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Abstract

Context: Breast cancer remains the second leading cause of cancer-related mortality worldwide, driven by uncontrolled cellular proliferation and metastasis.
Natural radiopharmaceuticals have gained interest due to their potential for reduced side effects compared to synthetic agents. Among these, hesperidin and
hesperetin, especially in iodinated forms, have emerged as promising therapeutic candidates targeting key breast cancer-related signaling pathways.

Aims: To evaluate iodinated hesperidin derivatives as multi-target breast cancer therapeutics using molecular docking (AutoDock) and dynamics (GROMACS).

Methods: Multi-target molecular docking and 100 ns molecular dynamics simulations were conducted to examine interactions with key breast cancer
proteins: EGFR kinase, human estrogen receptor alpha (ER-a), and |-kappa-B-alpha/NF-kappa-B. Binding energies (AG) were computed, and complex stability
was assessed using RMSD, RMSF, and MM-PBSA analyses. Pharmacokinetic and toxicity properties were also predicted.

Results: Docking results indicated strong affinities for iodinated derivatives (-6.14 to -7.51 kcal/mol), notably with EGFR and ER-a. Molecular dynamics
simulations confirmed enhanced stability and reduced structural fluctuations in iodinated complexes. MM-PBSA calculations showed improved binding free
energies, supporting increased interaction strength. Despite lower solubility, ADME predictions suggested favorable gastrointestinal absorption and drug-
likeness for iodinated hesperetin. Toxicity analyses predicted moderate nephrotoxicity and cardiotoxicity risks, with lower LDso values, indicating a need for
dose optimization.

Conclusions: lodinated hesperidin and hesperetin exhibit stable binding interactions and favorable pharmacological profiles, highlighting their potential as
novel radiopharmaceuticals in breast cancer therapy. These findings warrant further preclinical investigation and optimization for future drug development.

Keywords: breast cancer; in silico approach; iodinated ligand; multi-targeted simulation; natural-based radiopharmaceutical.

Resumen

Contexto: El cancer de mama sigue siendo la segunda causa principal de mortalidad por cancer en todo el mundo, impulsado por la proliferacién celular
descontrolada y la metastasis. Los radiofarmacos naturales han cobrado interés debido a su potencial para reducir los efectos secundarios en comparacién
con los agentes sintéticos. Entre estos, la hesperidina y la hesperetina, especialmente en formas yodadas, se han convertido en prometedores candidatos
terapéuticos dirigidos a vias de sefializacion clave relacionadas con el cdncer de mama.

Objetivos: Evaluar los derivados yodados de hesperidina como terapias multidiana para el cdncer de mama mediante acoplamiento molecular (AutoDock) y
dindmica molecular (GROMACS).

Métodos: Se realizaron simulaciones de acoplamiento molecular multidiana y dinamica molecular de 100 ns para examinar las interacciones con proteinas
clave del cancer de mama: quinasa del EGFR, receptor de estrgeno humano alfa (ER-a) e I-kB-a/NF-kB. Se calcularon las energias de enlace (AG) y se evalud
la estabilidad del complejo mediante analisis de RMSD, RMSF y MM-PBSA. También se predijeron las propiedades farmacocinéticas y de toxicidad.

Resultados: Los resultados del acoplamiento indicaron fuertes afinidades por los derivados yodados (de -6,14 a -7,51 kcal/mol), en particular con EGFRy ER-a.
Las simulaciones de dindmica molecular confirmaron una mayor estabilidad y una reduccién de las fluctuaciones estructurales en los complejos yodados.
Los calculos de MM-PBSA mostraron una mejora de las energias libres de enlace, lo que respalda una mayor fuerza de interaccién. A pesar de la menor
solubilidad, las predicciones de ADME sugirieron una absorcion gastrointestinal favorable y similitud farmacoldgica para la hesperetina yodada. Los analisis
de toxicidad predijeron riesgos moderados de nefrotoxicidad y cardiotoxicidad, con valores de LDso mas bajos, lo que indica la necesidad de optimizar la
dosis.

Conclusiones: La hesperidina y la hesperetina yodadas presentan interacciones de unién estables y perfiles farmacoldgicos favorables, lo que destaca su
potencial como nuevos radiofdrmacos en el tratamiento del cancer de mama. Estos hallazgos justifican una mayor investigacién preclinica y su optimizacion
para el desarrollo futuro de farmacos.

Palabras Clave: cancer de mama; enfoque in silico; ligando yodado; radiofarmaco de origen natural; simulacién multidiana.
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Abbreviations: ADME: absorption, distribution, metabolism, excretion; BBB: blood-brain barrier; CADD: computer-aided drug design;
CYP: cytochrome P450; GI: gastrointestinal; HER2: human epidermal growth factor receptor-2; IGF: insulin-like growth factor; MDS:
molecular dynamics simulations; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; PDB: Protein Data Bank; RMSD:
root mean square deviation; RMSF: root mean square fluctuation; TNBC: triple-negative breast cancer.

INTRODUCTION

Cancer remains one of the leading causes of death
worldwide. It often begins with genetic alterations in
cells, leading to mutations or issues with cell division,
resulting in the uncontrolled growth and spread of
abnormal cells throughout the body. Recent data in-
dicates that in 2023, there were approximately 10.5
million cancer-related deaths and 20.5 million new
cancer cases globally (Ong et al., 2024). Projections
suggest that by 2040, the number of cancer cases
could rise to 30 million, representing a 46% increase
from current occurrences (Malvezzi et al., 2023). No-
tably, breast cancer in women (12.5%) has now sur-
passed lung cancer as the most frequently diagnosed
malignancy. In 2023 alone, approximately 2.5 million
women were diagnosed with breast cancer globally,
leading to about 700,000 deaths (Ferlay et al., 2019).

Understanding breast cancer development is chal-
lenging due to the many risk factors involved. As a
hormone-sensitive cancer, breast cancer affects glan-
dular tissues that are highly responsive to hormonal
changes (Masi et al., 2021). Issues with pathways in-
volved in DNA repair, including homologous recom-
bination, double-strand break repair, inter-strand
crosslink repair, and Fanconi anemia, were also ob-
served as breast cancer progresses from non-invasive
to invasive stages (Rogers et al., 2020). Rising risk
factors such as a sedentary lifestyle, high-fat diets,
and excessive alcohol consumption are contributing
to the increasing number of breast cancer cases. Re-
search shows that addressing these lifestyle factors
can significantly reduce both the incidence and death
rates associated with breast cancer. Early detection is
critical, and regular self-exams, and imaging tech-
niques like ultrasound and mammography play an
essential role in identifying the disease early (Iacob et
al., 2024). Current treatment methods include chemo-
therapy and chemoprevention. Chemoprevention
works by targeting cancer-related pathways or slow-
ing the progression of precancerous cells with preven-
tive medications. While chemotherapy helps manage
or treat existing cancers, it often comes with notable
side effects and varying effectiveness (Varghese et al.,
2023). As a result, growing interest in alternative
treatments, including natural compounds found in
foods with potential anti-cancer benefits, has
emerged. Research increasingly focuses on plant-
based substances such as alkaloids, flavonoids, glyco-
sides, and triterpenes for their promising roles in can-
cer prevention and treatment (Wink et al., 2012).
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Most breast cancers are a type of carcinoma, origi-
nating from the epithelial cells that line the milk ducts
in the breast (Budzik et al., 2021). These cancers are
categorized into different molecular subtypes based
on whether they have certain markers, like human
epidermal growth factor receptor-2 (HER2) and hor-
mone receptors (estrogen and progesterone). The key
subtypes include hormone receptor-positive/ HER2-
negative (luminal A), hormone receptor-positive/
HER2-positive (luminal B), hormone receptor-
negative/ HER2-positive, and hormone receptor-
negative/ HER2-negative (Xie et al., 2022). For hor-
mone receptor-positive cancers, the growth is often
driven by estrogen and its receptor pathways (Yu et
al, 2022). The nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB) pathway also
plays a significant role in breast cancer. Research has
shown that targeting NF-xB with parthenolide can
help slow the progress of triple-negative breast cancer
(TNBC), induce cancer cell death, enhance chemo-
therapy effectiveness, and lower metastatic markers
(Mussa et al., 2023). Additionally, patients with TNBC
frequently experience disruptions in signaling path-
ways such as Notch, Wnt/beta-catenin, and EGFR
(Jamdade et al., 2015).

Hesperidin is a flavonoid mainly found in citrus
fruits like grapefruit, lemon, and tangerine. Studies
have shown that hesperidin offers a variety of health
benefits, including reducing inflammation, lowering
blood pressure, and managing diabetes (Nwadiugwu,
2020). Additionally, hesperidin has significant anti-
cancer properties, particularly against breast cancer,
by slowing down tumor growth through mechanisms
such as halting the cell cycle and triggering cell death
(Atoki et al., 2023; Bansal et al., 2024). This research
involves tagging hesperidin with radioiodine to en-
hance its use in single photon emission computed
tomography, which enables detailed, long-term imag-
ing (Tatar et al, 2023). Furthermore, radioiodine-
labeled hesperidin could be investigated as a potential
therapeutic agent. Since flavonoids are usually con-
sumed through food, studying how these radioiso-
tope-labeled flavonoids distribute in the body after
oral ingestion would be a practical approach for eval-
uating their in vivo behavior (Diisman et al., 2014).

Upon ingestion, hesperidin is metabolized by
rhamnosidases from gut microbiota primarily in the
small intestine and colon, converting into its active
form, hesperetin. Subsequently, hesperetin is further
processed into glucuronides in the large intestine
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(Srirangam et al., 2012). Despite its promising health
benefits, hesperidin faces challenges such as low wa-
ter solubility and limited bioavailability (Jangde et al.,
2022). To enhance its effectiveness, approaches like
micronization and encapsulation are being investigat-
ed to improve its bioavailability, stability, and con-
trolled release, particularly in pharmaceutical applica-
tions (Yokota et al., 2006). Consequently, further re-
search is necessary to explore the stability of hesperi-
din as it converts to hesperetin and its implications
for therapeutic use.

As a result, finding new ways to discover effective
treatments and management strategies for breast can-
cer has become more crucial than ever. Molecular
modeling, a sophisticated computational technique,
plays a vital role in understanding how ligands inter-
act with the protein receptors that drive breast cancer
and in identifying the most effective binding sites for
radioiodine-labeled hesperidin and hesperetin on
specific proteins. Additionally, molecular dynamics
simulations (MDS) were conducted to examine how
these promising ligand-protein interactions behave
over time, employing advanced computational meth-
ods to track their dynamic processes. Based on exist-
ing literature and the present findings, this study
represents a novel approach by employing radioio-
dine-labeled hesperidin and hesperetin to target mul-
tiple signaling pathways associated with breast can-
cer. It is hypothesized that iodine incorporation en-
hances the binding affinity and structural stability of
hesperidin and hesperetin toward key breast cancer
targets, including EGFR, ERa, and IxBa/NF-xB. Be-
yond binding interaction and conformational stabil-
ity, the pharmacokinetic behavior and predicted tox-
icity of these compounds were also evaluated to gain
a more comprehensive understanding of their thera-
peutic feasibility.

MATERIAL AND METHODS

Preparation of molecule ligands and macromolecule
proteins

Proteins linked to breast cancer, such as EGFR ki-
nase (PDB ID-2ITY) (Yun et al.,, 2007), the human es-
trogen receptor alpha (PDB ID-3ERT) (Shiau et al.,
1998), and I-kappa-B-alpha/NF-kappa-B (PDB ID-
INFI) (Jacobs and Harrison, 1998), were accessed
from the RCSB Protein Data Bank (Rutgers Universi-
ty, USA). These receptors were specifically selected
based on their high expression or regulatory role in
breast cancer cell lines. EGFR and ERa are well-
established molecular targets in various breast cancer
subtypes, including HER2-positive and ER-positive
tumors (Ali and Coombes, 2000; Hashmi et al., 2019),
while the IxBa/NF-xB complex is known to mediate
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inflammation-associated cancer progression (Wang et
al., 2015). The ligands hesperidin (PubChem ID:
10621) and hesperetin (PubChem ID: 72281) were
obtained in 2D SDF format from the PubChem data-
base. These 2D ligands were converted into 3D mod-
els (mol2 and .pdb) using ChemOffice 2016 (Brown,
2014). Additionally, iodine was strategically incorpo-
rated into predefined sites within the structures of
hesperidin and hesperetin, guided by previous re-
search (Fig. 1) (Sriyani et al, 2015). Subsequently,
geometric optimization was performed using quan-
tum calculations through the GaussView interface of
the Gaussian16 software (Frisch, 2009). This computa-
tional process utilized the Los Alamos National La-
boratory 2 Double-Zeta (LANL2DZ) functional and a
6-31G basis set to calculate binding energies systemat-
ically across all subsequent complexes. The protein
structures were analyzed with PyMol (PyMOL Mo-
lecular Graphics System, Version 3.0, Schrodinger,
CA, USA) (DeLano, 2002). Subsequently, the selected
proteins underwent further refinement with Swiss-
PDB viewer (version 4.1.0), focusing on optimizing
the bonded atoms, torsions, and dihedral angles of
both the protein backbone and side chains (Guex and
Peitsch, 1997).

Molecular docking of small ligands against breast
cancer receptors

The molecular docking analysis of the ligands and
proteins was performed using AutoDock (version
4.2.6) (Forli and Olson, 2012). Hesperidin (PubChem
ID-10621), hesperetin (PubChem ID-72281), and their
iodine-modified derivatives were similarly prepared
in .pdb format, where they received Gasteiger-Marsili
partial charges before conversion to .pdbqt format.
Protein structures obtained from the Protein Data
Bank (PDB) underwent preprocessing, which in-
volved removing pre-docked ligands, heteroatoms,
and water molecules. Subsequently, polar hydrogen
atoms were explicitly added to these protein struc-
tures. Partial atomic Kollman charges were applied
and distributed across all atoms within the protein
residues to address any charge deficit. The hydrogen-
ated and charged protein structures in .pdb files were
then converted to .pdbqt format using AutoDock
Tools (version 4.2.6). Grid boxes of varying dimen-
sions (X, Y, and Z) were created for different PDB
proteins using the same software (Table 1). The dock-
ing process employed the Lamarckian Genetic Algo-
rithm, with 100 genetic algorithm runs, a population
size of 150, a maximum of 2.5 x 10° energy evalua-
tions, and up to 27,000 generations. The mutation rate
was set to 0.02 and the crossover rate to 0.8. Contribu-
tions from hydrophobic interactions, intramolecular
hydrogen bonds, ionic interactions, and Van der
Waals forces between the ligands and docked protein
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structures (left).

I-Kappa-B-Alpha/NF-Kappa-B (PDB ID-1NFI)

Figure 1. Hesperidin, hesperetin, and their derivatives with iodine integrated into their chemical

These compounds were individually docked with human proteins associated with breast cancer development, including
EGFR kinase, human estrogen receptor alpha, and I-kappa-B-alpha/NF-kappa-B (right).

Table 1. The coordinates and sizes of the grid boxes were established utilizing AutoDock Tools version 4.2.6.

Grid point dimensions

Centre grid box

Proteins and their PDB IDs Grid spacing
(XxYx2Z) (X x Y x Z center)

EGFR kinase (PDB ID-2ITY) 64Ax60Ax60A -48.903 A x -0.858 A x -22.936 A 0.375A

Human estrogen receptor alpha (PDB ID-3ERT) 64 Ax60Ax60A 30.282 Ax-1.913Ax 24.207 A 0.375A

I-kappa-B-alpha/NF-kappa-B (PDB ID-1NFI) 64Ax60Ax60A -3.957Ax 51.825 Ax-6.353 A 0.375A

complexes were utilized to compute the free energy
(AG), providing insight into binding affinity. The
docking grid was centered on the active site or based
on the co-crystallized ligand coordinates for each
target. Following the calculation of docking scores for
multiple proteins and ligands, the complex demon-
strating the most negative energy value was selected
for subsequent MDS.

Molecular dynamics simulations (MDS) of small
ligands against breast cancer receptors

The MDS experiments aimed to explore how sta-
ble the protein-ligand complex could be. For this pur-
pose, GROMACS (version 2016.3) (Nurhidayah et al.,
2023; Nurisyah et al., 2024) was combined with the
Amber ff99SB-ILDN force field (Minakov et al., 2023),
while ligand topologies were generated using

https://jppres.com

ACPYPE - AnteChamber PYthon Parser interfacE.
The simulation setup was carried out in accordance
with established protocols (Hollingsworth and Dror,
2018; Samantray et al.,, 2022). Initially, a dodecahe-
dron water box was constructed and filled with TIP3P
water molecules. Counter ions were subsequently
added to neutralize the system, which was then ener-
gy-minimized using the steepest descent algorithm
for 10,000 steps. The protein-ligand complex was
subjected to a two-step equilibration process. First,
equilibration was performed under NVT conditions
(constant number of particles, volume, and tempera-
ture) for one ns at 300 K using the V-rescale modified
Berendsen thermostat. This was followed by NPT
equilibration (constant number of particles, pressure,
and temperature) for one ns at 1 bar using the Parri-
nello-Rahman barostat. Throughout the equilibration,
position restraints were applied to the heavy atoms of
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the protein. The MDS itself extended over 100 ns un-
der periodic boundary conditions. Default settings
were maintained for other parameters. The results
were analyzed using BIOVIA Discovery Studio 2024
Client and Visual Molecular Dynamics (version 1.9.4)
(Humphrey et al., 1996). The stability assessment fo-
cused on key metrics such as root mean square devia-
tion (RMSD) and root mean square fluctuation
(RMSF).

Calculation of binding free energy at the end-point
using MM-PBSA

The binding free energy of each protein-ligand
complex analyzed in MDS studies was assessed using
Molecular Mechanics-Poisson Boltzmann Surface
Area (MM-PBSA) calculations to validate previous
findings (Kumari et al., 2014; Wang et al., 2018). This
method quantifies binding free energy by considering
vacuum potential energy, which encompasses both
bonded and nonbonded interactions, as well as solva-
tion free energy, including polar and nonpolar contri-
butions. Polar solvation energy is determined using
the Poisson-Boltzmann equation, while nonpolar
solvation energy is computed through the solvent
accessible surface area (SASA) method. MM-PBSA
calculations were conducted using the g mmpbsa
tool integrated with the GROMACS (version 2016.3)
software. A total of 100 frames were sampled evenly
from the entire duration of the MDS, ensuring that the
calculated binding free energies represent the full
trajectory from beginning to end.

ADME and toxicity prediction of simulated ligands

To evaluate the pharmacokinetic and toxicity pro-
files of hesperidin, hesperetin, and their iodinated
derivatives, in silico predictions were performed using
SwissADME (http:/ /www.swissadme.ch) and Pro-
Tox-11 (https:/ /tox-new.charite.de/protox_II/)
(Banerjee et al., 2018; Daina et al., 2017). The SMILES
notation of each ligand was used as input to ensure
accurate molecular representation for prediction.
SwissADME provided key pharmacokinetic de-
scriptors including lipophilicity (Log Po/w), water
solubility (Log S), gastrointestinal (GI) absorption,
blood-brain barrier (BBB) permeability, cytochrome
P450 (CYP) inhibition profiles, and skin permeation
(Log Kp). The platform also assessed drug-likeness
based on Lipinski, Veber, Ghose, Egan, and Muegge
criteria, alongside medicinal chemistry parameters
such as PAINS alerts, Brenk filters, lead-likeness, and
synthetic accessibility. Solubility was predicted using
three different models, including ESOL, Ali, and
SILICOS-IT, to ensure cross-validation. The BOILED-
Egg model within SwissADME was used to evaluate
the likelihood of passive diffusion across the GI tract
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and BBB. ProTox-1I was employed to predict toxicity
endpoints including hepatotoxicity, nephrotoxicity,
cardiotoxicity, immunotoxicity, mutagenicity, and
carcinogenicity. Acute toxicity was assessed through
LDsy value predictions and classified into toxicity
categories based on the Globally Harmonized System
(United Nations, 2017). Each parameter was reported
with a corresponding probability score to assess the
reliability of the output. These integrated computa-
tional tools enabled a comprehensive evaluation of
how iodination influences the pharmacokinetic be-
havior and toxicity risk of the simulated ligands.

RESULTS

Molecular docking of small ligands against breast
cancer receptors

Molecular docking and virtual screening are com-
putational approaches used in computer-aided drug
design (CADD) to identify potential drug candidates
(lead molecules) and their interactions with protein
targets. CADD has gained increasing importance in
recent years for its ability to predict the pharmacolog-
ical effects of new drugs, offering significant ad-
vantages in terms of energy, cost, and time savings
(Ece, 2023). AutoDock Tools and AutoDock Vina are
examples of first-generation Al algorithms that em-
ploy genetic algorithms and empirical scoring func-
tions to simulate ligand binding, renowned for their
speed and accuracy in predicting binding modes
(Eberhardt et al, 2021). In contrast, drug-oriented
conformational kernels (DOCK) and DeepDock repre-
sent newer Al-driven docking tools that utilize deep
learning techniques, including convolutional and
recurrent neural networks, to predict ligand binding
affinities with high precision (Balius et al., 2024; Liao
et al., 2019). These tools provide detailed insights into
ligand-protein interactions, offering unique features
and capabilities to support drug discovery and thera-
peutic development endeavors.

Key marker proteins involved in various biosyn-
thetic processes were identified by extensively re-
viewing existing literature and available protein crys-
tal structures. In silico studies were conducted to ex-
amine how hesperidin, hesperetin, and their iodine-
modified derivatives interact with these proteins at a
molecular level, potentially leading to protein inhibi-
tion. Critical residues within the binding sites were
pinpointed using comprehensive literature and crys-
tal structures from sources such as RCSB-PDB, PDBe,
and PDBsum (Gaber et al., 2019). The research re-
vealed that virtual screening via molecular docking
for these compounds produced positive results
against breast cancer marker proteins. Specifically,
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Table 2. Binding energies and statistical significance of simulated ligands with target receptor complexes.

Human estrogen

Protein name (PDB D) :EPGDF:III(JI-nzal'SF?!) '(r:;eﬁplt;f;:::; L::pp:?B?Pﬁgr:;/-xFl) p-value ::tga::ts"z::lce
Total structure weight 37.75kDa 30.24 kDa 140.6 kDa

Name of chains A A A,B,C,D,E,F

Native ligand (gefitinib) —7.28 kcal/mol

Native ligand (4-hydroxytamoxifen) -11.32 kcal/mol

Native ligand (carfilzomib) -5.58 kcal/mol

Binding energy (AG) of hesperidin -7.40 kcal/mol -7.22 kcal/mol -5.38 kcal/mol

Binding energy (AG) of hesperidin-a ~7.37 kcal/mol ~7.26 kcal/mol -6.66 kcal/mol 0.5626 Not significant
Binding energy (AG) of hesperidin-b ~7.41 kcal/mol ~7.51 kcal/mol -6.14 kcal/mol 0.6747 Not significant
Binding energy (AG) of hesperetin -6.97 kcal/mol -7.69 kcal/mol -5.98 kcal/mol

Binding energy (AG) of hesperetin-a -7.66 kcal/mol -6.76 kcal/mol -6.18 kcal/mol 0.9848 Not significant
Binding energy (AG) of hesperetin-b -7.21 kcal/mol -6.74 kcal/mol -6.63 kcal/mol 0.9715 Not significant

iodine-tagged compounds showed a stronger affinity
for proteins EGFR kinase, human estrogen receptor
alpha, and I-kappa-B-alpha/NF-kappa-B (Table 2).
According to molecular docking theory, lower bind-
ing energy generally indicates a higher ligand affinity
for the receptor. However, statistical analysis using t-
tests confirmed that the differences in binding free
energy between the original and iodinated com-
pounds were not statistically significant (p>0.05).
Consequently, the most promising conformations
were selected for further evaluation of their potential
as new drugs through MDS.

Iodine-enhanced hesperidin and hesperetin: Promising
candidates for inhibiting EGFR kinase

Hesperidin, hesperetin, and their iodine-enhanced
derivatives demonstrated notably low binding ener-
gies with the EGFR kinase receptor protein (ranging
from —6.97 kcal/mol to —7.66 kcal/mol), as presented
in Table 1. These compounds form hydrogen bonds
with several key amino acids on the EGFR kinase,
including LEU (A) 718, LYS (A) 745, MET (A) 793,
PRO (A) 794, ASP (A) 800, ARG (A) 841, ASN (A) 842,
and ASP (A) 855. Specifically, the iodine in hesperidin
interacts with residues VAL (A) 726 and LEU (A) 718.
With its branched aliphatic chain, the VAL (A) 726
residue provided a hydrophobic environment that
facilitates iodine binding. Meanwhile, iodine binding
to LEU (A) 718 boosts the affinity and stability of the
complex, reducing the likelihood of dissociation and
extending hesperidin's interaction with EGFR kinase

(Fig. 2).
These findings suggest that hesperidin (aglycone)

and hesperetin might be effective in inhibiting EGFR
kinase activity, which is a crucial target in cancer
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treatment due to its role in regulating cell growth and
proliferation. Both hesperidin and hesperetin, flavo-
noids found in fruits, have demonstrated significant
biological effects and may serve as potential inhibitors
of EGFR kinase. Additionally, there is evidence that
these compounds could disrupt the EGFR kinase sig-
naling pathway, potentially impeding tumor growth
and reducing cancer cell proliferation. This effect on
EGFR kinase could reduce tumor activity and im-
prove the effectiveness of existing cancer therapies.
The evidence also suggests that these flavonoids may
influence EGFR kinase through various mechanisms,
including direct binding or affecting downstream
signaling pathways (Zubair et al., 2021).

Iodine-enhanced hesperidin and hesperetin: Promising
candidates for inhibiting human estrogen receptor alpha

Hesperidin, hesperetin, and their iodine-modified
derivatives interact with the human estrogen receptor
alpha (PDB ID-3ERT) protein, demonstrating binding
energies between —6.74 kcal/mol and -7.69 kcal/mol,
as depicted in Fig. 3. These compounds form hydro-
gen bonds with several amino acids, including THR
(A) 347, ASP (A) 351, LEU (A) 387, LEU (A) 525, CYS
(A) 530, VAL (A) 534, and LEU (A) 536. Additionally,
the iodine interactions with the human estrogen re-
ceptor alpha protein result in hydrophobic interac-
tions with amino acids such as ALA (A) 350, GLU (A)
353, TRP (A) 383, LEU (A) 387, MET (A) 522, TYR (A)
526, MET (A) 528, and CYS (A) 530.

The human estrogen receptor alpha is closely asso-
ciated with both hormone-dependent and hormone-
independent tumors. Consequently, human estrogen
receptor alpha has a dual role, contributing to both
cancer inhibition and cancer progression.
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In hepatocellular carcinoma, ubiquitination of
human estrogen receptor alpha promotes tumorigen-
esis (Wu et al,, 2017). Conversely, in breast cancer, it
leads to slower tumor growth (Xue et al., 2019; Yang
et al., 2018). In breast cancer, human estrogen receptor
alpha activation stimulates cancer growth by interact-
ing with IGF-IR, thereby activating insulin-like
growth factor (IGF) pathways that maintain the ma-
lignant phenotype of breast cancer. Since IGF operates
through transmembrane tyrosine kinase receptors,
targeting these crucial receptors could offer new
strategies for managing and treating breast cancer.
Understanding the mechanisms involving human
estrogen receptor alpha is essential for breast cancer
treatment. A large portion, about 60-70%, of women
with breast cancer are also positive for human estro-
gen receptor alpha, and tamoxifen is the usual treat-
ment to manage the disease and slow its progression
(Yang et al., 2018). However, extended use of tamoxi-
fen can lead to drug resistance. This highlights the
pressing need to explore new natural therapies to
better understand human estrogen receptor alpha
signaling and enhance breast cancer treatment. In this
context, compounds like hesperidin, hesperetin, and
their iodine-enhanced derivatives appear to offer
promising alternative options.

https://jppres.com

lodine-enhanced hesperidin and hesperetin: Promising
candidates for inhibiting I-kappa-B-alpha/NF-kappa-B

Hesperidin, hesperetin, and their iodine-enhanced
derivatives exhibited the most favorable binding en-
ergies with the I-kappa-B-alpha/NF-kappa-B protein
(PDB ID: 1NFI), ranging from —5.38 kcal/mol to —6.66
kcal/mol, as shown in Fig. 4. Due to the importance
of this protein in breast cancer oncology, a more in-
depth analysis was conducted on I-kappa-B-
alpha/NF-kappa-B (PDB ID: 1NFI). These com-
pounds establish several hydrogen bonds with amino
acids such as ASN (F) 182, ILE (F) 192, ASN (A) 200,
ARG (A) 201, GLY (A) 208, ASP (A) 210, GLU (A) 211,
CYS (F) 215, ASP (F) 226, PHE (A) 239, ARG (A) 253,
ASP (B) 257, GLY (F) 259, and ARG (F) 260. Notably,
iodine interacts specifically with the amino acid resi-
dues HIS (F) 193 and CYS (F) 215.

The I-kappa-B-alpha/NF-kappa-B complex is vital
in regulating gene transcription and inflammatory
responses. It keeps the NF-kappa-B transcription fac-
tor inactive in the cytoplasm. When I-kappa-B-alpha
is broken down, NF-kappa-B is released and can
move into the nucleus to activate genes involved in
cell growth, inflammation, and cancer. In the context
of breast cancer, any changes or activation of the I-
kappa-B-alpha/NF-kappa-B complex can disrupt
these signaling pathways, affecting tumor develop-
ment and progression. This makes the I-kappa-B-
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alpha/NF-kappa-B complex an important target for
breast cancer research. Additionally, markers like
bortezomib, parthenolide, Bay 11-7085, and sul-
foraphane are essential for monitoring disease pro-
gression and treatment response (Doudican et al.,
2012). Recent molecular docking studies indicate that
compounds like hesperidin, hesperetin, and their
iodine-modified versions show promising interac-
tions with the I-kappa-B-alpha/NF-kappa-B complex,
opening new approaches for breast cancer therapy.
This enhanced interaction may be attributed to io-
dine’s electronegativity, which can polarize binding
pockets and strengthen van der Waals interactions,
thereby increasing binding affinity.

Molecular dynamics simulations (MDS) of small
ligands against breast cancer receptors

MSDs were conducted on various ligand-target
configurations to explore the thermodynamic proper-
ties of hesperidin, hesperetin, and their iodine-
enhanced derivatives, as well as their stability with
biological targets. By examining the RMSD trajecto-
ries of the breast cancer receptor protein throughout
the simulation, one can gain valuable insights into
how the ligand-target complexes change shape and
their stability. RMSD measurements are typically
used to gauge how much the molecules deviate from
their initial structure. High RMSD values in proteins
generally indicate significant shape changes and in-
stability, while for ligands, they suggest disrupted

31-labeled hesperidin as a multi-target breast cancer

interactions with the target and poor fit in the binding
pocket (Emirik, 2022). The RMSD trajectories from
MDS provide valuable insights into the stability and
structural changes of breast cancer-related receptors
upon ligand binding. For the EGFR kinase protein
(Fig. 5A), all complexes reached equilibration within
20 ns, with hesperidin-b and the native ligand show-
ing the most stable trajectories around 0.27-0.30 nm.
Hesperidin and hesperidin-a fluctuated slightly more
in the early phase but stabilized after 30 ns, suggest-
ing reliable conformational behavior. In the human
estrogen receptor alpha (Fig. 5B), the hesperidin-b
complex consistently exhibited the lowest RMSD val-
ues, indicating enhanced structural retention. Mean-
while, hesperidin and hesperidin-a displayed slightly
greater deviations but converged toward stable trajec-
tories after 40 ns. The I-kappa-B-alpha/NF-kappa-B
protein (Fig. 5C) showed greater RMSD fluctuations,
particularly with hesperidin-a and hesperidin-b,
which exceeded 0.50 nm at several intervals. In con-
trast, the native ligand and hesperidin showed more
restrained deviations below 0.35 nm, suggesting
tighter and more stable binding. In general, the re-
sults suggest that iodine modification may enhance or
disrupt protein-ligand stability depending on the
receptor. The RMSD convergence across 100 ns con-
firms that the simulations reached equilibrium and
are free from significant artifacts. These observations
highlight the importance of ligand structure on the
dynamic behavior of target proteins.
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Figure 5. Analysis of stability and conformation for
simulated ligands with breast cancer receptors.

(A) RMSD of the EGFR kinase protein; (B) RMSD of the human
estrogen receptor alpha protein; (C) RMSD of the I-kappa-B-
alpha/NF-kappa-B protein, as related to simulation time (ns).
The diagrams show the complexes of ligands with breast cancer
receptors, colored as follows: black for hesperidin, green for
hesperidin-a, red for hesperidin-b, and grey for native ligand.
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Figure 6. Assessment of stability and conformational
changes for ligands interacting with breast cancer
receptors.

(A) RMSD for the EGFR kinase protein; (B) RMSD for the human
estrogen receptor alpha protein; (C) RMSD for the I-kappa-B-
alpha/NF-kappa-B protein, as a function of simulation time (ns). The
graphs depict the ligand-receptor complexes with colors indicating
different ligands: purple for hesperetin, yellow for hesperetin-a,
blue for hesperetin-b, and grey for the native ligand.

Further RMSD evaluations were performed on
hesperetin and its iodine-enhanced analogs to assess
how structural modification impacts binding stability
(Fig. 6). For EGFR kinase (Fig. 6A), hesperetin-b
demonstrated the most stable profile with RMSD
values near 0.26 nm, indicating favorable binding
stability. Hesperetin and hesperetin-a showed more
fluctuation early on, but their trajectories stabilized
after 40 ns. In the human estrogen receptor alpha (Fig.
6B), hesperetin-a showed the most consistent RMSD
trajectory, remaining close to 0.30 nm throughout the
simulation. Hesperetin and hesperetin-b exhibited
slightly higher fluctuations but still maintained ac-
ceptable stability. The most pronounced deviation
was observed in the I-kappa-B-alpha/NF-kappa-B
protein (Fig. 6C), particularly with hesperetin, which
reached RMSD values up to 1.0 nm around 50 ns. This
suggests significant conformational rearrangement or
unstable interactions in that complex. Hesperetin-a
and hesperetin-b showed more moderate fluctuations,
averaging 0.38 and 0.45 nm, respectively, suggesting
some stabilization from iodine substitution. These
data support the notion that iodine modification on
hesperetin improves binding stability in some targets
but may introduce instability in others. Altogether,
RMSD analysis confirms that hesperetin-a and hes-
peretin-b are more favorable than hesperetin alone for
maintaining receptor structural integrity during simu-
lation.

To evaluate local residue flexibility during MDS,
RMSF analysis was conducted on three breast cancer-
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related receptor proteins in complex with various
ligands. As shown in Figs. 7A and 8A, the EGFR ki-
nase protein exhibited notable residue-wise fluctua-
tions, particularly in the 720-725 and 735-745 regions.
Hesperidin-b and hesperetin-a induced higher RMSF
peaks in these segments, suggesting more dynamic
side-chain motions in the ligand binding region. In
contrast, hesperetin-b consistently reduced fluctua-
tions across the domain, indicating tighter interaction
and improved conformational restraint. The native
ligand and hesperidin showed moderate RMSF val-
ues, falling between the iodinated and non-iodinated
derivatives. These data imply that iodinated ligands,
particularly hesperetin-b, confer greater structural
rigidity to EGFR kinase within critical functional re-
gions. The RMSF profiles across all EGFR kinase
complexes confirm that local stability is ligand-
dependent and influenced by both chemical structure
and halogen substitution. Consistent reduction of
flexibility at key motifs reflects enhanced binding and
lower conformational entropy. The localized immobil-
ity of residues further supports the RMSD observa-
tion of stable EGFR kinase-ligand conformations.
Thus, the RMSF trends validate the improved struc-
tural retention of iodinated ligands in the EGFR ki-
nase binding pocket.

For the human estrogen receptor alpha, residue-
wise RMSF values were generally low across the 350-
390 segment, as shown in Figs. 7B and 8B. This indi-
cates that human estrogen receptor alpha remains
structurally stable regardless of the ligand bound.
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Figure 7. Analysis of RMSF profiles was performed to
evaluate the dynamic flexibility of protein residues during
ligand binding in breast cancer targets.

The RMSF plots illustrate residue-wise fluctuations for three
receptor-ligand complexes: (A) EGFR kinase, (B) Human estrogen
receptor alpha, and (C) I-kappa-B-alpha/NF-kappa-B. Each target
was simulated in complex with hesperidin (black), hesperidin-a
(green), hesperidin-b (red), and native ligand (grey). Distinct
variations in flexibility were observed, particularly within
functional domains spanning residues 710-750 for EGFR kinase,
350-390 for estrogen receptor alpha, and 190-215 for the NF-
kappa-B complex.
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Figure 8. Examination of RMSF trajectories for breast
cancer receptor proteins bound to ligands throughout the
molecular dynamics simulations.

The analysis covers RMSF per residue for (A) EGFR kinase; (B)
Human estrogen receptor alpha; (C) I-kappa-B-alpha/NF-kappa-B,
with each bound to hesperetin (purple), hesperetin-a (yellow),
hesperetin-b (blue), and native ligand (grey). The analysis
highlights key structural motifs within the following residue
ranges: 710-750 (EGFR Kinase), 350-390 (human estrogen receptor
alpha), and 190-215 (I-kappa-B-alpha/NF-kappa-B).

However, a modest reduction in RMSF was observed
for hesperetin-a, particularly between residues 360
and 375, suggesting subtle conformational stabiliza-
tion in that region. Both hesperetin and hesperetin-b
exhibited similar fluctuation levels as the native lig-
and, indicating comparable binding dynamics. The
limited variation in flexibility suggests that the hu-
man estrogen receptor alpha binding site may already
be structurally rigid, with minimal response to differ-
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ent ligand types. Despite this, the slight reduction in
residue motion due to iodine substitution still hints at
improved binding interactions. Compared to EGFR
kinase, the structural fluctuations in human estrogen
receptor alpha are relatively less pronounced, imply-
ing a more constrained binding cavity. This could
explain why iodine-substituted hesperetin had a
smaller impact on human estrogen receptor alpha
flexibility than on EGFR kinase. Nonetheless, the con-
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sistency of the RMSF profiles supports the stability
observed in RMSD results. Collectively, human estro-
gen receptor alpha appears less sensitive to halogen
modifications in hesperetin, maintaining stable con-
formation across different complexes. These findings
affirm the importance of protein-specific flexibility
when evaluating the effect of ligand modification.

The I-kappa-B-alpha/NF-kappa-B receptor dis-
played the highest residue fluctuations among the
three targets, particularly in the 190-215 segment, as
presented in Figs. 7C and 8C. Hesperetin induced
substantial flexibility across this region, with RMSF
values exceeding 0.30 nm in several residues, suggest-
ing weaker stabilization and more conformational
freedom. In contrast, hesperetin-a and hesperetin-b
significantly reduced fluctuations, indicating im-
proved rigidity and tighter binding. Hesperetin-b, in
particular, led to the lowest RMSF values across most
residues, highlighting its stabilizing effect on the NF-
kappa-B complex. The native ligand exhibited moder-
ate fluctuations, but was generally more stable than
non-iodinated hesperetin. These results align with the
RMSD trends, where hesperetin showed higher global
motion, while its iodine-substituted forms induced
greater structural restraint. The presence of iodine
likely enhances non-covalent interactions such as
halogen bonding and van der Waals forces, contrib-
uting to improved ligand anchoring. These stronger
interactions may help preserve secondary structural
elements within the protein. Collectively, the RMSF
analysis confirms that iodine-substituted hesperetin
derivatives, especially hesperetin-b, enhance local and
global stability in breast cancer receptor complexes.
These insights support the continued development of

31-labeled hesperidin as a multi-target breast cancer

halogenated flavonoids as improved anticancer
agents with better binding precision and structural
retention (Nurhidayah et al., 2022).

MM-PBSA calculations were used to determine the
free binding energy of ligand-receptor complexes
throughout the simulation to explore how iodine af-
fects ligand binding and its affinity. Hesperetin exhib-
ited the highest binding energy at EGFR kinase, with
values of —112.691 kJ/mol and —-92.833 kJ/mol for
hesperetin-a and hesperetin-b, respectively (Table 3).
For the human estrogen receptor alpha complex, no
significant differences were observed, but hesperetin-
a had the highest free binding energy of —143.521
kJ/mol during the simulation. Notably, the iodinated
ligands in the I-kappa-B-alpha/NF-kappa-B protein
complexes showed significant differences compared
to their uniodinated counterparts, such as hesperidin
and hesperetin. This indicates that iodine in the lig-
and enhances binding affinity and stability. The large,
electropositive iodine atom boosts the interaction by
increasing van der Waals forces and steric effects,
thereby stabilizing the complex through improved
hydrogen bonding and electrostatic interactions
(Minakov et al., 2023). However, despite numerical
improvements in binding energy across several tar-
gets including EGFR kinase, human estrogen receptor
alpha, and I-kappa-B-alpha/NF-kappa-B, statistical
analyses confirmed these differences were insignifi-
cant (p>0.05). These results indicate that iodine substi-
tution did not lead to statistically meaningful en-
hancements in binding affinity. Thus, while iodinated
ligands may show improved binding energy values in
silico.

Table 3. Binding affinity and energy components for the simulated ligands against receptor complexes.

EGFR kinase
Energy (kJ/mol + SE) Hesperidin
van der Waal -240.758 +22.771 kJ/mol
Electrostatic ~73.607 +25.652 kJ/mol
Solvation; Polar 236.922 +32.821 kJ/mol
Solvation; SASA -24.414 + 1.422 kJ/mol
Binding energy -101.857 +18.165 kJ/mol
p-value

Statistical significance
Energy (kJ/mol + SE) Hesperetin
van der Waal -13.694 +0.879 kJ/mol
Electrostatic -134.939+12.623 kJ/mol

Solvation; polar -31.889 + 14.818 kJ/mol
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Hesperidin-a Hesperidin-b

-222.907 +20.865 kJ/mol -258.959 +23.857 kd/mol
-151.883 +24.810 kJ/mol —79.102 + 24.362 kJ/mol
306.064 + 36.778 kJ/mol 240.286 + 31.769 kJ/mol
-25.278 + 1.347 kJ/mol -25.538 +1.744 kJ/mol
-94.004 +21.124 kJ/mol -123.312 +24.928 kJ/mol
0.792 0.525
Not significant Not significant
Hesperetin-a Hesperetin-b
-158.513 + 15.770 kJ/mol -159.453 +12.898 kJ/mol
-37.277 + 12.856 kJ/mol -52.600 + 24.162 kJ/mol

98.439 +19.371 kJ/mol 135.956 +25.964 kJ/mol
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Table 3. Binding affinity and energy components for the simulated ligands against receptor complexes (continued...)

EGFR kinase

Energy (kJ/mol + SE) Hesperidin Hesperidin-a Hesperidin-b
Solvation; SASA 88.345 +19.854 kJ/mol -15.341+1.092 kJ/mol -16.736 £ 0.670 kJ/mol
Binding energy -92.177 +13.119 kJ/mol -112.691 + 18.000 kJ/mol —92.833+19.254 kJ/mol
p-value 0.4092 0.9789

Statistical significance Not significant Not significant

Human estrogen receptor alpha

Energy (kJ/mol + SE) Hesperidin Hesperidin-a Hesperidin-b

van der Waal —295.504 + 24.204 kJ/mol -288.882 + 26.266 kJ/mol -266.985 +21.028 kJ/mol
Electrostatic -89.298 + 34.649 kJ/mol -90.378 £ 25.067 kJ/mol -120.975 +24.613 kJ/mol
Solvation; Polar 248.825 +32.238 kJ/mol 258.852 +45.424 kJ/mol 241.014 +23.184 kJ/mol
Solvation; SASA -29.499 + 1.244 kJ/mol -30.518 + 1.443 kJ/mol -29.466 +2.020 kJ/mol
Binding energy -165.476 +20.730 kJ/mol -150.926 +23.412 kJ/mol -176.411 +20.963 kJ/mol
p-value 0.6659 0.7295

Statistical significance Not significant Not significant

Energy (kJ/mol + SE) Hesperetin Hesperetin-a Hesperetin-b

van der Waal -165.052 +13.932 kJ/mol -192.576 + 15.837 kJ/mol -153.877 £ 11.787 kJ/mol
Electrostatic -50.091 + 16.811 kJ/mol -61.767 £ 11.257 kJ/mol -33.980 +17.681 kJ/mol
Solvation; polar 123.529 +11.926 kJ/mol 128.356 + 13.040 kJ/mol 103.963 + 24.344 kJ/mol
Solvation; SASA -16.938 £ 0.716 kJ/mol -17.535+0.689 kJ/mol -16.614 +1.105 kJ/mol
Binding energy -108.552 +13.791 kJ/mol -143.521 +13.942 kJ/mol -100.509 + 16.676 kJ/mol
p-value 0.1491 0.7290

Statistical significance Not significant Not significant

I-kappa-B-alpha/NF-kappa-B

Energy (kJ/mol + SE) Hesperidin Hesperidin-a Hesperidin-b

van der Waal -176.880 +26.933 kJ/mol -221.002 +16.897 kJ/mol -214.636 +20.154 kJ/mol
Electrostatic -59.332 +27.138 kJ/mol -68.695 + 17.029 kJ/mol -81.760 + 32.932 kJ/mol
Solvation; polar 159.989 + 38.697 kJ/mol 182.821 +30.276 kJ/mol 207.136 +42.454 kJ/mol
Solvation; SASA -18.925 +2.557 kJ/mol -21.568 + 1.835 kJ/mol —24.493 +1.682 kJ/mol
Binding energy -95.148 +23.031 kJ/mol -128.444 +24.420 kJ/mol -113.754 £ 26.715 kJ/mol
p-value 0.3774 0.6258

Statistical significance Not significant Not significant

Energy (kJ/mol + SE) Hesperetin Hesperetin-a Hesperetin-b

van der Waal -111.049 +17.628 kJ/mol -133.333 + 14.048 kJ/mol -128.764 + 16.077 kJ/mol
Electrostatic -59.747 + 14.668 kJ/mol -22.652 +21.791 kJ/mol -40.971 +11.814 kJ/mol
Solvation; polar 143.843 +22.951 kJ/mol 75.707 +28.203 kJ/mol 113.413 +20.963 kJ/mol
Solvation; SASA -14.512 +0.949 kJ/mol -15.279 + 1.055 kJ/mol -14.621 +1.176 kJ/mol
Binding energy -41.467 +12.414 kJ/mol -95.556 +22.830 kJ/mol -70.943 +17.172 kJ/mol
p-value 0.1059 0.2366

Statistical significance Not significant Not significant
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Table 4. Binding affinities and energy component profiles of native ligands interacting with their respective receptor complexes.

Energy (kJ/mol + SE) Gefitinib

4-Hydroxytamoxifen Carfilzomib

van der Waal -123.990 + 99.094 kJ/mol

Electrostatic -11.381+11.165 kJ/mol
Solvation; polar 82.884 +64.249 kJ/mol
Solvation; SASA -12.668 +10.022 kJ/mol

Binding energy -65.154 + 56.304 kJ/mol

-228.932 + 14.558 kJ/mol -158.170 +42.721 kJ/mol

-42.123 +8.916 kJ/mol -55.843 + 34.877 kJ/mol
127.909 +13.796 kJ/mol 143.005 + 62.792 kJ/mol
-23.147 £ 0.888 kJ/mol -19.018 +4.499 kJ/mol

-166.294 + 15.418 kJ/mol -90.025 * 25.207 kJ/mol

Compared to native ligands, the MM-PBSA bind-
ing energy values of iodinated hesperetin derivatives
showed competitive and, in some cases, more favora-
ble interaction profiles. For the EGFR kinase receptor,
hesperetin-a (-112.691 kJ/mol) and hesperetin-b
(—92.833 kJ /mol) demonstrated lower (more negative)
binding energy values than the native ligand gefitinib
(-65.154 kJ/mol), suggesting stronger predicted affin-
ity in silico. This enhancement is likely driven by in-
creased van der Waals contributions from the iodine
atom, which augments the ligand’s capacity to main-
tain close and stable contact within the receptor bind-
ing pocket. In contrast, for the human estrogen recep-
tor alpha receptor, the native ligand 4-
hydroxytamoxifen still outperformed hesperetin-a in
terms of binding energy (-166.294 kJ/mol vs.
-143.521 kJ/mol), confirming its superior interaction
profile in this system. A similar trend was observed in
the I-kappa-B-alpha/NF-kappa-B complex, where
hesperetin-b showed a favorable energy profile but
remained slightly less stable than carfilzomib (—90.025
kJ/mol), which benefited from substantial van der
Waals and electrostatic interactions (Table 4). These
comparisons highlight that while iodinated flavo-
noids can enhance binding energies in some targets,
native ligands often retain optimized interactions due
to their established receptor specificity.

Pharmacokinetic and toxicity prediction of small
ligands

In addition to binding energy evaluations, phar-
macokinetic and drug-likeness properties of the simu-
lated ligands were assessed to provide a comprehen-
sive view of their therapeutic potential, as presented
in Table 5. Iodinated derivatives of both hesperidin
and hesperetin exhibited higher molecular weights
and molar refractivity values than their native forms,
with some compounds exceeding lead-likeness
thresholds. Despite this, most compounds satisfied
major oral drug-likeness criteria, including Lipinski,
Veber, and Egan rules. Notably, hesperidin and its
iodinated forms were predicted to have low gastroin-
testinal absorption, suggesting potential limitations in
oral bioavailability. Conversely, hesperetin and its
iodinated analogs retained high GI absorption and
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favorable TPSA values under 140 A2, indicating im-
proved membrane permeability. Aqueous solubility
decreased across most iodinated derivatives, shifting
their classification to moderately soluble based on
ESOL and Ali models. The increase in consensus Log
Po/w values among iodinated ligands reflects en-
hanced lipophilicity, which may support better mem-
brane transport but could also reduce solubility and
renal clearance. Moreover, several iodinated ligands
were predicted to inhibit CYP enzymes, particularly
CYP1A2 and CYP3A4, potentially affecting metabolic
stability (Setlur et al., 2024). These findings suggest
that iodination influences ADME characteristics by
improving absorption and lipophilicity while also
introducing metabolic liabilities. In general, iodinated
hesperetin-a demonstrated superior pharmacokinetic
characteristics compared to its non-iodinated form.

Toxicity-related parameters were evaluated to es-
timate the safety profile of each compound, as shown
in Table 6. The majority of ligands were predicted to
be non-hepatotoxic, non-carcinogenic, and non-
mutagenic, suggesting a favorable baseline toxicity
profile. However, nephrotoxicity and respiratory
toxicity were consistently detected among iodinated
variants, especially hesperidin-a and hesperetin-a.
Hesperetin-based iodinated ligands, in particular,
exhibited high cardiotoxicity probabilities above 0.94,
raising concerns regarding cardiac safety. Immuno-
toxicity was predicted for all ligands, indicating the
need for further assessment of immune modulation
effects. Interestingly, cytotoxicity was only observed
in iodinated hesperidin derivatives, implying a com-
pound-specific toxicity profile. The LDso values for
iodinated ligands were significantly lower than those
of native compounds, shifting from 12,000 mg/kg to
approximately 2,000-2,300 mg/kg. Consequently,
toxicity classes shifted from Class 6 (least toxic) to
Class 4 or 5 (moderately toxic), underscoring an in-
creased risk of acute toxicity following iodination.
Despite these toxicity elevations, most iodinated hes-
peretin analogs remained within acceptable limits for
further optimization. These results suggest that while
iodination enhances biological interactions, it must be
cautiously balanced with toxicity risks in future ex-
perimental validation.
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Table 5. Pharmacokinetic-related physicochemical and lipophilicity profiles of the simulated ligands.

31|-labeled hesperidin as a multi-target breast cancer

Category Parameter Hesperidin Hesperidin-a Hesperidin-b Hesperetin Hesperetin-a Hesperetin-b
Physicochemical properties Formula C28H34015 C28H33l015 CasH33l015 C16H1406 Ci6H13106 Ci6H13106
Molecular weight 610.56 g/mol 736.46 g/mol 736.46 g/mol 302.28 g/mol 428.18 g/mol 428.18 g/mol
Num. heavy atoms 43 44 44 22 23 23
Num. arom. heavy atoms 12 12 12 12 12 12
Fraction Csp3 0.54 0.54 0.54 0.19 0.19 0.19
Num. rotatable bonds 7 7 7 2 2 2
Num. H-bond acceptors 15 15 15 6 6 6
Num. H-bond donors 8 8 8 3 3 3
Molar Refractivity 141.41 154.12 154.12 78.06 90.78 90.78
TPSA 234.29 A2 234.29 A 234.29 A2 96.22 A2 96.22 A2 96.22 A2
Lipophilicity Log Po/w (iLOGP) 0.89 3.08 -4.47 2.24 2.62 2.66
Log Po/w (XLOGP3) -0.14 0.51 0.51 2.60 3.25 3.25
Log Po/w (WLOGP) -1.48 -0.88 -0.88 2.19 2.80 2.80
Log Po/w (MLOGP) -3.04 -2.38 -2.38 0.41 1.16 1.16
Log Po/w (SILICOS-IT) -1.55 -0.57 -0.57 2.08 3.05 3.05
Consensus Log Po/w -1.06 -0.05 -0.16 191 2.58 2.58
Water solubility Log S (ESOL) -3.28 -4.47 -4.47 -3.62 -4.80 -4.80
Solubility (ESOL) 3.19e-01 mg/mL; 2.51e-02 mg/mL; | 3.30e+01 7.19e-02mg/mL | 6.84e-03 mg/mL; | 6.84e-03 mg/mL;

5.23e-04 mol/L

3.41e-05 mol/L

mg/mL; 4.49e-02
mol/L

1.60e-05 mol/L

1.60e-05 mol/L

Class (ESOL) Soluble Moderately Soluble Soluble Moderately Moderately
soluble soluble soluble
Log S (Ali) -4.33 -5.00 -5.00 -4.27 -4.94 -4.94
Solubility (Ali) 2.88e-02 mg/mL; 7.36e-03mg/mL; | 7.36e-03 mg/mL; | 1.62e-02mg/mL | 4.87e-03 mg/mL; | 4.87e-03 mg/mL;
4.72e-05 mol/L 9.99e-06 mol/L 9.99e-06 mol/L 1.14e-05 mol/L 1.14e-05 mol/L
Class (Ali) Moderately Moderately Moderately Moderately Moderately Moderately
soluble soluble soluble soluble soluble soluble
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Table 5. Pharmacokinetic-related physicochemical and lipophilicity profiles of the simulated ligands (continued...)
Category Parameter Hesperidin Hesperidin-a Hesperidin-b Hesperetin Hesperetin-a Hesperetin-b
Pharmacokinetics Log S (SILICOS-IT) -0.58 -1.35 -1.35 -3.53 -4.39 -4.39
Solubility (SILICOS-IT) 1.60e+02 mg/mL; 3.30e+01 3.30e+01 8.84e-02 mg/mL | 1.73e-02 mg/mL; | 1.73e-02 mg/mL;
2.62e-01 mol/L mg/mL; 4.49e-02 | mg/mL; 4.49e-02 4.05e-05 mol/L 4.05e-05 mol/L
mol/L mol/L
Class (SILICOS-IT) Soluble Soluble Soluble Soluble Moderately Moderately
soluble soluble
Gl absorption Low Low Low High High High
BBB permeant No No No No No No
P-gp substrate Yes Yes Yes Yes Yes Yes
CYP1A2 inhibitor No Yes No Yes Yes Yes
CYP2C19 inhibitor No No No No No No
CYP2C9 inhibitor No No No No No No
Druglikeness CYP2D6 inhibitor No No No No Yes Yes
CYP3A4 inhibitor No No No Yes Yes Yes
Log Kp (skin permeation) -10.12cm/s -10.43 cm/s -10.43 cm/s -6.30cm/s -6.60 cm/s -6.60 cm/s
Lipinski No; 3 violations: No; 3 violations: No; 3 violations: Yes; 0 violation Yes; 0 violation Yes; 0 violation
MW=>500, MW=>500, MW=>500,
NorO>10, NorO>10, NorO>10,
NHorOH>5 NHorOH>5 NHorOH>5
Ghose No; 4 violations: No; 4 violations: No; 4 violations: Yes Yes Yes
MW>480, MW>480, MW>480,
WLOGP<-0.4, etc. WLOGP<-0.4, WLOGP<-0.4,
MR>130, MR>130,
#atoms>70 #atoms>70
Veber No; 1 violation: No; 1 violation: No; 1 violation: Yes Yes Yes
TPSA>140 TPSA>140 TPSA>140
https://jppres.com J Pharm Pharmacogn Res (2025) 13(s1): S281
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Table 5. Pharmacokinetic-related physicochemical and lipophilicity profiles of the simulated ligands (continued...)
Category Parameter Hesperidin Hesperidin-a Hesperidin-b Hesperetin Hesperetin-a Hesperetin-b
Medicinal chemistry Egan No; 1 violation: No; 1 violation: No; 1 violation: Yes Yes Yes
TPSA>131.6 TPSA>131.6 TPSA>131.6
Muegge No; 4 violations: No; 4 violations: No; 4 violations: Yes Yes Yes
MW=>600, MW=>600, MW=>600,
TPSA>150, H- TPSA>150, H- TPSA>150, H-
acc>10 acc>10, H-don>5 | acc>10, H-don>5
Bioavailability score 0.17 0.17 0.17 0.55 0.55 0.55
PAINS Oalert 0alert 0alert Oalert Oalert Oalert
Brenk Oalert 1 alert: iodine 1 alert: iodine Oalert 1alert:iodine 1 alert: iodine
Leadlikeness No; 1 violation: No; 1 violation: No; 1 violation: Yes No; 1 violation: No; 1 violation:
MW=>350 MW=>350 MW=>350 MW=>350 MW=>350
Synthetic accessibility 6.34 6.45 6.48 3.22 3.45 3.46
https://jppres.com J Pharm Pharmacogn Res (2025) 13(s1): S282
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Table 6. Predicted organ toxicity and toxicity endpoints of simulated ligands.

31|-labeled hesperidin as a multi-target breast cancer

Hesperidin Hesperidin-a Hesperidin-b Hesperetin Hesperetin-a Hesperetin-b
Classification Target
Prediction Probability Prediction Probability Prediction Probability Prediction Probability Prediction Probability Prediction Probability
Organ toxicity Hepatotoxicity Inactive 0.81 Inactive 0.69 Inactive 0.69 Inactive 0.70 Inactive 0.55 Inactive 0.55
Neurotoxicity Inactive 0.87 Inactive 0.87 Inactive 0.87 Inactive 0.87 Inactive 0.83 Inactive 0.83
Nephrotoxicity Active 0.76 Active 0.85 Active 0.85 Active 0.67 Active 0.77 Active 0.77
Respiratory toxicity Active 0.66 Active 0.72 Active 0.72 Active 0.86 Active 0.86 Active 0.86
Cardiotoxicity Inactive 0.53 Inactive 0.50 Inactive 0.50 Active 0.99 Active 0.94 Active 0.94
;E.Xr:?sty end Carcinogenicity Inactive 0.93 Inactive 0.83 Inactive 0.83 Inactive 0.70 Inactive 0.63 Inactive 0.63
Immunotoxicity Active 0.99 Active 0.99 Active 0.99 Active 0.90 Active 0.98 Active 0.98
Mutagenicity Inactive 0.90 Inactive 0.74 Inactive 0.74 Inactive 0.87 Inactive 0.70 Inactive 0.70
Cytotoxicity Inactive 0.52 Active 0.56 Active 0.56 Inactive 0.86 Inactive 0.62 Inactive 0.62
BBB-barrier Inactive 0.99 Inactive 0.67 Inactive 0.67 Inactive 0.50 Active 0.62 Active 0.62
Ecotoxicity Inactive 0.58 Inactive 0.54 Inactive 0.54 Inactive 0.56 Inactive 0.52 Inactive 0.52
Clinical toxicity Active 0.53 Active 0.52 Active 0.52 Active 0.55 Active 0.54 Active 0.54
Nutritional toxicity Active 0.53 Active 0.59 Active 0.59 Active 0.57 Active 0.61 Active 0.61
Other parameter Hesperidin Hesperidin-a Hesperidin-b Hesperetin Hesperetin-a Hesperetin-a
Predicted LDso 12000 mg/kg 2300 mg/kg 2300 mg/kg 2000 mg/kg 2000 mg/kg 2000 mg/kg
Predicted toxicity class 6 5 5 4 4 4
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Figure 9. Diagram illustrating the metabolism of hesperidin in the colon, showing its enzymatic conversion into hesperetin.

This process involves a single-step deglycosylation facilitated by the enzyme a-rhamnosyl-B-glucosidase (aRBGI) (Mas-Capdevila et al., 2020).

alpha-ramnosyl-beta-glucosidase

(aRPGI)

DISCUSSION

Hesperidin and its intestinal metabolites, as shown
in Fig. 9, undergo significant biochemical changes due
to the specific arrangement of hydroxyl groups in the
aromatic rings of flavanones. Recent studies indicate
that hesperetin is detectable in the plasma approxi-
mately 3 hours after ingestion, with approximately
83% present as glucuronides and 17% as sulfate-
glucuronides, reaching peak levels between 4 and 6
hours (Shen et al., 2016). After this peak, hesperetin
undergoes ring cleavage and is metabolized into phe-
nolic acids and other metabolites. Both hesperidin
and its metabolite hesperetin, produced through this
metabolic process, are promising candidates for use in
radiopharmaceuticals for breast cancer imaging.
However, these compounds require thorough evalua-
tion at the molecular level, particularly concerning
their stability and the effects of iodine addition. Io-
dine, used to enhance radioactive imaging, can influ-
ence the stability of hesperidin-iodine or hesperetin-
iodine complexes and affect how these compounds
interact with specific breast cancer receptors, poten-
tially impacting the accuracy and effectiveness of
imaging. Understanding how iodine affects molecular
interactions and stability is crucial for refining radio-
pharmaceutical formulations. Additionally, the mo-
lecular structure of hesperidin affects its bioavailabil-
ity and absorption because the metabolism of fla-
vanones depends on sugar components and their
breakdown by intestinal bacteria. Flavanones can
resist digestive enzymes in the stomach and small
intestine, allowing them to reach the colon intact,
where gut microbiota converts hesperidin into hes-
peretin. This form is then released into the blood-
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stream as glucuronide and sulfate conjugates, also
generating bioavailable and highly specific hesperetin
catabolites, supporting its potential in imaging and
therapeutic applications (Choi et al., 2022).

MDS, RMSD, RMSEF, and MM-PBSA analyses offer
important insights into how the breast cancer receptor
protein interacts with different ligands, such as hes-
peridin, hesperetin, and their iodinated versions.
RMSD analysis showed that the receptor-ligand inter-
actions remained stable throughout the simulation,
with minimal deviations from the starting structure.
All systems kept RMSD values below 0.30 nm, indi-
cating strong structural stability, particularly for hes-
peretin-a and hesperetin-b. However, small differ-
ences in the average RMSD values between iodinated
and non-iodinated hesperidin were noted, though
these were not immediately clear. RMSF analysis
provided information about the flexibility of receptor
residues when interacting with iodinated ligands.
According to the molecular docking results, hesperi-
din and hesperetin displayed the highest RMSF val-
ues at residues important for their interaction with
iodine. Finally, MM-PBSA analysis offered insights
into how well the ligands bind and the stability of the
complexes. The strongly negative net binding ener-
gies indicated robust interactions and stable complex-
es for all the ligands. Van der Waals forces played a
major role in stabilizing the complexes, while electro-
static energies showed consistent patterns across the
different complexes (Dantas et al., 2017).

As a result, this computational study clarifies how
active radiopharmaceutical candidates work, identi-
fies potential breast cancer receptors involved, and
outlines the pathways for treating breast cancer,
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providing a foundation for further experimental vali-
dation. Although the findings are promising, more
research and clinical trials are necessary to fully ex-
plore the potential of hesperidin and its iodinated
forms and to confirm their effectiveness as radio-
pharmaceuticals. Predictions from SwissADME
showed that iodinated hesperetin compounds had
favorable gastrointestinal absorption and lipophilici-
ty, though with reduced water solubility and slightly
increased synthetic complexity. Despite good drug-
likeness scores, several iodinated ligands were pre-
dicted to inhibit major CYP isoenzymes, which may
pose metabolic interaction risks. ProTox-II further
indicated elevated probabilities of nephrotoxicity,
cardiotoxicity, and immunotoxicity in iodinated de-
rivatives, particularly hesperetin-a and hesperidin-a,
whereas mutagenicity and carcinogenicity were not
predicted. Additionally, the iodinated forms exhibited
lower LDso values, causing a shift from low to moder-
ate toxicity classes, emphasizing the need for careful
dose optimization (Muchtaridi et al., 2024). Continued
investigation will help establish their clinical efficacy
and safety, while additional studies should look into
any potential side effects or interactions. Ultimately,
these findings will need to be carefully evaluated to
understand their therapeutic benefits and how they
can be applied in the treatment of breast cancer.

31|-labeled hesperidin as a multi-target breast cancer

phrotoxicity and cardiotoxicity in iodinated deriva-
tives, along with reduced LDsy values, placing them
in moderate toxicity classes. The outcomes of this
computational study may serve as an early indication
of potential anticancer activity and could support
future research in radiopharmaceutical development
and drug discovery.
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