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Inhibitory effects of ursolic acid on oxygen-induced mouse retinal
neovascularization via intravitreal injection
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Objective: This study aimed to explore the effects and mechanisms of ursolic acid (UA) on oxygen-induced retinal
neovascularization (RNV) in mice and its inhibitory effects on human retinal capillary endothelial cells (HRCECsS)
under high-glucose conditions.

Methods: Neonatal mice were divided into five groups: one normal group and four with oxygen-induced retinopathy
(OIR), including OIR, phosphate-buffered saline, UA and Lucentis groups. On postnatal day 17 (P17), mice were eutha-
nized and one eye was collected for retinal analysis using fluorescence microscopy. Protein and messenger ribonucleic
acid (mRNA) levels of vascular endothelial growth factor (VEGF), matrix metalloproteinase (MMP)-2, MMP-9 and
cyclo-oxygenase-2 (COX-2) were detected. HRCECs cultured under high-glucose conditions were treated with UA to
assess its effects on proliferation and molecular expression.

Results: UA significantly reduced RNV area in OIR mice and protected astrocytes from hypoxia-induced damage
(p<0.01). VEGF, MMP-2, MMP-9 and COX-2 levels were lower in the UA group compared with the OIR and phosphate-
buffered saline groups (p<0.05), but slightly higher than in normal controls (p<0.01). Lucentis reduced VEGF levels but
did not significantly affect MMP-2, MMP-9 or COX-2. In HRCECs, UA inhibited high-glucose-induced proliferation
and reduced VEGF, MMP-2, MMP-9 and COX-2 expression in a time- and dose-dependent manner.

Conclusions: UA inhibits RNV by reducing VEGF, MMP-2, MMP-9 and COX-2 expression, protecting astrocytes
and suppressing HRCEC proliferation under high-glucose conditions, highlighting its therapeutic potential for retinal

neovascular diseases.

Retinal neovascularization (RNV)-related diseases are
a type of pathology with various causes [1]. The condition’s
pathological changes [2] include vascular proliferation accom-
panied by bleeding, exudation and the formation of an organic
fibrous membrane, eventually leading to visual loss. It is one
of the most serious blinding eye diseases [3] and includes
retinopathy of prematurity (ROP), proliferative diabetic reti-
nopathy (DR) and retinal (central/branch) vein obstruction
[1]. RNV is the basis of the pathologic change, which is why
its effective inhibition is particularly important. Numerous
studies on retinal neovascular proliferative diseases have
focused on vascular damage in RNV formation. Therefore,
it is necessary to develop new drugs that can effectively
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inhibit RNV in clinical work. Studies have confirmed that
vascular endothelial growth factor (VEGF), cytokine matrix
metalloproteinase (MMP)-2, MMP-9 and cyclo-oxygenase-2
(COX-2) [4] are key factors in angiogenesis.

Currently, anti-VEGF agents, such as ranibizumab
(Lucentis), are widely used in clinical practice for RN'V-
related diseases and have demonstrated significant efficacy in
reducing neovascularization. However, these treatments have
limitations, including the need for repeated intravitreal injec-
tions and the potential for adverse effects, such as inflam-
mation and endophthalmitis. Therefore, there is a pressing
need to explore alternative therapeutic agents with fewer side
effects and potentially broader mechanisms of action.

Ursolic acid (UA), a natural pentacyclic triterpenoid
found in many medicinal plants, has garnered attention for
its diverse pharmacological properties. Chemically, UA
comprises a hydroxyl group at the C-3 position, a carboxyl
group at C-17 and a hydrophobic pentacyclic structure,
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contributing to its lipophilic nature and biologic activity.
Its bioactivities include anti-inflammatory, antioxidant,
anticancer and cardioprotective effects. In ophthalmology,
UA has emerged as a potential therapeutic agent due to its
ability to regulate angiogenesis, reduce oxidative stress
and inhibit inflammatory pathways. Previous studies have
shown that UA can inhibit tumor angiogenesis by targeting
multiple proangiogenic factors, including VEGF, MMPs and
COX-2 [5]. UA also possesses anti-inflammatory and antioxi-
dant properties, further enhancing its therapeutic potential
in various diseases. Beyond its anticancer effects, UA has
demonstrated cardioprotective properties, including the miti-
gation of oxidative stress and the prevention of doxorubicin-
induced cardiac damage [6]. These findings suggest that UA
may regulate angiogenesis and improve vascular stability
through multiple pathways, making it a promising candidate
for the treatment of RN 'V-related diseases.

However, the role of UA in RNV has, to date, rarely
been studied. This study investigates whether UA can inhibit
RNV and thus impact RNV in mice with oxygen-induced
retinopathy (OIR).

METHODS

Animal models and treatment: A total of 75 healthy seven-
day-old (P7) specific pathogen-free-grade C57BL/6J mice
with a body mass of 4.59 + 0.57 g were used for this research
(regardless of sex). The study animals were purchased from
the Laboratory Animal Centre of Shanxi Medical University,
China. All animal experiments were approved by the Animal
Ethics Committee of the Shanxi Aier Eye Hospital.

The specific treatment methods are follows: For OIR
animal modeling, 60 healthy clean-grade C57BL/6J mice on
P7 were placed into feeder oxygen tanks with female mice and
connected to 100% medical moist pure oxygen with oxygen
flow at approximately 1 1/min [7]. The oxygen concentration
was regulated and monitored with an oxygen controller at
75% =+ 3% and room temperature (23 °C = 2 °C). Lighting
was normal fluorescent light, with a day-night cycle of 12
h:12 h. The mice were observed every second day. Between
observation days, the oxygen tanks were opened promptly to
perform necessary maintenance operations but no medicine
injections were administered to the mice during this period.
Additionally, the female mice were replaced along with pad
materials, feeding and water. The mice were housed under
high-oxygen partial pressure for five days and removed from
the oxygen tank on P12.

In the normal control group, 15 newborn mice were kept
in a 23 °C + 2 °C tank with normal air (without oxygen).
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The mice in all groups were kept in a tank with 23 °C+2 °C
normal air for five days until P17.

The successfully modeled OIR mice were randomly
divided into four groups: OIR group, phosphate-buffered
saline (PBS) group, UA group and Lucentis group (positive
control group; n=15, each). On P12-P16, 3 ul PBS buffer
(PBS group), 3 pul UA (2 g/l; solid powder, purity >90%;
Sigm-Aldrich, St. Louis, MO; UA group) and 3 pl Lucentis
injection (Novartis, Basel, Switzerland; Lucentis group) were
injected into the vitreous cavity of the mice [8,9]. The normal
group and the OIR group were not treated.

Sample collection: Sample size (n=75) was determined based
on our previous studies to ensure sufficient statistical power.
A minimum of 15 mice per group was selected, allowing for
adequate biologic replicates while accommodating potential
variability in experimental outcomes. On P17 the mice were
euthanized via anesthesia using 1.0% sodium pentobarbital
(80 mg/kg, 100,203, Xi'an Guoan Biotechnology Co., Ltd.,
China). One eye was removed from each mouse for retinal
flat-mount preparation and Griffonia simplicifolia type 1
lectin, isolectin B4 (GS-1B4) fluorescence staining. The
RNV area and central retina were analyzed using Image-Pro
Plus (v.5.1, Media Cybernetics, Rockville, MD) software. The
contralateral eyeballs were removed, and retinal tissue was
extracted under sterile conditions and immediately stored in
liquid nitrogen for western blot and real-time PCR analyses
to test for VEGF, MMP-2, MMP-9 and COX-2.

Culture and identification of human retinal capillary endo-
thelial cells: For human retinal capillary endothelial cell
(HRCEC) culture, one to two donor eyeballs were obtained
per session in a sterile operating room following corneal
transplantation. The donor eyeballs were derived from the
post-surgical remains of human corneal transplants, ensuring
compliance with ethical guidelines and sterility during
handling. The eyeballs were carefully incised along the
equator under sterile conditions. Using a dissection micro-
scope, the vitreous vessels and membranes of the retina were
carefully stripped using micro-instruments, ensuring that the
integrity of the retinal cells was preserved. This procedure
specifically targeted the removal of vitreous components
rather than the retinal nerve fiber layer. The dissected tissue
was enzymatically digested using 0.25% trypsin-EDTA at
37 °C for 15 min with intermittent agitation to dissociate the
cells. After digestion, the suspension was mechanically frag-
mented, homogenized and filtered through a 70-um mesh to
remove tissue debris. The enzymatic reaction was terminated
by adding 10% fetal bovine serum. The cell suspension was
centrifuged at 300 xg for five min to collect the cells, which
were then resuspended in a complete human endothelial cell


http://www.molvis.org/molvis/v31/160

Molecular Vision 2025; 31:160-173 <http://www.molvis.org/molvis/v31/160>

culture medium (10% fetal bovine serum, 100 p/ml penicillin,
50 w/ml gentamicin; #M200500, Gibco, Grand Island, NY).
Cells were seeded into culture flasks and incubated in a
humidified 5% CO, incubator at 37 °C. The fluid was changed
according to the cell growth rate approximately once every
one to two days. During culture, retinal vascular endothelial
cells were morphologically assessed by flattening, and any
cobblestone morphology was noted. To prevent interference
from red blood cells in the observation and analysis of endo-
thelial cells, as well as to avoid the effects of glial cells on the
growth, proliferation and differentiation of endothelial cells,
these contaminating cells were carefully removed to ensure
accurate experimental results. Miscellaneous cell locations
were marked microscopically, and miscellaneous cells, such
as red blood cells and glial cells, were removed using cell
scraping. Primary cells in the culture vial were subcultured
if the adherent area was >80% [10].

For the identification of HRCECs, their growth charac-
teristics and morphological characteristics were observed
using an inverted phase-contrast microscope. Cells were
assessed for cobblestone morphology, indicating endothelial
cell integrity and purity. Cells in good growth condition were
used to prepare a suspension at a concentration of approxi-
mately 4.5 x 10 cells/ml. Sterile coverslips were placed in a
24-well plate, inoculated with 1 mL of suspension per well
and cultured in an incubator. After the cells were evenly
distributed on the slides, they were washed twice with PBS,
followed by fixation with 4% paraformaldehyde for 30 min.
They were subsequently rinsed three times with PBS. Factor
VIll-related antigen-antibody was added to confirm endo-
thelial cell identity, and the cells were incubated overnight at
4 °C. After washing, a secondary antibody conjugated with a
fluorescent marker was applied, followed by additional PBS
rinses. Cells were observed under a fluorescence microscope
for antigen expression. Images were captured to document the
characteristic features of HRCECs, validating their endothe-
lial nature.

Measurement of retinal pathological neovascularization,
nonperfusion area and morphological observation of astro-
cytes: Mice were taken at the corresponding time points and
euthanized via anesthesia. The eyes were carefully removed,
fixed in 4% paraformaldehyde (40 min or four hours on ice)
and slowly washed for 20 min four times in a PBS liquid
shaker (Eppendorf, Hamburg, Germany). A corneal bayonet
puncture was performed in the anterior chamber and the
anterior eye segment was removed by cutting the eye equator
at the angular scleral rim. Then, the retina was carefully
dissected and the cohesive vitreous tissue was removed as
cleanly as possible. The retina was stained with Isolectin
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GS-1B4 (1:50; Sigma-Aldrich), glial fibrillary acidic protein
(1:50; Sigma-Aldrich) and 4°,6-diamidino-2-phenylindole
(1:500; Sigma-Aldrich) at 4 °C overnight, with 25 pl per
eyeball. After cutting the radial four-flap of the eye cup, it was
neatly tiled on a slide and sealed using an antifluorescence
attenuation sealing tablet. The morphology and distribution
of RNV and the ischemic nonperfusion area were observed
under a fluorescence microscope (x50, 500-um scale; Leica
Microsystems, Wetzlar, Germany) and the relative area of
RNV and the ischemic avascular area (proportion of total
retinal area) were measured using Image-Pro Plus software
(Media Cybernetics). The subtle morphology and distribution
of RNV (IB4-positive) and astrocytes (glial fibrillary acidic
protein-positive) were observed under a confocal microscope
(%400, 100-um scale; Zeiss, Oberkochen, Germany).

Human retinal capillary endothelial cell proliferation
measured with methyl thiazolyl tetrazolium assay: Cells that
were well cultured were harvested and the supernatant was
removed. Subsequently, 1.0 mL high-glucose culture medium
(human endothelial cell culture medium [Gibco, catalog
#11965-092] supplemented with 30 mmol/l glucose) and
1.0 ml of normal glucose culture medium (human endothelial
cell culture medium [Gibco, catalog #11885—084] supple-
mented with 5 mmol/l glucose) were added. The cells were
then seeded into 96-well plates at a density of approximately
5 x 10° cells per well, with a total volume of 200 pl per well.
This experiment comprised six groups, each containing five
replicate wells.

Cell experiment groups: (1) treatment normal glucose
(TN) group—normal glucose (glucose concentration, 5.5
mmol/l); and (2) the treatment high-glucose (TH) group—
high glucose (glucose concentration, 25 mmol/1) [11]. T1
group—high glucose + 5 pmol/l UA; T2 group—high glucose
+ 10 pumol/l UA; T3 group—high glucose + 20 umol/l UA;
and T4 group—high glucose + 40 pmol/l UA. The marginal
wells of the 96-well plate were only filled with culture
medium as a blank control for trimming and evaporation and
the culture medium was discarded when cells were adherent.
The UA stock solution was then prepared and diluted with a
high-glucose medium to achieve the desired concentration,
which was subsequently added according to the experimental
grouping. In the TN group, 200 pl normal glucose culture
medium was added to each well; in the TH group, 200 pul
high-glucose culture medium was added to each well. For
the T1-T4 groups, diluted UA solution was added to 96-well
plates at 200 pl/well according to a UA concentration of 5,
10, 20 and 40 mol/l, respectively. The cells were incubated
for 24, 48 and 72 h, respectively, and then 20 puL of a methyl
thiazolyl tetrazolium powder solution was added to each well
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and cultured for 4 h. After discarding the culture medium,
the cells were washed three times with PBS. Then, 20 pl of
a dimethyl sulfoxide solution was added to each well and
shaken for 10 min until its blue—purple crystal was dissolved.
The 96-well plate was placed inside the plate reader (BioTek
ELx800, BioTek Instruments, Inc., Winooski, VT) with a
selected wavelength of 490 nm and the results were calcu-
lated according to the following formula: cell survival rate =
average optical density (OD) of the experiment groups (T1-
T4) / average OD of the control groups (TN, TH) x 100%; cell
inhibition rate = (1 — OD in the experiment groups / OD in the
control groups) x 100%. All of the above steps were repeated
three times to calculate the final results.

Protein expression of vascular endothelial growth factor,
matrix metalloproteinase-2, matrix metalloproteinase-9 and
cyclo-oxygenase-2 in the retinal tissue samples detected
using western blot analysis: The total protein was extracted
from each group of tissue samples using a lysis buffer
(Sigma-Aldrich) and the protein supernatant was quantified
for protein concentration. The level of protein was quanti-
tated using a bicinchoninic acid assay kit (Sigma-Aldrich).
A 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis gel and sample protein were prepared in each well
(the total protein in each well was equal based on the protein
concentration). Electrophoresis was performed using an
electrophoresis instrument and transmembrane transfer was
performed using gel transfer apparatus. Subsequently, sodium
dodecyl sulfate polyacrylamide gel electrophoresis was
adopted to separate the protein lysates and moved to poly-
vinylidene fluoride membranes (Invitrogen, Carlsbad, CA).
The protein was blocked in 5% nonfat milk powder for one to
two hours and washed three to four times with PBS (Sigma-
Aldrich). Samples were incubated with 1% VEGF (Abcam,
Cambridge, MA), MMP-9 (Abcam) and COX-2 antibodies
(Abcam) and monoclonal mouse anti-f-actin antibody (Cell
Signaling Technology, Danvers, MA) as an internal control
at 4 °C overnight. The samples were then washed three times
with PBS before adding the corresponding secondary anti-
bodies (Abcam), incubated for one hour at room temperature
and washed three to four times with PBS. After membrane
washing, the sample silicon film was exposed using an elec-
trochemiluminescence kit (Sigma-Aldrich). Gray band values
were analyzed using ImagelJ software (National Institutes of
Health, Bethesda, MD). The experiments were repeated three
times.

Messenger ribonucleic acid expression of vascular endo-
thelial growth factor, matrix metalloproteinase-2, matrix
metalloproteinase-9 and cyclo-oxygenase-2 in retinal tissue
determined using real-time polymerase chain reaction:
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Total ribonucleic acid (RNA) from each tissue was extracted
using TRIzol Reagent (Takara, Tokyo, Japan) and tested for
purity and concentration using an ultraviolet spectropho-
tometer. Reverse transcription reactions were performed
using a reverse transcription kit; PCR was performed using
the fluorescence quantitative PCR kit (DRR0O36A Takara
PCR Amplification Kit); all PCRs were performed using
the indicated PCR instrument. Glyceraldehyde triphosphate
dehydrogenase was used as the internal reference to calculate
the relative quantification values (2--""). The specific primer
sequences for VEGF, MMP-2, MMP-9, COX-2 and glycer-
aldehyde 3-phosphate dehydrogenase (Shanghai Sangon
Biotechnology Company, Shanghai, China) are detailed in
Table 1.

Statistical methods: Statistical analysis was processed using
SPSS (v.18.0) software (IBM, Armonk, NY') and measure-
ment data were expressed as mean + standard deviation. The
data of each sample were normally distributed (analyzed
using the Kolmogorov—Smirnov method), and homogeneity
of variance testing confirmed the homogeneity of variance
(using the Levene test). The relative protein expression ratio
(gray band value) and mRNA expression ratio (relative quan-
tification value) between the experiment and control groups
were compared using a one-way ANOVA, and the least
significant difference Student ¢ test was used for multiple
comparisons between groups; p<0.05 indicated a statistically
significant difference.

RESULTS

Hypoxic-phase injection of ursolic acid significantly reduced
retinal neovascularization cluster formation and accelerated
physiologic vascular reconstruction in mice with oxygen-
induced retinopathy: According to immunofluorescence
staining of the retinal flat mounts of the P17 mice, when UA
was injected at P12—P16 (hypoxia) in the C57BL/6J mice
the retinal veins in the OIR and PBS groups were relatively
beaded, with a large central avascular perfusion area and a
large number of highly fluorescence-stained neovascular
groups were visible on the periphery when compared with
the normal group. There was no statistical difference between
the OIR group and the PBS group. Compared with the OIR
group, the retinal neovascular area decreased by 75.4% and
76.5% in the UA and Lucentis groups, respectively (1=8.79,
7.28; all p<0.01), whereas the nonperfusion area decreased by
73.3% and 74.1% in the UA and Lucentis groups, respectively
(t=8.17, 7.44; all p<0.01). However, there was no statistical
difference between the UA group and the Lucentis group
(Figure 1).
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normal group OIR group

PBS group

Lucentis group UA group

Figure 1. Retinal neovascularization and formation of nonperfusion areas in each group. Compared with the normal group, the retinal veins
in the oxygen-induced retinopathy group are beaded, with a large avascular perfusion area in the center (triangle) and a large number of
highly fluorescent stained neovascularization groups are visible in the surrounding area (arrow).

Hypoxic-phase injection of ursolic acid morphologically
reduced the formation of retinal neovascularization clusters
in mice with oxygen-induced retinopathy and alleviated
hypoxia-induced damage to retinal astrocytes: According to
the confocal microscopy results of the retinal flat mounts of
P17 mice in each group, the degree of neovascularization in
the OIR and PBS groups was significantly increased, and the
shape was polyneoplastic and massive when compared with
the normal group. Neovascularization not only proliferated
in the same plane but also protruded into the vitreous cavity,
forming the mass accumulation of neovascularization. Astro-
cytes were primarily (or even entirely) heteromorphic and
cell body arrangement was more disordered as the astrocytes
had lost their normal stellate and dendritic shape. In the UA
and Lucentis groups, the proliferation of neovascularization
was not significant and lacked significant polytumors and

large mass accumulations compared with the OIR group.
Neovascularization was isolated or proliferated only within
the same plane and rarely protruded into the vitreous cavity.
The morphology and cell arrangement of astrocytes closely
resembled normal stellate and dendritic morphology, with
few heteromorphic parts (Figure 2).

Expression of vascular endothelial growth factor, matrix
metalloproteinase-2, matrix metalloproteinase-9 and cyclo-
oxygenase-2 proteins in the retinal tissue samples of each
group: VEGF protein expression was significantly higher in
the OIR and PBS groups than in the UA, Lucentis and normal
groups, with significant statistical differences (p<0.05);
however, there was no significant difference between the OIR
and PBS groups (p>0.05). VEGF protein expression in the UA
and Lucentis groups was slightly higher than in the normal

normal group OIR group

GAFP 1B4

Merge

PBSgroup Lucentisgroup UASTOUD

Figure 2. Retinal neovascularization and astrocyte morphology in mice in each isolectin B4 group (red, neovascularization staining); glial

fibrillary acidic protein (green, astrocytes staining); merge.
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group; the difference was statistically significant (p<0.05).
However, there was no significant difference between the UA
and Lucentis groups (p>0.05; Figure 3A). Protein expression
of MMP-2, MMP-9 and COX-2 was significantly higher in
the OIR, PBS and Lucentis groups than in the UA and normal
groups; the difference was statistically significant (p<0.05).
However, there was no significant difference between the
OIR, PBS and Lucentis groups (p>0.05). Protein expression
of MMP-2, MMP-9 and COX-2 was slightly higher in the UA
group than in the normal group; the difference was statisti-
cally significant (p<0.05; Figure 3B-D).

Vascular endothelial growth factor, matrix metallopro-
teinase-2, matrix metalloproteinase-9 and cyclo-oxygenase-2
messenger ribonucleic acid levels in the retinal tissue samples
of each group: VEGF mRNA levels were significantly higher
in the OIR and PBS groups than in the UA, Lucentis and
normal groups (p<0.05); however, there was no signifi-
cant difference between the OIR group and the PBS group
(p>0.05). VEGF mRNA levels were slightly higher in the UA
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and Lucentis groups than in the normal group; the difference
was statistically significant (p<0.05). However, there was no
significant difference between the UA and Lucentis groups
(p>0.05; Figure 4A).

MMP-2, MMP-9 and COX-2 mRNA levels were signifi-
cantly higher in the OIR, PBS and Lucentis groups than in the
UA group and the normal group; the difference was statisti-
cally significant (p<0.05). However, there was no signifi-
cant difference among the OIR, PBS and Lucentis groups
(p>0.05). MMP-2, MMP-9 and COX-2 mRNA levels were
slightly higher in the UA group than in the normal group;
the difference was statistically significant (p<0.05; Figure
4B-D).

Effect of different concentrations of ursolic acid on human
retinal capillary endothelial cell proliferation in a high-
glucose environment: The HRCECs were seeded in 96-well
plates. During the same culture period, the number of
HRCECS in the normal glucose group was small compared
with the high-glucose group (p<0.05). After 24, 48 and 72 h
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Figure 3. Expression of various proteins. Expression levels of vascular endothelial growth factor (A), matrix metalloproteinase 2 (B),
matrix metalloproteinase 9 (C) and cyclo-oxygenase 2 (D) proteins in the retinal tissues of all groups: 1. Normal group; 2. oxygen-induced
retinopathy (OIR) group; 3. phosphate-buffered saline group; 4. Lucentis group; 5. ursolic acid group. VEGF: vascular endothelial growth
factor; MMP-2: Matrix metalloproteinase 2; MMP-9: Matrix metalloproteinase 9; COX-2: Cyclo-oxygenase 2; UA: Ursolic acid; ns: Not
significant; **p<0.01 compared with OIR group; ***p<0.001 compared with OIR group.
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Figure 4. The mRNA expression of genes in each group. Expression levels of vascular endothelial growth factor (A), matrix metalloproteinase
2 (B), matrix metalloproteinase 99 (C) and cyclo-oxygenase 2 (D) in the retinal tissues of all groups. ns: not significant; **p<0.01 compared
with the oxygen-induced retinopathy (OIR)group; ***p<0.001 compared with the OIR group.

of HRCEC culture, pairwise comparisons between groups
with high-glucose + different concentrations of UA groups
(5, 10, 20, 40 umol/l) showed that the inhibition rate of the
HRCECs increased with an increased concentration and
reflected a statistically significant difference (p<0.05). After
intervention of the same concentration of UA, the inhibition

rate of the HRCECs was increased along with the drug inter-
vention time; the difference was statistically significant (p<O0.
05; Table 2 and Table 3).

Effect of different concentrations of ursolic acid on the
protein expression of vascular endothelial growth factor,
matrix metalloproteinase-2, matrix metalloproteinase-9 and
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TABLE 2. EFFECTS OF DIFFERENT CONCENTRATIONS OF UA ON HRCECS CELL PROLIFERATION IN HIGH GLUCOSE ENVIRONMENT (N=5).

A490 value

Group 24 h 48 h 72 h

The TN group 0.4029 +0.139 0.4269 + 0.007 0.4539 £ 0.005
The TH group 0.6291 = 0.006* 0.6583 + 0.005* 0.6947 + 0.004*
The T1 group 0.5689 + 0.006* 0.5472 + 0.005" 0.5243 + 0.006*
The T2 group 0.4726 + 0.009* 0.4379 + 0.004* 0.4054 £+ 0.008*
The T3 group 0.4278 £ 0.014* 0.4012 +0.007* 0.3647 + 0.008"
The T4 group 0.3969 + 0.007* 0.3679 £ 0.005% 0.3168 £+ 0.005%

Note: compared with TN group, *p<0.05; Compared with TH group, “p<0.05. UA: ursolic acid; HRCECs: Human Retinal Capillary
Endothelial Cells. TN group: normal glucose (glucose concentration, 5.5 mmol/l); TH group: high glucose (glucose concentration, 25
mmol/l); T1 group: high glucose + 5 umol/l UA; T2 group: high glucose + 10 umol/l UA; T3 group: high glucose + 20 pmol/L UA; T4

group: high glucose + 40 umol/l UA.

cyclo-oxygenase-2 in human retinal capillary endothelial
cells in a high-glucose environment: The protein expression
of VEGF, MMP-2, MMP-9 and COX-2 in different HRCEC
groups was determined by protein immunoblot (western blot)
as follows:

(1) After HRCEC cultures were performed simultane-
ously, the protein expression of VEGF, MMP-2, MMP-9 and
COX-2 in HRCECs was higher in the high-glucose group than
in the normal glucose group; analysis results of the gray band
protein value were significantly different (p<0.05; Figure SA).

(2) After the same culture time, pairwise comparisons
between the high-glucose and different-concentration (5,
10, 20, 40 umol/l) UA groups showed that the expression of
VEGF, MMP-2, MMP-9 and COX-2 in HRCECs decreased
with increased concentration of UA; the differences were
statistically significant (p<0.05). With the extension of UA
intervention time, there was a gradual decrease in the expres-
sion levels of VEGF, MMP-2, MMP-9 and COX-2. Specifi-
cally, the levels observed were lower in the 72-h group than
in the 48-h group, and the 48-h group exhibited lower levels

compared with the 24-h group; the differences were statisti-
cally significant (p<0.05; Figure 5SB-D).

Effect of different concentrations of ursolic acid on the
messenger ribonucleic acid levels of vascular endothelial
growth factor, matrix metalloproteinase-2, matrix metal-
loproteinase-9 and cyclo-oxygenase-2 in human retinal
capillary endothelial cells in a high-glucose environment:
Real-time PCR was conducted to detect the mRNA levels
of VEGF, MMP-2, MMP-9 and COX-2 in the HRCECs of
different groups. Following simultaneous HRCEC culture,
the mRNA levels of VEGF, MMP-2, MMP-9 and COX-2
were higher in the high-glucose group than in the normal
glucose group; the differences were statistically significant
(p<0.05). With the same culture time, pairwise comparisons
between groups with high-glucose + different concentrations
(5, 10, 20, 40 umol/L) of UA showed that the mRNA levels of
VEGF, MMP-2, MMP-9 and COX-2 in HRCECs decreased
with an increased concentration of UA; the differences were
statistically significant (p<0.05). mRNA levels of HRCECs,
MMP-2, MMP-9 and COX-2 decreased with prolonged drug

TABLE 3. INHIBITION RATE OF DIFFERENT CONCENTRATIONS OF UA
oN HRCECS CELLS IN HIGH GLUCOSE ENVIRONMENT.

Group 24 h 48 h 72 h
The TH group - - -

The T1 group 9.6% 13.8% 16.9%
The T2 group 24.9% 33.9% 40.7%
The T3 group 32.1% 38.6% 47.0%
The T4 group 37.0% 43.3% 52.9%

Note: The calculation formula of inhibition rate is: (1 - OD value of experimental group/OD value of TH
group) x 100%; TN group: normal glucose (glucose concentration, 5.5 mmol/l); TH group: high glucose
(glucose concentration, 25 mmol/l); T1 group: high glucose + 5 pmol/l UA; T2 group: high glucose + 10
umol/l UA; T3 group: high glucose + 20 pmol/l UA; T4 group: high glucose + 40 pmol/l UA.
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intervention; the differences were statistically significant
(p<0.05; Figure 6).

DISCUSSION

Terry et al. first reported ROP in 1942 [12]. In the early
1950s, several scholars suggested that ROP may be associ-
ated with the toxic side effects of clinical high-concentration
oxygen therapy [13,14]; subsequent animal experiments have
confirmed this view, thus establishing a series of animal
models of OIR [15]. The OIR model is able to simulate the
entire pathological change process of RNV to the greatest

© 2025 Molecular Vision

extent. UA has various biologic effects, including antitumor,
antioxidation, antineovascular, antivirus and antibacterial
effects [16]. It inhibits neovascularization by suppressing
vascular endothelial cell migration and tubular production,
as well as by reducing the expression of angiogenic factors
[17,18].

Kanjoormana et al. [19] confirmed that the expression
levels of the proinflammatory factors VEGF and neur-
aminidase decreased significantly following UA interven-
tion in melanocytomas in mice. In the results of their study
the protein expression of MMP-2 and MMP-9 decreased,
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Figure 5. The relative protein level in each group. Expression levels of vascular endothelial growth factor (A), matrix metalloproteinase
2 (B), matrix metalloproteinase 9 (C) and cyclo-oxygenase 2 (D) proteins of human retinal capillary endothelial cells in different groups.
ns: not significant; **p<0.01 compared with TH group 24 h; #p<0.05, ##p<0.01, ###p<0.001 compared with TH group 48 h; &p<0.05,
&&p<0.01, &&&p<0.001 compared with TH group 72 h. TN group: normal glucose (glucose concentration, 5.5 mmol/1); TH group: high
glucose (glucose concentration, 25 mmol/l); T1 group: high glucose + 5 umol/l ursolic acid (UA); T2 group: high glucose + 10 umol/l UA;
T3 group: high glucose + 20 umol/l UA; T4 group: high glucose + 40 pmol/l UA.
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whereas the mRNA of VEGF and induced nitric oxide
synthase decreased. Zhang et al. [20] found that UA induced
the apoptosis of SGC-7901 in a human gastric cancer cell
line by inhibiting the expression of COX-2 and subsequently
reducing the synthesis of prostaglandin E2. VEGF, MMP-2,
MMP-9 and COX-2 play important roles in the RNV process
[21-25]. Therefore, based on the properties of UA, they can be
used for the treatment of hypoxia-induced retinopathy, such
as ROP. However, more studies should be conducted to verify

this result.

© 2025 Molecular Vision

Lucentis is an FDA-approved antiangiogenic drug
[26]. All isoforms of Lucentis and VEGF-A have a strong
affinity. The main mechanism of inhibiting neovasculariza-
tion is competitive binding of the VEGF receptor on the
endothelial cell surface, blocking the binding of VEGF to
its receptor and resulting in the loss of VEGF activity rather
than quantitative reduction [27,28]. Therefore, the anti-VEGF
antibody Lucentis, which has a largely clear clinical effect
and mechanism, was selected for UA in the positive control
group to explore a controlled study on the regulation of RNV
generation in the retina of mice with OIR.
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Figure 6. The relative mRNA level in each group. Expression levels of vascular endothelial growth factor (A), matrix metalloproteinase 2
(B), matrix metalloproteinase 9 (C) and cyclo-oxygenase 2 (D) mRNA in different groups of human retinal capillary endothelial cells. ns: not
significant; **p<0.01, ***p<0.001 compared with TH group 24 h; #p<0.05, ##p<0.01, ###p<0.001 compared with TH group 48 h; &p<0.05,
&&p<0.01, &&&p<0.001 compared with TH group 72 h. TN group: normal glucose (glucose concentration, 5.5 mmol/1); TH group: high
glucose (glucose concentration, 25 mmol/l); T1 group: high glucose + 5 umol/l ursolic acid (UA); T2 group: high glucose + 10 umol/l UA;
T3 group: high glucose + 20 umol/l UA; T4 group: high glucose + 40 pmol/l UA.
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Recent studies confirmed that retinal astrocytes are
also affected in such diseases and are closely associated
with dysplastic pathological neovascularization. Glial cell
dysfunction has also been previously reported in the hypoxic
retina [29]. Astrocytes and Miiller cells may play a role in
the progression of OIR; that is, they potentially contribute to
regulating oxygen concentrations and environmental condi-
tions within the retina, influencing vascular development.
Given the connection between abnormal retinal vascular
development and OIR, glial cells may be involved in retinal
vascular system development and stability through aspects
such as cytokines, growth factors and intercellular communi-
cation. Thus, protecting astrocytes is also key in the treatment
of RNV diseases. Dorrell et al. [30] revealed that loss of astro-
cytes directly correlates with the development of pathological
neovascularization in a mouse model of OIR. The present
study confirmed that, compared with normal controls, the
heteromorphosis of retinal astrocytes was evident in addition
to RNV in mice with OIR. These results are in line with
those reported by Dorrell et al. [30]. In the hypoxic phase,
UA morphologically inhibited RNV generation in mice with
OIR, reduced astrocyte damage and supported astrocytes in
forming their normal astral/dendritic shape. The authors of
the present study confirm that UA may inhibit OIR in mice
by protecting astrocytes.

VEGF, MMP-2, MMP-9 and COX-2 are all closely
related to the generation of RNV; therefore, inhibiting the
expression of the above factors can effectively reduce the risk
of RNV. Arrigo et al. [31] revealed that VEGF-targeting drugs
were useful for the treatment of RNV in DR, and Yu et al.
[32] found that overexpression of miR-203 suppressed angio-
genesis in mice with pathological RNV disease via inhib-
iting the expression of K-67, MMP-2, MMP-9 and VEGF.
In the present study, the results in each group suggest that
the protein expression and mRNA levels of VEGF, MMP-2,
MMP-9 and COX-2 factors were significantly higher in the
OIR and PBS groups than in the normal group. Following
intravitreal UA and Lucentis intervention, VEGF decreased
significantly. There was no statistically significant differ-
ence between the two groups, but the protein expression
and mRNA levels of MMP-2, MMP-9 and COX-2 factors
decreased significantly in the UA group; no significant
change was observed in the Lucentis group. These results
aligned with those of Arrigo et al. [31] and Yu et al. [32].
Therefore, it is speculated that UA inhibits RNV generation
by reducing the expression of VEGF, MMP-2, MMP-9 and
COX-2, whereas Lucentis inhibits RNV generation only by
limiting VEGF factor expression, with no significant effect
on factors such as MMP-2, MMP-9 and COX-2. Lucentis is a
single anti-VEGF drug and can only inhibit the formation of
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new blood vessels. In the context of the present research, UA
has emerged as a more cost-effective alternative to Lucentis,
exhibiting a synergistic effect on astrocytes and thus under-
scoring its promising clinical therapeutic significance.

In this study, UA was used to intervene in in vitro
HRCEC culturing in a high-glucose environment to observe
its possible therapeutic effect on DR. The relationship
between DR and oxygen-induced RNV lies in the common
underlying process of neovascularization. In both cases,
damaged blood vessels trigger the release of growth factors
that promote the creation of new blood vessels. These new
blood vessels are abnormal and fragile, making them prone
to leakage and bleeding. In DR, this process is driven by
chronic high blood glucose levels damaging retinal blood
vessels. In OIR, it is triggered by the disruption of normal
retinal vascular development due to high levels of oxygen
exposure. The experimental results suggest that the protein
expression and mRNA levels of VEGF, MMP-2, MMP-9 and
COX-2 were higher in the high-glucose groups than in the
normal glucose groups during the same period. The protein
expression and mRNA levels of VEGF, MMP-2, MMP-9 and
COX-2 in HRCECs decreased with an increased concentra-
tion of UA and prolonged drug intervention. This suggests
that UA has inhibitory effects on HRCEC proliferation in
vitro in a high-glucose model and in a time—concentration-
dependent manner.

This study employed the mouse OIR model, which effec-
tively simulates RNV in humans. However, structural and
physiologic differences between mouse and human retinas
may limit the direct extrapolation of results. Notably, the
retinal response to hypoxia involves not only endothelial
cells but also astrocytes and Miiller cells. These cells play
critical roles in regulating oxygen levels and secreting cyto-
kines and growth factors, thereby significantly contributing
to hypoxia-induced angiogenesis. Compared with isolated
endothelial cell experiments, the OIR model offers a more
comprehensive perspective on cellular interactions [33,34].
Additionally, glucose and hypoxia influence retinal endothe-
lial cell proliferation through distinct mechanisms. Glucose
primarily promotes pathological angiogenesis by activating
protein kinase C, increasing oxidative stress and elevating
inflammatory factors, such as tumor necrosis factor alpha
and interleukin-6 [35]. Hypoxia, on the other hand, induces
VEGF expression via hypoxia-inducible factor-1 alpha, facili-
tating endothelial cell migration and angiogenesis [36]. These
differences highlight the unique drivers and cellular signaling
networks in DR and hypoxia-induced RNV. High glucose is
a key pathogenic factor in DR, which leads to pathological
changes such as retinal vascular endothelial cell dysfunction,
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exacerbated inflammatory response and neovascularization.
Therefore, we modeled the pathological environment of DR
by high-glucose treatment and observed the protective effect
of UA on HRCEC:S: in this environment. We are also aware
of the importance of hypoxia in the OIR model and plan to
incorporate hypoxia treatment into the experimental design in
subsequent studies to assess the role of UA in the pathological
processes associated with retinopathy more comprehensively.
However, a limitation of this study lies in the small sample
size, which is common in animal research. Additionally, it
is essential to exercise caution when extrapolating findings
from animal models to human clinical applications, acknowl-
edging inherent physiologic and biologic differences.

In conclusion, the mechanism of UA to effectively inhibit
oxygen-induced RNV generation and HRCEC proliferation in
vitro in high-glucose models may be reducing the expression
of VEGF, preventing the migration of vascular endothelial
cells, reducing prostaglandin E2, reducing the expression
of MMP-2 and MMP-9, promoting vascular endothelial cell
apoptosis and reducing extracellular matrix degradation,
whereas UA protects the vascular ‘base bed’ astrocytes.
Therefore, multitarget UA inhibition of RNV has broad
prospects in clinical application.
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