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ARTICLE INFO ABSTRACT
Article history: Cytochrome P450 2E1 (CYP2EI) is a heme-containing monooxygenase involved
Received 30 April 2026 in xenobiotic metabolism and oxidative stress generation, making it a significant

Received in revised form 04 June 2026 therapeutic target. The present study aimed to identify potent natural inhibitors of
Accepted 11 June 2026 CYP2El through an integrated molecular docking and ADMET-based
computational approach. Twenty structurally diverse phytochemicals were selected
Keywords: from medicinal plants based on reported pharmacological relevance. Molecular
CYP2E1 inhibition docking was performed to evaluate binding affinity and interaction stability within
I/\%/I]gﬁcél}ar docking the CYP2E1 active site. Docking results demonstrated that several compounds
analysis . . . . . .
Phytochemicals effectively occupied the catalytic pocket and interacted with key residues sqch as
In-silico drug discovery CYS437, ILE115, LEU368, ALA299, VAL364, and PHE430. Shatavarin IV
exhibited the highest binding affinity (—12.9 kcal/mol), surpassing the native ligand
(—12 kcal/mol), followed by Amygdalin (—10.2 kcal/mol). Withaferin A, Curcumin,
Galangin, Aloe-emodin, and Ferulic acid also exhibited favorable hydrogen-
bonding and hydrophobic interaction profiles within the active site, suggesting
potential CYP2E1 inhibitory activity based on computational predictions.
Comprehensive ADMET analysis revealed important pharmacokinetic differences
among the candidates. Although Shatavarin IV displayed superior docking
performance, its high molecular weight and polarity suggested limited oral
absorption. In contrast, Ferulic acid, Curcumin, Aloe-emodin, and Withaferin A
demonstrated balanced physicochemical properties, improved intestinal
absorption, acceptable metabolic profiles, and comparatively lower toxicity risks.
Overall, Ferulic acid emerged as the most promising candidate when both binding
efficiency and pharmacokinetic suitability were considered, warranting further
experimental validation. Future studies should focus on molecular dynamics
simulations and in vitro/in vivo validation to confirm stability, efficacy, and safety
profiles.

metabolism of endogenous substrates and xenobiotics [1—
3]. CYP2ELI plays a particularly important role in the

Cytochrome P450 2E1 (CYP2E1) is a key member of  oxidation of low-molecular-weight  compounds,
the cytochrome P450 superfamily, a group of heme- including ethanol, anesthetics, and environmental toxins.
containing monooxygenases responsible for the A distinguishing feature of this enzyme is its high

1. Introduction
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capacity to generate reactive oxygen species (ROS)
during the catalytic turnover. Excessive ROS production
contributes to oxidative stress, lipid peroxidation,
inflammation, and cellular injury, which are closely
associated with liver diseases, metabolic disorders,
neurodegenerative conditions, and carcinogenesis [4,5].
Consequently, the selective inhibition of CYP2EI1 has
gained increasing attention as a therapeutic strategy to
reduce oxidative damage and toxin-mediated tissue
injury.

Natural products derived from medicinal plants have
long been considered valuable sources of therapeutic
agents [6]. Flavonoids such as quercetin represent an
important class of phytochemicals with diverse biological
activities and well-characterized structural,
physicochemical, and redox  properties [7].
Phytochemicals, such as flavonoids, phenolic acids,
terpenoids, alkaloids, saponins, and quinones, possess
diverse biological activities, including antioxidant, anti-
inflammatory, hepatoprotective, and enzyme-modulating
effects. Medicinal plants are particularly rich sources of
phytochemicals with antioxidant properties, supporting
their  continued  evaluation as  sources  of
pharmacologically relevant bioactive compounds [8].
Their structural diversity and functional group variability
provide significant potential for interactions with enzyme
active sites [9]. Many plant-derived compounds have
been shown to modulate cytochrome P450 enzymes,
suggesting that they may serve as safer and more
effective alternatives or adjuncts to synthetic inhibitors.
However, despite the growing interest in natural CYP
modulators, comprehensive comparative investigations
of structurally diverse phytochemicals on CYP2EI1
remain limited. Most available studies focus on
individual compounds, specific plant extracts, or a single
phytochemical class, providing only a restricted
understanding of their relative inhibitory potential and
drug-like characteristics.

Despite their therapeutic promise, systematic
evaluation of numerous phytochemicals using
conventional experimental approaches is time-

consuming and resource-intensive. Advances in
computational drug discovery have enabled the efficient
virtual screening of large compound libraries, allowing
the rapid identification of promising candidates prior to
experimental validation. Computational investigations
can provide valuable molecular-level insights into the
structural, electronic, physicochemical, and interaction
characteristics of biologically relevant molecules and
drug-related systems [10]. In particular, structure-based
computational strategies facilitate the prediction of
molecular interactions between ligands and target
proteins, providing insights into binding affinity,
stability, and potential inhibitory mechanisms [11, 12].
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Furthermore, early prediction of pharmacokinetic and
toxicity properties is essential to minimize late-stage drug
development failure [10]. Integrating molecular
interaction analysis with pharmacokinetic evaluation
provides a rational framework for prioritizing compounds
with strong target affinity and favorable drug-like
characteristics [13]. This approach is particularly
valuable in natural product research, where structural
complexity and variability may influence absorption,
metabolism, and safety profiles [10].

Although molecular docking and ADMET prediction
have been widely employed in natural product research,
studies integrating a broad spectrum of phytochemicals
from multiple medicinal plants for comparative CYP2E1
inhibitor screening are scarce. A systematic evaluation of
compounds belonging to different chemical classes can
provide valuable insights into common binding patterns,
key interacting residues, and the relationship between
binding affinity and pharmacokinetic suitability. Such
comparative analyses are important for identifying
candidates with effective target engagement and
favorable drug development potential.

Therefore, the present study aimed to perform an
integrated computational investigation of 20 structurally
diverse bioactive phytochemicals selected from multiple
medicinal plants to explore their potential as CYP2E1
inhibitors. By combining molecular docking with
comprehensive ADMET profiling, this study aimed to
identify potent CYP2E1-binding phytochemicals and
prioritize candidates based on their pharmacokinetic and
safety characteristics. This integrated multi-plant
screening approach provides a broader comparative
assessment than conventional single-compound or single-
plant investigations and may facilitate the identification
of promising natural compounds for the development of
effective CYP2EIl-modulating therapeutic agents. The
selected medicinal plants and their representative
phytochemicals are shown in Figure 1.

2. Materials and Methods

2.1. Selection of phytochemical compounds

The phytochemical compounds selected for the
present computational investigation were based on
documented pharmacological relevance, reported
bioactivity, and the availability of well-characterized
chemical constituents from medicinally important plants
(Table 1). Each plant species was screened through a
literature analysis to identify its major bioactive
compounds with potential therapeutic significance. The
final selection focused on one potent representative
phytoconstituent from each plant to ensure diversity in
terms of chemical structure and biological activity.
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Fig. 1. Comprehensive representation of selected medicinal plants and their corresponding bioactive phytochemicals employed in
the study, highlighting the structural diversity of compounds screened for CYP2E1 inhibitory potential.

Withaferin A was selected from Withania somnifera
because of its well-established anti-inflammatory and
antioxidant properties [14]. Elettaria cardamomum
contributes 1,8-Cineole (Eucalyptol), a major volatile
compound known for its pharmacological activity [15].
Curcumin was selected as the principal bioactive
compound from Curcuma amada because of its strong
antioxidant and enzyme-modulating potential [16].
Ferulic acid was selected from Euryale ferox [17], and
cinnamaldehyde was identified as the key compound
from Cinnamomum cassia [18].

D-Mannose was selected from Orchis mascula based
on its biochemical importance [19,20]. Galangin, a
flavonoid with known biological activity, was selected
from Alpinia galanga [21]. Cinnamyl acetate was
identified as the representative compound from
Cinnamomum zeylanicum [22], whereas 6-Gingerol was
selected from Zingiber officinale because of its
prominent therapeutic properties [23].

Shatavarin IV, a steroidal saponin, was selected from
Asparagus racemosus for its reported bioactivity [24].
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Eugenol, the principal phenolic compound, was selected
from the Syzygium aromaticum [25]. Costunolide was
identified from Saussurea lappa, and celapanine was
selected from Celastrus paniculatus based on its
pharmacological significance [26,27]. Purpurin was
isolated from Rubia cordifolia, and juglone was identified
from Juglans regia [28,29]. Amygdalin was selected from
Prunus amygdalus because of its known biological
relevance [30]. Lauric acid was included as the key fatty
acid from Cocos nucifera, whereas sarsasapogenin was
chosen from Chlorophytum borivilianum [31,32]. Aloe-
emodin was selected from Aloe vera, and caffeic acid was
identified as a major phenolic constituent of Phoenix
dactylifera [33,34]. Thus, a structurally diverse panel of
20 phytochemicals representing different chemical
classes, such as alkaloids, flavonoids, phenolics,
terpenoids, fatty acids, saponins, and quinones, was
selected for further molecular docking and computational
evaluation. This systematic selection ensured a
comprehensive screening of bioactive natural compounds
with potential inhibitory activity.
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Table 1. Plants and their most potent compounds with their chemical structures

Plant Final Identified Potent Chemical Structures
Compound

Withania somnifera Withaferin A

) ) 0]
Elettaria cardamomum 1,8-Cineole (Eucalyptol)
Curcuma amada Curcumin

Euryale ferox Ferulic acid ~ O:©\/\g/OH

Cinnamomum cassia Cinnamaldehyde ©\/\/O
A
OH
) HO OH
Orchis mascula D-Mannose °
OH
HO” ~O
Alpinia galanga Galangin O |
HO O
Cinnamomum zeylanicum  Cinnamyl acetate \g/o\/\/©

Zingiber officinale 6-Gingerol -

Asparagus racemosus Shatavarin IV
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2.2. Molecular docking

Molecular docking was performed using the X-ray
crystal structure of Human Cytochrome P450 2E1
(CYP2EL1) obtained from the RCSB Protein Data Bank
(PDB ID: 3T3Z) (Figure 2). CYP2E1 is a phase I
xenobiotic-metabolizing enzyme involved in the
oxidative metabolism of ethanol, drugs, and
procarcinogens and is associated with oxidative stress
and hepatotoxicity. The protein structure was prepared by
removing co-crystallized ligands, water molecules, and
heteroatoms, followed by the addition of polar hydrogens
and appropriate charge assignments. Gasteiger charges
were assigned, and nonpolar hydrogens were merged
using AutoDock Tools prior to conversion. The prepared
structure was converted to the PDBQT format. Ligand
structures were drawn using ChemDraw, and their three-
dimensional conformations were retrieved from
PubChem in SDF format. All ligands were geometry-
optimized and energy-minimized prior to docking and
converted into PDBQT format using the MMFF94 force
field with energy minimization until the convergence
criteria were achieved [35-39].

Acceptor

Fig. 2. 3D ribbon representation of CYP2E1 enzyme with
native ligand

Docking simulations were performed using PyRx 0.8,
incorporating the AutoDock Vina 1.1.2 algorithm. A grid
box was defined around the active site based on the co-
crystallized ligand position, with center coordinates set at
X =126.242093, Y = 24.632163, and Z = 8.001372, with
grid box dimensions of 25 x 25 x 25 A to adequately
cover the -catalytic-binding pocket. Docking was
performed using an exhaustiveness value of 8§, with a
maximum of 9 binding poses generated per ligand, and
multiple poses were generated. The best binding
conformation was selected based on the lowest binding
energy and a favorable orientation within the catalytic
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pocket. Although RMSD-based re-docking validation
was not performed, the docking protocol was
standardized by maintaining consistent grid parameters,
scoring functions, and ligand preparation procedures for
all compounds, and the results were comparatively
interpreted relative to the native ligand to ensure internal
consistency and reliability. Protein—ligand interactions
were analyzed using BIOVIA Discovery Studio
Visualizer to identify hydrogen bonds, hydrophobic
interactions, w-interactions, and other non-covalent forces
stabilizing the complexes with uniform visualization and
interaction criteria applied across all docked complexes
[40-43].

2.3. ADMET Analysis

The ADMET properties of the selected
phytochemicals were evaluated using an in silico
approach. The chemical structures were drawn and
verified using ChemDraw, and structural data, including
canonical SMILES, were obtained from PubChem. The
drug-likeness and physicochemical parameters, such as
molecular weight, logP, TPSA, hydrogen bond donors
and acceptors, rotatable bonds, and solubility, were
predicted using SwissADME, applying Lipinski’s Rule
of Five and Veber’s criteria. Comprehensive
pharmacokinetic and toxicity predictions were performed
using ADMETIlab 3.0, including gastrointestinal
absorption, BBB  permeability, = P-glycoprotein
interaction, CYP450 metabolism, clearance,
hepatotoxicity, Ames mutagenicity, and carcinogenicity
[44-47]. The predicted parameters were comparatively
analyzed to identify compounds with favorable
pharmacokinetic behaviors and acceptable safety profiles
for further studies.

3. Results and Discussion

3.1. Molecular docking

Molecular docking analysis was performed to
evaluate the binding affinity and interaction patterns of
the selected phytochemicals against Cytochrome P450
2E1 (CYP2E1) and to compare their inhibitory potential
with that of the native ligand. CYP2E1 is a heme-
containing monooxygenase enzyme involved in
xenobiotic metabolism and oxidative stress generation,
and its inhibition is considered therapeutically
significant. Docking scores, intermolecular interactions,
and ligand energies were analyzed to determine the
binding stability and interaction strength within the active
site. The binding interactions and docking scores are
shown in Table 2. The 2D and 3D interactions are listed
in Table 3. All interaction analyses were performed using
a consistent docking protocol and uniform visualization
criteria to ensure the comparability of all ligands.

The native ligand exhibited a strong docking score of
—12 kcal/mol with a ligand energy of 987.76 kcal/mol,
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indicating stable binding within the CYP2E1 active
pocket. It formed multiple conventional hydrogen bonds,
predominantly with CYS437 (bond distances ranging
from 2.45 to 2.80 A), along with additional interactions
with LEU368, ILE115, TRP122, and ARGI126.
Hydrophobic stabilization was extensive, including Pi-
sigma interactions with PHE430, Alkyl interactions with
LEU296 and VAL364, and Pi-Alkyl interactions with
ALA299 and ALA443. A notable m-sulfur interaction
with CYS437 further strengthened the complex. The
residues CYS437, ILE115, LEU368, ALA299, VAL364,
and PHE430 were identified as key interacting residues
because they were consistently observed across multiple
ligand—protein complexes (Table 2).

Among the tested phytochemicals, Shatavarin IV
demonstrated the highest docking score of -12.9
kcal/mol, surpassing the native ligand and indicating a
superior binding affinity. It formed multiple strong
hydrogen bonds with GLY300 (1.90 A), THR304 (1.70
A), GLY439, and ILE180, suggesting tight anchoring to
the active site. In addition, extensive hydrophobic
interactions with CYS437, ALA299, LEU368, and
PHE207 contributed to the stability of the complex. The
presence of multiple hydrogen bonds and hydrophobic
contacts suggests favorable binding to the CYP2E1 active
site.

Amygdalin also exhibited a strong docking score of —
10.2 kcal/mol, forming several conventional hydrogen
bonds with PRO429, ASN367, ARG435, and ARG126.
Hydrophobic interactions with LEU368 and CYS437,
along with a pi-sulfur interaction, further stabilized the
complex. Although its binding affinity was slightly lower
than that of the native ligand, the diversity and number of
hydrogen bonds suggest a strong interaction potential.
Withaferin A showed a docking score of —8.7 kcal/mol
and formed a conventional hydrogen bond with GLN358,
along with hydrophobic interactions involving LEU368,
VAL364, CYS437, and PHE430 residues. Similarly,
Curcumin (-8.6 kcal/mol) exhibited predominantly
hydrophobic n-alkyl interactions with LEU363, VAL364,
LEU368, and ALA443, indicating that hydrophobic
forces played a major role in its binding stability rather
than hydrogen bonding. These interaction trends are
consistent with the binding patterns summarized in Table
2 and should be interpreted comparatively with respect to
the native ligand. Galangin (-8.5 kcal/mol) and purpurin
(-8.0 kcal/mol) demonstrated balanced interaction
profiles involving both hydrogen bonding and
hydrophobic contacts. Galangin formed a strong
hydrogen bond with GLN358 (2.26 A) and hydrophobic
interactions with LEU363 and CYS437, whereas
purpurin interacted through hydrogen bonding with
ASN367 and Pi interactions with ALA438 and LEU368.
Aloe-emodin (8.3 kcal/mol) and ferulic acid (-8.1
kcal/mol) also showed stable binding patterns, forming
hydrogen bonds with residues such as ILE115, CYS437,

ARG435, and TRP122, which are similarly involved in
native ligand stabilization, indicating overlapping
binding regions. These overlapping interaction profiles
suggest that these compounds occupy a similar binding
region within the catalytic pocket.

Moderate binding affinities were observed for
compounds such as costunolide (-8.0 kcal/mol) and
juglone (=7.2 kcal/mol), which primarily engaged in
hydrophobic and n—r interactions with aromatic residues
such as PHE430 and LEU363. In contrast, weaker
binding scores were recorded for 1,8-Cineole (—6.0
kcal/mol), cinnamaldehyde (—6.0 kcal/mol), cinnamyl
acetate (—6.5 kcal/mol), eugenol (-6.6 kcal/mol), D-
mannose (—5.8 kcal/mol), lauric acid (5.8 kcal/mol), and
sarsasapogenin (—4.2 kcal/mol). These compounds
exhibited limited hydrogen bonding and primarily relied
on hydrophobic interactions, which may explain their
comparatively lower binding affinities. The reduced
interaction diversity observed for these compounds
correlates with their comparatively lower docking scores,
as presented in Table 2. The selected phytochemicals
exhibited considerable variation in molecular size,
polarity, flexibility, and overall physicochemical
properties, which may have influenced the docking
outcomes and predicted binding energies. Compounds
such as Shatavarin IV and Amygdalin possess
substantially higher molecular weights and greater
hydrogen-bonding capacities than smaller molecules
such as ferulic acid, Curcumin, and Aloe-emodin.
Consequently, the higher docking scores observed for
larger compounds may partly reflect their increased
ability to establish multiple interactions within the
binding pocket, rather than necessarily indicating greater
biological potency. Therefore, docking scores should be
interpreted as comparative indicators of binding potential
and interaction patterns, rather than as definitive
measures of inhibitory activity. To address this limitation,
ADMET analysis was employed to provide a more
comprehensive assessment of both the binding affinity
and drug-likeness characteristics. Overall, several
phytochemicals were predicted to occupy the catalytic
pocket of CYP2El and interact with key residues,
including CYS437, ILE115, LEU368, ALA299,
VAL364, and PHE430. Among the screened compounds,
Shatavarin IV and Amygdalin exhibited the most
favorable docking scores, whereas Withaferin A,
Curcumin, Galangin, Aloe-emodin, and Ferulic acid
demonstrated notable interaction profiles within the
active site. These findings suggest the potential CYP2E1
inhibitory activity of the selected phytochemicals based
on computational predictions. However, the results
should be considered preliminary and require further
validation through molecular dynamics simulations, in
vitro enzymatic inhibition assays, and other experimental
studies to confirm the binding stability and biological
efficacy.
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Table 2. Binding interactions of all selected compounds with CYP2E1 enzyme

Ligand Energy  Docking Score

Amino Acid Bond Length  Bond Type Bond Category (Kcal/mol)
Native Ligand

CYS437 2.52991 Hydrogen Bond  Conventional Hydrogen Bond 987.76 -12
CYS437 2.80844

CYS437 2.53106

LEU368 2.86759

ILE115 3.0965

TRP122 241122

ARG126 2.32465

LEU368 2.65272

ILE115 3.38852 Carbon Hydrogen Bond
ALA438 2.60899 Pi-Donor Hydrogen Bond
PHE430 3.68839 Hydrophobic Pi-Sigma

CYS437 2.45621 Other Pi-Sulfur

LEU296 4.82462 Hydrophobic Alkyl

ALA299 4.47225

ALA443 3.51158

VAL364 3.50681

LEU393 5.39361

ILE114 4.01061

ILE115 4.694

LEU296 5.23981

ALA438 3.4255

PRO429 4.64197

LEU442 3.94024

ALA443 3.52345

ALA299 4.74038 Pi-Alkyl

ALA299 4.04044

CYS437 4.62595

CYS437 4.22904

ALA443 4.94955

VAL364 5.24833

LEU368 5.28916

CYS437 3.97987

ILE115 4.76159

ALA299 4.56472

CYS437 4.4588

ALA438 4.23068

PHE430 4.85606

Withaferin A

GLN358 2.763 Hydrogen Bond  Conventional Hydrogen Bond 2013.02 -8.7
THR307 3.07606 Carbon Hydrogen Bond
ILE115 4.49541 Hydrophobic Alkyl

LEU368 4.53714

LEU368 4.88345

VAL364 4.2692

CYS437 3.74792

ALA443 3.51861

ALA299 4.99426

ALA299 4.24537

VAL364 4.15911

CYS437 4.42435

CYS437 4.89068

ALA443 491757

PHE207 4.82013 Pi-Alkyl

PHE430 5.2985

PHE430 4.48219

PHE430 5.27249

1,8-Cineole
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Amino Acid Bond Length  Bond Type Bond Category %I;gc?ll/(rinEo:;ergy Docking Score
VAL364 4.48797 Hydrophobic Alkyl 171.39 -6
LEU368 5.12235

LEU368 5.23109

LEU368 5.376

PHE106 5.06353 Pi-Alkyl

PHE116 5.10082

PHE207 4.36329

PHE298 4.96694

PHE298 4.11652

PHE298 4.95263

PHE478 4.97142

Curcumin

LEU363 5.37325 Hydrophobic Pi-Alkyl 211.18 -8.6
ALA443 4.95921

VAL364 5.03313

LEU368 4.95712

Ferulic acid

ILE115 2.49931 Hydrogen Bond  Conventional Hydrogen Bond 85.4 -8.1
TRP122 2.32165

ARG126 2.32765

ARG435 2.1098

ARG435 1.87679

GLY439 2.61659

ILE115 4.38308 Hydrophobic Pi-Alkyl

ALA299 4.47908

CYS437 4.63194

ALA438 5.21682

Cinnamaldehyde

PHE430 4.19393 Hydrophobic Pi-Pi Stacked 53.32 -6
LEU363 5.40575 Pi-Alkyl

D-Mannose

ALA443 4.70887 Hydrophobic Pi-Alkyl 447.08 -5.8
Galangin

GLN358 2.2687 Hydrogen Bond  Conventional Hydrogen Bond 180.12 -8.5
LEU363 1.98007

LEU363 3.99629 Hydrophobic Pi-Sigma

LEU363 5.27835 Pi-Alkyl

PRO429 4.98466

VAL364 4.75363

CYS437 4.28665

Cinnamyl acetate

PHE430 4.13663 Hydrophobic Pi-Pi Stacked 66.32 -6.5
LEU363 5.41239 Pi-Alkyl

6-Gingerol

PHE298 3.93514 Hydrophobic Pi-Sigma 111.63 -7
PHE430 4.6432 Pi-Pi T-shaped

ALA299 4.15692 Alkyl

LEU363 491772 Pi-Alkyl

Shatavarin [V

GLY300 1.90149 Hydrogen Bond  Conventional Hydrogen Bond 1031.47 -12.9
THR304 1.7047

GLY439 2.84063

ILE180 2.83175

ALA299 3.51321 Carbon Hydrogen Bond

GLY300 2.97167

CYS437 3.83708 Hydrophobic Alkyl

ALA438 3.04738

ILE115 43125

VAL364 5.2595

ILE115 4.44757
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Amino Acid Bond Length  Bond Type Bond Category %I;gc?ll/(rinEo:;ergy Docking Score
ALA299 2.58894

ILE115 4.69278

LEU368 3.40836

LEU210 4.6899

ALA299 3.8526

ALA299 3.26365

ALA299 3.62996

ALA299 4.76599

VAL364 5.16739

CYS437 4.08088

CYS437 5.35871

ALA438 4.06403

PHE207 4.98573 Pi-Alkyl

PHE478 3.79112

Eugenol

PHE430 4.48186 Hydrophobic Pi-Pi Stacked 86.12 -6.6
LEU363 4.39616 Alkyl

PRO429 4.55871

ALA443 4.32663 Pi-Alkyl

Costunolide

ILE115 3.93095 Hydrophobic Alkyl 322.63 -8
ALA299 3.81788

VAL364 3.78935

ILEL15 5.17822

LEU368 4.11519

LEU368 4.6514

PHEI116 4.61616 Pi-Alkyl

PHE207 4.29392

Celapanine

ARG100 2.54179 Hydrogen Bond  Conventional Hydrogen Bond 660.39 -6.5
ARG100 2.49275

THR303 2.76482

THR303 1.98649

ALA299 3.01168 Carbon Hydrogen Bond
LEU363 3.90032 Hydrophobic Pi-Sigma

PHE430 4.7835 Pi-Pi Stacked

CYS437 4.15038 Alkyl

ALA299 3.4422

CYS437 4.40424

VAL364 3.39327

LEU368 4.05567

CYS437 3.45639

LEU368 5.02046

VAL364 4.73604

VAL364 5.37681

CYS437 5.03916

CYS437 3.76052

PHEIL16 5.47149 Pi-Alkyl

PHE298 5.3469

PHE430 4.01154

Purpurin

ASN367 2.34989 Hydrogen Bond  Conventional Hydrogen Bond 150.14 -8
ALA438 2.97709 Pi-Donor Hydrogen Bond
ALAA438 3.20896

LEU368 3.84177 Hydrophobic Pi-Sigma

ALA438 3.78661

CYS437 4.19358 Pi-Alkyl

ILEL15 4.77011

ALA299 5.19197
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Amino Acid Bond Length  Bond Type Bond Category %I;gcirll;:nEogergy Docking Score
CYS437 4.32892

ALA438 4.9686

ILE114 5.10209

ILE115 4.35288

ALA299 4.42706

Juglone

THR303 2.32943 Hydrogen Bond  Conventional Hydrogen Bond 87.58 -7.2
THR304 3.04577

PHE430 4.53603 Hydrophobic Pi-Pi Stacked

PHE430 4.18035

ALA443 4.29293 Pi-Alkyl

CYS437 5.19156

Amygdalin

PRO429 2.02457 Hydrogen Bond  Conventional Hydrogen Bond 1399.48 -10.2
PRO429 2.61757

ASN367 23114

ARG435 2.16405

ARG126 2.68298

ARG126 2.62563

ALA438 2.97374 Pi-Donor Hydrogen Bond
ALA438 3.60801 Hydrophobic Pi-Sigma

CYS437 4.96956 Other Pi-Sulfur

LEU368 5.25271 Hydrophobic Pi-Alkyl

CYS437 3.83479

LEU363 4.99903

ILE115 495182

ALA299 4.10633

Lauric acid

PHE?298 2.3176 Hydrogen Bond  Conventional Hydrogen Bond 3.94 -5.8
THR303 2.20862

THR303 1.98314

VAL364 3.76101 Hydrophobic Alkyl

LEU368 5.31181

PHE207 5.01311 Pi-Alkyl

Sarsasapogenin

ILE114 2.52415 Hydrogen Bond  Conventional Hydrogen Bond 792.54 -4.2
ILE115 2.81216

LEU368 4.33109 Hydrophobic Alkyl

LEU363 4.51188

CYS437 4.34245

VAL364 3.34281

LEU368 4.9397

VAL364 3.70899

ILE361 5.25402

LEU363 4.06726

ILE115 5.00423

ALA299 5.09617

VAL364 5.24066

CYS437 4.0772

CYS437 3.81462

CYS437 3.73757

ALA438 5.35926

PHE430 5.4535 Pi-Alkyl

PHE430 4.90055

Aloe-emodin

ILE115 2.86127 Hydrogen Bond  Conventional Hydrogen Bond 153.88 -8.3
CYS437 2.98644

ARG100 2.59577

ARG435 1.95894

LEU368 3.792 Hydrophobic Pi-Sigma
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Amino Acid Bond Length  Bond Type Bond Category ?I;gcilll/(linEO:l)ergy Docking Score
PHE430 5.02613 Amide-Pi Stacked

ILE115 4.56353 Pi-Alkyl

CYS437 5.46059

CYS437 4.26494

VAL364 4.71288

LEU368 5.18264

CYS437 4.40794

Caffeic acid

PRO429 2.51051 Hydrogen Bond  Conventional Hydrogen Bond 59.2 -6.9
LEU363 1.99381

VAL364 2.28551

ALA443 4.42848 Hydrophobic Pi-Alkyl

LEU447 5.38973

Table 3. 2D and 3D binding interaction profiles of selected phytochemicals and the native ligand within the active site of
CYP2E], illustrating key molecular interactions and binding conformations.
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3D Binding Interaction Pose 2D Binding Interaction Pose
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3D Binding Interaction Pose

2D

Binding Interaction Pose

Sarsasapogenin

3.2. ADMET analysis

Based on the molecular docking results, nine top-
performing phytochemicals—Withaferin A, Curcumin,
Ferulic acid, Galangin, Shatavarin IV, Costunolide,
Purpurin, Amygdalin, and Aloe-emodin—were selected
as the most potent compounds because of their superior
binding affinities and stable interactions within the active
site of CYP2E1. These compounds exhibited comparable
or improved interaction patterns relative to the native
ligand, particularly involving key catalytic residues.
Consequently, these nine shortlisted candidates, along
with the native ligand as a reference standard, were
subjected to comprehensive ADMET evaluation to assess
their pharmacokinetic behavior, drug-likeness, safety
profiles, and environmental impacts. ADMET evaluation
was conducted to systematically analyze the absorption,
distribution, metabolism, excretion, toxicity, and
environmental parameters of the selected potent
compounds in comparison with those of the native ligand.
A detailed interpretation of each dataset (Tables 1-6)
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provides deeper insights into their suitability and
prioritization as potential drug candidates. As presented
in Table 4, the native ligand possesses a relatively high
molecular weight (562.26 g/mol), elevated TPSA (131.96
A?), and moderate lipophilicity (LogP 3.29), suggesting
acceptable membrane permeability but potential
limitations in oral bioavailability due to its size and
polarity. In comparison, several phytochemicals have
demonstrated more  favorable  physicochemical
characteristics. Ferulic acid exhibited the most optimal
profile, with a low molecular weight (194.06 g/mol),
moderate TPSA (66.76 A?), and balanced lipophilicity
(logP 1.64), indicating improved permeability and
solubility compared to the native ligand. Curcumin,
Galangin, Aloe-emodin, and Costunolide also fell within
the acceptable drug-like space, showing lower molecular
weights and manageable hydrogen bonding capacities.
Conversely, Shatavarin IV (MW 886.49 g/mol; TPSA
255.91 A2) and amygdalin (TPSA 202.32 A2; 12 HBA, 7
HBD) displayed excessive polarity and hydrogen
bonding potential, which may negatively influence
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membrane permeability and oral absorption. Overall,
Ferulic acid, Curcumin, Galangin, and Aloe-emodin
demonstrated a more favorable physicochemical balance
than the native ligand. As shown in Table 5, the native
ligand exhibited a low QED score (0.225), indicating
moderate overall drug-likeness properties. In contrast,
several phytochemicals showed significantly improved
QED values, particularly ferulic acid (0.715), galangin
(0.632), aloe-emodin (0.62), and curcumin (0.548),
indicating stronger compliance with the drug-like
chemical space. These compounds also satisfied major
medicinal chemistry filters, such as Lipinski, Pfizer,
GSK, and Golden Triangle rules, more effectively than
the native ligand. Shatavarin IV and Amygdalin showed
one Lipinski violation each, largely due to their high
molecular weight and excessive hydrogen bond
donors/acceptors, which may compromise oral
bioavailability. Costunolide and Withaferin A exhibited
moderate QED values but favorable natural product (NP)
scores, indicating promising structural diversity. Overall,
Ferulic acid and aloe-emodin demonstrated superior
drug-likeness profiles relative to the native ligand,
suggesting better development potential. The absorption
data summarized in Table 6 reveal that the native ligand
has poor Caco-2 permeability (— 5.8075) and extremely
low HIA probability (7.15E-07), indicating limited
intestinal absorption and potentially low oral
bioavailability. In comparison, ferulic acid (HIA
0.24942), aloe-emodin (0.32913), and costunolide
(0.15512) exhibited significantly improved intestinal
absorption potential. Curcumin demonstrated an

excellent predicted fraction absorbed (F50% 0.99945),
supporting its strong oral absorption capability. Despite
its strong docking performance, Shatavarin IV displayed
poor Caco-2 permeability (—6.2296) and high P-gp
substrate probability (0.61915), suggesting potential
efflux issues and reduced systemic exposure. Amygdalin
also exhibited moderate permeability limitations.
Galangin exhibited moderate probability of P-gp
inhibition, which may influence transport dynamics.
Overall, Ferulic acid, Curcumin, and Aloe-emodin
demonstrated markedly improved absorption properties
compared to the native ligands. As shown in Table 7, the
native ligand displayed very high plasma protein binding
(98.90%), which may significantly reduce free drug
concentration in systemic circulation. Curcumin and
Galangin also exhibited similarly high PPB values
(>97%), while Ferulic acid (68.60%) and Shatavarin IV
(59.72%) demonstrated comparatively lower PPB,
potentially increasing their free fraction and therapeutic
availability. Regarding metabolic stability, the native
ligand showed high CYP2D6 substrate probability,
indicating susceptibility to rapid metabolism and possible
drug—drug interactions. Curcumin and Galangin
interacted with multiple CYP isoforms, suggesting higher
metabolic liability. In contrast, Shatavarin IV exhibited
minimal CYP inhibition probabilities, indicating lower
risk of metabolic interference. Ferulic acid also showed
relatively limited CYP interactions, supporting a safer
metabolic profile. Therefore, Ferulic acid and Shatavarin
IV presented improved metabolic safety compared to the
native ligand.

Table 4. Physicochemical properties of selected derivatives

Compounds MW Volume Dense nHA nHD nRot nRing TPSA logS logP

Native Ligand 562.26  593.439 0.94746 8 4 8 5 131.96  -3.9103 3.29366

Withaferin A 470.27  483.701 0.97223 6 2 3 6 96.36 -4.1887 2923

Curcumin 368.13  381.036 0.96613 6 2 8 2 93.06 -3.6199  2.1471

Ferulic acid 194.06  194.938 0.99549 4 2 3 1 66.76 -2.3639 1.64768

Galangin 270.05  265.186 1.01834 5 3 1 3 90.9 -3.1956  2.22534

Shatavarin IV 886.49  859.302 1.03164 17 9 8 9 255.91 -4.872 1.89916

Costunolide 232.15 257918 0.90009 2 0 0 2 26.3 -3.237 2.92294

Purpurin 256.04  247.89 1.03288 5 3 0 3 94.83 -5.0418  2.92342

Amygdalin 457.16 423314 1.07996 12 7 7 3 20232 -1.3306  -0.6597

Aloe-emodin 270.05  265.186 1.01834 5 3 1 3 94.83 -5.4275  2.94029
Table 5. Drug-likeness properties of designed derivatives

Compounds QED NP Score Lipinski Rule  Pfizer Rule GSK Rule Golden Triangle  Chelator Rule

Native Ligand  0.225  0.647 0 0 1 1 0

Withaferin A 0.485 3.881 0 0 1 0 0

Curcumin 0.548 0.722 0 0 0 0 1

Ferulic acid 0.715 0.926 0 0 0 1 1

Galangin 0.632 1.429 0 0 0 0 1

Shatavarin IV 0.149  2.379 1 0 1 1 0

Costunolide 0.363 3.385 0 0 0 0 0

Purpurin 0419 1.124 0 0 0 0 1

Amygdalin 0218 1.212 1 0 1 0 0

Aloe-emodin 0.62 1.356 0 0 0 0 0
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Table 6. Absorption parameters of selected compounds

Caco-2

MDCK

Pgp-

Pgp-

[ [1) o,
Compounds Permeability Permeability inhibitor substrate HIA F20% F30% F50%
Native Ligand -5.8075 -5.2991 4.02E-06 0.00217 7.15E-07 6.54E-05 9.18E-06 0.05742
Withaferin A -5.2666 -5.0035 0.10658 0.00272 0.00128  0.00729  0.49401 0.93853
Curcumin -5.4714 -4.9408 0.27956 0.00917 0.01711  0.78524  0.47893  0.99945
Ferulic acid -4.9886 -4.7914 0.00451 0.05045 0.24942 095667 0.93298  0.99327
Galangin -5.3527 -4.8325 0.90889 0.10163 0.01689  0.01421  0.75177  0.93348
Shatavarin IV~ -6.2296 -4.9468 0.00086 0.61915 0.00132  0.07506 0.97784  0.9976
Costunolide -4.7741 -4.6164 0.98927 0.01298 0.15512  0.13227 0.46441 0.62761
Purpurin -4.9795 -4.7533 0.88213 0.02523 0.10652  0.03774  0.93732  0.99031
Amygdalin -5.4452 -4.7561 0.00012 0.31513 0.13851  0.00439 0.98616  0.72239
Aloe-emodin  -5.0622 -4.6877 0.07149 0.05061 0.32913  0.09768 0.97688  0.98523
Table 7. Distribution and metabolism parameters of selected molecules
Distribution Metabolism
Compo PPB CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
unds % VD BBB Fu Inhib Subst Inhib Subst Inhib Subst Inhib Subst Inhib Subst
’ itor rate itor rate itor rate itor rate itor rate
Native 989 - 440 0.62 1 3.33E 0.223 0.000 5.05 0.999 0.001 1.52E 1.63 1.14E
Ligand 005 0.16 E-05 088 -05 16 21 E-06 2 16 -05 E-08 -08
3
Withafe 77.8 - 0.01 174 1.89 0.016 2.71 0.686 190 0.001 566 0030 374 0.171
rin A 184 0.14 258 918 E-05 39 E-07 09 E-07 85 E-05 66 E-07 89
65
Curcum 97.0 - 0.02 2.00 0995 0.000 0490 0.004 0.269 0.005 0.018 0.888 0.014 0.000
in 507 0.69 254 245 83 17 62 29 05 92 01 62 27 1
81
Ferulic 68.6 - 0.00 25.1 0.018 0.000 0.000 0.016 0.018 0.134 0.001 0.016 0.000 0.000
acid 005 0.72 113 921 32 27 78 18 41 68 13 11 35 22
68
Galangi 98.1 - 0.02 0.68 0996 0457 0.396 0.000 0.928 0.972 0.024 0994 0.132 0.001
n 731  0.52 298 853 71 25 96 81 19 03 41 92
01
Shatava 59.7 - 0.00 30.7 1.06 572E 224  0.001 1.15 5.20E 5.05 4.82E 1.14  0.996
rin IV 233 0.38 206 441  E-11  -10 E-09 3 E-07 -12 E-07 -11 E-05 45
07
Costuno 959 0.09 0.00 436 0.605 0.250 0.137 0.596 0.038 0.897 0.081 0.606 0.205 0.088
lide 796 802 333 461 39 93 35 02 45 82 28 74 79 04
Purpuri  95.7 030 0.00 533 0996 0990 0.001 0.002 0.004 0.009 0.000 5.04E 0.006 0.000
n 177 828 289 496 38 57 03 08 19 94 71 -05 33 15
Amygda 61.7 - 0.00 436 222 0.000 1.25 0.000 3.65 1.24E 2.02 3.14E 8.84 0.003
lin 035 057 119 245 E-10 64 E-08 17 E-06 -07 E-08 -11 E-06 77
6
Aloe- 923 0.86 0.00 104 0.095 0.063 0.315 0.725 0.043 0.001 0.001 5.06E 0.000 0.470
emodin 123 631 18 407 11 1 68 15 56 15 81 -05 17 18
The excretion and toxicity results in Table 8 indicate ~ Aloe-emodin  exhibited higher =~ Ames toxicity

that the native ligand has moderate clearance (0.85679)
but a very high DILI probability (0.97358), suggesting a
potential hepatotoxicity risk. In contrast, curcumin (DILI
0.03264) and Withaferin A (0.17684) demonstrated
substantially  lower  hepatotoxicity  probabilities,
indicating improved hepatic safety. Shatavarin IV and
Amygdalin showed longer half-lives (>3 h), suggesting
sustained systemic presence, although prolonged
exposure may increase toxicity concerns. Purpurin and
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probabilities, indicating a possible risk of mutagenicity.
Ferulic acid demonstrated moderate safety, with
relatively balanced toxicity indicators. Compared with
the native ligands, Curcumin and Withaferin A showed
superior safety profiles, whereas ferulic acid maintained
acceptable toxicity characteristics.

The environmental toxicity parameters shown in
Table 9 reveal a moderate bioaccumulation potential for
the native ligand (BCF 0.42233). Costunolide (BCF
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2.2263) and Shatavarin IV (1.80627) exhibited higher
bioaccumulation tendencies, suggesting potential
environmental persistence. Ferulic acid showed the
lowest BCF value (0.18364), indicating a minimal
bioaccumulation risk. Similarly, Ferulic acid displayed
lower aquatic toxicity indicators (IGC50, LC50FM,
LC50DM) than several other compounds. Curcumin and
Aloe-emodin exhibited moderate environmental profiles,
whereas costunolide exhibited comparatively higher
toxicity values. Overall, Ferulic acid demonstrated the
safest environmental toxicity profile among the tested
compounds and was comparatively more favorable than
the native ligand.

As shown in Tables 4-9, ferulic acid consistently
demonstrated the most balanced ADMET profile
compared to the native ligand, followed by Curcumin and
Aloe-emodin.  Withaferin A showed reduced
hepatotoxicity risk, whereas Shatavarin IV exhibited
strong metabolic stability but poor absorption due to its
high molecular weight and polarity. Collectively, these
findings suggest that ferulic acid, Curcumin, Aloe-
emodin, and Withaferin A  exhibit improved
pharmacokinetic and safety profiles relative to the native
ligands, supporting their potential for further
development. The ADMET radar of the potent
compounds is shown in Table 10.

Table 8. Excretion and Toxicity parameters of selected compounds

Excretion Toxicity
= =5.F 9 4 g @2 T = 7
Compounds %A = T = c» g2k :E ogfg s 5 :o*,m im S .2
g3 = = &% 829 =2 SEEF 2% 3% EF &%
g g F°g S g = g S 3 3
Native 0.856 1439 0.635 0973 0.228 0490 0.828 0.308 0.354 8.62E- 0.901 0.981
Ligand 79 8 68 58 28 6 89 61 16 06 15 91
Withaferin ~ 9.079  1.405 0.386 0.176 0494 0.244 0.627 0995 0956 0.0509 0.837 0.727
A 05 03 38 84 73 31 69 51 11 2 82 64
Curcumin 8.522  1.040 0429 0.032 0292 0.091 0302 0994 0.137 0.1315 0.958 0.762
12 41 01 64 99 86 71 67 89 3 86 45
Ferulic acid 8.358 1.697 0.701 0.635 0252 0.081 0.194 0.743 0.248 0.7611 0.996 0.607
84 8 88 61 05 26 97 7 63 86
Galangin 4.634 1.051 0418 0846 0.559 0.507 0.754 0.576  0.705 0.5923 0.996 0.720
86 68 85 76 9 62 99 32 54 9 68 56
Shatavarin ~ 0.148 3290 0.544 0960 0.840 0.003 0.004 1 0.055 1.96E- 0.000 0.000
v 12 83 97 12 69 94 67 11 07 95 28
Costunolid  9.486  1.835 0.736 0939 0.542 0.242 0.408 0984 0.649 0.4938 0977 0.255
e 9 64 92 13 45 69 58 27 6 7 22
Purpurin 6.333 2.007 0.652 0915 0914 0520 0.330 0962 0.864 0.0237 0993 0.823
26 39 77 75 52 37 04 73 62 4 24 57
Amygdalin  1.345 3.529 0.633 0925 0.888 0.053 0.032 0.999 0.006 1.70E- 0.294 0.076
35 32 14 8 43 81 06 53 18 05 17 92
Aloe- 4.805 1.202 0.679 0906 0923 0.358 0311 0.884 0.831 0.0001 0.971 0.869
emodin 49 19 82 49 01 46 87 18 97 6 1 06
Table 9. Environmental toxicity profile of designed molecules
Compounds BCF IGC50 LCS0FM LCS50DM
Native Ligand 0.42233 3.24718 3.81702 4.62519
Withaferin A 1.32264 4.01817 5.12274 5.84702
Curcumin 0.81551 3.59024 4.19259 4.58036
Ferulic acid 0.18364 2.7564 3.23844 3.97939
Galangin 1.15481 4.09904 4.53145 4.84314
Shatavarin IV 1.80627 3.45121 4.01484 4.60404
Costunolide 2.2263 4.49433 5.64602 6.03023
Purpurin 1.62815 4.25969 4.66394 5.10762
Amygdalin 0.44297 2.77898 3.33516 4.59004
Aloe-emodin 1.43412 3.54384 3.96287 4.82318

308



J. Chem. Lett. 7 (2026) 290-312

Table 10. ADMET radar of the most potent compounds and native ligand

{8 Lower Limit (i) Upper Limit [l Compound Properties 8 Lower Limit (i} Upper Limit [l Compound Properties

{9 Lower Limit (i) Upper Limit [ Compound Properties
MW o

Native Ligand Shatavarin IV Galangin

. . § Lower Limit @) Upper Uimit 1 Compound Properti Lower Limit Limit. ) Comy 8
9 Lower Limit (@ Upper Limit () Compound Properties. - R Upper Limit (5 Compound Properties - B Upper Limit ) Compound Properties

Withaferin A Costunolide Aloe-emodin

P o - Lower Limit Upper Limit. ‘Compound Properties. Lower Limit Uy Limit ‘Compound ie
0 Lower ik D Uppor ikt @D . - - - - B Upper Limit @ Compound Properties

Curcumin Purpurin Ferulic acid

S Lower Limit (i) Upper Limit [l Compound Properties

Amygdalin
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4. Conclusion

In conclusion, the present study integrated molecular
docking and comprehensive ADMET analysis to identify
potential CYP2EIl-interacting phytochemicals using a
computational screening approach. The docking results
demonstrated that several phytochemicals effectively
occupied the catalytic pocket and interacted with key
residues, such as CYS437, ILE115, LEU368, ALA299,
VAL364, and PHE430, similar to the native ligand.
Shatavarin IV exhibited the strongest binding affinity,
surpassing that of the native ligand, with multiple
hydrogen bonds and hydrophobic interactions,
suggesting favorable ligand—protein interactions within
the predicted binding site. Amygdalin also showed a
strong binding affinity, whereas Withaferin A, Curcumin,
Galangin, Aloe-emodin, and Ferulic acid demonstrated
moderate yet significant interactions within the active
site. However, ADMET evaluation highlighted important
pharmacokinetic differences. Although Shatavarin IV
showed superior docking performance, its high molecular
weight and elevated TPSA suggest poor absorption
potential. In contrast, ferulic acid, Curcumin, and Aloe-
emodin exhibited balanced physicochemical properties,
improved intestinal absorption, acceptable metabolic
profiles, and comparatively lower toxicity risks than
native ligands. Ferulic acid, in particular, demonstrated
the most favorable overall ADMET and environmental
safety profiles. Based on the combined interpretation of
the docking and ADMET results, ferulic acid, Curcumin,
Aloe-emodin, and Withaferin A were identified as
promising candidates for further investigation. However,
the findings of this study are based solely on
computational predictions and should be considered
preliminary. Therefore, molecular dynamics simulations,
in vitro CYP2E]1 inhibition assays, and in vivo studies are
required to validate the predicted binding behavior,
pharmacological activity, and safety profiles of these
phytochemicals before any definitive conclusions
regarding their therapeutic potential can be drawn.
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