (Bell et al., 2022). CGRP also alleviated
hyperoxia-induced lung injury by enhancing cell viability and inhibiting
the transdifferentiation of AECIIs. This is significantly associated with
lower MDA levels, higher SOD activity, and Notch pathway activation
(Deng et al., 2022).

In rencent years, milk-derived bioactive peptides also have immu-
noregulatory, antioxidant, antimicrobial and probiotic effects that have
drawn much attention (Wada and Lonnerdal, 2020). For example,
BCCY-1, a p-casein-derived peptide, modulates innate immunity by
activating the NF-kB and MAPK signaling pathways (Cai et al., 2021). In
addition, YVEEL, a HIV-1 TAT (48-60)-hybrid peptide, protected
against experimental NEC in vitro and in vivo, by suppressing TLR4-
mediated signaling through a PI3K/AKT-dependent pathway (Yan

et al., 2022). These studies demonstrate that human breast milk-derived
peptides could be a potential drug for BPD therapy. We have confirmed
that MDABP is the up-regulated expression in the colostrum of preterm
infants, but its role in BPD remains unknown. Thus, in this study, we
verified the biological characteristics and explored the effects of MDABP
on BPD in vivo and in vitro. The results revealed that MDABP treatment
promoted body weights of infant rats increasing, improved alveolar
simplification and pulmonary vascular retardation, promoted AEC pro-
liferation, inhibited cell apoptosis, and reduced inflammation. These
data indicate that MDABP inhibits the progression of BPD.

RNA sequencing was performed to further explore the specific
mechanism of MDAB on BPD. The result showed that the ferroptosis
signaling pathway played a major role. The pathogenesis of BPD is very
complex and it involves various factors and signaling pathways. The
Notch (Tsao et al., 2016); Wnt/f-catenin (Yang et al., 2021), Nrf2
(Amata et al., 2017) and ferroptosis signaling pathways (Chou and Chen,
2022) are involved in hyperoxia-induced lung injury. Ferroptosis, an
iron-dependent form of non-apoptotic cell death, has attracted
increasing interest recently. Excess iron and lipid peroxidation have
been associated with BPD development (Patel et al., 2019; Ogihara et al.,
1999; Baraldi et al., 2016). ROS, lipid peroxidation and accumulation of
free iron are key factors in ferroptosis pathway. In this study, we found
that MDABP reduced the levels of Fe>* and ROS and increased GSH and
GPX4 in vitro, while the ferroptosis agonist RSL3 reversed these effects.
These results indicate a important role for ferroptosis in BPD and are
congruent with previous studies (Jia et al., 2021).

Ferroptosis has been implicated in lung injury (Li et al., 2020; Zhang
et al., 2022). However, ferroptosis and hyperoxia-induced BPD have
been rarely reported (Chou and Chen, 2022). This study revealed the
relationship a link between milk-derived peptides and BPD which is that
promotes cell proliferation to alleviate hyperoxia-induced lung injury by
inhibiting ferroptosis pathway signaling. However, this study also has
some limitations. The relationship between ferroptosis and BPD has only
been studied in cells and animals, and no clinical study on BPD has been
conducted yet. Moreover, we used a single cell line and did not elucidate
the specific mechanism of ferroptosis in hyperoxia-induced lung injury.
Nrf2 is known to plays a key role in antioxidant responses and regulate
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Fig. 7. MDABP rescued the alveolar epithelial cell damage caused by activation of the ferroptosis signaling pathway. RSL3 (2 pmol/L) was used to activate the
ferroptosis signaling pathway. (A-B) The cell proliferation was measured by a BeyoClick TM EdU-488 kit and the image magnification was 200 x for each of four

groups. (C) FerroOrange fluorescent probe was used for fluorescence imaging of Fe?*

in living cells. Original magnification: 100x. (D) The GSH content in A549 cells

was measured by a GSH assay kit. (E) The levels of ROS were examined by an ROS assay kit. (F-I) The expression levels of AQP5, SP-C and GPX4 in A549 cells were
measured by Western blotting. Data are presented as the mean + SD, n > 6, */# P < 0.05, **/## P < 0.01, ***/### P < 0.001, ****/###4# P < 0.001 ns > 0.05, *

vs control group (CTL), # vs RSL3 group.

the glutamate-cysteine reverse transport system involving xCT and
GPX4, two critical targets for inhibiting ferroptosis (Dodson et al.,
2019). The Nrf2/HO-1 axis also protects postnatal alveolar development
(Amata et al., 2017). Panaxydol has been shown to inhibit ferroptosis by
activating the KEAP1/Nrf2/HO-1 pathway, thereby reducing LPS-
induced acute lung injury (Li et al., 2021). Therefore, we hypothesize
that MDABP could alleviate BPD by modulating the Nrf2/HO-1 axis to
suppress GSH/GPX4, a key antioxidative system in ferroptosis.

In a follow up study, our research group will collect lung tissue from
patients with clinical BPD to verify that ferroptosis is involved in the
pathogenesis of BPD, We will also conduct a detailed investigation of the
specific mechanisms by which ferroptosis contributes to lung injury and
inflammation.
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5. Conclusions

To sum up, the human milk-derived peptide MDABP protected
against experimental BPD in vitro and vivo by inhibiting the ferroptosis
signaling pathway (Fig. 8). These findings provide a unique perspective
for developing innovative therapeutic agents for BPD.
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