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Abstract

Background: Bonducellin is one of the bioactive compounds present in Caesalpinia
bonduc Roxb (L). It is a homoisoflavonoid recognized for its anti-cancer,
anti-androgenic, and anti-estrogenic properties and could potentially treat polycystic
ovary syndrome (PCOS). However, the underlying molecular mechanism remains
unexplored. This study aims to elucidate the potential molecular mechanisms of
bonducellin in treating PCOS and its associated symptoms through an integrated
approach combining network pharmacology, molecular docking, molecular dynamics
simulation, and in vivo validation. Methods: Bonducellin-associated and PCOS-related
genes were intersected using VENN analysis to determine common gene targets. KEGG
pathway analysis was conducted to investigate the biological pathways involving the
co-targeted genes. The protein-protein interactions of the target genes were performed
to identify the key proteins interacting with bonducellin. Molecular docking and 100 ns
molecular simulations were carried out to evaluate the binding affinity and
conformational stability of bonducellin with the target proteins. Additionally, the acute
toxicity of bonducellin was assessed on zebrafish embryos and in vivo gene expression
studies were performed to examine its regulatory effect on the top co-targeted gene.
Results: The intersection of bonducellin-associated and PCOS-related genes identified
76 co-targeted genes. KEGG pathway analysis revealed their involvement in 15 critical
pathways, including steroid hormone biosynthesis. Protein-protein interaction and
pathway enrichment analysis highlighted key targets, including MMP9, AR, KDR,
PRKACA, KIT, CYP19A1, HSD11B1, ESR1, STAT3, ESR2, PRKCA, ROCK1, BRAF,
HSD17B2, PIK3R1, and RAF1, all of which exhibited strong binding to bonducellin.
Molecular simulations confirmed the stability of bonducellin to the top proteins, MMP9
and AR, with high binding scores. Acute toxicity studies in zebrafish embryos
determined the LCs, value of bonducellin as 0.8 pg/mL at 48 hpf. Gene expression
analysis revealed that bonducellin differentially regulates the MMP9 gene that is
involved in modulating PCOS-related pathways. Conclusion: This study suggests
potential gene pathways and protein interactions through which bonducellin could
exert therapeutic effects on PCOS and its associated disorders. This provides valuable
insights for future research into understanding and developing bonducellin-based
treatments for PCOS.

Keywords: bonducellin; Caesalpinia bonducella; homoisoflavonoid; molecular dynamics
simulation; network pharmacology; polycystic ovary syndrome; zebrafish embryo
toxicity

Toxieity

&

\

) /\/YL A )
\"“w&m’? uf/lj 1/‘\/

J

-

| Disease-associated genes

Bonducellin

| Bonducellin-associated genes

Co-targeted

Bonduc
g@

| Top 10 targets

‘ Venn analysis



https://orcid.org/0000-0003-3039-9131

ARTICLE

Traditional Medicine Research 2025;10(11):65. https://doi.org/10.53388/TMR20241216001

Highlights
This study elucidates the molecular mechanisms of bonducellin, a
homoisoflavonoid from Caesalpinia bonducella, in the treatment
of polycystic ovary syndrome (PCOS) through an integrated
network pharmacology approach.
Molecular docking and dynamics simulations confirm
bonducellin’s strong and stable interactions with key PCOS-related
targets, including MMP9 and AR, suggesting its role in hormone
regulation and ovarian function.
Zebrafish embryo toxicity assay determined the LCso of
bonducellin at 0.8 pg/mL (48 hpf), with gene expression analysis
revealing its modulation of MMP9, highlighting its potential in
ovarian remodeling and extracellular matrix regulation.
The findings provide a strong theoretical foundation for future in
vivo and clinical investigations, supporting bonducellin as a
promising natural therapeutic for PCOS management.

Medical history of the objective
Caesalpinia bonducella has been widely used in Ayurvedic and
Siddha medicine for centuries to treat menstrual irregularities,
inflammation, and metabolic disorders. The formulation involving
the seed kernel powder, which is traditionally combined with
Piper nigrum L. and Mel and administered for 48 days to regulate
menstrual cycles and enhance fertility, is prescribed in “The
Ayurvedic Pharmacopoeia of India” (Part |, Volume V). These
practices are rooted in ancient Ayurvedic texts such as the
Charaka Samhita and Sushruta Samhita (600-200 B.C.E.),
compiled by the sages Charaka and Sushruta. The plant is known
for its anti-androgenic, anti-estrogenic, and metabolic regulatory
properties. Bonducellin, a homoisoflavonoid from C. bonducella,
has gained interest for its hormonal modulation,
anti-inflammatory, and metabolic benefits. Traditional usage
aligns with modern pharmacological findings, confirming its role
in ovarian steroidogenesis, androgen regulation, and insulin
signaling. Current research validates its therapeutic potential in
PCOS, reproductive health, and metabolic disorders, paving the
way for further clinical applications.

Background

Polycystic ovary syndrome (PCOS) is an endocrine, reproductive, and
psychological condition that is becoming a global threat to women of
reproductive age. It is characterized by oligo/anovulation,
hyperandrogenism, polycystic ovaries, irregular menstruation,
elevated luteinizing hormone (LH) to follicle-stimulating hormone
(FSH) ratio, low sex hormone-binding globulin, and chronic low-grade
inflammation [1]. PCOS is often associated with insulin resistance,
obesity, obesity-related cardiometabolic disorders, type 2 diabetes
mellitus, inflammation, and hyperleptinemia, with a global prevalence
of 8 to 13% [2-5].

Currently, hormonal imbalances in women with PCOS are often
treated with combined contraceptive pills, while insulin resistance is
commonly managed with metformin [5, 6]. However, these
treatments only provide symptomatic relief and do not address the
root cause of PCOS. In many South Asian countries, PCOS is managed
using a variety of herbal plants and natural ingredients, offering a
complementary approach to conventional therapies [7].

Hundreds of medicinal herbs known for their beneficial effect on
PCOS are being used globally [8]. For instance, Aloe has been
traditionally prescribed by Siddha practitioners for PCOS. Glycyrrhizae
Radix et Rhizoma and Cinnamomi Cortex are also recommended due to
their notable effects on hormonal balance and insulin resistance [9,
10]. Supplementation of Lini Semen showed significant effects on
hirsutism, insulin resistance, obesity, and testosterone serum
concentrations [11]. Consumption of Urticae Folium increased
circulating sex hormone-binding globulin levels and decreased
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androgen levels [12]. Viticis Negundo Folium has been used to treat
anovulation and amenorrhea, while Trigonellae Semen has been shown
to improve ovarian function and fertility [13, 14]. Nigellae Semen
seeds decreased insulin resistance, lipid, and triglyceride levels.
Phytocompounds of Saraca asoca were identified to possess
anti-androgenic, anti-estrogenic, and anti-aromatase potential against
PCOS [15, 16].

Recently, Caesalpinia bonducella Roxb. has gained attention for its
anti-estrogenic and anti-androgenic properties [17]. In addition, it is
recognized for its antibacterial, anti-diabetic, anti-inflammatory,
antioxidant, hypolipidemic, and anti-cancer effects [18-21].
Caesalpinia bonducella has been used in ancient periods for the
treatment of various ailments, including diabetes and amenorrhea,
which are closely related to PCOS. The Siddha practitioners prepare it
by combining C. bonducella seed kernel powder with pepper powder
(1:3) and administering it with ghee or honey for 48 days to manage
PCOS symptoms [22]. A recent investigation revealed that the
ethanolic seed extracts of C. bonducella can restore ovarian function in
mifepristone-induced PCOS rat models by modulating insulin and
insulin-like growth factor pathways. Additionally, these extracts have
shown potential in reducing the hyperglycemia and dyslipidemia
associated with PCOS [22].

The therapeutic benefits of C. bonducella seed from its rich array of
bioactive phytochemicals, including bonducellin, nandrolone,
caesalpinin, campesterol, and carpesterol [17]. Homoisoflavonoids are
one of the natural products reported for their various biological
properties, which include anti-oxidant, anti-diabetic, and
anti-inflammatory activities [23]. Bonducellin [(3E)-7-hydroxy-3-[(4-
methoxyphenyl)methylidene]chromen-4-one] is a  bioactive
compound primarily found in many species of the Fabaceae family,
including Caesalpinia pulcherrima, Caesalpinia minax, and Caesalpinia
millettii [24-26]. It exhibits a range of therapeutic properties, such as
anti-cancer, anti-inflammatory, anti-malarial, and anti-diabetic
activities [27-29]. Recently, bonducellin has been characterized for its
anti-estrogenic properties [30]. However, the molecular mechanism of
its action remains to be explored.

Network pharmacology — a breakthrough discipline grounded in
systematic biology and network analysis — offers practicable and
reliable methods to investigate putative molecular mechanisms
beyond the limitations of the conventional one-drug, one-target,
one-pathway research approach [31, 32]. Leveraging the synergies
between bioactive herbal substances and potential disease targets,
network pharmacology approaches elucidate probable mechanisms
and identify critical targets through network topological analysis [33,
34]. This strategy can also detect synergistic effects of active
compounds, ultimately assisting clinical practitioners in developing
rational herbal formulations [35, 36]. Molecular docking and
simulation facilitate the estimation of affinity between drugs and their
targets and indicate the stability of the docked complexes. Zebrafish
embryos are widely employed to determine the safe dosage and
toxicity of a drug or compound [37].

The present study aims to elucidate the potential mechanism of
bonducellin in treating PCOS and its secondary symptoms. We
performed a network pharmacology analysis and predicted binding
affinities through molecular docking. The flexibility and stability of
the docked complexes were assessed using molecular dynamics (MD)
simulations. The toxicity of bonducellin was tested in zebrafish
embryos, and the expression of the top co-targeted gene was analyzed.

Materials and methods

ADME analysis and target prediction

The ADME property of bonducellin was checked using the
pharmacokinetic tool, Swiss ADME, and the probable gene targets of
bonducellin were obtained using the database Swiss target prediction
server (http://www.swisstargetprediction.ch/) [38]. The canonical
Simplified Molecular Input Line-Entry System computed by OEChem
2.3.0 (obtained using the PubChem database -
https://pubchem.ncbi.nlm.nih.gov/) was used as an input to the Swiss
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target prediction server [39]. Similarly, the target gene associated
with PCOS and its symptomatic disorders such as diabetes, insulin
resistance, obesity, ovarian cancer, metabolic syndrome, endometrial
cancer, and inflammation were identified using the DisGeNET
(https://www.disgenet.org/) database, which is one of the largest
databases containing information on human diseases and their
associated gene targets [40]. To obtain the co-targeted genes, a Venn
analysis was conducted between bonducellin targets and
disease-associated genes using the InteractiVenn online tool
(https://www.interactivenn.net/). ~ Four Python programming
languages were used to conduct a Venn analysis using a Jupyter
notebook. The modules in Pandas were used to preprocess (dropping
duplicates, empty cells, and set operations) the data, and the modules
matplotlib and matplot_venn were used for data visualization. The
co-targeted genes, identified through Venn analysis, were further
analyzed for Protein-Protein Interactions (PPI) and Gene Ontology
(GO) enrichment.

PPI, network construction

The co-targeted genes obtained by Venn analysis were given as input
to the STRING database version 11.0 (https://string-db.org/), and the
biological species was set to “Homo sapiens”, with the minimum
interaction threshold set to a confidence level of 0.950 to obtain the
concise co-targeted protein genes that interact with bonducellin-target
and disease-target genes [41]. The nodes represent the co-targeted
genes, which are connected by edges (lines) that signify interactions
between the nodes. All other settings were maintained at their default
values to obtain PPI networks. The PPI network was further analyzed
using Cytoscape version 3.10.1 along with the CytoHubba extension to
identify the top-scoring targets [42, 43]. These top-scoring genes were
subsequently selected for molecular docking studies.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomics (KEGG) pathway enrichment analyses

The GO enrichment analysis for biological process, cell component,
and molecular function was performed using STRING (version 11.0)
and DAVID (https://david.ncifcrf.gov/), the databases that offer
systematized and extensive functional annotation for large-scale genes
or proteins. The co-targeted genes were given as inputs, and the
species was set to “Homo sapiens” with a threshold value of P < 0.05
for GO enrichment. The SR plot
(https://www.bioinformatics.com.cn/en) was employed to generate
the bubble and bar plots. The top 15 pathways relevant to PCOS from
the KEGG pathway and GO enrichment were taken for further
analysis.

Molecular docking

Based on the PPI and KEGG pathway analysis from the network
pharmacology report, 16 major target proteins were selected, and
their crystal structures were obtained from the Protein Data Bank
(PDB) (https://www.rcsb.org/): MMP9 (PDB: 6ESM), AR (PDB:
5JJM), KDR (PDB: 3WZE), PRKACA (PDB: 1Q8U), KIT (PDB: 6ITT),
CYP19A1 (PDB: 5JKV), HSD11B1 (PDB: 4BB5), ESR1 (PDB: 2QE4),
STAT3 (PDB: 6NUQ), ESR2 (PDB: 30LL), PRKCA (PDB: 3IW4), ROCK1
(PDB: 3V8S), BRAF (PDB: 7MED), HSD17B2 (PDB: 7X3Z), PIK3R1
(PDB: 8DCP), and RAF1 (PDB: 7Z38) [44-59]. The selection criteria of
the protein structure, including uniport ID, full form of the protein,
experimental methods, resolution, organism, and mutations, are
detailed in Supplementary Table S1. The files were desolvated and
dehydrated using PyMOL 2.6 software (https://www.pymol.org/),
hydrogenated, converted to pdbqt format using Autodock 4.2.6
software (https://autodock.scripps.edu/), and subsequently used for
molecular docking. Ligand preparation was performed using the
Autodock tool, where a torsion tree was used to determine the root
expansion, and the ligand was converted to pdbqt format. The detailed
docking parameters, including grid box dimensions and binding site
information, are provided in Supplementary Table S2. The docking
score is represented in kcal/mol. Following docking, the PLIP online
tool (https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index) was
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used to identify the bond interactions (hydrogen, hydrophobic bonds)
of the protein-ligand complex obtained from Autodock. Finally,
Discovery Studio Visualizer v21.1.0.20298 (https://www.3ds.com/
products/biovia/discovery-studio) was used to visualize and obtain
2D and 3D representative illustrations of the protein-ligand
interactions.

Molecular dynamics simulation

The Desmond 2023.2 module (https://www.schrodinger.com/
platform/products/desmond/) (academic version) was used to
perform MD simulations [60-62]. PyMOL was used to export the
ligand-protein complex’s three-dimensional model to the PDB file
format. The complex was introduced into the system. With periodic
boundary conditions, it was solvated using the Transferable
Intermolecular Potential with 3 Points water model in a cubic box that
was more than 1 nm from the protein’s edge. The steepest descent
approach was used to minimize energy over a 50,000-step period after
injecting Na® ions to neutralize the system. The system was
subsequently brought to equilibrium using 100 ps of NVT simulation
at 300 K and 100 ps of NPT simulation. The constant temperature
(NVT) and constant pressure (NPT) ensembles used the leapfrog
method to link each component, such as proteins, ligands, water
molecules, and ions, separately. The system was maintained in a stable
environment (300 K temperature and 1 bar pressure) by using the
Berendsen temperature and pressure coupling constants. Then, an MD
simulation was run in an isothermal and isobaric condition ensemble
at 300 K for 100 ns.

The trajectory file was analyzed using the simulation interaction
diagram, encompassing multiple attributes of the dynamic studies
such as protein-ligand root mean square deviation (RMSD), protein
and ligand root mean square fluctuation (RMSF), ligand torsion
profile, protein-ligand contacts, as well as ligand-protein contacts with
respect to time.

Zebrafish embryo toxicity

Bonducellin was chemically synthesized in our laboratory, following
the scheme previously reported in our study [63]. The stock solution
was prepared in 0.1% DMSO (Sisco Research Laboratories Pvt, Ltd.,
Mumbai, India). Zebrafish embryos used in the study were obtained
from Tarun Fish Farm, Chennai, India (Registration No: FWCS-80).
The embryos were maintained under standard laboratory conditions
with proper temperature, light/dark cycle, and water quality controls.
All animal experiments were conducted as per institutional guidelines
and adhered to Good Laboratory Practice (GLP) standards, ensuring a
controlled and hygienic environment for all procedures. The zebrafish
embryo toxicity assay was performed following the OECD guidelines
for testing chemicals, acute toxicity test, OECD 203 (1992). To ensure
uniformity, the embryos were stage-selected and exposed to the
compound throughout embryogenesis from 2 hpf, continuing until 72
hpf. Bonducellin was tested at concentrations of 0.1, 0.25, 0.5, 0.75, 1,
2.5, and 5 pg/mL with 0.1% DMSO as vehicle control. The experiment
was conducted in 24-well plates with one embryo per well, containing
1 ml of working solution prepared in E3 medium. Each experimental
and control group contained 20 embryos, and the toxicity test was
conducted under static conditions. Embryos were monitored at 24, 48,
and 72 hpf for mortality and developmental malformations, and the
percentage of mortality over time was calculated. The LCs, values
were calculated according to the Litchfield-Wilcoxon method [64].

Gene expression analysis in zebrafish embryos

Zebrafish embryos were seeded in 24-well plates following the same
protocol as described above. After the bonducellin treatment (LCs,
dose) for 24 and 48 h, the embryos were washed twice with
phosphate-buffered saline. Total RNA was extracted from
bonducellin-treated embryos using RNA IsoPlus (Takara, Kusatsu,
Japan). Following the manufacturer’s protocol, complementary DNA
(cDNA) was synthesized using the cDNA synthesis kit (Bio-rad,
Hercules, CA, USA) with 1 ug of total RNA as the template. The cDNA
synthesis reaction was performed under the following conditions: 25
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°C for 5 min, reverse transcription at 46 °C for 20 min, and enzyme
inactivation at 95 °C for 1 min.

The synthesized cDNA was used for reverse transcription
polymerase chain reaction (RT-PCR) amplification of the targeted
genes. The list of primers used for the RT-PCR is provided in Table 1.
The PCR reaction was carried out under the following conditions:
initial denaturation at 95 °C for 5 min, followed by 28 cycles of
denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s, and
extension at 72 °C for 30 s, with a final extension of 72 °C for 1 min.
PCR products were separated on a 1% agarose gel and visualized
under UV light, and the image was captured in inverted mode. Gene
expression levels were quantified using ImageJ 1.30v software
(https://imagej.net/ij/) and normalized to the housekeeping gene
B-Actin [65].

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9.3.1
(https://www.graphpad.com/features), = with all  experiments
conducted in triplicate. Data are expressed as mean *+ SD. Differences
between treated and control groups were evaluated using Student’s
t-test, and statistical significance was set at P < 0.05, P < 0.01.

Results

Drug-likeliness of bonducellin

Bonducellin adheres to Lipinski’s rule of five, which is important for
evaluating its drug-like properties. Bonducellin, with a molecular
weight of 282.29 g/mol, plays a crucial role in determining its
physical and chemical characteristics, thereby influencing solubility,
permeability, and overall pharmacokinetic behaviour. This factor is
essential in drug development as it impacts dosage, bioavailability,
and metabolic processes. The compound contains 21 heavy atoms, 12
of which are aromatic, highlighting its structural complexity and
aromaticity. A higher number of heavy atoms typically indicates a
more intricate structure, while the presence of aromatic heavy atoms
can affect chemical reactivity. Additionally, bonducellin’s low fraction
of sp>-hybridized carbon atoms (0.12) suggests a predominance of

aromatic or unsaturated characteristics, which may influence its
stability and reactivity in biological systems.

With only 2 rotatable bonds, bonducellin appears relatively rigid, a
crucial aspect in drug design where flexibility can impact binding
affinity and pharmacokinetic properties. Bonducellin’s 4 hydrogen
bond acceptors and 1 donor provide insights into potential
interactions with biological molecules, which is crucial for
understanding its ability to form hydrogen bonds, especially in
drug-receptor interactions. With a molar refractivity of 79.14 and a
Topological Polar Surface Area of 55.76 A% bonducellin’s
physicochemical properties related to polarizability and surface area
contribute to wunderstanding its solubility, permeability, and
interaction with biological membranes. Bonducellin exhibits high
gastrointestinal absorption and permeability across the blood-brain
barrier, suggesting potential oral bioavailability and central nervous
system effects. Not being a P-gp substrate enhances its chances of
successful absorption.

The Log K, value (—5.93 cm/s) for bonducellin indicates poor skin
permeation, a feature that may be desirable depending on its intended
use, such as avoiding transdermal absorption. Bonducellin’s LDs, value
of 3,800 mg/kg provides information about its acute toxicity, critical
for assessing the compound’s safety for therapeutic use. The
physicochemical and pharmacokinetic parameters of bonducellin are
given in Table 2, and the bioavailability radar of bonducellin is
presented in Supplementary Figure S1.

Target prediction

The canonical Simplified Molecular Input Line-Entry System of
bonducellin submitted into the Swiss target prediction tool uncovered
100 gene targets of the phytocompound in Homo sapiens. A total of
6,855 disease gene targets associated with PCOS and its symptomatic
disorders, such as diabetes, insulin resistance, obesity, ovarian cancer,
metabolic syndrome, endometrial cancer, and inflammation, were
retrieved from the DisGeNET database. The Venn analysis of the 100
bonducellin-associated genes and the 6,855 disease-associated genes
identified 76 co-targeted genes or hub genes, as displayed in Figure 1
(Supplementary Tables S3, S4).

Table 1 List of primers used in RT-PCR

S. No. Gene Forward primer Reverse primer
1 MMP9 5'TTGGCTTCTGTCCCAGTGAG3’ 5'TTAGGGCAGAATCCATACTT3’
2 B-Actin 5'TGGCATCACACCTTCTAC3’ 5’AGACCATCACCAGAGTTC3’

MMP9, Matrix Metalloproteinase-9.

Table 2 Physicochemical and pharmacokinetic parameters of bonducellin

S. No Parameters Range

1 Formula Ci,H,,0,4
2 Molecular weight 282.29 g/mol
3 No. of heavy atoms 21

4 No. of aromatic heavy atoms 12

5 Fraction Csp® 0.12

6 No. rotatable bonds 2

7 No. of H-bond acceptors 4

8 No. of H-bond donors 1

9 Molar Refractivity 79.14
10 TPSA 55.76 A2
11 GI absorption High

12 BBB permeant Yes

13 P-gp substrate No
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Table 2 Physicochemical and pharmacokinetic parameters of bonducellin (continued)

S. No Parameters Range

14 CYP1A2 inhibitor Yes

15 CYP2C19 inhibitor Yes

16 CYP2C9 inhibitor No

17 CYP2D6 inhibitor No

18 CYP3A4 inhibitor Yes

19 Log K, (skin permeation) —5.93 cm/s
20 Toxicity class 5

21 LDs, 3,800 mg/kg

GI, gastrointestinal; BBB, Blood-Brain Barrier; TPSA, Topological Polar Surface Area; LDs, lethal dose 50.
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Figure 1 Venn analysis performed using bonducellin-associated targets and disease-associated targets representing co-targeted genes

PPI network construction and GO enrichment

The co-targeted genes imported into the STRING platform provided
PPI information among the hub genes (Figure 2). GO enrichment
analysis of these co-targeted genes identified a total of 299 GOs
associated with the therapeutic effects of bonducellin on PCOS and its
symptomatic disorders (Supplementary Table S5), which were
categorized into three main categories: 1. Biological processes: two
GOs were identified, including collagen degradation and apoptosis,
with gene counts of 4 and 9, respectively. 2. Cellular components: six
GOs were identified, including cell membrane, membrane, cytoplasm,
cell projection, endoplasmic reticulum, and extracellular matrix, with
gene counts of 31, 48, 36, 11, 11, and 4, respectively. 3. Molecular
functions: eight GOs were identified, including kinase,
serine/threonine-protein kinase, tyrosine-protein kinase, transferase,
metalloprotease, receptor, hydrolase, and oxidoreductase, with gene
counts of 30, 20, 11, 30, 6, 20, 19, and 9, respectively. These results
are illustrated as a bar graph in Figure 3. The results obtained from the
PPI network of the co-targeted genes STAT3, MMP9, ESR1, BRAF,
PRKACA, RAF1, KIT, KDR, AR, and PRKCA showed the highest degree
of overlapping, given in Supplementary Table S6 and the top targets
are represented in Figure 4.

KEGG pathway enrichment analysis

The KEGG pathway enrichment analysis identified the top 15
signaling pathways (Figure 5) involved in the probable mechanism by
which bonducellin treatment can affect PCOS and its symptomatic
disorders among the 106 signaling pathways (Supplementary Table
S7). The results suggested that co-targeted genes are mainly associated
with steroid hormone biosynthesis, the gonadotropin-releasing
hormone (GnRH) signaling pathway, the estrogen signaling pathway,
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and insulin resistance, which participate in the etiology of PCOS.

Molecular docking

Based on the enrichment analysis, the top 16 gene targets associated
with PCOS and its symptomatic disorders- MMP9, AR, KDR, PRKACA,
KIT, CYP19A1, HSD11B1, ESR1, STAT3, ESR2, PRKCA, ROCK1, BRAF,
HSD17B2, PIK3R1, and RAF1 proteins- were subjected to molecular
docking against bonducellin to identify their binding affinity. These
docking scores reflect the predicted strength of the binding
interactions between the mentioned proteins and bonducellin. Lower
scores generally indicate a stronger binding affinity. The amino acid
residues listed are likely involved in the binding sites or regions
responsible for the interactions between the proteins and their ligands.
The information presented here is valuable for understanding the
molecular details of these interactions, which can have implications
for drug discovery and design. The binding scores of the bonducellin
towards the major targets are given in Table 2. The docking images of
the two high-affinity proteins, MMP9 and AR, are presented in Figure
6.

Molecular dynamics simulations

To understand the conformational changes and evaluate the binding
stability of bonducellin in a solvent atmosphere against top-scoring
MMP9 and AR proteins, we have carried out MD simulations for a
period of 100 ns for two complexes, namely bonducellin-MMP9 and
bonducellin-AR protein complex. Their simulations were evaluated
using various statistical parameters, including RMSD of apoproteins
and protein-ligand complexes, RMSF of proteins and ligands, radius of
gyration, and protein-ligand interactions over time from the obtained
trajectory.
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Figure 2 PPI network of co-targeted genes of bonducellin-associated targets and disease-associated targets. HTR2A, serotonin 2a receptor;
MAOB, monoamine oxidase B; DRD3, dopamine D3 receptor; DRD4, dopamine D4 receptor; MAOA, monoamine oxidase A; DRD1, dopamine D1
receptor; ADORA2A, adenosine A2A receptor; PDE4B, phosphodiesterase 4B; PDE4D, phosphodiesterase 4D; PDE4A, phosphodiesterase 4A; MYLK,
myosin light chain kinase; HSD17B3, estradiol 17-beta-dehydrogenase 3; AKR1B1, aldose reductase; HTR3A, serotonin 3A receptor; DYRKIA,
dual-specificity tyrosine-phosphorylation regulated kinase 1A; MIF, macrophage migration inhibitory factor; MMP3, matrix metalloproteinase 3;
CYP19A1, cytochrome P450 19 subfamily A member 1; MMP7, matrix metalloproteinase 7; HSD11B1, 11-beta-hydroxysteroid dehydrogenase 1;
F3, coagulation factor IIl/tissue factor; APP, amyloid beta precursor protein; MMP14, matrix metalloproteinase 14; MMP9, matrix
metalloproteinase 9; MMP8, matrix metalloproteinase 8; ESR2, estrogen receptor beta; AR, androgen receptor; HSD17B2, estradiol
17-beta-dehydrogenase 2; EPHB2, Ephrin type-B receptor 2; GSK3A, glycogen synthase kinase-3 alpha; PTPN1, protein-tyrosine phosphatase,
non-receptor type 1; PIK3R1, phosphoinositide-3-kinase regulatory subunit 1 (p85-alpha); ADAM17, A disintegrin and metalloprotease 17;
PRKACA, protein kinase cAMP-activated catalytic subunit alpha; NR4A1, nuclear receptor subfamily 4 group A member 1; HDAC?, histone
deacetylase 7; PTGS1, prostaglandin endoperoxide synthase 1 (Cyclooxygenase-1); EZR, Ezrin; MET, Met proto-oncogene, receptor tyrosine kinase
(hepatocyte growth factor receptor); ESR1, estrogen receptor alpha; HDACY, histone deacetylase 9; PLAA, phospholipase A2-activating protein;
BRAF, serine/threonine-protein kinase B-Raf; HDAC11, histone deacetylase 11; ALOX5, Arachidonate 5-lipoxygenase; PIM2,
serine/threonine-protein kinase PIM2; KDR, kinase insert domain receptor (vascular endothelial growth factor receptor 2); CXCR2, C-X-C motif
chemokine receptor 2 (interleukin-8 receptor B); KIT, KIT proto-oncogene receptor tyrosine kinase (stem cell growth factor receptor); RET, RET
proto-oncogene receptor tyrosine kinase; STAT3, signal transducer and activator of transcription 3; MKNK1, MAP kinase-interacting
serine/threonine-protein kinase MNK1; ROCK1, Rho-associated protein kinase 1; ABL1 proto-oncogene 1, non-receptor tyrosine kinase; PRF1,
perforin 1; PRKCA, protein kinase C alpha; MAP2K1, mitogen-activated protein kinase 1; MAPKAPKS5, MAP kinase-activated protein kinase 5; ALK,
anaplastic lymphoma kinase; JAK3, Janus kinase 3; PDPK, 3-phosphoinositide dependent protein kinase-1; PIM1, serine/threonine-protein kinase
PIM1; ERN1, endoplasmic reticulum to nucleus signaling 1 (serine/threonine-protein kinase/endoribonuclease IRE1); PLK1, Polo-like kinase 1;
RAF1, RAF proto-oncogene serine/threonine-protein kinase; CDC25A, cell division cycle 25A; ODC1, Ornithine decarboxylase 1; ABCG2,
ATP-binding cassette sub-family G member 2; MELK, maternal embryonic leucine zipper kinase; MAPK14, mitogen-activated protein kinase 14
(p38 alpha); ALPL, alkaline phosphatase, tissue-nonspecific isozyme; CHEK1, checkpoint kinase 1 (serine/threonine-protein kinase Chk1).
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Figure 3 GO enrichment analysis chart of the BP (green), CC (orange), and MF (Blue) categories from GO enrichment analysis. The X-axis
and Y-axis show the gene count and full name of the processes, respectively. BP, biological process; CC, cellular components; MF, molecular
function.
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Figure 4 Top 10 ranked genes based on the PPI network of co-targeted genes. MMP9, Matrix Metalloproteinase-9; RAF1, Raf-1
Proto-Oncogene (Serine/Threonine Kinase); STAT3, Signal Transducer and Activator for Transcription 3; PRKCA, protein kinase C alpha; PRKACA,
protein kinase cAMP-activated catalytic subunit alpha; KDR, Kinase Insert Domain Receptor; KIT, Protooncogene C KIT (Tyrosine Protein Kinase);
AR, androgen receptor; BRAF, B-Raf proto-oncogene (serine/threonine-protein kinase); ESR1, estrogen receptor 1.
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Figure 5 KEGG pathway enrichment analysis of the top fifteen signaling pathways by gene ratio and their target genes related to PCOS
and its symptomatic disorders based on KEGG pathway. GnRH, gonadotropin-releasing hormone.
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Figure 6 Molecular docking of bonducellin against key target proteins with their 2D structure of the binding sites. (A) MMP9 (PDB: 6ESM)
docked with bonducellin. (B) AR (PDB: 5JJM) docked with bonducellin.
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After the simulation, RMSD was utilized to understand the
structural conformation of the ligand and protein. Figure 7 displays
the RMSD (;\) vs time multiplot for bonducellin-MMP9 and
bonducellin-AR protein complex (pink) simulations along with their
apoproteins (blue). The apo-MMP9 protein stabilized at an RMSD of
2.5-2.8 A, while the bonducellin-MMP9 complex displayed
fluctuation till 60 ns up to 1.2 A, after which the trajectory attained a
stable RMSD between 2.8 and 3.2 A. The ligand RMSD initially
fluctuated around 3.5 A for the first 15 ns but stabilized between 2.6
and 3.0 A, indicating strong retention in the binding pocket. Similarly,
the apo-AR protein reached RMSD stability around 2.0 A, while the
bonducellin-AR complex displayed deviation in 40 ns between 1.2 and
1.8 A, increasing to 2.1 A in 60 ns, followed by stabilization at 2.1 A

till 100 ns. This minor deviation in both MMP9 and AR bonducellin
complexes throughout indicates excellent stability, with MMP9 being
more stable than AR protein.

Characterizing local alterations throughout the protein chain is
done with the protein RMSF. Figure 8 displays the protein-RMSF (A)
vs residue number index multiplot. The protein RMSF of
bonducellin-MMP9 was less than 2.7 A for all amino acid residues
except the residues from 60 to 65, which had an RMSF of 5.6 A.
Similarly, the protein RMSF of the bonducellin-AR complex was less
than 2.5 A for all amino acid residues except the residues from 150 to
155, which had an RMSF of 3.2 A. However, these fluctuations are not
located in the ligand’s binding site, suggesting that they do not impact
ligand stability.
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Figure 7 Graphical representation of the plots showing RMSD (A) versus time (100 ns). (A) Bonducellin-MMP9 complex RMSD. (B)
Bonducellin-AR complex RMSD. blue represents apoprotein; pink represents protein-ligand complex. RMSD, root-mean-square deviation.
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Figure 8 Graphical representation of the plots showing the protein RMSF (A) versus residue index number of protein. (A)
Bonducellin-MMP9 complex protein. (B) Bonducellin-AR complex protein. RMSF, root mean square fluctuation.
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Solvent-accessible surface area analysis showed a stable
protein-solvent exposure, with total solvent-accessible surface area
values fluctuating between 7,500-7,800 A? for MMP9 and
9,500-9,800 A? for AR, confirming no major solvent-induced collapse
(Figure 9). The ligand interaction fractions of bonducellin with the
amino acids of MMP9 and AR during the span of 100 ns are depicted
in Figure 10. As shown in Table 3, the bonducellin-MMP9 complex
exhibited 8 hydrogen bonds and 7 hydrophobic bond interactions,
where all 7 hydrophobic bonds and 4 H-bonds were observed during
docking Alal89, His226, Ala242, and Arg249. However, 4 new
H-bond interactions with Tyrl79, GIn227, Glu241, and His257
residues were observed during MD simulations in a solvent
environment, which can further facilitate the binding affinity and

stability of the bonducellin-MMP9 complex. Similarly, the
bonducellin-AR complex shows 5 hydrogen bonds and 17 hydrophobic
bond interactions, in which only 3 H-bonds, GIn711, Arg752, and
Thr877, and 5 hydrophobic bonds, Leu701, Val746, Met749, Leu873z,
and Phe876, were observed during molecular docking. However,
during molecular simulations, 2 new H-bonds, Asn705 and Phe764,
and 12 new hydrophobic bonds Leu704, Leu 707, Met742, Met745,
Phe764, Met780, Leu 873, Leu880, Val889, Phe891, Met895, and
11e899, were observed that further aid with the stable binding of
bonducellin to AR. Additionally, water-bridged hydrogen bonds were
observed with His226, Glu241, and Arg249 in MMP9 and GIn711,
Arg752, and Thr877 in AR, reinforcing ligand stability through
solvent mediation.
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Figure 9 The SASA plots during 100 ns molecular simulation showing SASA (;\2) versus time (ns). (A) Bonducellin-MMP9 complex. (B)

Bonducellin-AR complex. SASA, solvent accessible surface area.
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Figure 10 The histogram of protein-ligand interactions throughout the simulation trajectory. (A) Bonducellin-MMP9 contacts. (B)

Bonducellin-AR contacts.
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Targe.t Associated PCOS related Docking score Bonducellin Native ligand
proteins & hway(s) tom(s) (keal/mol) Reference
PDB IDs pathway(s Symptom{s cal/mo Hydrogen Bond Hydrophobic Bond Hydrogen Bond Hydrophobic Bond
) ) ) Tyrl79, His226, GIn227, ) Leul87,  His190,
MMP9 (6ESM) liincﬂl\:r;:z?iiihng, g;’f;:: dysfunction, _,, og Glu241, Ala242, Met247, ]]:Zgz ri:e;lzlf: ;::;z(z)z His226,  Gino27 Val223,  His226, [44]
Arg249, His257 » LYTEES, Leu243, Tyr248
Leu701, Leu704, Leu707, Met742,
Met745, Val746, Met749, Phe764 Leu701 Leu707
A H i A In711, Arg752 ’ : ’ C A In711 ’ ’
AR (5JIM) Sini;‘l’iien hi{ fjtrizfmgemsm’ -9.24 P;Z;gi’ %%77’ 18752, | 873, Met780, Leu873, Phe876, Ai“;g;’ GIn71L \et745,  val7a6, [45]
gnating ’ 1eu880, Val889, Phe891, Met895, '~ & Phe764
1899
Valg48,  Ala866,
o Abnormal  ovarian Val848, Ala866, Val899, Valo16, Lue885, Cys919, Lys868,  Glu8ss,
KD ZE EGF signal -8. Lys868, Cys9l
R(BWZE)  VEGFsignaling o senesis 8.8 ys868, Cys919 Phe918, Leul035 Asp1046 Leug89,  valole, O]
Leul035, Phel047
. . Leu49, Ala70,
PRRACA CAMP signaling ~ Psulin  resistance, o Asn99, Phel00, Leul06  GIn96, Asn99, Leul03, Leul06 Vall23 Leul73,  Thrl83, [47]
(1Q8UL) hormonal imbalance
Phe327
Leu595, Leu647,
Stem cell factor Follicular Leu595, Val603, Ala621, Leu644, Lys623, Glu640, Ile653, Tyr672,
KIT (6ITT) signaling development issues 85 Lys623, Glu640, Gly676 Thr670, Tyr672, Leu799, Phe811 Cys673, Asp810 Leu783, Leu799, (48]
Asp810
Estrogen imbalance Trp224, Ala30s,
CYP19A1 Estrogen ? Asp309, Thr310,
(5JKV) biosynthesis :;ni;‘:;lﬁes 8.29 Ser314, Val370, Pro429 Ala306, Val370, Ala443 Argl15, Met374 Val370, Leu372, [49]
g Leud77
Gly41, Ser43, Lys44,
Stress-related lle46, Arg66, Ser67,
HSD11B1 Cortisol R lle46, Gly47, Thr92, Thr92, Met93,
(4BB5) metabolism $:ttzl’;’:rfce 7:98 Met93, Asn119, Tle121 Lys44, Arg66 Asn119, llel21, [eu21s 1501
Tyr183, Lys187,
1le218, Tyr220
Endometrial
E 1 M T
ESR1 (2QE4) SUO8ERTECEPIOr 4 p nction, —7.59 Glu3S3, Met357, Trp393, 1 1304, 1le326, Arg394 Trp393, Lys449 Pro324, 1le326 [51]
signaling infertility Lys449
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Table 3 Docking report of bonducellin against the 16 target proteins compared with their native ligands (continued)

Targe‘t Associated PCOS related Docking score Bonducellin Native ligand
proteins & h keal 1 Reference
PDB IDs pathway(s) symptom(s) (kcal/mol) Hydrogen Bond Hydrophobic Bond Hydrogen Bond Hydrophobic Bond
STAT3 JAK-STAT Chronic Asp369, Lys370, Ser381 Asp369, Lys370, Leu438, Thr440, Lys370 Ser381
- . ﬂ . _ : 2 bl El El El El £l bl bl El Th X 1 2
(6NUQ) signaling inflammation, 7:3 Thr440, Glu455, Lys488  Val490 Lys488 1440, Val490 (52]
metabolic issues
ESR2 (30LL) Estrogen receptor  Impaired ovarian 796 Glu305, Leu342, Arg346, Leu298, Leu301, Ala302, Phe 356, Glu305, Arg346, Leu298, Leu301, (53]
signaling function ’ Leu491, Leu492 Pro486 His475 Leu343
PRKCA PI3K/AKT Insulin  resistance, His455, Gly458, Gly492, Thr401, Glu418, Leu345, Phe350,
(31W4) sienalin metabolic syndrome —-7.14 Pro514, Gly516, Lys517, Pro577 Val420 Val353, Lys368, [54]
gnating Y Ser518 Ala480, Asp481
. . Val9o, Alal03,
gc\)gg fg’t&sﬁﬁal 2]‘)’:;?: dysfunction, _ Phel10, Lys114, Asn390 ]ffég% ;1::;;10’ lel13, Lysl14,  \1 o156, Asp216 Lys105,  Leul07, [55]
8 ’ Leu205, Ala215
BRAF (7MFD)  MAPK signaling | CLicular — growth o7 Cys264 Asp249, Tyr266, Arg691, Glu695  / Tyr266, Arg691, [56]
abnormalities
. Val143, Leul49,
HSD1782 Steroid hormone o oo imbalance  —6.62 His179, Leul80 Leul74, Lys248 Tyr 155, Glu282 Val225,  Phe226, [57]
(7X37Z) metabolism
Phe259
PIK3R1 PI3K/AKT Insulin resistance, Arg348, Pro427, Ser429, [58]
(8DCP) signaling obesity 6.48 Gln433 Lys346, Arg348, Val428 Pro427, Gln433 Arg348, Val428
Asn46, Asp49, Lys53,
Asp88, Asn101,
. . Ser108, Gly109,
RAF1 (7238) ls\i[AnZIli; ERK ﬁﬁ;}f;iffﬁ;“w“’ -62 ?:1?21 Asp88, GInl2s, Thr110, Gln128, / [59]
gnating Phel29,  Gly130,
Vall31, Gly132,
Phel33

MMP9, Matrix Metalloproteinase-9; ECM, extracellular matrix; AR, androgen receptor; KDR, Kinase Insert Domain Receptor; VEGF, vascular endothelial growth factor; PRKACA, protein kinase cAMP-activated
catalytic subunit alpha; cAMP, cyclic Adenosine Mono-Phosphate; KIT, Protooncogene C KIT (Tyrosine Protein Kinase); CYP19A1, cytochrome P450 family 19 subfamily A member 1 (aromatase); HSD11B1,
hydroxysteroid 11-beta dehydrogenase 1; ESR1, estrogen receptor 1; ESR2, estrogen receptor 2; STAT3, Signal Transducer and Activator for Transcription 3; JAK/STAT, Janus kinase/signal transducers and
activators of transcription; PRKCA, protein kinase C alpha; PI3K/AKT, phosphatidylinositol 3-kinase/protein kinase B; ROCK1, Rho-associated protein kinase 1; BRAF, B-Raf proto-oncogene
(serine/threonine-protein kinase); MAPK, mitogen-activated protein kinase; HSD17B2, 17beta-hydroxysteroid dehydrogenase type 2; PIK3R1, phosphoinositide-3-kinase regulatory subunit 1; RAF1, Raf-1
Proto-Oncogene (Serine/Threonine Kinase); ERK, extracellular signal-regulated kinase; PCOS, polycystic ovary syndrome.

Submit a manuscript: https://www.tmrjournals.com/tmr

11


https://orcid.org/0000-0003-3039-9131
https://paperpile.com/c/RdNvjq/jbZ1l
https://paperpile.com/c/RdNvjq/Jjzow
https://paperpile.com/c/RdNvjq/tGHNB
https://paperpile.com/c/RdNvjq/Jjzow
https://paperpile.com/c/RdNvjq/Jjzow
https://paperpile.com/c/RdNvjq/NJaRc
https://paperpile.com/c/RdNvjq/VWsEN
https://paperpile.com/c/RdNvjq/jfKau

ARTICLE

Traditional Medicine Research 2025;10(11):65. https://doi.org/10.53388/TMR20241216001

The protein-ligand 2D interactions of both bonducellin-MMP9 and
bonducellin-AR complex following the 100 ns are depicted in Figure
11, showing that the amino acids of MMP9 and AR proteins majorly
formed hydrophobic, polar, and pi-pi stacking bonds with
bonducellin, where some interactions were mediated by water
molecules. Figure 12 shows the ligand torsion profile of bonducellin
with MMP9 and AR proteins. The profile displayed minimal torsional
flexibility in MMP9, indicating a rigid and stable conformation within
the pocket. In contrast, moderate fluctuations in AR suggest some
flexibility, allowing bonducellin to adapt to its binding site. Figure 13
shows the radius of the gyration of the bonducellin-MMP9 and the
bonducellin-AR complexes; both are stable throughout the simulation
period. The radius of the gyration stability confirms that MMP9 and
AR proteins remain structurally compact and stably folded over 100
ns, depicting the compactness of the proteins. These results suggest
that bonducellin maintains strong and stable binding with both MMP9
and AR, with MMP9 demonstrating higher stability, making it a
potential candidate for further drug development.

Zebrafish embryo toxicity

A zebrafish embryo toxicity bioassay was used to assess the
developmental effects of bonducellin exposed at different
concentrations (0.1, 0.25, 0.5, 1, 2.5, 5 ug/mL) with 0.1% DMSO as
the vehicle control. The result demonstrated that bonducellin is
effective even at lower doses, with minimal toxicity observed at a dose

of 0.1-0.5 pg/mL, with a morbidity rate below 30% in all time
intervals. However, a gradual increase in morbidity was observed at
0.75-5 pg/mL, with the highest concentration of 5 pg/mL showing
100% morbidity at 48 h post-fertilization, indicating a rapid and
effective activity at higher doses. A significant difference was
observed in the morbidity of embryos from control to treated groups,
with statistical significance increasing at higher concentrations (P <
0.05) (Figure 14). The LGCs, values calculated using the
Litchfield-Wilcoxon method were determined to be 1.25 ug/mL at 24
hpf, 0.8 ug/mL at 48 hpf, and 0.7 ug/mL at 72 hpf, demonstrating
bonducellin’s strong bioactivity even at lower concentrations.

Gene expression analysis in zebrafish embryos

The gene expression analysis was performed using RT-PCR to evaluate
the effect of bonducellin on MMP9 expression in zebrafish embryos at
the mRNA level. RNA was isolated from two groups, control and
bonducellin-treated (0.8 pg/mL) at 24 and 48 hpf. The isolated RNA
was converted into cDNA and used for gene expression analysis. Gel
electrophoresis confirmed the successful amplification of MMP9 and
B-Actin, and quantitative analysis using ImageJ software revealed a
0.05-fold downregulation of MMP9 expression at 24 hpf compared to
the control. However, MMP9 expression was significantly upregulated
(2.4-fold) at 48 hpf. The housekeeping gene B-Actin was used for
normalization, ensuring accurate quantification of expression levels
(Figure 15).
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Figure 11 2D interaction diagram showing interaction formed between ligands and proteins. (A)

Bonducellin-AR complex.

Bonducellin-MMP9 complex. (B)

A

K,

e 189
s28

\ 269 T

\ 1

s Y
(]
|
s
s
e

[ -

000

A

rGyr {4)

rGyr (4)

20 40

Time {nsec)

60 80 100

Figure 13 The radius of gyration plots during a 100 ns molecular simulation. (A) Bonducellin-MMP9 complex. (B) Bonducellin-AR complex.
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Figure 14 The morbidity of zebrafish embryos treated with bonducellin at various concentrations. 0.1% DMSO served as vehicle control.
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Discussion

PCOS has become one of the most common metabolic and endocrine
ailments in women of reproductive age, necessitating immediate
attention to curb its alarming increase in prevalence. Although there
are several herbal medications recommended for the management of
PCOS, the seed kernels of the medicinal plant, Caesalpinia bonducella,
have recently been in the limelight due to their anti-androgenic and
anti-estrogenic properties and also due to their ability to balance the
hormones and dysregulated lipid profiles associated with PCOS [66].
The therapeutic potential of C. bonducella seeds is attributed to the
bioactive phytochemicals like flavonoids, sterols, cassane, and
furanoditerpenes [17], where bonducellin is one of the major
bioactive homoisoflavonoid effective against various disorders
associated with PCOS. Owing to its importance, we aimed to identify
the molecular mechanism underlying the therapeutic properties of
bonducellin through the network pharmacology approach.

In this study, 100 genes that are possible targets for bonducellin
were identified using SWISS target prediction. Of these genes, 76
genes that are involved in the pathogenesis of PCOS and its associated
risks such as diabetes, insulin resistance, obesity, ovarian cancer,
metabolic syndrome, endometrial cancer, and inflammation were
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filtered by Venn analysis, which when subjected to GO enrichment
and KEGG pathway enrichment analysis showed that they are
involved in 15 important pathways, including ovarian steroidogenesis,
GnRH signaling, and insulin resistance. Sixteen proteins (MMP9, AR,
KDR, PRKACA, KIT, CYP19Al1l, HSD11B1, ESR1, STAT3, ESR2,
PRKCA, ROCK1, BRAF, HSD17B2, PIK3R1, RAF1) that showed higher
PPI were chosen for docking against bonducellin to identify the latter’s
potential targets and mode of action. Here, we further discuss the
ovarian steroidogenesis pathway, which is essential for regulating the
female reproductive system, influencing processes such as ovulation,
menstruation, and pregnancy. Understanding how bonducellin
modulates this pathway is crucial for addressing reproductive health
issues and developing therapeutic interventions for conditions such as
PCOS.

Two proteins, MMP9 and AR, that showed a higher binding affinity
with bonducellin were subjected to MD simulations to evaluate their
stability in a solvated environment. MMP9, a matrix
metalloproteinase, plays a crucial role in extracellular matrix
remodeling. In normal women, the protease activity of MMP9 within
the extracellular matrix is regulated by the tissue inhibitors of MMPs
(TIMPs) [67]. However, in PCOS women, an increased expression of
MMP9 and a deregulated MMP9:TIMP1 ratio were observed in the
ovaries, which may result in excessive remodeling of ovarian follicles
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and walls, thus impairing the ovarian cycle [68]. A disruption in the
balance between MMPs and TIMPs has been associated with the
pathophysiology of several diseases. It is believed that excessive
androgen secretion in PCOS women can alter the balance of MMPs
and TIMPs in the ovaries, resulting in the progression of fibrosis and
follicular atresia [69]. Administration of an additional inhibitor can
reduce the activity of MMP9 in PCOS women. In this study, strong
binding of bonducellin (—11.25 kcal/mol) to MMP9 was predicted by
docking, where MMP9 interacts with 29 key proteins related to PCOS,
which shows that it may possess an impending role in balancing the
MMP9: TIMP1 ratio in PCOS women and thereby preventing ovarian
dysfunction.

The ligand-dependent nuclear transcription factor, AR, plays a
crucial role in mediating androgen biosynthesis, including
testosterone and dihydrotestosterone. ARs are involved in various
biological functions, such as system maintenance and development
[70]. Increased GnRH levels lead to a surge in LH in women, which, in
turn, promotes elevated androgen production. Elevated androgen
levels are a hallmark of PCOS globally. Excess androgens trigger a
cascade of cellular events via the androgen receptors [71]. In this
study, molecular docking has predicted a strong binding affinity
(—9.4 kcal/mol) between bonducellin and ARs, demonstrating an
interaction with 15 key proteins associated with PCOS. This suggests
that bonducellin has the potential to inhibit AR activity, thereby
mitigating  manifestations of excess androgens, such as
hyperandrogenism and hirsutism in women with PCOS.

While excess androgen is the hallmark of PCOS, induction of
ovulation in PCOS women for treating infertility is done by inhibiting
aromatase using letrozole and other commercial aromatase inhibitors.
The aromatase enzyme is coded by the CYP19A1 gene, which plays a
crucial role in the biosynthesis of estrogen from androstenedione [72].
Reduction in the estrogen level leads to increased FSH hormone,
creating a feedback loop. As the level of FSH rises, the aromatase level
increases [73]. Hence, aromatase inhibitors help in the balanced
maintenance of estrogen. As commercial inhibitors show adverse side
effects, there is a constant search for novel inhibitors from natural
resources. A high affinity of bonducellin (—8.29 kcal/mol) to
aromatase unveils its potential to inhibit the enzyme and thereby
assist in treating infertility. Bonducellin is not only a strong target for
CYP19A1 but also HSD11B1 (hydroxysteroid 11-beta dehydrogenase
1) and HSD17B2 (17-beta-hydroxysteroid dehydrogenase), with
binding affinities of —7.98 kcal/mol and —6.62 kcal/mol,
respectively. These enzymes are involved in the conversion of
androstenedione to testosterone in the ovarian steroidogenesis
pathway and thus can help regulate androgen levels. Thus,
bonducellin demonstrates its anti-androgenic and anti-estrogenic
properties.

Furthermore, the estrogen receptors (ERa and ERP) are another
high-affinity target for bonducellin with —7.59 kcal/mol and —7.26
kcal/mol, respectively, found in the network pharmacological studies.
In humans, two isoforms of estrogen receptors, ERa and ERf, have
been reported [74, 75]. ERs, the transcription factors belonging to the
nuclear receptor family, are found in the nucleus, cytoplasm, and
mitochondria and help in estrogen-mediated signaling and
transcription of downstream genes [76]. PCOS is the manifestation of
excess androgen and altered estrogen, which in turn disrupts the HPA
axis, resulting in increased LH secretion [77]. Regulating estrogen
levels is the first-line treatment for PCOS-caused infertility in women.
Many selective estrogen receptor modulators, like clomiphene citrate
(CC), are recommended for inducing ovulation by increasing the
secretion of LH and FSH from the hypothalamus. CC functions like an
agonist at reduced endogenous estrogen levels or largely as an
antagonist of ER [78, 79]. CC is believed to affect the ER in the
hypothalamus, wherein it improves the secretion of LH frequency to
promote ovulation [80]. Bonducellin, the compound under study,
with a high binding affinity to ESR1 and ESR2, could be a promising
novel selective estrogen receptor modulator that can modulate the
effect of estrogen receptors.

STAT3, which is a transcription factor, plays a crucial role in
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various cellular processes, including cell proliferation and cell
differentiation. It is also involved in ovarian steroidogenesis,
contributing to the upregulation of LHCGR, CYP17a, and p450C17a
and downregulating the expression levels of FSHR, CYP19, and
aromatase, thereby leading to polycystic ovarian morphology [81].
The affinity of bonducellin is —7.32 kcal/mol towards STAT3 protein,
which showed a higher level of protein interaction amongst 43 key
targets of PCOS, which could potentially help in alleviating PCOS.
Bonducellin could mechanistically bind to the downstream targets of
STAT3, i.e., LHCGR, FSHR, CYP17a, and CYP19, and alter their
expression, benefiting follicular development.

To evaluate the safety of bonducellin, zebrafish embryo toxicity
assays were performed for 24, 48, and 72 h post-fertilization (hpf).
The LCs, values of bonducellin were determined as 1.25 pg/mL at 24
hpf, 0.8 pug/mL at 48 hpf, and 0.7 pug/mL at 72 hpf. These values
suggest a dose-dependent toxicity profile, which should be considered
for future pharmacological studies. Gene expression analysis revealed
a significant downregulation of MMP9 (0.05-fold) at 24 hpf, followed
by a notable upregulation (2.4-fold) at 48 hpf. This biphasic
expression pattern suggests a feedback regulatory mechanism, as
MMP9 is essential for extracellular matrix remodeling and embryonic
development. This finding stands as a preliminary study to show that
bonducellin modulates the expression of the target genes.

Conclusion

PCOS is a multifactorial and multisystem disorder associated with
various symptomatic complications, including hormonal imbalances,
dysregulated cholesterol levels, and impaired glucose metabolism, all
of which require immediate attention and care. Patients with PCOS
often require multiple medications to address underlying symptoms,
as there is currently no single drug that can effectively target all
manifestations of the condition. The use of Caesalpinia bonducella
seeds by PCOS patients has been reported to reduce cyst formation,
regulate hormone levels, reduce blood sugar, induce ovulation, and
improve menstrual cycles. In the present study, we investigated the
potential molecular mechanism wunderlying the efficacy of
bonducellin, a homoisoflavonoid from C. bonducella, on PCOS and its
symptomatic disorders through network pharmacology. The findings
identified that bonducellin could target the key proteins and receptors
associated with PCOS and possibly alter their expression or their
downstream targets. Given its promising pharmacological properties,
bonducellin could serve as a natural alternative for PCOS
management. Albeit the toxicity studies are performed in zebrafish
embryos, the profound effects of the treatment require further in vivo
investigations and clinical trials. Understanding its precise molecular
interactions and long-term effects is crucial in advancing bonducellin
as a novel therapeutic strategy for PCOS.
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