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Abstract: To enhance the effectiveness of treatment in diabetic retinopathy patients, the development of drugs
that have a combined effect of inhibiting Vascular Endothelial Growth Factor-2 (VEGFR-2) and Neuropilin-1
(NRP-1) should be conducted. This work simulates the interaction of a-mangostin, B-mangostin, and y-
mangostin (Garcinia mangostana L.) as a receptor against VEGFR-2 and NRP-1 as a ligand through the
molecular docking approach. Redocking between receptor and native ligand (VEGFR-2, PDB ID: 4ASD and
NRP-1 PDB ID: 5C7G) was performed using MGLTools 1.5.7 and Autodock Vina, then continued with
PyMol2 to assure RMSD value of 0.981 A for VEGFR-2 and 1.994 A for NRP-1 (< 2 A). The docking results
showed that a-mangostin had the lowest binding energy to VEGFR-2 (-8.9 kcal/mol) and NRP-1 (-6.9
kcal/mol), followed by y-mangostin with binding energy of -8.6 kcal/mol to VEGFR-2 and -6.9 kcal/mol to
NRP-1, and B-mangostin with binding energy of -8.3 kcal/mol to VEGFR-2 and -6.5 kcal/mol to NRP-1. In
comparison, the positive control, Sunitinib, showed binding energy of -7.9 kcal/mol to VEGFR-2 and -6.2
kcal/mol to NRP-1. This indicates that these compounds have a more lowest energy binding to VEGFR-2 and
NRP-1 than Sunitinib. In addition, the docking results visualized using Biovia Discovery Studio 2021 showed
that these compounds have hydrogen bonds and several other bonds to the active sites of VEGFR-2 and NRP-1.
Hence, the proposed compounds have the potential to be further synthesized and evaluated in vitro and in vivo
as a pathological anti-angiogenesis drug in diabetic retinopathy.
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Introduction

Diabetic retinopathy (DR) is a severe microvascular complication of diabetes that can result in permanent
blindness. The global prevalence of diabetic retinopathy is anticipated to rise from 126.6 million in 2010 to
191.0 million in 2030, with 30% of the population at risk of blindness (Zheng et al., 2012). Chua et al., (2017)
reported that Indonesia has a significantly higher prevalence of diabetic retinopathy and vision-threatening
diabetic retinopathy than other countries in the Asia-Pacific region, with rates of 43.1% and 26.3%, respectively.

Non-proliferative diabetic retinopathy (NPDR) is an early stage of diabetic retinopathy that is characterized by
microaneurysms, small hemorrhages, and lipid exudates (Saravanan et al, 2013). If left untreated, NPDR may
develop into Proliferative Diabetic Retinopathy (PDR), which is characterized by angiogenesis as a result of
elevated reactive oxygen species (ROS) in vascular endothelial cells (Kaur et al, 2012; Giacco & Brownlee,
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2010; Reddy et al, 2014). Through inflammation and pericyte mortality, this results in irreversible cell injury
(Giacco & Brownlee, 2010; Reddy et al., 2014; El-Osta et al., 2008). Localized protrusion of the capillary wall
results from the loss of pericytes, which is associated with the formation of microaneurysms. Leukocyte
adhesion and infiltration increase in response to inflammation, as do pro-inflammatory cytokines and
chemokines such as tumor necrosis factor-a (TNF-a), interleukin-la (IL-1a), and IL-6. Endothelial cells,
neuroglial cells, and the blood-retina barrier are all damaged as a consequence (Miyamoto et al., 1999; Beltramo
& Porta, 2013).

Damage to vascular endothelial cells, neuroglial cells and the blood-retina barrier leads to capillary occlusion
and retinal ischemia. Hypoxia will result from these conditions, which activates Hypoxia-Inducible Factor-1a
(HIF-1a) and increases the expression of Vascular Endothelial Growth Factor-A (VEGF-A) (Huang et al, 2014).
VEGF-A interacts with the VEGFR-2 receptor, which can be further amplified by neuropilin-1 (NRP-1) to
induce cell proliferation and migration through the mitogen-activated protein kinases (MAPKs) and
phosphoinositide 3-kinase (PI3K)-Akt pathways (Shintani, et al., 2006; Koch & Claesson-Welsh, 2012; Simons
et al,, 2016, 2016; Zachary, 2011). This leads to the development of new blood vessels that are more
susceptible to damage and vascular leakage, which exacerbates diabetic retinopathy. Additionally, the
interaction between VEGF-A and VEGFR-2 disrupts the adherens and junctions of vascular endothelial cells,
resulting in vascular hyperpermeability and fluid extravasation (Koch & Claesson-Welsh, 2012; Simons et al.,
2016). This implies that, in diabetic retinopathy, angiogenesis is significantly influenced by VEGF-A signaling
through VEGFR-2 and NRP-1.

Anti-VEGF drugs, including bevacizumab, ranibizumab and aflibercept, are commonly used in patients with
diabetic retinopathy to prevent macular edema and retinal angiogenesis. Although these drugs are effective,
some patients with diabetic retinopathy develop resistance and poor efficacy due to polymorphisms in the
VEGF gene (El-Shazly et al, 2013). In addition, patient access to treatment has been limited by the exorbitant
cost of anti-VEGF drugs (Zhao & Singh, 2018). Therefore, the research for new targets and therapies to improve
the treatment efficacy in patients with diabetic retinopathy is still ongoing, one of which is the development of
drugs targeting VEGFR-2. Sunitinib is one of many drugs that target VEGFR-2. It is commonly used in the
treatment of renal cell carcinoma (RCC) and has been shown to be effective in inhibiting angiogenesis (Hao &
Sadek, 2016). Therefore, in this study, sunitinib was chosen as a reference for the development of anti-
angiogenesis drugs.

Mangosteen (Garcinia mangostana L.) is a tropical fruit that is extensively cultivated in Indonesia, with a
particular emphasis on Sumatra, Java, Bali, and West Nusa Tenggara (Poerwanto et al., 2008). In the pericarp,
there are numerous xanthones, particularly o-mangostin, -mangostin, and y-mangostin, which function as
antioxidants, anti-inflammatory, antimicrobial, and anti-cancer compounds (Evalina et al., 2018; El-Kenawy et
al., 2018). Previous research has demonstrated that xanthones can impede the proliferation and migration of
T24 cancer cells (Szkaradek et al., 2019). Cell proliferation and migration can be influenced by the activity of
the kinase domain on VEGFR-2, which regulates molecular pathways important for cell growth and movement
and mediates intracellular signalling. However, the compounds with potential as anti-angiogenesis agents that
selectively target VEGFR-2 have not been thoroughly investigated.

Molecular docking is an extensively used in silico study that is used to predict the anti-angiogenic potential of
phytopharmaceuticals. This method is time-saving, cost-effective, accurate, and rapid. Furthermore, this process
can also help researchers estimate the interaction between the proposed compounds (ligand) and its target
(receptor) (Ananto et al., 2024). This expedites the process of developing and discovering new drugs to treat
diabetic retinopathy. Thus, the objective of this research is to examine the potential interaction of a-, B-, and y-
mangostin against VEGFR-2 and NRP-1 as anti-angiogenic drug candidates in diabetic retinopathy.

Methods

Protein Preparation

The three-dimensional (3D) crystal structures of VEGFR-2 (PDB ID: 4ASD) and NRP-1 (PDB ID: 5C7G) were
derived from the Protein Data Bank (PDB). The Gasteiger values were calculated and all hydrogen atoms were

appended to the protein 3D crystal structures using Autodock Vina software and MGL Tools 1.5.7 (Pham et al.,
2022).
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Ligand Preparation

The 3D structures of a-mangostin, B-mangostin, y-mangostin, and Sunitinib were obtained in the SDF format
from Pubchem. Then, the Cactus Online SMILES Translator-NCI/CADD was employed to convert the SDF
format to PDB (Nicklaus et al., 2024). The command "set number or torsions" and the command "choose
torsions" were employed to torsion ligands, which were subsequently encoded in the pdbqt format.

Docking Protocol

The docking simulation was conducted on a personal computer (PC) that was run on the Windows 11 Home 64-
bit operating system (10.0, Build 22631) with an 11" generation Intel® Core™ i5-1135G7 processor
@2.40GHz (8 CPUs) ~2.4GHz and 8192MB of RAM. Biovia Discovery Studio 2021, PyMol2, and Autodock
Vina & MGL Tools 1.5.7 were employed to visualise ligand-receptor interactions, calculate RMSD, and for
docking simulation, respectively. Redocking was performed between the protein and its native ligand at the
active site of the target protein to conduct docking validation. The VEGFR-2 protein was docked using a 40 A
cubic grid box with 1000 A spacing, while the NRP-1 protein was docked using a 40 A cubic grid box with
0.375 A spacing. The RMSD value that was approved was less than 2 (RMSD < 2). Setting coordinates for the
VEGFR-2 protein were -23.259, 0.096, and -10.064 (x, y, and z), while the NRP-1 protein's setting coordinates
were 13.375, -0.413, and 10.285 (X, y, and z), with an exhaustiveness value of 16. Based on the size and
position of the cubic grid box for each protein, the original ligand was substituted with o-mangostin, -
mangostin, y-mangostin, and Sunitinib in a similar protocol. By selecting the pose with the lowest binding
affinity, the interaction was visualised after 20 poses were acquired.

Results and Discussion
Binding Pocket of Receptors with Native Ligands

Figure 1 illustrates 3D (left) and 2D (right) receptor's interactions of the native ligands, sorafenib to VEGFR-2
and bicine molecule to NRP-1. Various interactions occur between the amino acids of the receptor proteins and
the ligands. These interactions include hydrogen bonds, hydrophobic interactions, and other interactions, as
presented in Tables 3 for sorafenib to VEGFR-2 and Table 4 for bicine molecule to NRP-1. The binding energy
and the stability of the receptor-ligand complex are significantly influenced by these interactions. Sorafenib
forms important hydrogen bonds with amino acid residues such as ASP1046, VAL899, and GLU8SS5, followed
by the hydrophobic interactions, including LEU1019, VAL898, ALA866, VAL848, VAL916, and LYS868, as
well as other interactions (halogen, pi-sigma, pi-sulfur, pi-pi T-shaped, etc.) on VEGFR-2. Meanwhile, the
bicine molecule exhibits crucial hydrogen bonds with TRP29, SER74, and THR77. Therefore, these amino acid
residues are regarded as critical binding sites in the active site of the receptor protein.

Hl %—/A

(b) Bicine molecule to NRP-1

(a) Sorafenib to VEGFR-2

Figure 1. 3D (left) and 2D (right) visualization of native ligands: (a) Sorafenib to VEGFR-2 and (b) Bicine
molecule to NRP-1.
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(a) o-Mangostin (b) B-Mangostin

Figure 2. Proposed compounds of (a) a-mangostin, (b) f-mangostin, (c) y-mangostin, and (d) Sunitinib as a
positive control.

VEGFR-2 and NRP-1 are receptors involved in the signaling of angiogenesis in diabetic retinopathy. For this
reason, there has been a recent surge in research that concentrates on their inhibition. The VEGFR-2 protein is
comprised of three distinct structures: an extracellular domain, a transmembrane domain, and an intracellular
domain, as reported by Go et al. (2023). Four regions form the intracellular domain: the juxtamembrane domain,
kinase domain, kinase insert domain, and carboxyterminal domain (Manni et al., 2014). The juxtamembrane
domain is responsible for the stabilization of the structure of VEGFR-2, whereas the kinase domain is
responsible for the conformational changes of VEGFR-2 following activation (Manni et al., 2014). Both are
involved in the process of signal transduction. Therefore, this protein targets the kinase domain and
juxtamembrane.

NRP-1 is a transmembrane glycoprotein that functions as a co-receptor for VEGF-A and regulates the VEGFR-
2 signaling pathway to improve the survival, proliferation, and chemotaxis of endothelial cells (Murga et al.,
2004). NRP-1 is composed of three domains: the extracellular domain, transmembrane domain, and cytoplasmic
domain (Li et al., 2011). The extracellular domain is composed of three regions: ala-2, b1-b2, and ¢ domains
(Uniewicz et al., 2014). Through interaction with the c-terminal arginine of VEGF, the b1 domain participates in
the binding interaction with VEGF (Mota et al., 2018).

Structural Design of Ligands

Figure 2 shows the chemical structure of our proposed compounds, including a-, B-, and y-mangostin, as well as
sunitinib as a positive control compound. These proposed mangostin compounds as ligands consist of the
xanthone nucleus as the main backbone with hydroxyl, methoxy, and isoprenyl groups as the main substituents,
resulting in a variety of derivatives. The different properties exhibited by xanthones are highly dependent on the
type and position of the substituents on the core ring, which is why they have been described as a 'privileged
structure', as explained by Saraswathy et al. (2022). The xanthone structure and it's biological properties have
generated a great deal of interest in these molecules. The hydroxyl group acts as a hydrogen acceptor,
establishing hydrogen bonds with essential amino acids in VEGFR-2 and NRP-1. The xanthone backbone,
methoxy and isoprenyl groups are designed to bind to the hydrophobic cavity and other interactions in the
receptors.

We chose sunitinib, which is commonly used as a drug for cancer patients, as a positive control in this study.
The structure of sunitinib consists of three parts, including a 5-fluoroindolin-2-one ring attached to a substituted
pyrrole ring and connected to an attached amino side chain, as reported by AboulMagd and Abdelwahab (2021).
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The amine and carbonyl groups of the indolin-2-one ring system can form a hydrogen bond with amino acids in
VEGFR-2 and NRP-1. In addition, the indolin-2-one ring system, pyrrole ring connected to the amino side chain
can lead to its incorporation into the hydrophobic and other interactions of the target protein. Therefore, this
proposed compound was observed to evaluate the inhibitory activity against the target proteins VEGFR-2 and
NRP-1.

Table 1. Docking validation between protein and native ligand.

Protein PDB ID Native ligand Redocked RMSD (A)
VEGFR-2 4ASD Sorafenib 0.981
NRP-1 5C7G Bicine molecule 1.994

In Silico Study: Binding Energy

In Table 1, the redocking protocol was employed to determine the RMSD values to be less than 2 A as the
docking validation, with the RMSD value in this study of 0.981 A for the VEGFR-2 and 1.994 A for the NRP-1.
These values were generated using a specific grid box size. The RMSD is the most frequently employed method
to assess the precision of the docking geometry by measuring the distance of the ligand from its reference point
on the complex following the superposition of the receptor molecule (Kufareva & Abagyan, 2011). The grid
box dimension of the docking method is deemed acceptable when the RMSD value is less than 2 (Wulan et al.,
2023).

In Table 2, the binding energies of proposed compounds observed, with the ranges of -7.9 kcal/mol to -8.9
kcal/mol for VEGFR-2 and -6.2 kcal/mol to -6.9 kcal/mol for NRP-1. a-mangostin exhibited the lowest binding
energies to VEGFR-2 and NRP-1 in comparison to sunitinib as positive control in this study. However, the
binding energies of all proposed compounds did not apply equally to the VEGFR-2 when compared with the
native ligand. Therefore, these proposed compounds formed a more stable complex with NRP-1 than bicine
molecule. Overall, inhibitory activity of VEGFR-2 and NRP-1 is associated with compounds that have a lower
binding energy and vice versa. This implies that their inhibitory activities were considerably greater than that of
bicine molecule and that their interactions were more stable.

Protein-Ligand Interactions

In addition to binding energy, protein-ligand interactions important for VEGFR-2 and NRP-1 inhibition were
used as screening criteria. Figure 3a-d shows the 3D (left) and 2D (right) representations of the different
interactions between VEGFR-2 as receptor and the proposed compounds as ligands. In Table 3, the proposed
compounds show hydrogen bond interactions between the amino acids ASP1046 and ASP814 in the VEGFR-2
protein to the O-H group on the xanthone skeleton of a-mangostin, ASP1046, LYS868 and ILE1025 to f-
mangostin, ALA881 to y-mangostin and CYS919 to the amine and carbonyl groups of the indolin-2-one ring
system of sunitinib. In addition, LEU1049; ALAS881; LEU882; VAL®898; LEU889; VAL899; VALIIG;
CYS1045; ILE888; LEU1019; HIS1026; ILE1044; VAL899, ILE892; VAL898; ALA866; VALB48; LEU840;
PHE1047; and LYS868 generally exhibited hydrophobic cavities with the xanthone skeleton, methoxy and
isoprenyl groups of a-, $-, y-mangostin, and formed interactions with the indolin-2-one ring system, pyrrole ring
linked to the amino side chain of sunitinib. These proposed compounds also formed an additional electronic
contact (pi-sigma, and carbon H-bond) with the a-, B-, y-mangostin, with the sunitinib showed the pi-sigma,
carbon H-bond, pi-sulfur, pi-pi T-shaped, and halogen.

Table 2. Binding energy of proposed compounds to VEGFR-2 and NRP-1
Binding energy (AG, kcal/mol)

Compound VEGFR-2 NRP-1
o-mangostin -8,9 -6,9
B-mangostin -8,3 -6,5
y-mangostin -8,6 -6,9
Sunitinib -7,9 -6,2
Sorafenib -11,4 -
Bicine Molecule - -4,4
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Sunitinib to VEGFR-2.
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Table 3. Protein-ligan interaction of the proposed compound against VEGFR-2
Types of interaction
H-bond Hydrophobic Others
o-mangostin ASP1046 (2.66 A);  LEU1049; ALA881; LEU882; Pi-sigma: LEU889 (3.71 A)
ASP814 (2.29 A) VALR98; LEU889; VALR99; Carbon H-bond: VAL899

Compound

VAL916; CYS1045 (3.40 A)
B-mangostin ASP1046 (2.88 A) LEU1049; ALASS81; ILE88S;  Pi-sigma: ILE88S (3.77 A)
LYS868 (2.97 A) LEU1019; HIS1026; Carbon H-bond: ILE1025

ILE1025 (2.42 A) ILE1044; VAL899; LEU889 (3.33 A)
y-mangostin ALAS881 (2.30 A) ILE1044; HIS1026; ILE892; Pi-sigma: ILE888 (3.91 A;
VALS898; LEU1019; LEU1049 3.87 A)
Pi-sulfur: CYS817 (5.75 A)
Sunitinib CYS919 (2.43 A) ALAR66; VAL848; LEU840; Pi-sigma: LEU1035 (3.84 A;
PHE1047 3.87A)
Carbon H-bond: GLY922
(3.22 A)
Sorafenib ASP1046 (1.95 A) LEU1019; VAL898; ALA866; Pi-sigma: LEUSS9 (3.61 A);
VALS899 (2.89 A) VALR48; VAL916; LYS868 LEU1035 (5.74 A)
GLU885 (2.92 A; Pi-sulfur: CYS1045 (5.13
3.354) A); CYS919 (5.33 A)
Pi-Pi T-shaped: PHE1047
(4.87 A)
Halogen: ILE1044 (3.16 A;
3.70 A)
Carbon H-bond: LEU840
(5.39 A); GLU917 (3.40 A)

In Table 4, the proposed compounds show interactions with amino acid residues on NRP-1. a-mangostin formed
three hydrogen bonds with TYR25, THR44 and TRP29, as well as a hydrophobic interaction with TYR25. In
addition, the Pi-Pi T-shaped interactions formed at amino acids TYR25 and TRP29 indicated an interaction
between the aromatic ring of the ligand and aromatic residues on the receptor. f-mangostin interacts with
TRP29 and ILE143 via hydrogen bonding. TYR25 and TYRS81 are involved in the Pi-Pi stacked interaction,
which shows the interaction between the two aromatic ring systems of the ligand and the tyrosine residue. This
interaction helps to increase binding stability through hydrophobic effects. TYR25 exhibits a Pi-Pi T-shaped
interaction, which is a type of aromatic interaction that can increase the affinity of the ligand to the receptor
through electrostatic interactions.

Table 4. Protein-ligan interaction of the proposed compound against NRP-1
Types of interaction

Compound H-bond Hydrophobic Others

o-mangostin TYR25 (2.72 A); TYR25 Pi-Pi stacked: TYR25 (4.26 A; 4.40 A;
THR44 (2.51 A) 5.71 A); TYRS81 (4.90 A); TRP29 (6.43 A)
TRP29 (2.50 A)

B-mangostin TRP29 (2.83 A) TYR25 Pi-Pi stacked: TRP29 (6.44 A); TYR25
ILE143 (3.07 A) (5.51 A; 437 A; 4.45 A); TYRS81 (4.55 A)

Carbon H-bond: ASP48 (5.16 A)

y-mangostin TYR25 (2.75 A) TYR25 Pi-Pi stacked: TYR25 (4.27 A; 4.41 A;
THR44 (2.47 A) 5.72 A); TYRS81 (4.88 A); TRP29 (6.43 A)
TRP29 (2.51 A)

Sunitinib TYRS81 (2.60 A) LYS79 Pi-Pi stacked: TRP29 (5.89 A); TYR25
THR77 (2.85 A) (5.41 A)

Pi-sigma: TYR25 (3.88 A)
Carbon H-bond: TRP29 (2.68 A); LYS79
(3.68 A)
Bicine molecule TRP29 (2.78 A) - -
SER74 (2.75 A)
THR77 (2.67 A)
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TYR2S5 also exhibits a Pi-Alkyl interaction, which involves the interaction of the aromatic ring of the ligand
with the hydrocarbon side chain of a tyrosine residue. This interaction is hydrophobic in nature and helps to
stabilise the ligand within the active site. y-mangostin shows three hydrogen bonds with THR44, TYR25 and
TRP29 and a hydrophobic interaction with TYR25. TYRS81 and TYR25 form a pi-pi stacking interaction with
the aromatic ring of the ligand. This interaction is important in stabilising the binding. TYR2S is also involved
in Pi-Pi T-shaped interactions, which increase the stability of the complex through electrostatic interactions.
Meanwhile, sunitinib forms two hydrogen bonds with TYR81 and THR77. Pi-Sigma and Pi-Pi stacked
interactions with TYR25 played a role in binding stability, while alkyl interactions with LYS79 showed a
hydrophobic contribution. Compared to sunitinib, a-mangostin showed the strongest interaction among other
ligands.

This study shows that functional interactions in ligand-receptor complexes are strongly influenced by the
presence of polar and hydrophobic amino acid residues interacting with ligands in the receptor active site. These
interactions play an important role in stabilising the ligand-receptor complex and in determining the binding
affinity of the ligand to the receptor. Therefore, compounds or ligands that are able to interact specifically with
these key residues have the potential to inhibit the biological activity of the receptor protein and can therefore be
developed as effective inhibitor candidates.

Conclusion

This study supports the hypothesis that a-, B- and y-mangostin compounds derived from mangosteen fruit have
potential as more potent inhibitors of VEGFR-2 and NRP-1 receptors compared to sunitinib. Molecular
interaction analysis showed that the three compounds have a higher binding affinity to the active site of the
receptor, and thus may be more effective in inhibiting VEGFR-2 and NRP-1 activity. With promising
pharmacological properties, a-, B- and y-mangostin can be developed as lead compounds in the design and
optimization of VEGFR-2 and NRP-1 inhibitors for anti-angiogenesis therapy.

Recommendations

The docking results showed that a-, B- and y-mangostins have high binding affinity towards VEGFR-2 and
NRP-1. However, structural optimisation, such as side-chain modification, can be used to further increase the
affinity and selectivity of the compounds towards the target receptors. Further validation is required to establish
the pharmacological potential of these compounds, including molecular dynamics simulations to assess the
stability of ligand-receptor complexes in a more realistic biological environment, experimental binding assays to
determine the dissociation constant (Kd) of the ligand against VEGFR-2, and cell-based assays to assess the
efficacy of angiogenesis inhibition. This study may be the first step in the development of a-, B- and y-
mangostin as anti-angiogenesis therapeutic candidates for patients with diabetic retinopathy.
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