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Retinopathy of prematurity (ROP) is a leading cause of childhood blindness and is characterized by retinal
neovascularization. Microglia have emerged as key mediators of hypoxia-induced angiogenesis, yet the under-
lying molecular mechanisms remain incompletely defined. Heme oxygenase-1 (HMOX1) is a stress-inducible

Ilil/hcrogha ) enzyme with well-established antioxidant and anti-inflammatory properties, acting as an important electro-
eme oxygenase- e . . . . . N X i § N .
STAT3 V8 philic signaling mediator in redox biology. Here, we investigated the role of microglial HMOX1 in retinal

angiogenesis and its regulation of endothelial signaling. Using an oxygen-induced retinopathy (OIR) mouse
model combined with bulk and single-cell RNA sequencing, we identified HMOX1 as a hypoxia-induced
angiogenic regulator selectively enriched in retinal microglia. Conditional knockout of HMOX1 in microglia
markedly reduced neovascularization in vivo, while in vitro hypoxia-driven microglia—endothelial co-culture
assays confirmed impaired endothelial proliferation, migration, and tube formation. Mechanistically, loss or
pharmacological inhibition of HMOX1 suppressed STAT3 activation and VEGF expression in endothelial cells,
establishing a paracrine signaling pathway between microglia and endothelium. These findings demonstrate that
microglial HMOX1 drives pathological angiogenesis by activating the endothelial STAT3-VEGF axis. Our study
uncovers a novel hypoxia-microglia-endothelium signaling mechanism, highlighting microglial HMOX1 as a
promising therapeutic target for ROP and other hypoxia-related angiogenic diseases.

Endothelial cells

1. Introduction oxygen-sensitive factors like erythropoietin and vascular endothelial

growth factor (VEGF), driving neovascularization. Currently, laser

Retinopathy of prematurity (ROP) is a developmental retinal vas-
culopathy characterized by retinal neovascularization secondary to
disrupted neurovascular maturation, and it remains one of the leading
preventable causes of childhood blindness worldwide [1,2]. The path-
ogenesis of ROP involves two phases [3]: phase I, where premature birth
halts retinal vascular development, causing relative hypoxia as the
retina matures; and phase II, where hypoxia upregulates

photocoagulation and intravitreal anti-VEGF therapies are the main-
stays of treatment during phase II. However, both interventions have
notable limitations [4], particularly concerning anti-VEGF therapy, as
systemic suppression of VEGF following intravitreal administration
raises concerns about potential long-term ocular and systemic devel-
opmental complications [5]. Given these limitations, there is an urgent
need to deepen our understanding of the molecular mechanisms
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underlying neovascularization in ROP and to identify novel therapeutic
targets to optimize outcomes and minimize adverse effects.

Microglia, the resident immune cells of the central nervous system,
play a critical role in regulating developmental retinal angiogenesis and
actively contribute to neovascularization under disease conditions [6].
In the oxygen-induced retinopathy (OIR) model, microglia become
activated and migrate toward hypoxic regions, where they are thought
to modulate the vascular microenvironment [7]. Recent single-cell
transcriptomic studies have revealed that microglia contribute to neo-
vascularization in retinal vascular diseases [6,8,9]. In contrast, in other
regions of the central nervous system, microglia have been shown to
promote endothelial wound healing, suggesting a beneficial role in
vascular repair [10]. These findings indicate that the interaction be-
tween microglia and endothelial cells (ECs) may vary across different
pathological conditions. In the OIR retina, however, the specific roles
and mechanisms by which microglia influence endothelial behavior
remain poorly understood and require further investigation.

Heme oxygenase-1 (HMOX1) is a classic stress-inducible enzyme that
is upregulated under pathological conditions such as hypoxia and
inflammation [11]. It exerts a variety of biological effects, including
antioxidant, anti-inflammatory, and anti-proliferative functions [12].
HMOX1 has been closely linked to angiogenesis in various diseases, and
previous studies have demonstrated that it can promote neo-
vascularization by regulating the expression of VEGF [13-16]. Despite
the established relationship between HMOX1 and VEGF, its specific role
in retinal neovascularization, particularly its function within microglia,
remains poorly understood. Investigating the HMOX1-mediated regu-
latory mechanisms in microglia may provide new insights into its
pathogenic roles in diseases such as ROP.

In this study, we employed bulk RNA sequencing and single-cell RNA
sequencing analyses, in combination with a human microglial cell line
(HMC3), human retinal microvascular endothelial cells (HRMVECs),
and the OIR mouse model, to investigate the role of microglial HMOX1
in retinal neovascularization. We found that HMOX1 expression was
specifically upregulated in microglia from OIR retinas, with expression
levels correlating positively with the severity of neovascular lesions.
Genetic ablation of HMOX1 in microglia using Cx3crl promoter-driven
Cre recombinase (Cx3cr1-Cre) in conditional knockout mice, as well as
pharmacological inhibition of HMOX1 in vitro, both led to reduced
neovascularization and attenuated endothelial cell proliferation. These
effects were accompanied by decreased expression of endothelial acti-
vator of transcription 3 (STAT3) and VEGF in both in vivo and in vitro
settings. Collectively, these findings reveal a previously unrecognized
role of microglial HMOX1 in retinal neovascularization and suggest that
HMOX1 may serve as a potential therapeutic target for angiogenic
retinal diseases, including ROP.

2. Material and methods
2.1. Animals

All animals were housed in a specific pathogen-free facility at TOP-
BIOTECH (Shenzhen, China). All experimental procedures were
approved by the Ethics Committee of Shenzhen Eye Medical Center,
Southern Medical University (Approval No. D2307020), and conducted
in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

2.2. Induction of OIR model

Newborn C57BL/6J mice (postnatal day 0, PO) were exposed to 75 +
2 % oxygen from P7 to P12 in an airtight chamber (Huaxiao Electronics,
Changsha, China) with an oxygen flow rate of 0.50-0.75 L/min. Sub-
sequently, the mice were returned to room air until P17. During
hyperoxia, pups were reared by alternating foster dams, and body
weight as well as general health were monitored at P7, P12, and P17
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[17,18]. Pups showing poor health or markedly reduced growth were
excluded in accordance with predefined humane endpoints. n indicates
the number of eyes analyzed unless otherwise specified; both eyes from
each animal were included. Group sizes are reported in each figure
legend. Retinal tissues were collected at designated time points for
subsequent analyses.

2.3. Generation and induction of microglia-specific HMOX1 conditional
knockout mice

HMOX119%/+; Cx3cr1-CreERT2*/~ mice were purchased from Cya-
gen Biosciences Inc (Suzhou, Jiangsu, China) and intercrossed to
generate HMOX119f19%, cx3cr1-CreERT2/~ (HMOX1 cKO) mice and
HMOX119%/floX jittermates as controls. Tamoxifen (Sigma-Aldrich, St.
Louis, MO, USA) was intraperitoneally injected at 20 mg/kg daily for
five consecutive days starting at P12 to induce Cre-mediated recombi-
nation. Genotyping was performed to confirm knockout efficiency.

2.4. Bulk RNA sequencing and single-cell RNA sequencing (scRNA-seq)

For bulk RNA-seq (Gene Denovo Biotechnology Co., Ltd., Guangz-
hou, China), total RNA was extracted from retinal tissues, and mRNA
was enriched using Oligo (dT) beads. After fragmentation and reverse
transcription, cDNA libraries were constructed and sequenced using an
lumina platform. RNA quality was assessed via agarose gel electro-
phoresis, NanoPhotometer, Qubit 2.0, and Agilent 2100.

For scRNA-seq, retinal tissues were enzymatically dissociated into
single-cell suspensions. Cells with >90 % viability were processed using
the 10x Genomics Chromium system and Single Cell 3' Reagent Kits v3
(Gene Denovo Biotechnology Co., Ltd., Guangzhou, China). Sequencing
was performed on an [llumina platform, and data were processed with
Cell Ranger (v3.0, mm10 reference genome) and analyzed using Seurat
(v3.0) in R.

2.5. Cell culture and co-culture experiments

Human microglial HMC3 cells (Yuchi Biotechnology Co., Ltd.,
Shanghai, China) were cultured in DMEM supplemented with 10 % fetal
bovine serum (FBS; Gibco, Waltham, MA, USA) and 1 % penicillin/
streptomycin at 37 °C in 5 % CO5. Human retinal microvascular endo-
thelial cells (HRMVECs; Fenghbio, China) were cultured in Complete
Classic Medium with serum and supplements. For co-culture, HMC3
cells were pretreated under normoxic or hypoxic (1 % O3) conditions
with or without zinc protoporphyrin IX (ZnPP, 10 pM), then co-cultured
with HRMVECs in Transwell systems for 24 h.

2.6. Intravitreal injection of HMOX1 inhibitor

At P12, OIR mice received intravitreal injections of ZnPP (20 pM in 1
pL; Sigma-Aldrich, St. Louis, MO, USA) into the right eye. The contra-
lateral eye was injected with 1 pL of PBS as a control. Retinas were
harvested at P17 for wholemount staining and analysis of neovascular
and avascular areas.

2.7. Quantification of retinal neovascularization

At P17, eyes were enucleated and fixed in 4 % paraformaldehyde
(PFA) for 30 min. Retinas were dissected and incubated overnight at 4 °C
with Alexa Fluor 594-conjugated Isolectin B4 (IB4; Invitrogen, USA).
After washing, retinas were incised radially into four quadrants and flat-
mounted with the photoreceptor side down. Imaging was performed
using a confocal microscope (Nikon A1R, Tokyo, Japan). Neovascular
tufts and avascular areas were quantified using ImageJ software and
expressed as a percentage of total retinal area.
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2.8. Quantitative PCR (qPCR)

Total RNA was extracted from HMC3 cells or retinal tissue using
TRIzol reagent (TransGen Biotech, China). First-strand cDNA synthesis
was performed using a QPCR RT Master Mix (TransGen Biotech, China).
qPCR was carried out with SYBR Green Master Mix (Invitrogen, USA) on
an ABI Prism 7500 Real-Time PCR System (Applied Biosystems, USA).
B-actin was used as the internal control. Primer sequences are listed
(Table S1). All reactions were performed in triplicate.

2.9. Western blotting

Protein lysates from retinal tissues and cultured cells were prepared
using RIPA lysis buffer (Beyotime, China) supplemented with protease
and phosphatase inhibitor tablets (Thermo Fisher Scientific, USA).
Protein concentrations were measured using the BCA Protein Assay Kit
(Thermo Fisher Scientific, USA). Equal amounts of protein (30 pg per
sample) were separated by 8-12 % SDS-PAGE and transferred onto
PVDF membranes (EpiZyme, USA). Membranes were blocked with 5 %
non-fat milk at room temperature for 1 h and then incubated overnight
at 4 °C with primary antibodies, followed by appropriate HRP-
conjugated secondary antibodies. Signals were visualized using
enhanced chemiluminescence (ECL) detection reagents (Beyotime,
China) and quantified using ImageJ software.

As shown in Table S2, primary antibodies were used: anti-HMOX1
(Proteintech, Wuhan, China), anti-lbal (R&D Systems, Minneapolis,
MN, USA), anti-STAT3 and anti-phospho-STAT3 (pSTAT3, SAB Biotech,
Maryland, USA), anti-CD31 (Abcam, Cambridge, UK), anti-VEGFA
(Abclonal Technology, Wuhan, China), and anti-f-actin (Abcam, Cam-
bridge, UK).

2.10. Immunofluorescence staining

Eyeballs were fixed in 4 % PFA, dehydrated in a sucrose gradient,
embedded in OCT (Sakura Finetek, USA), and cryosectioned at 8 pm.
Sections were incubated with primary antibodies overnight at 4 °C,
followed by fluorescent secondary antibodies. For wholemount staining,
retinas were flat-mounted after antibody incubation. Cultured cells were
fixed, permeabilized, blocked, and stained similarly.

As shown in Table S2, primary antibodies included anti-HMOX1,
anti-Ibal, anti-STAT3, IB4, and anti-CD31. Secondary antibodies
included Alexa Fluor 488-, 594-, or 647-conjugated IgG antibodies
(Abcam and CST). Images were acquired using a confocal microscope
(Nikon A1R, Tokyo, Japan).

2.11. Hematoxylin and eosin (H&E) staining

Eyes were fixed in 4 % formaldehyde overnight, embedded in
paraffin, and sectioned vertically at 5 pm thickness. After deparaffini-
zation and rehydration, sections were stained with hematoxylin for 10
min, rinsed, and counterstained with eosin for 15 s. Sections were
dehydrated, cleared, and mounted. Neovascular nuclei anterior to the
inner limiting membrane and retinal thickness were quantified under a
light microscope.

2.12. Optical coherence tomography (OCT)

Mice were anesthetized via intraperitoneal injection of tri-
bromoethanol (20 ml/kg, AibeiBio, Nanjing, China). Pupils were dilated
with 1 % tropicamide, and Genteal gel (Alcon) was applied to prevent
corneal dehydration. Retinal imaging was performed using the Micron
IV system (Phoenix Research Labs), with fundus photography for initial
alignment and real-time OCT images for fine adjustment. Cross-sectional
retinal images were acquired for morphological analysis.
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2.13. Fundus fluorescein angiography (FFA)

Following OCT, FFA was conducted using the same system. After
pupil dilation and ocular surface cleaning, 0.01 ml of 25 % sodium
fluorescein (Akorn Inc) per 5 g body weight was injected intraperito-
neally. Retinal vessels were visualized within 1 min post-injection. Im-
ages were captured at 1 and 5 min to evaluate vascular perfusion and
leakage.

2.14. Cell viability assay using 3-(4,5-dimethylthiazol-2-yD)-2,5-diphenyl
tetragolium bromide (MTT)

Cells were seeded in 96-well plates (5 x 10° cells/well) and incu-
bated for 12 h. After treatment, 20 pl of MTT solution (5 mg/ml in PBS,
Sigma-Aldrich) was added per well and incubated at 37 °C for 4 h. Su-
pernatants were removed, and 150 pl of DMSO was added to dissolve
formazan crystals. Absorbance at 490 nm was measured using a
microplate reader (Bio-Rad, Hercules, CA, USA).

2.15. 5-ethynyl-2'-deoxyuridine (EAU) incorporation assay

Endothelial cell proliferation was evaluated using a Click-iT™ EdU
Imaging Kit (Beyotime, China). HRMVECs were seeded in the lower
chamber and HMC3 microglia in the upper insert of a 6-well Transwell
(Corning #3450). After 24 h co-culture under normoxia or hypoxia
with/without ZnPP, EAU was added for 2 h. Cells were fixed, stained per
protocol, and imaged using a Nikon confocal microscope.

2.16. Wound healing assay

HRMVECs were cultured to confluence in 6-well Transwell plates. A
scratch was made with a pipette tip, followed by co-culture with HMC3
cells in the upper chamber. After 24 h under combinations of ZnPP
treatment (+ZnPP) and oxygen levels (normoxia/hypoxia), images were
taken at 0 and 24 h. Wound closure was quantified using ImageJ.

2.17. Transwell migration assay

Endothelial migration was assessed using 24-well Transwell inserts
(8 pm pores; Corning #3470). HMC3 cells were seeded in the lower
wells and HRMVEGs (2 x 10*/ml) in the upper chamber. After 24 h co-
culture under indicated conditions (with/without ZnPP, normoxia/
hypoxia), migrated cells were fixed, stained with crystal violet, and
counted in three random fields per well.

2.18. Tube formation assay

HRMVECs (2 x 104/we11) were seeded on Matrigel-coated 24-well
plates (Corning #354234) and co-cultured with HMC3 cells in the
upper chamber. After 24 h incubation (with/without ZnPP, normoxia/
hypoxia), tube-like structures were imaged in three fields using a Leica
microscope and quantified with ImageJ.

2.19. Statistical analysis

Data are presented as mean =+ standard deviation (SD). Comparisons
between two groups were performed using the unpaired two-tailed
Student’s t-test or Mann-Whitney U test, as appropriate. For compari-
sons among three or more groups, one-way analysis of variance
(ANOVA) followed by Bonferroni post hoc test was used. All analyses
were performed using SPSS v27.0 software (IBM, Chicago, IL, USA). A P
value < 0.05 was considered statistically significant (*p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001).
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3. Results

3.1. HMOX1 is progressively upregulated during retinal
neovascularization

To validate the successful establishment of the OIR model, we first
performed retinal flat-mount fluorescein angiography at P17. Distinc-
tive avascular and neovascular zones were clearly observed (Fig. S1A),
and quantitative analysis confirmed consistent changes in area size
(Fig. S1B and C), supporting the model’s reliability [17]. Given the
well-characterized temporal progression of angiogenesis in OIR [17],
bulk RNA-seq was conducted on retinal tissues harvested at P12, P13,
and P17 from OIR mice, and at P17 from age-matched controls. Differ-
ential gene expression analysis revealed substantial transcriptional al-
terations across the time points (Fig. 1A), with numerous genes
significantly upregulated or downregulated (Fig. 1B), providing a
foundation for downstream analyses. Among these, HMOX1 expression
was markedly increased in OIR retinas and showed a progressive
elevation that paralleled the severity of neovascularization (Fig. 1C and
D). Quantitative expression profiling confirmed this trend (Fig. 1E).
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses revealed that differentially expressed
genes were significantly associated with angiogenesis-related pathways,
including ferroptosis signaling (Fig. 1F and G). Additionally, protein—-
protein interaction (PPI) network analysis suggested that HMOX1 may
interact directly with VEGF or indirectly through STAT3 (Fig. 1H).
Collectively, these results indicate that HMOX1 is progressively upre-
gulated in the OIR retina and may contribute to angiogenesis via the
STAT3-VEGF signaling axis.

3.2. Microglial HMOX1 is upregulated and linked to endothelial
STAT3-VEGEF signaling

To delineate the cellular distribution of HMOX1 during neo-
vascularization, we performed scRNA-seq on retinas from OIR mice
using the 10x Genomics platform (Fig. 2A and B). Quality control met-
rics confirmed the robustness of the data (Fig. SID-G). To enhance
immune cell resolution, rod photoreceptors were depleted using mag-
netic bead-based sorting prior to sequencing [8]. Clustering analysis
identified 11 distinct retinal cell populations (Fig. 2C), with microglia
significantly enriched in OIR compared to controls (Fig. 2D). Uniform
Manifold Approximation and Projection (UMAP) visualization showed
that HMOX1 was broadly expressed across retinal cell types, most
prominently in microglia (Fig. 2E and F). Volcano plot analysis further
confirmed HMOX1 upregulation in OIR-associated microglia (Fig. 2G).
GO enrichment analysis of upregulated genes in microglia revealed
strong associations with hypoxia response and cell migration (Fig. 2H).
Notably, downregulated genes were also enriched in pathways related to
morphogenesis and differentiation (Fig. S1H), suggesting a dual regu-
latory effect of hypoxia on microglial functional states. PPI analysis
indicated potential interactions between HMOX1 and key
pro-angiogenic regulators such as STAT3 (Fig. 2I). Cell communication
network analysis further revealed strong microglia-endothelial cross-
talk mediated by VEGF-related ligand-receptor interactions (Fig. 2J).
These results suggest that microglial HMOX1 may contribute to neo-
vascularization in OIR through modulation of endothelial STAT3-VEGF
signaling.

3.3. HMOX1 is upregulated in microglia and linked to retinal
neovascularization

To validate the microglial specificity of HMOX1 observed in scRNA-
seq, immunofluorescence staining was performed on retinal sections and
flat mounts. Co-localization analysis revealed that HMOX1 exhibited
strong spatial overlap with Ibal™ microglia, and partial overlap with
IB4" endothelial cells, indicating that HMOX1 is predominantly
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expressed in microglia, while also present in regions adjacent to neo-
vascular tufts in the OIR retina (Fig. 3A and D). Quantitative analysis
showed a significant increase in both Ibal™ microglia and IB4™ endo-
thelial cells in OIR retinas compared to controls (Fig. 3B and C), sup-
porting a potential role of microglial HMOX1 in pathological
angiogenesis.

Given the distinct temporal phases of neovascularization in the OIR
model, retinal tissues from OIR and control mice were collected at
multiple time points (P7, P12, P13, P15, P17, P21, and P25) to assess the
dynamic expression pattern of HMOX1 [17]. Western blot analysis
revealed a time-dependent increase in HMOX1 expression in the OIR
retina, peaking at P17 (Fig. 3F and G). This trend was further corrobo-
rated by qPCR analysis showing a similar temporal expression pattern
(Fig. 3E), indicating a strong correlation between HMOX1 expression
and the angiogenic phase of the OIR model.

To examine the regulation of HMOX1 under hypoxia, HMC3 micro-
glial cells were exposed to 1 % O, for 12, 24, and 48 h. Both qPCR and
Western blot analyses demonstrated time-dependent upregulation of
HMOX1 (Fig. 3H-J). Immunofluorescence further confirmed HMOX1
induction in Ibal™ cells under hypoxia (Fig. 3K and L). To explore
functional involvement of HMOX1 in angiogenesis, OIR mice received
intravitreal injections of the HMOX1 inhibitor ZnPP. Although the
avascular area remained unchanged, ZnPP treatment significantly
reduced neovascularization (Fig. S2A-C), supporting a role for micro-
glial HMOX1 in promoting retinal angiogenesis.

3.4. Microglia-specific deletion of HMOX1 reduces retinal
neovascularization in OIR mice

To assess the impact of microglial HMOX1 on retinal neo-
vascularization, microglia-specific conditional knockout (HMOX1 cKO)
mice were generated (Fig. 4A and S3A). Western blot analysis confirmed
a significant reduction of HMOX1 protein levels in the retinas of cKO
mice compared to Hmox1"? controls in the OIR model (Fig. 4B and C).
Immunofluorescence staining revealed a reduction of HMOX1 expres-
sion in Ibal™ microglia, which was accompanied by a decrease in IB4"
endothelial cells in the OIR-cKO group (Fig. 4D). Quantification showed
a significant decrease in HMOX1™" cells and microglia number in OIR-
cKO retinas (Fig. 4E and G), along with a reduced neovascular area
(Fig. 4F). These results indicate that microglial HMOX1 deletion miti-
gates retinal neovascularization in the OIR model.

At P17, fundus imaging and OCT demonstrated more organized
retinal structure and normalized total and inner retinal thickness in OIR-
cKO mice compared to OIR-Hmox1"? controls (Fig. 4H-J). Whole-
mount IB4 staining further showed reduced neovascular and avascular
areas in OIR-cKO retinas (Fig. 4K-M). No significant differences were
observed between CON-Hmox1%"f and CON-cKO groups.

Serial FFA and OCT imaging at P12, P17, P21, and P25 demonstrated
that OIR-cKO mice consistently exhibited smaller avascular and neo-
vascular areas, along with relatively preserved retinal thickness
compared to OIR- Hmox1/? mice (Figs. S4A and S5A-C). Retinal
thickness in OIR-cKO mice was transiently reduced before P21 but
normalized by P25. H&E staining at P17 showed reduced preretinal
neovascular nuclei and preserved retinal layer structure in OIR-cKO
mice (Fig. 4N-P). No structural abnormalities were observed between
CON-Hmox1%"f and CON-cKO groups, whereas significant pathological
attenuation was evident in OIR-cKO retinas (Fig. SSD-E). Collectively,
these findings support a critical role for microglial HMOX1 in promoting
retinal neovascularization, and demonstrate that its specific ablation
alleviates ischemia-induced retinal pathology.

3.5. Microglial HMOX1 promotes endothelial angiogenic behavior in vitro
To examine the functional contribution of microglial HMOX1 to

angiogenesis, we established an in vitro co-culture system comprising
HMC3 microglia and HRMVECs under hypoxic conditions. Due to
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Fig. 2. Microglial HMOX1 is upregulated and linked to endothelial STAT3-VEGF signaling. (A) Schematic illustration of the OIR model. (B) Workflow diagram of
scRNA-seq. (C) UMAP plot showing major retinal cell populations. (D) Bar graph indicating the relative proportions of each major cell type in CON and OIR groups.
(E) UMAP heatmap showing the expression distribution of HMOX1 across different cell clusters. (F) Violin plots showing HMOX1 expression in each cell cluster
between CON and OIR retinas. (G) Volcano plot highlighting differential expression of HMOX1 in retinal microglia between OIR and CON groups. (H) GO enrichment
analysis of upregulated DEGs in microglial group. (I) PPI network of potential HMOX1-interacting partners in microglia. (J) Cell communication network analysis
indicating potential interaction between microglia and endothelial cells.
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Fig. 3. HMOX1 is upregulated in microglia and linked to retinal neovascularization. (A) Immunofluorescence staining of retinal sections shows colocalization of
HMOX1 with microglia (Ibal) and endothelial cells (IB4). (B-C) Quantification of Ibal™ microglia and IB4™ endothelial cells in OIR and control retinas (n = 6). (D)
Whole-mount immunostaining shows colocalization of HMOX1 with microglia and endothelial cells. (E) gPCR analysis of HMOX1 mRNA in CON and OIR retinas
across P7-P25 (n = 5). (F-G) Western blot and quantification of HMOX1 protein expression at P7-P25 (n = 4). (H-I) Western blot and quantification of HMOX1
protein in HMC3 cells in control and hypoxia groups (12 H, 24 H, 48 H) (n = 3). (J) gPCR showing HMOX1 mRNA levels in HMC3 cells under hypoxia (n = 3). (K-L)
Immunofluorescence staining showing increased HMOX1 expression in HMC3 under hypoxia (n = 6). Scale bars: 50 pm in (A), 100 pm in (D), and (K). *P < 0.05; **P
< 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 4. Microglia-specific deletion of HMOX1 alleviates neovascularization in OIR mice. (A) Schematic diagram and representative images of the OIR model. (B-C)
Western blot analysis confirming efficient knockout of HMOX1 in HMOX1 cKO (HMOXlﬂ/ ﬂ; Cx3crl-CreERT2%/7) mice compared to HMOX1"" mice (n = 3). (D)
Immunofluorescence staining of OIR retinas showing co-localization of HMOX1 with microglia (Ibal) and endothelial cells (IB4). (E-G) Quantification of microglia
(Ibal), neovascular area (IB4), and HMOX1 levels in HMOX1"" and HMOX1 cKO groups under OIR (n = 6). (H) Representative OCT and fundus images across CON-
HMOX11 ﬂ, CON-cKO, OIR-HMOX1 ﬂ, and OIR-cKO groups. (I-J) Quantification of total and inner retinal thickness from OCT images (n = 6). (K) Whole-mount
staining of retinas showing neovascular and avascular areas in the four groups. (L-M) Quantification of neovascular and avascular areas (n = 6). (N) H&E staining
showing retinal morphology and preretinal neovascular numbers. (O-P) Quantification of total retinal thickness and preretinal neovascular nuclei based on H&E-

stained sections (n = 6). Scale bars: 50 pm in (D) and (N), 100 pm in (H), 500 pm in (K). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

limited knockdown efficiency of HMOX1 siRNAs in HMC3 cells, phar-
macological inhibition was adopted using ZnPP, a selective HMOX1
inhibitor [19]. MTT assays confirmed that ZnPP at 10 and 20 pM was
non-toxic to HMC3 cells (Fig. S2D), and both concentrations effectively
suppressed HMOX1 expression (Fig. S2E-F). Based on these results, 10
pM ZnPP was selected for subsequent experiments.

HRMVECs were co-cultured with HMC3 cells under normoxic or
hypoxic conditions, with or without ZnPP, forming four experimental
groups: control, control + ZnPP, hypoxia, and hypoxia + ZnPP. EdU
incorporation assays revealed a significant reduction in endothelial
proliferation upon ZnPP treatment under hypoxia (Fig. 5A and B).
Similarly, wound healing and transwell migration assays showed
impaired HRMVEC migratory capacity in the hypoxia + ZnPP group
compared to hypoxia alone (Fig. 5C-F). In addition, Matrigel tube for-
mation assays demonstrated that HMOX1 inhibition in microglia
markedly attenuated the pro-angiogenic phenotype of endothelial cells
(Fig. 5G and H). Together, these results suggest that microglial HMOX1
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enhances endothelial angiogenic activity in hypoxic conditions and may
play a critical role in mediating microglia—endothelial crosstalk during
retinal neovascularization.

3.6. Inhibition of microglial HMOX1 suppresses retinal
neovascularization via downregulation of endothelial STAT3

Immunofluorescence staining of retinal tissues from four group-
s—normoxic HMOX1V!  controls (CON-HMOXlﬂ/ ﬂ), normoxic
microglia-specific HMOX1 conditional knockout (CON-cKO), OIR
HMOX1"! controls (OIR-HMOX1"%), and OIR microglia-specific
HMOX1 conditional knockout (OIR-cKO)—revealed STAT3 expression
was markedly reduced, and this was accompanied by a significant
decrease in neovascular cell formation (Fig. 6A-C). To further investi-
gate the temporal dynamics of key angiogenic molecules, Western blot
analyses were performed on retinal lysates collected at P7, P12, P17, and
P25. The expression of pSTAT3, STAT3, HMOX1, and VEGF peaked at
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Fig. 5. Inhibition of microglial HMOX1 suppresses endothelial angiogenic activities in vitro. (A-B) EdU assay and quantification of HRMVEC proliferation in co-
culture with HMC3 cells in four groups: Control, Control + ZnPP, Hypoxia, and Hypoxia + ZnPP (n = 6). (C-D) Wound healing assay showing HRMVEC migra-
tion and corresponding quantification across groups (n = 6). (E-F) Transwell migration assay and quantification of HRMVECs under indicated conditions (n = 6).
(G-H) Tube formation assay demonstrating endothelial angiogenic capacity and quantification of tube structures (n = 6). Scale bars: 50 pm in (A),250 pm in (C), (E),

and (G). *P < 0.05; **P < 0.01; ****P < 0.0001.
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Fig. 6. Microglial HMOX1 regulates retinal neovascularization via endothelial STAT3 activation. (A) Immunofluorescence staining of retinal sections showing co-
localization of STAT3 with Ibal* microglia and IB4™ endothelial cells in CON-HMOX1%", CON-cKO, OIR-HMOX1%?, and OIR-cKO groups. (B-C) Quantification of
STAT3 expression and preretinal neovascular nuclei in retinal sections (n = 6). (D) Western blot analysis of STAT3, pSTAT3, and VEGF expression in retinas from the
four groups at P17. (E-G) Densitometric quantification of pSTAT3, total STAT3, and VEGF levels from (D) (n = 3). (H-I) Immunofluorescence staining and
quantification of pSTAT3 in CD31" endothelial cells under hypoxia with/without ZnPP treatment (n = 6). (J-M) Western blot and densitometric analysis of pSTAT3,
STAT3, and VEGF in co-cultured HRMVECs (n = 3). *Scale bars: 50 pm in (A), 100 pm in (H). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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P17 in the OIR group, consistent with the neovascularization apex of the
model (Fig. S6A-E). All proteins were significantly downregulated in
OIR-cKO mice compared to OIR-HMOX1"? controls, confirming the
involvement of HMOX]1 in modulating angiogenic signaling (Fig. 6D-G).

These findings were further validated in vitro. Under hypoxic con-
ditions, immunofluorescence staining revealed decreased STAT3
expression in CD31" endothelial cells co-cultured with ZnPP-treated
microglia (Fig. 6H and I). Consistently, Western blotting showed that
ZnPP suppressed the hypoxia-induced upregulation of pSTAT3, total
STAT3, and VEGF in endothelial cells, with no significant changes
observed under control (Fig. 6J-M). Together, these results indicate that
microglial HMOX1 promotes retinal angiogenesis, by enhancing
STAT3-VEGF signaling in endothelial cells. To ensure transparency, the
original uncropped Western blot images corresponding to all figures are
provided in supplementary information (Fig. S7).

4. Discussion

Retinal neovascularization is a hallmark of ischemia-related retinal
diseases such as ROP. However, current interventions for ROP are
typically implemented after disease onset and often result in suboptimal
outcomes [20,21]. The limited efficacy of anti-VEGF therapies in a
subset of patients suggests the involvement of additional angiogenic
regulators beyond VEGF alone [22]. In this study, we identified HMOX1
as a key modulator of hypoxia-induced retinal neovascularization,
acting predominantly through activation of the endothelial
STAT3-VEGF signaling axis. Microglia-specific conditional knockout of
HMOX1 in the OIR model significantly attenuated pathological angio-
genesis, accompanied by a marked reduction in STAT3 and VEGF
expression, underscoring the central role of microglial HMOX1 in
hypoxia-driven vascular remodeling. Furthermore, in a hypoxia-induced
microglia—endothelial co-culture system, inhibition of HMOX1 in
microglia led to reduced endothelial proliferation and migration, as well
as decreased STAT3 activation and VEGF expression. Together, these
findings highlight microglial HMOX1 as an upstream regulator of
angiogenic signaling and a promising therapeutic target for ROP and
other retinal neovascular disorders.

Although the OIR rat model exhibits delayed peripheral vascular
development that more closely resembles the spatial distribution of
neovascularization in human ROP, the mouse OIR model remains the
most widely adopted experimental system for mechanistic studies [23,
24]. Compared with rats, mice offer higher genetic accessibility,
well-established transgenic tools, and reproducible vascular responses,
making them particularly suitable for dissecting cell type-specific
pathways. To investigate the molecular mechanisms underlying retinal
neovascularization in ROP, we integrated bulk RNA-seq and scRNA-seq
analyses from the OIR model. Bulk RNA-seq revealed significant upre-
gulation of HMOX1 in OIR retinas, with expression dynamics closely
paralleling the temporal progression of pathological neovascularization,
suggesting a potential regulatory role in angiogenesis. HMOX1 is known
to be elevated in hypoxia-associated diseases, including age-related
macular degeneration and various cancers, where it contributes to
neovascularization [25-27], implicating its relevance in OIR. scRNA-seq
further demonstrated that HMOX1 expression is enriched specifically in
microglia. As the primary immune cells in the retina, microglia are
increasingly recognized as key modulators of angiogenesis through their
response to hypoxic stress [6,28,29]. Previous studies have shown that
HMOX1 facilitates M2 macrophage polarization and regulates inflam-
mation in hypoxia-driven pathologies such as portal hypertension [16,
30,31], supporting its role as a stress-responsive mediator in microglia.
Together, these findings suggest that microglial HMOX1 contributes to
pathological angiogenesis by modulating the retinal hypoxic microen-
vironment. Notably, this study is the first to characterize HMOX1™"
microglia in the OIR retina and to delineate their distinct transcriptional
profile.

Studies have demonstrated that microglia play a pivotal role in
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neovascularization within both the central nervous system and the
retina [32-34]. Under hypoxic conditions, these cells are recruited to
neovascular regions and often reside in close proximity to endothelial
cells, implicating their involvement in local vascular remodeling [33,
35-37]. While their proangiogenic effects are well established [38-40],
the mechanisms by which microglia directly interact with nascent
endothelial structures, especially under hypoxia, remain incompletely
understood. In this study, bulk and single-cell RNA sequencing indicated
that microglia may contribute to retinal neovascularization through
paracrine communication with neighboring endothelial cells. In the OIR
model, HMOX1 was specifically upregulated in microglia, with its
spatial distribution overlapping neovascular regions, suggesting a po-
tential mediating role. Conditional knockout of HMOX1 in microglia
resulted in reduced microglial accumulation and diminished endothelial
proliferation. Complementary in vitro assays confirmed that HMOX1
inhibition in microglia impaired endothelial proliferation and migra-
tion, supporting a direct functional interaction. Collectively, these
findings suggest that microglial HMOX1 drives hypoxia-induced retinal
neovascularization through intercellular signaling. Beyond establishing
HMOX1 as a key effector, this study delineates the spatiotemporal
pattern of microglial recruitment, activation, and angiogenic action. It
also highlights the importance of immune-vascular crosstalk in retinal
pathology. Future research should further explore the downstream ef-
fectors of HMOX1" microglia and their therapeutic potential in condi-
tions such as ROP.

HMOX1 is a well-recognized cytoprotective enzyme with antioxi-
dant, anti-inflammatory, and pro-angiogenic functions [41], emerging
evidence suggests that sustained HMOX1 activation under pathological
conditions may paradoxically induce cytotoxicity and drive abnormal
angiogenesis [42]. Prior studies have shown that HMOX1 can stimulate
VEGF expression and promote vascular proliferation [19,43]. In our
study, HMOX1 expression in the OIR retina closely mirrored the tem-
poral progression of neovascularization. Both in vivo conditional
knockout and pharmacological inhibition using ZnPP significantly sup-
pressed VEGF expression and attenuated neovascularization, consistent
with previous reports [16,44,45]. In agreement with earlier findings,
these effects were accompanied by reduced STAT3 signaling, supporting
a mechanism by which HMOX1 may promote angiogenesis via STAT3
activation [46,47].

Supporting this, PPI network analysis of HMOX1" microglia revealed
strong interconnectivity with angiogenesis-related regulators including
STAT3 and VEGF. CellChat analysis further showed enhanced
ligand-receptor interactions between microglia and endothelial cells,
particularly through the VEGFA-VEGFR2 axis [48,49], suggesting that
HMOX1" microglia may modulate endothelial behavior via paracrine
signaling [50,51]. Both in vitro and in vivo, HMOX1 inhibition resulted
in reduced STAT3 expression, accompanied by a concomitant decrease
in VEGF. These findings suggest that HMOX1 functions as an upstream
modulator of STAT3, thereby contributing to VEGF-driven neo-
vascularization. Together, these results propose a hypo-
xia-microglia—endothelium signaling axis, in which hypoxia-induced
HMOX1 upregulation in microglia activates downstream STAT3-VEGF
signaling and augments microglia—endothelial communication, ulti-
mately driving angiogenesis. This mechanistic insight highlights
HMOX1 as a potential molecular target for ROP and other
hypoxia-related retinal vascular diseases. Further supporting this hy-
pothesis, previous studies have shown that HMOX1 overexpression en-
hances STAT3 phosphorylation and transcriptional activity. These
effects contribute to anti-inflammatory and cytoprotective responses in
hepatic tissues, where STAT3 acts as a key downstream effector of
HMOX1 signaling [52]. Moreover, HMOX1 has been shown to activate
STAT3 signaling to promote tumor cell proliferation and is recognized as
an upstream regulator of STAT3 in various disease contexts [53].
Conversely, STAT3 activation can also induce HMOX1 expression,
forming a positive feedback loop that suppresses inflammation [54].
Taken together, these findings highlight a complex bidirectional
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regulatory relationship between HMOX1 and STAT3. Taken together,
our study expands current understanding of HMOX1 signaling and
supports its potential as a therapeutic target in retinal vascular diseases.
In summary, our findings delineate a novel HMOX1-STAT3-VEGF
signaling cascade that contributes to retinal neovascularization. This
microglia-mediated axis provides mechanistic insight into
hypoxia-induced vascular remodeling and offers promising molecular
targets for early intervention in retinopathy of prematurity and other
ischemia-related retinal vascular diseases.

Although this study elucidates the critical role of microglial HMOX1
in retinal neovascularization and reveals its interaction with adjacent
endothelial cells, several limitations should be acknowledged. First, the
downstream signaling mechanisms of HMOX1 require further clarifi-
cation. While our STAT3 inhibition experiments provide preliminary
evidence of its involvement, it remains uncertain whether STATS3 is the
primary effector or part of a broader signaling network. Transcriptomic
and protein—protein interaction analyses suggest additional candidates
such as hypoxia-inducible factor 2-alpha (HIF-2a) and early growth
response 2 (Egr2), warranting more comprehensive pathway mapping.
Second, the absence of validation using clinical samples from patients
with ROP limits translational relevance. Future studies should consider
incorporating patient-derived samples—such as blood, tear fluid, or
aqueous humor—to enable validation across RNA, protein, and metab-
olite levels.

Although this study centers on ROP, the OIR model serves as a
representative  paradigm of ischemia-induced retinal neo-
vascularization. The mechanistic insights uncovered here may therefore
be broadly applicable to other retinal vascular disorders, such as dia-
betic retinopathy and retinal vein occlusion, where hypoxia and
oxidative stress act as common pathogenic drivers.

5. Conclusions

In conclusion, this study demonstrates that microglial HMOX1 plays
a critical role in retinal angiogenesis. HMOX1 expression is markedly
induced in microglia under hypoxic conditions and spatiotemporally
associated with pathological vascular growth. Mechanistically, micro-
glial HMOX1 modulates endothelial STAT3 activation and VEGF pro-
duction, thereby promoting angiogenic progression. These findings
identify a microglia—endothelium signaling axis mediated by HMOX1
and provide mechanistic insight into the immune regulation of patho-
logical angiogenesis in ischemia-related retinal diseases such as ROP, as
well as other hypoxia-driven neovascular disorders.

CRediT authorship contribution statement

Yaling Liu: Writing — review & editing, Writing — original draft,
Methodology, Investigation, Formal analysis, Conceptualization.
Jiannan Tang: Writing - original draft, Formal analysis. Peiling Wei:
Methodology. Zhen Yu: Supervision, Methodology. Zhifei Wu: Meth-
odology. Xinyu Zhao: Formal analysis. Hui Qi: Methodology. Ping Liu:
Methodology. Mianying Zheng: Data curation. Shengli Mi: Data
curation. Wei Du: Methodology. Demetrios G. Vavvas: Supervision,
Methodology. Kaixuan Cui: Supervision, Methodology. Guoming
Zhang: Supervision, Methodology.

Ethics approval and consent to participate
This study was approved by the Ethics Committee of Shenzhen Eye

Hospital (Approval No. D2307020). All institutions abided by the tenets
of the Declaration of Helsinki.

Consent for publication

Not applicable.

40

Free Radical Biology and Medicine 243 (2026) 29-42

Availability of data and materials

Data are available from the first author upon reasonable request.
Financial support

National Natural Science Foundation of China (82271103,
82401272, 82301226, 82401315), Shenzhen Medical Research Fund
(C2301005, €2501034, A2403020), Sanming Project of Medicine in
Shenzhen (SZSM202311018), Guangdong Provincial Medical Research
Fund Project (B2025169), Guangdong Basic and Applied Basic Research
Foundation (2022A1515110865), Shenzhen Science and Technology

R&D Fund Project (JCYJ20220530153607015, JCYJ2024081315
2703005), China Ophthalmology New Technology Incubation Project.

Conflict of interest statement

The authors declare that there is no conflict of interest regarding the
publication of this manuscript.

Acknowledgements
Not applicable.
Abbreviations
ANOVA one-way analysis of variance

CON Control
Cx3crl-Cre Cx3crl promoter-driven Cre recombinase

ECL Enhanced chemiluminescence
Ecs endothelial cells

EdU Enhanced chemiluminescence
Egr2 early growth response 2

FFA Fundus fluorescein angiography
GO Gene Ontology

HMC3  human microglial cell line
HMOX1 heme oxygenase-1

HIF-2o  hypoxia-inducible factor 2-alpha

HRMVECs human retinal microvascular endothelial cells

1B4 Isolectin B4

KEGG Kyoto Encyclopedia of Genes and Genomes

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide

OCT Optical coherence tomography

OIR oxygen-induced retinopathy

PFA paraformaldehyde

PPI protein—protein interaction

Qpcer Quantitative PCR

ROP Retinopathy of prematurity

scRNA-seq single-cell RNA sequencing

STAT3  signal transducer and activator of transcription 3
UMAP  Uniform Manifold Approximation and Projection
VEGF vascular endothelial growth factor

ZnPP zinc protoporphyrin IX
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