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Luteolin alleviates angiogenesis
in HUVECs by inhibiting VEGFA
expression: integrating network
pharmacology and experimental
validation

Sichong Yang?, Dan Mu' & Xiaoting Li?**

To analyze the potential therapeutic value and mechanism of luteolin in age-related macular
degeneration (AMD) using network pharmacology and cellular experiments. SHD-compound targets
were retrieved from the TCMSP database, while AMD-related targets were extracted from OMIM

and DisGeNET databases. Overlapping targets were identified via Venny 2.1. A PPI network was
constructed using the STRING database, followed by functional enrichment analysis of overlapping
targets via Metascape. Pharmacological networks were mapped using Cytoscape. For cellular
experiments, the optimal concentration of luteolin was determined by CCK-8 assay. Human umbilical
vein endothelial cells (HUVECs) were divided into: Control group (Without any intervention), Model
group (VEGF165-induced model), and Treatment group (VEGF165-induced + luteolin). Angiogenesis
was evaluated via scratch, transwell migration, invasion, and tube formation assays. VEGFA protein
expression was assessed by Western blot. We identified 157 SHD-compound targets and 87 AMD-
related targets, yielding 6 overlapping targets (ESR1, PON1, SOD1, APOB, VEGFA, IL6). PPl networks
and enrichment analysis revealed that luteolin in SHD may inhibit AMD neovascularization via

VEGFA signaling pathways. The concentration of luteolin (25 pmol/L) used in the experiments was
selected based on the dose-response results. In vitro assays showed the Treatment group exhibited:
significantly reduced horizontal migration (scratch assay, p<0.05), decreased vertical migration
(transwell assay, p<0.05), suppressed invasion (p <0.05), and inhibited tube formation (p <0.05).
Western blot confirmed reduced VEGFA expression in the treatment group (p <0.05). Luteolin alleviates
angiogenesis in HUVECs by inhibiting VEGFA expression, highlighting its potential as a therapeutic
candidate for neovascular AMD.

Keywo rds Luteolin, AMD, VEGE, Neovascularization, Network pharmacology

Age-related macular degeneration (AMD) is the leading cause of blindness among the elderly. Its prevalence
increases with age in individuals over 60 years old'. With the rapid aging of the population, the prevalence of
AMD is expected to rise from 196 million in 2020 to 288 million by 2040%3. Despite substantial advances in
clinical treatments in recent years, the complex nature of the disease continues to result in suboptimal therapeutic
outcomes. Current AMD therapies primarily target choroidal neovascularization (CNV), such as anti-vascular
endothelial growth factor (VEGF) agents including ranibizumab?. Although these anti-angiogenic treatments
have markedly reduced blindness rates, a subset of patients shows inadequate response to therapy and fails
to maintain visual acuity even after prolonged treatment. Furthermore, frequent intravitreal injections elevate
risks of complications and impose substantial financial burdens>®. Consequently, developing novel therapeutic
strategies to effectively treat and cure AMD remains an urgent clinical priority.

The pathogenesis of age-related macular degeneration (AMD) involves complex interactions among multiple
factors, including genetic predisposition, impaired lipid metabolism, chronic inflammation, and oxidative
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stress. The disease is pathologically characterized by degeneration of choroidal endothelial cells, retinal pigment
epithelium (RPE), and photoreceptors’. Clinically, AMD is classified into two subtypes: dry AMD (geographic
atrophy) and wet AMD (choroidal neovascularization). Although wet AMD accounts for only 10-20% of cases,
it carries a significantly higher risk of vision loss compared to the dry form®. Following rupture of Bruch’s
membrane, abnormal blood vessels proliferate from the choroid into the subretinal or sub-RPE space. Subsequent
vascular leakage causes subretinal fluid accumulation, hemorrhage, macular edema, and ultimately fibrotic
scarring, resulting in irreversible vision loss®. In wet AMD, choroidal neovascularization (CNV) formation is
directly associated with pathological overexpression of VEGFA. As the predominant member of the vascular
endothelial growth factor (VEGF) family, VEGFA exerts three principal pathological effects: (1) stimulating
endothelial cell proliferation, migration, and survival to promote neovascularization; (2) enhancing vascular
permeability leading to plasma protein extravasation; and (3) recruiting inflammatory cells (e.g., macrophages)
to facilitate pathological angiogenesis. These mechanisms collectively underscore the therapeutic rationale for
targeting VEGFA in wet AMD management!®1!.,

Recent years have witnessed growing interest in traditional Chinese medicine (TCM) as a potential therapeutic
approach for AMD. Sanhua Decoction (SHD), a classical TCM formula, comprises four herbal components:
Rheum palmatum (Da Huang), Magnolia officinalis (Hou Po), Notopterygium incisum (Qiang Huo), and Citrus
aurantium (Zhi Shi)'?-1%. Preclinical studies demonstrate its neuroprotective effects through antioxidative stress
mitigation and anti-inflammatory actions, along with a favorable safety profile!°. Furthermore, SHD alleviates
ischemia-reperfusion injury by modulating tight junction-associated proteins, preserving vascular endothelial
integrity, and regulating endothelial function'®. Notably, Ying Huang et al.'* identified that bioactive compounds
in SHD may attenuate cerebral and inflammatory damage through multi-pathway regulation involving IL-
6, APP, AKT1, and VEGFA signaling. Given the established pathological links between AMD and oxidative
damage, inflammatory responses, and endothelial dysfunction!”"!8, these findings suggest substantial therapeutic
potential of SHD in AMD management. However, no prior studies have specifically investigated SHD’s efficacy
in AMD. Through integrated network pharmacology analysis and cellular validation, our study reveals that
luteolin—a key bioactive constituent of SHD—emerges as a promising candidate for wet AMD treatment by
suppressing VEGFA protein expression and subsequent pathological angiogenesis.

Materials and methods

Network pharmacological analysis

Screening of bioactive compounds in Sanhua decoction and their corresponding target genes

Using the Traditional Chinese Medicine Systems Pharmacology Database (TCMSP; https://tcmspw.com/inde
x.php), chemical constituents of Sanhua Decoction components—Rheum palmatum (Da Huang), Magnolia
officinalis (Hou Po), Notopterygium incisum (Qiang Huo), and Citrus aurantium (Zhi Shi)—were systematically
screened based on pharmacokinetic criteria: oral bioavailability (OB) = 30% and drug-likeness (DL) > 0.18.
After merging non-redundant entries'>!3, target genes corresponding to the identified bioactive compounds
were subsequently retrieved from the TCMSP platform.

Identification of AMD and Sanhua decoction-related target genes

The target proteins of the active components were mapped to their corresponding gene names using the UniProt
database (https://www.uniprot.org/)®. Potential AMD-associated targets were identified through the DisGeNET
database (https://www.disgenet.org/) and the Online Mendelian Inheritance in Man (OMIM) database (htt
ps://www.omim.org/)?’. The overlapping target genes between AMD treatment and Sanhua Decoction were
determined via intersection analysis using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/)?!.

Construction and analysis of protein-protein interaction (PPI) network

To further identify core regulatory targets, the overlapping target genes of AMD and Sanhua Decoction’s
active compounds were submitted to the STRING biological database (https://string-db.org/) for PPI network
construction?2. The analysis was performed with the species parameter set to “Homo sapiens” and a minimum
interaction score threshold of 0.40%.

Enrichment analysis of overlapping target genes

To identify the biological functions associated with the overlapping target genes, the shared targets between
AMD and Sanhua Decoction’s active compounds were submitted to the Metascape(the version v3.5.20250701)
online database (http://metascape.org/gp/index.html#/main/step1) for functional enrichment analysis?*.

Construction of the Sanhua decoction pharmacological regulatory network

To further explore the potential mechanisms of action of Sanhua Decoction in AMD treatment, we utilized
Cytoscape software (Version 3.9.1) to visualize the network relationships among the herbal components,
chemical active compounds, target genes, disease associations, and signaling pathways, thereby constructing the
pharmacological regulatory network of Sanhua Decoction!*%.

Experimental validation in vitro

Cell culture

HUVECs (Human Umbilical Vein Endothelial Cells) were cultured in complete medium composed of 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin solution, and 89% DME/F-12, and maintained in a cell culture
incubator under standard conditions (37°C, 5% CQO,)%.
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CCK-8 assay to evaluate the effect of Luteolin on HUVEC:s viability

Luteolin solutions with concentration gradients (0-200 pmol/L) were prepared in culture medium?’. HUVECs
were seeded into 96-well plates and cultured for 24 h. After removing the original medium, 100 uL of fresh
medium containing 10 uL. CCK-8 reagent was added to each well, followed by incubation for 3 h. The optical
density (OD) values were measured using a microplate reader. The cell viability in the 0 pmol/L luteolin group
was normalized to 1, and the relative cell viability of each concentration group was calculated. The optimal
luteolin concentration was selected for subsequent experiments?®.

Experimental groups
Control group: Cultured in complete medium; Model group: Cultured in medium supplemented with 20 ng/
mL VEGF165; Treatment group: Cultured in medium containing 20 ng/mL VEGF165 and 25 pmol/L luteolin.

Scratch wound healing assay

HUVECs from each group were seeded into 6-well plates and cultured to confluence. Scratches were created
in the cell monolayer using a sterile pipette tip, followed by PBS washing and further incubation in the cell
culture incubator for 24 h. Images were captured at 0 h and 24 h, and the cell migration distance for each group
was measured using Image-Pro-Plus software. The relative horizontal transfer rate was determined from three
independent experimental replicates?®.

Transwell migration assay

Adherent HUVECs were appropriately digested with trypsin to prepare a single-cell suspension. The cell
density was adjusted to 1 x 10° cells/mL based on cell counting. 100 pL of serum-free cell suspension was
added to the upper chamber of Transwell inserts, while 600 pL of complete medium containing 10% serum (as
a chemoattractant) was added to the lower chamber (24-well plate). After 24 h of incubation, non-migrated
cells on the upper membrane surface were carefully removed. The migrated cells were fixed with methanol and
stained with Giemsa stain for 30 min under light-protected conditions. Images were captured using an inverted
microscope (100x magnification). The relative vertical migration rate was determined from three independent
experimental replicates?*30.

Transwell invasion assay

Pre-chilled Transwell inserts (upper chamber) were coated with 60 pL of diluted Matrigel matrix and incubated
in a cell culture incubator for 2 h to allow gel polymerization. Adherent HUVECs were appropriately digested
with trypsin to prepare a single-cell suspension, and the cell density was adjusted to 1 x 10° cells/mL based on
cell counting. 200 pL of serum-free cell suspension was added to the Matrigel-coated upper chamber, while 600
uL of complete medium containing 10% serum (as a chemoattractant) was added to the lower chamber (24-well
plate). The cells were then cultured for 24 h in the incubator. Non-invasive cells on the upper membrane surface
were removed, and the invaded cells were fixed with methanol, stained with Giemsa stain, and imaged using an
inverted microscope (100x magnification), following the same protocol as the Transwell migration assay. The
relative invasion rate was determined from three independent experimental replicates®®3!.

Tube formation assay

HUVECs were seeded onto Matrigel-coated 24-well plates at a density of 1.5 x 10° cells/well and incubated in
a cell culture incubator for 12 h. The number of tubular structures and their total area were quantified using
Image-Pro-Plus software. The tube formation capacity of the control group was normalized to 1. The relative
tube formation rate (based on tube number and area) was determined from three independent experimental
replicates®.

Western blotting analysis

Total proteins were extracted by lysing cells with a mixture of RIPA buffer, PMSE, and phosphatase inhibitors.
Protein samples were adjusted to equal concentrations, subjected to electrophoresis, and transferred onto PVDF
membranes. f-Actin was used as the housekeeping protein for normalization. The gray values of protein bands
were quantified using Image] software. Data from three independent experimental replicates were subjected to
statistical analysis®2.

Statistical analysis

All experiments were independently repeated at least three times. Experimental data were statistically analyzed
using GraphPad Prism software. One-way ANOVA was applied to evaluate intergroup differences, and a p-value
< 0.05 was considered statistically significant®.

Results

Identification of active components in Sanhua Decoction and target prediction

Active components of Sanhua Decoction were screened from the TCMSP database using the criteria OB >30%
and DL>0.18. The results are summarized in Table 1: Rheum palmatum (Da Huang): 16 active components with
109 targets; Magnolia officinalis (Hou Po): 2 active components with 33 targets; Notopterygium incisum (Qiang
Huo): 15 active components with 109 targets; Citrus aurantium (Zhi Shi): 22 active components with 306 targets.
After deduplication and consolidation, a total of 18 unique active components and 157 targets were identified
from the four herbal constituents. For AMD-related targets: 77 disease targets were retrieved from the OMIM
database; 30 disease targets were obtained from the DisGeNET database. After merging and deduplication, 87
AMD-associated targets were retained. The 157 Sanhua Decoction targets and 87 AMD targets were intersected
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Herbs Active components | Targets
Rheum palmatum (Da Huang) 16 109
Magnolia officinalis (Hou Po) 2 33
Notopterygium incisum (Qiang Huo) | 15 109
Citrus aurantium (Zhi Shi) 22 306

Table 1. Active components of SHD and their corresponding targets.

SHD AMD

81
(34%)

Fig. 1. The Venn diagram illustrates the target genes of the SHD and AMD.

using the Venny 2.1 online tool (Fig. 1), revealing 6 overlapping hub genes: ESR1, PON1, SOD1, APOB, VEGFA,
and IL6.

Construction of PPl network and functional enrichment analysis of target genes

The six overlapping hub genes (ESR1, PON1, SOD1, APOB, VEGFA, and IL6) were imported into the STRING
database to construct a protein-protein interaction (PPI) network (Fig. 2A). Functional enrichment analysis was
performed using the Metascape online database with the following criteria: p <0.01, minimum count=3, and
enrichment factor > 1.5. The results revealed that these target genes were primarily enriched in the key pathways:
R-HSA-2,262,752 (Cellular responses to stress); GO:0035239 (tube morphogenesis) (Fig. 2B; Table 2), which
were closely associated with the pathological changes of choroidal neovascularization in AMD, highlighting its
potential role in disease progression.

“Count” is the number of genes in the user-provided lists with membership in the given ontology term. “%”
is the percentage of all of the user-provided genes that are found in the given ontology term (only input genes
with at least one ontology term annotation are included in the calculation). “Log10(P)” is the p-value in log base
10. “Log10(q)” is the multi-test adjusted p-value in log base 10.

Construction of the pharmacological regulatory network

The pharmacological regulatory network of Sanhua Decoction (comprising four herbal components:
Rheum palmatum (Da Huang), Magnolia officinalis (Hou Po), Notopterygium incisum (Qiang Huo), and
Citrus aurantium (Zhi Shi)) revealed that its chemical active components (Fig. 3, left panel) modulate AMD
pathogenesis through regulating signaling pathways associated with overlapping target genes (Fig. 3, right
panel). Dysregulation of VEGFA signaling is a central driver of the pathological angiogenesis observed in AMD.
The network diagram (Fig. 3) delineates the potential associations among Luteolin (MOL000006), VEGFA, and
AMD, suggesting a mechanistic link in the pathogenesis of AMD.

Optimal concentration of Luteolin

As shown in Fig. 4A, the effect of luteolin on HUVEC viability was assessed after 24-hour treatment at various
concentrations. Cell viability increased initially at low concentrations (25 and 50 pmol/L) but decreased at higher
concentrations (=100 pmol/L). Based on the dose-response curve generated from the viability of HUVECs
treated with various concentrations of luteolin, the half-maximal inhibitory concentration (IC50) was calculated
to be 101.4 pmol/L, and the 10% inhibitory concentration (IC10) was 25.26 umol/L (Fig. 4B). Consequently, a
luteolin concentration of 25 pmol/L was selected for subsequent experiments.
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Fig. 2. Construction of PPI Network and Functional Enrichment Analysis of Target Genes. (A) PPI network;
(B) functional enrichment analysis.

GO Category Description Count | % Logl0(P) | Logl0(q)
M285 Canonical pathways PID HNF3A PATHWAY |3 50 -7.24 -3.16
R-HSA-2,262,752 | Reactome Gene sets Cellular responses to stress | 5 8333 | -7.15 -3.16
WP4673 Wiki pathways Male infertility 3 50 -5.67 -2.44
GO0:0035239 GO biological processes | tube morphogenesis 3 50 -3.62 -0.85

Table 2. Top 4 clusters with their representative enriched terms (one per cluster).

Luteolin suppresses angiogenesis in HUVECs

Scratch assay (Fig. 5A, B) demonstrated that the relative horizontal migration rate was significantly increased
in the model group versus the control group (p <0.05), whereas luteolin treatment markedly reduced migration
compared to the model group (p<0.05), indicating that luteolin inhibits horizontal migration of HUVECs.
Transwell migration assay (Fig. 5C, D) revealed a significant increase in relative vertical migration rate in the
model group versus controls (p<0.05), while luteolin treatment significantly decreased migration relative to
the model group (p<0.05), confirming suppression of vertical migration by luteolin. Invasion assay (Fig. 5E, F)
showed enhanced relative invasion rate in the model group versus controls (p <0.05), with luteolin treatment
significantly attenuating invasion compared to the model group (p < 0.05), demonstrating inhibition of HUVECs
invasion capability. Tube formation assay (Fig. 5G-I) indicated elevated relative lumen formation rate in the
model group versus controls (p <0.05), while luteolin treatment dramatically reduced tube formation versus the
model group (p<0.05), proving luteolin’s suppression of lumen formation capacity. Collectively, these results
demonstrate that luteolin effectively inhibits the angiogenic capacity of HUVECs.

Luteolin suppresses VEGFA expression in HUVECs

As shown in Figure 6A-B, VEGFA protein expression was significantly up-regulated in the model group
compared to the control group (P <0.05), while luteolin treatment markedly down-regulated VEGFA expression
versus the model group (P <0.05). This indicates that luteolin inhibits VEGF165-induced VEGFA expression in
HUVECs.
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Fig. 3. Construction of AMD-SHD target gene network. The network diagram showing the relationships
among Luteolin (MOL000006), VEGFA, and AMD.

Discussion

AMD is a degenerative retinal neuro-disorder affecting the macula that may present asymptomatically in
early-to-intermediate stages but leads to severe visual impairment in late-stage disease®*. This multifactorial
disease involves risk factors including aging, genetic susceptibility, and smoking, with pathological mechanisms
encompassing chronic inflammation, oxidative stress, and lipid deposition®>-3”. Currently, there are no established
therapeutic approaches capable of curing AMD in clinical practice. Consequently, developing safe, effective, and
cost-efficient therapeutics represents an imperative unmet clinical need in AMD management. Accumulating
evidence indicates that SHD exerts pivotal effects on suppressing inflammatory responses, alleviating oxidative
stress, and promoting neuroprotection'®*-40, Given that AMD—a neurodegenerative disease—shares
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Fig. 4. Effect of luteolin on HUVEC:s activity. (A) Measurement of cell viability using the CCK-8 assay; (B)
Dose-response curve.

pathological mechanisms including chronic inflammation, oxidative stress, and lipid deposition!, SHD’
potential therapeutic value for AMD warrants in-depth investigation.

To investigate the therapeutic potential of SHD for AMD, we first identified 18 bioactive constituents targeting
157 unique proteins from its four herbal components (Da Huang, Hou Po, Qiang Huo, Zhi Shi) via the TCMSP
database. Cross-referencing with 87 AMD-associated targets from OMIM and DisGeNET databases revealed
six core intersection genes (ESR1, PON1, SOD1, APOB, VEGFA, IL6) using Venny 2.1. Subsequent PPI network
analysis, functional enrichment, and pharmacological mapping indicated that MOL000006 (luteolin) from
Zhi Shi likely modulates AMD angiogenesis by targeting VEGFA within the GO:0035239 tube morphogenesis
pathway. Luteolin—a natural flavonoid in carrots, broccoli, and perilla—exerts anti-inflammatory, antioxidant,
and anti-tumor effects?>~%. It protects ARPE-19 cells from oxidative death, suppresses pro-inflammatory
cytokines, attenuates epithelial-mesenchymal transition via Nrf2/AKT/GSK-3p pathways*-*%, and inhibits RPE
fibrosis by inactivating Smad2/3/YAP signaling in laser-induced CNV models*. While these findings underscore
luteolin’s therapeutic promise for AMD, its specific anti-angiogenic mechanism through VEGFA suppression
remains unelucidated, necessitating rigorous experimental validation. To validate luteolin’s anti-angiogenic
effects, we established a VEGF165-induced HUVEC model for functional analyses. Scratch assays—assessing
horizontal migration as cells move directionally via cytoskeletal deformation®>!—revealed significantly
reduced relative migration rates in luteolin-treated versus model groups (Fig. 5A-B, p < 0.05). Transwell assays
quantifying vertical migration demonstrated markedly decreased migration rates with treatment (Fig. 5C-D,
P < 0.05), collectively confirming luteolin’s inhibition of cellular motility. Invasion assays, evaluating matrix-
degrading migration essential for neovascularization®>>, showed attenuated relative invasion rates in treated
groups (Fig. 5E-F, p < 0.05). Tube formation assays—a gold standard for angiogenic tubulogenesis®*>*—revealed
substantially diminished relative lumen formation rates post-treatment (Fig. 5G-I, p < 0.05). These findings
demonstrate that 25 umol/L luteolin suppresses HUVEC angiogenesis. Given VEGFAS role as an endothelial-
specific mitogen driving proliferation/migration in wet AMD>*’, Western blot analysis confirmed significantly
reduced VEGFA protein expression in luteolin-treated groups (Fig. 6, p < 0.05), mechanistically substantiating
its anti-angiogenic action.

This study, for the first time, integrates network pharmacology with cellular experiments to reveal that
luteolin, a key active component of SHD, may alleviate pathological angiogenesis in AMD by suppressing VEGFA
expression. Notably, functional enrichment analysis suggested that the “tube morphogenesis” pathway, where
VEGFA is involved, represents a potential core mechanism of luteolin, guiding our further investigation into
angiogenic phenotypes. Phenotypic experiments yielded highly consistent results, collectively demonstrating
that luteolin effectively inhibits the entire process of VEGF165-induced endothelial cell activation in vitro.
Specifically, in both scratch wound and Transwell assays, luteolin treatment significantly reduced cell migration,
strongly indicating that its target may lie upstream in the VEGF signaling pathway, regulating cytoskeletal
reorganization and cell motility. Importantly, luteolin treatment reversed the VEGF165-induced upregulation
of VEGFA protein expression. This finding not only validates the predictions of network pharmacology but
also suggests that luteolin may function via a negative feedback loop: by suppressing VEGFA expression, it
attenuates VEGF signaling output, ultimately inhibiting endothelial cell angiogenic activity. This provides a novel
perspective on luteolin’s mechanism of action, distinguishing it from conventional anti-VEGF therapies (e.g.,
ranibizumab) that directly neutralize VEGF protein. Luteolin may act at the gene expression level, potentially
yielding more sustained inhibitory effects. However, several limitations should be acknowledged. First, all
experiments were conducted solely in HUVECs. While HUVEC:s are a classic model for angiogenesis research,
their ability to fully recapitulate the complex pathological environment of choroidal endothelial cells (CECs) in
AMD remains uncertain. Future studies should validate these findings in primary CECs or more complex in
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Fig. 5. Luteolin suppresses angiogenesis in HUVECs. (A) Scratch assay revealed that Luteolin inhibited
horizontal migration of HUVECs; (B) Quantitative analysis of relative horizontal migration rate in (A) (n=3);
(C) Transwell migration assay demonstrated Luteolin’s suppression of vertical migration in HUVECs; (D)
Quantitative analysis of relative vertical migration rate in (C) (n=3); (E) Invasion assay indicated Luteolin
inhibited HUVEC invasiveness; (F) Quantitative analysis of relative invasion rate in (E) (n=3); (G) Tube
formation assay showed Luteolin suppressed tube-forming capability of HUVECs; (H) Quantitative analysis
of relative tube formation rate (branching points) in (G) (n=3); (I) Quantitative analysis of relative tube
formation rate (total tube area) in (G) (n=3). 'P<0.05; “P<0.01; ““P<0.001.
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Fig. 6. Luteolin suppresses VEGFA expression in HUVECs. (A) Western blotting showing Luteolin inhibited
VEGFA expression in HUVECs; (B) Quantitative analysis of VEGFA/B-Actin based on (A) (n=3). "P<0.05;
“P<0.01.

vitro models (e.g., co-culture systems with retinal pigment epithelial cells). Second, although luteolin showed
no significant cytotoxicity at 25 pmol/L, we did not assess its long-term effects or potential off-target impacts on
other retinal cells (e.g., photoreceptors). Most critically, the absence of in vivo data is a major limitation. Whether
luteolin can effectively inhibit neovascularization in laser-induced CNV mouse models and penetrate the blood-
retinal barrier to reach lesion sites are key determinants of its clinical translational potential, warranting further
investigation.

Despite these limitations, this study establishes a feasible research paradigm for discovering novel AMD
therapeutic strategies from traditional Chinese medicine formulations. By following a “network prediction-target
screening-experimental validation” workflow, we delineated how the holistic action of SHD can be attributed
to luteolin’s inhibition of VEGFA. This finding not only provides preliminary experimental support for luteolin
as a candidate anti-AMD agent but also implies that other active components in SHD may synergistically
target additional predicted nodes (e.g., ESR1, IL6), offering multi-faceted therapeutic benefits against AMD—a
promising direction for future research.

Conclusion

Building on network pharmacology predictions that luteolin—a key component of Sanhua Decoction—
may modulate AMD angiogenesis via VEGFA-associated signaling, our cellular assays and Western blotting
experimentally demonstrated luteolin’s suppression of HUVEC neovascularization and VEGFA protein
expression. Collectively, this study identifies luteolin as a promising candidate drug and proposes a novel
therapeutic strategy for neovascular AMD, though further validation remains warranted..

Data availability
Raw data is provided within the supplementary information files.
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