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Background: Corneal neovascularization (CNV) is a sight-threatening condition
that necessitates epigenetic control. The role of lysine-specific demethylase 1
(LSD1) in CNV remains unclear, despite its established significance in tumor
angiogenesis regulation.

Methods: An alkali burn-induced CNV mouse model was used in vivo. The effects
of LSD1 inhibitor tranylcypromine hydrochloride (TCP) were examined through slit
lamp, histological staining, and immunofluorescence. The expression of
malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione (GSH)
levels were assessed in corneal tissues. Oxidative stress and ferrous ion
expression during CNV were determined using 4-HNE, GPX4, and FerroOrange
staining. In vitro, a hypoxia-reoxygenation (H/R) model was established using
human umbilical vein endothelial cells (HUVECs) to study LSD1 or hypoxia-
inducible factor (HIF-1α) knockdown and lentiviral overexpression of HIF-1α.
The effects on HUVECs migration, invasion, and angiogenesis were evaluated
through cell scratching assay, transwell migration assay and tube formation assay.
The role of ferroptosis was investigated using ROS staining, FerroOrange staining,
and key ferroptosis proteins. Further, The JAK2/STAT3 pathway’s involvement in
CNV regulation was explored through in vivo experiments with subconjunctival
injection of AG490.

Results: The results showed a substantial correlation between corneal damage
and LSD1 levels. In addition, HIF-1α expressionwas also elevated after alkali burns,
and subconjunctival injection of TCP reduced corneal inflammation and
neovascularization. Corneal alkali burns increased ROS levels and reduced
antioxidative stress indicators, accompanied by elevated ferrous ion levels,
which were reversed by TCP injection. In vitro, TCP or siRNAs inhibited H/R-
induced ferroptosis and angiogenesis in HUVECs by affecting specific protein
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expressions and MDA, SOD, and GSH levels. HIF-1α levels, associated with ROS
production, ferroptosis, and angiogenesis, increased during H/R, but were reversed
by TCP or siRNA administration. HIF-1α overexpression counteracted the effects of
LSD1 inhibition. Additionally, AG490 injection effectively reduced HIF-1α and
VEGFA expression in the CNV model.

Discussion: These findings suggest that LSD1 inhibition via the HIF-1α-driven
pathway prevents angiogenesis, oxidative stress, and ferroptosis in corneal alkali
burn-induced CNV, highlighting LSD1 as a potential therapeutic target.

KEYWORDS

alkali burn, corneal neovascularization, lysine-specific demethylase 1, tranylcypromine
hydrochloride, HIF-1α, ferroptosis, angiogenesis, oxidative stress

1 Introduction

Angiogenesis is a fundamental biological process involved in
age-related macular degeneration, diabetic retinopathy, and cancer.
The cornea, a transparent tissue at the front of the eye, is crucial for
vision and light refraction. In addition, the cornea serves as a
mechanical barrier to protect the inside of the eye from harmful
substances and microbes from the outside. Generally, the cornea is
transparent and avascular and maintains its avascular state after
treatment with antiangiogenic agents (Ambati et al., 2006).
However, immunological diseases, chemical burns, trauma, and
infection cause pathological alterations in the cornea that
increase the expression of proangiogenic genes (Cursiefen et al.,
2004). Corneal opacity is triggered by corneal neovascularization
(CNV), which is characterized by the formation of new blood vessels
from the corneal limbus toward its transparent core. Concomitantly,
CNV-induced corneal edema impairs corneal transparency and
adversely impacts visual acuity (Chang et al., 2001).

Through modulating transcriptional activity, epigenetic
regulation—which comprises histone modifications, DNA
methylation, and controls microRNA expression—plays essential
roles in biological processes such as cell proliferation, death,
inflammation, and neovascularization (Hogg et al., 2020; Das et al.,
2021; Tan et al., 2021). Lysine-specific demethylase 1 (LSD1) regulates
the late expression of downstream genes, which influences
physiological activities. LSD1 removes monomethyl or dimethyl
lysine nine from histone H3 (H3K9me1/2) (Shi et al., 2004; Lan
et al., 2007). Prior research has shown that LSD1 is essential for
oxygen–glucose deprivation/reoxygenation-induced pyroptosis in
retinal ganglion cells and diabetic retinopathy (Zhao et al., 1979;
Yu et al., 2022). Nevertheless, the function of LSD1 in CNV and the
mechanism through which it works in this context remain unclear.

Ferroptosis is a unique form of programmed cell death that is
linked to a variety of clinical events, such as liver injury, ischemia/
reperfusion injury, neurological disorders, and cancer. Ferroptosis is
characterized by an abnormal accumulation of lipid peroxides
(Linkermann et al., 2014; Friedmann Angeli et al., 2019; Li et al.,
2020; Mao et al., 2020) and has been implicated in ocular
neovascularization (Wang et al., 2022). However, the precise
processes through which ferroptosis functions in CNV remain unclear.

Excess reactive oxygen species (ROS) are produced when cells are
subjected to damaging stimuli such as UV light and high metabolic
activity (Hsueh et al., 2022). Superoxide anions (O2−), hydroxyl radicals
(•OH), and peroxide radicals are examples of unstable free radicals with

unpaired electrons that target a wide variety of cellular components,
including DNA and proteins, leading to the breakdown of cell structure
and loss of cell function. Numerous studies have demonstrated that
oxidative stress plays a pivotal role in the pathogenesis of CNV (Wan
et al., 2020; Wang et al., 2022). Notably, multiple disorders caused by
oxidative stress have also been linked to LSD1 (Ma et al., 2021; Feng
et al., 2022; Araki et al., 2023). However, how LSD1modulates oxidative
stress during CNV is unknown.

Hypoxia-inducible factor 1-alpha (HIF-1α) is a master regulator of
the cellular response to hypoxia, orchestrating a transcriptional program
that includes genes involved in angiogenesis and oxidative stress
management. Under hypoxic conditions, HIF-1α accumulates and
activates the transcription of various angiogenic factors, such as
vascular endothelial growth factor (VEGF), which stimulates the
proliferation and migration of endothelial cells to form new blood
vessels. It has been demonstrated that downregulation of HIF-1α in
HUVECs decreased the level of inflammation and oxidative stress in
HUVECs (Zhao et al., 2021). The Janus kinase 2 (JAK2)/signal
transducer and activator of transcription 3 (STAT3) pathway is a
canonical signaling cascade that mediates diverse biological responses
to extracellular cues, including cytokines and growth factors, and is
known to be involved in the regulation of angiogenesis, inflammation,
and cell survival. In gastric cancer (GC), activation of JAK2/STAT3 could
promote HIF-1α/VEGFA axis, and bolsters macrophage polarization,
thus facilitating GC metastasis and angiogenesis (Mu et al., 2021).

Given the significant regulatory roles of LSD1 and HIF-1α in
oxidative stress and angiogenesis, it can be inferred that there may
exist a mutual regulation between them. In this study, we examined
the precise mechanism by which LSD1 regulates oxidative stress in
CNV post-alkali burn and further examined its underlying
relationship with ferroptosis in both vivo and vitro model. Our
study elucidates the role of LSD1 in regulating oxidative stress and
ferroptosis via the HIF-1α pathway, consequently facilitating the
progression of CNV. These findings contribute significant insights
to the clinical strategies for CNV treatment and can serve as a
reference for potential therapeutic interventions.

2 Materials and methods

2.1 Antibodies and reagents

The LSD1 inhibitor, tranylcypromine hydrochloride (TCP) and
the JAK2/STAT3 inhibitor AG490 were acquired from
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MedChemExpress Biotechnology (United States). According to the
manufacturer’s instructions, both inhibitors were dissolved in
dimethyl sulfoxide (DMSO). SiRNAs and polymerase chain
reaction (PCR) primers were obtained from Sangon Biotech. The
antibodies utilized in the study were obtained from various sources:
LSD1 from Abcam; Phospho-Stat3 (Tyr705) (p-STAT3), STAT3,
Histone H3 from Cell Signaling Technology; platelet/endothelial cell
adhesion molecule 1 (CD31) from Invitrogen; vascular endothelial
growth factor A (VEGFA), β-actin, GPX4, HMOX1, ACSL4,
SLC7A11from Proteintech (Wuhan, China); JAK2, Phospho-
JAK2 (Tyr931), HIF-1α, Di-Methyl-Histone H3 (Lys9)
(H3K9me2) from Affinity (Jiangsu, China); Fe2+ Indicator Probes
was purchased from DOJINDO (Japan). To determine the oxidative
status, malondialdehyde (MDA), superoxide dismutase (SOD),
Glutathione (GSH) assay kits were purchased from Beyotime
(Shanghai, China). More detailed information such as the catalog
number are listed in the Supplementary Material.

2.2 Mouse model of alkali-induced CNV

The Experimental Animal Centre of Wuhan University’s
Medical College (Wuhan, China) supplied male C57BL/6 mice
that were 6–8 weeks old and weighed 20–25 g. The Guidelines
for the Care and Use of Laboratory Animals were followed
throughout (approval number: No.20220504A). The Wuhan
University Experimental Animal Committee approved all of the
animal experiments. The mice were allowed free access to water and
standard chow, and their environment was maintained between
20°C and 22°C with a 12-hour light/dark cycle.

An alkali burn (AB) approach was used to generate CNV as
previously described. All mice were anesthetized with an
intraperitoneal injection of pentobarbital (50 mg/kg). The central
cornea of the right eye was covered for 30 sec with a filtered paper
disc (diameter of 2.5 mm) soaked in sterile sodium hydroxide (1 M).
The cornea was then promptly rinsed with 0.9% saline solution for
1 min. Following alkali burn, the animals received subconjunctival
injections of DMSO or various dosages of the TCP once a day for 3,
7, or 10 days after the alkali burn. The experiment was terminated by
euthanasia through cervical dislocation, The eyeballs were then
harvested, and the corneas were isolated for subsequent
experimentation.

Mice were randomly assigned to different groups based on
specific experiment demand: prior to modeling (control group,
n = 20), 3 days post-modeling (3d group, n = 20), 7 days post-
modeling (7d group, n = 20), and 10 days post-modeling (10d group,
n = 20). This categorization aids in assessing the inducive effect of
NaOH on CNV and in determining the most appropriate
experimental time points. Subsequently, experimental time points
were selected based on the expression levels of LSD1. For the
purpose of screening the optimal concentration of TCP, mice
were further divided into different groups: control group (no
modeling, n = 20), AB + DMSO group (treated with DMSO
solution, n = 20), AB + T1 group (treated with 1 mg/kg TCP,
n = 20), AB + T5 group (treated with 5 mg/kg TCP, n = 20), and AB
+ T10 group (treated with 10 mg/kg TCP, n = 20). To further
investigate the regulatory effects of LSD1 on the JAK2/STAT3/HIF-
1α pathway, mice were divided into control group (n = 20), AB +

DMSO group (n = 20), AB + TCP group (n = 20), and AB +
AG490 group (n = 20). At specified time points, mice were
anesthetized, and eyeballs were harvested, marking the end of the
experiment for subsequent analyses. Images were obtained using a
slit lamp microscopy 10-days after alkali burn. All experiments were
repeated three times to ensure the reliability and consistency of
the results.

2.3 Cell culture and treatment

Acute oxidative stress is an upstream regulator of inflammation and
CNV formation in corneal injury caused by alkali burns (Gu et al., 2016).
Our previous research highlighted the important role of hypoxia and
oxidative stress inCNVpathogenesis (Wan et al., 2020). Therefore, in this
study, we use hypoxia/reoxygenation (H/R) induced in vitro model to
simulate the hypoxia conditions on the development of CNV.

Human umbilical vein endothelial cells (HUVECs) purchased
from the American Type Culture Collection (Manassas, VA,
United States) were cultured at 37°C in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 units/mL penicillin, and 100 μg/mL
streptomycin in an atmosphere containing 5% carbon dioxide
(CO2) and 95% air. The following describes how the cell
hypoxia/reoxygenation (H/R) model was developed. HUVECs
were subjected to hypoxic conditions (37°C, 1% oxygen, 94%
nitrogen, and 5% CO2) for 12 h in medium without glucose or
serum in a tri-gas incubator (Thermo Scientific™ Forma™ II series
Water jacket CO2 incubator, Waltham, United States). The cells
were subsequently cultivated under standard conditions (5% CO2)
and reoxygenated for 6, 12, and 24 h after the medium was
changed, following the experimental design. The control group
was cultivated under standard conditions, which included 95%
air and 5% CO2.

2.4 Quantitative real-time PCR (qPCR)

Following the manufacturer’s instructions, total RNA was
extracted from frozen corneal tissues and HUVECs using the
RNA Isolater Total RNA Extraction Reagent (R401-01, Vazyme,
Nanjing, China). HiScript II Q RT SuperMix for qPCR (R222-01,
Vazyme, Nanjing, China) was then utilized to reverse transcribe the
resulting cDNA. β-actin expression was used as an internal reference
for all PCR assays. 2X Universal SYBR Green Fast qPCR Mix
(RK21203, ABclonal, Wuhan, China) was used for the qRT‒PCR
study. Sangon Biotech generated the qRT‒PCR primers for the
target genes (shown below).

LSD1: 5′- GGTGAGCTCTTCCTCTTCTGG-3’ (F)
5′- TCGGCCAACAATCACATCGT-3′(R)
IL-1β: 5′- GAAATGCCACCTTTTGACAGTG-3’ (F)
5′-TGGATGCTCTCATCAGGACAG-3’ (R)
IL-6: 5′- CTGCAAGAGACTTCCATCCAG-3’ (F)
5′- AGTGGTATAGACAGGTCTGTTGG-3′(R)
TNF-α: 5′-CAGGCGGTGCCTATGTCTC-3’ (F)
5′- CGATCACCCCGAAGTTCAGTAG-3’ (R)
β-Actin: 5′-GAAATCGTGCGTGACATCAAA-3’ (F)
5′- TGTAGTTTCATGGATGCCACAG-3′(R)
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Routine qRT-PCR was performed as follows: 95°C for 3 min,
followed by 40 cycles at 95°C for 5 sec, 60°C for 30 sec, and 72°C for
1 min. Relative gene expression levels were calculated with the
2−ΔΔCT method (Livak and Schmittgen, 2001).

2.5 Western blot

Total protein was isolated from corneal tissues and HUVECs
using a commercial kit (R0018, Beyotime, Shanghai, China). For
quantification, a protein assay kit (P0010, Beyotime, Shanghai,
China) was used following the manufacturer’s instructions.
Proteins (40 µg/lane) were separated by electrophoresis on 10%
sodium dodecyl sulfate‒polyacrylamide gels and then transferred to
polyvinylidene fluoride membranes. Five percent fat-free milk was
used to block the membranes for 2 h at room temperature. The
membranes were then incubated with the following primary
antibodies at specific dilutions: LSD1 (1:2000), β-actin (1:12000),
VEGFA (1:2000), p-JAK2 (1:500), JAK2 (1:500), p-STAT3 (1:1000),
STAT3 (1:1000), H3 (1:2000), H3K9me2 (1:2000), HIF-1α (1:500),
GPX4 (1:2000), HMOX1 (1:2000), ACSL4 (1:1000), and SLC7A11
(1:2000). Tween 20 buffer and Tris-buffered saline were utilized to
remove extra primary antibodies from the membranes. The
membranes were incubated with a suitable secondary antibody
(1:5000) for 2 h at 37°C. Excess secondary antibody was
removed, and enhanced chemiluminescence was used to detect
the signals of the detected proteins. The protein concentrations
were examined using ImageJ Software (National Institutes of Health,
Bethesda, MD, United States), and the results are shown relative to
the protein concentrations observed in the control group, and were
further compared to the internal control protein β-actin for
quantitative analysis.

2.6 Evaluation of corneal opacity and
neovascularization

Utilization of slit-lamp microscopy facilitated the assessment of
corneal opacity and neovascularization at designated time points
post-model induction, specifically on days 0, 3, 7, and 10.
Quantitative analysis and grading of the extent of CNV and
edema were conducted based on captured corneal images. The
area affected by CNV was computed via the formula:

A= (C/12) × 3.14 × [r2− (r− l)2], where r is the corneal radius, l is the
length of the blood vessels, and C denotes the number of clock hours
along the corneal circumference exhibiting neovascularization. Corneal
edema, serving as an indicator of the inflammatory status, was
predominantly evaluated using a scoring protocol designed for the
measurement of corneal opacity (Bai et al., 2016).

2.7 Hematoxylin and eosin staining

To assess the inflammatory response of the cornea after alkali
burns, hematoxylin-eosin staining was applied to evaluate the
number of corneal inflammatory cells as well as the thickness of
the corneal stroma. A minimum of 5 murine eyes per group were
included, with corneas harvested for the following procedures.

Corneal tissue sections (7 µm thick) were fixed with 4%
paraformaldehyde and embedded in paraffin and then subjected
to hematoxylin-eosin staining. Inflammatory cell counts were
conducted on the maximum cross-sections of the cornea,
ensuring no fewer than three sections per paraffin-embedded
corneal block were selected for this analysis.

2.8 Immunohistochemistry

Immunohistochemical staining was performed using a
commercial kit (PV-6002, ZSGB, Beijing, China). Briefly, corneal
tissues were fixed in 4% paraformaldehyde, subsequently embedded
in paraffin, and sectioned into slices of 7 μm in thickness.
Endogenous enzymatic activity was quenched utilizing 3%
hydrogen peroxide, succeeded by antigen retrieval facilitated by
microwave-induced heating. Post-blocking with serum, the tissue
sections underwent overnight incubation at 4°C with a primary
antibody specific for H3K9me2 (diluted 1:50), GPX4 (diluted 1:100)
and 4-HNE (diluted 1:100). Subsequently, the sections were exposed
to secondary antibodies at ambient temperature for a duration of 1 h
and subsequently developed using 3,3′-diaminobenzidine (DAB). A
minimum of 4 murine eyes per group were included, and five
distinct fields were chosen randomly and a microscope was used
to assess the staining intensity. Positive staining cells were quantified
using ImageJ software.

2.9 Immunofluorescence

Corneal tissues were fixed, dehydrated, cleared, and embedded
in paraffin before being sectioned and mounted on glass slides. After
deparaffinization and antigen retrieval, sections were permeabilized
and blocked to prevent non-specific binding. For HUVECs, they
were fixed with 4% paraformaldehyde, place onto a Petri dish with a
glass coverslip, and incubated on ice for 20 min. After 10 min of
incubation in 0.5% Triton X-100, the cells were blocked for 30 min
with 1% bovine serum albumin. Tissues were then incubated with
primary antibodies overnight, followed by washing and incubation
with fluorophore-conjugated secondary antibodies. Finally, sections
were counterstained with DAPI, mounted with an anti-fade
medium, and visualized using a fluorescence microscopy
(Olympus, BX53, Japan). Non-specific staining was assessed with
control sections processed in parallel.

2.10 Measurement of ROS production

The levels of ROS were quantified using a ROS Assay Kit
(S0033S, Beyotime, Shanghai, China). HUVECs were incubated
with medium containing 20 µM dichlorodihydrofluorescein
diacetate solution for 30 min at 37°C in the dark. The cells were
then rinsed with serum-free cell culture media. An inverted
fluorescence microscope (Olympus, IX71, Japan) was used to
measure the staining that reflected the ROS levels. Controls were
included to ensure the specificity and sensitivity of the ROS
detection, with all procedures carried out to minimize light
exposure and prevent photooxidation.
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2.11 Tube formation assay

After cultivation and reaching optimal confluency, HUVECs
were harvested and seeded onto Matrigel (354234, Corning, NY,
United States) coated 96-well plates at a density conducive to the
formation of capillary-like structures. Following seeding, HUVECs
were subjected to hypoxia conditions as previously described for
12 h, and were subsequently cultivated under standard conditions
and reoxygenated for 24 h. Periodic monitoring was performed to
assess the degree of tubular structure formation. After 24 h of
hypoxia/reoxygenation (H/R) treatment, and following the
application of TCP and siRNA, an inverted microscope
(Olympus, BX53, Japan) was employed to qualitatively evaluate
the capillary-like tube creation, and photographs were taken for
subsequent quantitative analysis of the tube lengths and branching
points, indicative of the angiogenic potential of the cells under the
experimental conditions.

2.12 Cell scratching assay

Initially, HUVECs (1 × 105 cells/well) were seeded into six-
well plates. HUVECs were cultured under standard conditions.
After the cells reached 80% confluence, the culture media were
subjected to 1% serum starvation for 12 h. Once the cells
had completely grown, a 200 μL pipette tip was used to form a
scratch (Gao et al., 2024). Then, five groups were created
for the experiment: control, H/R, H/R + TCP (50 ng/mL), and
H/R + si-LSD1. The appropriate chemicals were added after
wound formation, and images were obtained immediately and
24 h later.

2.13 Transwell migration assay

For each Transwell migration assay, the upper chamber was
flooded with complete media supplemented with or without the
LSD1 inhibitor under normal or H/R conditions after the HUVECs
(5 × 104 cells) were starved overnight. The lower chamber was filled
with 500 μL of DMEM medium supplemented with 10% fetal
bovine serum. After 24 h, the cells were immersed in 3%
paraformaldehyde for 15 min. The cells were then subjected to
crystal violet staining and were counted via optical microscopy
(Olympus, BX53, Japan).

2.14 Cell viability

HUVECs were seeded onto 96-well plates at a density of
2 × 103 cells per well and allowed to adhere overnight.
Subsequently, the cells were segregated into distinct groups to
undergo H/R modeling, and were subjected to various TCP
concentrations (0, 1, 2.5, 5, 10 μM) for treatment. Control
group and DMSO group were set up for comparison. Cell
viability was assessed by measuring the absorbance at 450 nm
using a microplate reader (Thermo Fisher Scientific, Waltham,
United States) and a Cell Counting Kit-8 assay kit (BS350A,
Biosharp, Hefei, China).

2.15 Lentiviral infection

HUVECs were transduced with a lentiviral vector expressing
HIF-1α. Initially, HUVECs were cultured in complete medium until
they reached 40%–50% confluence. Subsequently, the cells were
incubated with the HIF-1α overexpressing lentivirus (multiplicity of
infection, MOI = 30) in the presence of 4 μg/mL polybrene to
enhance viral entry and ensure effective transduction. After 24 h of
incubation, the medium containing the virus was replaced with fresh
complete growth medium to minimize cytotoxic effects. The
transduction efficiency was assessed 72 h post-transduction using
Western blot analysis for HIF-1α expression.

2.16 Small interfering RNA (siRNA)
transfection

Plating was performed on the basis of HUVECs cell density
so that the optimal cell density on the day of transfection was
between 80% and 90%. Lipofectamine 3000 reagent (Thermo
Fisher Scientific, Waltham, United States) containing siRNA
(100 µM) (Sangon Biotech, China) was used for transfection.
48 h after transfection, the cells were subjected to hypoxia/
reoxygenation conditions. WB and qRT‒PCR assays were used
to determine the effects of siRNA transfection on protein and
mRNA expression.

2.17 Measurement of malondialdehyde
(MDA), superoxide dismutase (SOD), and
glutathione (GSH) levels

The MDA, SOD, and GSH activities in corneal tissues and
HUVECs were measured using kits acquired from Beyotime,
China. MDA is widely recognized as a biomarker for lipid
peroxidation. It reacts with thiobarbituric acid (TBA) under
high temperature and acidic conditions to form a red MDA-
TBA adduct that exhibits peak absorption at 535 nm, facilitating
its quantification through spectrophotometry (Bao et al., 2021).
SOD serves as a critical antioxidant enzyme in biological
systems. It inhibits the reaction between superoxide anions
(O2

−), generated catalytically by xanthine oxidase (XO), and
WST-8. The inhibition of this reaction by SOD can be quantified
by colorimetric analysis of the WST-8 product to determine the
enzymatic activity of SOD (Weng et al., 2021). Glutathione
reductase reduces oxidized glutathione (GSSG) to its reduced
form (GSH), which then reacts with the chromogenic substrate
DTNB to produce the yellow compound TNB and GSSG.
Measurement at an absorbance of 412 nm allows for the
quantification of total glutathione levels (Chen et al., 2010).

Measurements of SOD, MDA, and GSH were performed
using the blank group as a control, per the manufacturer’s
instructions. Briefly, corneal tissues were homogenized or
HUVEC cells lysed in accordance with the instructions
provided by the kit. Following centrifugation, the
supernatant was collected for the preparation of requisite
working solutions as well as to delineate the standard curves
necessary for subsequent quantification. Finally, the content
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was determined by measuring the absorbance in a 96-well plate
using a microplate reader (Thermo Fisher Scientific, Waltham,
United States) at specific wavelengths.

2.18 Detection of Fe2+ in HUVECs

The Fe2+ concentration was measured using a FerroOrange
probe (F374, DOJINDO, Japan), a highly sensitive fluorescent dye
designed specifically for the detection of ferrous ions. HUVECs
were cultured under standard conditions until reaching optimal
confluency (70%–80%) and washed with Hank’s Balanced Salt
Solution (HBSS) for three times. The medium was then replaced
with fresh medium containing TCP and incubated further at 37°C,
5% CO2. Following this, the cells were washed again three times

with HBSS. A working solution of FerroOrange at a concentration
of 1 µM was added to the cells, which were then incubated for
30 min while shielded from light. A fluorescence microscope
(Olympus IX71, Japan) was used to obtain images.

2.19 Statistical analysis

GraphPad Prism version 5.0 (GraphPad Software, La Jolla,
CA, United States) was used for the statistical analysis. All
of the data are presented as means ± standard errors of the
means. For comparisons among multiple groups, analysis of
variance (ANOVA) was utilized, whereas for comparisons
between two groups, the Student’s two-tailed t-test was
employed. Statistical significance was indicated by a p-value < 0.05.

FIGURE 1
Corneal inflammation and neovascularization induced by alkali burn. (A–C) Corneal neovascularization and transparency. (D, E) VEGFA protein
concentrations were measured on various days postburn. (F, G) Hematoxylin-eosin (HE) staining were utilized to delineate the temporal progression of
corneal inflammation following alkali burn across various time points, with a concurrent quantitative assessment of inflammatory cell infiltration (200×;
scale bars = 50 μm) (n = 8),*p < 0.05 versus the control group, #p < 0.05 versus 3 days group, ▲p < 0.05 versus 7 days group.
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3 Results

3.1 Alkali burn induced corneal inflammation
and neovascularization in mice

Three days post-model induction, slit-lamp microscopy
revealed an onset of acute inflammatory response accompanied
by corneal stroma edema, and the presence of sparse corneal
neovascularization was noted. By the seventh day, there was an
exacerbation of the inflammatory process, a discernible reduction
in corneal clarity, and the vasculature within the keratitis-
afflicted murine model displayed signs of congestion and
dilation. On the 10th day, a marked decrease in corneal
transparency was observed, along with a central progression of
corneal neovascularization characterized by the formation of

extensive anastomosing branches. Quantitative analysis
demonstrated significant variances in corneal stroma opacity
scores and the extent of neovascularization between the
control cohort and the group evaluated at day 10 (p < 0.05;
Figures 1A–C). Concurrently, the expression levels of VEGFA
were significantly elevated on day 10 (Figures 1D, E).
Histopathological examination conducted on day 3 post-injury
displayed mild corneal stromal edema and minimal infiltration by
inflammatory cells. Progressing to day seven, stromal matrix
edema was intensified, and there was an upsurge in
inflammatory cell presence. By the 10th day, both epithelial
and stromal edema peaked, and there was a substantial
increase in the infiltration of inflammatory cells (Figures 1F, G).

The experimental findings confirm the successful establishment
of a CNV model precipitated by an alkali burn. In light of these

FIGURE 2
LSD1 expression was increased in corneas subjected to alkali burn injury. (A) RT‒qPCR was used to measure the levels of LSD1 at 3, 7, and 10 days
postburn and expression levels were normalized to that observed in the control group. In (B, C), LSD1 protein concentrations were measured on various
days postburn, and the fold change in LSD1 expression was calculated by comparison to that in the control group. (D) Images of
LSD1 immunofluorescence in ocular tissues 3, 7, and 10 days following alkali burn injury. n = 6, the data are expressed as the mean ± SEM (400×;
scale bars = 50 μm). *p < 0.05 versus the control group, #p < 0.05 versus 3 days group, ▲p < 0.05 versus 7 days group.
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observations, the pronounced neovascularization noted at day
10 post-injury was identified as an optimal time point for
subsequent investigations, herein referred to as the alkali
burn group.

3.2 LSD1 was upregulated after corneal alkali
burn injury

LSD1 expression was first measured by WB (Figures 2B, C)
and PCR (Figure 2A) 3, 7, and 10 days after alkali burn
injury. LSD1 expression increased significantly with increasing
postburn duration, which was especially evident 10 days after
alkali burn. Furthermore, immunofluorescence examination
revealed that LSD1 was primarily located in the nucleus and
that its expression was greater on day 10 following alkali
burn (Figure 2D). These findings showed that LSD1 may play
a role in damage caused by alkali burns; therefore, all following
experiments were conducted at 10 days postburn.

3.3 LSD1 inhibition reduced alkali burn-
induced corneal damage

Tranylcypromine hydrochloride (TCP) was used to
suppress LSD1. Based on the morphological data obtained
with a slit lamp, we obtained representative images of the
cornea on day 10 after alkali burn. These images revealed
significant pathological vascular proliferation and corneal
opacity in the corneas subjected to alkali burns, which was
reversed by subconjunctival injection of TCP (Figures 3A–C).

The WB results demonstrated that TCP administration
inhibited LSD1 expression, with the most significant
suppression occurring at a dose of 10 mg/kg (Figures 3D, E).
These findings imply that corneal damage caused by alkali burns is
significantly reduced when LSD1 expression is inhibited.

3.4 Inhibition of LSD1 effectively reduces
VEGFA expression and inflammation in
alkali-burned corneas

The WB results demonstrated that after subconjunctival
TCP injection, the expression of H3K9me2 steadily
decreased, and that the expression of VEGFA decreased with
increasing TCP concentration. This finding was confirmed
by immunohistochemistry and immunofluorescence analyses
(Figures 4A–H). Furthermore, HE (Figures 4I, J) and qRT‒PCR
(Figures 4K‒M) analyses following TCP injection revealed a
significant decrease in the level of inflammation in alkali-
burned corneas.

3.5 LSD1 inhibition reduced alkali burn-
induced ferroptosis and oxidative stress

We conducted the following investigations to understand how
TCP affects ferroptosis and oxidative stress in vivo. The findings
demonstrated that there was an increase in the expression of
ACSL4, HMOX1 (Figures 5A–C), MDA (Figure 5J), and 4-HNE
(Figure 5G) following corneal alkali burn injury. TCP
administration reversed these changes. Following alkali burn,

FIGURE 3
Tranylcypromine hydrochloride (TCP) treatment for alkali burn-induced corneal damage. (A) Using a slit lamp, microscopy images of corneal
neovascularization induced by alkali burns were obtained on day 10. (B, C) Quantitative evaluation of the neovascularization region and corneal
transparency score. LSD1 expression in mice treated with TCP at doses of 2.5, 5, and 10 mg/kg is shown in (D, E), along with the fold change in
LSD1 expression as determined by comparison with LSD1 expression in the control group. n = 6, the data are expressed as the mean ± SEM. *p <
0.05 versus the control group, #p < 0.05 versus alkali burn group, ▲p < 0.05 versus alkali burn + DMSO group.
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FIGURE 4
VEGFA expression in corneas 10 days after alkali burn injury was decreased by TCP treatment. Western blotting was used to measure LSD1 and
VEGFA expression in (A–C), and the fold change in expression was compared to that in the control group. (D) Double immunofluorescence analysis of
VEGFA and LSD1 in corneas following alkali burn injury (10 days) (400×; scale bars = 50 μm). (E, F) show H3K9me2 expression as determined by Western
blot analysis and the fold change in expression compared to that in the control group. (G, H) Immunohistochemistry for H3K9me2 in the corneas of
mice subjected to alkali burn injury with or without TCP treatment. (400×; scale bars = 50 μm). (I, J) Following alkali burn injury, inflammatory cell
infiltration was detected by H&E staining (400×; scale bars = 50 μm). (K–M) Following alkali burn injury qRT‒PCR was used to detect the mRNA levels of
TNF-α and IL-1β, which are proinflammatory cytokines. n = 6, the data are expressed as the mean ± SEM. *p < 0.05 versus the control group, #p <
0.05 versus alkali burn group, ▲p < 0.05 versus alkali burn + DMSO group.
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tissue Fe2+ staining significantly increased in both intensity and
range, and after receiving TCP therapy, it diminished (Figure 5H).
However, following corneal alkali burn injury, GPX4 and
SLC7A11 expression (Figures 5D–F), as well as SOD activity
(Figure 5I) and GSH levels (Figure 5K), were reduced;
moreover, TCP therapy reversed these changes.

3.6 LSD1 and VEGFA expression was
elevated after H/R in HUVECs

Initially, we investigated the potential effects of various reoxygenation
periods on LSD1 and VEGFA expression. We discovered that the
expression of these genes was considerably greater in the H/R group

FIGURE 5
Ferroptosis and oxidative stress caused by alkali burn observed in the cornea 10 days after injury were decreased by tranylcypromine hydrochloride
(TCP) treatment. (A–F) TCP modulation of ACSL4, HMOX1, GPX4 and SLC7A11 expression following corneal alkali burn injury. The fold change in
expression was determined by comparison to the expression measured in the control group. (G) TCP-mediated regulation of GPX4 and 4-HNE levels in
mice after corneal alkali burn injury (400×; scale bars = 50 μm). (H) The effect of TCP regulation on tissue Fe2+ levels in mice after corneal alkali burn
injury (400×; scale bars = 50 μm). (I–K) The effect of TCP administration on SOD activity, GSH levels, and MDA levels in mice subjected to ocular alkali
burn injury. n = 6, the data are expressed as themean ± SEM. *p < 0.05 versus the control group, #p < 0.05 versus alkali burn group,▲p < 0.05 versus alkali
burn + DMSO group.
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than in the control group, and this difference was more noticeable after
24 h of reoxygenation (Figures 6A–C). The LSD1 gene was silenced
in vitro using short interfering RNA (siRNA). The LSD1 protein levels
were considerably reduced by TCP treatment or gene knockdown
(Figures 6D, E). Furthermore, Figures 5F, G shows that the
H3K9me2 level correlated with LSD1 expression.

3.7 LSD1 inhibition reduced H/R-induced
angiogenesis, ferroptosis, and oxidative
stress in HUVECs

The Cell Counting Kit-8 (CCK-8) assay results indicated
that HUVECs were more viable at a TCP concentration of

10 μM (Figure 7A). Next, we conducted tube formation and
scratch assays to determine whether H/R induced angiogenic
activity in vitro and how this was affected by TCP or si-LSD1
(Figures 7B, C). H/R-induced HUVEC migration was
significantly reduced by pretreatment with an LSD1 inhibitor
and by LSD1 knockdown. The WB results indicated that TCP or
si-LSD1 might lower VEGFA expression (Figures 7D, E). The
results of double immunofluorescence staining showed that
VEGFA and CD31 expression increased concurrently
following H/R and decreased following LSD1 inhibition and
following si-LSD1-mediated LSD1 knockdown (Figure 7F). Our
investigation revealed that following H/R treatment, the levels
of ACSL4, HMOX1 (Figures 7J–L), MDA (Figure 7O), and Fe2+

(Figure 7M) increased, whereas those of GPX4, SLC7A11

FIGURE 6
LSD1 expression increased in vitro during H/R. (A–C) Quantification of the changes in LSD1 and VEGFA expression compared to that in the control
group and Western blot analysis of LSD1 and VEGFA expression after cells were reoxygenated for various times. (D–G) After inhibiting LSD1 expression
with TCP or siRNA targeting LSD1, LSD1 expression and H3K9me2 levels were analyzed using Western blotting. For n = 6, the data are expressed as the
mean ± SEM. For (A–C), *p < 0.05 versus the control group (no treatment group), #p < 0.05 versus H/R 6 h group, ▲p < 0.05 versus H/R 12 h
group. For (D–G), *p < 0.05 versus the control group, #p < 0.05 versus H/R group, ▲p < 0.05 versus H/R + si-NC group.
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(Figures 7G–I), SOD, and GSH (Figures 7N, P) decreased. These
proteins are involved in ferroptosis and oxidative stress.
Nevertheless, treatment with TCP or LSD1 knockdown
reversed these alterations, suggesting that decreased
angiogenesis, oxidative stress, and ferroptosis are associated
with the protective effect conferred by LSD1 inhibition.

3.8 Inhibition of HIF-1α attenuated
angiogenesis, oxidative stress and
ferroptosis

HIF-1α is reported to be a key mediator of angiogenesis and is
linked to ferroptosis and oxidative stress (Dewhirst, 2009).
Therefore, we hypothesized that HIF-1α plays a role in corneal
alkali burns. Our study revealed that the H/R-induced increase in
HIF-1α expression was significantly reduced by TCP treatment or
LSD1 knockdown (Figures 8A, B). Following HIF-1α knockdown,
we observed a decrease in CD31 and VEGFA expression
(Figure 8C) (400×; scale bars = 50 μm). The Transwell assay
results showed that HIF-1α knockdown reduced H/R-induced
HUVEC migration (Figure 8D). Moreover, Figures 8E–I shows
that ROS, MDA, and Fe2+ levels decreased, while GSH and SOD
levels increased. These findings suggest that HIF-1α regulation is
crucial for controlling angiogenesis, oxidative stress, and
ferroptosis.

3.9 LSD1 regulates angiogenesis, oxidative
stress, and ferroptosis through the HIF-
1α pathway

To investigate the mechanisms through which
LSD1 regulates angiogenesis, oxidative stress, and ferroptosis,
we inhibited the effects of LSD1 knockdown by transfecting
HUVECs with lentiviruses overexpressing HIF-1α. The
findings demonstrated that compensation by HIF-1α
overexpression attenuated the observed decreases in VEGFA,
H3K9me2, ACSL4, and HMOX1 expression (Figures 9A–D, H,
I), as well as the decreases in Fe2+, MDA and ROS levels
(Figures 9J, K, M). Furthermore, HIF-1α overexpression also
reversed the elevated GPX4 and SLC7A11 expression levels
(Figures 9E–G) and the elevated SOD and GSH levels
(Figures 9L–N).

FIGURE 7
Hypoxia/reoxygenation (H/R)-induced oxidative stress and
angiogenesis were decreased in human umbilical vein endothelial cells
(HUVECs) by LSD1 inhibition. (A) Comparison of cell viability between H/R
and a variety of tranylcypromine hydrochloride (TCP) treatments is
shown in the CCK-8 data. (B) After various treatments, serum-starved
HUVECs were seeded onto Matrigel and incubated (×100; scale bars =
100μm). (C) The effects of TCPor si-LSD1 on the cell scratch test following
H/R. (D–E)Western blot analysis of VEGFA expression following TCP or si-

(Continued )

FIGURE 7 (Continued)

LSD1 therapy. (F) Double immunofluorescence staining (×400;
scale bars = 50 μm) for both VEGFA and CD31 following treatment
with TCP or si-LSD1. (G–L) ACSL4, HMOX1, GPX4, and
SLC7A11 expression was quantified and compared to that in the
control group. The effect of TCP or si-LSD1 on protein expression
following H/R was also measured. (M) TCP, or si-LSD1 regulation of
the Fe2+ concentration in HUVECs exposed to H/R (400×; scale bars =
50 μm). (N–P) The effect of TCP, or si-LSD1 on SOD activity, GSH
levels, and MDA levels in HUVECs exposed to H/R. n = 6, the data are
expressed as the mean ± SEM. For A, *p < 0.05 versus the control
group, #p < 0.05 versus H/R group, ▲p < 0.05 versus H/R + DMSO
group. For (D,E, G–I, J,K, N,P), *p < 0.05 versus the control group,
#p < 0.05 versus H/R group, ▲p < 0.05 versus H/R + si-NC group.

Frontiers in Pharmacology frontiersin.org12

Deng et al. 10.3389/fphar.2024.1411513

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1411513


FIGURE 8
HIF-1α silencing in human umbilical vein endothelial cells (HUVECs) reduced hypoxia/reoxygenation (H/R)-induced angiogenesis, oxidative stress,
and ferroptosis. Western blotting analysis of HIF-1α expression following tranylcypromine hydrochloride (TCP) treatment si-LSD1 knockdown of
LSD1 expression (A–C). Double immunofluorescence labeling (×400; scale bar = 50 μm) for VEGFA and CD31 following HIF-1α knockdown. (D) Transwell
assay of HUVEC migration following si-HIF-1α transfection (×100; scale bars = 100 μm). (E) The effect of si-HIF-1α on the level of Fe2+ in HUVECs
exposed to H/R (400×; scale bars = 50 μm). (F) Following HIF-1α silencing in vitro, the generation of reactive oxygen species (ROS) was quantified using
2′,7′-dichlorodihydrofluorescein diacetate molecular probes (×100; scale bars = 200 μm). (G-I) si-HIF-1α regulated SOD activity, GSH levels, and MDA
levels in HUVECs exposed to H/R. *p < 0.05 versus the control group, #p < 0.05 versus H/R group, ▲p < 0.05 versus H/R + si-NC group.
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FIGURE 9
LSD1 activated the HIF-1α-associated pathway in human umbilical vein endothelial cells (HUVECs), aggravating the hypoxia/reoxygenation (H/R)-
induced angiogenesis, ferroptosis, and oxidative stress. (A–I) Following LSD1 silencing, VEGFA, H3K9me2, ACSL4, HMOX1, GPX4, and SLC7A11 expression
was analyzed by Western blotting in the presence or absence of LV-HIF-1α, and the results were quantified. (J) The effect of LV-HIF-1α presence or
absence on Fe2+ concentration in HUVECs exposed to H/R and si-LSD1 (×400; scale bars = 50 μm). (K) After LSD1 silencing, the amount of reactive
oxygen species (ROS) produced in vitro (100×; scale bars = 250 μm) with or without LV-HIF-1α was determined using 2′,7′-dichlorodihydrofluorescein
diacetatemolecular probes. (L–N) The effects of LV-HIF-1αwith or without si-LSD1 on the levels ofMDA, GSH, and SOD activity in HUVECs exposed toH/
R. For n = 6, the data are expressed as the mean ± SEM. *p < 0.05 versus the control group, #p < 0.05 versus H/R group, ▲p < 0.05 versus H/R + si-
NC group.
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3.10 LSD1 suppression decreased JAK2/
STAT3/HIF-1α pathway activity in vivo

We next sought to validate our in vitro experimental results in vivo.
The findings demonstrated that following corneal alkali burn injury,
HIF-1α and LSD1 expression increased, and was markedly increased
10 days after injury (Figures10A). The JAK2/STAT3 pathway controls
HIF-1α expression. Following corneal alkali burn injury, the p-JAK2/
JAK2 and p-STAT3/STAT3 ratios increased and treatment with TCP
partially reversed this effect. Since AG490 is a specific inhibitor of the
JAK2/STAT3 pathway, we subconjunctively injected AG490 (10 mg/kg)
into mice with corneal alkali burns. These observed results were
comparable to those obtained for TCP (Figures 10C–F), suggesting
that LSD1 may function through the JAK2/STAT3/HIF-1α pathway.

4 Discussion

In this study, we investigated the function and mechanism of
action of LSD1 in a corneal neovascularization (CNV) model. We

successfully used mice and HUVECs to establish CNV and H/R
models. Our results demonstrated that LSD1 expression was
significantly elevated following corneal alkali burn injury and
that LSD1 inhibition improved corneal edema, transparency,
inflammatory cell infiltration, and neovascularization. Moreover,
LSD1 inhibition attenuated angiogenesis, oxidative stress, and
ferroptosis induced by H/R through pathways regulated by HIF-
1α. Additionally, LSD1 may regulate HIF-1α through the JAK2/
STAT3 pathway (Figure 11).

Corneal alkali damage is one of the most dangerous disorders
in ophthalmology. It can cause corneal opacity, inflammation,
neovascularization, and abnormalities in the corneal epithelium,
all of which can lead to irreversible vision loss (Sharma et al.,
2018). Alkali burn-induced damage causes excessive
angiogenesis and an overabundance of inflammatory
responses. Our research revealed that mouse corneas are
vulnerable to corneal edema and CNV, as well as extensive
neovascularization 10 days after alkali burns.

VEGF is a reliable and selective endothelial cell mitogen that
promotes endothelial cell growth, migration, and tube formation.

FIGURE 10
Mouse corneal alkali burn-induced JAK2/STAT3/HIF-1α activation was decreased by an LSD1 inhibitor. (A,B) At various postburn days, the amount of
HIF-1α protein was measured, and the expression of HIF-1αwas quantified and compared to that in the control group. (C–E) The expression of p-JAK2/
JAK2 and p-STAT3/STAT3 was analyzed by Western blotting following tranylcypromine hydrochloride (TCP) or AG490 treatment, and the results were
quantified. (F) HIF-1α and VEGFA immunofluorescence doubled in mice with corneal alkali burns treated with AG490 following. (×400; scale bars =
50 μm). n = 6, the data are expressed as the mean ± SEM. For A-B, *p < 0.05 versus the control group, #p < 0.05 versus 3 days group, ▲p < 0.05 versus
7 days group. For C-E, *p < 0.05 versus the control group, #p < 0.05 versus alkali burn group, ▲p < 0.05 versus alkali burn + DMSO group.
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VEGF is present throughout the eye and is primarily concentrated in
the inner nuclear layer, retinal pigment epithelial layer, and retinal
ganglion cell layer. It is also expressed in the corneal epithelium
(Amadio et al., 2016). Among the VEGF family members, VEGFA is
the most potent proangiogenic factor. According to Bao et al.,
hypoxia promotes angiogenesis and cell migration while also
increasing VEGFA and interleukin-6 expression (Bao et al.,
2012). Consistent with previous findings, we found that the
expression of VEGFA increased significantly after corneal alkali
burn injury or H/R, along with the upregulation of proangiogenic
factors such as CD31. Inhibition of LSD1 attenuated these effects
and downregulated the expression of inflammatory factors such as
IL-6, IL-1β and TNF-α.

LSD1 is a chromatin-modifying enzyme that functions as an
activator or repressor of gene expression by specifically targeting the
mono- or dimethylated histones H3K4 and H3K9. LSD1 plays a role
in several pathological processes, including angiogenesis,

inflammation, neurogenesis, and cancer (Kim et al., 2021).
Martyna Wojtala et al. reported that LSD1 increased NF-κB-
dependent inflammation in human endothelial cells (Wojtala
et al., 2021). Lee et al. demonstrated that LSD1 is a crucial
regulator of HIF1α/VEGF-mediated tumor angiogenesis by
antagonizing the crosstalk between posttranslational
modifications involving HIF-1α protein degradation (Lee et al.,
2017). Moreover, LSD1 siRNA ameliorated the glucose-induced
reduction in H3K9me2 reduction and increase in p65 in the
MMP-9 promoter region in ophthalmological diseases and
prevented MMP-9 activation, mitochondrial damage, and
apoptosis in diabetic retinopathy. In retinal ganglion cells,
LSD1 inhibitor TCP-induced transcriptional and epigenetic
regulation modulated retinal ganglion cell survival by promoting
p38 MAPKγ activity. Despite this, how LSD1 controls corneal
neovascularization remains unclear. In our study, the expression
levels of LSD1 and H3K9me2 were considerably enhanced in vivo

FIGURE 11
Schematic diagram of lysine-specific demethylase 1 alleviates alkali burn-induced corneal neovascularization and ferroptosis via the JAK2/STAT3/
HIF-1α pathway.
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and in vitro. Furthermore, inhibiting LSD1 with either TCP or si-
LSD1 alleviated corneal damage and inflammation following alkali
burns, suggesting that LSD1 plays a critical role in controlling CNV.

Ferroptosis is a unique type of programmed cell death
characterized by the excessive accumulation of lipid peroxides. It
is linked to a variety of clinical events, such as liver injury, ischemia/
reperfusion injury, cancer, and neurological illnesses. Notably,
ferroptosis may play a role in the etiology of several ocular
conditions, including photoreceptor degeneration, corneal
endothelial cell abnormalities, and dysfunction of the retinal
pigment epithelium (Tang et al., 2021; Zuo et al., 2022; Mi et al.,
2023). Wang et al. reported that ferroptosis plays an essential role in
corneal injury after alkali burns. In our investigation, ferroptosis was
observed to occur in CNV. In both the CNV and H/R models, the
GPX4, GSH and SLC7A11 levels decreased, whereas the ASCL4,
HMOX1, 4-HNE, and Fe2+ levels increased. Moreover, CNV- or
H/R-induced ferroptosis may be reduced through TCP or siRNA
inhibition of LSD1, suggesting that LSD1 plays a role in ferroptosis
induced by corneal alkali burn.

One of the primary pathogenic processes of CNV is oxidative
stress, which is defined as the excessive generation of ROS or reactive
nitrogen species (RNS) in response to damaging stimuli, such as UV
radiation and high metabolic activity (Phaniendra et al., 2015).
Notably, inflammation and ROS generation are considered
drivers of ferroptosis (Sun et al., 2018). Our findings, consistent
with those of earlier research, showed that corneal alkali burn-
induced oxidative stress was marked by a decrease in SOD activity,
an increase in MDA concentration, and elevated ROS levels
following CNV or H/R. Similarly, following inhibition by TCP or
si-LSD1, SOD levels increased while MDA and ROS levels
decreased, suggesting that LSD1 facilitates CNV by regulating
oxidative stress.

Hypoxia-inducible factor 1-alpha (HIF-1α) is a heterodimer
consisting of the oxygen-regulatory subunit Hif-1α (120 kDa)
and a structural subunit Hif-1β (91–94 kDa). Under hypoxia
conditions, Hif-1α becomes more stable, translocates to the
nucleus, and binds to Hif-1β to form the HIF-1 dimer. HIF-1
then binds to the hypoxia response element (HRE) in target genes
and forms a transcription activation complex with the cofactor
CBP/p300, thereby initiating target gene transcription (Semenza,
2001). A series of proangiogenic genes, such as vascular
endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and angiopoietin (Ang), can be activated by
HIF-1, leading to neovascularization. It has been reported that
HIF-1α contributes to retinal neovascularization (Yan and Su,
2014). Futhermore, HIF-1α is a critical modulator of iron
metabolism, with its upregulation resulting in decreased
cellular iron accumulation (Jaakkola et al., 2001; Feng et al.,
2021; Yuan et al., 2022).

In our study, alkali burn- or H/R-induced HIF-1α expression
was reduced at both the mRNA and protein levels by TCP
administration and LSD1 knockdown. Additionally, we delivered
a lentivirus containing human HIF-1α to HUVECs to counteract the
TCP-mediated decrease in HIF-1α. These findings indicate that by
suppressing HIF-1α, LSD1 inhibition exerts antiangiogenic,
antioxidative stress, and antiferroptotic effects. Hypoxia can affect
body metabolism by activating the JAK2/STAT3 signaling pathway,
which is involved in the initiation and development of inflammatory

and immune responses in various pathological processes (Zhang
et al., 2023). In this research, we found that the expression of
phosphorylated-JAK2 (p-JAK) and phosphorylated-STAT3
(p-STAT3) decreased after LSD1 inhibition. Furthermore, the
application of AG490 significantly downregulated the expression
of HIF-1α and VEGFA, suggesting that LSD1 likely regulates HIF-1α
through the JAK2/STAT3 pathway.

This study has several limitations. Further research should
clarify the protein sites important for LSD1-mediated HIF-1α
regulation elucidate protein‒protein interactions and define a
more explicit mechanism of action. Moreover, the specific
mechanism by which the JAK2/STAT3 pathway regulates HIF-1α
needs to be further verified.

To our knowledge, this is the first work to investigate the
mechanisms of interactions between LSD1 and JAK2/STAT3/HIF-1α
in the field of CNV. The findings suggest that LSD1 could be a potential
therapeutic target for CNV in clinical settings.

5 Conclusion

In sum, our findings indicate that LSD1 is a viable therapeutic
target for CNV because it inhibits HIF-1α-dependent oxidative
stress and ferroptosis via the JAK2/STAT3 pathway, thereby
preventing corneal neovascularization. LSD1 inhibitors hold
potential to be an innovative and promising treatments for CNV.
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