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estigation of mycotoxin
contaminants and antibiotic residues associated
with the poultry industry and their impact on
human health

Jahida Akter,ab Kabir Hossain,ac Santanu Deb Nath,ad Hozzatul Islam,ac

Khaleda Afrin,ae Hamida Begumaf and Monir Uzzaman *ae

Contamination of feed with mycotoxins and the intensive use of therapeutic antibiotics in modern poultry

farming have resulted in the accumulation of chemical residues in meat and the environment. These

residues may contribute to hepatic, renal, and cardiac dysfunctions, leading to significant public-health

concerns. Despite growing awareness and extensive studies on individual poultry contaminants,

comprehensive molecular-level assessments of all our selected compounds are still limited. Integrated

computational analyses combining density functional theory (DFT), molecular docking, molecular

dynamics (MD) simulation, absorption, distribution, metabolism, excretion, and toxicity (ADMET), and

prediction of activity spectra for substances (PASS) evaluations to disclose their multi-organ toxic

mechanisms also remain scarce. This study was designed to evaluate the hepatic, renal, and cardiac

toxicity of selected mycotoxins and therapeutic antibiotics through a computational framework.

Molecular geometries and electronic properties were assessed using DFT calculations. As per DFT

results, ZER, CIP, ENR, and OTA showed better thermodynamic stability due to higher HOMO–LUMO

energy gap; and exhibited higher dipole moments in AB1 (8.26 Debye), CIP (9.70 Debye), ENR (9.80

Debye), and OXY (6.89 Debye). The lower HOMO–LUMO energy gap indicates that these compounds

have higher chemical reactivity. Molecular docking result revealed strong binding affinities (ranging from

−7.5 kcal mol−1 to −9.4 kcal mol−1) within selected ligands and proteins, while MD simulation confirmed

stable protein–ligand interactions. Additionally, ADMET and PASS prediction elucidated the potential

nephrotoxicity (ENR +0.37, OXY +0.87, and OTA +0.72); hepatotoxicity (ENR +0.94, OXY +0.61, and OTA

+0.49); and myocarditis (ENR +0.28, OXY +0.92, and OTA +0.35). Overall, our findings highlighted the

potential health risks posed by mycotoxin residues and therapeutic antibiotics used in poultry farms.
1. Introduction

The poultry industry is one of the rapidly expanding sectors in
livestock production, with its contribution to the production of
proteins, vitamins, and minerals. Over 70% of Bangladesh's
animal protein supply comes from this industry, which has
grown quickly over the past few decades.1 However, feed
omputer in Chemistry and Medicine
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additives, antibiotics, and growth promoters are frequently used
to maintain poultry health and productivity. Mycotoxin contam-
ination in poultry feed and antibiotic residues in poultry prod-
ucts are notable problems that have arisen in recent years.2

Mycotoxins are produced naturally by Aspergillus avus and
Aspergillus parasiticus found in common food and poultry feed-
stuffs such as rice, peanuts, corn, nuts, spices, fruits, shmeal,
and soybean meal products.3 Mycotoxins oen enter animal feed
through fungal contamination, which eventually leads to human
exposure. Due to climate change, the occurrence of mycotoxin
contamination in poultry feed is expected to increase. As per
previous ndings, the increase in temperature may favor the
growth of thermotolerant fungi such as Aspergillus parasiticus,
which could have negatively interfered with crop production or
storage.4 Currently, the allowable level of mycotoxins in poultry
products is not regulated by any particular guidelines.5

Depending on the administered dose and period of expo-
sure, mycotoxins, including Aatoxin B1 (AB1), Ochratoxin A
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(OTA), and Zearalenone (ZER), can cause either long-term or
short-term illnesses such as carcinogenic, nephrotoxic,
hemorrhagic, teratogenic, hemorrhage, nausea, and inam-
mation in human health.6 Additionally, in poultry farms,
various antibiotics, including Oxytetracycline (OXY), Cipro-
oxacin (CIP), and Enrooxacin (ENR), are intentionally admin-
istered via feed or intramuscular injection at sub-therapeutic
doses to promote growth, prevent diseases, and treat the sick
animals.7 Chemical structure of all compounds illustrated in
Fig. 1. Although the poultry sector in Bangladesh represents an
important regional example where veterinary antibiotics are
frequently used to prevent disease and promote growth, similar
practices have been widely reported in intensive livestock
production systems worldwide. About half of all antibiotics
produced worldwide are used in livestock.8 High concentrations
of antibiotic residues and resistant bacterial isolates have been
found in commercial broiler meat in Bangladesh.9 Over-
exposure of antibiotics has contributed to the development of
multidrug-resistant (MDR) bacteria in poultry farms.10 The
presence of antibiotic residues and MDR pathogens in poultry
meat poses a severe health threat, such as gastrointestinal
disorders, allergic reactions, obesity, carcinogenicity, repro-
ductive effects, and teratogenicity, by entering the human food
chain through slaughtering, processing, and consumption.11

Furthermore, recent research has found that exposure to low
quantities of antibiotics is associated with human health
complications.12 Beyond direct consumption, poultry-origin
resistant bacteria can also spread through environmental
pathways such as polluted litter, wastewater, and agricultural
runoff. It should be noted that antibiotic residues may be
present in both poultry and plant-based foods, as crops can
become contaminated through polluted soil and water.13

Without targeted interventions, antibiotic-resistant bacteria
originating from poultry production will continue to pose
a major threat to national and global public health security.
Several international regulatory agencies, such as the European
Chemicals Agency (ECHA), U.S. Environmental Protection
Agency (EPA), and U.S. Food and Drug Administration (FDA),
have designed monitoring frameworks and risk-assessment
programs to reduce mycotoxin contamination in agricultural
Fig. 1 Chemical structure of selected compounds with PubChem CID.

© 2026 The Author(s). Published by the Royal Society of Chemistry
and veterinary systems. For instance, the FDA sets action levels
and advisory limits for these mycotoxins in food and feed to
protect both human and animal health in accordance with the
Preventive Controls for Animal Food (PCAF) rule. The ECHA's
itself focuses on chemical hazards under REACH (Registration,
Evaluation, Authorization and Restriction of Chemicals). The
EPA explores the toxicological and environmental concerns of
fungal metabolites and other chemical pollutants that may exist
in agricultural environments. Although the EPA does not set
direct limits for mycotoxins in food or feed, its risk-assessment
frameworks, such as the Integrated Risk Information System
(IRIS) support the evaluation of environmental toxicants and
chemical mixtures. Furthermore, mycotoxin contamination has
also been detected in commercial pet foods, suggesting that
companion animals may also be exposed to these contaminants
through cereal-based diets.

Many experimental methods have been conducted that are
unable to explain the molecular-level mechanism behind
toxicity. Additionally, it is costly, challenging to use, and takes
time.14 The in silico method predicts several kinds of molecular
properties of chemical frameworks and also provides
a comprehensive study that helps to explain or interpret trends
and structure–activity relationships.15 This computational
approach helps to predict the characteristics of targeted
chemical compounds within a short time. Recent computa-
tional studies have successfully predicted toxicity16 and the
binding mechanisms of various xenobiotics.17 Most of them
were done for single molecules, while some studies were for
combined molecules.18 But integrated multiparameter compu-
tational evaluation time-dependent density functional theory
(TD-DFT), molecular docking, MD simulation, ADMET, and
PASS associated with poultry residues and antibiotics for our
selected six molecules has not been done yet. This study will
help to disclose the toxicological effects of our selected
compounds on human health.

To achieve physicochemical and chemical characteristics, an
in silico strategy combining DFT, molecular docking, MD,
ADMET, and PASS prediction was employed. DFT calculations
were employed to assess molecular stability, reactivity, and key
electronic descriptors, including frontier molecular orbitals and
RSC Adv., 2026, 16, 23354–23369 | 23355
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thermodynamic parameters. Following each part, new toxico-
logical risk evaluations and human health protection are made
possible by this computational framework.19 In order to avoid
andmitigate the detrimental effects of these compounds, global
and international strategies should be taken against myco-
toxins, therapeutic antibiotics, and hormonal residues. Diag-
nostic methods and food quality control measures should be
accelerated. Additionally, new maximum permissible limits for
these compounds should be established in food and poultry
feed for various animal species. Consequently, these options
should be congruent and synchronized with the current stan-
dards.20 Probiotics, prebiotics, and efficient feed additives
should be usedmore frequently as antibiotic alternatives, which
can stop the occurrence of mycotoxins, therapeutic antibiotics,
and hormonal residues.21 Control and testing of toxic
compound systems are also important to prevent exposure to
human and animal health. Most previous studies worked on
a single contaminant; our study simultaneously focuses on
multiple toxic compounds to better reect real-world co-
occurrence and enables a more realistic assessment of their
potential interactions and combined risks in food and feed
systems.
2. Materials and methods
2.1. Computational details

The structure of all chemical compounds was collected from the
PubChem online chemical structure database. These structures
were prepared by GaussView soware (version 6.0.16) and
quantum chemical calculations, including DFT, Becke, 3-
parameter, Lee-Yang-Parr (B3LYP), were done by Gaussian 16
using 6-31G (d,p) basis set.22 The UV-vis absorption spectrum
was also predicted using TD-DFT. Furthermore, the Parr and
Pearson interpretations of DFT23 and Koopman's theorem was
utilized to calculate frontier molecular orbital features,
including the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) energy gap
(DE), chemical hardness (h), chemical soness (S), chemical
potential (m), electronegativity (c), and electrophilicity (u) by the
following equations.24

DE ¼ ½3LUMO � 3HOMO�; h ¼ ½3LUMO � 3HOMO�
2

; S ¼ 1

2h

m ¼ ½3LUMO þ 3HOMO�
2

; c ¼ ½3LUMO þ 3HOMO�
2

; u ¼ m2

2h

Additionally, different convergence parameters such as
maximum force, RMS force, maximum displacement, and RMS
displacement are also considered in this study. These parame-
ters satised the default convergence thresholds limit of 23.14
meV Å−1 for maximum force, 15.43 meV Å−1 for RMS force, 0.95
mÅ for maximum displacement, and 0.63 mÅ for RMS
displacement. Therefore, the geometry optimization of our
selected compounds was considered converged.
23356 | RSC Adv., 2026, 16, 23354–23369
2.2. Ligand selection and preparation

Based on previous reports, the ligands were selected as toxic
contaminants in poultry farms and feed formulations. These
selected compounds represent different classes, such as myco-
toxins and therapeutic antibiotics, which are commonly detected
in poultry production systems. AB1,25 OTA,26 and ZER27 were
selected as mycotoxins. In addition, OXY,28 CIP,29 and ENR30 were
selected as therapeutic antibiotics. All of these compounds were
collected in SDF format from the PubChem database and trans-
formed intoMOL format using GaussView soware. Tominimize
steric clashes and obtain the most stable molecular conforma-
tions, geometry optimization of all compounds was performed
using the Gaussian 16 soware. Furthermore, molecular docking
was done by using PyRx soware (version 0.8).31
2.3. Protein selection and preparation

The target protein selection was performed to identify biologically
relevant receptors associated with the toxic effects of the studied
compounds. As per ADMET and PASS prediction results, our
selected compounds exhibited strong associations with hepato-
toxicity,32 nephrotoxicity,33 and cardiac toxicity.34 Based on these
ndings, an extensive literature review was conducted to identify
the key hub genes associated with these diseases. Specic protein
structures corresponding to the identied hub genes were
collected from the Protein Data Bank (PDB). The selected proteins
were 2RJQ for hepatocellular carcinoma, 3P0M for chronic kidney
disease, and 4G1C for heart failure. These selected proteins
ensured that the absence ofmutations or structural abnormalities,
almost zero Ramachandran outliers, and were experimentally
determined using the X-ray diffractionmethod. Collected proteins
were further prepared by the Discovery Studio Visualizer 2021
soware (version 21.1.0.20298) by removing excess water mole-
cules, co-crystallized ligands, heteroatoms, and unexpected
chains. Therefore, chain A, active site, and protein group were
selected to ensure a stable protein structure, and energy minimi-
zation was carried out using Swiss-PDB Viewer (version 4.1.0).
2.4. Active site selection

The active site of the protein was identied using a structure-
based pocket prediction method. P2Rank (version 2.5) server
was utilized to analyze the protein surface topology to detect
possible ligand-binding pockets.35 The three-dimensional
structures of three selected proteins were uploaded into the
binding site prediction tool. The identied active site region
was visualized in red on the protein surface, representing the
most probable ligand-binding cavity. Among the predicted
sites, the top-ranked pocket (rank 1) was selected based on its
highest score and probability value, indicating a strong and
reliable active site of the protein.36 The pocket center was
−43.77, −21.13, 6.23 for 2RJQ, 18.51, 7.60, 22.71 for 4 G1C, and
23.69, 10.02, −0.65 for 3P0M protein.
2.5. Molecular docking and non-bonding interaction

Flexible docking was employed by using the PyRx virtual
screening tool (version 0.8) and the AutoDock wizard37 of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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selected compounds against the receptor proteins, where
selected proteins were regarded as macromolecules and
compounds as ligands. The grid box dimensions were set to
59.27, 48.51, and 52.12 Å for 2RJQ, 46.07, 48.64, and 56.15 Å for
4G1C, and 50.41, 57.76, and 48.70 Å for 3P0M, along the X, Y,
and Z axes, respectively, to cover the entire protein. Ligand and
protein complex preparation were performed by PyMOL so-
ware (version 2.5.7). At the end, nonbonding interaction results
were analyzed by Discovery Studio Visualizer 2021.
2.6. Docking validation

Molecular docking was performed on three different computer
systems to ensure reproducibility and consistency of the dock-
ing scores. The obtained scores were averaged, and the relative
standard deviation (RSD) values were calculated and presented
as error bars in the graphical analysis. A Ramachandran plot
was generated by using a structure validation server, which is
PROCHECK UCLA SAVES (version 6.1), to validate the stereo-
chemical structure of proteins. It provided a graphical repre-
sentation including allowed and disallowed regions with
dihedral (4 and j) angles of amino acid residues. This analysis
helped to evaluate the quality of the protein-ligand complexes.38
2.7. Molecular dynamics simulation

Our two promising compounds were evaluated on MD simula-
tion to evaluate the stability of protein-ligand complexes. This is
a widely accepted approach, which also helps to validate the
molecular docking result. Our current study utilized the AMBER
14 force eld available in YASARA dynamics soware (v 23.9.29).
Therefore, a 100 ns MD simulation was performed with a time
step of 2.50 fs, and trajectories were saved every 250 ps at
constant pressure.39 The primary physiological requirements
were set at pH 7.4, 0.9% NaCl, the simulation box size (10.0 Å),
and 298 K for the simulation cell. The Berendsen thermostat
was employed to regulate these parameters.40 Water molecules
at 0.997 g cm−3 were added to neutralize the system. Therefore,
the key MD simulation parameters analyzed included hydrogen-
bonding interactions within the binding region, root mean
square deviation (RMSD), root mean square uctuation (RMSF),
solvent-accessible surface area (SASA), and radius of gyration
(Rg).
2.8. ADMET and PASS prediction

ADMET prediction plays a signicant role in the design and
development of novel drugs. Therefore, computational and
medicinal chemistry methods have become an initial choice for
ADMET prediction over recent decades. In this study, ADMET
properties of selected compounds were studied using the
ADMET SAR 3.0 online server. PASS prediction was obtained
from the PASS online server, which provided probabilities of
biological activity (Pa) and inactivity (Pi) for each compound,
calculated based on their structural features. Therefore, Pa > 0.7,
suggesting a signicant potential for activity that is considered
a default threshold.41
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.9. pIC50 value prediction

By using a web-based platform called ChemDes, different
molecular ngerprints and descriptors have been designed for
quantitative representations of physical, chemical, or func-
tional characteristics of studied compounds in quantitative
structure–activity relationship (QSAR) analysis.42
3. Results and discussion
3.1. Thermodynamic and convergence analysis

Thermodynamic metrics such as Gibbs free energy and internal
energy can give information about the spontaneity of a reaction
and the stability of the products.43 These variables determined
the amount of energy absorbed or released during a chemical
reaction. Herein, OTA showed the highest free energy,−1739.06
Hartree, in the presence of electronegative atoms (Cl, O). The
free energy values became progressively more negative, with
values of ZER (−1075.02 Hartree), AB1 (−1106.15 Hartree), CIP
(−1148.12 Hartree), ENR (−1226.70 Hartree), OXY (−1638.93
Hartree), suggesting energetically and congurationally more
stable. The free energy, enthalpy, and dipole moments are
presented in Fig. 2(a) and (b) and Table S1. The dipole moments
are crucial for determining the electrical properties of mole-
cules. Improved dipole moments can enhance polarity, binding
affinity, and non-bonding interactions of the drug–protein
complex.44 In our analysis, ENR (9.80 Debye) and CIP (9.70
Debye) exhibited higher dipole moments than other
compounds, due to the presence of more electronegative (F, Cl,
and O) atoms, which enhanced electron-withdrawing effects
within the molecules. Conversely, OXY (6.89 Debye) and OTA
(5.41 Debye) exhibited moderate dipole moments, indicating
less charge separation within these compounds.

Regarding convergence parameters, the calculated
maximum force (in meV Å−1) of optimized structures were 0.72
(ZER), 0.62 (AB1), 1.13 (CIP), 0.36 (ENR), 2.32 (OXY), and 0.87
(OTA). The RMS force (in meV Å−1) values were 0.21, 0.10, 0.21,
0.10, 0.46, and 0.15, respectively. The maximum displacement
(in mÅ) values were 0.30 (ZER), 0.49 (AB1), 0.52 (CIP), 0.64
(ENR), 0.88 (OXY), 0.89 (OTA) and they are respectively followed
by this ordering up to conditions of peak displacement as
shown in Table S3. The corresponding RMS displacement (in
mÅ) values were 0.08, 0.09, 0.12, 0.11, 0.17, and 0.21, respec-
tively. The geometry optimizations for all six compounds were
successfully converged, and stable stationary points were ob-
tained. All of the computed parameter values were much
smaller than their respective threshold limit. Therefore, our
optimized geometries are trustworthy for quantum chemical
analyses.
3.2. Frontier molecular orbital analysis

Frontier molecular orbitals are key determinants of molecular
properties, stability, reactivity, and energy states of a compound
involved in chemical processes. The energy gap between HOMO
and LUMO is essential to examine the reactivity and electronic
transitions of the compounds.45 The energy of the HOMO
determines the nucleophilicity, indicating how easily
RSC Adv., 2026, 16, 23354–23369 | 23357
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Fig. 2 (a) Free energy and (b) dipole moments of all selected compounds.
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a molecule can donate electrons, while the energy of the LUMO
determines the electrophilicity, indicating how easily a mole-
cule can accept electrons.46 A smaller HOMO–LUMO gap indi-
cates greater electron donation and acceptance ability,
suggesting higher reactivity and lower stability of the molecule.
Conversely, a large gap exhibits more stability and less reac-
tivity. The HOMO–LUMO gap serves as an indicator of molec-
ular hardness and soness.47 In Fig. 3(a) and Table S2, ZER
showed the highest energy gap (4.63 eV), while OXY and AB1
showed the lowest energy gap (4.10 eV). In ZER, the relatively
high HOMO–LUMO energy gap indicated that electronic exci-
tation required more energy, implying greater molecular
stability and lower chemical reactivity. Our study exhibited that
the HOMO–LUMO gap was inuenced by the presence of
various functional groups. Consequently, electron-donating
groups increased the HOMO energy by adding electron
density, while electron-withdrawing groups attracted electrons
and lowered the LUMO energy. Additionally, differences in
Fig. 3 (a) HOMO–LUMO energy gap, (b) chemical softness, and (c) DO

23358 | RSC Adv., 2026, 16, 23354–23369
bond strength and electron delocalization also inuenced the
energy gap.48 When a p bond was adjacent to another p bond,
the electrons could spread over multiple bonds, allowing easy
movement through the molecules. As a result, the HOMO–
LUMO gap decreased. Conversely, disruption of conjugation
reduced delocalization and increased the gap. AB1 included
a furan ring, a lactone group (C]O–O), and a conjugated
double bond. The p conjugation in this group allowed extensive
electron delocalization. The electron-withdrawing carbonyl
group reduced the LUMO, causing a small gap (4.10 eV) in AB1.
ZER involved a hydroxyl (OH) group, conjugated carbonyl (C]
O), and sp3 carbon linkage. This limited conjugation hindered
effective electron delocalization. As a result, the HOMO and the
LUMO were not signicantly increased and decreased, respec-
tively, suggesting a larger gap (4.63 eV). ZER also exhibited the
highest chemical hardness (2.32 eV), indicating higher chem-
ical stability and resistance to charge transfer. However, the
lowest soness value (0.22 eV−1) remained constant for ZER,
S of selected compounds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CIP, ENR, and OTA. Although the hardness values varied among
the compounds, they shared a similar tendency for electronic
polarization and charge redistribution.49 In contrast, AB1 and
OXY exhibited the highest chemical soness (0.24 eV−1) and the
lowest hardness (2.05 eV), presented in Fig. 3(b) and Table S2.
Therefore, their chemical structure allowed them to accept or
donate electrons easily, and both of them exhibited high reac-
tivity and were chemically less stable.

Our study also revealed that the electron cloud of the HOMO
in all studied compounds was primarily localized over the p

electron-rich aromatic ring and heteroatom-containing donor
groups, such as hydroxyl (OH), primary amine (NH2), and
secondary amine (NH). The electron cloud of the LUMO was
distributed over the carbonyl (C]O) groups and other oxygen or
halogen-rich electron-withdrawing groups.50 During HOMO–
LUMO excitation, this intramolecular charge was transferred
from the donor region to the acceptor region due to the higher
electronegativity of the acceptor groups and the effective p

conjugation within the delocalized p system,51 as illustrated in
Fig. S1. For AB1, the HOMO electron cloud was mainly localized
over the aromatic ring and hydroxyl (OH) substituted p system.
The LUMO electron cloud was concentrated over the carbonyl
and oxygen-rich groups, indicating charge transfer from
aromatic donor to carbonyl acceptor. In OXY, the electron cloud
of the HOMO was mainly concentrated over the aromatic ring
and amine-containing donor region, which was localized over
the carbonyl and adjacent heteroatom-rich sites in LUMO. The
electron cloud was shied from the aromatic ring and nitrogen-
containing heterocyclic ring to the carbonyl group and electro-
negative substituent in CIP, which showed donor–acceptor
charge migration. Additionally, in ZER, ENR, and OTA, the
electron cloud was transferred from the phenolic and hetero-
cyclic donor region to the carbonyl-centered and oxygen-rich
electron-withdrawing groups. This electron redistribution re-
ected that intramolecular charge transfer occurred due to the
difference in electronegativity between various functional
groups.

Fig. 3(c) illustrates the DOS prole of AB1, ZER, and CIP,
showing the distribution of occupied and unoccupied elec-
tronic states alongside the energy gaps. The HOMO states were
distributed in the energy range of −6 eV to −5 eV, while the
LUMO states appeared between−3 eV and−2 eV. A clear energy
gap between the occupied and unoccupied states was observed.
In the lower energy region (around −6 eV to −7 eV), DOS peaks
arose from bonding molecular orbitals, reecting enhanced
Fig. 4 Molecular electrostatic potential map of selected compounds (re

© 2026 The Author(s). Published by the Royal Society of Chemistry
molecular stability. The higher energy region (approximately
above +2 eV) indicated available unoccupied states that affected
the electronic activity and intermolecular interactions. The
variation in DOS peaks among these three compounds origi-
nated from differences in heteroatom contents, functional
groups, and p conjugation patterns that altered electronic state
distribution and orbital energies. Furthermore, ENR, OXY, and
OTA are shown in Fig. S2. The HOMO states of these
compounds appeared in the range of−6 eV to−5 eV. The LUMO
states were distributed between −3 eV and −1 eV approxi-
mately. The DOS peak observed in the lower energy region
(−6 eV to−7 eV) indicates bondingmolecular orbitals, while the
peak in the higher energy region (approximately above +1 eV)
corresponds to unoccupied states. Minor differences in the DOS
intensity and peaks in the gure reected the differences within
the electronic structure of ENR, OXY, and OTA.
3.3. Electrostatic potential analysis

The electrostatic potential surface mapping is a three-
dimensional tool that visualizes the distribution of molecular
electron density and helps to identify regions susceptible to
electrophilic or nucleophilic interactions.52 In the electrostatic
potential surface, the red zone indicates a high electron region
favourable for electrophilic attack, the blue zone indicates an
electron-decient region favourable for nucleophilic attack, and
the green region indicates neutral regions.53 As observed in the
electrostatic potential surface maps shown in Fig. 4, oxygen-
containing regions showed strong negative potentials visual-
ized as a red zone. Hydrogen, nitrogen, and uorine-containing
sites were observed as a blue region, indicating an electron-
decient and positively charged area. Among all the
compounds, CIP showed the most negative potential value
(−9.94 × 10−2 Hartree). This is due to the existence of specic
functional groups such as the carboxylic group (COOH),
carbonyl group (C]O), uorine atom, and a piperazine ring.
Among these, the carbonyl group (C]O) was highly electron-
withdrawing, which showed a strong negative potential
region. The carboxyl group (COOH) contained two oxygen
molecules, one in a double-bonded (C]O) and another in
a hydroxyl (OH) functional group as hydrogen bond acceptors
and retained electron density, contributing to the overall
negative potential region. Therefore, CIP exhibited a more
signicant electrophilic attack than other compounds. CIP also
showed a higher positive value (+9.94 × 10−2 Hartree) than
maining are presented in Fig. S5).

RSC Adv., 2026, 16, 23354–23369 | 23359
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other compounds due to the presence of basic piperazine
nitrogen (N–(CH2)2–N). As a result, its charge distribution is
highly polarized, resulting in high charge separation across the
molecule.
3.4. FT-IR analysis

FT-IR spectral analysis is a widely employed technique for
identifying different functional groups present in chemical
compounds.39 Here, the vibrational frequencies of ZER, AB1,
CIP, ENR, OXY, and OTA are calculated from 400 cm−1 to
4000 cm−1 and scaled by 0.9627 for improved accuracy (refer-
ence for scaling https://cccbdb.nist.gov/vsfx.asp). The
calculated frequencies are presented in Fig. 5(a) and Table S4.
Except for AB1, in the other studied compounds, O–H bond
stretching was found at frequencies ranging from 3133 cm−1

to 3673 cm−1, which corresponds to experimental values
ranged 3450–3500 cm−1 (CIP), 3300–3500 cm−1 (ENR), and
3380 cm−1 (OTA). All compounds showed aliphatic and
aromatic C–H stretching vibrations in the region 2810–
3142 cm−1; experimental peaks were recorded in 2853–
2925 cm−1 (AB1), 2950–3000 cm−1 (CIP), and 2988 cm−1

(OTA). C–N bond stretching associated with aryl groups was
displayed at 1242–1329 cm−1 in ENR, CIP, OXY, and OTA
compounds, with OXY and OTA showing experimental peaks
at 1218 cm−1 and 1140 cm−1, respectively. Each compound
showed absorption peaks at 1669–1810 cm−1 due to C]O
bond stretching from different carbonyl groups such as
ketone, amide, acid, or lactone, experimentally these were
observed at 1715–1720 cm−1 for ZER, 1706 cm−1 for AB1,
1700–1750 cm−1 for CIP, 1737 cm−1 for ENR, 1621 cm−1 for
OXY, and 1723 cm−1 for OTA. The N–H bond stretching
vibration of amide functional group was seen at 3377 cm−1

and 3509 cm−1 in OXY and OTA, respectively. In contrast, CIP
revealed N–H stretching bands at 3397 cm−1, indicating the
presence of a secondary amine group. The C–F bond was
observed at 1237 and 1240 cm−1 in ENR and CIP, respectively,
while the C–Cl bond was detected at 713 cm−1 in OTA,
conrming the presence of halogen functional group.
3.5. UV-visible analysis

In UV-vis spectroscopy analysis, the electronic transition spectra
in different orbitals were analyzed. Key molecular transition
Fig. 5 (a) FT-IR and (b) UV-visible spectra of selected compounds (rem

23360 | RSC Adv., 2026, 16, 23354–23369
parameters, including absorption peak wavelength (lmax),
excitation energy, oscillator strength, and transition congura-
tion composition (presented in %) for all molecules, are
summarized in Table S5. Graphical representations of UV-vis
spectra for all molecules are presented in Fig. 5(b) and S6(b).
It was noted that all the molecules showed their maximum
absorption from 250 nm to 450 nm. Among our selected 6
molecules, OXY and OTA exhibited maximum absorption at the
longer wavelength of 431 nm and 396 nm, respectively. This
transition occurred when electrons jumped from lower orbitals
to higher orbitals, with a conguration composition of 63.49%
for OXY and 96.27% for OTA. The measured oscillator strength
of this transition state was 0.0047 for OXY and 0.081 for OTA. In
contrast, AB1 and ZER showed maximum absorption (lmax) at
lower wavelengths of 315 nm and 326 nm, respectively. This
transition occurred when electrons jumped from lower orbitals
to higher orbitals, with a conguration composition of 75.46%
for AB1 and 90.05% for ZER. The measured oscillator strength
of this transition state was 0.0721 for AB1 and 0.0952 for ZER.
Among all of these molecules, OXY and OTA showed the highest
degree of stability as their absorptionmaxima were at the longer
wavelengths, indicating lower energy levels, where the excita-
tion energy was 2.87 eV for OXY and 3.13 eV for OTA.54

Conversely, AB1 and ZER exhibited the lowest stability, with
their absorption maxima at the shortest wavelengths, suggest-
ing higher-energy states, where the excitation energy was
3.93 eV for AB1 and 3.80 eV for ZER.55 Among these molecules,
AB1 (312 gmol−1) and ZER (318 gmol−1) have a lower molecular
weight, while OXY (497 g mol−1) and OTA (404 g mol−1) have
a comparatively higher molecular weight. Lower molecular
weight exhibited the lower conjugation and shorter wavelength
for UV absorption, hence lower stability and vice versa.56 These
compounds contained numerous functional groups, where the
presence of more functional groups is responsible for higher
electron conjugation in the molecular structure. Consequently,
the UV peak will appear in a longer wavelength region.57

Conversely, AB1 and ZER had fewer functional groups, indi-
cating less conjugation. Therefore, UV absorption appeared at
shorter wavelengths and experienced less molecular stability.
3.6. Molecular docking and nonbonding interaction analysis

Molecular docking is a widely used computational approach for
evaluating atomic-level interactions between chemical
aining are presented in Fig. S6).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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compounds and target proteins. Additionally, in predictive
toxicology and risk assessment studies, this method is also used
to achieve the optimal docked conformations, including the
orientations and placements of ligands within proteins.58 In
molecular docking, a more negative value indicates greater
binding interactions between proteins and ligands, which is
similar to the lock and key model.59 Numerous bonds are
responsible for stabilizing docked conformations, such as
hydrogen bonds, hydrophobic bonds, and van der Waals
forces.60

In this study, all of our selected compounds exhibited strong
binding affinities within 2RJQ, 4G1C, and 3P0M proteins,
illustrated in Fig. 6. ZER exhibited strong binding affinities
within 2RJQ, 4G1C, and 3P0M proteins, which were
−8.0 kcal mol−1, −8.0 kcal mol−1, and −7.9 kcal mol−1,
respectively. Therefore, the ZER compound showed an
increased potential for cardiac toxicity. AB1 compound showed
stronger binding affinities of −8.9 kcal mol−1 and
−8.1 kcal mol−1 within the 4G1C and 3P0M proteins, respec-
tively. Consequently, this compound strongly exhibited car-
diotoxicity and nephrotoxicity. Furthermore, CIP and ENR
compounds showed a greater likelihood of nephrotoxicity, with
higher similar docking scores −8.1 kcal mol−1 within the 3P0M
protein. OXY showed extremely negative docking scores, such as
−8.8 kcal mol−1 within the 4 G1C protein and −8.7 kcal mol−1

within the 3P0M protein, indicating residues of this drug
demonstrated cardiotoxicity and nephrotoxicity, respectively.
Therefore, the OTA compound exhibited higher docking scores
within three selected proteins. It showed −8.8 kcal mol−1,
−9.0 kcal mol−1, and −9.4 kcal mol−1 within the 2RJQ, 4 G1C,
and 3P0M proteins, respectively. Therefore, residues of OTA
compounds strongly bound with these proteins, leading to
hepatotoxicity, cardiac toxicity, and nephrotoxicity (Fig. 7).

Hydrogen bonding is crucial in non-bonding interactions for
both donor and acceptor in protein ligand interactions.
Receptor proteins 2RJQ, 4 G1C, and 3P0M exhibited a hetero-
geneous donor region presented in pink, which employed lower
electron densities, and an acceptor region presented in green,
Fig. 6 Comparative binding affinity of all compounds with some
selected proteins (PDB ID: 2RJQ, 4G1C, and 3P0M).

© 2026 The Author(s). Published by the Royal Society of Chemistry
which employed higher electron densities.61 Non-bonding
interactions of all ligands and receptor 2RJQ, 4 G1C, and
3P0M proteins are visualized in Fig. 8(a)–(c) and summarized in
Table S6. Across these selected proteins, binding was stabilized
by the mixture of conventional hydrogen bonds, carbon-
hydrogen bonds, p-type interactions (p–alkyl, p–p stacking,
p–cation, and p–anion), and alkyl contacts. To exemplify, ZER
formed conventional hydrogen bonds with LEU 443 (1.99 Å)
within 2RJQ; SER 251 (2.48 Å) within 4G1C; and SER 53 (2.69 Å),
and LYS 72 (2.45 Å) within 3P0M. Carbon–hydrogen bonds, p–
cation, p–p T-shaped, alkyl, p–alkyl, and p–anion bonds were
also associated with different amino acid residues across all
selected proteins. AB1 compound also formed carbon–
hydrogen bonds, conventional hydrogen bonds, alkyl, p–alkyl,
and p–anion bonds, with bond distances ranging from 2.18 Å to
5.41 Å with different amino acid residues. CIP and ENR showed
similar interaction patterns within 2RJQ and 4 G1C proteins;
both formed conventional hydrogen bonds and multiple
carbon–hydrogen bonds to residues lining the pocket. These
compounds also engaged in alkyl, p–alkyl, and p–cation
contacts. All of these bonds were also found in CIP and ENR
across the 3P0M protein with halogen (uorine). OXY formed
conventional hydrogen bonds with numerous amino acid resi-
dues throughout all the selected proteins. This compound also
formed carbon–hydrogen bonds, p–alkyl, p–cation, and p–

sigma bonds. OTA exhibited the hydrogen-bonding pattern
across LEU 379 (1.94 Å), LEU 443 (2.26 Å), SER 441 (2.58 Å), and
GLY 380 (2.06 Å), combined with additional carbon–hydrogen
bonds, p–anion, p–p stacked, and p-interactions for the 2RJQ
protein. Almost similar types of bonds were also found within
the 4G1C and 3P0M proteins, varying in bond length.
3.7. Molecular dynamics simulation analysis

MD simulation is a computational technique that investigates
the physical movements of atoms and molecules over time. It
offers an atomistic-level of conformational assessment, struc-
tural stability, and interaction mechanism of biomolecular
systems such as proteins, nucleic acids, and protein–ligand
complexes. To assess the dynamics of protein–ligand
complexes, this study employed RMSD, RMSF, Rg, H-bond, and
SASA analysis for 100 ns. All statistical analysis presented in
Table 1. RMSD is a signicant parameter in MD simulation
because it assesses structural stability and changes over time. It
reects the conformational changes and overall stability, where
a lower RMSD value (1–3 Å) indicates structural stability.62

Within the 2RJQ protein, a small rise in the RMSD uctuation of
OXY was noted at 32.25 ns and 99.95 ns, with values of 3.16 Å
and 3.12 Å, respectively, while OTA showed relatively lower
uctuation. Within this protein, the RMSD uctuation of OTA
occurred from 1.47 Å (59 ns) to 2.97 Å (98 ns), while OXY
occurred from 1.40 Å (0.25 ns) to 3.16 Å (32.25 ns). Furthermore,
within the 4G1C protein, the RMSD uctuation values ranged
from 1.49 Å (0.25 ns) to 3.97 Å (75 ns) for OXY, while the 3P0M
protein's uctuation ranged from 1.02 Å (0.75 ns) to 1.98 Å (76.5
ns), as presented in Fig. 8(a), (c) and (e). Aer 60 ns, OTA
exhibited a sharp rise, indicating the compound was
RSC Adv., 2026, 16, 23354–23369 | 23361
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Fig. 7 Superimposed docked conformers selected analogs within the active site of the receptor protein, nonbonding interactions, and hydrogen
bond surface area of selected compounds with (a) 2RJQ, (b) 4G1C, and (c) 3P0M receptor proteins (remaining are presented in Fig. S7(a)–(c)).
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undergoing reorientation or movement in the binding pocket of
the 3P0M protein. However, OXY showed the lowest ±0.22
standard deviation within 3P0M and ±0.34 standard deviation
within 2RJQ, compared to 4G1C (±0.48) protein. This lower
deviation indicated minimal structural uctuations and re-
ected the stability of the complexes during the simulation.
23362 | RSC Adv., 2026, 16, 23354–23369
Therefore, these compounds showed enhanced binding
stability within both proteins, suggesting increased conforma-
tional stability and stiffness.39

Furthermore, an important measure of the compactness and
general folding state of a macromolecule, like a protein, is Rg.
Lower Rg value indicates a more compact or folded structure,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 RMSD and RMSF of the selected complexes during 100 ns MD simulation, for (a and b) 2RJQ, (c and d) 4G1C, and (e and f) 3P0M proteins.
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while a higher Rg value provides a more expansive or unfolded
form. This value can be tracked throughout an MD simulation
to assess conformational dynamics, folding stability, and
structural alterations.63 Rg value indicated the compactness of
the protein–ligand complexes shown in Fig. S8(a), S9(a), and
Table 1 Statistical analysis (mean ± SD values) for 2RJQ, 4G1C, and 3P0

Proteins Compounds

MD simulation parameters (me

RMSD RMSF

2RJQ OXY 2.18 � 0.34 1.52 � 0.6
OTA 2.02 � 0.31 1.40 � 0.6

4G1C OXY 2.74 � 0.48 1.21 � 0.4
OTA 2.17 � 0.36 1.30 � 0.5

3P0M OXY 1.56 � 0.22 1.28 � 0.5
OTA 2.06 � 0.55 1.24 � 0.5

© 2026 The Author(s). Published by the Royal Society of Chemistry
S10(a). The lower Rg value of OTA observed within 2RJQ (mean
19.43) and 4G1C (mean 19.95) proteins compared to 3P0M
protein (mean 20.68), lower standard deviation within 4 G1C
(±0.40) and 3P0M (±0.38), with minor uctuations leading to
the compactness and stability of complexes. Likewise, OXY and
M proteins

an � SD)

Rg H-bonds SASA

4 19.64 � 0.40 215 � 16.33 14 399 � 241
0 19.43 � 0.40 211 � 6.99 14 085 � 233
8 20.01 � 0.37 203 � 16.96 12 300 � 276
0 19.95 � 0.38 202 � 7.10 12 287 � 206
4 20.57 � 0.34 253 � 14.81 16 051 � 240
5 20.68 � 0.35 252 � 8.51 16 157 � 277

RSC Adv., 2026, 16, 23354–23369 | 23363
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OTA showed lower Rg values within 2RJQ and 4G1C proteins.
Thus, OXY and OTA exhibited reduced Rg values and less vari-
ation, resulting in increased stability and compactness of the
complexes.

RMSF is a measure of the average deviation of atomic posi-
tion from its mean position over time in an MD simulation. It
provides information about the exibility and dynamics of
a protein structure. Regions with high RMSF values are typically
more exible, while low values indicate more rigid.64 The RMSF
values within the 2RJQ protein varied from 0.64 Å to 4.14 Å for
OXY and 0.45 Å to 3.5 Å for OTA among 270 and 550 amino acid
residues. Slight uctuations were observed for oxy at 3.07 Å (326
residue), 3.46 Å (356 residue), and 4.14 Å (524 residue).
However, among 40 and 300 amino acid residues within the
4G1C protein, the RMSF values varied between 0.62 Å and 3.10
Å. The highest peak was observed at 3.10 Å (174 residue).
Furthermore, among 20 and 350 amino acid residues, OXY and
OTA displayed steady RMSF values ranging from 0.71 Å to 3.21 Å
within the 3P0M protein, presented in Fig. 8(b), (d) and (f). The
standard deviation was lower compared to the previous report,65

ranging from ±0.48 to ±0.64 within 2RJQ, 4G1C, and 3P0M
proteins for both compounds. Comparatively higher RMSD and
lower standard deviation values indicated more exibility and
less uctuation of our complexes. The continuity of protein
structure depends on hydrogen bonding. A greater and constant
number of H-bonds indicates a stable protein–ligand combi-
nation throughout the system.66 OXY and OTA exhibited
a higher number of H-bonds, ranging from 187 to 278 within
the 2RJQ and 3P0M proteins, suggesting stronger intermolec-
ular interactions leading to more stability and rigidity. While
OXY and OTA exhibited a comparatively lower number of H-
bonds, ranging from 179 to 223 within the 4G1C protein, as
presented in Fig. S8(b), S9(b), and S10(b).

SASA is utilized to examine the solvent accessibility of
docked complexes. SASA is potentially attributable to the
interaction between complexes and solvents. The area of
a protein that interacts with solvent molecules, usually water, is
referred to as SASA.65 A protein with smaller SASA values is less
exposed to solvents. In contrast, a protein with greater SASA
values is more solvent-accessible and exhibits a more extended
structure. OXY and OTA have comparatively higher SASA values
within the 2RJQ and 3P0M proteins. The values ranged from 13
Table 2 Pharmacokinetic parameters of all compoundsa

Compounds

Absorption Distribution Metabolism

HIA HOB BBB PPB CYP450 2C

ZER +0.95 +0.84 +0.61 89.98 NI (0.85)
AB1 +0.98 +0.26 +0.93 84.54 I (0.67)
CIP +0.98 +0.13 −0.94 25.52 NI (0.85)
ENR +0.90 +0.03 −0.91 36.09 NI (0.79)
OXY +0.85 +0.68 −0.99 42.65 NI (0.91)
OTA +0.80 +0.65 −0.79 98.63 NI (0.81)

a HIA = human intestinal absorption, HOB = human oral bioavailability
human ether-a-go-go-related gene inhibition, HPT = hepatotoxicity, AOT
genotoxicity, TPT = tetrahymena pyriformis toxicity.

23364 | RSC Adv., 2026, 16, 23354–23369
226 Å2 to 15 149 Å2 within 2RJQ protein and 15 447 Å2 to 16 930
Å2 within 3P0M protein for OXY and OTA, as presented in
Fig. S8(c), S9(c), and S10(c). OXY and OTA have relatively lower
SASA values, ranging from 11 757 Å2 to 13 221 Å2 throughout the
protein 4G1C. Consequently, OXY and OTA exhibited more
solvent-accessible structures within 2RJQ and 3P0M proteins,
while a less accessible structure within 4G1C protein. Addi-
tionally, these compounds exhibited more stable and consistent
interaction patterns within selected proteins due to lower
standard deviation. As per MD simulation results, our most
promising compounds, OXY and OTA, showed more favourable
MD proles, making them stable complexes. Consequently,
these compounds possess a signicant risk of cardiotoxic,
hepatotoxic, and nephrotoxic potential.
3.8. ADMET prediction

In a toxicological study, ADMET parameters are necessary for
predicting pharmacokinetic properties, involving absorption,
distribution, metabolism, excretion, and toxicity. The predicted
ADMET parameters are presented in Table 2. All of the
compounds exhibited positive intestinal absorption (HIA) and
human oral bioavailability (HOB). Consequently, AB1 and CIP
had higher HIA values (+0.98), indicating easy absorption from
the gastrointestinal tract during oral administration.44 No
compounds can be excreted more readily by the colon and the
urinary system. In our study, ZER showed the highest HOB
(+0.84). Promising positive values of HOB exhibited health
issues. Moreover, a positive BBB value points out that the
compound may be able to cross the blood–brain barrier,
potentially exposing the central nervous system and posing
a neurotoxic risk. Herein, ZER (+0.61) and AB1 (+0.93) showed
positive blood–brain barrier (BBB) permeability, indicating they
easily penetrate through the blood–brain barrier membrane.
However, CIP, ENR, OXY, and OTA showed negative BBB
permeability, suggesting minimal neurotoxicity. Pharmaceuti-
cals with high plasma protein binding (PPB) have a limited
therapeutic index. Regarding metabolism, most compounds
did not exhibit any inhibition of the vital cytochrome P450
enzyme CYP2C9, except AB1. Cytochrome P450 enzyme inhib-
itor (AB1) found in the liver and intestines, which is responsible
for decreasing the metabolism of any compounds. All of our
Toxicity

9 hERG HPT AOT RAT GT TPT

WI (0.83) +0.76 IV (0.61) 1.33 0.52 +0.95
WI (0.78) +0.82 I (0.81) 3.59 0.98 +1.00
WI (0.75) +0.98 III (0.67) 2.43 1.00 +0.87
WI (0.69) +0.94 III (0.68) 2.27 1.00 +0.98
WI (0.99) +0.97 III (0.80) 2.32 0.99 +0.95
WI (0.95) +0.93 I (0.83) 4.27 0.96 +0.99

, BBB = blood–brain barrier, PPB = plasma protein binding, hERG =
= acute oral toxicity, RAT = rat acute toxicity LD50 (mol kg−1), GT =

© 2026 The Author(s). Published by the Royal Society of Chemistry
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compounds exhibited weak inhibition of the human ether-a-go-
go-related gene (hERG), raising the risk of long QT syndrome
and sudden cardiac death.67

All compounds exhibited potential hepatotoxic effects,
ranging from +0.76 to +0.98. To exemplify, CIP (+0.98) demon-
strated the most pronounced hepatotoxic effect, indicating
a high likelihood of liver toxicity. AB1 and OTA showed category
I acute oral toxicity, suggesting highly toxic and irritating.
Additionally, category III (CIP, ENR, and OXY) and category IV
(ZER) acute toxicity indicate less toxicity for oral usage. The
rodent acute toxicity (LD50) refers to the amount of dose
required to kill 50% of a test population of animals, such as
mice, aer immediate exposure. Furthermore, a lower LD50

dose of ZER (1.33 mol kg−1) compound means a small amount
needed to cause death, indicating higher toxicity. All other
compounds have considered LD50 values within 2.27 mol kg−1

to 4.27 mol kg−1, suggesting a comparatively lower risk range.
In our study, all compounds showed genotoxic effects leading to
the mutation or alteration of genetic materials, such as DNA,
RNA, and chromosomes in a cell. Tetrahymena pyriformis is
used as a tool to assess the toxicity of various chemicals,
measuring how different compounds impact the organism's
growth and survival. A higher Tetrahymena pyriformis toxicity
value indicated a lower effective concentration of compounds
upon test populations, suggesting less toxicity.68 Here, all
compounds showed these toxicities, ranging from +0.87 to
+1.00. Lower tetrahymena pyriformis toxicity value was
observed in compound CIP (+0.87). Based on the toxicological
evaluation, OXY and OTA exhibit a higher propensity for
adverse toxicological effects, whereas ZER, AB1, and CIP display
comparatively lower toxicity proles.

3.9. PASS prediction

PASS is a computerized method that determines possible
pharmacological activity as well as toxic effects of compounds
based on structure–activity relationships.69 In this study, the
probability of all compounds being active (Pa) values are pre-
sented in Table 3, including various biological activities. These
compounds are used in chicken poultry feed for different
purposes, such as treatment or control of infectious diseases,
immunity, or production.25,28 Exposure to these compounds has
harmful effects on the human body's respiratory, renal, diges-
tive, and nervous systems. We noticed that all compounds
showed reproductive dysfunction (Pa = 0.28–0.99),
Table 3 Prediction of biological activities and toxicological impacts of a

Compounds RD IN AD LKP HMT

ZER 0.64 0.56 0.34 0.45 0.61
AB1 0.35 0.48 — — —
CIP 0.28 0.37 0.44 0.69 0.30
ENR 0.69 0.38 0.88 0.79 0.39
OXY 0.99 0.98 0.90 0.95 0.97
OTA 0.54 0.55 0.32 0.36 0.58

a RD = reproductive dysfunction, IN = inammation, AD = allergic der
respiratory failure, NT = nephrotoxic, MY = myocarditis, CAR = carcinog

© 2026 The Author(s). Published by the Royal Society of Chemistry
inammation (Pa= 0.37–0.98), and respiratory failure effects (Pa
= 0.25–0.91). Except AB1, all compounds exhibited allergic
dermatitis, leukopenia, nausea, nephrotoxicity, and myocar-
ditis syndrome with promising Pa values ranging from 0.32 to
0.90, 0.36 to 0.95, 0.49 to 0.96, 0.37 to 0.87, and 0.26 to 0.92,
respectively. Herein, OXY and OTA demonstrated a greater risk
of both nephrotoxicity and myocarditis, where OXY showed
corresponding values of 0.87 and 0.92, and OTA exhibited
values of 0.82 and 0.85, respectively. Moreover, compared to
OXY (0.34) and OTA (0.53), ZER (0.80) and AB1 (0.94) were found
to be remarkably carcinogenic. These compounds are in contact
with the fetus during pregnancy. They can undergo congenital
defects, which are known as teratogenic effects. The probable
activity values on the teratogenic effect range from 0.55 to 0.94.
Additionally, most compounds exhibited hematotoxic effects
affecting bone marrow,70 with toxicity values ranging from 0.30
to 0.92. Except for carcinogenicity, the OXY compound showed
potential probable activity of all adverse effects. The majority of
compounds provide a positive PASS result on different adverse
effects, indicating a broad toxicity prole.
3.10. pIC50 analysis

The analysis of the complex relationship between independent
and dependent variables was done by using a validated
ll compoundsa

NS RF NT MY CAR TT

0.49 0.51 0.43 0.26 0.80 0.81
— 0.25 — 0.26 0.94 0.82
0.57 0.37 0.40 — — —
0.61 0.64 0.37 0.28 — —
0.96 0.91 0.87 0.92 0.34 0.94
0.59 0.45 0.82 0.85 0.53 0.55

matitis, LKP = leukopenia, HMT = hematotoxin, NS = nausea, RF =
enic, TT = teratogen.
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multivariate mathematical model. Therefore, descriptors:
Chiv5, bcutm1, MRVSA9, MRVSA6, PEOEVSA5, GATSv4, J, and
Diameter were regarded as independent variables and pIC50 as
the dependent variable. The QSAR method allowed the predic-
tion of key features related to the biological activity of novel
compounds.71 The topological and physicochemical character-
istics of the molecules are represented by molecular descrip-
tors. A multiple linear regression (MLR) equation was used to
examine the pIC50 values, suggesting the expression for the
previously indicated complex correlation. The typical pIC50

values for standard drugs fall between 4 and 10.72 In this study,
the pIC50 values of all compounds ranged from 4.35 to 4.92,
while ZER showed a pIC50 of 4.35 and OXY showed 4.92, as
illustrated in Table S7 and Fig. 9.

4. Conclusion

This study demonstrated an integrated computational toxico-
logical analysis of mycotoxins and antibiotic residues frequently
found in poultry feed and tissues. It also revealed the potential
adverse effects of natural and intentional contaminants on
human health. Thermodynamic analysis showed that all the
compounds had higher negative free energy and enthalpy
values, indicating they are energetically stable. OTA (−1739.06
Hartree) and OXY (−1638.93 Hartree) showed the highest
negative free energy, indicating higher spontaneity in interac-
tion. A lower HOMO–LUMO energy gap indicates their easy
electron transfer, higher reactivity, and kinetically less stable.
Furthermore, ZER had the highest chemical hardness (2.32 eV)
and the lowest chemical soness (0.22 eV−1), representing
resistance to electronic structure deformation. MD simulation
revealed that all of the compounds had greater binding affini-
ties. OTA compound exhibited higher docking scores of
−8.8 kcal mol−1, −8.9 kcal mol−1, and −9.4 kcal mol−1 within
2RJQ, 4 G1C, and 3P0M proteins, respectively. The most
promising compounds, OXY and OTA, were subjected to MD
simulation, and their greater stability was demonstrated by
favourable RMSD, RMSF, Rg, H-bond, and SASA values. All
compounds exhibited a multi-organ toxicity prole. According
to the pharmacokinetic analysis, OXY and OTA showed signif-
icant hepatotoxicity. These compounds are also responsible for
cardiotoxicity (Pa = 0.92 and 0.85, respectively) and nephro-
toxicity (Pa = 0.87 and 0.82, respectively), indicating a signi-
cant risk of adverse effects. Therefore, the goal of our research is
to highlight the endangered condition of poultry farms, to
understand biochemical behavior, and the biological effects of
our selected compounds. The limitation of our study is depen-
dent on in silico analyses without experimental evaluations.
However, our ndings provide a foundation for in vitro and in
vivo validation. Integrating these ndings will improve under-
standing of toxicity mechanisms and help to disclose other
alternative medications.
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