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Abstract: Dietary chemical carotenoids are predominantly found in colored foods and consumed
worldwide. Carotenoids, whether natural or as supplements, have been shown to possess beneficial
health effects, including antioxidant, anti-inflammatory, and anticancer properties; however, their
effects on bFGF-mediated angiogenesis and their possible binding to bFGF are unknown. This study
investigates the anti-angiogenic activity of some carotenoid substances compared to the authorized anti-
angiogenic medicine (regorafenib) using an in silico approach. Key aspects, such as binding affinity,
stability, and structural parameters, were evaluated using molecular docking and molecular dynamics
simulations (MDS). Additionally, the OSIRIS tool was applied to assess toxicity risk and drug-likeness
properties. Docking analysis showed that B-carotene bound strongly to bFGF (-7.5 kcal/mol),
comparable to regorafenib (-7.6 kcal/mol), while zeaxanthin displayed moderate affinity (-6.6
kcal/mol), while lutein (-4.4 kcal/mol) and lycopene (-4.1 kcal/mol) exhibited weaker binding.
Duplicate MDS confirmed that all carotenoid-bFGF complexes remained structurally stable, exhibiting
low root mean square deviation (RMSD)/root mean square fluctuation (RMSF) values, stable radius of
gyration (Rg), solvent accessible surface area (SASA), and hydrogen bond numbers similar to or higher
than those of regorafenib. OSIRIS property explorer predicted a favorable safety profile for all
carotenoids, with zeaxanthin and lutein showing comparatively better drug-likeness. Overall,
carotenoids displayed low predicted toxicity and represented promising natural scaffolds for further
investigations. These findings are based on computational analysis and require further experimental
validation.

Keywords: Carotenoids; antiangiogenic activity; bFGF; regorafenib; molecular docking; molecular
dynamics simulation; toxicity prediction.
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1. Introduction

Angiogenesis is the primary process of forming new blood vessels and plays a crucial
role in both pathological and biological conditions [1]. It is slightly regulated by pro- and anti-
angiogenesis factors, such as vascular endothelial growth factor (VEGF), platelet-derived
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growth factor (PDGF), and angiostatin [1], which is critical for human development, invasion,
and metastasis [2]. Discrepancies in the secretion levels of these proteins influence the
angiogenesis process, leading to numerous clinical complications, including cancer, diabetic
retinopathy, cardiovascular disorders, and impaired wound healing [3]. bFGF is a pro-
angiogenic ligand that can alter vascular endothelial cell metabolism by upregulating
hexokinase 2(HK2), which regulates the glycolytic process and promotes angiogenesis [4].
When bFGF binds to FGFRs, it activates downstream signaling pathways, including the
PLCy/IP3/Ca2" pathway [5]. This route activates protein kinase C (PKC), a key regulator of
angiogenesis [5]. Tumor angiogenesis has been closely related to dysregulated bFGF signaling
[3], such as adrenocortical carcinoma [5] and lung cancer [6]. bFGF was chosen as a docking
target because it is a significant pro-angiogenic growth factor that directly influences
endothelial cell proliferation, migration, and angiogenesis [6]. Because bFGF is a therapeutic
target for many cancer treatments, such as radiation, chemotherapy, and immunotherapy [7],
there is a need for a natural compound that can also target bFGF. Although a substantial amount
of research has been committed to anti-cancer therapies that combat these incurable and fatal
diseases, none of them has shown consistent clinical effectiveness. The purpose of this study
is to investigate the potential regulatory effects of carotenoids on bFGF protein using
bioinformatics tools. Cancer is a leading health problem due to high mortality and morbidity
worldwide. Researchers and doctors offer other interventions to prevent cancer progression [8].
Several cancer treatments were reported by the National Cancer Institute (NCI), covering
radiotherapy, immunotherapy, chemotherapy, hormone therapy, stem cell therapy, and nuclear
medicine, but with progression, cancer cells can develop drug resistance [8]. Hence, a new
treatment approach should be discovered, like the natural product approach. Regorafenib is
considered an inhibitor of numerous kinases that promote the development of tumors as well
as angiogenesis, covering vascular endothelial growth factor (VEGF), platelet-derived growth
factor receptor (PDGFR), fibroblast growth factor receptor (FGFR), and pigmented epithelium-
derived factor (PEDF). In typical pharmaceutical use, regorafenib is a multikinase that targets
many receptor tyrosine kinases, including hence, indirectly influencing bFGF-mediated
signaling pathways, rather than directly blocking bFGF [9]. Regorafenib can treat different
kinds of malignancies, like prostate cancer and lung cancer, by blocking the pathways of tumor
development. Further, it may address the targets involved in angiogenesis control and tumor
stroma [10]. There are two main types of carotenoids: carotenes and xanthophylls. a- and -
carotene are from carrots, and lycopene is found in tomatoes [11]. These are only hydrocarbons.
Xanthophylls are carotenoids that contain oxygen and additional functional groups such as
alcohol, carbonyl, or other groups. Some of the xanthophylls include lutein, zeaxanthin, and a-
and B-cryptoxanthin. They are powerful antioxidant compounds that protect cells from
oxidative damage and aging [12].

Carotenoids represent various pigments found abundantly in fruits and vegetables [13].
These phytochemicals have been given special attention for their health benefits and biological
activities [14]. Carotenoids’ ability to stop angiogenesis plays a significant role in controlling
cancer progression [15].

Previous studies demonstrated that carotenoids exhibit antioxidant, anti-inflammatory,
and antiglycation effects by regulating pathways including NF-xB, p38 MAPK, and
AGE/RAGE signaling. These biological changes may directly contribute to anti-angiogenic
action by reducing oxidative stress and inflammatory mediators [16]. Carotenoids are often
insoluble and have low bioavailability [17]. This limits their therapeutic potential in vivo,
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rendering them ineffective as viable therapeutic options [18]. Furthermore, in vivo research is
often expensive and logistically difficult, especially when investigating various chemical
combinations [19]. Therefore, the current work focused on computational methodologies to
guide molecular interactions between carotenoids and bFGF, thereby improving the efficiency
of drug discovery and cancer therapy development, thereby addressing the limited availability
of such studies. However, the interactions between carotenoids and bFGF are unknown.

The use of in silico approaches offers several beneficial strategies. Computational
methods improve drug discovery efficiency by selecting prospective drug combinations,
considerably reducing the time and resources required for investigation validation [20]. It also
contributes to a better understanding of conditions, thereby increasing the accuracy of
outcomes generated by simulation [19]. Most scholarly work continues to limit the use of both
in vitro and in vivo investigations to explore the anticancer capabilities of carotenoids and their
appropriate use. The limitations of these studies highlight the importance of combining
computational methodologies to optimize drug discovery and therapeutic development.
Furthermore, the findings of this study will assist the development of angiogenesis therapeutics
using natural compounds and increase the interest in carotenoids’ therapeutic potential for
treating angiogenesis-related disorders.

2. Materials and Methods
2.1. Molecular docking.

2.1.1. Coordinates preparation.

Basic Fibroblast Growth Factor (bFGF, PDB ID:1BGF) was retrieved from the Protein
Data Bank (PDB) at a resolution of 1.6 A. The crystallographic water molecules were removed
using the PyMOL molecular graphics system (version 3.1.1) to optimize the structure and
facilitate accurate prediction of ligand-binding sites [21].

To analyze the surface topology and identify potential ligand-binding sites, the three-
dimensional (3D) structure of 1BGF was uploaded to CASTp (Computed Atlas of Surface
Topography of proteins) (http://sts.bioe.uic.edu/). This tool was employed to detect and
characterize pockets, pocket mouth openings, and internal cavities within the protein structures
[22].

Five  substances  were  retrieved from the  PubChem  database
(https://pubchem.ncbi.nlm.nih.gov/), Table 1, a comprehensive chemical repository that
provides detailed information on molecular formula and structural properties [23]. As
summarized in Table 1, the selected compounds included regorafenib (CID: 11167602), B-
carotene (CID: 5280489), zeaxanthin (CID: 5280899), lutein (CID: 5281243), and lycopene
(CID: 446925); the two-dimensional structures of the selected compounds are shown in Figure
1. The chemical structures were downloaded in SDF format based on data reported in the
literature. Subsequently, the Online Smiles Translator (https://cactus.nci.nih.gov/translate/)
was used to convert the structures into PDB format [24]. Ligand geometry optimization was
performed using the Open Babel tool implemented in PyRx (version 0.8) through energy
minimization to obtain stable conformations [25]. Each ligand was processed individually and
used in PDB format for subsequent docking and analysis. To ensure the reliability and
reproducibility of the docking results, the simulations were repeated multiple times, and the
best constant-binding poses were selected for analysis.
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Table 1. Detailed information on carotenoids used

Ligand names Molecular formula Molecular weight (g/mol)
Regorafenib C21H15CIF4N4O3 482.8
Zeaxanthin CaoHs602 568.9
B-Carotene CaoHss 536.9

Lutein CaoHs602 568.9
Lycopene CaoHss 536.9
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Figure 1. Two-dimensional (2D) structures of the studied compounds.
2.1.2. Molecular docking analysis and visualization.

PyRx software (v.0.8) was utilized to perform molecular docking, with the bFGF
protein (LBGF) as a macromolecule and carotenoids [zeaxanthin, B-carotene, lutein, lycopene]
and regorafenib as ligands [26]. PyRx software enhanced AutoDock Vina’s features. In order
to have a good prediction of how protein-ligands will bind correctly, the grid settings were
modified [21]. Moreover, to ensure the accuracy of the docking process, all ligands provided
specific coordinates for the grid center (X, y, z) and the grid size specific to them, as shown in
Table 2. To generate proper conformational selection and repeatability, molecular docking was
done with an exhaustiveness value of 8. For each ligand, 8 docking poses were created, and the
binding pose with the highest binding affinity was chosen for further study. During the docking
simulations, AutoDock Vina's default random seeds were employed. Before performing
docking simulations, protein and ligand structures were created and converted to PDBQT
format in the PyRX environment. PyMOL was used to generate the protein-ligand complexes
by uploading the protein and each conformation with the highest affinity separately; the
complexes were saved as PDB files for further analysis. To visualize the protein-ligand
interactions, including non-bonded or covalently bonded interactions, BIOVIA Discovery
Studio Visualizer (DSV) (v. 4.0) was used [27].
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Table 2. Grid parameters for ligands docking

Ligands Grid center points (A) Grid size (A)
Center-x Center-y Center-z Size X Sizey Sizez
Regorafenib 15.13 18.64 21.02 18.15 17.92 17.92
Zeaxanthin 18.27 14.72 21.15 18.1 25.0 20.4
B-carotene 16.28 17.04 18.55 25.0 25.0 14.0
Lutein 21.061 14.93 14.28 28.83 25.0 13.8
Lycopene 17.01 16.23 14.94 25.0 25.0 13.97

2.2. Molecular dynamics simulation (MDS).

MDS was carried out for protein-ligand complexes using the GROMACS 96 54a7 force
field and GROMACS 2018.8 packages for 100 nanoseconds (ns) [28, 29]. GROMACS was
installed on a computer running Ubuntu 18.04.6 LTS and equipped with an 8-core Intel Core
17-9700 [30]. Ligand topology files were created using the Automated Topology Builder (ATB)
and repository (version 3.0) [31]. Each system was submerged in a cubic box with the following
dimensions: box volume 3018.13 nm?, box vectors 8.976, 11.412, and 8.233 nm, box angles
90.00 degrees, and box center (1.680, 10.069, 1.926) nm. The system was solvated using simple
point-charge (SPC) water molecules, and enough sodium ions were added to balance the
overall charge. In GROMACS, the genion module was used to neutralize the system by adding
an appropriate quantity of sodium ions. Energy minimization was applied to the systems until
the minimum energy of 1000 KJ was reached [28]. For electrostatic interactions over long
distances, the particle-mesh Ewald method was employed. We used a two-visualizer ensemble
technique (NVT and NPT) for 100 ps to bring all systems to equilibrium at 300K. The NVT
and Parrinello-Rahman methods used Berendsen thermostats without pressure coupling. The
NPT ensemble kept the pressure at 1 bar (P) [32]. We analyzed all trajectory files using the
GROMACS program [29]. For the simulation trajectory analysis, the GTgrace plotting tool
(https://plasma-gate.weizmann.ac.il/Grace/) was used to visualize and validate the trajectory
data [29].

2.3. Toxicity risk assessment.

Osiris is a free tool that predicts the pharmacokinetic and toxicity features of drug-like
molecules. It evaluates the toxicity risk for factors such as mutagenicity, tumorigenicity,
irritancy, and reproductive consequences [33]. The expected results are graphically displayed
using a color-code scheme, with green indicating acceptable drug-like qualities and minimal
toxicity risk, and red indicating potential toxicological issues [33]. The chemical structure was
uploaded in SMILES format to ensure that it is compatible with the program’s automatic
chemical validation mechanism. This process helps to reduce mistakes caused by inaccurate or
incorrectly formatted chemical structures.

3. Results and Discussion

3.1. Molecular docking analysis.

CASTp is a computational tool that automatically identifies and measures protein
surface pockets, protein mouth openings, and buried cavities, providing detailed information
on lining atoms, as well as the area, volume, and circumference of pockets and cavities [34].
There are just certain residues that make up the binding site: TRP37, ILE38, GLU39, LYS73,
LEU79, ILE80, HIS81, and ILE86. In addition, earlier research has shown that LYS119,
ARG120, LYS125, and LYS135 are important residues involved in ligand interactions.
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Docking is the process of determining the optimal orientation of a ligand within the
active site of a protein receptor [35]. The PyRX software was used to bind five ligands
(regorafenib, zeaxanthin, [3-carotene, lutein, and lycopene) to the bFGF protein, generating
protein-ligand complexes [36]. Molecular docking used the binding affinity score to assess the
interaction between the molecule (ligand) and the receptors [37]. The molecular docking results
suggest that the analyzed ligands showed variations in binding affinity, demonstrating their
ability to bind to the target protein. For comparison, regorafenib, the control drug, has the
strongest binding affinity (-7.6 Kcal/mol). The capacity of B-carotene is about the same as that
of regorafenib, with a binding affinity of (-7.5 Kcal/mol). Next was zeaxanthin (-6.6 Kcal/mol),
which still had a strong binding affinity. Lutein (-4.4 Kcal/mol) had a valine interaction, but its
binding capability was lower, but still important. The strong affinities observed for zeaxanthin
and B-carotene suggest they may be bioactive molecules warranting further investigation.
However, lycopene and lutein were found to have lower binding affinities, suggesting that these
ligands may exhibit limited binding capacity. These findings indicated that structural
modifications influenced the process of ligand binding. Further, the additional studies indicated
are required via MDS and clinical investigations to elucidate the significance of these
interactions. Zeaxanthin and B-carotene have high binding affinities, indicating potential
biological activity that requires further explanation. In contrast, lycopene and lutein have lower
binding affinities, which may reflect an underlying limited potential for significant interactions.
These observations call attention to the contribution of structural modifications to the
efficiency of binding, emphasizing the necessity of further conformation with MDS. Table 3
and Figures 2-6 show the binding affinity and the different kinds of interactions formed in all
complexes.

Table 3. Binding affinity analysis of various ligands against the bFGF protein

Ligand’s name Binding affinity (kcal/mol) Interactions Residues
van der Waals ASP41, ASP37, LYS86, SER87,
ARG72, GLY38, ALA84
Conventional Hydrogen Bond GLN123, LYS77, SER85
Regorafenib -7.6 Carbon-Hydrogen Bond TYR124
Halogen VAL40, GLN123
Pi-Donor Hydrogen Bond TYR124, GLU91, THR89
Pi-Alkyl ARG39, LEU83, TYR124
LYS119, GLN123, ASP37, GLY38,
Van der Waals VAL40, ARG72, SER87, THR89,
LYS77, SER85, ALA84, LEU82
B-carotene -7.5 Pi-Sigma TYR124
Alkyl LYS86, ARG39, LEU83, ARG81,
LEU126
Pi-Alkyl TYR124
GLN123, LEU82, GLY38, ALA84,
Van der Waals ARG81, ARG72, LYS119, VALA40,
. ASP37, SER85, LYS77, THR89
zeaxanthin -6.6 Conventional Hydrogen Bond SER87
Pi-Sigma TYR124
Alkyl LEU83, LYS86, ARG39
van der Waals LYS125, GLN123, ASP37, HIS50,
ASP41, VAL40
Lutein -4.4 Alkyl LYS119, LYS129, LEU126, PRO36,
ARG39
Pi-Alkyl HIS35, TYR124
Van der Waals ASP41, ARG33
Unfavorable Bump GLN123
Lycopene -4.1 Pi-Sigma TYR124, HIS35
Alkyl ARG39, LYS119, LYS129, LEU126
Pi-Alkyl LEU126, HIS35
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It should be highlighted that slight variations in docking scores between investigated
compounds may be due to inherent constraints of molecular docking calculations and should
not be regarded as definitive evidence of differences in biological potency.

GLN
A:123
ASP
A:41
[1 van der Waals 771 Halogen ( Florine)
I Conventional Hydrogen Bond [ Pi donar Hydrogen Bond
[ van der waals [ Alkyl

Figure 2. Docking analysis of the bFGF-regorafenib complex. (A) 3D structure of the docking pose showing the
bFGF (brown cartoon) and ligand (green stick); (B) 2D interaction diagram depicting the bFGF-regorafenib
interactions, including van der Waals, conventional hydrogen bonds, halogen (fluorine), pi-donor hydrogen

bonds, and pi-alkyl forces. The ligand (green) is represented as sticks.

[ van der Waals [ Alkyl
"] conventional Hydrogen Bond [ Pi-Alkyl
I Pi-sigma

Figure 3. Docking analysis of the bFGF-zeaxanthin complex. (A) 3D structure of the docking pose showing the
bFGF (brown cartoon) and ligand (green stick); (B) 2D interaction diagram depicting the bFGF-zeaxanthin
interactions, including van der Waals, conventional hydrogen bonds, pi-sigma, alkyl, and pi-alkyl forces. The
ligand (green) is represented as sticks.

[ ] Van der Waals [ 1 Alkyl

I Pi-Sigma [ ] Pi-Alkyl

Figure 4. Docking analysis of the bFGF—f-carotene complex. (A) 3D structure of the docking pose showing the
bFGF (brown cartoon) and ligand (green stick); (B) 2D interaction diagram depicting the bFGF-g-carotene

interactions, including van der Waals, pi-sigma, alkyl, and pi-alkyl forces. The ligand (green) is represented as

sticks.
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Figure 5. Docking analysis of the bFGF-lutein complex. (A) 3D structure of the docking pose showing the
bFGF (brown cartoon) and ligand (green stick); (B) 2D interaction diagram depicting the bFGF-lutein
interactions, van der Waals, alkyl, and pi-alkyl forces. The ligand (green) is represented as sticks.

[T] Vvan der Waals [ Alkyl
B Unfavorable Bump [ Pi-Alkyl
[ Pi-Sigma

Figure 6. Docking analysis of the bFGF-lycopene complex. (A) 3D structure of the docking pose showing the
bFGF (brown cartoon) and ligand (green stick); (B) 2D interaction diagram depicting the bFGF-lycopene
interactions, including van der Waals, unfavorable bumps, pi-sigma, alkyl, and pi-alkyl forces. The ligand

(green) is represented as sticks.

3.2. Molecular dynamics simulation (MDS).

MDS was used to assess the accuracy of docking results and the stability of protein-
ligand interactions in an artificial environment [32]. Its highly successful technology is
commonly employed in drug development [38]. The primary advantage of MDS is that it
clearly accounts for entropic effects and structural flexibility, providing extensive information
on how proteins interact with drugs or ligands and on protein dynamics [39]. It also captures
receptor-ligand interactions in real time by showing how ligand binding changes over time,
even as its structure changes [32]. Molecular docking illustrates only one manner in which the
ligand-protein complex can fit together [32]. We performed a 100 ns MDS of bFGF complexes
to better understand how they bind to one another, including the reference molecule.

3.3. Post-trajectory analysis.

3.3.1. Root mean square deviation (RMSD).

Complexes’ stability was analyzed according to the RMSD after 100 ns MDS. The
RMSD analysis was performed simultaneously on the ligands and the protein backbone atoms.
The bFGF-carotenoid complexes exhibit more significant stability than the bFGF-regorafenib
complex. The value of the RMSD should range from 0.01 to 0.35 nm [32]. The RMSD study
https://biointerfaceresearch.com/ 80f18


https://doi.org/10.33263/BRIAC164.110

https://doi.org/10.33263/BRIAC164.110

revealed that all complexes were highly stable over 100 ns MDS with average values ranging
from 0.11 to 0.14 nm. Initial fluctuations were seen during the first (10-20) ns of the
simulation’s early stages, which indicated system equilibration. After which, trajectories
gradually stabilized and maintained a relatively constant RMSD profile until the end of the
simulation period, indicating time-dependent convergence behavior. Among the analyzed
systems, the bFGF-regorafenib had the highest average RMSD value (0.14 nm) and larger
fluctuations, notably between 60 and 80 ns. Carotenoid complexes with lower RMSD values,
such as bFGF-zeaxanthin (0.11 nm), bFGF- g-carotene (0.12 nm), bFGF-lycopene (0.12 nm),
and bFGF- lutein (0.13 nm), indicate reliable protein-ligand interactions throughout
simulations; see Table 4 and Figure 7. All carotenoids also showed low deviations, indicating
greater and more stable binding to bFGF than regorafenib. It subsequently demonstrated that
complexes are rigid.

Table 4. RMSD values of the bFGF-carotenoid complexes.

Complexes Average RMSD value (nm)
bFGF-regorafenib 0.14
bFGF-zeaxanthin 0.11
bFGF-p-carotene 0.12
bFGF-lutein 0.13
bFGF-lycopene 0.12
0.4 _* L 1 1 | 1 | 1 | ! :5_
=== bFGF - Regorafenib
=== HFGF - B-Carotene 3
=== bFGF - Zeaxanthin
bFGF - Lutein
0.3 4 bFGF - Lycopene -
g
9) 0.2
= ‘l *
z AL | m

e
|

fh ﬁm‘% ‘HMW“ Wy A 'nff‘w

0 _:F T ] T l T ‘ T I T :F_
0 20 40 60 80 100
Time (ns)

Figure 7. Time evolution of RMSD (nm) for bFGF in complex with different ligands over 100 MDS. The plot
compares the structural stability of bFGF when bound to regorafenib (black), g-carotene (blue), zeaxanthin
(red), lutein (magenta), and lycopene (cyan).

3.3.2. Radius of gyration (RQg).

Rg is a metric commonly used to assess the stability of complex biological systems
along MD trajectories [32] by estimating the structural compactness of biomolecules.
Following the MDS, the stability of the complexes was evaluated to determine whether they
maintain a folded or unfolded conformation. Minor shifts were observed during the first 0-10
ns equilibration period, but the complex maintained very stable Rg trajectories for the
remainder of the simulations. The average Rg values for protein-ligand complexes were
comparable, ranging between [1.34 and 1.35] nm, with a minimal value of about 0.01 nm. This
shows that ligand binding has minimal influence on the protein's overall compactness and
structural stability. Because Rg represents the protein's compactness and flexibility, these
identical results indicate that none of the ligands appreciably alter its conformation.

https://biointerfaceresearch.com/ 90f 18
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Regorafenib (i.e., the reference ligand) had an Rg of 1.35, which is similar to that of lycopene
and lutein. If the Rg remained generally stable during the MDS, it was considered adequately
folded; otherwise, it was considered unfolded [32]. We can conclude that all complexes
behaved identically, with no significant variation, and that all Rg values were consistent with
measurements against the reference. Therefore, we infer that these compounds are well
superposed and have a high level of stability (see Table 5 and Figure 8).

Table 5. The average values of Rg (nm) in the bFGF-carotenoid complexes

Complexes Average value of Rg
bFGF-regorafenib 1.35
bFGF-zeaxanthin 1.34
bFGF-p-carotene 1.34

bFGF-lutein 1.35

bFGF-lycopene 1.35

wmm bFGF - Regorafenib

=== bFGF - B-Carotene —

=== bFGF - Zeaxanthin
bFGF - Lutein
bFGF - Lycopene -

L

s A -M"W'NW'* e %M‘W‘“MM

3 T J T ¥ T ' T ' g
0 20 40 60 80 100
Time (ns)
Figure 8. Rg in complex with various ligands over 100 ns MDS. The plot compares the structural compactness
of bFGF when bound to regorafenib (black), g-carotene (blue), zeaxanthin (red), lutein (magenta), and lycopene

(cyan).
3.3.3. RMSF analysis.

RMSF is a useful parameter for analyzing local fluctuations of protein chain residues
and ligand atoms under specific temperature and pressure conditions [39]. The RMSF plot
provides a standard representation of residues that have undergone significant changes during
MDS [21]. Higher RMSF values indicate greater flexibility and the chance of local
conformation changes, whereas lower RMSF values reflect more flexibility and stiffness [21].
Regorafenib exhibited significant structural fluctuations, particularly spanning amino acid
residues (35-40), (118-124), and (129-139). A pronounced peak at residue 130 indicated
increased local flexibility and might even change shape. All carotenoid bond complexes
exhibited reduced fluctuations, indicating that the bFGF-carotenoid complexes remain
structurally stable. The structures of zeaxanthin and lycopene showed marked similarity at 0.7
nm. This indicates substantial stabilizing effects. In contrast, -carotene and lutein contributed
to structural stability while allowing a modest degree of flexibility, which may facilitate
functional adjustments in bFGF without inducing excessive rigidity.

Overall, RMSF analysis revealed that the bFGF-regorafenib complex exhibited higher
flexibility (0.09 nm) compared with carotenoid-bound complexes, which showed lower RMSF
values (0.07-0.08 nm), as presented in Table 6 and Figure 9. These findings indicate that all
carotenoids maintain bFGF's structural stability more effectively than regorafenib, thereby
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preventing excessive flexibility that could compromise protein function. The enhanced
structural stability observed in carotenoid-bound complexes suggests their potential utility as
natural alternatives or complementary agents in cancer therapy [40].

Table 6. Average RMSF (nm) values of bFGF in complex with different carotenoids.

Complexes Average RMSF value (hm)
bFGF-regorafenib 0.09
bFGF-zeaxanthin 0.07
bFGF-p-carotene 0.08
bFGF-lutein 0.08
bFGF-lycopene 0.07
04_,!: 1 1 1 | 1 .J}_
wem bFGF - Regorafenib
7 === bFGF - B-Carotene i
we= bFGF - Zeaxanthin
0.3 bFGF - Lutein -
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Figure 9. RMSF analysis of bFGF compared with g-carotene (blue), zeaxanthin (red), lutein (magenta), and
lycopene (cyan) in comparison to regorafenib (black) over 100 ns.

3.3.4. Hydrogen bonds.

Hydrogen bonds have an important role in molecular recognition and protein structural
stability [39]. Between 10 and 40 ns, the complexes exhibited consistent total hydrogen bond
counts, ranging from 75 to 95 interactions. Rapid rises and declines were observed throughout
the mid-simulation period (40-70 ns), notably in the bFGF-regorafenib complex, which
fluctuated more than the carotenoid bond systems. No sustained drop in hydrogen bond number
was seen. During the last (70-100) ns time frame, the carotenoid complexes, notably bFGF-
lycopene and bFGF-lutein, showed rather hydrogen-bond distributions, with frequent increases
exceeding about 100 interaction points. Table 7 and Figure 10 illustrate the total number of
hydrogen bonds formed between bFGF and regorafenib, as well as between bFGF and f-
carotene, zeaxanthin, lutein, and lycopene over a 100 ns simulation period. Regorafenib, a well-
known anti-angiogenesis medicine [1], has an average of 84 hydrogen bonds, while carotenoids
have slightly higher averages of 85 and 86. Despite these negligible differences, the general
trend within the variation is similar across all compounds, with hydrogen-bonded values being
largely clustered between 84 and 86. This indicates that comparable and slightly hydrogen-
bonded numbers were observed for the carotenoid-bFGF complexes relative to the bFGF-
regorafenib complex. Overall, the hydrogen bond analysis indicated that all hydrogen bonds in
complexes had similar interaction networks and overall structural stability during the MDS.
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Table 7. Total number of H-bonds in bFGF-carotenoid complexes.

Complexes Average value of H-bond
bFGF-regorafenib 84
bFGF-zeaxanthin 86
bFGF-f-carotene 85
bFGF-lutein 86
bFGF-lycopene 86
140 - L | L | L | | J,_
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=== bFGF - B-Carotene
ws= bFGF - Zeaxanthin
bFGF - Lutein
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Figure 10. Total number of H-bond analyses. H-bonds formed in bFGF-carotenoid complexes throughout a 100
ns MDS. Regorafenib (black), -carotene (blue), zeaxanthin (red), lutein (magenta), and lycopene (cyan).

3.3.5. SASA analysis.

The SASA analysis quantifies the solvent-accessible surface area of a protein, which
can influence various biophysical properties [41]. SASA influences a variety of biophysical
parameters and is critical for protein folding and stability because it classifies amino acid
residues as buried or exposed, thereby affecting their interactions and function. Such a
parameter is useful for evaluating the compactness of backbone atom treatment. SASA
fluctuations over time indicate complexes undergoing folding and unfolding, with lower SASA
scores suggesting greater structural compactness [41]. The SASA values indicate small
differences in the compactness of the bFGF protein upon complexation with various
carotenoids. Between 10 and 50 ns, all complexes exhibited relatively stable SASA values,
with only minor fluctuations. During the following simulation period (50-100 ns), the
complexes maintained a highly stable SASA profile, with no significant increases or decreases.
bFGF-regorafenib is the reference and has a good SASA value (72 nm?), indicating a relatively
more expanded conformation. The bFGF-S-carotene and bFGF-lutein complexes presented the
lowest SASA values (70 nm?), denoting a more compact structural fold. Meanwhile, the bFGF-
zeaxanthin and bFGF-lycopene complexes obtained a SASA value of 71 nm? (Table 8 and
Figure 11). These subtle differences imply that different carotenoids influence the protein’s
structural conformation to a minor extent. It was observed that despite such a difference,
carotenoids can bind in bFGF’s hydrophobic pocket without causing major distortions, as
supported by their narrow SASA range of (70.0-72.0) nm2. Their binding does not significantly
affect the compactness estimation of the structure, and variations are unlikely to reflect a
meaningful impact on changes in protein stability throughout the complexes. The investigation
of SASA and hydrogen bonding further confirms that the small molecules are stably bound to
the protein.
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Table 8. Average SASA (nm?) values for bFGF in complexes with different carotenoids.

Complexes SASA (nm?)
bFGF-regorafenib 72
bFGF-zeaxanthin 71
bFGF-p-carotene 70

bFGF-lutein 70

bFGF-lycopene 71
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Figure 11. SASA analysis of bFGF bound with g-carotene (blue), zeaxanthin (red), lutein (magenta), and
lycopene (cyan) in comparison to regorafenib (black) over a 100 ns simulation.

Generally, the MDS analysis enables us to understand better the conformational
behavior of the bFGF protein in the presence of regorafenib and carotenoid molecules. The
findings (Table 9) emphasize that carotenoid complexes maintained stable interactions
throughout the simulations, with stability patterns similar to those reported for the regorafenib
complex. Additional experimental validation may be necessary to validate the biological
stability and activity of the selected compounds, which may act as antiangiogenic compounds.
It also provides a better platform to support future discoveries and the development of new
substances for angiogenesis.

Table 9. Summary of average values from the MDS results.

Complexes RMSD (nm) Rg (nm) RMSF (nm) H-bonds (number) SASA (nm?)
bFGF-regorafenib 0.14 1.35 0.09 84 72
bFGF-zeaxanthin 0.11 1.34 0.07 86 71
bFGF-f-carotene 0.12 1.34 0.08 85 70
bFGF-lutein 0.13 1.35 0.08 86 70
bFGF-lycopene 0.12 1.35 0.07 86 71

3.4. Toxicity risk assessment.

To identify significant factors such as toxicity, the OSIRIS prediction tool was
employed [42]. The toxicity profiles of the selected carotenoids were compared with that of the
reference molecule. The evaluated parameters are summarized in Table 10 and Figure 12. The
in silico assessment indicated that the reference molecule (regorafenib) and the chosen
carotenoids (zeaxanthin, B-carotene, lutein, and lycopene) were predicted to be non-mutagenic,
non-tumorigenic, and non-reproductively toxic, with only lutein showing a potential irritant
effect. These suggested a generally favorable safety profile, based on OSIRIS fragment-based
toxicity prediction, as therapeutic effectiveness is closely dependent on drug safety [43].

Notable variations were noted in key physicochemical parameters relevant to
pharmacokinetics, particularly molecular weight and lipophilicity. All evaluated carotenoids
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had molecular weights above 500 Da, which may limit their oral bioavailability. However,
several approved drugs exceed this threshold, and natural compounds have been reported to
retain permeability up to approximately 700 Da, indicating that molecular weight does not
preclude therapeutic potential [44]. Regorafenib exhibited moderate calculated logarithm of
octanol-water partition coefficient lipophilicity (cLogP=4.24), whereas all carotenoids showed
excessive lipophilicity (12.0-16.3), exceeding the optimal range associated with good
absorption. Consistent with this, all carotenoids displayed moderate predicted agueous
solubility (LogS = -6.54 to -7.6). Regorafenib also showed substantially higher topological
polar surface area (TPSA=92.35 A?) compared with zeaxanthin and lutein (40.46 A?), while B-
carotene and lycopene exhibited zero TPSA, reflecting their highly nonpolar nature.

Drug-likeness analysis revealed positive values for zeaxanthin and lutein (0.35),
whereas regorafenib, B-carotene, and lycopene displayed negative values. Integration of these
parameters into the drug score showed that regorafenib had the highest overall score (0.23),
followed by zeaxanthin and lutein (0.15), with B-carotene and lycopene having the lowest
scores. Among carotenoids, zeaxanthin and lutein showed more favorable drug-likeness,
making them suitable starting scaffolds for further optimization, and their favorable in silico
toxicity profiles are consistent with a previous report describing their preventive and protective
health effects. Despite a hopeful computational finding, carotenoids may pose pharmaceutical
challenges due to their high lipophilicity, limited water solubility, and potentially low
bioavailability. Furthermore, additional experimental studies are needed to confirm current
computational findings.

Table 10. Molecular properties prediction and toxicity profile of carotenoids in comparison with the reference
drug (regorafenib).

Categories properties Regorafenib Zeaxanthin p-carotene Lutein Lycopene
Mutagenic No No No No No
Tumorigenic No No No No No
Irritant No No No Yes No
Reproductive effect No No No No No
cLogP 4.24 12.17 13.87 12.0 16.3
Solubility -7.0 -6.54 -7.33 -6.57 -7.6
MW 482 568 536 568 540
TPSA 92.35 40.46 0.0 40.46 0.0
Drug-likeness -5.02 0.35 -3.35 0.35 -4.56
Drug score 0.18 0.15 0.1 0.15 0.06
Toxicity Risks
Regorafenib Zeaxanthin J-carotene Lutein Lycopene
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Figure 12. In silico evaluation of toxicity risk and drug-likeness parameters of the investigated carotenoids in
comparison with the reference drug (regorafenib).
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The current study used the OSIRIS property explorer as a preliminary toxicity
prediction tool; however, future studies may use an additional ADMET platform for more in-
depth pharmacokinetic and toxicity evaluation.

4. Conclusion

The present in silico study indicated that selected carotenoids form stable complexes
with bFGF, suggesting their potential role in anti-angiogenic activity. p-carotene showed
binding affinity comparable to the reference drug regorafenib, while zeaxanthin exhibited the
most balanced profile in terms of binding affinity and drug-likeness. Lutein, despite weaker
binding, maintained favorable interaction and acceptable drug-likeness characteristics. In
addition, toxicity predictions indicated a generally safe profile for all investigated carotenoids.
The findings of this study demonstrate the potential of carotenoids as natural scaffolds for
future anti-angiogenic drug development targeting bFGF. However, the present work is based
on computational predictions; further experimental pharmacological studies are required to
validate their biological activity and therapeutic potential. Overall, this study provides a
computational framework that may guide future experimental investigations and the
development of new anti-angiogenic agents.

Author Contributions

Conceptualization, M.A. and A.A.; methodology, M.A. and A.A.; software, M.A.; validation,
M.A., A A, and F.A.; formal analysis, M.A. and A.A.; investigation, F.A.; resources, A.A,;
writing—original draft preparation, M.A. and A.A.; writing—review and editing, A.A. and
F.A.; supervision, F.A.; project administration, M.A. All authors have read and agreed to the
published version of the manuscript.

Institutional Review Board Statement
Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

Data supporting the findings of this study are available upon reasonable request from the
corresponding author.

Funding
This research received no external funding.
Acknowledgments

The authors would like to thank the Department of Bioinformatics, College of Biomedical
Informatics, University of Information Technology and Communications (UoITC), Baghdad,
Iraq, for its support during this research.

https://biointerfaceresearch.com/ 15 of 18


https://doi.org/10.33263/BRIAC164.110

https://doi.org/10.33263/BRIAC164.110

Conflicts of Interest

The authors declare no conflict of interest.
Role of Funders

Not applicable.

Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation | Definition
VEGF Vascular Endothelial Growth Factor
PDGF Platelet-derived Growth Factor
bFGF Basic Fibroblast Growth Factor
NCI National Cancer Institute
PDGFR Platelet-derived Growth Factor Receptor
FGER Fibroblast Growth Factor Receptor
PEDF Pigmented Epithelium-derived Factor
PDB Protein Data Bank
CASTp Computed Atlas of Surface Topography of Proteins
DSV Discovery Studio Visualizer
ATB Automated Topology Builder
ps Picosecond
ns Nanosecond
RMSD Root Mean Square Deviation
RMSF Root Mean Square Fluctuation
Rg Radius of Gyration
SASA Solvent Accessible Surface Area
TPSA Topological Polar Surface Area
MW Molecular Weight
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