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Background: Bronchopulmonary dysplasia (BPD) is a common chronic respiratory disease in preterm infants,
and its incidence has gradually increased with advances in medical technology. BPD is associated with multiple
complications, significantly impacting the quality of life of affected infants and imposing substantial economic
burdens on families and society. Currently, the molecular mechanisms of BPD are not fully understood, and
effective treatments are lacking. MicroRNAs (miRNAs), as important gene regulatory molecules, play a critical
role in lung development and BPD. This study aims to investigate the potential role of miRINAs in BPD, with a
particular focus on miR-9-5p and guanosine triphosphate cyclohydrolase 1 (GCHI).

Methods: Differential expression analysis of genes and miRNAs was conducted using the Gene Expression
Omnibus (GEO) database. A hyperoxia-induced injury cell model was constructed to examine the expression
of miR-9-5p. Target genes of miR-9-5p were predicted using online databases, followed by functional and
protein interaction network analyses. In addition, cell culture, real-time quantitative polymerase chain
reaction (RT-qPCR), western blotting, reactive oxygen species (ROS) level detection, malondialdehyde
(MDA) assay, and Fe™ detection experiments were performed.

Results: In the GSE108755 dataset, miR-9-5p was found to be upregulated in the blood of infants with
BPD. In the hyperoxia-induced injury cell model, miR-9-5p expression was significantly increased. GCHI
was identified as a target gene through intersection with ferroptosis regulatory gene sets. In the cell model,
GCHI expression was markedly downregulated, while ROS, MDA, and Fe™* levels were significantly
elevated.

Conclusions: This study provides new insights into the molecular mechanisms of BPD, suggesting that
miR-9-5p and GCHI may serve as potential therapeutic targets for BPD. The findings contribute to a
deeper understanding of the molecular basis of BPD, providing theoretical and experimental support for its
diagnosis and treatment strategies. Future research will further explore the regulatory relationship between

miR-9-5p and GCHI and their roles in animal models, cell models, and clinical patients.
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Introduction

Bronchopulmonary dysplasia (BPD) is a common and severe
respiratory disease in preterm infants, with an increased
incidence in infants with lower gestational age and birth
weight (1). The pathological characteristics of BPD are
typified by alveolar dysplasia, vascular simplification, and
dysmorphic vascular development (2). In 2010, the NICHD
(Eunice Kennedy Shriver National Institute of Child
Health and Human Development) Neonatal Research
Network reported a BPD incidence as high as 68% among
preterm infants born at 22-28 weeks of gestation (3). A
multicenter clinical study conducted in China in 2019
reported an incidence of BPD of 72.2% in ultra-low birth
weight or extremely premature infants (4). Advances in
neonatal intensive care and medical technology have also
significantly improved the survival rates of extremely low
and very low birth weight infants, contributing to the rising
incidence of BPD (5). Premature infants with BPD show
significantly higher mortality and complication rates than
other preterm infants. Survivors with BPD often exhibit
airway hyperresponsiveness and abnormal lung function,
with frequent respiratory infections, asthma, feeding
difficulties, developmental delays, and neurodevelopmental
disorders during infancy and early childhood (6-8). In
adulthood, they are at an elevated risk of developing
chronic obstructive pulmonary disease (COPD) (9).

Highlight box

Key findings

® This study identified key genes and signaling pathways involved in
bronchopulmonary dysplasia (BPD)-associated chronic respiratory
disease in preterm infants utilizing bioinformatics approaches.

What is known and what is new?

® Previous studies highlighted that several miRINAs were dominant
in lung development in BPD infants. However, the lack of reliable
biomarkers for BPD has hampered diagnosis, prognosis, and
clinical outcomes.

® The current report enhanced the pool of potential indicators by
screening the differentially expressed genes and their functions
in BPD infants. It underscored the role of miR-9-5p/guanosine
triphosphate cyclohydrolase 1 (GCH1) and associated signaling
pathways in BPD development and treatment.

What is the implication, and what should change now?

* Extra studies should be carried out to demonstrate the candidate
genes and pathways in BPD progression and identify their
potential as therapeutic targets.
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BPD-affected children often require prolonged and
recurrent hospitalizations, resulting in lifelong pulmonary
impairment, significantly reduced quality of life, and
heavy economic burdens on families and society (6,10).
Current treatment strategies for BPD mainly include
respiratory support, nutritional optimization, complication
management, stem cell and gene therapy (11). However,
the etiology and pathogenesis of BPD are complex, and no
effective treatment is currently available. Consequently,
research on the etiology, prevention, and treatment of BPD
remains a priority area within the field of neonatology.
MicroRNAs (miRNAs) are highly conserved, small
non-coding RNA fragments in eukaryotic cells, ranging
from 18-24 nucleotides in length. They are derived from
single-stranded RNA precursors processed by RNase I11-
type endonucleases and Dicer enzymes. miRNAs regulate
protein expression by binding complementarily to the 3' end
of mRNA of target genes, influencing mRNA stability and
inhibiting translation (12). As key gene regulators, miRNAs
control the transcription of approximately 30% of human
genes (13) and play essential roles in various physiological
processes, including cell differentiation, proliferation, and
programmed cell death (14). Studies indicate that several
miRNAs are critical in both normal and abnormal lung
development, as well as in BPD (15-17). miR-9-5p plays a
significant role in numerous physiological functions and is
involved in the pathogenesis of multiple diseases, including
various cancers (18-20) and neurological disorders (21). In
pulmonary inflammation, miR-9-5p exerts protective effects
in juvenile pneumonia mouse models by targeting CXCL11
and inhibiting the TLR4/NF-«B signaling pathway, thereby
reducing inflammation and apoptosis (22,23). Nevertheless,
no studies have yet reported on the role of miR-9-5p in BPD.
Guanosine triphosphate cyclohydrolase 1 (GCH1) is the
rate-limiting enzyme in the synthesis of tetrahydrobiopterin
(BH4), an essential cellular antioxidant involved in
angiogenesis, inflammation, oxidative stress, and other
biochemical pathways (24), which are closely associated
with the pathogenesis of BPD (25). A study has shown
that hyperoxia can reduce GCHI levels in neonatal rat
pups, while caffeine improves immature lungs’ resistance
to hyperoxic injury by increasing BH4 levels through
upregulation of GCHI and enhancement of endothelial
nitric oxide synthase (eNOS) activity (26). Another study
demonstrated that GCHI overexpression could effectively
prevent and mitigate radiation-induced lung injury
by reducing oxidative damage from free radicals (24).
However, the biological function of GCH1 in BPD remains
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unexplored.

Recent research has highlighted the importance of
ferroptosis in BPD. Ferroptosis, a form of iron-dependent
lipid peroxidation-driven cell death, is closely associated
with the pathogenesis of BPD (27). It has been linked
to acute lung injury in neonates (28), and evidence of
ferroptosis has been observed in neonatal rat models of
BPD, where inhibition of ferroptosis improved alveolar
development (27,29,30). However, it remains unclear
whether miRNAs play a role in BPD by regulating
ferroptosis (31,32).

With advancements in gene chip technology, genomics
has become widely applicable in disease research (33,34),
providing extensive tools for identifying biomarkers and
discovering new therapeutic targets for BPD (35-37).
This study utilized the Gene Expression Omnibus (GEO)
database to analyze differentially expressed miRNAs and
established a hyperoxia-induced BPD cell model to examine
the expression of miR-9-5p in it. The results showed that
hyperoxia significantly increased miR-9-5p expression
and boosted cellular damage and highlighted the pivotal
function of GCHI in the pathogenesis and management of
BPD. We present this article in accordance with the MDAR
reporting checklist (available at https://tp.amegroups.com/
article/view/10.21037/tp-2024-595/rc).

Methods
Data acquisition and differential gene expression analysis

Using the keyword “bronchopulmonary dysplasia”, a
search was conducted in the GEO database (https://www.
ncbi.nlm.nih.gov/geo/) with the study organism restricted
to “Homo sapiens”. The datasets GSE108755 (miRNA
dataset, including five BPD samples and six normal control
samples), GSE188944 (mRNA dataset, including six BPD
samples and 17 control samples), and GSE108754 (mRINA
dataset, including five BPD samples and six control samples)
were selected. The two mRNA datasets were merged for
differential analysis to obtain a set of differentially expressed
genes (DEGs) for BPD. The GSE108755 dataset was
normalized, and differential gene expression analysis was
conducted using the limma package in R software, with
significant differential miRNAs visualized in a volcano plot
using the ggplot package. The fold change (FC) threshold
for significant differential genes was set at logFCI >0.5
and P<0.05. Hierarchical clustering was applied to cluster
genes with similar functions, and the pheatmap package was

© AME Publishing Company.

Zhang et al. Bioinformatic analysis of BPD biomarkers

used to display the most significantly changed miRNAs in a
heatmap. The study was conducted in accordance with the
Declaration of Helsinki and its subsequent amendments.

Functional analysis of DEGs

Target genes of miR-9-5p were predicted using online
databases, including miRDB, miRWalk, and TargetScan8.0,
and visualized through intersection analysis, resulting in
129 common predicted target genes. A Venn diagram was
created using the VennDiagram package to illustrate this
overlap. Functional enrichment analyses for molecular
functions (MFs), cellular components (CCs), biological
processes (BPs), and KEGG pathways of these 129 target
genes were performed using the DAVID database (https://
davidbioinformatics.nih.gov/home.jsp), with results
presented in bubble plots generated using the ggplot2
package.

Protein-protein interaction (PPI) network analysis

The 129 intersecting predicted target genes were analyzed
for PPI in the STRING database (http://string-db.org),
extracting interaction relationships to construct a PPI
network of the target gene set.

Cell culture, grouping, and intervention

MLEI12 cells were obtained from Fenghui Biotechnology
(CL0621, Changsha, China) and cultured in DMEM/
F12 medium (10-092-CVRC, Corning, Shanghai, China)
containing 10% fetal bovine serum (11011-8611-100mL,
Tianhang Biotechnology, Hangzhou, China), 1% penicillin/
streptomycin solution (C0224, Beyotime, Shanghai, China),
and ITS culture supplement (C0341, Beyotime, Shanghai,
China) at 37 °Cin a 5% CO, atmosphere. Cells were seeded
at a density of 2x10’ cells per well in a six-well plate. After
24 hours of attachment, cells were divided into a control
group and a hyperoxia-induced injury group (hyperoxia
group). The hyperoxia group was cultured in a 37 °C, 85%
oxygen environment for 48 hours, while the control group
was maintained under standard culture conditions at 37 °C

with 5% CO, for 48 hours.

Real-time quantitative polymerase chain reaction (R1-
qPCR) assay

The expression level of miR-9-5p was measured using RT-
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Table 1 Sequences of primers

miRNAs Sequence

miR-9-5p AGTATGTCGATCTATTGGTTTCT
miR-15a-3p CAGGCCATATTGTGCTGCCTCA
miR-141-3p TAACACTGTCTGGTAAAGATGG
miR-143-3p TGAGATGAAGCACTGTAGCTC

miR-195-5p TAGCAGCACA GAAATATTGG C

miRNAs, microRNAs.

gPCR. Total RNA from each group of cells was extracted
with TRIzol reagent (15596026, Invitrogen, Shanghai,
China). Reverse transcription was performed using a
specialized miRNA reverse transcription kit (638315,
Takara, Dalian, China), followed by PCR amplification
with a miRNA-specific real-time quantification kit (638314,
Takara, Dalian, China). The reverse transcription reaction
was set in a 10 pLL system followed by the manufacture’s
guidance. The reverse transcription was carried out on
a PCR instrument with incubation at 37 °C for 1 hour,
followed by 85 °C for five minutes to inactivate the reverse
transcriptase. Then, products of the reverse transcription
were taken as templates for the following real-time PCR
quantification by using a 25 pL system. The cycling
protocol was as follows:

% Denaturation: 95 °C for 10 seconds;

% qPCR (40 cycles): 95 °C for five seconds, 60 °C for

20 seconds;
s Melt curve: 95 °C for 60 seconds, 55 °C for
30 seconds, 95 °C for 30 seconds.

Results were analyzed using SDS7500 software from
Applied Biosystems and quantification was performed using
the 27**“ method, with U6 RNA as the internal reference.
All primers that enlisted in current study were synthesized
by TaKaRa company and listed in Zable 1.

Western blotting assay

Cells were collected, and total protein was extracted
using the standard RIPA method (PO013B, Beyotime,
Shanghai, China). Protein quantification was performed
with a BCA Protein Quantification Kit (P0010S, Beyotime,
Shanghai, China), and protein concentrations were
adjusted accordingly for each group. Samples were mixed
with loading buffer (P0015, Beyotime, Shanghai, China)
and boiled. Sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis (SDS-PAGE) was conducted, followed by
membrane transfer onto 0.45 pm Whatman nitrocellulose
membranes (10600002, MERCK, Shanghai, China).
Membranes were blocked at room temperature and
incubated overnight at 4 °C with the primary antibody
(GCH]1, ab307507, Abcam, Shanghai, China) at a 1:250
dilution. After washing three times with Tris-buffered
saline with Tween 20 (TBST), membranes were incubated
with the corresponding secondary antibody (goat anti-
rabbit, A0208, Beyotime) at a 1:1,000 dilution for 3 hours
at room temperature. The membranes were washed three
more times with TBST, and GCHI1 protein expression was
detected using an ECL chemiluminescence system (P0018S,
Beyotime, Shanghai, China).

ROS level detection

Cells were seeded in a six-well plate at a density of
1x10° cells per well and subjected to respective treatments
according to the experimental groups. The DCFH-DA
probe (S0035S, Beyotime, Shanghai, China) was diluted to
a final concentration of 10 pmol/L in serum-free medium at
a ratio of 1:1,000. After removing the cell culture medium,
an appropriate volume of diluted DCFH-DA was added
to each well, ensuring complete coverage of the cells (at
least one milliliter per well for a six-well plate). Cells were
incubated at 37 °C for 20 minutes in a cell incubator. After
incubation, cells were washed three times with serum-free
medium to remove excess DCFH-DA that had not entered
the cells. Fluorescence was measured on a microplate reader
with an excitation wavelength of 488 nm and an emission
wavelength of 525 nm. The average fluorescence intensity
of each group was calculated to reflect intracellular ROS
levels. Each experiment was conducted in five times using
independent cell cultures.

Malondialdebyde (MDA) assay

Cells were seeded in 10 cm dishes and treated with
hyperoxia or control conditions until they reached 90%
confluency. After treatment, cells were collected by
trypsinization, lysed, and centrifuged at 10,000 g for
10 minutes at room temperature. The supernatant was
collected, with 0.2 mL used for protein concentration
measurement, while the remainder was used for MDA
detection (S0131S, Beyotime, Shanghai, China). MDA
working solution (200 pL) was added to each sample tube,
blank tube, and standard tube according to the protocol,
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followed by 100 pL of the test sample, standard, or control.
The mixture was incubated in a 100 °C water bath for
15 minutes, then cooled in a water bath. Absorbance at
532 nm was measured in a 96-well plate, and MDA content
was calculated.

Ferrous ion detection in cells

The assay was performed according to the kit instructions
(E-BC-K881-M, Elabscience, Wuhan, China), as outlined
below: collected cells were lysed by adding 0.2 mL of
reagent [ per 1x10° cells, mixed thoroughly, and placed
on ice for 10 minutes. The lysate was then centrifuged
at 15,000 xg for 10 minutes, and the supernatant was
collected. A standard curve solution with varying
concentrations of ferrous ions, as well as test and control
solutions, was prepared. For the assay, 80 pL of reagent
IT was added to the control wells, and 80 pL of reagent
III was added to the test and standard wells. After mixing,
the plate was incubated at 37 °C for 10 minutes. Optical
density (OD) values for each well were measured at
593 nm on a microplate reader.

Statistical analysis

Statistical analysis was conducted using SPSS 23.0 and
GraphPad Prism 8.0 software. For data with normal or
approximately normal distributions, results were expressed
as mean = standard deviation, and comparisons between
two groups were made using an independent sample 7-test.
For data with skewed distributions, results were expressed
as median (interquartile range), and comparisons between
two groups were made using the Mann-Whitney U test.
Categorical data were described using frequency and
composition ratios, with comparisons between groups made
using the non-parametric %’ test. A significance level of
a=0.05 was used, and P values were two-sided, with P<0.05
considered statistically significant.

Results
Identification of DEGs in BPD

To obtain a set of DEGs for BPD, we collected and
annotated a substantial amount of relevant data from the
GEO database to obtain a set of DEGs for BPD. The
datasets GSE188944 and GSE108754 were employed
for the screening of DEGs associated with BPD. The

© AME Publishing Company.
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identification of 475 genes was based on the criteria of
[logFCI >1 and P<0.05, resulting in the classification of
283 genes as upregulated and 192 genes as downregulated
(Figure 14,1B). The Gene Ontology (GO) enrichment
method is frequently employed to elucidate the relationships
between genes and GO terms, whereas the Kyoto
Encyclopedia of Genes and Genomes (KEGQG) enrichment
method can be utilized to identify gene-pathway
correlations. The three ontologies in the GO enrichment
analysis are “BP” (Figure 1C), “CC” (Figure 1D), and “MF”
(Figure 1E). Specifically, the DEGs were significantly
enriched in cell adhesion and signal transduction (BP), and
in plasma membrane (CC). Furthermore, it demonstrated
enrichment in identical protein binding (MF). The KEGG
pathway analysis provides a modelling tool to illustrate
how fundamental molecular or biological processes interact
(Figure 1F). In our study, the KEGG pathway analysis
revealed significant enrichment in vitamin D receptor
pathway, PPAR signaling pathway, renin-angiotensin
system (RAS) signaling pathway, fatty acids and lipoproteins
transport in hepatocytes.

miRNA analysis from online data

Using the limma package, differential expression analysis
of miRNAs in the GSE108755 dataset was conducted,
identifying 298 differentially expressed miRNAs, with
147 upregulated and 151 downregulated miRNAs at a
significance threshold of P<0.05. As there were too many
potential targets, we increased the threshold to |logFCI
>1, P<0.05 (Figure 24). Using heatmap, we identified
9 significantly upregulated and 22 significantly
downregulated miRNAs (Figure 2B). Volcano plots and
heatmap analyses revealed that hsa-miR-9-5p exhibited
the most significant change (logFC =1.276, P=0.02).
Cells in both control group and hyperoxia group were
harvested and undergone real-time quantitative PCR
analysis. Results showed a significant increase in miR-
9-5p expression (P<0.001), and thus it was chosen as the
candidate gene for further investigation (Figure 2C-2G).
Using three online miRNA target gene prediction
databases—miRDB, miRWalk, and TargetScan—we
identified an intersection of 129 target genes (Figure 2H).
Given that the regulation of ferroptosis is a key factor in
the pathogenesis of BPD, we further intersected these
129 target genes with both the BPD DEG set and the
ferroptosis gene set, ultimately identifying GCHI as the
sole target gene (Figure 21I).
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Figure 1 Identification of DGEs for BPD from datasets GSE188944 and GSE108754. (A) Volcano plots of DGEs. Red and blue dots denote
significantly upregulated and downregulated values, while gray dots represent genes with no significant difference. (B) Clustered heatmap

of DGEs. Red indicates that the DEGs have a high expression value and blue indicates that a DEGs have a low expression value (1logFCI

>1, P<0.05). (C) Biological process analysis on DGEs. (D) Cellular component analysis on DGEs. (E) Molecular function analysis on DGEs.
(F) KEGG pathway analysis on DGEs. BPD, bronchopulmonary dysplasia; DGEs, differentially expressed genes; FC, fold change; GABA,
gamma-Aminobutyric acid; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 2 Differentially expressed miRNAs from GSE108755 dataset and identification of miRNA target gene. (A) Volcano plot of 32
differentially expressed miRNAs. The red and blue points symbolize the upregulated and downregulated miRNAs with statistical significance
(logFCl >1, P<0.05). (B) Heatmap analyses revealed that hsa-miR-9-5p exhibited the most significant change (logFC =1.276, P=0.02). (C-
G) Real-time quantitative PCR detection of miRNA level changes between the two groups. (H) An intersection of 129 target genes of miR-
9-5p from miRDB, miRWalk, and TargetScan 8.0. (I) An intersection of miR-9-5p target genes with the BPD differentially expressed gene
set and the ferroptosis gene set. **, P<0.01; ***, P<0.001. BPD, bronchopulmonary dysplasia; DGEs, differentially expressed genes; FC, fold

change; miRNA, microRNA; PCR, polymerase chain reaction.

GO and KEGG pathway envichment analysis of DEGs

Bubble plots for GO functional enrichment analysis
and KEGG pathway enrichment of DEGs are shown in
Figure 34-3C and Figure 3D, respectively. The three
ontologies in the GO enrichment analysis are “MF”, “CC”,
and “BP”. Further functional enrichment analysis revealed
that DEGs are significantly associated with protein binding
in MF; with cytosol, cytoplasm, and nucleus in CC; and
with the regulation of transcription by RNA polymerase
II in BP. KEGG pathway enrichment analysis showed that
DEGs are primarily enriched in the cytoskeleton in muscle

© AME Publishing Company.

cells, endocytosis, MAPK signaling pathway, and RAS
signaling pathway.

Construction of PPI network and key module screening

For the 129 intersecting predicted target genes, interaction
relationships were extracted from the STRING database
to construct a PPI network (Figure 4). In the interaction
results among the predicted target genes, GCHI1 formed a
major node, suggesting its significant regulatory role in the
associated pathophysiological processes.
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Figure 3 Enrichment analysis of DEGs. Gene Ontology enrichment analysis includes (A) biological process, (B) cellular component, and (C)
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Expression of GCH]I, ferrous ions, ROS, and MDA in both
cell groups

The translational variations of GCHI1 in control cells and
hyperoxia ones were detected by western blot, and results
showed a marked decrease in GCHI1 expression in the
hyperoxia-induced injury group (P<0.001). Additionally,
Fe’* (P<0.001), ROS (P=0.007) and MDA (P<0.001) levels
were significantly elevated in the hyperoxia-induced injury

cell model (Figure 5).

Discussion

BPD is a disease that presents with a number of
characteristic features, including arrest of lung development,
impaired alveolar capillary development, increased
interstitial fibrosis, pulmonary vascular abnormalities, and
reduced branching (31,38). However, the pathogenesis of
BPD is complex and not fully understood. Given the rising
prevalence of BPD, there is an urgent need to elucidate its
underlying mechanisms. Recent advancements in gene chip
technology have broadened the application of genomics in
disease research, providing new approaches for exploring
biomarkers and identifying therapeutic targets for BPD (6).
As a widespread regulatory factor, miRNAs have been

© AME Publishing Company.

shown to play a critical role in normal and abnormal lung
development and are involved in the pathogenesis and
progression of BPD (33,39).

The MLEI12 cell line was selected for the hyperoxia-
induced injury model due to its relevance to pulmonary
epithelial biology, responsiveness to oxidative stress, and
alignment with BPD pathogenesis. MLE12 cells are a
murine lung epithelial cell line derived from mouse lung
tissue, representing alveolar epithelial cells. These cells are
critical for alveolar development and gas exchange, which
are directly impaired in BPD. Lung epithelial cells are
primary targets of hyperoxic injury in BPD, making MLE12
cells a physiologically relevant model to study alveolar
damage and repair mechanisms. Hyperoxia-induced injury
in MLE12 cells recapitulates key BPD hallmarks observed
in vivo, including oxidative stress (elevated ROS/MDA),
ferroptosis (increased Fe’*), and dysregulated miRNA/
mRNA expression (e.g., miR-9-5p upregulation and GCH]1
downregulation). Previous study has used MLE12 cells
or similar lung epithelial lines to model hyperoxic injury,
validating their utility in BPD research (26).

In this study, we analyzed 1,461 human miRNAs in
the GSE108755 dataset, identifying nine significantly
upregulated and 22 significantly downregulated miRINAs.
miR-9-5p was selected as a target due to its critical roles
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in various physiological functions, such as tumorigenesis,
inflammation, and apoptosis. Bioinformatics analysis
showed that miR-9-5p was upregulated in BPD, with high
expression observed in the hyperoxia-induced injury cells,
suggesting that its overexpression may contribute to BPD
progression.

To delve into the pathophysiology of these conditions,
we conducted GO pathway analyses focusing on BPs, CCs,
and MFs. GO enrichment analysis indicated that DEGs
are primarily involved in processes such as angiogenesis,
protein binding, and metal ion binding, all of which
are closely associated with BPD pathogenesis (40).
The formation and maturation of pulmonary blood
vessels, especially pulmonary microvessels, are critical for
alveolar development and structural maintenance. It is
widely accepted that vascular development is a key factor
influencing the formation of the alveoli (41). Impaired
pulmonary vascular development may play a key role in
BPD pathogenesis, as inhibition of angiogenesis leads to
alveolar simplification in neonatal rodents, resembling the
pathology observed in preterm infants with BPD (40).

KEGG pathway analysis revealed key BPD-related
pathways, including the MAPK signaling pathway, RAS
signaling pathway, and extracellular matrix (ECM)-
receptor interactions. These findings are consistent with
the established pathophysiological mechanisms of cell
proliferation, differentiation, apoptosis, and stress response.
The MAPK signaling pathway plays an important role
in mediating hyperoxia-induced lung injury (42). It has
been demonstrated that exposure to 95% oxygen and
H,O, stress activates MAPK family members p38 and
JNK, which in turn induce apoptosis and cell damage.
Conversely, the specific inhibition of MAPK activation
has been shown to improve cell survival (43). This study
observed high miR-9-5p expression in the hyperoxia-
induced injury cells, suggesting that it may promote BPD
progression through pathways such as MAPK signaling.
Moreover, the ACE-2/Ang(1-7)/Mas axis in the RAS is
associated with acute lung injury, pulmonary hypertension,
and pulmonary fibrosis (44). Studies indicate that ACE-
2 expression is significantly reduced under hyperoxia (45),
and the Mas receptor antagonist A779 can reverse the
protective effect of ACE-2 (46,47). Hyperoxia caused high
airflow restriction, increased pulmonary expression of the
pro-fibrotic RAS pathway, and decreased expression of the
pro-developmental in BPD mouse model (48,49). miR-9-5p
promotes NF-kB activation in pancreatic cancer and
endometriosis by targeting SIRT1, thereby enhancing
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inflammation and tumor progression, while in traumatic
brain injury and systemic lupus erythematosus, it suppresses
NF-«B signaling via PTCHI1 or direct inhibition of
NFKBI, alleviating neuroinflammation and immune
dysfunction. This dual role highlights miR-9-5p as a
versatile modulator of inflammation, with implications for
diverse pathological contexts.

A PPI network analysis was conducted from the
STRING database using 129 intersecting predicted
target genes. This initiative aimed to gain insights into
potential treatment strategies and biomarker discovery for
BPD. Among all the nodes, GCHI formed a major node,
suggesting its significant regulatory role in the associated
pathophysiological processes.

We then used real-time quantitative PCR to measure
the expression levels of miR-9-5p in the control group and
the hyperoxia-induced injury group. In osteoarthritis and
rheumatoid arthritis, it exerts anti-inflammatory effects
by inhibiting pro-inflammatory pathways by targeting
syndecan-1 or REST/miR-132 axis. Conversely, in
metabolic syndrome and COPD, miR-9-5p may contribute
to pro-inflammatory responses by suppressing protective
genes like ABCAI or interacting with long non-coding
RNAs (IncRNAs) to activate NF-«B signaling. These
divergent roles highlight the complexity of miR-9-5p’s
regulatory network across diseases, emphasizing the need
for disease-specific mechanistic investigations. We found
increased miR-9-5p expression and decreased GCH1
expression in the hyperoxia cells, with concurrent increases
in ROS and MDA levels, suggesting that miR-9-5p
may play an important role in BPD through ferroptosis
by regulating the expression of its downstream target
gene, GCH1. GCHLI is the rate-limiting enzyme for BH4
synthesis and inhibits ferroptosis through the GCH1/BH4/
DHFR pathway during antioxidation (50). Additionally,
caffeine increases GCHI1 levels in neonatal rats, raising
BH4 concentration to enhance eNOS activity, thereby
protecting immature lungs from hyperoxic injury (26).
Ferroptosis is a novel iron-dependent programmed
cell death characterized by the accumulation of lipid
peroxides (50). Studies have shown that GCH1 prevents
ferroptosis by increasing BH4 levels and remodeling the
lipid membrane environment (32,51). In lipid peroxidation,
ROS accumulation is a hallmark of ferroptosis, and MDA,
a product of lipid peroxidation, reflects the degree of lipid
peroxidation in the body (52,53). In this study, GCH1
expression decreased, while Fe’*, ROS, and MDA levels
increased in the hyperoxia-induced injury cell model,
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suggesting the presence of ferroptosis in the neonatal
mouse BPD model, consistent with previous reports (54,55).
Bioinformatics analysis identified GCH1 as a potential target
gene of miR-9-5p, consistent with existing literature (56).
However, the specific regulatory relationship between miR-
9-5p and GCHI1 was not explored in-depth in this study.
Future experiments, such as luciferase reporter assays and
CRISPR knockout models, will be used to investigate its
regulatory mechanisms in animal and cell models and in
clinical patients.

Conclusions

Through differential expression analysis of the GEO
database, this study selected miR-9-5p and GCHI as
research targets and constructed a hyperoxia-induced injury
cell model to investigate the expression of miR-9-5p and
GCHL1 in BPD. This study provides new insights into the
molecular mechanisms of BPD, facilitating the identification
of potential therapeutic targets. Future research should
take the primary human alveolar cells and neonatal mouse
models into consideration to further examine the role of
miR-9-5p and GCHI in BPD, providing a theoretical and
experimental basis for the diagnosis and treatment of BPD.
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