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Researchers globally have discovered that both red and green
peppers are extremely rich in bioactive phytoconstituents with
pharmacological properties. These metabolites are associated
with critical physiological functions, including anticancer and
health-promoting effects. However, due to insufficient clinical
evidence or lack of standardized studies, there are no recom-
mendations regarding their use and dosage. We investigated
the potential therapeutic effects of Capsicum chinense flesh
as an inhibitor of the androgen receptor through computa-
tional studies. To explore potential novel antitumor markers

1. Introduction

Pepper, which belongs to the Capsicum genus, is a fruit, veg-
etable, or spice that is highly significant and widely accepted.
From a scientific perspective, it is a plant that is valued both
nutritionally and pharmacologically'. It is part of the Solanaceae
family and is considered one of the most economically impor-
tant crops.?3! This genus is native to a wide region of tropical

k]

from Capsicum chinense flesh, we employed in silico docking,
molecular dynamics simulations, and principal component anal-
ysis. Our results consistently demonstrated significant binding
across all the receptor models tested, with the potential candi-
date (Delphinidin) emerged as a promising candidate. This study
offers valuable insights into a robust pharmacological approach
that could aid in identifying targets with investigative roles in
tumor development and provide potential therapeutic options
for managing tumors and associated challenges.

and subtropical America, including northern Central America,
Mexico, the Caribbean, northern lowland Amazonia, and low-
land Bolivia.**! Various archaeological findings suggest the use
of this spice crop since 6000 BC.[*®! There is a growing interest
in the Capsicum genus due to its attractiveness and consider-
able variation in traits. This crop’s exceptional adaptability makes
it appropriate for various benefits, including edible and non-
edible commodity. Research has demonstrated the potential
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importance of this plant since ancient times, with evidence
suggesting it was one of the first plants domesticated in the
Mesoamerican subcontinent.”! It was consumed as a vegetable,
used as a natural colorant, and played a significant role in
traditional medicine in 7500 B.C.13°!

Currently, numerous species have been domesticated to pro-
duce various cultivated varieties of pepper, offering a wide range
of flavors from mild and sweet to very hot and pungently pep-
pery. It is now widely used as both a vegetable and a hot spice
globally.'"31 One of the most significant research findings is
widespread distribution of C. chinense across the globe, facili-
tated by flourishing commercial exchanges by the Spanish and
Portuguese. This led to its successful acclimatization in various
regions as a major spice. Other spices like nutmeg and cin-
namon were not as easily affordable for seasoning and food
preservation." Surprisingly, five different species are globally
cultivated in various regions worldwide. Among these species
are C. annuum L from Mexico and Northern Central America, C.
frutescens L from the Caribbean region, and C. chinense, which
is primarily planted in the West Indies, West Africa, the Ama-
zon region, and Northern Central America. The production of
C. chinense surpassed 36 million globally five years ago, with
China leading in global production of C. chinense and other
varieties.™! Many of these species are clearly distinguished
morphologically due to their variability, wild, and cultivated
peppers.[78!

Furthermore, C. chinense has gained widespread acceptance
across the globe for its flavor, spice, eye-catching color, and
flavorful aroma in African, Asian, American, European, and Aus-
tralian cuisines, such as hot sauces and pepper soup.'! Research
has shown that bioactive compounds from C. chinense exhibit
pharmacological potency, such as antiobesity, neurological, and
cardioprotective roles. Further studies have revealed its pro-
tective role in antitumor and antioxidant capacity, preventing
chronic diseases.?>-2] Most of these bioactive components can
be used as additives in food industries, preservatives in food
formulations, and as active ligands in packaging films and func-
tional foods.>"?"! This could increase interest in relying more
on natural antioxidants like those from C. chinense, especially
since many synthetic antioxidants have detrimental effects due
to their carcinogenic nature.”®?°! Given the global prevalence of
C. chinense and the growing concerns for human well-being, it is
essential to conduct comprehensive research on this plant.3%-3!
Such research is important for formulating regulations to protect
our environment and public health. Computational approaches
have transformed drug discovery by accelerating the process
and cutting costs33,4. Target-based drug discovery focuses on
identifying molecular targets to create new drugs for manag-
ing antitumor and related diseases.>>>" Therefore, developing
an alternative and novel molecule from bioactive compounds
obtained from C. chinense could be a promising approach to
investigate their therapeutic potential. This study aims to address
present-day challenges by bridging the gap between scientific
understanding and practical application through a comprehen-
sive computational approach. The study will utilize computa-
tional methodologies such as molecular dynamics simulation,
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molecular docking, pharmacological prediction, and principal
component analysis to assess and conduct molecular research.

2. Materials and Methods

2.1. Online Retrieval of Proteon and Ligand Structures

After conducting a thorough study to advance our computa-
tional research,*® we acquired the 2D structures from a rep-
utable online PubChem database. Additionally, we obtained the
3D structures of the receptors (PDB: 1T63 and 1T65) from a freely
accessible online protein database.

2.2. Protein Grids Preparation and Generation

In the state-of-the-art Schrodinger software, we utilized the
advanced module of the software to create crystal structures for
the target receptors. This process includes configuration with the
help of optimization strategies via OPLS3 force field, adding any
missing hydrogen atoms, refining hydrogen bonds, eliminating
water molecules, and establishing disulfide bridges.?®! Further-
more, we set up grid folders to precisely define protein binding
pockets by selecting cocrystal molecule inside the pocket.3%40!

2.3. Ligands Preparation for Docking

To ensure accuracy, we meticulously prepared the ligands using
the advanced Schrodinger software. We enhanced the ligands
using the OPLS3 force field at a physiologically relevant pH of
7.2 + 0.2. We activated potential ionization states and adjusted
specific chirality to produce stereoisomers for each ligand struc-
ture while maintaining consistency with other stereoisomers./*!!

2.4. Free Binding Energy Determination

We utilized Schrédinger software to accurately calculate the
binding pocket of complexes and determine their equilibrium.?!
The default configurations use OPLS3 as the force field and VSGB
as the solvent model to enhance the physical description for
high-resolution protein modeling. OPLS3 offers greater accuracy
in small molecule conformational propensities and solvation due
to its extensive reference data and parameter types.**! Each
amount of the molecule of interest with AGbind and the LASV
nuclei acids was calculated using the equation: AGbind = AE
+ AGsolv + AGSA (1), AE represents the energy difference
between the complex, receptor, and ligand, while AGsolv and
AGSA refer to the solvation and surface area energies of the
complex, protein, and inhibitor respectively.

2.5. Molecular Dynamics and Trajectory Analysis

Molecular dynamics simulations of the receptors were con-
ducted using Schrédinger software. The docked complexes were

© 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3ATea10 3edldde aup Aq pausenob ek sejoie YO ‘85N JO Sa|nJ Joj A%eiq18UlUO A8]IM UO (SUOTHPUOO-PUB-SWLBY W0 A8 | 1M AleIq 1BU1|UO//:SdNL) SUORIPUOD PUe SWLB 1 8L} 885 *[620Z/0T/20] Uo AriqiTauliuo A8|iMm ‘eded ulissmay L JO Aisienun Aq T9ZT0S202 105/200T OT/I0p/wo A8 | imAselq i pul|uoadone-Ans iueyoy/sdny wouy pepeojumod ‘Sz ‘roz ‘6G959E2



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemistrySelect doi.org/10.1002/slct.202501261

simulated with the Desmond module using the OPLS 2005 force
field in an orthorhombic box with a 3-point water model.[#"4?!
Sodium and chloride ions were added for charge neutralization.
The simulation maintained a temperature of 310 K and pressure
of 1.0,1325 bar with a Nose-Hoover thermostat and Martyna-
Tobias-Klein barostat. Long-range electrostatic interactions were
calculated using the particle mesh Ewald method. Analysis was
performed for 100 ns with trajectory sampling at 100 ps intervals
and 1000 frames. Data analysis and visualization were done using
simulation interaction diagrams and MS-MD trajectory analysis in
OriginPro version 9.14344 Replicate MD analyses were conducted
for accuracy.

2.6. Statistical Analysis

One way ANOVA of OriginPro version 9 (OriginPro Ohio, CCHC,
USA) stastistical program was explores for the study.

3. Results
3.1. Molecular Docking Outcomes

Potential ability of natural compounds to effectively interact with
various receptors at different binding sites has been thoroughly
investigated through molecular docking and dynamics methods.
These methods are crucial for understanding the molecular inter-
actions involved.*#1 Of note that various operating systems
exist among the molecular docking programs with common
characteristics among them such as receptor-ligand interaction,
sampling, and scoring. The study illustrated the research flow
in Figure 1, serving as a reference point for the study. Our
research conducted a computational study using the Maestro
software 22.3 suite version to address present-day challenges by
bridging the gap between scientific understanding and practical
application through a comprehensive computational approach
to investigate bioactive compounds obtained from C. chinense
could be a promising approach to investigate their therapeutic
potential and provides basic mechanistic prospects and poten-
tial binding activities against specific receptors in Figure 2. This
research aims to understand how these compounds can inhibit
or interact with these androgen receptor (AR) with promising
antineoplastic potential.

To gain further insight into the bonding domains and confor-
mations of the top hit bioactive compounds from C. chinense in
the active sites of the targets, we conducted important docking
using the Schrodinger Suite 22.3 software, specifically the Mae-
stro version drug discovery suite. The docking results, as shown
in Table 1 for the two target receptors, indicated significant
pocket binding to the ligand of interest of the targets.

To analyze the interaction between the main substances in
C. chinense and AR (T163), molecular docking was conducted
to examine the hydrogen bonds involved in inhibiting the cat-
alytic activity of AR. The results summarized in Table 1, revealed
that the lead compound (Delphinidin) exhibited an excellent
docking score at the binding pockets of the two receptors
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(—10.200 kcal/mol and —10.819 kcal/mol) with free binding ener-
gies of —73.05 kcal/mol and —83.01 kcal/mol, respectively. In the
first binding pose, the compound (Delphinidin) formed hydro-
gen bonds with ASN705, GLN711, ARG752, and MET745 residues.
In comparison, the reference compound had a docking score of
—7.826 kcal/mol and a binding energy of —38.78 kcal/mol, form-
ing -7 stacking with the amino acid PHE764 residue Figure 3.
Furthermore, the other compound (Dihydrocapsacin) showed
an hydrogen bond to amino acid ASN705, THR877 residues in
Figure 4 while the reference compound revealed no binding
pose to the hydrogen bond, but forming -7 stacking with the
amino acid PHE764 residue Figure 5.

In the AR (1T65) binding pocket, as shown in Table 1, the
lead compound formed hydrogen bonds with GLN711, ASN705,
LEU704, LEU873, and MET745, as well as pi-pi stacking with the
PHE764 residue, as illustrated in Figure 6. Dihydrocapsaicin, on
the other hand, exhibited a hydrogen bond with the amino acid
THR877, as depicted in Figure 7. The lead molecule surpassed
the reference molecule with a docking score of —4.098 kcal/mol
and a free binding energy of —44.34 kcal/mol. Additionally, it
also formed 7-7 stacking with the PHE764 residue, as shown in
Figure 8.

The in silico study provides detailed information on the
optimal covalent priming angle of a ligand for binding to key
receptors. This binding energy reflects how a molecule inter-
acts with amino acids, resulting in conformational changes. Our
research compares the docking scores of compounds from C.
chinense with free binding energy, emphasizing the favorable
binding site of a molecule compared to standard molecules,
as shown in Figure 9. This analysis illustrates the inter-residue
contacts and binding pose interactions with androgen receptors.

3.2. Druglikeness and ADMET Profiles

The key aspect of drug development is identifying the hit
molecule and conducting research on potential hit molecules
derived from medicinal plants or fruits. This involves compar-
ing their molecular properties and interactions in an aqueous
state with reference molecules. Subsequently, the druggability
potency of these hit molecules can be assessed in the trans-
port system of cells. The therapeutic significance of hit molecules
identified from C. chinense, as depicted in Table 2, underscores
their importance with receptor-binding domains in the recep-
tor complex. The small compounds listed in Table 2 demonstrate
promising results while adhering to Lipinski’s rules, unlike the
reference compounds. Further investigations have highlighted
the importance of physicochemical properties such as heavy
atom number, aromatic heavy atom number, rotatable bond
number, H-bond acceptor ability, H-bond donor number, and
total polar surface area in determining the compound’s qualities.

In any drug development, evaluating pharmacokinetics is
crucial to understanding how a drug behaves in the body.
It is important to gain insight into the predictive properties
of identified molecules, binding affinity of compounds, and
selecting candidates with good bioavailability and safety. Our
research suggests that the hit compounds listed in Table 3
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Figure 2. The hit bioactive compounds from C. chinense with references. Note: 107,982 (Dihydrocapsacin); 68,245 (Delphinidin); 1,548,943 (Capsacin);
Reference [ (Cabazitaxel); Reference 2! (Rucaparib).
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Table 1. Analysis of molecular interaction of the docking complexes.
PDB Compound MMGBSA Dscore H-Bonds Others
1T63 68,245 —73.05 —10.20 ASN705, GLN711, ARG752, MET745 -
107982 —45.16 —8.989 ASN705, THR877 -
1548943 —80.00 —8.075 ARG752 PHE764
Reference2 —38.78 —7.826 - PHE764
S/N Compound MMGBSA Dscore H-Bonds Others
1T65 68,245 —83.01 —10.819 GLN71, ASN705, LEU704, LEU873, MET745 PHE764
107982 —76.05 —9.347 - -
1548943 —53.45 —8.915 THR877 -
Reference2 —44.34 —4.098 - PHE764
Note: 107,982 (Dihydrocapsacin); 68,245 (Delphinidin); 1,548,943 (Capsacin); Reference 2! (Rucaparib).
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Figure 3. The picture illustrates the 3D (on the left) and 2D (on the right) interactions taking place on the surface of the active pose within the crystal
structure of the Androgen receptor ligand-binding domain with DHT and a peptide derived from its physiological coactivator GRIPT NR box3 and 68,245
(shown as a green stick model). In the 2D representation, the charges of the binding site residues are highlighted in red for negative, blue for positive, and

white for neutral.

have a high probability of exhibiting favorable drug perme-
ability across biological membranes, which can impact their
absorption and distribution. The reversible movement of a drug
in the body provides information on its distribution, includ-
ing its ability to penetrate different tissue membranes. Our
research shows that the hit compounds from C. chinense have
excellent predictability compared to reference molecules. Addi-
tionally, these hit compounds compete well with standard
compounds in Table 3 showing a high capacity to transport
nutrients or solvents from the small intestine lumen into cells
and blood, potentially inhibiting PgP substrate prediction. Drug
delivery to specific subcellular compartments can be achieved
by designing membrane-permeable druggable compounds that
can diffuse through intestinal and cellular membranes to reach
the target cell. While significant progress has been made in
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improving drug bioavailability and tissue targeting, there has
been limited research on delivering drugs to specific subcel-
lular compartments where the drug target is located. This
indicates that the hit compounds may act as ATP-reliant drug
efflux pumps for pharmacokinetics, with effective specificity for
substrates.

3.3. Molecular Dynamics Simulations and Principal
Component Analysis

The structural dynamics and interaction between the target
receptors and the lead compound with superior binding energy
were analyzed in Figure 10. The RMSF plot revealed varying
fluctuation peak patterns in each target complex, with mean
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Figure 4. The image displays the 3D and 2D interactions on the active pose’s surface in the crystal structure of the Androgen receptor ligand-binding
domain with DHT and a peptide from its coactivator GRIP1 NR box3 and 107,982. The 2D view highlights the charges of the binding site residues: red for

negative, blue for positive, and white for neutral.
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Figure 5. The image illustrates the 3D and 2D interactions on the surface of the active pose in the crystal structure of the Androgen receptor
ligand-binding domain with DHT and a peptide from its coactivator GRIP1T NR box3. The binding site residues are color-coded in the 2D view: red for

negative, blue for positive, and white for neutral.

values spanning 0.973 + 047, 0.856 + 0.34, 1.066 + 0.55,
and 111 + 079 A as shown in Table 4. Notably, certain
residues showed significant interactions with the target recep-
tor, such as GLN711 and MET745. Furthermore, the RMSD plot
in Figure 11 displayed a stable AR-target pattern over a 100 ns
simulation period, with varying RMSD values of 0.879 + 0.09,
0.419 + 022, 0.982 + 0.3, and 0.919 + 0.12 A, respectively.
Regarding the molecular surface area (MolSA) in Figure 12 and
solvent-accessible surface area (SASA) in Figure 13, initial sta-
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bility was observed across all systems within the first 20 ns,
followed by stable complexes from around 50 ns to the end
of the simulation, with slightly different mean values ranging
from 257.61 + 1.27 to 258.63 + 1.58 compared to the reference
molecule’s 305.22 + 1.56 and 305.59 + 1.95 A, as shown in Table 4.
The SASA mean values ranged from 24.436 + 12.43, compared to
the reference molecule with a mean + SEM of 2.877 + 2.44 A.
The radius of gyration (rGyr) demonstrated minimal fluctuation
patterns in all AR-target complexes in Figure 14, with mean
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Figure 6. The illustration displays the 3D (on the left) and 2D (on the right) interactions taking place on the surface of the active pose within the crystal
structure of the Androgen receptor ligand-binding domain with DHT and a peptide derived from its physiological coactivator GRIPT NR box2 bound in a
non-helical conformation, along with 68,245 (shown as a green stick model). In the 2D view, the charges of the binding site residues are highlighted in red
for negative, blue for positive, and white for neutral.

D  Charged (negative) Polar -~ Distance —e  Pi-cation
O Charged (positive) @ Unspecified residue +  H-bond —  salt bridge
Glycine Water - Halogen bond Solvent exposure
Hydrophobic Hydration site —  Metal coordination
Metal X Hydration site (displaced) @  Pi-Pi stacking

Figure 7. The image displays the 3D and 2D interactions at the active pose’s surface in the crystal structure of the Androgen receptor ligand-binding
domain with DHT and a peptide from its coactivator GRIP1 NR box2. The peptide is in a non-helical conformation, and 107,982 is shown as a green stick
model. In the 2D view, the binding site residues’ charges are highlighted in red for negative, blue for positive, and white for neutral.
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Figure 9. The graph shows the docking scores and free binding energy analysis of bioactive compounds from C. chinense and the androgen receptor (AR)

with potential antineoplastic properties.

values ranging from 3.884 4 0.03 for the compound of interest
to 4.292 + 0.03 A for the reference molecule, as demonstrated in
Table 4.

Furthermore, One of the major advantages of increased
movement of receptors is that it allows for consistent collisions
between them, leading to clustering and improved signaling.
Surprisingly, mechanistic analysis emonstrated that molecule
68,245 (Delphinidin) in Table 5 emerged as the lead candi-
date for its intermolecular interactions with the target receptors
compared to the reference compound.

ChemistrySelect 2025, 10, e01261 (8 of 16)

4. Discussion

Historically, medicinal plants and its metabolites have been a
cornerstone in the treatment of diverse health conditions with
their robust repository of phytonutrients that underpin the ther-
apeutic potency.”’! Initially, the use of medicinal plants was
instinctive, as seen in cases where animals instinctively seek
out certain plants for treating or managing specific diseases
based on observations and experiences.[®! This has led to more
research into the use of a large number of bioactive metabolites
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Table 2. Medicinal chemistry,Druglikeness and Physiochemical properties of top hit bioactive compounds from C. chinense.
Druglikeness and Medicinal Chemistry

Lipinski #Violations Veber #Violations PAINS #Alerts Bioavailability Score Synthetic Accessibility
68,245 1 0 1 0.55 318
107,982 0 1 0 0.55 217
1,548,943 0 0 0 0.55 232
Referencel 2 2 0 0.7 8.67
Reference2 0 0 0 0.55 2.81
Physiochemical Properties

#Rotatable Bonds #H-Bond Acceptors #H-Bond Donors MR TPSA

68,245 1 7 6 782 134.52
107,982 n 3 2 90.99 58.56
1,548,943 10 3 2 90.52 58.56
Referencel 16 14 3 214.71 202.45
Reference2 3 3 3 96.03 56.92
Note: 107,982 (Dihydrocapsacin); 68,245 (Delphinidin); 1,548,943 (Capsacin); Reference ["! (Cabazitaxel); Reference ? (Rucaparib).

with antineoplastic and other health-related effects through var-
ious mechanisms of action. These metabolites can alter different
stages of carcinogenesis or tumorigenesis, potentially leading to
chemoprevention and complementary treatment. Additionally,
bioactive compounds from C. annuum L, such as lycopene, have
demonstrated antineoplastic properties by activating apoptosis,
inhibiting metastasis, and halting the advancement of prostate
cancer.!**% Therefore, our research look at the C. chinense
bioactive metabolites with antineoplastic potential.

Our research used the Maestro software 22.3 suite to study
bioactive compounds from C. chinense for their therapeutic
potential. We aimed to investigate their binding activities against
specific receptors, such as the androgen receptor (AR), to under-
stand their potential antineoplastic effects. This comprehensive
computational approach bridges scientific understanding with
practical application to address current challenges. The signaling
pathway of the androgen receptor (AR) is very vital in can-
cer advancement, with its production carefully controlled by
the hypothalamic-pituitary-gonadal axis. When combined with
androgens like testosterone and dihydrotestosterone, the AR
releases the heat shock protein complex and moves into the
nucleus, ultimately boosting gene transcription to speed up
tumor growth.”"3! One of the most efficient methods used
in analyzing binding pose of any molecule and target recep-
tor site is molecular docking. This method reveals underlying
mechanisms, making target-based computational approaches a
desired technique in pharmacokinetics, which are vital in deter-
mining the safety and potency of medications with hydrogen
bond interactions and available properties controlling mem-
brane transport and therapeutic results!>!

In order to explore the interaction between the main lig-
ands in C. chinense and AR, molecular docking was conducted
to analyze the hydrogen bonds that play a role in inhibit-
ing the catalytic activity of AR. The results are summarized

ChemistrySelect 2025, 10, e01261 (9 of 16)

in Table 1, with the lead compound (Delphinidin) showing an
excellent docking score at the binding pockets of the two recep-
tors (—10.200 kcal/mol and —10.819 kcal/mol) with free binding
energies of —73.05 kcal/mol and —83.01 kcal/mol, respectively.
The compound formed hydrogen bonds with ASN705, GLN711,
ARG752, and MET745 residues in the first binding pose, com-
pared to the reference compound with a docking score of
—7.826 kcal/mol and a binding energy of —38.78 kcal/mol, which
formed m—m stacking with the amino acid PHE764 residue as
illustrated in Figure 3 of the 2D interaction up to Figure 5. In
the second AR binding pocket of T165-receptor, the lead com-
pound formed hydrogen bonds with GLN711, ASN705, LEU704,
LEU873, and MET745, along with pi-pi stacking with the PHE764
residue, as illustrated in Figure 6. Dihydrocapsaicin, on the other
hand, exhibited a hydrogen bond with the amino acid THR877,
as depicted in Figure 7. The lead molecule, outperforming the
reference molecule with a docking score of —4.098 kcal/mol
and a free binding energy of —44.34 kcal/mol. Additionally, it
also formed 7- stacking with the PHE764 residue, as shown in
Figure 8. Our study compares the docking scores of compounds
from C. chinense with their free binding energy, highlighting the
advantageous binding site of a molecule compared to standard
molecules, as depicted in Figure 9. This analysis demonstrates
the inter-residue contacts and binding pose interactions with
androgen receptors.

It is worth noting that virtual screening of molecules pro-
vides information on pharmacokinetics, drug-likeness, potency,
and toxicity profiles of a molecule. Molecular docking and the
binding pose with MD simulation offer additional insights into
binding fitness and stability.>>! Our research findings are pre-
sented in Table 3.2.1. Supporting our findings, Batiha et al.l>®!
demonstrated the therapeutic potential of C. chinense fruits
in treating severe ailments. Furthermore, C. chinense fruits
have been found to possess antiseptic, antiviral, and anti-
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Table 3. The ADMET predictive study of the hit compounds and the reference molecules was conducted.
Absorption
Probability

BBB HIA Caco-2 Permeability P-glycoprotein Substrate P-glycoprotein Inhibitor
68,245 0.5202 0.5947 0.8508 0.5263 0.9675
107,982 0.7088 0.9922 0.5616 0.6946 0.8385
1,548,943 0.6219 0.9927 0.5417 0.6457 0.7854
Referencel 0.9896 1 0.5838 0.7622 0.5222
Reference2 0.9825 0.9535 0.7945 0.8287 0.6646
Distribution

Subcellular localization Probability
68,245 Mitochondria 0.9225
107,982 Nucleus 0.5152
1,548,943 Mitochondria 0.9272
Referencel Mitochondria 0.5433
Reference2 Mitochondria 0.6603
Metabolism
Probability
CYP450 2C9 Sub CYP450 2D6 Sub CYP450 1A2 Inhibitor CYP450 2C9 Inhibitor CYP450 2D6 Inhibitor

68,245 0.7974 0.8876 0.7858 0.5711 0.8932
107,982 0.796 0.5279 0.9106 0.8949 0.832
1,548,943 0.7809 0.5809 0.9107 0.8948 0.8932
Referencel 0.7731 0.672 0.7776 0.5907 0.6827
Reference2 0.8236 0.882 0.8197 0.8654 0.8935
Toxicity
Probability

Carcinogens Fish Toxicity Honey Bee Toxicity Biodegradation Acute Oral Toxicity
68,245 0.9401 0.9068 0.6355 0.6967 0.5939
107,982 0.9062 0.7659 0.6426 0.8713 0.6752
1,548,943 0.9153 0.6648 0.5829 0.9069 0.6676
Referencel 0.9446 0.6909 0.8223 1 0.5637
Reference2 0.9264 0.9958 0.7094 0.9926 0.5611
Note: 107,982 (Dihydrocapsacin); 68,245 (Delphinidin); 1,548,943 (Capsacin); Reference [!! (Cabazitaxel); Reference [?! (Rucaparib).

inflammatory effects, attributed to their antioxidant properties.
Therefore, the results in Table 2 highlight the therapeutic impor-
tance with receptor-binding domains in the receptor complexes.
The hit compound exhibit excellent results without breaching
Lipinski’s rules, unlike the reference compounds.

Further studies have emphasized the significance of physic-
ochemical properties such as heavy atom number, aromatic
heavy atom number, rotatable bond number, H-bond accep-
tor ability, H-bond donor number, and total polar surface area
in determining the qualities of compounds. In drug develop-
ment, pharmacokinetics is very important in describing how a
drug behaves inside human body. Additionally, a deeper insight
into the predictive properties of identified molecules, binding
affinity of compounds, and selection of highly developable can-
didates with good bioavailability and safety is essential. Our

ChemistrySelect 2025, 10, e01261 (10 of 16)

research indicates the probability of the hit compounds listed
in Table 3 to exhibit favorable drug permeability across bio-
logical membranes, influencing the absorption and distribution
of the compounds. To further understand the stability of the
compound of interest with AR complexes, molecular dynamics
simulations (MDs) were performed for 1000 ns to evaluate any
changes at the atomistic level in the binding pockets of the tar-
get over time. The evaluation of the simulated results shows
the effect of the identified compound’s efficacy as a poten-
tial inhibitory agent of the target receptors and their correct
positioning in the receptors’ binding pockets. Key MD prop-
erties analyzed included root mean square deviation (RMSD),
root mean square fluctuation (RMSF), radius of gyration (rGyr),
solvent-accessible surface area (SASA), and molecular surface
area (MolSA). The results from the simulation, principal compo-
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Figure 10. Analysis of molecular dynamics (MD) simulation components, principal component analysis, and eigenvalues of the correlation matrix of the 1T63
and 1T65 complexed with compounds: 68,245 (Delphinidin), 1,548,943 (Capsaicin), and Reference 2! (Rucaparib), focusing on the simulation property of

P_RMSF.
Table 4. Molecular dynamics simulations conducted to investigate the properties of the receptors and ligands.
Receptor Ligand RMSF RMSD rGyr MolSA SASA
1T63 68,245 0.973 £+ 0.47 0.982 £+ 0.13 3.884 4+ 0.03 257.61 &+ 127 24436 + 12.43
107982 0.909 + 143 3.014 £+ 0.26 5.466 + 0.21 349.82 £ 299 9.579 + 5.64
1548943 0.862 £+ 0.47 2752 £+ 0.67 4.910 £ 0.56 338.45 + 10.56 5.017 £+ 3.59
Ref 2 0.856 + 0.34 0.879 + 0.09 4292 + 0.03 305.22 £ 1.56 2.877 + 2.44
1T65 68,245 1.066 + 0.55 0.419 + 0.22 3.884 4+ 0.03 258.63 + 1.58 24.950 + 10.46
107982 1.049 + 0.62 1.982 + 0.40 4139 4+ 031 3341 £ 12.22 1757 £ 2.75
1548943 0.918 + 0.47 1.899 + 043 4171 £ 0.31 33423 + 1333 0.986 + 1.64
Ref 2 1111 £ 0.79 0.919 + 0.12 4220 + 0.04 305.59 + 1.95 6.937 £+ 5.69
Note: 107,982 (Dihydrocapsacin); 68,245 (Delphinidin); 1,548,943 (Capsacin); Reference 2! (Rucaparib)

nent analysis, and eigenvalues of the correlation matrix for the
crystal structures of the AR ligand-binding domain with DHT
and a peptide derived from its coactivator GRIP1 NR box3 (1T63)
and AR ligand-binding domain with DHT and a peptide derived
from its coactivator GRIP1 NR box2 in a non-helical conformation
showed deviation plots and mean =+ SEM of the receptor binding
complex with our ligand in Figure 10. This was also validated in
Table 4 of the P_RMSF and the deviation pattern with relatively
similar throughout the period of simulation time. Furthermore,
the results from Figure 11 of the analysis show a deviation pattern

ChemistrySelect 2025, 10, e01261 (11 of 16)

of the RMSD that is similar to the two receptor-binding com-
plexes of the reference molecule and the compound of interest
(Delphinidin), which was interpreted in Table 4 with 0.879 4 0.09,
0.419 + 022 A, and 0.982 + 0.13, 0.919 + 0.12 A, respectively,
thereby suggesting inhibitory potential as shown in all simula-
tion time. The fluctuation of most amino acid residues could
greatly determine the available buried area, thereby contribut-
ing to their alteration in the receptor binding pocket. Therefore,
the MolSA results from our study as shown in Figure 12, with the
re-organization of the amino acid residue from the buried point
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Table 5. Analysis of the eigenvalues of the correlation matrix and extracted eigenvectors in scree plot.

Receptor Ligand Eigenvalue % of Variance Cumulative Coefficients of PCl Coefficients of PC2

1T63 128,853 3.49308 8733 87.33 0.47377 0.87485
107982 0.28062 7.02 94.34 0.50544 —0.36348
1548943 0.1186 2.96 97.31 0.50924 —0.21752
Ref 2 0.1077 2.69 100.00 0.51064 —0.23498

1T65 68,245 3.19268 79.82 79.82 0.48563 0.60207
107982 0.43343 10.84 90.65 0.50536 —0.52193
1548943 0.23776 5.94 96.60 0.50971 —0.45043
Ref 2 0.13613 3.40 100.00 0.49897 0.40277

Note: 107,982 (Dihydrocapsacin); 68,245 (Delphinidin); 1,548,943 (Capsacin); Reference 2! (Rucaparib).

with the compound of interest (Delphinidin) with 257.61 + 1.27 A
and 258.63 + 1.58 A when compared to the reference molecule of
305.22 & 1.56 A and 305.59 = 1.95 A in Table 4, thereby showing
dynamic behavior of receptor’s residue and arrangement with
slight changes from the deviation plots and mean + SEM. To our
knowledge, the solvent-accessible surface area did not exhibit
a significant synergistic effect between the ligand surface area
and its surrounding solvent molecules. In Figure 13, the com-
pound of interest showed higher SASA in deviation plots with
a mean + SEM of 24.436 + 12.43 A, compared to the reference
molecule with a mean & SEM of 2.877 + 2.44 A. The results are
summarized in Table 3.3.4, with the compound of interest having
a mean £ SEM of 24.950 + 10.46 A and the reference molecule
showing 6.937 + 5.69 A.

To delve deeper into the compactness and tightness of the
alterations in the binding pocket of the complexes, the gyration
area was examined, as depicted in Figure 14 of the simulation.
Our results revealed better compactness in the movement of the
compound of interest (Delphinidin) with receptors compared to
the reference molecule. This was demonstrated in Table 4 with
the deviation plots and mean + SEM of the receptor binding
complex, showing 3.884 + 0.03 for the compound of interest
and 4292 + 0.03 A for the reference molecule. It is essential
to assess the conformational stability of the residues in rela-
tion to a set of linearly correlated and uncorrelated variables,
along with the principal components. The study also examined
principal component analysis and eigenvalues of the correlation
matrix of the receptor-binding pocket. Our findings align with
those discussed by Fratianni et al, showing significant conforma-
tional stability of the amino acids involved and linearity of the
variables.

Enhancing the statistical procedure and mechanics is cru-
cial for analyzing the conformational stability of amino acid
residues. It involves identifying a set of linearly correlated and
uncorrelated variables that result in a better covariance matrix
of the coordinate fluctuations within the simulated receptor-
complex. Table 5 displays the eigenvalues of the correlation
matrix and the extracted eigenvectors, which aid in diago-
nalizing the covariance matrix. This process provides valuable
insights into the correlated motions within the receptor-binding
complex.

ChemistrySelect 2025, 10, e01261 (14 of 16)

5. Conclusion

With the global increase in tumor growth rates and the devel-
opment of potential treatment strategies in recent years, many
of these advancements still face limitations that require an
aggressive approach to overcome challenges. Utilizing bioactive
metabolites derived from medicinal plants or fruits in appropri-
ate doses or forms could be a crucial strategy for managing or
preventing tumor growth. There is a growing interest in con-
ducting in vitro, in vivo, in silico, and clinical investigations
to elucidate the mechanism of action of these metabolites,
paving the way for determining the optimal dosage and tim-
ing of their use. Our research indicates that the identified hit
compound exhibits satisfactory pharmacokinetic potency and
favorable properties, including binding affinities, while adher-
ing to the Lipinski rule of five. This suggests its potential as a
management option for neoplastic condition and its associated
complications. Computational approaches used in the research
have revealed the inhibitory potential of the identified ligand
against the target receptors.

5.1. Future Direction

It is crucial to prioritize both in vitro, in vivo studies, toxicity,
and bioavailability testing in future research on this compound
to confirm their anticancer properties. Biochemical assays can
assess their impact on protein levels and support their thera-
peutic potential. Exploring the molecular pathways influenced
by this molecule activity in targeted assays will validate com-
putational predictions and help identify candidate for further
development. Studying the pharmacokinetics and antitumor
properties of potential agents in animal models is crucial before
progressing to clinical trials to assess their efficacy in prevent-
ing or treating tumors. Subsequent research could investigate
additional mutations in cancer-related genes linked to tumor
development to broaden the range of targets for bioactive com-
pound. Exploring compounds from different medicinal plants
with antineoplastic properties may uncover more therapeutic
possibilities before formulation and delivery strategy in transla-
tional medicine. The integration of network-based approaches
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and clinical research will aid in developing effective strategies to
combat tumor growth and enhance patient outcomes.
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