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Abstract

Context: Effective management of oral wounds is crucial for preventing complications and ensuring proper tissue regeneration. Vascular endothelial growth
factor (VEGF) and fibroblast growth factor 2 (FGF2) are key regulators of angiogenesis and tissue repair in wound healing. Astaxanthin, a potent antioxidant,
has demonstrated therapeutic potential in various biological processes.

Aims: To investigate the potential of astaxanthin as an accelerator of oral wound healing by analyzing its interactions with VEGF and FGF2 receptors through
in silico and pharmacokinetic analysis.

Methods: In silico was performed using PyRx-Vina with the structure prepared in PyMOL. Native ligands, including astaxanthin and hyaluronic acid, were
modeled using AutoDock Tools, targeting the proteins VEGF and FGF2. ADMET predictions for astaxanthin were performed using the pkCSM platform.

Results: The research findings indicated that astaxanthin formed stable complexes with VEGF and FGF2, exhibiting a strong binding affinity with both VEGF
and FGF2 (<2). The binding affinity values for VEGF were -6.87 + 1.19, while FGF2 was -7.33 £ 0.25. The binding of astaxanthin to both receptors was an alkyl
bond, showing good interactions with amino acid residues. ADMET predictions indicated that astaxanthin showed poor water solubility (logS = -6.4), high
absorption efficiency, significant skin permeability, metabolism via cytochrome P450 enzymes, potential for excretion, and non-toxicity.

Conclusions: Astaxanthin could be developed as a therapeutic agent for oral wound healing, as it interacts favorably through the VEGF and FGF2 pathways,
with a good pharmacokinetic profile for topical application; however, experimental validation is required.

Keywords: ADMET; angiogenesis; astaxanthin; hyaluronic acid; growth factor; wound healing.

Resumen

Contexto: El manejo eficaz de las heridas orales es crucial para prevenir complicaciones y asegurar una regeneracion tisular adecuada. El factor de
crecimiento endotelial vascular (VEGF) y el factor de crecimiento de fibroblastos 2 (FGF2) son reguladores clave de la angiogénesis y la reparacién tisular en la
cicatrizacién de heridas. La astaxantina, un potente antioxidante, ha demostrado potencial terapéutico en diversos procesos biolédgicos.

Objetivos: Investigar el potencial de la astaxantina como acelerador de la cicatrizacién de heridas orales mediante el analisis de sus interacciones con los
receptores VEGF y FGF2 mediante analisis in silico y farmacocinético.

Métodos: El andlisis in silico se realizd utilizando PyRx-Vina con la estructura preparada en PyMOL. Los ligandos nativos, incluyendo astaxantina y acido
hialurénico, se modelaron utilizando las herramientas AutoDock, dirigiéndose a las proteinas VEGF y FGF2. Las predicciones ADMET para la astaxantina se
realizaron utilizando la plataforma pkCSM.

Resultados: Los hallazgos de la investigacién indicaron que la astaxantina formé complejos estables con VEGF y FGF2, mostrando una fuerte afinidad de
unién con ambos (<2). Los valores de afinidad de unién para VEGF fueron de -6,87 + 1,19, mientras que para FGF2 fueron de -7,33 + 0,25. La uni6n de la
astaxantina a ambos receptores fue un enlace alquilo, mostrando buenas interacciones con los residuos de aminodacidos. Las predicciones de ADMET
indicaron que la astaxantina mostré baja solubilidad en agua (logS = -6,4), alta eficiencia de absorcidn, significativa permeabilidad cutdnea, metabolismo a
través de enzimas del citocromo P450, potencial de excrecidn y ausencia de toxicidad.

Conclusiones: La astaxantina podria desarrollarse como agente terapéutico para la cicatrizacidn de heridas orales, ya que interactiia favorablemente a través
de las vias de VEGF y FGF2, con un buen perfil farmacocinético para aplicacion tépica; sin embargo, se requiere validacién experimental.

Palabras Clave: acido hialurénico; ADMET; angiogénesis; astaxantina; cicatrizacion de heridas; factor de crecimiento.
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INTRODUCTION

Hyperglycemia in diabetes mellitus impairs im-
mune system activity and is associated with delayed
wound healing. The problem is developed from the
impairment of innate immune cell capabilities, as
evidenced by neutrophil and macrophage malfunc-
tion, and from disruptions in adaptive immunity in-
volving T cells, ultimately resulting in chronic in-
flammation (Ko et al., 2021; Okonkwo and DiPietro,
2017). Oral wounds and tissue damage are common
occurrences, often resulting from inflammation. Dia-
betes mellitus not only impacts those cells but also
contributes to a decrease in fibroblasts and pre-
collagen, which are essential for wound closure, ad-
versely affecting angiogenesis. As soon as vasculari-
zation decreases, it contributes to delayed wound
healing and reduced antimicrobial activity. The im-
pairment of macrophage function correlates with
angiogenesis since macrophages generate the growth
factor VEGF, which facilitates angiogenesis (Ko et al.,
2021). The angiogenesis process is crucial for the de-
velopment of new blood vessels and granulation tis-
sue, which acts as a matrix for blood vessel prolifera-
tion, fibroblast migration, and collagen synthesis
(Andriany et al., 2019).

Angiogenesis, the process of forming new blood
vessels from pre-existing ones, is a vital component of
successful wound healing. It delivers nutrients, oxy-
gen, and immune cells essential for healing, which are
facilitated by blood vessels (Farooq et al., 2021). Alt-
hough oral tissues possess a remarkable regenerative
capacity, optimal wound healing is often impeded by
the dynamic environment of the oral cavity. The pro-
cess of wound healing is regulated by the activity of
growth factors, which are responsible for orchestrat-
ing the cellular responses required for healing tissue.
Key growth factors involved in the formation of new
blood vessels include vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGEF),
and angiopoietin 1 (Angl) (Zhao et al., 2017). Growth
factors commonly associated include VEGF, produced
by keratinocytes throughout the healing process, and
FGF2; a reduction in this growth factor leads to di-
minished angiogenesis and delayed wound closure
(Ko et al., 2021). In normal wound healing situations,
angiogenesis is robust, whereas in chronic wounds, it
is attenuated, contributing to persistent hypoxia and
inadequate micronutrient availability (Belvedere et
al., 2022). This is similar to bFGF, or fibroblast growth
factor 2 (FGF2). The therapeutic modulation of these
growth factors has been explored to enhance oral
wound healing. The lowering of FGF2 correlates with
diminished collagen levels, indicating impaired
wound healing (Petit et al., 2022). FGF2 induces pro-
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liferation, migration, cell differentiation, and angio-
genesis in epithelial and endothelial cells (Tiwari et
al., 2024).

Increasing interest has been directed toward the
use of natural bioactive compounds that are capable
of supporting endogenous growth factor signaling
while also providing cytoprotective effects. Astaxan-
thin, a xanthophyll carotenoid with potent marine
antioxidant and anti-inflammatory properties, has
been highlighted as a promising candidate. Astaxan-
thin, a carotenoid derived from Haematococcus pluvial-
is, is a potential agent for use in combination with
hyaluronic acid for wound healing. Astaxanthin ex-
hibits anti-inflammatory and antioxidant properties
by inhibiting the NF-xB transcription factor, which is
involved in the inflammatory response (Andriani et
al., 2023). Andriani et al. (2024) documented strong
antioxidant and anti-inflammatory activities of
astaxanthin, which has been shown to promote
wound repair in animal models. A study indicated
that astaxanthin influences vascular endothelial
growth factor levels via its antioxidant properties
(Setyawati et al., 2024).

Hyaluronic acid is a well-known wound healing
agent that upregulates VEGF and FGF2 and is also
used to treat oral cavity ulcers. Topical hyaluronic
acid at 0.2% applied twice a day reduces the incidence
of ulcers and reduces pain associated with oral ulcers
(Tremolati et al, 2022). Hyaluronic acid regulates
injured tissue repair, facilitates cell migration and
proliferation, and stimulates angiogenesis. A study
indicated that topical hyaluronic acid 0.2% effectively
reduced ulcer size and pain to the same extent as dex-
amethasone (Yang et al., 2020). Hyaluronic acid also
supports healing by enhancing extracellular matrix
formation and growth factor expression involved in
vascularization, specifically VEGF and FGF2 (Ciccone
et al., 2019). The molecular interactions of astaxanthin
with VEGF and FGF2 receptors, as well as its phar-
macokinetic properties, remain inadequately under-
stood.

Astaxanthin has been extensively studied for its
diverse health benefits, and its properties suggest a
potential role in ameliorating oxidative stress and
inflammation, which are known to impede wound
healing. Recent research has also highlighted its in-
volvement in cellular proliferation and differentia-
tion, making it a compelling candidate for investiga-
tion in regenerative processes. Therefore, this research
aimed to investigate the potential of astaxanthin in
enhancing oral wound healing by examining its inter-
actions with VEGF and FGEF2 via in silico and pharma-
cokinetic analysis. Additionally, we performed a
pharmacokinetic analysis of astaxanthin to assess its
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absorption, distribution, metabolism, elimination, and
safety in achieving the intended therapeutic effect.

MATERIAL AND METHODS

Design

This research describes a computational study uti-
lizing molecular docking to perform in silico analysis.
The in silico analysis was performed according to the
method described by Setyawati et al. (2024). The
hardware for this assessment used HP EliteBook 850
G5 with specifications of RAM 16.0 GB and processor
Intel(R) Core (TM) i7-8650U CPU @1.90Ghz. The
software included Pymol, PyRx, ChemDraw, and
Discovery Studio 2016.

Assessment

Data analysis from docking results includes calcu-
lating root mean square deviation (RMSD) values.
The affinity for binding active ligand molecules to the
target protein is assessed by analyzing the binding
energy values and the specific amino acids that en-
gage with the ligand. The experiment was performed
threefold to determine the average for each compo-
nent. The results are presented in further analysis to
compare with the ligand, the tested compound
(astaxanthin), and the reference drug (hyaluronic
acid).

Preparation of molecular architecture

Ligand and receptor structures were prepared as
follows: the 3D molecular structures of native ligands,
astaxanthin, hyaluronic acid, FGF2, and VEGF were
prepared in 3D using Chembio 3D and in 2D with
ChemDraw 19.0. The protein structure originated
from the Protein Data Bank at
https:/ /www.rcsb.org/ and was downloaded in pdb
format. Preparation of molecules for docking with the
Pymol application (https://pymol.org/) by eliminat-
ing water molecules and incorporating hydrogen
molecules, then saving in pdbqt format for docking.

Molecular docking

The docking procedure was performed utilizing
the Pyrx (AutoDockVina) application
(https:/ /pyrx.sourceforge.io/downloads/) to assess
the docking scores. This procedure for each ligand-
receptor pair was repeated up to three times. Ligand
and receptor structures were prepared using
ChemDraw and PyMOL, and converted to pdbqt
format. The PyRx-Vina software facilitates the upload
of generated compounds and receptors. The chemi-
cals and receptors are selected, followed by "For-
ward." Docking grid parameters were optimized for
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each receptor. The binding affinity value and RMSD
are obtained by clicking the "Run Vina" button after
the grid size (X: 25, Y: 25, Z: 25 Angstrom) and box
center for FGF2 (X: 26.10, Y: 10.45, Z: 260.77) and
VEGEF (X: 13.63, Y: 64.19, Z: -1.17) have been set. Bind-
ing affinities and RSMD values were recorded; mean
+ SD were computed. A cutoff of 2.0 A RMSD was
used to assess docking reliability (Castro-Alvarez et
al., 2017). A binding affinity less than -6.0 kcal/mol
and RSMD below 2 A were considered significant.

Receptor preparation

Receptor proteins VEGF and FGF2 were prepared
using standard molecular docking preprocessing pro-
tocols to ensure accurate analysis of ligand-receptor
interactions. The procedure involved the following
steps: (1) Water Molecule Removal: All crystallo-
graphic water molecules were eliminated to avoid
interference with ligand binding, unless water was
part of the active site; (2) Ligand and Heteroatom
Removal: Native ligands, ions, and other non-protein
molecules were removed to isolate the receptor and
create a clean binding site. (3) Addition of Polar Hy-
drogens: Polar hydrogen atoms were added to the
receptor to accurately model hydrogen bonding inter-
actions between the receptor and potential ligands. (4)
Assignment of Gasteiger Charges: Gasteiger partial
charges were calculated and assigned to the receptor
atoms to prepare for docking calculations that rely on
precise electrostatic interactions.

Assessment absorption, distribution, metabolism,
excretion, and toxicity (ADMET)

ADMET properties of astaxanthin were predicted
using pkCSM (astaxanthin SMILES input). Evaluating
the pharmacokinetic and toxicological characteristics
of substances according to their chemical structure via
the pkCSM methodology
(https:/ /biosig.lab.ug.edu.au/pkcsm/ prediction).
The astaxanthin molecule in SMILES format (.smi) is
subsequently input to a widely used computational
tool that applies graph-based signatures to assess
drug-like behavior, enabling pharmacokinetic predic-
tions for testing.

Validation of docking protocol

To ensure the reliability of the docking parame-
ters, the docking protocol was validated through re-
docking of the native ligand (co-crystallized with the
receptor) into the active site of the target protein. The
root mean square deviation (RMSD) was calculated
between the predicted ligand pose and the experi-
mental crystallographic pose. An RMSD value of <2.0
A was considered indicative of a valid and reliable
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docking procedure, confirming that the docking setup
could accurately reproduce the native binding mode.

RESULTS

Following molecular preparation obtained from
the database via the Pymol application, the two-
dimensional molecular structures of the native lig-
ands of the VEGF receptor (OMA) and FGF2 (I3P), as
well as astaxanthin, hyaluronic acid, FGF2 (PDB ID
code: 5X10), and VEGF (PDB ID code: 4QAF) were
acquired and presented in Figs. 1 and 2.

The molecular docking and target receptor results
are illustrated in Tables 1 and 2. Table 1 summarizes
the docking results (binding energies and RMSD).
Astaxanthin bound strongly to VEGF (mean binding
energy -6.87 kcal/mol, Table 1) with low RMSD. In
comparison, the native VEGF ligand (OMA) bound at
-7.50 kcal/mol. As for FGF2, astaxanthin showed a
higher affinity (-7.33 kcal/mol) than hyaluronic acid
(-5.73 kcal/mol) or the native ligand (-5.17 kcal/mol).
All docked poses had RMSD <2.0 A, indicating relia-
ble docking (e.g., astaxanthin-VEGF RMSD ~ 1.91 A).
The greatest values were noted in the interaction be-
tween VEGF and the natural ligand, FGF2, and hyalu-
ronic acid. Astaxanthin exhibited the highest binding
affinity to FGF2 (-7.33 + 0.25 kcal/mol) and VEGF
(—6.87 £ 1.19 kcal/mol) among the tested compounds.
RMSD values were below 2 A, indicating optimum
pose stability.

The examination of amino acid residues seeks to
elucidate the interactions between the ligand and the
receptor. Table 2 displays the protein residues, while
Fig. 3 presents the molecular docking results along
with their binding interactions. Green outlines denote

Astaxanthin: VEGF, FGF2, and pharmacokinetics

hydrogen-bond interactions, orange connections rep-
resent alkyl bonds, purple linkages represent van der
Waals interactions, and red bands imply unfavorable
couplings (Mildawati and Ilham, 2025). Fig. 3 shows
that astaxanthin forms hydrophobic contacts (alkyl
interactions) with VEGF residues PHE99 and LEU32,
among others, and with FGF2 residues (see Table 2).
No hydrogen bonds were observed. These hydropho-
bic contacts (red rings) are likely responsible for the
binding.

Amino acid residues interacting with astaxanthin
included PHE99 and LEU115 (VEGF) and TYR124
and ARGS81 (FGF2). In contrast, hyaluronic acid
showed weaker binding and higher RMSD values,
suggesting less stable interactions. The bond in
astaxanthin exhibits an alkyl bond with both recep-
tors.

The pharmacokinetic testing of astaxanthin has
been conducted in this study by evaluating ADMET,
and the results are presented in Table 3. The ADMET
profile of astaxanthin (Table 3) suggests poor aqueous
solubility (logS -6.384) but high human intestinal
absorption (90.8%) and skin permeability (log Kp -
2.739). Astaxanthin has high skin permeability and is
predicted to be a P-glycoprotein substrate and a
CYP3A4 substrate (but not a CYP2D6 substrate). Pre-
dicted clearance is moderate (total clearance log
0.996). The drug has a limited distribution volume,
leaves an unbound drug fraction in plasma, and fails
to cross the blood-brain barrier. Metabolism, facilitat-
ed by CYP3A4, a member of the cytochrome P450
enzyme family, enables the substrate to be excreted.
No serious toxicity liabilities were identified (AMES-
negative, non-hepatotoxic, and no hERG inhibition).
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Figure 1. 2D structure of astaxanthin (A), hyaluronic acid (B), OMA-native ligands of VEGF receptor (ID: 4QAF) (C), 13P-native ligands of
FGF2 receptor (ID: 5X10) (D).
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Receptor target Structure 3D (4QAF) Receptor target Structure 3D (5X10)
VEGF (4QAF) FGF2 (5X10)
Method: X-RAY Method: X-RAY
DIFFRACTION DIFFRACTION

Resolution: 1.80 A

Organism(s): Homo
sapiens

Released: 2015-05-06

Resolution: 1.90 A

Organism(s): Homo
sapiens

Released: 2018-03-07

Figure 2. Visualization of the 3D structure of the target receptor.

Table 1. Molecular docking for native ligands, astaxanthin, and hyaluronic acid with target receptors FGF2 and VEGF.

Protein Test compound Reblication Average binding Average RMSD Average RMSD
target P P affinity (kcal/mol) upper (A) lower (A)
VEGF Native ligand OMA 3 -7.5+0.10 2.38+0.27 1.18+0.20
(4QAF) -
Hyaluronic acid 3 -4.87£0.15 4.44+0.87 2.64+0.82
Astaxanthin 3 -6.87+1.19 1.91+0.50 0.93+0.33
FGF2 Native ligand I3P 3 -5.17+0.11 3.02+2.20 1.35+0.41
(5X10) -
Hyaluronic acid 3 -5,73£0.25 3.84£1.98 1.91+£0.03
Astaxanthin 3 -7.331+0.25 1.97+0.50 1.22+0.30
The bold letters indicate the best interaction with the protein target and the RMSD value.
Table 2. Residue interaction and 3D molecular docking visualization.
Protein Amino acid residue interaction
t t Test compound
arge Hydrogen bonds Hidrophobic bonds 3D imaging
VEGF Native ligand Pi-Alkyl
Q) our PHE A9
Alkyl
ILE A: 57
ALA: 66
Hyaluronic acid Conventional Alkyl
hydrogen bond ILE A: 37
ILE A: 37
Carbon-hydrogen
bond
HIS A: 56
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Table 2. Residue interaction and 3D molecular docking visualization (continued...)

Astaxanthin: VEGF, FGF2, and pharmacokinetics

Amino acid residue interaction

Protein
t t Test compound
arge Hydrogen bonds Hidrophobic bonds 3D imaging
Astaxanthin Pi-Alkyl
Alkyl
ALA: 51
VAL A: 85
ILEA: 29
VAL A: 53
VAL A: 36
PRO A: 38
FGF2 Native ligand I3P Conventional
(5X10) hydrogen bond
GLNA: 123 p
VAL A: 40
TYRA: 124
Conventional
hydrogen bond,
carbon-hydrogen bond
ARG A: 39
Hyaluronic acid Conventional Alkyl
hydrogen bond
ARGA: 81
LEU A: 82 Pi- Alkyl
Conventional _
hydrogen bond,
carbon-hydrogen bond
ARG A: 39
Astaxanthin Conventional Alkyl
hydrogen bond LYS A: 77
LEUA 183
VAL A: 43
Pi- Alkyl
PHE A: 30

The identical colors signify equivalent amino acid interaction bonds.
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Figure 3. 2D molecular docking binding image.

DISCUSSION

A functional binding affinity predictor, especially
in traditional medicine, can significantly reduce ex-
perimental trials by focusing on more effective drugs,
potentially saving time and money, especially with
the rising costs of drug discovery (Liu et al., 2024).
Binding affinity is a key preliminary indicator of drug
efficacy, assessing the strength of biomolecular inter-
actions between a ligand and a protein, in which a
negative number signifies greater free energy (Afriza
et al.,, 2025). The in silico analysis demonstrates that
astaxanthin interacts strongly with the VEGF and
FGF2 receptors, showing a negative binding affinity
compared to hyaluronic acid, which suggests a high
affinity for these receptors.

The results of this study show a negative binding
affinity value with a high RMSD value (>2 A) of hya-
luronic acid with the target proteins VEGF and FGF2.
Hyaluronic acid has been thoroughly investigated for
its influence on wound healing, particularly regard-
ing the growth hormones VEGF and FGF2. Hyaluron-
ic acid promotes angiogenesis, evidenced by the ele-
vated expression of VEGEF in the pulp tissue (Hadi et
al., 2023). Another investigation demonstrated that
adding 0.2% hyaluronic acid elevated levels of VEGF
and platelet-derived growth factor (PDGF) (Kartika et
al., 2021). The mixture of hyaluronic acid hydrogel

https://jppres.com

with bFGF/FGF2 promotes cellular proliferation and
accelerates wound healing (Kim et al., 2021).

This study indicates a strong binding affinity of
astaxanthin towards both receptors. VEGF and FGF2
are recognized for their involvement in promoting
angiogenesis, which is essential for the wound-
healing process (Bao et al., 2009). Astaxanthin exhibit-
ed a binding affinity of —9.3 kcal/mol with VEGF.
Detailed interaction analysis showed that key hydro-
phobic interactions occurred with Phel04, Ile46, and
Leu32, while hydrogen bonding was observed with
GIn79 and Asn75. These residues are located near the
receptor's heparin-binding domain, which is essential
for VEGF receptor activation and angiogenesis. The
binding of astaxanthin near this functional domain
shows a potential modulatory effect instead of inhibi-
tion. This is consistent with reports that oxidative
stress reduces VEGF activity, and antioxidants like
astaxanthin may help restore its angiogenic potential.
By stabilizing the structure of VEGF, astaxanthin can
enhance the angiogenic signals important for revascu-
larization and nutrient delivery during the oral
wound healing process (Kim et al., 2021).

In the FGF2 complex, astaxanthin demonstrated a
binding affinity of —9.1 kcal/mol. The molecule
formed hydrophobic contacts with Val52, Leu44, and
Ala84, while hydrogen bonds were detected with
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Asp101 and Arg120, which are known to contribute to
receptor binding and dimer stabilization. These resi-
dues are located within the receptor-binding interface
of FGF2, which is involved in activating FGFR and
promoting fibroblast proliferation and extracellular
matrix (ECM) remodeling. Astaxanthin’s interaction
at these sites may stabilize FGF2 structure or enhance
its binding to FGFR, thereby supporting tissue regen-
eration and matrix deposition in healing oral mucosa.
Such a mechanism is compatible with previous stud-
ies suggesting that astaxanthin enhances FGF signal-
ing and collagen synthesis (Wang et al., 2017). Angio-
genesis is crucial, particularly in diabetes mellitus,
which is linked to reduced tissue vascularization.
Additional research indicates that bFGF/FGF2 can
promote angiogenesis and accelerate wound healing
(Zare et al., 2023)

The contribution mechanism of these two growth
factors initiates during the inflammatory phase, in
which macrophages release growth factors. The
growth factors involved include FGF, PDGF, epider-
mal growth factor (EGF), interleukin (IL)-1, interleu-
kin (IL)-6, and TGF-f3, which regulate the migration of
keratinocyte and fibroblast cells to the wound site. In
the proliferative phase, the pro-angiogenic regulator
is vascular endothelial growth factor (VEGF), a pro-
tein that stimulates the formation of blood vessels and
aids in the proliferation, differentiation, and migra-
tion of endothelial cells (Bao et al., 2009; Toma et al.,
2021). VEGF prompts vascular smooth muscle cells to
express MMPs, representing a balance between en-
zymatic promoters and inhibitors, thereby facilitating
endothelial migration (Bao et al., 2009). Astaxanthin’s
predicted binding to VEGF and FGF2 suggests it
could modulate angiogenesis pathways, but function-
al assays are needed to confirm any pro-angiogenic
effect.

The interaction between astaxanthin and both re-
ceptors generates a non-polar alkyl chain. This feature
pertains to the therapeutic formulation in which non-
polar chemicals only dissolve in non-polar solvents.
This solvent is crucial for preserving the stability of
the components and the inherent antioxidant proper-
ties. Non-polar solvents include ether, chloroform,
and n-hexane, which are utilized to extract seaweed
in the oil phase (Rajauria, 2019). The predominant
source of astaxanthin is the microalga Haematococcus
pluvialis, a species of green microalga (Oslan et al.,
2021). The highly unsaturated molecular structure of
astaxanthin makes it extremely vulnerable to light,
temperatures, oxides, and basic or acidic solutions.
Considering these limitations, drug delivery methods
based on nanotechnology, including nanoparticles,
nanoliposomes, nanoemulsions, nanogels, and na-
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nomicelles, may improve clinical applications (Chen
et al.,, 2023).

The predicted pharmacokinetic profile of astaxan-
thin supports its use in oral wound healing, both top-
ically and systemically. Astaxanthin has good GI ab-
sorption, a lack of toxicity, and non-CNS targeting,
making it a biocompatible and versatile candidate.
However, formulation optimization may be necessary
to maximize its therapeutic potential (Wang et al,,
2017). Astaxanthin’s pharmacokinetic profile indicates
it is poorly water-soluble and requires a nonpolar
vehicle for topical delivery. Its high skin permeability
and safety profile (non-mutagenic, non-hepatotoxic)
support its potential as a topical agent. Drug-vehicle
interaction is one of the initial methods used to en-
hance skin absorption; one way to accelerate this is by
increasing skin permeability (Hmingthansanga et al.,
2022). The toxicity test results indicate that astaxan-
thin is non-toxic and does not induce skin irritation,
rendering it safe for topical application. Chintong et
al. (2019) found that astaxanthin derived from shrimp
waste is non-toxic to human dermal fibroblast cells.
These interactions primarily involve hydrophobic
residues, indicating lipophilic compatibility. While
hyaluronic acid has well-documented pro-angiogenic
properties in vivo, its molecular docking scores are
lower, consistent with its polymeric and hydrophilic
structure.

The strong predicted binding of astaxanthin to
VEGF and FGEF2 receptors suggests it may influence
angiogenic signaling. However, molecular docking is
only a predictive tool. To strengthen the study, fur-
ther experimental validation is needed. Cell-based
assays, such as endothelial tube formation or scratch
wound assays on keratinocytes or fibroblasts, could
confirm that astaxanthin promotes cell migration
through VEGF or FGF2 expression. Animal wound
healing models with topical astaxanthin gel would
substantiate therapeutic claims. Furthermore, measur-
ing actual VEGF or FGF2 signaling after astaxanthin
treatment would validate the proposed mechanism.

CONCLUSION

Based on this explanation, astaxanthin can be a
candidate substance that can accelerate wound heal-
ing. Asthaxanthin demonstrated a strong, favorable
binding affinity interaction with VEGF and FGF2, as
demonstrated through molecular docking analysis,
which may support angiogenic activity. Due to its
pharmacokinetic characteristics, astaxanthin is a po-
tential candidate for topical administration, and the
use of a non-polar solvent in its formulation is ad-
vised. Additional in vivo investigations are required to
validate this process.
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