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ARTICLE INFO ABSTRACT

Keywords: Angiogenesis, the formation of new blood vessels from existing ones, is crucial for tumor growth and metastasis.
AffgiogeﬂeSiS Anti-angiogenic agents are thus a promising therapeutic strategy for cancer. Astaxanthin (ATX), a reddish
Migration pigment from the xanthophyll family of carotenoids, may be an effective anti-angiogenic agent due to its notable
Tube formation

antioxidant and anti-inflammatory properties. This study aims to investigate the anti-angiogenic effects of ATX
on VEGF-induced human umbilical vein endothelial cells (HUVECs). We employed in-silico and in-vitro ap-
proaches to evaluate ATX’s anti-angiogenic potential. Cytotoxicity assays used concentrations ranging from 50 to
3.125 pM, while other assays utilized concentrations from 25 to 6.25 pM. Network pharmacology identified four
hub genes—RXR, CCND1, CDK1, and HDACl—as key ATX targets against angiogenesis. Molecular docking
revealed significant binding affinities of ATX with seven receptors, notably VEGFR2. In vitro, ATX exhibited a
dose-dependent cytotoxic effect on HUVECs (IC50 = 75.09 pM), reducing cell viability by 33 % at 50 uM
(p<0.05). Additionally, ATX inhibited cell proliferation over 72 h, with significant decreases in VEGF-induced
HUVEC viability (p<0.05). The scratch wound healing assay demonstrated ATX’s anti-migratory effect, with a
20 % migration rate at 25 pM over 8 h (p<0.05). Lastly, ATX suppressed tube formation over a 6-h period,
significantly reducing average tube length (p<0.05). In conclusion, ATX exhibited significant anti-angiogenic
properties through cytotoxicity, inhibition of proliferation, migration, and tube formation in VEGF-induced
HUVEGs. These findings provide a strong foundation for further research on ATX’s potential therapeutic
application in angiogenesis-related disorders, including cancer.

Astaxanthin
Network pharmacology

growth by supplying oxygen, nutrients, and waste removal (Liu et al.,
2023). Targeting angiogenesis has thus emerged as a promising thera-
peutic strategy to inhibit tumor progression by disrupting these vital
processes. Among the most prominent signaling pathways in tumor
angiogenesis is the VEGF family of growth factors and their receptors
(Ahmad & Nawaz, 2022). VEGF inhibitors, such as bevacizumab
(Avastin), have been developed to competitively block receptor binding
or downregulate VEGF signaling, demonstrating efficacy in inhibiting
tumor growth in metastatic colorectal and metastatic breast cancer
cancers (Taieb et al., 2021). However, their use is often accompanied by
adverse effects, including hypertension, proteinuria, hemorrhage,
gastrointestinal perforation, and poor wound healing (Lopes-Coelho
et al., 2021). This highlights the need for novel anti-angiogenic agents

1. Introduction

Maintaining physiological homeostasis depends on a delicate bal-
ance between agonist and antagonist molecular mediators that regulate
critical processes, including angiogenesis—the formation of new blood
vessels from preexisting vasculature (Folkman, 1984). While angio-
genesis is essential for normal processes such as embryonic growth,
wound healing, and the female reproductive cycle, its dysregulation
underlies various pathological conditions, including cancer, rheumatoid
arthritis, systemic lupus erythematosus, psoriasis, proliferative reti-
nopathy, and atherosclerosis (Dudley & Griffioen, 2023). Particularly in
cancer, angiogenesis is considered a hallmark as it facilitates tumor
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Abbreviations:

ATX Astaxanthin

BP Biological process

cC Cellular component
CCND1 Cyclin D1

CDK1 Cyclin-dependent kinase 1

DMSO  Dimethyl sulfoxide

FBS Fetal bovine serum

FGFR1  Fibroblast growth factor receptor 1
GO Gene ontology

HDAC1 Histone deacetylase 1

HUVECs Human umbilical vein endothelial cells
IC50 Half-maximal inhibitory concentration
KEGG Kyoto Encyclopedia of Genes and Genomes

MCC Maximum clique centrality

MF Molecular function

MNC Maximum neighborhood component

MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium
bromide

NCBI National Center for Biotechnology Information

PBS Phosphate buffer saline

PPI Protein-protein interaction

RXR Retinoid X receptor

TIE2 Angiopoietin-1 receptor, Tyrosine-protein kinase receptor
TEK

VEGF Vascular endothelial growth factor

VEGFR2 Vascular endothelial growth factor receptor 2

pM Micromolar

with comparable efficacy but fewer side effects.

Natural products, including carotenoids, offer a promising avenue
for discovering novel anti-angiogenic agents. Carotenoids, such as
fucoxanthin and siphonaxanthin, have been shown to suppress angio-
genesis by inhibiting endothelial cell proliferation and tube formation
(Ganesan et al., 2010; Sugawara et al., 2006). Astaxanthin (ATX), a
xanthophyll carotenoid with potent antioxidant and anti-inflammatory
properties, is a promising candidate for further investigation
(Kohandel et al., 2022). ATX (3,3-dihydroxy-,p-carotene-4,4'-dione)
with a chemical formula of C49Hs5204, is synthesized de novo by various
microorganisms, plants, and marine species and is widely consumed by
humans via dietary sources like salmon, shrimp, and crustaceans
(Aneesh et al., 2022). It is a non-vitamin A, orange to deep-red colour,
lipophilic pigment and received the status of generally recognized as
safe (GRAS) by the United States Food and Drug Administration
(USFDA) (Capelli et al., 2013). The natural ATX which is direct isolated
from the natural products are found to be more potent and active in term
of the biological activities compared to synthetic one (Capelli et al.,
2019). Due to its capability on direct quenching and scavenging free
radical species and enhancing antioxidant defence systems in biological
system, hence ATX is claimed to be a power antioxidant (Nishida et al.,
2023). Extensive studies were conducted to evaluate the antioxidant
properties of ATX. Evidence showed that ATX exhibited antioxidant
properties by upregulating antioxidant enzyme level, such as GSH-Px,
SOD, and CAT, while at the same time down-regulating NADPH oxi-
dase 2 and MDA (Aminullah et al., 2024; Liu et al., 2020). Due to
oxidative stress and inflammation fuel each other, the
anti-inflammatory properties of ATX also been explored. ATX exerted
potent anti-inflammatory effect by targeting key pathway, including
inhibition of NF-kB activation (Davinelli et al., 2022), reducing
pro-inflammatory cytokines (TNF-a, IL-6, IL-1p) (Lee et al., 2024; Wu
et al., 2024) and enzymes (COX-2, iNOS) (Masoudi et al., 2021). AST
also suppresses MAPK and JAK-STAT signaling (Zhu, Wu, et al., 2022),
while enhancing Nrf2 to combat oxidative stress (Liu et al., 2025). Other
than abovementioned activities, ATX also reported to possess
anti-cancer, neuroprotective, anti-diabetic, and cardioprotective prop-
erties (Krestinina et al., 2020; Liu et al., 2020; Penislusshiyan et al.,
2020; Sowmya et al., 2017). Beyond these, emerging evidence suggests
that ATX also modulates key signaling pathways directly involved in
angiogenesis. For instance, ATX has been shown to suppress the
expression of vascular endothelial growth factor (VEGF) and its re-
ceptors (VEGFR-1 and VEGFR-2), which are central mediators of endo-
thelial proliferation and neovascularization (Izumi-Nagai et al., 2008).
This effect is closely linked to the inhibition of the nuclear factor kappa B
(NF-kB) pathway, a redox-sensitive transcription factor that regulates
multiple proangiogenic and inflammatory genes including IL-6, MCP-1,
and ICAM-1 (Speranza et al., 2012). Furthermore, ATX has been

reported to modulate mitogen-activated protein kinase (MAPK)
signaling, including ERK1/2 and p38, as well as the phosphoinositide
3-kinase/protein kinase B (PI3K/Akt) axis, both of which are integral to
angiogenic signaling (Li et al., 2015; Yang et al., 2019).Despite its broad
pharmacological benefits and multiple signaling pathway, its molecular
targets and anti-angiogenic properties still remain poorly understood.

This study employs a combination of in-silico (network pharma-
cology and molecular docking) and in-vitro (cytotoxicity, proliferation,
migration, and tube formation assays) approaches to investigate the
anti-angiogenic potential of ATX. Network pharmacology was used to
predict key ATX target genes involved in angiogenesis, while molecular
docking validated their interactions. These computational findings were
complemented by in-vitro experiments focusing on endothelial cells, key
players in angiogenesis. By addressing the critical stages of angiogenesis,
this study seeks to elucidate the potential of ATX as a therapeutic agent
for angiogenesis-related disorders, including cancer.

2. Materials and methods
2.1. Insilico study

2.1.1. Target prediction of ATX and angiogenesis

ATX target genes were predicted using two distinct databases: the
Swiss Target Prediction database (http://www.swisstargetprediction.
ch/, accessed on 12 May 2023) and the SuperPred database (https://
prediction.charite.de/index.php, accessed on 12 May 2023). Concur-
rently, target genes associated with angiogenesis were identified using
the keyword “Angiogenesis” across multiple databases to explore po-
tential relationships between ATX and angiogenesis. The databases
consulted included DisGeNet (https://www.disgenet.org/, accessed on
12 May 2023), GeneCards (http://www.genecards.org/, accessed on 12
May 2023), and NCBI Gene (https://www.ncbi.nlm.nih.gov/gene/,
accessed on 12 May 2023). To ensure specificity, the analysis was
restricted to targets identified in Homo sapiens. Redundant entries were
subsequently removed, and all target names were standardized using the
UniProt database. The putative target genes obtained for ATX and
angiogenesis were then cross-referenced by intersecting the datasets
using InteractiVenn (http://www.interactivenn.net/, accessed on 12
May 2023) to generate a list of common targets.

2.1.2. Compound-target network

The association between ATX and angiogenesis was further analyzed
and visualized using Cytoscape software version 3.9.1 (https://cytos
cape.org/, accessed on 12 May 2023). The overlapping targets of ATX
and angiogenesis, identified through intersection analysis, were orga-
nized and categorized before being integrated into Cytoscape. The
resulting compound-target network depicted nodes and edges, where
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the nodes represented the overlapping target genes of ATX and angio-
genesis, and the edges indicated the relationships between them.

2.1.3. Protein-protein interaction (PPI) network analysis

Protein-protein interaction (PPI) network analysis was conducted to
further investigate the relationship between ATX and angiogenesis using
the STRING database version 11.5 (https://string-db.org/, accessed on
12 May 2023). The analysis was restricted to proteins from Homo sapi-
ens, and only interactions with a confidence score of at least 0.900 were
included for network visualization. The resulting PPI network was
visualized using Cytoscape software, with its relevance assessed through
the CytoHubba plugin. Three algorithms—maximum clique centrality
(MCQC), maximum neighborhood component (MNC), and degree—were
employed to identify key genes. The top 10 hub genes, based on confi-
dence scores, were identified by intersecting the results from the three
algorithms. These hub genes, considered critical targets for angiogenesis
modulation by ATX, were proposed as potential key players for the
current investigation.

2.1.4. Gene ontology and pathway enrichment analysis

The Database for Annotation, Visualization, and Integrated Discov-
ery (DAVID) version 2021 (https://david.nciferf.gov/home.jsp,
accessed on 12 May 2023) was used to perform gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analyses. This analysis provided detailed insights into biological pro-
cesses, cellular components, molecular functions, and signaling path-
ways. The top 20 KEGG pathways and the top 10 GO terms were
identified and presented. Only statistically significant results with a p-
value of less than 0.05 were considered.

2.1.5. Molecular docking

The intersection of the top 10 hub genes identified by the three al-
gorithms revealed four overlapping targets: RXRA, CCND1, CDK1, and
HDAC1, which were further evaluated through molecular docking.
Additionally, three key tyrosine kinase receptors—VEGFR2, FGFR1, and
TIE-2—were included as they are critical regulators in angiogenesis,
despite not being listed among the top hub genes. The crystal structures
of the four hub genes—RXRA (PDB ID: 7B88), CCND1 (PDB ID: 2W96),
CDK1 (PDB ID: 6GU6), and HDAC1 (PDB ID: 4BKX)—and the three
tyrosine kinase receptors—VEGFR2 (PDB ID: 3VHE), FGFR1 (PDB ID:
4V05), and TIE-2 (PDB ID: 2WQB)—were retrieved from the RCSB
Protein Data Bank (https://www.rcsb.org/, accessed on 19 May 2023).
The water from the crystal structure was replaced with hydrogen and
designated as receptor. On the other hand, the 3D structure of ATX
(Compound CID: 5281224) was obtained from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/, accessed on 19 May 2023). Simi-
larly to the protein receptor, water was deleted and added with
hydrogen. Ligand-receptor binding energies were predicted by using
AutoDockTools 4.2 (http://autodock.scripps.edu/, accessed on 16
February 2023). The docking parameters were defined in AutoDock by
setting the grid center and box size to fully enclose the target protein.
Last, the molecular interactions between receptors and ligands were
visualized using Biovia Discovery Studio 2021 (https://discover.3ds.co
m/discovery-studio-visualizer, accessed on 16 February 2023).

2.2. Invitro study

2.2.1. Chemicals and reagents

Astaxanthin (ATX) (>97 % HPLC) derived from Blakeslea trispora was
purchased from Sigma-Aldrich (Germany) and diluted in dimethyl
sulfoxide (DMSO) obtained from ATCC (USA). The final DMSO con-
centration was adjusted to 0.1 %, ensuring non-toxicity to the cells.
Vascular endothelial growth factor (VEGF) and suramin were procured
from Merck Millipore (Darmstadt, Germany) and Sigma-Aldrich (Ger-
many), respectively. Additionally, phosphate-buffered saline (PBS), 2.5
% trypsin-EDTA solution (10x), 3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyl tetrazolium bromide (MTT), and Matrigel were purchased
from Merck Millipore (Darmstadt, Germany), Santa Cruz Biotechnology
(Santa Cruz, CA, USA), Sigma Co. (St. Louis, MO, USA), and BD Bio-
sciences (San Jose, CA, USA), respectively.

2.2.2. Human umbilical veins endothelial cells (HUVECs) culture

Human umbilical vein endothelial cells (HUVECs) were purchased
from Merck Millipore (Darmstadt, Germany) and cultured using the
EndoGRO-LS Complete Culture Media Kit. The kit included basal me-
dium supplemented with 0.2 % EndoGRO-LS supplement, 5 ng/mL re-
combinant human epidermal growth factor (rh EGF), 50 pg/mL ascorbic
acid, 10 nM L-glutamine, 1.0 pg/mL hydrocortisone hemisuccinate, 0.75
U/mL heparin sulfate, and 2 % fetal bovine serum (FBS). Low-passage
cells (passages 3-6) were used in this experiment. HUVECs were incu-
bated in a humidified incubator at 37 °C with 5 % CO,, and the culture
medium was replaced every two days until the cells reached 90 %
confluence. Once confluent, the cells were trypsinized using 2.5 %
trypsin-EDTA solution (10x), centrifuged at 1200 rpm for 10 min, and
subcultured into 25 cm? flasks.

2.2.3. Cytotoxicity assay

Cell cytotoxicity was assessed using the MTT assay, with minor
modifications to the previously published method by Devasvaran et al.
(2019). Briefly, HUVECs were seeded into 96-well plates at a density of 1
x 10* cells/well for overnight and exposed to ATX concentrations
ranging from 3.125 to 50 pM on the next day. Following treatment, the
cells were incubated at 37 °C for another 24 h. Subsequently, 5 pL of
MTT solution (2 mg/mL in PBS) was added to each well, and the plates
were incubated for an additional 4 h at 37 °C. The MTT solution was
then discarded and replaced with 100 pL of dimethyl sulfoxide (DMSO)
to dissolve the purple formazan crystals. The optical density (OD) was
measured at a wavelength of 570 nm using an Infinite M200 microplate
reader (TECAN, Mannedorf, Switzerland). Cell viability (%) was calcu-
lated using the formula:

Cell viability (%) = [Abs (sample)/Abs (control) x 100 %]

The experiment was performed in three independent trials, each
conducted in triplicate. Based on the results, three optimal concentra-
tions were selected for subsequent assays. Half-maximal inhibitory
concentration (ICsg) was determined by plotting dose response graph
[cell viability (%) versus concentration (pM)].

2.2.4. Cell proliferation assay

The MTT assay was employed to evaluate cell proliferation, with
slight modifications to the methodology described by Kamaruddin et al.
(2020). Briefly, HUVECs were seeded into a 96-well plate at a density of
1 x 10* cells/well and co-treated with ATX at concentrations ranging
from 6.25 to 25 pM (selected based on the cell cytotoxicity assay) and
with the present or absent of 10 ng/mL of vascular endothelial growth
factor (VEGF). Group with only cell culture media was served as control.
Following treatment, the cells were incubated at 37 °C for 72 h. A
baseline group was included and incubated for only 4 h. Subsequently, 5
uL of MTT solution (2 mg/mL in PBS) was added to each well, and the
plates were incubated for an additional 4 h at 37 °C. The medium was
then discarded and replaced with 100 pL of dimethyl sulfoxide (DMSO)
to dissolve the purple formazan crystals. The optical density (OD) was
measured at a wavelength of 570 nm using an Infinite M200 microplate
reader (TECAN, Mannedorf, Switzerland). This experimental procedure
was performed in three independent tests, each conducted in triplicate.

2.2.5. Migration assay

The evaluation of cell migration was performed using the scratch
wound healing assay, based on the procedure described by Ng et al.
(2018), with modifications. Briefly, 1.5 x 10° cells/well were seeded
into a 24-well plate and cultured for 24 h. Then, the scratch was made in
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the cell monolayer using a 200-pL pipette tip (yellow tip) to mimic a
wound. The scratched cells were then washed with PBS to remove any
detached cells resulting from the scratching process. Subsequently,
HUVECs were co-treated with ATX at concentrations ranging from 6.25
to 25 pM, along with or without 10 ng/mL of VEGF. Additionally, 20
ng/mL of Suramin, co-treated with 10 ng/mL of VEGF, was used as a
positive control. Following treatment, the cells were incubated at 37 °C
for 8 h. Images of the gaps were captured at O h and 8 h using an inverted
microscope equipped with a digital camera (OLYMPUS CKX41, Tokyo,
Japan). To ensure consistency, images were taken at the same location
for all observations. The gap widths for each experimental group were
measured using NIH Image J software (National Institutes of Health,
Bethesda, MD, USA; http://imagej.nih.gov/ij/). The results were
recorded in length (um) and expressed as the migration rate (%) using
the formula:

Migration rate (%) = [(The width of initial scratch wound - the width of
scratch wound at time 8h)/ The width of initial scratch wound] x 100 %.

This experimental procedure was repeated in three independent
tests.

2.2.6. Tube formation assay

The tube formation assay was conducted using Matrigel, following
the protocol described by Ng et al. (2018), with modifications. To pre-
vent premature solidification of the Matrigel, the 24-well plate and 1-mL
pipette tips were pre-chilled at 4 °C for 30 min before use. Matrigel was
loaded in 24-well plate carefully to avoid bubble formation. HUVECs
were then seeded onto the solidified Matrigel at a density of 1.5 x 10°
cells per well. To ensure successful tube network formation and prevent
the formation of cell clusters in the central area, the seeded cells were
evenly distributed by gently rotated the plate. Immediately after seed-
ing, 10 ng/mL VEGF and ATX at concentrations ranging from 6.25 to 25
UM were added as a co-treatment, along with the respective control
group. The treated cells were incubated at 37 °C for 6 h, after which five
random images per well were captured using an inverted microscope
equipped with a digital camera (OLYMPUS CKX41, Tokyo, Japan). Tube
lengths (um) in the images were quantified using the angiogenesis plu-
gin in NIH Image J software (http://imagej.nih.gov/ij/). The average
tube lengths were calculated from five randomly chosen images per
experimental group. Results were expressed as tube lengths (um). This
protocol was repeated in three independent experiments.

2.2.7. Statistical analysis

All numerical data were presented as the mean =+ standard error of
mean (Mean + SEM) of three independent experiments. Statistical
analysis was performed using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test, using GraphPad Prism Version 10
(GraphPad Software, San Diego, CA, USA). Differences between means
were considered statistically significant at P < 0.05.

3. Results
3.1. Target and common genes associated with ATX and angiogenesis

Potential target genes of ATX and angiogenesis were identified
through multiple databases to establish their correlation. Target genes
associated with angiogenesis were retrieved from three databases as of
12 May 2023: GeneCards (7,242 targets), DisGeNET (822 targets), and
NCBI Gene (2,141 targets). Concurrently, target genes associated with
ATX were obtained from two databases: SuperPred (114 targets) and
SwissTargetPrediction (111 targets). Redundant entries were removed
and normalized using the UniProt database. A consolidated list was
compiled, comprising 7,357 targets associated with angiogenesis and
212 targets associated with ATX. The intersection of these targets,
consisting of 171 shared genes, was identified using the online tool
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InteractiVenn, as depicted in Fig. 1(A). These 171 overlapping targets
were considered potential key target genes and were subjected to further
analysis. A detailed list of the associated target genes for ATX and
angiogenesis, along with the intersection, is provided in the supple-
mentary materials.

3.2. Compound-target network of ATX and angiogenesis

The relationship between ATX and angiogenesis was further sup-
ported by the visualization of the compound-target network constructed
using Cytoscape software, as depicted in Fig. 1(B). This visualization
demonstrated that ATX and angiogenesis are interconnected through
shared common targets.

3.3. PPI network analysis of ATX and angiogenesis

Proteins typically modulate their biological activities through in-
teractions with other proteins and various mechanisms. To elucidate the
mechanism of ATX in the treatment of angiogenesis, the STRING data-
base was used to construct a protein-protein interaction (PPI) network
based on the 171 intersection targets. After removing isolated nodes and
edges, the PPI network comprised 125 nodes and 440 edges, where
nodes represent proteins and edges denote their interactions. Using the
network analyzer plugin in Cytoscape software, each node was charac-
terized by its degree value: darker colors indicated higher degree values
within the network, and lighter colors indicated lower values, as shown
in Fig. 2. The analysis revealed that 49 nodes exhibited degree values
exceeding the average of 7.04, signifying their strong interconnectivity
within the network. Subsequent analysis was performed using the
CytoHubba plugin in Cytoscape software. Algorithms such as maximal
clique centrality (MCC), maximum neighborhood component (MNC),
and degree were applied to identify the top ten hub genes within the
constructed PPI network, as depicted in Fig. 3(A). The intersection of the
top 10 hub genes identified by these three algorithms resulted in four
hub genes—RXR, CCND1, CDK1, and HDAC1 [Fig. 3(B)]. These identi-
fied hub genes are pivotal nodes within the network and are hypothe-
sized to play critical roles in the regulatory effects of ATX on
angiogenesis.

3.4. GO and KEGG enrichment analysis of targets

To gain a comprehensive understanding of the biological functions of
ATX target genes, we conducted Gene Ontology (GO) functional
enrichment analysis and KEGG pathway enrichment analysis on the
identified targets. Using the DAVID bioinformatics resources, GO anal-
ysis revealed a total of 520 biological processes (BPs), 94 cellular com-
ponents (CCs), and 146 molecular functions (MFs). The top 10 enriched
terms in each category (BP, CC, and MF) are presented in Fig. 4(A). The
biological processes with the highest enrichment included inflammatory
response, protein autophosphorylation, protein phosphorylation, posi-
tive regulation of cell proliferation and positive regulation of gene
expression. For KEGG pathway enrichment, 153 signaling pathways
were identified (p < 0.05). The top 20 pathways, ranked by p-value, are
displayed in Fig. 4(B). The most enriched pathways included pathway in
cancer, VEGF signaling pathway, chemical carcinogenesis-receptor
activation, and viral carcinogenesis. Additionally, other significantly
enriched pathways included those involved in neutrophil extracellular
trap formation, thyroid hormone signaling, non-small cell lung cancer,
and EGFR tyrosine kinase inhibitor resistance. Among these, the
“Pathways in cancer” emerged as the top pathway, suggesting that
ATX’s effects on angiogenesis may be mediated predominantly through
cancer-related mechanisms. In summary, this study highlights the po-
tential targets and signaling pathways influenced by ATX, providing
valuable insights into its therapeutic potential in angiogenesis. These
findings may serve as a foundation for the development of targeted
therapies aimed at modulating angiogenesis via ATX.
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Fig. 1. (A) The intersection of 212 targets of ATX and 7357 targets of angiogenesis resulted in 171 intersected target genes constructed by using InteractiVenn. (B)

Compound-target network of 171 intersection targets of ATX and angiogenesis.

3.5. Molecular docking

To further validate the results of the network pharmacology analysis,
molecular docking was performed, and the binding energies of each
target gene were identified. Despite being key receptors involved in
angiogenesis, VEGFR2, FGFR1, and TIE-2 did not emerge in the network
pharmacology analysis. Their significance in angiogenesis, however,
warrants their inclusion in this study. Phosphorylated VEGFR2 in
endothelial cells (ECs) initiates various cellular responses, including
significant mitogenic and survival signals, and activates downstream
signaling pathways linked to angiogenesis (Shah et al., 2021). FGFR1 is
highly expressed in ECs, and its dominant-negative overexpression has
been shown to result in pathological angiogenesis (Zhu et al., 2022).
Additionally, Tie2 expression and phosphorylation in adult tissues
during angiogenesis suggest its critical role in pathological angiogenesis
(Duran et al., 2021). Given their well-documented importance, these
receptors were included in the molecular docking study to elucidate
their interactions with ATX. In this study, the binding energies of the
four hub genes identified through network pharmacology—RXR,
CCND1, CDKI1, and HDACl—were analyzed alongside the three addi-
tional receptors: VEGFR2, FGFR1, and TIE-2. The results revealed that
the binding energies for all seven receptors were below -5.0 kcal/mol,
indicating significant interactions between ATX and the targets. Among
these, the three additional receptors (VEGFR2, FGFR1, and TIE-2)
demonstrated the lowest binding energies, suggesting stronger in-
teractions compared to the hub genes identified via network pharma-
cology. This further justifies their inclusion in the analysis. As displayed

in Table 1, VEGFR2 exhibited the lowest binding energy among all the
targets, while RXRA had the highest. Fig. 5 provides 3D and 2D visu-
alizations of the molecular docking interactions for all targets (a-g),
showcasing the binding configurations and interactions. These findings
highlight the potential role of VEGFR2, FGFR1, and TIE-2 as critical
mediators of ATX’s effect on angiogenesis.

3.6. Cytotoxicity effect of ATX and its half-maximal inhibitory
concentration (ICsq)

ATX exhibited cytotoxic effects on HUVECs, as demonstrated by a
statistically significant reduction in cell viability percentages with
increasing ATX concentrations (p < 0.05). At the highest concentration
(50 pM), cell viability was reduced to 67.08 + 3.73 %, corresponding to
a 33 % decrease in cell population due to ATX’s cytotoxic effects. The
cell viability percentages for the other concentrations were as follows:
92.88 £ 1.87 % at 3.125 pM, 86.41 + 4.79 % at 6.25 pM, 79.38 + 3.56
% at 12.5 pM, and 77.23 + 4.86 % at 25 pM. Among these, the highest
three concentrations (50 pM, 25 pM, and 12.5 pM) showed statistically
significant reductions compared to the control group (p < 0.05), as
illustrated in Fig. 6 (A). The ICsg value was determined using a simple
linear regression analysis, where cell viability (%) was plotted against
ATX concentration (pM). The resulting linear equation,
Y=—0.5740X+93.10 (R?=0.8385), is depicted in Fig. 6 (B). By solving
for X when Y (cell viability) was set to 50 %, the ICs( value was calcu-
lated to be 75.09 pM. This value represents the concentration of ATX
required to reduce cell viability by 50 %. Interestingly, the ICso value
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Fig. 3. (A) Top 10 hub genes identified from three algorithms: i) Degree of nodes, ii) maximal clique centrality (MCC), and iii) maximum neighborhood component
(MNC). The hub genes that are most significant are those with the highest scores; these genes are indicated in dark red. Conversely, genes with lower scores were
thought to be less important and are indicated with a light-yellow colour. (B) The intersection of top 10 hub genes from the three algorithms (degree of nodes, MCC
and MNC) visualized by InteractiVenn. The result displayed four target genes— RXR, CCND1, CDK1, and HDACI.
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Fig. 4. (A) Gene ontology (GO) enrichment analysis comprising top 10 (log10 (p-value)) of biological process represented by the colour of green (BP), cellular
component represented by the colour of blue (CC) and molecular function (MF) represented by the colour of red. (B) The result of top 20 KEGG pathway analysis

illustrated by bar chart. Pathway of cancer is the top pathway in this analysis.

Table 1
Compound-target molecular docking binding energy.

Compound Targets PDB ID Binding Energy (kcal/mol)
ATX VEGFR2 3VHE —9.34

FGFR1 4V05 -9.14

TIE2 2WQB —7.61

CCND1 2W96 —7.55

CDK1 6GU6 -7.17

HDAC1 4BKX —6.60

RXRA 7B88 —6.42

(75.09 pM) exceeded the highest tested concentration (50 pM), indi-
cating that the concentrations employed in this study were within a safe
range and did not impose excessive toxicity on HUVECs, while still
demonstrating cytotoxic effects. Based on these findings, three optimal
concentrations—6.25 pM, 12.5 pM, and 25 pM—were selected for sub-
sequent experiments. Pursuant to ISO 10993-5 cytotoxicity classifica-
tion, a compound is considered non-cytotoxic if cell viability remains
above 80 %, while viability between 80 and 60 % is classified as weak
cytotoxicity (Serrano et al., 2023). Our findings indicate that ATX at
6.25 pM (86.41 + 4.79 %) falls within the non-cytotoxic range, while
12.5 uM (79.38 + 3.56 %) and 25 pM (77.23 + 4.86 %) exhibit only
weak cytotoxicity. At 50 pM, however, ATX significantly reduced cell
viability to 67.08 + 3.73 %, approaching moderate cytotoxicity. To
ensure that our functional assays were conducted within an appropriate
and biologically meaningful range, we selected ATX concentrations that
maintained at least weak cytotoxicity or higher, avoiding levels that
could induce excessive cell death and confound the interpretation of
results.

3.7. Anti-proliferation effect of ATX
ATX demonstrated an anti-proliferative effect on HUVECs as assessed

through a cell proliferation assay using MTT over 72 h. The results
revealed a statistically significant decrease in cell viability percentages

with increasing ATX concentrations (p < 0.05). As shown in Fig. 7, the
mean cell viability percentages were 141.15 + 4.00 %, 122.16 + 3.41
%, and 114.50 + 5.67 % for ATX concentrations of 6.25 pM, 12.5 pM,
and 25 pM, respectively. Although both the VEGF-only group and the
ATX-treated group were induced by VEGF, a statistically significant
difference (p < 0.05) was observed between them, indicating that ATX
inhibits HUVEC proliferation even in the presence of VEGF, a known
growth factor. Additionally, a 4-h baseline group, comprising media
only, was included in the study. The results showed that all treatment
groups exposed to ATX for 72 h exhibited significantly higher cell
viability values compared to the 4-h baseline group (p < 0.05), thereby
validating the experimental design.

3.8. Anti-migration effect of ATX

ATX exhibited an anti-migratory effect on HUVECs, as demonstrated
through the scratch wound healing assay. This study revealed a statis-
tically significant decrease in migration rates with increasing concen-
trations of ATX over an 8-h period (p < 0.05). The quantified migration
rates for the control group, VEGF-only group, and Suramin group were
31.89 + 1.00 %, 43.89 + 2.51 %, and 14.44 + 0.91 %, respectively. For
the ATX-treated groups, the migration rates were 26.00 + 1.00 %, 21.44
+ 1.01 %, and 18.78 + 1.04 % for concentrations of 6.25 pM, 12.5 pM,
and 25 pM, respectively. These data are presented in a bar graph in Fig. 8
(B). The VEGF-only group exhibited the highest migration rate (44 %),
surpassing the 32 % migration rate of the control group, which received
only medium treatment. VEGF is known to trigger a cascade of protein
and enzyme activity that promotes endothelial cell migration across the
site of injury represented by the scratched region. Despite VEGF in-
duction, the ATX-treated groups demonstrated statistically significant
reductions in migration rates compared to the VEGF-only group (p <
0.05). This indicates that ATX exerts an anti-migratory effect on
HUVEGs, even in the presence of VEGF, a growth factor that typically
enhances cell migration. In contrast, the Suramin group, included as a
positive control due to its well-known anti-angiogenic properties,
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Fig. 5. 3D and 2D visualization of docking interaction results the following (a) VEGFR2 (3VHE), (b) FGFR1 (4V05), (c) TIE2 (2WQB), (d) CCND1 (2W96), (e) CDK1

(6GU6), (f) HDAC1 (4BKX), (g) RXRA (7B88) visualized by Biovia Discovery Studio.

showed a significant reduction in migration rates compared to the
control and VEGF-only groups (p < 0.05). Even with VEGF induction,
Suramin effectively reduced migration rates to 14 %, validating the
experimental design. Representative migration images in Fig. 8 (A)

provide further visual confirmation of these findings.
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Fig. 5.
3.9. ATX inhibited VEGF-induced tube formation

ATX inhibited tube formation in HUVECs induced by VEGF, as
assessed using a Matrigel-based tube formation assay conducted over 6
h. This study demonstrated a statistically significant reduction in tube
length (pm) with increasing concentrations of ATX (p < 0.05). The
measurements revealed mean tube lengths of 4255.89 + 234.04 pm for
the Suramin group, 9961.44 + 529.36 pm for the VEGF-only group, and
7199.67 + 275.97 pm for the control group. The mean tube lengths for
the ATX treatment groups were 5664.11 + 364.87 pm, 5194.22 +
235.96 pm, and 4633.22 + 172.42 pm for ATX concentrations of 6.25
pM, 12.5 pM, and 25 pM, respectively. These data are presented in a bar
graph in Fig. 9 (B). The findings indicate that ATX significantly reduced
tube formation in a concentration-dependent manner compared to the
VEGF-only group (p < 0.05), even in the presence of VEGF. This suggests
that ATX effectively inhibits tube formation in HUVECs despite VEGF
stimulation. The Suramin group, included as a positive control, also
demonstrated a statistically significant reduction in tube length
compared to the VEGF-only group (p < 0.05). However, there was no
significant difference between the Suramin group and the ATX-treated

(continued).

groups, suggesting that Suramin, known for its ability to disrupt VEGF
signaling, reliably inhibits tube formation. This also implies that ATX
may share similar properties with Suramin in its ability to suppress
angiogenesis in HUVECs. The morphology and structure of the tube
formation further characterize the differences between normal and
impaired tube-like structures. Complete tubes and a well-organized
network of capillary-like structures indicate normal tube formation,
while incomplete tubes, dispersed cells, isolated clumps, and the
inability of cells to establish essential connections signify impaired tube
formation, resulting in disturbed and fragmented patterns (Xie et al.,
2016). Microscopic images of the tube formation results are shown in
Fig. 9 (A).

4. Discussion

Angiogenesis is a pivotal process in both physiological and patho-
logical contexts, including cancer progression. As such, targeting
angiogenesis has emerged as a promising therapeutic strategy for cancer
treatment. Astaxanthin (ATX), a red carotenoid pigment with potent
antioxidant properties (Kumar et al., 2022), has drawn significant
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Fig. 6. (A) Cytotoxicity assessment by MTT assay in HUVECs following the
exposure of various concentrations of ATX for 24 h. Values are expressed in
mean + SEM of triplicates and three independent experiments (n=3). Statistical
analysis; one-way ANOVA followed by post hoc where statistically significant
differences are represented by different letters (P<0.05). (B) Dose response
graph by simple linear regression of cytotoxicity assessment utilising MTT assay
which plots cell viability (%) versus concentration (uM) yields the following
linear equation: Y = -0.5740 X + 93.10 (R2 = 0.8385). The relevant X value
and setting Y (cell viability) to 50 % therefore the calculated ICso value is
75.09 pM.
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Fig. 7. Anti-proliferative assessment by MTT assay in HUVECs following the
exposure of various concentrations of ATX for 24 h 4 h baseline comprising
media only was employed as the reference condition. Values are expressed in
mean + SEM of triplicates and three independent experiments (n=3). Statistical
analysis; one-way ANOVA followed by post hoc where statistically significant
differences are represented by different letters (p < 0.05).

attention for its potential anti-angiogenic effects. This study explores the
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anti-angiogenic properties of ATX through a combination of in silico
approaches and in vitro validation.

Network pharmacology, combined with Gene Ontology (GO) and
KEGG pathway analyses, offers a comprehensive framework for inves-
tigating ATX’s biological effects. GO analysis suggests that ATX’s anti-
angiogenic effects are linked to key biological processes, including the
inflammatory response, a critical driver of angiogenesis. Inflammation
and angiogenesis are intricately connected; inflammatory cells, such as
macrophages, secrete signals that stimulate vascular expansion, while
angiogenesis can exacerbate inflammation (Jeong et al., 2021). By tar-
geting inflammation, ATX may effectively inhibit angiogenesis. At the
molecular level, GO analysis highlights the cytoplasm and protein ser-
ine/threonine/tyrosine kinase activity as central components of ATX’s
mechanism of action. These kinases, including VEGF receptors
(VEGFRs), initiate key signaling cascades such as the PI3K/Akt pathway,
which regulates endothelial cell migration, proliferation, and survi-
val—key processes in angiogenesis (Peng et al., 2022). KEGG pathway
analysis identifies “pathways in cancer” as a top-ranked pathway,
underscoring the link between angiogenesis and tumor progression.
Tumor cells release pro-angiogenic signals to secure vascular support,
preventing necrosis or apoptosis in hypoxic regions (Liu et al., 2023).
Additionally, network pharmacology analysis identified four hub gen-
es—RXR, CCND1, CDK1, and HDAC1—that provide a foundation for
further exploration of ATX’s effects on angiogenesis. Molecular docking
revealed strong interactions between ATX and these targets, with
VEGFR2 exhibiting the highest binding affinity. The binding energy
values (<-0.5 kcal/mol) reflect robust interactions, supporting the hy-
pothesis that ATX may effectively target key proteins involved in
angiogenesis. However, while in silico analyses offer valuable pre-
dictions, their findings require validation through experimental ap-
proaches to establish biological relevance.

The cytotoxicity assay results further support ATX’s anti-angiogenic
potential. ATX significantly reduced HUVEC viability in a dose-
dependent manner, highlighting its role in disrupting key processes
essential for angiogenesis. Previous studies have reported that ATX ex-
hibits a cytoprotective effect on several normal healthy cells against
chemically induced damage (Kikuchi et al., 2020; Kuehu et al., 2024).
However, this contradicts our findings, which may be explained by
ATX’s concentration-dependent effects. At low concentrations, ATX acts
as an antioxidant, whereas at higher concentrations, it may exhibit
pro-oxidant properties, generating ROS and causing oxidative damage
to cellular components, including lipids, proteins, and DNA. Many an-
tioxidants exhibit biphasic behaviour, functioning as antioxidants at low
doses while acting as pro-oxidants at higher doses. For instance, selected
flavonoids have been shown to promote breast cancer cell proliferation
under normal growth conditions while significantly reducing ROS and
MDA content at low concentrations. However, at high concentrations,
these flavonoids markedly trigger breast cancer cell death through
oxidative stress (Xi et al., 2022). Similarly, carotenoid concentration
influences its antioxidant or pro-oxidant properties, with high concen-
trations favouring pro-oxidant behaviour (Valko et al., 2006). The
physiological relevance of the ATX concentrations used in this study is
supported by pharmacokinetic data from human trials. A study inves-
tigating the plasma levels of ATX following oral supplementation of 12
mg per day for one year reported maximum plasma concentrations of
12.1 pM for micellar ATX and 6.47 pM for native ATX in healthy male
volunteers (Khayyal et al., 2024). These findings suggest that ATX can
reach biologically active concentrations in circulation, particularly with
enhanced formulations designed to improve bioavailability. The lower
range of concentrations used in this study (6.25-12.5 pM) aligns with
these reported plasma levels, supporting the relevance of our in vitro
findings. However, additional studies are needed to determine ATX
accumulation in endothelial cells and its long-term effects in vivo.
Furthermore, the safety profile of astaxanthin (ATX) has been
well-documented in human studies, with multiple clinical trials evalu-
ating its toxicity at varying doses and durations. Studies administering
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Fig. 8. (A) Anti-migratory assessment by scratch wound healing assay in HUVECs following the exposure of various concentrations of ATX for 8 h. Suramin group
comprising suramin and VEGF was employed as the positive control. Values are expressed in mean =+ SD of three independent experiments (n=3). Statistical analysis;
one-way ANOVA followed by post hoc where statistically significant differences are represented by # compared to control; * compared to VEGF only (p < 0.05). (B)
Wound closure of HUVECs following the treatment of ATX. The white rectangles indicate the initial scratch wound while the red lines indicate the scratch wound at 8
h. VEGF closed before control; suramin closed after both VEGF and control. ATX closed after VEGF but before suramin. At 0 and 8 h, images were taken at a 10x
magnification.
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Fig. 9. (A) Microscopic image of tube formation assessment following the exposure of ATX. The control and VEGF-only groups exhibit normal tube formation
(complete tube and organised structure), whereas the others exhibit impeded tube formation (incomplete tubes, dispersed cells, and fragmented pattern). At 0 and 6
h, images were taken at a 10x magnification. (B) The inhibition of tube formation by tube formation assay utilising matrigel in HUVECs following the exposure of
various concentrations of ATX for 6 h. Values are expressed in mean + SEM of three independent experiments (n=3). Statistical analysis; one-way ANOVA followed
by post hoc where statistically significant differences are represented by # compared to control; * compared to VEGF only (p < 0.05).

ATX at doses ranging from 6 mg/day up to 45 mg/day for durations supporting its potential for long-term supplementation. However,
between 4 and 12 weeks have consistently reported no significant further investigations are required to determine the safety of chronic
adverse effects. These studies found no abnormalities in physical ex- high-dose consumption and its potential impact on endothelial function
aminations, blood tests, urinalysis, or ophthalmic assessments. in clinical settings.

Furthermore, no incidences of adverse events or side effects were Angiogenesis involves a multi-step process, including extracellular
recorded based on medical evaluations (Nishida et al., 2023). These matrix remodeling, migration, proliferation, invasion, and tube forma-
findings indicate that ATX is well-tolerated even at relatively high doses, tion. Among these, endothelial cell proliferation plays a pivotal role in
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driving vascular growth. Notably, the proliferation rate has been shown
to have a greater impact on the extent and spread of vascular growth
than the migration rate (Norton & Popel, 2016). By suppressing endo-
thelial cell proliferation, ATX could impede the vascularization neces-
sary for tumor progression. The anti-proliferative effects of ATX have
been demonstrated in various cancer model, also in non-cancerous
model, such as hyperoxida-induced retinopathy. A recent study by
Kiictikodiik et al. (2019) investigated the impact of ATX administration
via intravitreal and intraperitoneal injections in a C57BL/6J mouse
model of hyperoxia-induced retinopathy. The study revealed that ATX
significantly reduced neovascular development in both intravitreal and
intraperitoneal administration groups compared to controls, high-
lighting its potential in mitigating pathological angiogenesis. These
findings further support ATX’s anti-angiogenic potential, reinforcing its
role in inhibiting endothelial cell proliferation, a key event in patho-
logical neovascularization.

Endothelial cell migration is a critical component of angiogenesis,
governed by three major mechanisms: chemotaxis, haptotaxis, and
mechanotaxis (Jerka et al., 2024). Various cytokines, including VEGF,
bFGF, and angiopoietins, regulate chemotactic endothelial cell migra-
tion during angiogenesis. Under pathological conditions, particularly
within the cancer microenvironment, elevated VEGF levels in response
to hypoxia promote vascular hyperpermeability, endothelial injury, and
migration, ultimately leading to the formation of abnormal blood vessels
(Ahmad & Nawaz, 2022). In the present study, VEGF was used to
stimulate endothelial cell migration, mimicking tumor angiogenesis.
The observed anti-migratory effects of ATX highlight its potential as an
anti-angiogenic agent. These findings align with previous studies
demonstrating that ATX impedes hypoxia-induced migration in the
ECV304 cell line, a derivative of HUVECs (Kowshik et al., 2014).
Mechanistically, ATX may exert its effects by downregulating key me-
diators of hypoxia-driven angiogenesis, including HIF-1a, VEGF, and
MMP-2 (Manuelli et al., 2022). Given the central role of hypoxia as a
physiological trigger for the angiogenic switch, these results suggest that
ATX effectively disrupts hypoxia-driven angiogenic processes. However,
further experiments are needed to confirm these findings.

Beyond its anti-migratory effects, ATX suppressed VEGF-induced
tube formation in HUVEGCs, in line with previous studies in ECV304
cells (Kowshik et al., 2014). Tube formation is a critical step in estab-
lishing vascular networks, wherein endothelial cells align and connect to
form the hollow lumens of new blood vessels. This process is essential for
enabling blood flow and delivering oxygen and nutrients to tissues
(Trimm & Red-Horse, 2023). The inhibition of tube formation by ATX
highlights its potential to disrupt fundamental angiogenic processes. By
limiting tube formation, ATX may restrict the blood and nutrient supply
to affected tissues, thereby halting the progression of
angiogenesis-associated diseases. This effect is particularly significant in
pathological conditions like cancer, where excessive angiogenesis sup-
ports tumor growth and metastasis.

In the present study, network pharmacology analysis and molecular
docking revealed that VEGFR2 exhibited the strongest binding affinity
with astaxanthin (ATX), suggesting it as a primary molecular target
through which ATX may exert its antiangiogenic effects. These compu-
tational findings are supported by existing literature where ATX has
been shown to suppress VEGF expression and its receptors (VEGFR-1
and VEGFR-2) (Izumi-Nagai et al., 2008). Inhibition of VEGFR2 likely
disrupts key downstream angiogenic signaling cascades, including
MAPK and PI3K/AKT pathways. Furthermore, downstream targets such
as RXRA, CDK1, and HDAC1—identified as key nodes in the protein—
protein interaction network—are closely associated with cell cycle
progression and epigenetic regulation. Their inhibition by ATX may
contribute to the observed suppression of endothelial cell proliferation
and neovascularization. RXRA, for instance, modulates transcriptional
activity of genes involved in cellular differentiation and metabolism
(Zhang et al., 2018), while CDK1 is essential for G2/M phase transition
during cell division (Ren et al., 2022). HDAC]I, a histone deacetylase,
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plays a role in chromatin remodeling and gene repression (English et al.,
2025), and it has been linked to angiogenic outcomes (Dunaway &
Pollock, 2022). Animal studies have also reinforced the therapeutic
promise of ATX in angiogenesis-related conditions. For example, in a
hamster model of oral cancer, dietary ATX significantly suppressed
carcinoma development by targeting JAK2/STAT3 signaling and
reducing the expression of cyclin D1, MMP-2/-9, and VEGF (Kavitha
et al., 2013). In diabetic rat models, ATX administration attenuated
retinal photoreceptor cell impairments by restoring PI3K/AKT and Nrf2
activity (Lai et al., 2020). These findings align with our in vitro results
and support the translational relevance of ATX as a bioactive nutra-
ceutical for angiogenesis-associated disorders. Together, these in silico
and in vitro findings provide a comprehensive mechanistic insight into
the antiangiogenic effects of ATX and support its therapeutic potential in
targeting angiogenesis-related diseases. However, further exploration is
warranted to validate its efficacy and uncover additional molecular
targets.

5. Conclusion

This study identifies RXR, CCND1, CDK1, and HDAC1 as key hub
genes implicated in the anti-angiogenic effects of ATX through network
pharmacology analysis. GO enrichment revealed that ATX may act by
modulating inflammatory responses (biological process), targeting the
cytoplasm (cellular component), and influencing protein serine/threo-
nine/tyrosine kinase activity (molecular function). Pathway analysis
highlighted the cancer pathway as a primary target in angiogenesis-
related mechanisms. Molecular docking confirmed ATX’s strong bind-
ing affinities to VEGFR2, FGFR1, TIE2, and the four hub genes, with the
highest affinity for VEGFR2. Experimental findings demonstrated ATX’s
cytotoxicity (IC50: 75.09 pM), anti-proliferative, anti-migratory, and
tube formation-inhibitory effects on VEGF-induced HUVECs. Collec-
tively, these findings highlight ATX’s multi-faceted anti-angiogenic ef-
fects, spanning inflammation modulation, cytotoxicity, migration
inhibition, and tube formation suppression. While these results provide
valuable insights, further validation through in vivo models and
advanced techniques, such as transcriptomics or metabolomics, is
essential to uncover additional molecular targets and pathways. Inves-
tigating ATX’s bioavailability, pharmacokinetics, and potential off-
target effects will also be crucial for clinical translation. By integrating
computational and experimental approaches, this study establishes ATX
as a promising therapeutic candidate for mitigating aberrant angio-
genesis, paving the way for future research on its application in com-
bination therapies or as a standalone intervention for angiogenesis-
driven diseases.

6. Limitation and future research directions

A major limitation of this study is the lack of in vivo validation, as the
anti-angiogenic effects of astaxanthin (ATX) were only assessed in vitro.
While our findings demonstrate that ATX inhibits endothelial cell
migration, proliferation, and tube formation, its efficacy in a physio-
logical setting remains uncertain. Additionally, although the concen-
trations used were selected based on cytotoxicity assays, the
physiological relevance of these doses in vivo requires further confir-
mation, particularly in relation to ATX’s bioavailability and accumula-
tion in endothelial tissues. Furthermore, while in silico analysis
identified key angiogenic targets modulated by ATX, direct experi-
mental validation of these targets at the gene and protein levels was not
performed, limiting our mechanistic understanding of ATX’s mode of
action. To overcome these limitations, future studies should focus on in
vivo models of pathological angiogenesis to validate ATX’s anti-
angiogenic potential under physiological conditions. Additionally,
pharmacokinetic studies are needed to determine ATX’s bioavailability,
metabolism, and distribution, particularly in endothelial tissues, to
establish whether the concentrations used in vitro are achievable in
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vivo. Further mechanistic investigations should also be conducted to
confirm ATX’s modulation of predicted molecular targets through gene
and protein expression analyses. Moreover, research should explore
advanced formulation strategies, such as nanocarriers or micellar sys-
tems, to enhance ATX’s stability, absorption, and targeted delivery, ul-
timately improving its therapeutic efficacy.
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