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Alamandine inhibits pathological retinal neovascularization by
targeting the MrgD-mediated HIF-10/VEGF pathway
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Abstract: Retinopathy of prematurity (ROP) is a vision-threatening disorder that leads to pathological growth of the retinal
vasculature due to hypoxia. Here, we investigated the potential effects of alamandine, a novel heptapeptide in the renin-
angiotensin system (RAS), on hypoxia-induced retinal neovascularization and its underlying mechanisms. In vivo, the C57BL/6J
mice with oxygen-induced retinopathy (OIR) were injected intravitreally with alamandine (1.0 umol/kg per eye). In vitro,
human retinal microvascular endothelial cells (HRMECs) were utilized to investigate the effects of alamandine (10 pg/mL) on
proliferation, apoptosis, migration, and tubular formation under vascular endothelial growth factor (VEGF) stimulation.
Single-cell RNA sequencing (scRNA-seq) matrix data from the Gene Expression Omnibus (GEO) database and RAS-
related genes from the Molecular Signatures Database (MSigDB) were sourced for subsequent analyses. By integrating
scRNA-seq data across multiple species, we identified that RAS-associated endothelial cell populations were highly related to
retinal neovascularization. The liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis revealed a significant
decrease in alamandine levels in both the serum and retina of OIR mice compared to those in the control group. Next,
alamandine ameliorated hypoxia-induced retinal pathological neovascularization and physiologic revascularization in OIR mice.
In vitro, alamandine effectively mitigated VEGF-induced proliferation, scratch wound healing, and tube formation of HRMECs
primarily by inhibiting the hypoxia-inducible factor-1a (HIF-10)/VEGF pathway. Further, coincubation with D-Pro’ (Mas-
related G protein-coupled receptor D (MrgD) antagonist) hindered the beneficial impacts of alamandine on hypoxia-induced
pathological angiogenesis both in vivo and in vitro. Our findings suggested that alamandine could mitigate retinal neovascularization
by targeting the MrgD-mediated HIF-1a/VEGF pathway, providing a potential therapeutic agent for OIR prevention and
treatment.
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1 Introduction to the retina in preterm infants (Sabri et al., 2022). As a
biphasic disease, ROP is initiated by oxygen therapy-
induced delayed growth and degeneration of existing

incomplete retinal blood vessels at birth, followed by

Retinopathy of prematurity (ROP) is a vision-
threatening disorder of multifactorial etiology that

progresses to hypoxia-induced pathological growth of
the retinal vasculature, resulting in permanent damage
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the neovascularization of the retina and vitreous caused
by the relatively hypoxic microvascular environment
that cannot enable the adequate perfusion of avascular
areas (Dammann et al., 2023). The presence of hypoxia-
induced hypoxia-inducible factor-1o (HIF-1o)-dependent
vascular endothelial growth factor (VEGF) stimula-
tion predisposes vascular pathological changes, such
as vascular leakage, vitreous hemorrhage, and angio-
genesis, ultimately leading to retinal detachment and
blindness in ROP (Broxterman and Hug, 2016).
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Retinal hypoxia has been identified as the major
stimulus that triggers pathological retinal neovascular-
ization (RNV) in the development of ROP (Fevereiro-
Martins et al., 2023). HIF-1, the oxygen-sensitive
transcriptional activator, can orchestrate the process
of angiogenesis by indirect cascade effects or direct
binding to hypoxia-response element (HRE) sites in
the promoters of HIF-1 target encoding genes like vegf’
(Zimna and Kurpisz, 2015). Under hypoxic conditions,
the continuous accumulation of stabilized HIF-1a
could translocate into the nucleus and then activate the
transcriptional transactivation of proangiogenic genes,
while VEGF is the most potent promoter involved
in angiogenesis among them (Rattner et al., 2019).
Additionally, VEGF can also be secreted by hypoxia-
induced microglial cells in the vitreous, contributing
to the resultant disordered angiogenesis in the ROP
(Rathi et al., 2017). Hence, VEGF has been widely
studied as a potential therapeutic target for retinal
pathological angiogenesis (Uemura et al., 2021).

At present, laser and sometimes cryotherapy are
considered for treatment-warranted ROP, but they
cause permanent retinal destruction (Mintz-Hittner
et al., 2011). Additionally, intravitreal injections of the
VEGF inhibitor bevacizumab have been reported to
improve ROP (Chang et al., 2022). As the upstream
master regulatory gene for VEGF, there are currently
few effective therapeutics targeting HIF-1a activity
available (Xu et al., 2018). Thus, given that hypoxia-
induced activation of HIF-1a is an important cause of
abnormal neovascularization in hypoxic retinal diseases
(Rattner et al., 2019), it is necessary to develop safe
and valuable therapeutics for HIF-1a activity.

The pathogenetic actions of the renin-angiotensin
system (RAS) have been evidenced to result in pro-
gressive alterations of various retinal vascular and
neuro-glial diseases (Phipps et al., 2019). Angiotensin-
(1-7) (Ang-(1-7)), a breakdown peptide hydrolyzed
from Ang II, has been identified to inhibit the angio-
genesis of various kinds of cancers by decreasing
VEGF expression and attenuating hypoxia-stimulated
cardiomyocyte apoptosis by inhibiting HIF-1a nuclear
translocation (Chang et al., 2016; Dominska et al.,
2018). As a novel vasoactive heptapeptide, alaman-
dine, directly generated from the decarboxylation of
Ang-(1-7) (Lautner et al., 2013), was considered to
share similar molecular sequence and biological pro-
perties with Ang-(1-7) by activating Mas-related

G protein-coupled receptor D (MrgD) (Zhao et al.,
2022a). Recently, expression of MrgD receptors found
in the retinal vasculature has also been reported to
play a vital role in the retinal neurovascular function
(Zhu et al., 2020). However, it remains unknown
whether alamandine could inhibit neovascularization
in OIR.

Thus, in our study, we aimed to investigate the
anti-angiogenic effects of alamandine on hypoxia-
induced RNV and to further explore its occurrence
mechanisms.

2 Materials and methods
2.1 Analysis of single-cell transcriptomic data

Single-cell RNA sequencing (scRNA-seq) ma-
trix data mainly from isolated retinal cells were ob-
tained from Gene Expression Omnibus (GEO) data-
base (GSE283276, GSE173079, GSE243100, and
GSE150703), and scRNA-seq matrix data of fibrous
membrane from proliferative vitreoretinopathy (PVR)
or proliferative diabetic retinopathy (PDR) patients
were obtained from GEO database (GSE165784 and
GSE245561) for further analysis (Hu et al., 2022).
RAS-related gene set (GO: 0003081) was sourced from
the Molecular Signatures Database (MSigDB). A com-
prehensive set of 25 Homo sapiens genes and 36 Mus
musculus genes was retrieved for subsequent analy-
ses. Then, the Seurat package was used to conduct
data analysis. Briefly, after mitigating batch effects
and data normalization, uniform manifold approxima-
tion and projection (UMAP) was used to visualize
and identify refined cell clusters. The cell types were
identified by established marker genes in different
cell clusters.

2.2 Animal care

This study used C57BL/6J female mice and their
pups (regardless of gender) purchased from the Vital
River Corporation (Beijing, China). Mice were housed
on a circadian 12-h light-dark cycle (lights on at
07:00 am and off at 07:00 pm) and were permitted
free access to food and water.

2.3 Animal model and treatment protocols

The mouse models of oxygen-induced retinopa-
thy (OIR) are reproducible and quantifiable in terms



of observing the progression of RNV, making it a
good model for mimicking ROP and examining the
occurrence mechanisms underlying its pathogenesis
(Rivera et al., 2016).

Newborn C57BI1/6J mice at postnatal Day 7 (P7)
were exposed to 75% (volume fraction) oxygen for
five consecutive days along with their mothers and
were then returned to normal conditions (21% oxygen)
from P12 to P17. Next, the retinas from OIR mice at
P17 were obtained for further experiments.

2.4 Intravitreal injections

First, 0.5 uL alamandine (1.0 umol/kg (Li et al.,
2018); Synpeptide Co., Ltd., Shanghai, China) diluted
in phosphate-buffered saline (PBS) was intravit-
really injected using a 33-G needle and Hamilton sy-
ringe into each eye of the mice at P12. In another ex-
periment, 0.5 uL D-Pro’-Ang-(1-7) (D-Pro’; 1 umol/L
(Yang et al., 2020); Bachem, CA, USA) or A779
(10 pmol/L (Yang et al., 2020); Bachem) was intra-
vitreally injected 3 h before alamandine. PBS was used
as a control.

2.5 Immunofluorescent staining

Flat mounts of the P17 retina were prepared ac-
cording to the approach (Tual-Chalot et al., 2013).
Concisely, both eyes were enucleated from euthanized
neonatal mice and immersed in 4% (0.04 g/mL) para-
formaldehyde (PFA) for 15 min at room temperature.
Then, the retinas were carefully separated from sur-
rounding tissues, radially cut using microscissors, and
treated with cold methanol for 20 min or longer. Once
the procedures above were finished, the retinas were
washed gently with PBS containing 0.1% (volume
fraction) Tween-20, blocked with blocking solution
containing 5% (0.05 g/mL) goat serum and 0.3% (vol-
ume fraction) TritonX-100 diluted in PBS for 2 h at
room temperature, and probed with fluorescein-tagged
isolectin B4 (IB4; 1:150 (volume ratio) diluted in
blocking solution) overnight at 4 °C. After rinsing with
PBS for three times, sections were mounted on Super-
frost Plus slides, air-dried, and coverslipped with anti-
fade mounting medium containing 4',6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, Burlin-
game, CA, USA). All fluorescence images were cap-
tured by a confocal laser scanning microscope (Carl
Zeiss, Oberkochen, Germany).
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2.6 Quantitation of retinal neovascularization in
OIR mice

Retinal vaso-obliteration (RVO) and RNV were
quantitatively analyzed as previously described (Zhao
et al., 2022b). Briefly, the retinal whole-mount was
stained with IB4 to label endothelial cells. Then, the
images of whole-mount retinas were taken using a
Zeiss fluorescence upright microscope (Carl Zeiss,
Jena, Germany). Next, we quantified RVO and RNV
by comparing the number of pixels in a given region
to the total number of retinal pixels in images of
whole-mount retinas of mice from different groups
via Imagel software (The National Institute of Health,
Bethesda, MD, USA). The new vessels that fluoresced
more intensely than the surrounding normal vessels
would be colored red (Connor et al., 2009).

2.7 Culture and treatment of human retinal micro-
vascular endothelial cells

Human retinal microvascular endothelial cells
(HRMECs) (Angio-Proteomie, Boston, MA, USA;
CAP-0010) were cultured in endothelial cell medium
(ECM) (ScienCell, Carlsbad, CA, USA) at 37 °C with
5% CO,. To mimic the OIR model in vitro, HRMECs
at passages five or six were placed in a homemade
hypoxia incubator filled with 1% O,, 5% CO,, and
94% N, for 24 h, as previously reported (Ahmed
et al., 2016). In some experiments, HRMECs were
preliminarily incubated with alamandine (5, 10, and
20 pug/mL), D-Pro’ (1 pmol/L), or A779 (10 umol/L)
for 30 min before hypoxia treatment. In some experi-
ments, HRMECs were treated with 1 pmol/L Ang II
for 48 h to induce a pathological model. All the cells
were then subjected to the following studies.

2.8 Wound healing assay

To decipher the impact of alamandine on cell mi-
gration capacity, HRMECs were cultured on 6-well
plates before reaching a confluence of 90%. A pi-
pette tip was utilized to artificially generate a straight
wound. Live cell images were collected 24 h after
varying concentrations of alamandine administration
by a bright-field microscope and were processed with
Image] software to calculate the wound width. A
shorter width is routinely the consequence of a better
migration rate of HRMECs.
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2.9 Real-time cell analyzer proliferation and
migration assays

A cell analyzer system constructed upon electri-
cal impedance measurement offers a real-time means
for recording the extent to which alamandine alters
the proliferation and migration status of HRMECs. To
monitor the proliferation process, cells (2x10° per well)
were seeded in an E-plate 16 (ACEA Biosciences,
San Diego, USA), and 8 h later, the cell suspension
was transferred to serum-free medium with/without
10 ng/mL VEGF, with alamandine being added at var-
ious concentrations. As for the migration assay, cells
were seeded in a CIM-plate 16 (xCELLigence Roche,
Penzberg, Germany) containing a serum-free medium.
Each well of the lower chamber was filled with a cer-
tain concentration of alamandine and 10 ng/mL VEGF
to elicit chemotactic migration.

2.10 Aortic ring angiogenesis assay

The procedures for detecting ex vivo aortic an-
giogenesis with the Sprague-Dawley rats’ aorta in our
study were identical to previously established proto-
cols (Nicosia and Ottinetti, 1990). After sacrifice, the
thoracic aorta of rats was completely isolated and cut
into 1 mm rings. Having been embedded in a 96-well
plate (Corning, NY, USA) coated with Matrigel matrix,
the aortic rings were then maintained in M119 medium
supplemented with 2% (volume fraction) fetal bovine
serum (FBS), VEGF (10 ng/mL), and alamandine for
6 d. During this period, we renewed the growth me-
dium at 2-d intervals. The degree of angiogenic sprout-
ing from the aortic rings was microscopically inspected
and photographed with a 10x objective, manually ana-
lyzed, and assigned a score ranging from O (least evi-
dent) to 5 (most evident) by a blinded investigator.

2.11 Tube formation assay for HRMECs

In vitro tube formation assay was conducted
using a commercial tube formation kit (Cultrex, USA)
following the manufacturer’s guidance. HRMECs
(2x10* per well) were seeded in Matrigel matrix-coated
24-well plates (100 pL/well). The cumulative amount
and length of the tube were quantified with the assist-
ance of ImageJ software.

2.12 Flow cytometry

The collected viable cells and cell debris were in-
cubated with propidium iodide (PI) and Annexin-V

(Femacs Biotech Co., China) in the binding buffer at
room temperature for 30 min in darkness according to
the manufacturer’s instructions. Then, the flow cytom-
etry method was applied to analyze the relative ratio
of cell apoptosis.

2.13 Nuclear protein extraction

The nuclear protein was extracted using the
NucBuster™ Protein Extraction Kit (Novagen®, Rock-
land, DE, USA), according to the manufacturer’s
protocol.

2.14 Western blotting

The total proteins of HRMECs and retinas were
isolated with radioimmunoprecipitation (RIPA) lysis
buffer (containing phosphatase and protease inhibitor
cocktails), with the protein concentration being mea-
sured using the bicinchoninic acid (BCA) Protein Assay
Kit (Pierce, Rockford, IL, USA). Approximately 30—
50 pg of protein from each sample was loaded for 10%
(0.01 g/mL) sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and was subsequently
transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore, Bedford, MA, USA). A 5%
(0.05 g/mL) bovine serum albumin (BSA) solution
was prepared for blocking non-specific binding. Mem-
branes were incubated with primary antibodies over-
night at 4 °C, followed by incubation with horseradish
peroxidase-conjugated secondary antibodies at room
temperature for 2 h. After three washes with Tris-
buffered saline with Tween-20 (TBST), protein bands
were visualized with enhanced chemiluminescence
reagent, with band densities being quantified using
Image] software. To compare the protein levels among
different samples, P-actin was used as an internal
reference. Primary antibodies used were as follows:
caspase 3 (1:1000 (volume ratio, the same as below),
#14220; Cell Signaling Technology, MA, USA),
cleaved caspase 3 (CC3) (1:1000, #9664; Cell Signal-
ing Technology), B cell lymphoma-2 (Bcl-2)-associated
X (Bax) (1:1000, #5023; Cell Signaling Technology),
Bcl-2 (1:1000, #15071; Cell Signaling Technology),
HIF-1a (#36169; Cell Signaling Technology), VEGF
(No. 19003-1-AP; Proteintech Co., Wuhan, China),
proliferating cell nuclear antigen (PCNA) (No. 10205-
2-AP; Proteintech Co.), MrgD (1:1000; Abcam), endo-
thelial nitric oxide synthase (eNOS) (1:1000, #32027;
Cell Signaling Technology), and inducible nitric oxide
synthase (iNOS) (No. 22226-1-AP; Proteintech Co.).



2.15 qRT-PCR

Total RNA extraction from cells or tissues was
performed using the TRIzol™ reagent (Invitrogen,
Carlsbad, CA, USA). After examining RNA concen-
tration and purity using a NanoDrop-1000 spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA),
the PrimeScript™ RT Reagent Kit (TaKaRa Bio, Otsu,
Japan) was applied for generating reverse-transcribed
complementary DNA (cDNA). A SYBR green-based
quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) assay was conducted on an ABI
Prism 7000 sequence detection system (Applied Bio-
systems, Foster City, CA, USA) to detect messenger
RNA (mRNA) expression. Relative gene expression
was determined using the 27**“* method and was nor-
malized to the internal control gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). For microRNA
(miRNA) quantification, the BulgeLoop™ miRNA
Reverse Transcription Kit (RiboBio, Guangzhou,
China), the Bulge-Loop™ miRNA qRT-PCR Starter
Kit (RiboBio, Guangzhou, China), and miRNA-specific
primers (RiboBio, Guangzhou, China) were used, with
GAPDH serving as an endogenous control. The primer
sequences used in this study were illustrated item by
item in Table 1.
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2,16 Liquid chromatography-tandem mass
spectrometry

We performed liquid chromatography-tandem
mass spectrometry (LC-MS/MS) to identify the me-
tabolites of the retinas or serum of the mice from the
normoxia and hypoxia groups. First, we extracted the
metabolites from the retinas via 80% (volume fraction)
CH,OH/Milli-Q water. Then, the dried samples were
transferred to autosampler vials for LC-MS/MS analy-
sis (n=6). Briefly, reversed-phase LC (HP1100, Agilent
Technologies, Santa Clara, USA) was used to sepa-
rate the metabolites. Next, each sample was injected
into the C18 column for analysis. Finally, data analy-
sis was performed using the XCMSOnline at https://
xcmsonline.scripps.edu.

2.17 Statistical analysis

Data are expressed as meantstandard error of the
mean (SEM). One-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc test was performed
to evaluate the significance of multigroup mean differ-
ences. Values were considered statistically significant
for P<0.05. All the data were analyzed using GraphPad
Prism 7.0 software (GraphPad Inc., San Diego, USA).

Table 1 List of utilized primers for quantitative reverse transcription-polymerase chain reaction (QRT-PCR)

Gene Species Forward primer (5'—3") Reverse primer (5'—3")
VEGF Human GCAGAAGGAGGAGGGCAG CACCAGGGTCTCGATTGGAT
HIF-1a Human CGGAAACTGAAGACCAACAAC CAGAGGCAGGTAATGGAGACA
IL-1B Human ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA
IL-6 Human ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG
TNF-o. Human GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC
MCP-1 Human CTCAGCCAGATGCAGTTAATG TCTCCAGCCGACTCATTGG
ICAM-1 Human ATGCCCAGACATCTGTGTCC GGGGTCTCTATGCCCAACAA
VCAM-1 Human GGGAAGATGGTCGTGATCCTT TCTGGGGTGGTCTCGATTTTA
MMP-9 Human TGTACCGCTATGGTTACACTCG GGCAGGGACAGTTGCTTCT
ACE Human GGGAAAGGCACTACCATGTCG GGTGAGTTGTTGTCTGGCTTC
AGT Human TCCAGACTCCGATCATCAAGC GCTCATGGTGTTCAGAATTGTGT
ATI Human CCCCAGTCTGAGATGGCTC GACGAGGTGGAAGGGGTGTA
GAPDH Human GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
Vegf Mice CTGCCGTCCGATTGAGACC CCCCTCCTTGTACCACTGTC
Hiflo Mice ACCTTCATCGGAAACTCCAAAG CTGTTAGGCTGGGAAAAGTTAGG
Gapdh Mice CCTCGCCTTTGCCGATCC GGATCTTCATGAGGTAGTCAGTC

VEGF': vascular endothelial growth factor; HIF-1a: hypoxia-inducible factor-1a; /L: interleukin; 7NF-a: tumor necrosis factor-o; MCP-1:
monocyte chemoattractant protein-1; /CAM-1: intercellular adhesion molecule-1; VCAM-1: vascular cellular adhesion molecule-1; MMP-9: matrix
metallopeptidase-9; ACE: angiotensin-converting enzyme; AG7: angiotensinogen; AT/: alveolar epithelial type 1; GAPDH: glyceraldehyde-3-

phosphate dehydrogenase.
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3 Results
3.1 scRNA-seq data integration and clustering

We first integrated scRNA-seq data (including
GSE165784 and GSE245561) of fibrous membrane
from PVR or PDR patients via Harmoney, single-cell
variational inference (scVI), and Seurat analysis meth-
ods (Fig. 1a). Based on the Seurat method, which pro-
vided the most competitive results, seven different
color-coded cell types were annotated in Seurat UMAP
clustering plot, and their proportions in the PDR and
PVR samples were also represented in a bar graph
(Fig. 1b). Next, a comprehensive gene set of 25 H. sa-
piens genes and 36 M. musculus genes, termed regu-
lated alternative splicing genes (RASGs), was re-
trieved from the MSigDB database to investigate the
possible relationship between RAS and PDR. The av-
erage gene expression of RASGs in distinct cell types
was visualized in a heatmap, Violin plot, and UMAP
clustering plot (Figs. lc—1e). The results showed
that RASGs were expressed at highest levels in the
subsets of microglial cells and endothelial cells (ECs).
Considering the reported value of ECs in the develop-
ment of pathological RNV (Huang, 2020), we fur-
ther clustered EC subset into six subclusters (VEC1-6)
to explore their distribution pattern (Fig. 1f). The sub-
clusters were scored in accordance with RASG ex-
pression, and their gene expression profiles were
showed in Figs. 1g and 1h. Furthermore, we integrated
scRNA-seq data (including GSE283276, GSE173079,
GSE243100, and GSE150703) of isolated retinal cells
from OIR, PDR, and control mouse models. The Seurat
UMAP clustering plot showed 12 different color-coded
cell types (Figs. 2a and 2b). The average gene ex-
pression of RASGs in distinct cell types was also visu-
alized (Figs. 2c—2e), and the expression of RASGs
was highest in the subsets of microglial cells, ECs,
and pericyte cells. The gene expression profiles of
five subclusters scored according to RASG expres-
sion were shown in Figs. 2f-2h. By integrating tran-
scriptomic data across multiple species, we identified
that RAS-associated EC populations were indeed
highly related to RNV, establishing a foundation for
developing targeted therapeutic strategies that modu-
late RAS activity to mitigate pathological neovascu-
larization. Thus, we further explored the possible
role of RAS in EC dysfunction.

3.2 LC-MS/MS-mediated metabolomics analysis
of the OIR mouse model

To explore the occurrence mechanisms of ROP,
we first established the OIR mouse model in vivo.
Then, based on the role of the high-throughput LC-
MS/MS method in revealing mechanisms and thera-
peutic targets for different diseases, we performed the
LC-MS/MS method to qualitatively analyze the differ-
ent compounds of the RAS in serum and retina tissues
between the OIR and control groups to explore the
novel mechanisms of ROP development. The results
showed that the heptapeptide alamandine in serum
and retinas is significantly decreased in OIR mice
compared with the control group (Figs. 3a and 3b).

Alamandine, generated from catalytic hydroly-
sis of Ang A via angiotensin-converting enzyme 2
(ACE2), is a novel member involved in the ACE2/
Ang-(1-7)/Mas protective axis in the RAS. Due to
the different expression of alamandine in serum and
retinas between the OIR and control groups, we next
detected some other vital RAS members that are in-
volved in the generation of alamandine. Compared
with the control group, our analysis of LC-MS/MS
data in the OIR group showed higher levels of Ang II
(Figs. 3c and 3d) and lower levels of ACE2 (Figs. 3e
and 3f) in serum and retinas. Moreover, ACE, angio-
tensinogen (AGT), and angiotensin II type 2 (472)
mRNA expression levels were lower in hypoxia-
induced HRMECs versus control (Fig. S1). The above
LC-MS/MS results suggested that the expression of
RAS members, especially the novel polypeptide ala-
mandine, may be affected during the occurrence and
progression of ROP. Considering that the expression
of MrgD, the natural receptor of alamandine, has also
recently been reported to play a crucial role in retinal
neurovascular function (Zhu et al., 2020), we were
eager to further explore the possible role of alaman-
dine in the development of ROP.

3.3 Effects of alamandine on VEGF-induced
angiogenesis in HRMECs

To investigate the potential values of alamandine
in angiogenesis in vitro, further studies were conducted
on VEGF-mediated angiogenesis in HRMECs. First,
the results of flow cytometry showed that there was no
statistical significance between different groups, mean-
ing that different concentrations (5, 10, and 20 pg/mL)
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Fig. 2 Analysis of single-cell transcriptomic data in mice. (a) Uncorrected and three types of re-clustered uniform manifold
approximation and projection (UMAP) clustering of single-cell transcriptomic data from Gene Expression Omnibus (GEO)
datasets. (b) Seurat UMAP clustering of cell types (left) and its bar graph (right). (c) Heatmap of expression levels of renin-
angiotensin system-related genes (RASGs) in key cell types of isolated retinal cells. (d) Violin plot of expression levels of
RASGsS in key cell types of isolated retinal cells from oxygen-induced retinopathy (OIR), proliferative diabetic retinopathy
(PDR), or control mouse models. (¢) UMAP of density scores of the RASGs in different cell types (left) and its visualized bar
graph (right). (f) UMAP plots of five clusters (VEC1-5) in endothelial cells (ECs). (g) Heatmap of the leading signature gene
expression profiles for the five EC clusters. (h) Expression scores of RASGs in five EC clusters. scVI: single-cell
variational inference.
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Fig. 3 Liquid chromatography-tandem mass spectrometry (LC-MS/MS)-mediated metabolomics analysis of oxygen-induced
retinopathy (OIR) mouse model. (a, b) High-throughput LC-MS/MS qualitatively analyzed alamandine in retina (a) and
serum (b) tissues between the OIR and control groups. (c—f) High-throughput LC-MS/MS qualitatively analyzed angiotensin
II (Ang II) (¢, d) and angiotensin-converting enzyme 2 (ACE2) (e, f) in retina (c, e) and serum (d, f) tissues between the
OIR and control groups. All the results are expressed as mean+standard error of mean (SEM) (n=6 per group). " P<0.01,
" P<0.001, " P<0.0001, compared with the control group.

of alamandine have no evident pro-apoptotic effects
on cultured HRMECs (Fig. 4a). Subsequent real-time
cellular analysis (RTCA) showed that alamandine
could significantly attenuate VEGF-induced EC mi-
gration and proliferation in a dose-dependent manner
(Figs. 4b and 4c). Since pathological angiogenesis is
characterized by EC migration, tube formation, and
microvascular sprout induced by VEGF or a hypoxic
microenvironment, wound healing assay, tube-formation

assay, and aortic ring assay were further carried out
to confirm the role of alamandine in ex vivo angio-
genesis in HRMECs. As shown in Figs. 4d and 4e,
alamandine could dose-dependently inhibit VEGF-
induced closure of the scratch wound and capillary-
like tube formation. In addition, the numbers and mor-
phology of new growth sprouts surrounding the aortic
rings showed that VEGF promoted microvascular
sprouting and blood vessel network formation, which
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Fig. 4 Effects of alamandine on vascular endothelial growth factor (VEGF)-induced angiogenesis in human retinal
microvascular endothelial cells (HRMECs:). (a) Flow cytometric analysis of apoptosis in HRMECsS treated with different
concentrations (5, 10, and 20 pg/mL) of alamandine (left) and its corresponding quantitative analysis (right). (b, ¢) Results
of real-time cellular analysis (RTCA) migration (b) and proliferation (c) assays performed to determine the effects of
different concentrations (5, 10, and 20 pg/mL) of alamandine on VEGF-induced migration and proliferation of HRMECsS,
respectively. ns: not significant; *>* P<0.05, VEGF+5, 10, and 20 pg/mL alamandine group vs. VEGF group, respectively.
(d-f) Results of wound healing assay (d), tube-formation assay (e), and aortic ring assay (f), which were performed to
examine the role of alamandine in VEGF-induced angiogenesis in HRMECs. VEGF: 10 ng/mL. All the results are expressed
as meansstandard error of mean (SEM) (n=5 per group). ns: not significant; ~ P<0.01, ™" P<0.001, compared with
the VEGF group; * P<0.001, compared with the sham group. PI: propidium iodide.

could be suppressed by alamandine treatment dose-
dependently (Fig. 4f). We also found that alamandine
ameliorated Ang Il-induced EC apoptosis, migration,
and proliferation (Fig. S2). Collectively, these results
indicated that alamandine did prevent VEGF-induced
angiogenesis in Vvitro.

3.4 Effects of alamandine on hypoxia-induced
HIF-10/VEGF pathway activation and apoptosis
in HRMECs

Next, we investigated the expression of the HIF-1o/
VEGF pathway, which has been reported to play a
crucial role in continuous inflammatory infiltration in-
volved in hypoxia-induced microvascular angiogen-
esis. As shown in Figs. 5a and 5b, hypoxia could
increase mRNA expression of VEGF in HRMECs,
and then 10 pg/mL alamandine was chosen as the
most suitable concentration for further experiments.
Next, the protein expression levels of HIF-1a, VEGF,
and CC3, as well as the ratio of Bax/Bc¢l-2, were in-
creased after 24 h of hypoxia induction in HRMECs;
however, they were inhibited by alamandine treat-
ment (Figs. 5c-5g). The above results suggested that
alamandine could prevent hypoxia-induced apoptosis
and activation of the HIF-10/VEGF pathway in vitro,
which could be supported by further immunofluores-
cence results of HRMEC staining with HIF-1a or CC3
(Figs. 5h—5k). The western blot results also showed that
alamandine dramatically inhibited hypoxia-induced
nuclear import of HIF-1a in vitro (Fig. 51). Next, HIF-
la stabilizer dimethyloxalylglycine (DMOG) hindered
the inhibitory effects of alamandine on hypoxia-induced
VEGF and PCNA (Fig. 5m).

3.5 Effects of alamandine on pathological neovas-
cularization in the retinas of OIR mice

To further investigate the role of alamandine in
regulating RNV in OIR mouse models, retinal paraf-
fin section staining with hematoxylin and eosin (H&E)

and whole-mount immunostaining with 1B4 were
performed on P17 (Figs. 6a and 6b). As shown in
the high-resolution images, the increased number of
hypoxia-stimulated pre-retinal neovascular cell nu-
clei penetrating the internal limiting membrane (ILM)
in the OIR group (labeled as hypoxia group in figures).
was decreased by the alamandine treatment. Add-
itionally, the percentages of neovascular tuft areas
(Fig. 6¢) and neovascular areas (Fig. 6d), as well as
the ratio of avascular areas to total areas (Fig. 6e),
were increased in mouse retinas from the OIR group
compared with the control group, which were re-
duced after intravitreal injection of alamandine. No-
tably, alamandine alone has no significant adverse
effects on retinal vessel development in a normal
retina (Fig. S3). These data indicated that alamandine
could dramatically improve hypoxia-induced retinal
pathological neovascularization and physiologic re-
vascularization in mouse models of OIR.

3.6 Effects of alamandine on vessel proliferation
and HIF-1o/VEGF pathway activation in the retinas
of OIR mice

Since hypoxia-induced VEGF favors angiogene-
sis and vasoproliferation, which can result in abnor-
mal neovascularization (Rattner et al., 2019), we used
PCNA as a proliferation marker to examine the prolif-
eration capacity of vessel ECs in vivo. The OIR-
induced protein expression of PCNA in retinas was
significantly decreased by alamandine (Fig. 6f). In
agreement with western blot results, the density of
PCNA-positive cells was increased within the retinal
neovessels in the OIR group compared with that in
the control group, which was decreased after the ad-
ministration of alamandine (Fig. 6g). Then, we ex-
amined whether the HIF-1a/VEGF pathway was also
involved in the beneficial effects of alamandine in vivo.
The same trend was found in the mRNA expres-
sion of HIF-1a (Fig. 6h) and VEGF (Fig. 61) in vivo.
Consistent with the above western blot and PCR
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Fig. 5 Effects of alamandine on hypoxia-induced hypoxia-inducible factor-1a (HIF-1a)/vascular endothelial growth factor
(VEGF) pathway activation and apoptosis in human retinal microvascular endothelial cells (HRMECs). (a, b) Messenger
RNA (mRNA) expression levels of VEGF (a) and HIF-1a (b) in HRMECs from different groups determined by the
quantitative reserve transcription-polymerase chain reaction (QRT-PCR) method. (c) Protein expression levels of caspase-3
(C3), cleaved caspase-3 (CC3), B cell lymphoma-2 (Bcl-2)-associated X (Bax), Bcl-2, HIF-10, VEGF, and B-tublin determined
by western blot in HRMECsS from the sham, hypoxia, alamandine, and hypoxia+alamandine groups. (d—g) Corresponding
densitometric analyses of HIF-1a (d), VEGF (e), CC3/C3 (f), and Bax/Bcl-2 (g) protein expression. f-Tublin was detected
as the loading control. (h, i) Representative immunofluorescence images of HRMECs labeled with HIF-1a (h) and
CC3 (i) from the sham, alamandine, hypoxia, and hypoxia+alamandine groups (HIF-10: red; CC3: red; 4',6-diamidino-2-
phenylindole (DAPI): blue). (j, k) Corresponding quantification of HIF-1a-positive (j) or CC3-positive (k) cells in the chosen
images. (I) Nuclear protein expression levels of HIF-1a and Lamin B determined by western blot in HRMECs from the sham,
hypoxia, alamandine, and hypoxia+alamandine groups (left) and its corresponding densitometric analysis (right). (m) Protein
expression levels of HIF-1a, VEGF, and proliferating cell nuclear antigen (PCNA) were determined by western blot in
HRMECs from the sham, hypoxia, hypoxia+alamandine, and hypoxia+alamandine+dimethyloxalylglycine (DMOG)
groups, and the corresponding densitometric analysis. All the results are expressed as meantstandard error of mean

(SEM) (n=5 per group). ns: not significant; * P<0.05, ™" P<0.001, """ P<0.0001.

results, the immunofluorescence intensities of HIF-1a-
or VEGF-positive cells in mouse retinal paraffin sec-
tions from the OIR group were raised compared to
those of the control group and were reduced in
alamandine-treated OIR mice (Fig. 6j). The above
results revealed that alamandine could inhibit vessel
proliferation and activation of the HIF-1o/VEGF
pathway, thereby attenuating OIR-induced patho-
logical RNV.

3.7 Effects of alamandine on glial cell dysfunction
and inflammation in the retinas of OIR mice

The indispensable role of retinal glial cell func-
tion has been reported to regulate the integrity of reti-
nal vasculature involved in the pathological retinal an-
giogenesis of ROP. To determine the effects of alaman-
dine on hypoxia-induced retinal glial cell dysfunction
in OIR mouse models, we used immunofluorescence-
specific antibodies glial fibrillary acidic protein (GFAP)
and ionized calcium-binding adaptor molecule 1 (ibal)
to label astrocytes and microglial cells in mouse reti-
nas, respectively. As shown in Fig. 7a, compared with
the control group, an OIR-induced drop in astrocyte
density was observed in both retinal avascular and
neovascular areas. Unlike the uniform distribution of
astrocytes in the retinas of the control group, their
distribution in the OIR group was destroyed by hy-
poxic injury. However, alamandine treatment could re-
store the normal density and distribution of astrocytes
in OIR retinas. In addition, the immunofluorescence
intensity of activated retinal microglia in the OIR
group was increased compared with the control group,
which was reduced after the administration of alaman-
dine in OIR-treated mice (Fig. 7b).

Considering that retinal glial cell dysfunction can
lead to the excessive production of pro-inflammatory
cytokines (Au and Ma, 2022), we investigated the
effects of alamandine on the OIR-induced release of
pro-inflammatory cytokines. As shown in Fig. 7c, the
mRNA expression of interleukin-1p (/L-15), IL-6,
tumor necrosis factor-a (7NF-a), monocyte chemoat-
tractant protein-1 (MCP-1), matrix metalloproteinase-
9 (MMP-9), and cyclooxygenase-2 (COX-2), as well
as intercellular adhesion molecule-1 (/CAM-1) and vas-
cular cell adhesion molecule-1 (VCAM-1), was all up-
regulated in retinal tissues from the OIR group, and
alamandine treatment could downregulate OIR-induced
elevations of the above pro-inflammatory cytokines.
Meanwhile, western blot results showed that the pro-
tein expression of oxidative stress-associated iNOS and
eNOS was increased in the retinas of the OIR group
and was decreased after administration of alamandine
(Figs. 7d and 7e). These results indicated that alaman-
dine could improve OIR-induced retinal glial cell dys-
function and inflammation.

3.8 Role of MrgD in the protective effects of
alamandine against hypoxia-induced pathological
angiogenesis

Alamandine has been reported to exert bioactive ef-
fects via its endogenous receptor MrgD (Schleifenbaum,
2019). In our study, alamandine treatment could in-
crease the protein expression of MrgD in HRMECs in
a time-dependent manner (Figs. S4a and S4b). Next,
we investigated the role of MrgD in the beneficial
effects of alamandine on pathological angiogenesis.
In vitro, coincubation with D-Pro” (MrgD and Mas
receptor antagonist), but not with A779 (specific Mas
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Fig. 6 Effects of alamandine on pathological neovascularization in the retinas of oxygen-induced retinopathy (OIR)
mice. Mouse retinas were harvested from the normoxia, hypoxia, and hypoxia+alamandine groups. (a) Representative
images of retinal paraffin section staining with hematoxylin and eosin (H&E) from the given groups. The arrows
indicated neovascular areas. (b) Representative images of retinal whole-mount immunostaining with isolectin B4 (IB4)
from the given groups (blood vessels: green; neovascularized areas: red); (c—e) Corresponding quantification of neovascular
tuft areas (c), avascular areas (d), and avascular areas/total areas (e). (f) Protein expression levels of vascular
endothelial growth factor (VEGF) and proliferating cell nuclear antigen (PCNA) determined by western blot in retinal
tissues from the given groups (left) and their corresponding densitometric analysis (right). B-Tublin was detected as
the loading control. (g) Representative immunofluorescence images of retinal paraffin sections stained with PCNA and
4',6-diamidino-2-phenylindole (DAPI) from the given groups (PCNA: red; DAPI: blue). (h, i) Messenger RNA (mRNA)
expression levels of hypoxia-inducible factor-1a (HIF-1a) (h) and VEGF (i) in retinal tissues from the given groups
determined by the quantitative reserve transcription-polymerase chain reaction (QRT-PCR) method. All mRNA expression
was normalized to p-actin. (j) Representative immunofluorescence images of retinal paraffin sections stained with HIF-1a,
VEGF, and DAPI from the given groups (HIF-1a: green; VEGF: red; DAPI: blue). The arrow indicates positive
staining. All the results are expressed as meanstandard error of mean (SEM) (n=6 per group). ™ P<0.01, ™" P<0.001,
" P<0.0001.
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Fig. 7 Effects of alamandine on glial cell dysfunction and inflammation in the retinas of oxygen-induced retinopathy
(OIR) mice. Mouse retinas were harvested from the normoxia, hypoxia, and hypoxia+alamandine groups. (a) Representative
immunofluorescence images of retinal paraffin sections stained with isolectin B4 (IB4), glial fibrillary acidic protein (GFAP),
and 4',6-diamidino-2-phenylindole (DAPI) from the given groups (IB4: green; GFAP: red; DAPI: blue). (b) Representative
immunofluorescence images of retinal paraffin sections stained with IB4, ionized calcium-binding adaptor molecule 1 (ibal),
and DAPI from the given groups (IB4: green; ibal: red; DAPI: blue). (¢) Messenger RNA (mRNA) expression levels of
interleukin-1p (IL-1p), IL-6, tumor necrosis factor-a (TNF-a), monocyte chemoattractant protein-1 (MCP-1), matrix
metalloproteinase-9 (MMP-9), and cyclooxygenase-2 (COX-2), as well as intercellular adhesion molecule-1 (/CAM-1) and
vascular cell adhesion molecule-1 (VCAM-I) in retinal tissues from the given groups determined by quantitative reserve
transcription-polymerase chain reaction (QRT-PCR) method. All mRNA expression was normalized to B-actin. = P<0.05,
™ P<0.01 vs. hypoxia group; * P<0.05 vs. normoxia group. (d) Protein expression levels of inducible nitric oxide synthase
(iNOS) and endothelial nitric oxide synthase (eNOS) determined by western blot in retinal tissues from the given groups.
B-Actin was detected as the loading control. All the results are expressed as meantstandard error of mean (SEM) (n=5
per group). " P<0.0001.
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receptor antagonist) or PD123319 (AT2 receptor
(AT,R) inhibitor), could block the downregulation of
HIF-1a and VEGF induced by alamandine in hypoxia-
treated HRMECs (Figs. S4c and S4d). In vivo, mouse
models were pre-treated with D-Pro’, PD123319, or
A779 in the presence of hypoxia and alamandine. As
shown in Figs. 8a—8d, pre-treatment with D-Pro’ could
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reverse the protective effects of alamandine against
OIR-induced retinal avascular zones and neovascu-
larization tufts, while A779 failed. Corroborating this
finding, the same trend was also found in the pro-
tein expression of HIF-1a and VEGF (Fig. 8e). Ac-
cordingly, we could infer that alamandine did play an
anti-angiogenesis role through the HIF-10/VEGF
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Fig. 8 Role of Mas-related G protein-coupled receptor D (MrgD) in the protective effects of alamandine against hypoxia-
induced pathological angiogenesis in mice. (a) Representative images of retinal whole-mount immunostaining with isolectin
B4 (IB4) from the different groups. (b—d) Corresponding quantification of avascular areas (b), neovascular tuft areas (c),
and avascular areas/total areas (d). (e) Protein expression levels of hypoxia-inducible factor-1o. (HIF-1¢)) and vascular
endothelial growth factor (VEGF) determined by western blot in mice retinas from the different groups (left) and the
corresponding densitometric analysis (right). p-Tublin was detected as the loading control. All the results are expressed
as meanzstandard error of mean (SEM) (2=6 per group). ns: not significant; * P<0.05, " P<0.01, """ P<0.0001.



pathway via MrgD in hypoxia-induced pathological
angiogenesis.

3.9 Role of MrgD in the protective effects of
alamandine against glial cell dysfunction and
inflammation in the retinas of OIR mice

We next investigated the participation of the
MrgD receptor in alamandine’s effects on OIR-
induced retinal glial cell dysfunction and inflam-
mation. As shown in Fig. S5a, D-Pro’ pre-treatment
could counteract the action of alamandine in down-
regulating OIR-induced mRNA expression of various
pro-inflammatory cytokines, including /L-15, IL-6,
TNF-a, MCP-1, COX-2, and MMP-9, as well as
ICAM-1 and VCAM-1 in the retinas. Also, the protec-
tive effects of alamandine on restoring the normal
density and distribution of retinal astrocytes and mi-
croglial cells in the OIR-treated mouse were inhibited
by D-Pro’ pre-treatment (Figs. S5b and S5c¢). Taken
together, the above studies indicated that alamandine
could improve OIR-induced retinal glial cell dysfunc-
tion and inflammation, thus attenuating pathological
angiogenesis by regulating the HIF-10/VEGF pathway
via MrgD.

4 Discussion

To our knowledge, this work proved for the first
time that alamandine has a protective role in improv-
ing hypoxia-induced retinal microvascular dysfunc-
tion and pathological neovascularization by inhibiting
the activation of the HIF-1a/VEGF pathway via MrgD
in OIR mice.

Considering the similar pathogenesis and patho-
logical features, the tested mouse models of OIR have
been widely used to resemble ROP for their conveni-
ence in terms of observation, which allows us to ex-
plore the potential molecular mechanisms (Rivera et al.,
2016). ROP (initially termed retrolental fibroplasia) is
an ischemia-induced proliferative retinal vasculopa-
thy that occurs in premature infants, ultimately caus-
ing vision impairment and even blindness (Daruich
et al., 2020). As ROP progresses, various hypoxia-
induced pathological changes, including but not limited
to blood-retinal barrier (BRB) damage, vascular hy-
perpermeability, and inflammation, have been identi-
fied to facilitate the formation of intravitreal neovas-
cular tufts through activating HIF-1a-dependent VEGF
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activity and other signaling pathways (Broxterman
and Hug, 2016; Guo et al., 2020).

Various cell types, which consisted of retina, ex-
erted their distinct effects under retinal pathological
conditions (Voigt et al., 2021), which remained to be
fully elucidated. Emerging evidence from scRNA-seq
studies has revolutionized our understanding of het-
erogeneity of ECs and their functional contributions
to RNV progression (Cheng et al., 2024; He et al.,
2024), thereby providing critical insights for therapeu-
tic targeting. The integration of multi-species sSCRNA-
seq data in our study represented a paradigm shift
in retinal vascular biology research, significantly en-
hancing both the scientific rigor and translational rel-
evance of our study on RNV. Here, we also found that
ECs were highly related to RNV via scRNA-seq data
analysis. Besides, the cell-type-specific signatures
identified through scRNA-seq could guide the devel-
opment of precision therapies (Au and Ma, 2022;
Zhang et al., 2024). For instance, EC clusters with
high angiogenic factor with G-patch and forkhead-
associated domain 1 (AGGF1) expression were re-
lated to advanced RNV stages (Cheng et al., 2025). In
our study, we found that RAS-associated ECs may
respond to RNV as well.

RAS played a pivotal role in regulating EC
function during various diseases (Moravski et al.,
2003; Amraei and Rahimi, 2020). Multiple biological
compounds involved in the RAS are widely expressed
in the retina (Paul et al., 2006). Notably, genetically
engineered mice have elucidated the causal role of
RAS in retinal pathological neovascularization. For ex-
ample, a previous study has revealed that EC-specific
deletion of adenosine A2a receptor (A, R) improved
OIR-induced retinal angiogenesis in mice (Santiago
et al., 2020). RAS-targeted therapies, including small-
molecule inhibitors, could suppress hypoxia-driven an-
giogenesis, underscoring its pathological role (Boddu
et al., 2023). Changes in the expression levels of se-
rum RAS members, including Ang-1 and Ang-2, may
be promising biomarkers for reflecting the regression
and treatment of ROP (Yang et al., 2021; Wang et al.,
2023). Among them, serum Ang-(1-7) levels have
also been demonstrated to predict the development of
retinopathy in diabetics (Duan et al., 2018). Ang-(1-
7) has been reported to exert anti-angiogenic and anti-
apoptosis effects by inhibiting VEGF activation and
HIF-1a nuclear translocation, respectively (de Carvalho
Santuchi et al., 2019). It can also play a beneficial role



1032 | Journal of Zhejiang University-SCIENCE B 2025 26(10):1015-1036

in cardiovascular diseases by interacting with MrgD,
which is a natural endogenous receptor of alamandine.
Notably, the expression of MrgD has recently been re-
ported to play a crucial role in retinal neurovascular
function (Zhu et al., 2020). As the novel members
are involved in the counter-regulatory mechanism
within the RAS, the similar molecular structures and
receptors between alamandine and Ang-(1-7) may ac-
count for their similar protective actions (Schleifen-
baum, 2019). Thus, we used the LC-MS/MS method
to explore the possible changes in alamandine and
some other RAS members related to the generation of
alamandine in the retina and serum, and further in-
vestigated a new possible mechanism in the treat-
ment of ROP. In our initial studies, lower expression
levels of alamandine and higher levels of Ang II in se-
rum and retinas were found in ROP infants compared
with their age-matched healthy subjects through the
LC-MS/MS method. Thus, further investigations were
undertaken to examine whether alamandine could
inhibit OIR-induced angiogenesis. Our data showed
that alamandine could attenuate VEGF- or hypoxia-
induced HRMEC proliferation, microvascular sprout-
ing, and migration, meaning that it can reduce path-
ological angiogenesis in neovascular areas. More-
over, alamandine improved hypoxia-induced RNV
and vascular dysfunction in mouse models of OIR
dose-dependently.

In the process of vascular invasion involved
in the formation of neovessels with functional defects
and structural abnormalities, the endoproteases MMPs
have been reported to play a critical role in vitreous
leakage and hemorrhage (Choreziak-Michalak et al.,
2023). In our study, in agreement with the presence of
increased MMP expression reported in the vitreous of
ROP patients (Rathi et al., 2017), elevated levels of
MMP-9 after hypoxia stimulation were found in vivo
and in vitro, which can be decreased by alamandine
treatment.

Retinal hemorrhage found in ROP indicates the
presence of a disrupted and hyperpermeable vascular
barrier system consisting of retinal glial cells (Hartnett,
2023). Regarding the reported indispensable and mu-
tually reinforcing relationships between pathologic reti-
nal angiogenesis and retinal glial dysfunction during
pathological development in mouse models of OIR,
since alamandine could attenuate hypoxia-induced neo-
vascularization, it may be able to restore the integrity
of retinal vasculature (Karlstetter et al., 2015). As the

variants of macroglia, both astrocytes and Miiller cells
are involved in the normal development of the retinal
vessels by wrapping around retinal ganglion cells’
axon bundles that are essential for the formation of the
BRB (Li et al., 2019). It has been established that the
hypoxia-induced distribution of retinal astrocytes lo-
cated within the nerve fiber layer from the optic disc
into vascularized retinas could result in the disorderly
formation of neovascular tufts in the avascular area of
ROP (Perelli et al., 2021). Additionally, the oxygen-
induced injury may induce astrocytes to secret VEGEF,
contributing to pathological neovascularization (Rathi
et al., 2017). GFAP-like immunoreactivity is well-
recognized to label astrocytes in the retina, making it
viable for further studies (Brenner and Messing, 2021).
In our study, alamandine treatment could significantly
reduce newly induced vessels and vascular leakage in
the remodeling retinal zone of OIR by restoring the
normal density and distribution of astrocytes.

In the case of oxygen-induced injury, activated
microglia cells have also been evidenced to cluster
around retinal neovessels in a disorderly manner and
produce excessive pro-inflammatory cytokines, in-
cluding TNF-a, IL-1B, IL-6, and MCP-1, thus promot-
ing the pathological progression of OIR in mouse
models (Checchin et al., 2006; Aouiss et al., 2019).
Then, the increased inflammation may contribute to
the potentiated oxidative stress, resulting in the uncou-
pling of eNOS and the decreased release of nitric
oxide (NO) derived from eNOS in the vasculature (Li
et al., 2014). Similar to Ang-(1-7), alamandine has
also been demonstrated to have anti-inflammatory and
anti-proliferation effects on cardiovascular diseases
by regulating the pro-inflammatory signaling cascade,
and NO production responded to pathological stimu-
lus in cardiomyocytes and endothelial cells via inter-
acting with the MrgD receptor (de Jesus et al., 2018;
Zhao et al., 2022a). In our study, alamandine treat-
ment could inhibit the migration and activation of mi-
croglia cells, accompanied by the reduced production
of pro-inflammatory cytokines in the OIR. These data
could also support the notion that alamandine inhibits
OIR-induced microvascular injury and pathological
angiogenesis by suppressing inflammation and oxida-
tive stress.

In response to hypoxia-activated oxidative stress
and immune response in endothelial cells, multiple re-
lated signaling pathways are activated, among which
the HIF-1o/VEGF pathway has been suggested as



the most crucial (Zhao et al., 2023). It has been re-
ported that hypoxia-induced HIF-1a/dependent VEGF
stimulation is most closely related to hypoxia-induced
RNV in ROP (Dong et al., 2021; Zhao et al., 2022b).
Under hypoxic or anaerobic conditions, HIF-1a be-
comes stable. After being translocated into the nu-
cleus, accumulated HIF-1a dimerizes with the HIF-1f3
subunit, which is essential for the emergence of en-
dothelial cells during the embryonic period (Rattner
et al., 2019). Then, the HIF-1a/B dimer promotes vas-
culogenesis by activating the transcriptional activity
of the proangiogenic genes like VEGF (Vallée et al.,
2018). VEGF, the most important factor that favors
vast proliferation and angiogenesis, is secreted by
hypoxia-induced microglial cells, leading to abnormal
neovascularization in mouse models of OIR (Lashkari
et al., 2000; Rathi et al., 2017). In our study, alaman-
dine treatment could reduce hypoxia-induced nuclear
import of HIF-1a, as well as the expression of HIF-1a
and VEGF in HRMECs, suggesting that alamandine
exerts its protective effects against ROP through inac-
tivating the HIF-1a/VEGF pathway.

MrgD, also called TGR7, is one of the members
of the G protein-coupled receptor (GPCR) family that
plays a crucial role in regulating inflammation and
vascular endothelium function involved in the patho-
physiological development of cardiovascular remodel-
ing (de Jesus et al., 2023). Several previous studies
have reported that alamandine could elicit its bioac-
tive effects in the cardiovascular system by activating
the MrgD receptor (Lautner et al., 2013; Schleifen-
baum, 2019; Zhao et al., 2023). Interestingly, alaman-
dine treatment was demonstrated to improve vascular
fibrosis via upregulating MrgD expression (Yang et al.,
2020). Additionally, we previously reported that ala-
mandine alone could stimulate MrgD expression in
primary neonatal rat cardiomyocytes (NRCMs) and
primary neonatal rat cardiac fibroblasts (NRCFs)
(Zhao et al., 2023). More importantly, while losartan
upregulated the levels of its receptor angiotensin II
type 1 (AT1) receptor (AT ,R) in the left ventricle in
a negative feedback manner (Song et al., 2015), ala-
mandine was deemed an MrgD blocker that elevated
MrgD expression in a negative feedback manner (Zhao
et al., 2023). In our study, we found that alamandine
treatment upregulated MrgD expression in vivo and
in vitro.

Since the alamandine/MrgD axis has been con-
sidered a novel protective mechanism against retinal
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diseases (Zhu et al., 2020), we speculated that ala-
mandine may inhibit hypoxia-induced pathological
angiogenesis via MrgD. As an AT,R inhibitor, PD123319
is also regarded as an MrgD receptor antagonist,
which can attenuate the protective effects of alaman-
dine or Ang-(1-7) in some studies, but not all (Park
et al., 2018). Additionally, D-Pro’ can block the bind-
ing of alamandine to the MrgD receptor and the Mas
receptor through competitive inhibition. It has been
evidenced that the cardioprotective actions of ala-
mandine can be blocked by pre-treatment with D-Pro’
(Park et al., 2018). In our study, the beneficial role of
alamandine in inhibiting hypoxia-induced activation of
the HIF-1a/VEGF pathway was reversed after coincu-
bation with D-Pro’ but not with PD123319. However,
the inhibitory effects of alamandine on mitogen-
activated protein kinase (MAPK) and phosphati-
dylinositol 3-kinase/protein kinase B/mechanistic target
of rapamycin (PI3K/AKT/mTOR) signaling pathways
were not blocked. Furthermore, the protective ef-
fects of alamandine on improving hypoxia- or VEGF-
induced HRMEC proliferation, microvascular sprout-
ing, and migration were not abolished by pre-treatment
with the specific Mas receptor antagonist, A779, sug-
gesting that alamandine did exert its anti-angiogen-
esis effects by regulating the HIF-1a/VEGF pathway
via MrgD.

5 Conclusions

Taken together, this work integrally demonstrated
that alamandine could improve hypoxia-induced reti-
nal vascular barrier dysfunction with a restored glial
cell network and alleviate inflammation response.
Thus, alamandine inhibits retinal pathological neovas-
cularization by inhibiting the HIF-1o/VEGF pathway
via MrgD in OIR mouse models, paving the way for
future clinical application of alamandine in ROP.
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