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Abstract: Objectives: To explore whether diosgenin (Dio), a natural steroidal saponin, alleviates laser-induced cho-
roidal neovascularization (CNV) and its underlying mechanism related to endothelial to mesenchymal transition
(EndMT) and signaling pathways. Methods: A mouse model of laser-induced CNV was established; mice were treated
with Dio (50 pM, 100 uM) or ranibizumab. In vitro, human umbilical vein endothelial cells (HUVECs) were stimulated
with oxidized low-density lipoprotein (Ox-LDL) and pretreated with Dio. CNV leakage, lesion size, EndMT markers,
and TGF-B/Smad and MAPKs pathway activities were detected by fundus angiography, Western blot, Transwell, and
tube formation assays. Results: Dio reduced CNV leakage and lesion area in mice, inhibited HUVEC migration and
tube formation. It downregulated mesenchymal markers (a-SMA, vimentin), upregulated endothelial markers (VE-
cadherin, Z0-1), and suppressed phosphorylation of Smad2/3, p38, ERK1/2, and JNK. Conclusions: Dio mitigates
laser-induced CNV by inhibiting EndMT via the TGF-B/Smad and MAPKs signaling pathways, serving as a potential
candidate for neovascular age-related macular degeneration.
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Introduction

Diosgenin (Dio), a steroidal saponin derived
from plants such as yam, fenugreek and citrus,
has gained attention for its wide range of thera-
peutic effects, including the management of
diabetes and its complications [1], the allevia-
tion of neuroinflammation [2], and the treat-
ment of psoriasis [3], among other conditions.
Dio exerts its benefits through multiple bio-
logical mechanisms, which include reducing
lipid and cholesterol levels [4], exhibiting anti-
inflammatory effects [5, 6], scavenging free
radicals through antioxidant actions [7], sup-
pressing tumor growth [8], and providing pro-
tection against fibrosis [9].

Age-related macular degeneration (AMD) is the
primary reason for irreversible blindness among

older adults globally [10], which is clinically
classified into early and late stages. Late-stage
AMD manifests in two forms: dry AMD, distin-
guished by geographic atrophy (GA), and wet
AMD, distinguished by choroidal neovascular-
ization (CNV) [11]. CNV involves abnormal blood
vessel growth from choroidal capillaries, which
are prone to rupture, leakage and hemorrhage,
damaging the macula - a region responsible
for central vision [12]. As a result, CNV often
leads to significant vision impairments and
eventual blindness. Anti-VEGF therapies are a
standard treatment for managing CNV in AMD
[13]. However, the long-term nature, high costs
and potential post-injection inflammation have
caused concerns among some patients. The
poor responses to anti-VEGF treatment in
patients with nAMD are linked to subretinal
fibrosis [14]. Additionally, repeated anti-VEGF
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injections may worsen geographic atrophy,
complicating AMD management [15]. These cir-
cumstances underscore the necessity of seek-
ing alternative therapies for CNV.

Recent research has emphasized the crucial
contribution of EndMT in CNV progression [16-
20]. Upon being stressed with inflammation,
oxidative stress or hypoxia, endothelial cells
undergo a radical change and shed their natu-
ral cell polarity to become mesenchymal cells.
Newly-formed mesenchymal cells obtain dis-
tinct properties like increased proliferation,
migration and invasiveness [21]. EndMT can
result in the disruption of cytoskeletons [22],
allowing choroidal endothelial cells to prolifer-
ate and migrate outwards along the extracellu-
lar matrix, ultimately leading to the formation of
new blood vessels. Existing research findings
suggest that inhibiting EndMT may effectively
halt the progression of CNV.

TGF-B is involved in the regulation of cell prolif-
eration and differentiation, with TGF-B1 playing
a crucial role in angiogenesis and fibrosis [23-
26]. Its signaling pathways are multifaceted,
including the canonical Smad-dependent pa-
thway and diverse Smad-independent path-
ways. Among numerous Smad-independent
pathways, the MAPKs pathways are widely
known, including the ERK, JNK and P38 signal-
ing pathways, which are essential for cellular
responses to TGF-B1 [27]. Studies have indi-
cated that TGF-B stimulates VEGF release,
induces ECM degradation, and increases vas-
cular permeability [28-30]. During EndMT, it
has been demonstrated that the TGF-3/Smad
and MAPKs pathways play important regulatory
roles [31]. TGF-B1 promotes EndMT in breast
cancer stem-like cells (BCSLCs) by increasing
Smad2/3 phosphorylation [32]. Jinzhao He dis-
covered that the MAPKs signaling pathways
were involved in the EndMT of bovine aortic
endothelial cells (BAECs) mediated by homo-
cysteine (Hcy) [33].

Recent research has demonstrated that Dio
can mitigate myocardial fibrosis by counteract-
ing the EndMT induced by ATO in HAECs [34].
Additionally, Dio has been found to possess
anti-inflammatory properties by suppressing
the LPS-induced translocation of NF-kB to the
nucleus of HaCaT cells, and can partially sup-
press angiogenesis by downregulating VEGF-a
expression in keratinocytes [3]. However,
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despite these promising findings, the potential
relationship between Dio and CNV remains
unexplored. Therefore, this study was designed
to evaluate the therapeutic promise of Dio and
its underlying mechanisms of laser-stimulated
CNV.

Materials and methods
Reagents, drugs and antibodies

Diosgenin (MUST-1432180) was obtained fr-
om Manchester Biotechnology Ltd. (Sichuan,
China) Ranibizumab was obtained from Jiangsu
Province Hospital of TCM (Nanjing, China).
Ox-LDL (YB-002) was acquired from Mohan
Biotechnology Co., Ltd. (Shanghai, China) Co-
llagen Type | monoclonal antibody (Ig-66761-1)
was sourced from Proteintech (Wuhan, China).
VEGF antibody (GTX21316) was bought from
GeneTex Group (TX, USA). Various antibodies
and conjugates were supplied by Abcam
(Cambridge, UK), including goat anti-mouse IgG
(@ab150113), goat anti-rabbit IgG (ab150078),
goat anti-rabbit 1gG (HRP, ab6721) and so
on. The antibodies used included anti-CD31
(@b9498), anti-a-SMA (ab7817), anti-vimentin
(@b20346), anti-VE-cadherin (ab318152), anti-
Z0-1 (ab307799), anti-Smad2/3 (abh202445),
anti-p-p38 (ab195049) and anti-p38 (ab170-
099) and so on.

Animals

Male C57BL/6J mice (~6 w, 20-25 g) were
obtained from Sibeifu Biotechnology Co., Ltd.
located in Suzhou, China. The animals were
provided with humane care in compliance with
guidelines of the Association for Vision and
Ophthalmic Research for animal use in re-
search. All procedures performed under IACUC
protocol, with an approval number of 2023NL-
KS183.

Mouse model with laser-induced CNV

The methodologies for establishing animal
models followed previous reports [16]. Mice
were first dilated with 1% tropicamide (Santen,
Japan) and then anesthetized through the intra-
peritoneal injection of Avertin (Sigma, USA) at a
dose of 0.2 ml/10 g. A krypton laser with a
wavelength of 577 nm was used for modeling.
Key parameters included a spot diameter of
100 um, a power output of 150 mW, and an
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exposure duration of 0.1 second. Photocoa-
gulation was performed around the optic disc
of each mouse, at a distance of 2-4 PD, with a
total of five spots treated in each eye.

Animal grouping and administration

Fifty mice were randomly assigned to five
groups: normal, model, ranibizumab, 50 pM
diosgenin (Dio50) and 100 pM diosgenin
(Dio100). The normal group received no inter-
vention. Starting on the second day after laser
treatment, the model group was given a daily
intraperitoneal injection of 0.1% DMSO. Dio
was dissolved in 0.1% DMSO and prepared as
solutions with concentrations of 50 uM and
100 uM, which were administered intraperito-
neally once daily for two weeks. Mice in the
ranibizumab group received a single intravitreal
injection of 1 uL of ranibizumab on the second
day after laser treatment.

Fundus photography

Fourteen days after laser treatment, all mice
were first anesthetized and then dilated. So-
dium hyaluronate was used as a viscoelastic
agent to prepare the ocular surface. A clean
glass slide was placed over the viscoelastic
agent to flatten the cornea, followed by posi-
tioning a 120D biomicroscopy lens in front of
the mice’s eyes. Fundus imaging was per-
formed using a fundus camera (CANON, Tokyo,
Japan) to capture retinal images of the mice.

Optical coherence tomography

At 14 days post-laser induction, animals under-
went standardized anesthesia and were then
dilated. Sodium hyaluronate was used as a vis-
coelastic agent to prepare the ocular surface.
A clean glass slide was placed over the visco-
elastic agent to flatten the cornea, followed by
positioning a 120D biomicroscopy lens in front
of the mice’s eyes. Optical phase tomography
imaging of the mouse fundus was performed
using an OCT machine (ZEISS, Oberkochen,
Germany).

Fluorescein angiography
Fourteen days after laser treatment, fluoresce-
in angiography (FA) was performed using a

TOPCON fundus camera (Tokyo, Japan). Prior to
imaging, all the mice underwent anesthesia,
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with their pupils dilated. A 0.05 mL intraperito-
neal injection of 10% fluorescein sodium was
administered, and retinal images were cap-
tured at both early (< 2 minutes) and late (> 7
minutes) stages after injection. The fluores-
cence intensity of the lesions was measured
and analyzed using the Imagel) software. The
lesions were categorized according to a stan-
dardized grading system [35]: Level O: Weak
high fluorescence or spot fluorescence with no
leakage; Level 1: High fluorescence lesions
with no gradual increase in either size or inten-
sity; Level 2: increased fluorescence intensity
without an increase in size; Level 3: Pathological
lesions with increased fluorescence intensity
and size.

Immunostaining of RPE-choroidal flat mount

Fourteen days after laser treatment, the mice
were anesthetized and underwent cardiac per-
fusion. Once their tails became fully stiff, their
eyeballs were excised and immersed in 4% PFA
for 2 hours. A systematic dissection protocol
was implemented to isolate the cornea, iris,
and crystalline lens with surgical precision. The
retinal neurosensory layer was gently removed
using a brush, and the sclera was carefully
peeled away and evenly cut around the periph-
ery. The eyes were then flattened into a petal-
like shape. Each flat mount was treated with 50
uL of diluted primary antibodies for collagen |
(1:500) and VEGF (1:250) and incubated over-
night at 4°C. After washing, the mounts were
incubated in 50 yL of fluorescent secondary
antibody diluted at a ratio of 1:500 for 30 min-
utes. Laser lesions were then analyzed using
confocal microscopy (Leica Microsystems, Ger-
many). ImagelJ (NIH, version 1.8.0) software
was used to quantify regions positive for colla-
gen | and VEGF.

Cell culture and treatments

HUVECs were sourced from ATCC, grown in ECM
(Procell, Wuhan, China), enriched with 10%
FBS, 1% P/S and 6.67 umol/L heparin to pro-
mote the optimal cell growth. The culture was
maintained at 37°C in a 5% CO, incubator to
simulate endothelial cell conditions. Before
treatment with Ox-LDL (50 pg/mL) to induce
endothelial dysfunctions, cells were pretreated
with Dio at various concentrations including 10
UM, 20 uM and 40 uM (Dio10, Dio20, Dio40)
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for 12 hours, allowing for a sufficient Dio uptake
prior to Ox-LDL exposure.

Transwell assay

The experimental procedure closely followed
the methodologies described in previous stud-
ies [16]. A modified Boyden chamber migration
assay was performed in a 24-well format
(Corning, NY, USA). HUVECs were resuspended
at a density of 1x10° cells/mL in the upper
chambers, which contained 200 pL of DMEM.
The lower chambers were loaded with 500 uL
of DMEM containing 10% fetal bovine serum
and cultured for 24 h. Non-migrated cells were
discarded, while the migrated ones were fixed,
stained and rinsed. Following three washes
with PBS, the average cell migration count
across five distinct microscope fields was cal-
culated by three researchers (CKX34, Olympus,
Tokyo).

Tube formation assay

The experimental procedure closely followed
the methodologies described in previous stud-
ies [16]. A 96-well plate was covered with 50 L
of matrix (Corning, New York, USA). HUVECs
(2x10* cells) were plated in the matrix gel and
incubated at 37°C for 10 to 16 hours. Blood
vessel formation was observed in each cell
group and photographed using an Olympus
CKX31 microscope (Tokyo, Japan). The lengths
of the formed tubular structures were quanti-
fied using an Imagel angiogenesis analyzer
(NIH, USA).

Cell immunofluorescence assay

The experimental procedure closely followed
the methodologies described in previous stud-
ies [16]. According to established protocols,
HUVECs from the designated groups were plat-
ed onto coverslips in 24-well plates. After rins-
ing twice with PBS, cells were fixed using 4%
PFA for ten minutes. Subsequently, the samples
were treated with 0.1% Triton X-100 in PBS for
another 10 minutes. After blocking with 0.5%
Triton X-100 containing 1% BSA for 30 minutes,
cells were then treated with anti-CD31 (1 ug/
ml) and anti-a-SMA (1 yg/ml) for 24 h at 4°C.
Finally, the cells were exposed to a fluorescent
secondary antibody (dilution ratio: 1:200) for 1
hour and stained with a DAPI solution for 5 min-
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utes. Images were captured using an Olympus
microscope (Tokyo, Japan).

Western blot

Proteins were extracted from retinal and cho-
roidal tissues, as well as cell cultures, using
a RIPA lysis buffer (Sigma Aldrich, MFCD
02100484), and its concentration was mea-
sured using the BCA method. A total of 30 ug of
proteins were then denatured via boiling in
water for 5 minutes, which were transferred
onto a PVDF membrane using 10% SDS-PAGE
and blocked with 10% BSA for 1 hour. The
membrane was subsequently incubated over-
night at 4°C with primary antibodies, including
a-SMA, vimentin, VE-cadherin, Z0-1, TGF-B1,
Smad2/3, p-Smad2, p-Smad3, p38, p-p38,
ERK1/2, p-ERK1/2, JNK and p-JNK (all at a
dilution ratio of 1:1000), and GAPDH (dilution
ratio: 1:2000). Following additional washes,
samples were treated with secondary antibod-
ies (dilution ratio: 1:10,000) for 2 hours.
Immunocomplexes were detected and visual-
ized using an enhanced chemiluminescence
detection kit. The intensity of the bands was
measured using Imagel) (NIH, version 1.8.0)
software.

Statistical analysis

All data presented is expressed as mean + SD.
Statistical analyses were performed using the
GraphPad Prism version 8.0.1. Significance
was determined through one-way ANOVA fol-
lowed by a Dunnett’s test, with a P-value < 0.05
considered statistically significant.

Results

Dio reduced the fluorescent leakage and sup-
pressed the progression in modeled mice

To assess the therapeutic effects of Dio in CNV,
OCT was employed to measure the size of CNV
lesions 14 days after treatment. The OCT imag-
es from the model group revealed significant
subretinal hyperreflective signals and fluid
accumulation, both of which were hallmark indi-
cators of active CNV. In contrast, the ranibizum-
ab and Dio treatment groups showed dramatic
reductions in these hyperreflective signals, and
no fluid accumulation was observed in the
treated eyes, suggesting that the treatment
effectively reduced the pathological CNV devel-
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opment (Figure 1A). Fourteen days after treat-
ment, FA was conducted to assess the leakage
of CNV. In the early phase of angiography, laser
lesions in the model group exhibited high fluo-
rescence that was intensified and expanded
during the late phase (Figure 1B), indicating a
grade-3 laser lesion. Compared to the propor-
tion (54%) of grade-3 lesions in the model
group, the proportions in the ranibizumab
(15%), 50 uM Dio (46%) and 100 uM Dio groups
(26%) were significantly reduced (Figure 1C).
RPE-choroidal flat mounts with collagen | and
VEGF antibodies were applied to assess the
therapeutic effects of Dio in CNV mice (Figure
1D, 1E). The areas of both fibrosis and CNV
were significantly reduced in mice treated with
ranibizumab, as well as in those receiving Dio
with a concentration of 100 uM.

These findings suggest that Dio has potent
therapeutic effect in inhibiting the progression
of both CNV and fibrosis, positioning it as a
promising candidate for the treatment of dis-
eases associated with these pathological
conditions.

Dio treatment inhibited EndMT in model mice
with CNV

Considering the pivotal role of EndMT in CNV
[16, 17], a Western blot analysis was carried
out to assess the expression level of EndMT-
related proteins, including o-SMA, vimentin,
VE-cadherin and ZO-1, in RPE-choroidal tissues
(Figure 2A). In the model mice, the protein lev-
els of a-SMA and vimentin were significantly
elevated, while the expression of VE-cadherin
and Z0O-1 was markedly reduced compared to
that of control mice. However, following Dio
treatment, the protein expression of these
markers was partially reversed (Figure 2B).
These findings indicate that Dio effectively
inhibits EndMT in laser-induced CNV in mice. To
confirm the causal relationship between Dio-
mediated EndMT inhibition and CNV suppres-
sion, we performed a-SMA overexpression res-
cue experiments. Western blot results showed
that the pcDNA-a-SMA vector significantly
upregulated a-SMA expression in RPE-choroidal
tissues compared with the empty vector control
(Figure S1A, S1B, P < 0.01). Quantitative analy-
sis of fluorescein angiography revealed that
a-SMA overexpression completely reversed the
inhibitory effect of Dio on CNV leakage: the pro-
portion of grade-3 lesions in the pcDNA-a-SMA
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+ Dio100 group was significantly higher than
that in the Dio100 group (Figure S1C, P <
0.01) and showed no significant difference
from the Model group ("P > 0.05). These in vivo
results indicated that a-SMA-mediated EndMT
is a necessary target for Dio’s anti-CNV effect.

Dio treatment reduced tissue expression of
TGF-B/Smad and MAPKs pathways in model
mice with CNV

Smad2/3 and MAPKs pathways are well-estab-
lished regulators in TGF-B-induced angiogene-
sis [27], including endothelial cell survival,
migration and proliferation, which are critical to
the development of pathological vasculariza-
tion, such as CNV [36]. On the other hand, fol-
lowing a comparative analysis of the protein
expression profiles between the control and
model groups, we observed a notable upregula-
tion of p-Smad2, p-Smad3, p-p38, p-ERK1/2
and p-JNK within the model group, which direct-
ly corroborated the aberrant protein enrich-
ment of the TGF-B/Smad and MAPKs pathways
in CNV (Figure 3A). Notably, after administering
Dio to a CNV model for a duration of two weeks,
therapeutic intervention induced a marked
reduction in protein phosphorylation relative
to baseline measurements (as illustrated in
Figure 3B-D, 3F-H).

Dio suppressed the migration and lumen for-
mation of Ox-LDL-induced HUVECs

It is well-established that cellular migration
and tubulogenesis are crucial for the formation
and extension of neovascularization, including
those in the progression of choroidal neovascu-
larization (CNV) [37, 38]. Therefore, to investi-
gate the impact of Dio on angiogenesis, we
established a cellular model of CNV by stimulat-
ing HUVECs with Ox-LDL. We further evaluated
the functions of Dio on the migratory and tubu-
logenic capabilities of HUVECs using Transwell
assays and a matrigel matrix. Experimental
results demonstrated that, compared to the
normal group, the number of migratory cells
in the model group significantly increased.
Notably, compared to the model group, treat-
ment with Dio significantly inhibited the migra-
tion of HUVECs (Figure 4A, 4C). On the other
hand, compared to the normal group, the total
tube length in the model group was significantly
elongated. Importantly, after treatment with
Dio, the total tube length markedly decreased
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Figure 1. Dio reduced the fluorescent leakage and area of CNV in model mice. (A) Fundus photographs, and (B) Fluorescein angiography images of CNV in the model,
ranibizumab, 50 uM Dio and 100 uM Dio groups respectively. (C) Histogram depicting the levels of leakage through angiography. The percentages of grade-3 laser
lesions in each group. Data is expressed as mean + S.D, n = 10. (D) RPE-choroidal flat mounts were prepared in each group, and representative images of fibrosis
and CNV lesions were examined using collagen | and VEGF staining. (E) Quantification of collagen | and VEGF positive areas after two weeks of administration in
each group. Data is expressed as mean + S.D, n = 5. Scale bar = 100 uym. *P < 0.05, P < 0.01 versus the model group, #*P < 0.05 versus the ranibizumab group.
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Figure 2. Dio treatment inhibited EndMT in model mice with CNV. A. Two weeks after administration, Western blot
was used to evaluate the expression of a-SMA, vimentin, VE-cadherin and Z0O-1 in the model, ranibizumab, 50 yM
Dio and 100 pyM Dio groups respectively. B. Quantification of a-SMA, vimentin, VE-cadherin and Z0-1 protein levels
in each group. GAPDH was used as an internal control for protein equal loading. Data is expressed as mean * S.D,
n = 3. P < 0.01 versus the normal group; #P < 0.05, #P < 0.01, ™P > 0.05 versus the model group.
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Figure 3. Dio treatment reduced the tissue expression of TGF-B/Smad and MAPKs pathways in model mice with
CNV. A. Two weeks after administration, Western blot was used to evaluate the expression of TGF-f1, p-Smad2,
p-Smad3 and Smad2/3 in the model, ranibizumab, 50 uyM Dio and 100 uM Dio groups respectively. B-D. Quanti-
fication of TGF-B1, p-Smad2/Smad2/3 and p-Smad3/Smad2/3 protein levels in each group. E. Two weeks after
administration, Western blot was used to evaluate the expression of p-p38, p38, p-ERK1/2, ERK1/2, p-JNK and JNK
in each group. F-H. Quantification of p-p38/p38, p-ERK1/2/ERK1/2 and p-JNK/JNK protein levels in each group.
GAPDH was used as an internal control for protein equal loading. Data is expressed as mean + S.D,n = 3. P < 0.01
versus the normal group; #*P < 0.05, #P < 0.01 versus the model group.

compared to that in the model group (Figure
4B, 4D). Additionally, the effects of Dio on
the migratory and tubulogenic capabilities of
HUVECs were positively correlated with the con-
centration of Dio treatment, and this effects

were not related to the toxicity of the drug to
the cells themselves (Figure S3). These findings
aligned with previous research, indicating that
Dio exerted significant anti-angiogenic effects
[39-41].
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Dio prevented EndMT by inhibiting the TGF-/
Smad and MAPKs pathways in Ox-LDL-
stimulated HUVECs

To estimate Dio’s impact on EndMT in Ox-LDL-
stimulated HUVECs, immunofluorescence stain-
ing was employed to quantify the expression
levels of CD31 and a-SMA. Additionally, protein
immunoblotting was utilized to quantify the
protein abundance of a-SMA, vimentin, VE-
cadherin and Z0O-1. The immunofluorescence
results revealed that Ox-LDL markedly reduced
CD31 expression while concurrently increased
a-SMA expression, indicating a transition to-
wards a mesenchymal phenotype. Notably,
these Ox-LDL-induced alterations were partially
mitigated following pretreatment with Dio
(Figure 5A-C). A Western blot analysis further
confirmed that a 24-hour exposure to Ox-LDL
resulted in upregulated a-SMA and vimentin,
and downregulated Z0-1 and VE-cadherin.
Intriguingly, pretreatment with Dio partially
reversed these effects, with the most signifi-
cant reversal observed at a Dio concentration
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of 40 uM (Figure 5D). Additionally, we further
elucidate the mechanisms through which Dio
modulated EndMT. Our results demonstrated
a marked upregulation of TGF-B1, p-Smad2,
p-Smad3, p-p38, p-ERK1/2 and p-JNK follow-
ing 24-hour stimulation with Ox-LDL (Figure 6A,
6E). Notably, pretreatment with Dio significant-
ly attenuated these increases, with the most
pronounced effect observed at a concentration
of 40 uyM (Figure 6B-D, 6F-H). These findings
suggest that Dio inhibits EndMT in Ox-LDL-
stimulated HUVECs by the TGF-B/Smad and
MAPKs signaling channels. Consistent with in
vivo findings, in vitro experiments showed that
a-SMA overexpression abrogated the inhibitory
effect of Dio on the angiogenic capacity of
HUVECSs: the tube formation and cell migration
abilities in the pcDNA-a-SMA + Dio40 group
were significantly enhanced compared with the
Dio40 group (Figure S1D, S1E, %P < 0.01),
which were comparable to the Model group.
These results further verified that Dio inhibits
endothelial cell angiogenesis by targeting
a-SMA-mediated EndMT.
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Figure 6. Dio inhibited the activation of TGF-B/Smad and MAPKs signal-
ing pathways in HUVECs stimulated by Ox-LDL. Before Ox-LDL (50 pg/mL)
stimulation, HUVECs were treated with 10, 20 and 40 pM Dio for 12 hours.
A. Western blot was used to evaluate the expression of TGF-1, p-Smad2,
p-Smad3 and Smad2/3 in each group. B-D. Quantification of TGF-B1, p-
Smad2/Smad2/3 and p-Smad3/Smad2/3 protein levels. E. Western blot
was used to evaluate the expression of p-p38, p38, p-ERK1/2, ERK1/2, p-
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To identify the specific action target of Dio in
the TGF-B/Smad signaling pathway, we detect-
ed key upstream and downstream molecules.
ELISA results showed that Dio concentration-
dependently inhibited the secretion of TGF-1
in HUVECs supernatant (Figure S2A, #P < 0.01).
Immunofluorescence staining revealed that
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Ox-LDL stimulation significan-
tly increased TBRI expression,
while Dio treatment markedly
reduced TPBRI levels (Figure
S2B, S2C, #**P < 0.01); howev-
er, TBRII expression showed
no significant difference am-
ong groups (Figure S2B, S2D,
"spP > 0.05), indicating that Dio
specifically targets TRRI.

Discussion

A major finding of our research
was that the intraperitoneal
administration of Dio inhibit-
ed the formation and progres-
sion of CNV in a laser-induced
mouse model. Dio exerted its
inhibitory effects on experi-
mental CNV by suppressing
the TGF-B/Smad and MAPKs
pathways in vivo, thereby re-
versing the EndMT process.
Similarly, in a cellular model
mimicking CNV conditions
using HUVECs stimulated with
Ox-LDL, our data illustrated
that Dio inhibited the migra-
tion and tubulogenesis capa-
bilities of endothelial cells
through the same pathways.

CNV is a distinctive feature
of wet AMD, marked by the
abnormal growth of new blood
vessels in the choroid layer.
These freshly-grown vessels
are often highly permeable,
which can result in the leak-
age of intraocular fluid and
blood [42], which ultimately
causes substantial damage to
the central vision of those
affected. Dio is a natural ste-
roidal saponin primarily deri-
ved from yam, which has

gained increasing attention for its broad thera-
peutic effects in multiple health conditions
[43]. Recent studies have highlighted Dio’s sig-
nificant activities, including anti-inflammatory
[5, 6], antioxidant [7, 44], anti-angiogenesis
[45, 46] and anti-fibrotic [9] effects. Its thera-
peutic potential extends beyond ocular condi-
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tions, as emerging evidence indicates that Dio
is essential for inhibiting the fibrosis of organs
such as liver, kidneys [47] and lungs [9].
Interestingly, a study of Hao Cui indicated that
Dio inhibited the expression of endothelial
markers VE-cadherin and CD31 in a rat model
of ATO-induced myocardial fibrosis, while pro-
moting the expression of mesenchymal cell
markers such as a-SMA [34]. Vadivil Dinesh
Babu’'s research showed that Dio could also
inhibit EMT by reducing the expression of TGF-
and Smad2/3 signaling proteins in a rat model
of BLM-induced pulmonary fibrosis [9]. VEGF is
a critical mediator of angiogenic processes in
the initiation and progression of CNV [48]. Pin
Shan Chen’s research has demonstrated that
Dio can significantly suppress the angiogenic
capacity of endothelial cells by downregulating
VEGF expression. Moreover, Dio hinders the
phosphorylation of several key proteins known
to orchestrate angiogenic key pathways, such
as PI3K, ERK and JNK, which lead to its signifi-
cant antiangiogenic effect [39].

Oxidative stress and inflammation-induced
EndMT have emerged as pivotal mechanisms
contributing to the pathogenesis of CNV in
patients with nAMD [49]. Our comprehensive
in vivo and in vitro investigation of EndMT-
related proteins aligns with previous findings
[16, 50], which reinforces the notion that
EndMT signifies the inception of endothelial
cell differentiation during angiogenesis [51,
52]. Under oxidative stress and inflammation
cues, vascular endothelial cells, which are typi-
cally tightly-junctional, undergo a loss of endo-
thelial junction proteins, leading to decreased
intercellular adhesion and enhanced migratory
capacity. These cells then lose their character-
istic cell adhesion properties, undergo cyto-
skeletal remodeling, and shift from an apical-
basal to an anterior-posterior polarity. This mor-
phological change results in spindle-shaped
cells with a heightened ability to migrate, which
further validates the crucial role of EndMT in
CNV pathogenesis [53]. In our research, Dio
suppressed the progress of EndMT, which
enhanced the hypothetical therapeutic effects
of Dio in CNV.

Molecular signaling pathways implicated in
CNV development include the activation of TGF-
B1, a pleiotropic factor critical to CNV develop-
ment. Both canonical (Smad) and non-canoni-
cal (JNK, p38, ERK 1/2, PI3K/Akt) signaling
pathways are mediated by TGF-B1 [54], which
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regulates cell growth, differentiation, apopto-
sis, migration and immune responses [36].
TGF-B1 holds a significant position in the con-
text of fibrosis since it activates the fibrotic sig-
naling axis [55, 56]. TGF-B1 binds to its re-
ceptors, leading to the phosphorylation of
Smad2/3, which then forms a complex with
Smad4. This complex translocates into the
nucleus, where it activates the transcription of
pro-fibrotic genes, such as collagen I, FN1 and
a-SMA, resulting in the activation of myofibro-
blasts, increased extracellular matrix synthesis
and decreased degradation [57]. Additionally,
TGF-B1 can directly phosphorylate ERK1/2,
p38 and JNK upon binding to its receptors. The
activation of the MAPKs pathway mediates cel-
lular processes such as inflammation, prolifera-
tion, oxidative stress and differentiation, which
plays a central role in regulating fibrosis [58-
63]. Dio has previously been shown to inhibit
angiogenesis by downregulating VEGF expres-
sion in PC-3 cells [39]. At a concentration of
10 umol/L, Dio demonstrated significant inhibi-
tory effects on a-SMA protein expression and
effectively counteracting E-cadherin downregu-
lation in high-glucose-treated HK-2 cells [64].
Furthermore, at 100 uM, Dio suppressed the
TGF-B1-induced expression of TGF-f3 receptors |
and Il in HSC-T6 cells, preventing the phosphor-
ylation of Smad3 [65]. While Dio is known to
suppress JNK phosphorylation under several
conditions, its effects on the expression of
p-ERK1/2 and p-p38 remain controversial and
require advanced investigation [39, 66-68].

Our results align with previous studies showing
that Dio reduces TGF-B1 expression in laser-
induced CNV mouse RPE-choroidal tissues and
Ox-LDL-treated HUVECs (Figure S4). Additionally,
Dio markedly suppresses the phosphorylation
of Smad2 and Smad3, exhibiting both anti-
angiogenic and anti-fibrotic effects [65]. In con-
trast, Chen’s study reported that Dio and its
derivatives were able to suppress the activa-
tion and phosphorylation of JNK in macro-
phages and microglia induced by LPS, but did
not alter the phosphorylation of p38 and
ERK1/2 [39]. However, our study observed that
Dio notably inhibited the activation and phos-
phorylation of p38, JNK and ERK1/2 (Figures
3, 6F-H). Potential reasons for these discre-
pancies may lie in differences in the specific
cell types and drug concentrations utilized.
Furthermore, while inflammation undoubtedly
plays a crucial role in the progression of CNV,
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our research findings emphasize the impor-
tance of processes such as cellular prolife-
ration, migration and EndMT in CNV patho-
genesis.

In conclusion, our study has shown that Dio can
significantly reduce laser-induced CNV in mice
by suppressing EndMT via the regulation of the
TGF-B/Smad and MAPKs signaling cascades. In
this experiment, a laser-induced CNV model
was employed, utilizing the physical effects of
krypton lasers to penetrate the Bruch’s mem-
brane and induce an inflammatory response in
the local tissues, providing the potential for
neovascular growth. However, it could not fully
replicate the complexity or diversity of human
diseases. Additionally, this study focused on
the efficacy of Dio monotherapy and did not
explore its synergistic effects combined with
other treatments, such as anti-VEGF drugs,
which might be an important consideration in
actual clinical practices. In summary, although
our findings indicate that Dio holds promise as
an adjunctive treatment for CNV-related disor-
ders, further in vitro and in vivo research is nec-
essary for translating it into an effective clinical
treatment regimen.
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Figure S1. a-SMA overexpression abrogates the inhibitory effects of Diosgenin on EndMT and choroidal neovascu-
larization. Scale bar = 100 ym, *P < 0.05, P < 0.01, "*P > 0.05.
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Figure S2. Diosgenin targets TBRI and inhibits TGF-B/Smad signaling at multiple nodes in Ox-LDL-stimulated HU-
VECs. Scale bar = 100 ym, "P > 0.05.
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Figure S3. Cytotoxicity exclusion and non-specific inhibition elimination of Dio on HUVECs. Scale bar = 100 ym, *P <
0.05, P < 0.01, "*P < 0.0001, "P > 0.05.
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Figure S4. Dio regulates VEGF/VEGFR2 signaling and multi-pathway functional rescue in HUVECs. Scale bar = 100
pm, P < 0.05, P < 0.01, "*P < 0.0001, "P > 0.05.



