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mediated inhibition of squalene epoxidase:
a pathway to novel therapeutics
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Squalene epoxidase (SQLE) is a crucial enzyme in the sterol biosynthesis pathway and a promising target for
therapeutic intervention in hypercholesterolemia and fungal infections. This study evaluates the inhibitory
potential of six flavonoids namely silibinin, baicalin, naringenin, chrysin, apigenin-7-O-glucoside, and
isorhamnetin against SQLE using an integrative approach combining in silico and experimental methods.
Molecular docking revealed that apigenin-7-O-glucoside, silibinin, and baicalin displayed the highest
binding affinities (—10.7, —10.2, and —10.0 kcal mol™%, respectively) and robust interactions with the SQLE
binding site. These findings were corroborated by 200 ns molecular dynamics (MD) simulations, which
demonstrated stable binding trajectories, minimal structural fluctuations, a thermodynamically favored
potential energy landscape (PEL) and favorable MM/PBSA binding free energies for three flavonoids.
Experimental validation via in vitro inhibition assays confirmed the computational predictions, with
apigenin-7-O-glucoside emerging as the most potent inhibitor (ICsg = 1.74 + 0.05 uM), followed by
silibinin (ICso = 1.88 + 0.28 uM) and baicalin (ICso = 2.50 + 0.46 uM). Enzyme kinetics studies revealed
distinct mechanisms of action: apigenin-7-O-glucoside exhibited competitive inhibition, while silibinin and
inhibition. indicated favorable

baicalin showed mixed Furthermore,

pharmacokinetic and pharmacodynamic profiles for these flavonoids, with silibinin demonstrating

in silico ADMET analysis

particularly high bioavailability and lipophilicity. This study highlights apigenin-7-O-glucoside, silibinin, and
baicalin as potent SQLE inhibitors with promising therapeutic potential. The congruence between in silico
predictions and experimental results underscores the reliability of computational approaches in drug
discovery, paving the way for future preclinical development of these compounds as novel SQLE-targeted
therapeutics.
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particularly low-density lipoprotein (LDL) cholesterol, are
directly associated with the development of atherosclerosis and
cardiovascular diseases, making cholesterol regulation an
important therapeutic target.* Additionally, aberrant SQLE
activity has been implicated in cancer, where disruptions in
lipid metabolism can fuel tumor progression.* As a result,
inhibiting SQLE is emerging as a promising therapeutic
approach for managing both hypercholesterolemia and cancer."
Targeting this enzyme can not only reduce cholesterol synthesis
but also limit the accumulation of toxic sterol intermediates,
positioning SQLE inhibition as a valuable strategy for
combating disorders associated with abnormal lipid
metabolism.’

1. Introduction

Squalene epoxidase (SQLE) is a pivotal enzyme in the choles-
terol biosynthesis pathway, catalyzing the epoxidation of squa-
lene to 2,3-oxidosqualene, a critical step in the production of
sterols, including cholesterol.* As a rate-limiting enzyme, SQLE
represents a crucial control point in the regulation of choles-
terol levels within the body.” Elevated cholesterol levels,
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Flavonoids, a diverse group of polyphenolic compounds
found in various fruits, vegetables, and medicinal plants, have
garnered attention for their wide range of pharmacological
activities, including antioxidant, anti-inflammatory, and
cholesterol-lowering effects.®™* Their structural versatility and
capacity to modulate key biological pathways make flavonoids
promising candidates for SQLE inhibition. In the search for
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novel inhibitors of SQLE, we selected six flavonoid compounds
namely, silibinin, baicalin, naringenin, chrysin, apigenin-7-O-
glucoside, and isorhamnetin, based on their structural
uniqueness, biological activities, and commercial availability
(Fig. 1). Structurally, these compounds offer a diverse set of
functional groups (e.g., glycosylation, methylation) that
enhance their bioavailability and potential interactions with the

enzyme's active site. Their ability to modulate lipid-
0
HO
HO\\\‘\\t
OH
OH OH
O /]'I/,"". .“‘\\\\OH
o
0 0
HO
OH (@]
baicalin
OH
HO\,:OJ‘/
OH O
naringenin

HO O ‘\\\\\
\Qinj\‘m
OH 0o

Fig. 1 Structures of investigated flavonoids.
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metabolizing enzymes makes them suitable candidates for
SQLE inhibition.*> Furthermore, these flavonoids are commer-
cially available and have established safety profiles, supporting
their further investigation in both in vitro and in silico studies.
By targeting SQLE, these flavonoids could contribute to the
development of potential treatments for hypercholesterolemia
and associated cardiovascular diseases.
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Silibinin, derived from Silybum marianum (milk thistle), has
well-documented hepatoprotective properties and its role in
regulating cholesterol metabolism makes it a compelling
candidate for SQLE inhibition.” Baicalin, from Scutellaria bai-
calensis (Chinese skullcap), exhibits strong anti-inflammatory
and lipid-lowering effects, providing a rationale for its inclu-
sion in this study.* Naringenin, a flavonoid present in citrus
fruits, has demonstrated hypocholesterolemic activity, making
it a promising natural inhibitor of cholesterol biosynthesis
enzymes like SQLE.* Chrysin, found in honey and propolis, is
known for its antioxidant and lipid-regulating properties, while
apigenin-7-O-glucoside, a glycosylated form of apigenin, has
been shown to exhibit cholesterol-lowering effects.>'® Lastly,
isorhamnetin, a methylated flavonol present in various plants
like Hippophae rhamnoides (sea buckthorn), has demonstrated
anti-inflammatory and cholesterol-lowering activities, further
supporting its potential as an SQLE inhibitor."”

Combining in vitro experiments with in silico tools offers
a comprehensive and integrated approach to studying enzyme
inhibition by providing both experimental validation and detailed
mechanistic insights.'®* In vitro assays are essential for directly
measuring the inhibitory efficacy of compounds, allowing for the
quantification of activity in controlled environments.”>**
However, these experiments can be resource-intensive and time-
consuming, making in silico methods a valuable comple-
ment.”>* Molecular docking predicts how compounds interact
with enzymes at the molecular level, identifying critical binding
interactions and affinities at the active site.>*** Molecular
dynamics (MD) simulations build on this by providing dynamic
insights into the stability and behavior of enzyme-ligand
complexes over time.”? ADMET predictions evaluate the
absorption, distribution, metabolism, excretion, and toxicity
properties of potential inhibitors, ensuring they have favorable
pharmacokinetic profiles.*®> MM/PBSA calculations offer precise
estimates of binding free energies, providing insights into the
strength of enzyme-inhibitor interactions.”® Principal component
analysis (PCA) simplifies complex data, highlighting key confor-
mational changes that contribute to inhibition.* Together, these
methods create a powerful framework for discovering and opti-
mizing enzyme inhibitors while significantly enhancing the effi-
ciency and predictive capabilities of the drug discovery process.

The aim of this study is to explore the inhibitory potential of
these selected flavonoids against SQLE through both in vitro and in
silico approaches. By combining molecular docking, MD simula-
tions, in silico ADMET profiling, and in vitro enzyme inhibition
assays, we seek to provide a comprehensive evaluation of their
efficacy in inhibiting SQLE. This approach will not only allow us to
identify novel natural inhibitors of SQLE but also to assess their
potential for therapeutic application in the management of
cholesterol-related diseases, offering a new perspective on
flavonoid-based strategies for modulating cholesterol biosynthesis.

2. Materials and methods
2.1. In silico experiments

2.1.1. System preparation. The geometrical structures of
investigated flavonoids were fully optimized at the B3LYP level
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using the 6-311G(d,p) basis set.*'** Frequency calculations were
performed to confirm the absence of imaginary frequencies,
indicating that the optimized structures were true energy
minima. The pdb 3D crystal structure of human squalene
epoxidase (SQLE) was retrieved from the Protein Data Bank
(PDB ID: 6C6N, 2.30 A resolution). Missing residues in the
enzyme structure were added by means of the Swiss-PdbViewer
software.** The initial visual inspection of the enzyme structure
was performed using UCSF Chimera, which also utilized to
remove nonstandard residues.* The native ligand grid box size
and dimension were determined using AutoDock Tools 1.5.6
(ADT).*® In addition, the native ligands were stripped out from
the initial enzyme structure using ADT. The Gaussian 16 soft-
ware was employed to execute all the DFT calculations per-
formed in this study.’” The total Gasteiger charges on the
studied phytochemicals and the total Kollman charge on the
enzyme were added using ADT.

2.1.2. Molecular docking analysis. To perform molecular
docking, the structure of SQLE underwent preparatory modifi-
cations using ADT. This process entailed the incorporation of
polar hydrogen atoms to enhance molecular interactions and
the meticulous calibration of the grid box to ensure it precisely
enclosed the key residues at the enzyme's active site.”>** The
dimensions and size of the grid box are center x = —18.424,
center_y = 76.086, and center_z = 55.299; size_x = 30, size_y =
46, and size_z = 36. Subsequently, docking simulations were
executed through AutoDock Vina 1.5.6 to evaluate how effec-
tively the selected phytochemicals could bind within the SQLE
catalytic pocket.*® To maximize the reliability of these predic-
tions, the docking workflow adhered to a rigorously standard-
ized protocol, refined and validated through prior research to
fine-tune grid parameters and enhance predictive accuracy®

To validate the reliability of our docking protocol, we per-
formed a redocking experiment using the original co-
crystallized ligand from the PDB structure of the target. First,
the protein was prepared by removing water molecules and
adding missing hydrogen atoms. The co-crystallized ligand was
then extracted and subjected to the same docking procedure
employed for the test compounds. After docking, we super-
imposed the best-ranked pose on the experimentally deter-
mined bound conformation to calculate the root-mean-square
deviation (RMSD). An RMSD value below 2.0 A was considered
indicative of a successful redocking, confirming that the chosen
docking parameters and scoring functions could accurately
recapitulate the native binding mode.

2.1.3. Molecular dynamics simulation. To evaluate the
binding interactions between the tested compounds and
squalene epoxidase (SQLE, PDB ID: 6C6N), we initially per-
formed molecular docking to identify compound-SQLE
complexes with the most favorable binding affinities.
Complexes displaying optimal affinities were further examined
through molecular dynamics (MD) simulations, conducted over
200 nanoseconds (ns) using GROMACS 2022.4 software.***
Before MD simulations, inhibitor molecules were isolated from
their docked configurations and prepared using tools within the
GROMACS suite. The CHARMM36m force field was utilized to
model molecular interactions accurately, with the CHARMM-
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modified TIP3P water model used to replicate the system's
aqueous environment.*>* To obtain accurate geometric
parameters and topologies for each inhibitor, we used the
CGenFF  web-based  server  (https://www.cgenff.com/),
integrating these into the complete topology file for the SQLE
system. For simulations, both the enzyme-inhibitor complexes
and unbound SQLE enzyme were positioned within a dodeca-
hedral simulation box, solvated using TIP3P water molecules to
a final system volume of approximately 856.14 nm®. A chloride
ion was introduced to maintain system neutrality.**

Energy minimization was initially performed using the
steepest descent algorithm over 10 picoseconds (ps) to elimi-
nate steric clashes or unfavorable atomic interactions.** This
was followed by a two-stage equilibration protocol: first, an NVT
ensemble equilibration to stabilize temperature and volume,
followed by an NPT ensemble equilibration to stabilize pres-
sure, with both phases carried out for 100 ps at a target
temperature of 300 K.** A 200 ns production phase ensued
under stable conditions of 300 K and 1 bar pressure, enabling
comprehensive analysis of the interactions between SQLE and
each inhibitor across the simulation period. This approach
allowed us to assess the dynamic stability and binding inter-
actions within the enzyme-inhibitor complexes.

2.1.4. Potential energy landscape (PEL). To investigate the
conformational dynamics of the enzyme during MD simula-
tions, we conducted a potential energy landscape (PEL) analysis
based on the first two principal components (PC1 and PC2)
from a PCA of the simulation trajectory. First, the complete MD
trajectory was processed, aligning all frames to ensure consis-
tency, and any non-protein elements were excluded to focus
solely on the protein structure. PCA was performed on the
positional fluctuations of the backbone atoms, generating
a covariance matrix of atomic positions. From this matrix,
eigenvalues and eigenvectors were obtained, with PC1 and PC2
identified as representing the highest variance directions in the
conformational space. To map the conformational shifts, each
frame from the MD trajectory was projected onto the PC1-PC2
plane, calculated by taking the dot product of each frame's
atomic coordinates with the PC1 and PC2 eigenvectors. The
projected values were then used as coordinates in a two-
dimensional space for energy landscape construction. To
create the PEL, the PC1-PC2 space was divided into discrete
bins on a grid, and the probability distribution of frames within
each bin was calculated, reflecting the likelihood of the protein
adopting a given conformation. The free energy (F) for each bin
was derived using the Boltzmann equation:

F= —kgTn(P)

where F is the free energy, kg is the Boltzmann constant, T'is the
temperature, and P is the probability of each bin.

The resulting energy landscape was visualized using
a contour plot or heatmap in the PC1-PC2 space, where color
gradients illustrated the free energy levels, with lower-energy
regions marking stable conformational states and higher-
energy areas representing less probable conformations. Key
conformational states, including global minima and any
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transition states, were annotated where identifiable. Through
the analysis of the PEL, we identified stable low-energy basins,
representing favored conformational states of the enzyme, and
examined pathways between these basins to infer potential
transitions. The overall landscape enabled an assessment of the
enzyme's structural stability and provided insights into
conformational states that may influence its biological activity
or ligand interactions. This PEL analysis yielded a comprehen-
sive view of the protein's conformational variability and stability
throughout the simulation, highlighting primary conforma-
tional states and possible transition pathways that contribute to
its functional dynamics.

2.1.5. MM/PBSA analysis. To evaluate the binding free
energies of the enzyme-ligand complexes, Molecular Mechanics
Poisson-Boltzmann Surface Area (MM/PBSA) analysis was con-
ducted on the last 50 ns of the MD simulation using the
gmx_MMPBSA tool.*® Frames from this 50 ns period were
extracted to ensure equilibrium and stability of the system prior
to binding free energy calculations. The MM/PBSA method was
applied to calculate the individual energy components,
including van der Waals, electrostatic, polar solvation, and
nonpolar solvation energies. Parameters for the calculations
were set to optimize convergence and accuracy, and the
gmx_MMPBSA script was executed to analyze each frame,
generating a comprehensive binding free energy profile for each
complex. This analysis provided quantitative insights into the
contributions of different forces to the binding stability,
enhancing the understanding of interactions governing
complex formation.

2.1.6. In silico ADMET analysis. ADMET (Absorption,
Distribution, Metabolism, Excretion, and Toxicity) properties of
the tested compounds were assessed using the SwissADME
online tool (https://www.swissadme.ch/), which predicts
pharmacokinetic and drug-likeness profiles.*® Each compound
was submitted to SwissADME for the evaluation of key param-
eters, including water solubility, lipophilicity (log P), gastroin-
testinal (GI) absorption, blood-brain barrier (BBB)
permeability, and potential interactions with P-glycoprotein
and cytochrome P450 enzymes. Additionally, the analysis
provided insights into drug-likeness criteria based on estab-
lished rules such as Lipinski's rule of five, Veber, and Ghose
filters. The results enabled an assessment of each compound's
potential as a drug candidate by highlighting favorable phar-
macokinetic attributes and identifying any potential liabilities
related to bioavailability or metabolism, thus guiding the
selection of promising compounds for further study.

2.2. Invitro inhibitory activity assays

2.2.1. Chemicals and reagents. Silibinin, baicalin, nar-
ingenin, chrysin, apigenin-7-O-glucoside, and isorhamnetin
were obtained from Sigma-Aldrich. Recombinant human SQLE
was acquired from MyBioSource to ensure high-quality protein
for the experiments. All other chemicals and solvents employed
in this study were of HPLC grade or the highest commercially
available purity to maintain the integrity of the results. The
synthesis of radiolabeled *C-squalene was performed following

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the protocols previously established in the literature.” Addi-
tionally, recombinant human NADPH cytochrome P450 reduc-
tase was sourced from Cusabio, and recombinant human
superoxide dismutase (SOD) was obtained from Sigma-Aldrich,
both reputable suppliers known for their reliable products. For
control purposes, trisnorsqualene cyclopropylamine was
utilized as the positive control in all experimental assays,
providing a standard reference to validate the experimental
outcomes.

2.2.2. SQLE inhibitory activity assay. The inhibition assay
was carried out in accordance with a previously established
protocol.*® The reaction mixture consisted of 200 mL of 20 mM
Tris-HCI buffer at pH 7.4, which included 1.5 mg mL™ ' of
recombinant squalene epoxidase (SQLE), 0.05 U of recombinant
human NADPH cytochrome P450 reductase, 0.1 mM FAD, and
0.1% Triton X-100 (used to mimic supernatant protein factor).
The reaction was supplemented with 1 mM NADPH and 5 uM of
™C-labeled squalene as the substrate. Phytochemical test
compounds, dissolved in 2 mL of ethanol, were added to the
reaction, and the mixture was incubated at 37 °C for 15 minutes,
followed by a further 60 minutes incubation to facilitate the
reaction. To terminate the enzymatic activity, 200 pL of 10%
KOH in methanol and 10 puL of 0.1% cold carrier squalene and
oxidosqualene in ethanol were added. Lipid extraction was then
conducted with 0.5 L of dichloromethane, and the lipids were
subsequently separated using preparative thin-layer chroma-
tography (TLC) with a mobile phase of 5% ethyl acetate in
hexane. After the run, the TLC plate was air-dried, and the
radioactive zones corresponding to '*C-labeled squalene and
oxidosqualene were detected and quantified using a radio-TLC
scanner.” The intensities of the radiolabeled spots were inte-
grated against reference standards, enabling calculation of the
conversion of squalene to its epoxidized product.*® This
approach has been widely used in quantifying radiolabeled
lipid species following chromatographic separation.”* Addi-
tionally, human recombinant superoxide dismutase (SOD) was
included to mitigate any superoxide radicals generated during
the enzyme reaction in the SQLE in vitro assays.

2.2.3. Enzyme kinetics analysis. In this experiment, previ-
ously characterized samples were tested under consistent
experimental conditions with a series of inhibitor and substrate
concentrations. Time-dependent inhibition experiments were
performed in triplicate, using four different substrate concen-
trations (5-50 pM) and four inhibitor concentrations selected
based on prior ICs, values.*® Each reaction was prepared in
a 200 pL volume, containing 10 png of SQLE and the respective
inhibitor. Samples of 20 puL were taken at intervals of 0, 10, 20,
and 30 minutes from the inhibited SQLE solution and added to
180 pL of reaction buffer, which included 20 mM Tris-HCI (pH
7.4), 0.05 U NADPH-cytochrome P450 reductase, 0.1 mM FAD,
1 mM NADPH, 0.1% Triton X-100, and 5 uM “*C-squalene. The
diluted mixture was incubated for 60 minutes at 37 °C.

To determine the inhibition mechanism, a Lineweaver-Burk
plot was constructed by plotting the inverse of substrate
concentration (1/[S]) against the inverse of reaction velocity (1/
V). The inhibition constant (K;) was derived from the plot to
assess the type and intensity of inhibition. K; and ICs, values

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were calculated through nonlinear regression analysis using
GraphPad Prism 9.0 software.

3. Results and discussion

3.1. Molecular docking analysis

The docking study of six flavonoids namely, apigenin-7-O-
glucoside, baicalin, chrysin, isorhamnetin, naringenin, and
silibinin against SQLE yielded binding affinities of —10.7,
—-10.0, —9.9, —8.5, —9.4, and —10.2 kcal mol ", respectively. The
binding energies indicate that all tested flavonoids have strong
interactions with SQLE, suggesting potential for effective inhi-

bition. Among the compounds, apigenin-7-O-glucoside
demonstrated the highest  binding  affinity  at
—10.7 kecal mol™', followed closely by silibinin at

—10.2 keal mol ', indicating stable binding within the enzyme's
active site.

In Fig. 2, the binding poses of apigenin-7-O-glucoside and
baicalin reveal their interactions with several key residues
within the SQLE binding pocket. Apigenin-7-O-glucoside forms
hydrogen bonds and hydrophobic interactions with residues
such as His435, Tyr236, and Phe479, stabilizing its deeply
embedded position in the main binding site. These interactions
likely enhance its binding affinity and potential inhibitory
effect. Baicalin similarly interacts with His435 and Tyr236,
along with additional contacts with Trp388, which collectively
contribute to its favorable binding affinity of —10.0 kcal mol .
On the other hand, Fig. 3 illustrates the docking poses of
chrysin and isorhamnetin. Chrysin, with a binding affinity of
—9.9 kecal mol™", establishes hydrogen bonding and hydro-
phobic contacts with key residues, including Tyr236, His435,
and Ala236. These interactions stabilize chrysin within the
binding site, supporting its potential as an SQLE inhibitor.
Isorhamnetin, which showed a binding affinity of —8.5 kcal-
mol ™", is positioned in a similar binding orientation and
interacts with His435, Phe479, and Trp388. However, its slightly
lower binding affinity may be attributed to fewer or less robust
interactions with the active site residues compared to the other
compounds.

The docking poses for naringenin and silibinin show both
compounds to be deeply submerged within the primary active
site of SQLE, as represented in Fig. 4. Naringenin interacts with
critical residues such as His435, Tyr236, and Ala236, which
helps stabilize its position within the pocket. Silibinin, with
a binding affinity of —10.2 kcal mol ", forms multiple interac-
tions with His435, Tyr236, and Phe479, aligning with its high
binding affinity and stable orientation within the enzyme.
These interactions suggest that silibinin may serve as an effec-
tive inhibitor of SQLE by blocking access to key catalytic regions
within the active site.

The strong binding affinities and deeply submerged binding
positions of all six flavonoids highlight their potential as SQLE
inhibitors. Apigenin-7-O-glucoside and silibinin, which exhibit
the highest binding affinities, are stabilized within the active
site by multiple interactions with essential residues such as
His435, Tyr236, and Phe479. These key interactions suggest
these flavonoids could effectively disrupt SQLE activity, as they
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Fig. 2 Structural docking configurations of apigenin-7-O-glucoside and baicalin within the active site of squalene epoxidase (SQLE). (A) Display
of the binding orientations of each ligand nestled within the enzyme's active site, (B) surface model illustrating the positioning of both ligands
inside the enzyme's binding pocket, and (C) identification of residues involved in both polar and hydrophobic interactions with the inhibitors.

are optimally positioned to interfere with squalene conversion
within cholesterol biosynthesis pathways. Baicalin, chrysin,
isorhamnetin, and naringenin also demonstrate favorable
binding interactions with essential residues, though with
slightly lower binding affinities. The close interactions of these
compounds with His435 and Tyr236, residues critical for SQLE's
catalytic activity, reinforce the likelihood of effective inhibition.
Furthermore, the ability of these structurally varied flavonoids
to fit into the binding site suggests flexibility within SQLE's
active site, opening possibilities for the design of related
inhibitors with improved potency.

The redocking procedure for the co-crystallized ligand (PDB:
6C6N) produced four docking modes, with the best-ranked pose
(Mode 1) showing a binding affinity of —11.9 kcal mol~ " and an
RMSD of 0.0 A relative to the native conformation. This

3834 | RSC Adv, 2025, 15, 3829-3848

indicates that the original binding orientation was reproduced
with high fidelity, thereby validating the robustness of the
docking protocol. Additional modes also exhibited acceptable
binding affinities (—9.0 to —10.8 kcal mol™") with RMSD values
ranging from 1.27 to 2.13 A, further supporting the consistency
of the docking parameters and scoring function for this system.

3.2. Molecular dynamics simulation

To gain deeper insights into the interactions between our
selected phytochemicals and SQLE, we conducted a compre-
hensive series of molecular dynamics (MD) simulations. These
simulations aimed to reveal the stability of each complex over
time, as well as to elucidate the specific binding modes and
potential inhibitory mechanisms at play. By closely analyzing
the resulting trajectories, we focused on how the structural

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enzyme's binding pocket, and (C) identification of residues involved in both polar and hydrophobic interactions with the inhibitors.

behaviors of these inhibitors might impact their effectiveness in
inhibiting SQLE activity. Such insights are essential for
advancing the design of new, highly effective SQLE inhibitors
with therapeutic potential. We prioritized complexes identified
as having the strongest binding affinities in our initial docking
studies and extended the simulations to 200 ns to ensure robust
results. This extensive analysis involved assessing a range of
critical parameters: interaction energies, molecular mechanics/
Poisson-Boltzmann surface area (MM/PBSA) calculations,
potential energy landscapes (PEL), hydrogen-bonding patterns,
root mean square deviations (RMSD), solvent-accessible surface
area (SASA), radius of gyration (R,), and root mean square
fluctuations (RMSF). By evaluating these diverse metrics, we
aimed to build a comprehensive understanding of the struc-
tural dynamics and binding stability of these phytochemical
inhibitors.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.2.1. Molecular stability and dynamic behavior. The
RMSD analysis in Fig. 5 provides insights into the structural
stability and conformational flexibility of the SQLE-flavonoid
complexes over a 200 ns MD simulation. Fig. 5A shows the
RMSD of each flavonoid ligand within the SQLE binding site,
calculated after least square fitting the backbone of the complex
and measuring the RMSD of each drug. Fig. 5B displays the
RMSD of the enzyme's backbone, offering a comparative view of
SQLE's stability in complex with different flavonoids. In Fig. 54,
the RMSD values of the flavonoids indicate that most
compounds maintained stable binding conformations with
SQLE throughout the simulation. Apigenin-7-O-glucoside, sili-
binin and baicalin showed relatively low RMSD values, sug-
gesting a stable interaction with minimal fluctuations, which
may reflect strong binding affinity. Conversely, chrysin and
isorhamnetin displayed higher fluctuations in their RMSD
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values, particularly beyond 100 ns, suggesting more conforma-
tional flexibility or possible repositioning within the binding
pocket. Naringenin also exhibited moderate stability but with
intermittent spikes in RMSD, which may indicate occasional
conformational adjustments.

The RMSD of the SQLE backbone further supports the
stability of the enzyme in complex with different flavonoids
(Fig. 5B). The enzyme maintained relatively low RMSD values
across all complexes, staying within a narrow range throughout
the 200 ns simulation. This low RMSD for the backbone indi-
cates that the binding of the flavonoids did not induce signifi-
cant structural perturbations in the enzyme, suggesting that
SQLE remained stable regardless of the bound ligand. Notably,
the black line representing the unbound SQLE backbone also
demonstrated low RMSD, affirming that ligand binding did not
destabilize the enzyme structure.

3836 | RSC Adv, 2025, 15, 3829-3848

The RMSD values in Fig. 6A reflect the stability of each
flavonoid within the SQLE binding pocket over the course of the
simulation. Apigenin-7-O-glucoside, silibinin and baicalin
showed consistently stable RMSD profile, suggesting that these
flavonoids remained relatively stable in their binding confor-
mations with minimal fluctuations, potentially indicating
a stronger binding affinity. In contrast, chrysin and iso-
rhamnetin displayed higher RMSD fluctuations, particularly
after 100 ns, which could suggest either greater conformational
flexibility or weaker binding stability. Naringenin also showed
moderate stability, although they experienced occasional spikes
in RMSD values, indicative of minor adjustments in binding
orientation.

Fig. 6B displays the hydrogen bond interactions between
each flavonoid and SQLE throughout the simulation. Apigenin-
7-O-glucoside consistently maintained a higher number of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Analysis results of 200 ns MD simulation, (A) the RMSD of
studied flavonoids—SQLE complexes, and (B) the SQLE backbone
RMSD of unbound enzyme and various flavonoid complexes.

hydrogen bonds, often forming 6-8 hydrogen bonds during the
simulation. This extensive hydrogen bonding network may
contribute to its stability in the binding pocket, as observed in
its RMSD profile. Baicalin also showed a relatively high number
of hydrogen bonds, typically around 3-5, which could explain
its stable binding conformation. In contrast, chrysin, iso-
rhamnetin, and naringenin exhibited fewer hydrogen bonds,
with numbers generally ranging from 1 to 3. Silibinin displayed
similar behavior, with limited hydrogen bonding interactions.
The reduced hydrogen bond formation for these flavonoids may
correlate with their observed RMSD fluctuations, suggesting
that a lack of stable hydrogen bonds might lead to less consis-
tent binding within the active site.

Fig. 7A illustrates the RMSF for the free SQLE enzyme and
the enzyme in complex with various flavonoids. RMSF analysis
highlights the flexibility of residues within the protein struc-
ture, revealing the impact of ligand binding on protein
dynamics. In this study, all complexes exhibited similar RMSF
patterns, suggesting consistent flexibility trends across the
different ligands. However, some specific residues displayed
elevated fluctuations in certain complexes, indicating regions
with increased mobility in the presence of particular flavonoids.
Notably, apigenin-7-O-glucoside and silibinin complexes
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complexes.

showed slightly higher fluctuations in the regions around resi-
dues 200-300 and 450-500, which might be associated with
their binding interactions. Overall, these RMSF patterns imply
that the binding of flavonoids generally stabilizes the enzyme,
with minor localized fluctuations likely due to specific ligand
interactions.

The R, values, shown in Fig. 7B, provide insights into the
overall compactness and structural stability of the SQLE enzyme
and its complexes. Throughout the 200 ns simulation, the R,
values for all systems, including the free enzyme and each
flavonoid complex, were stable, fluctuating between 2.3 and
2.5 nm. This indicates that the binding of flavonoids does not
significantly affect the compactness or overall structural integ-
rity of SQLE. Among the flavonoid complexes, naringenin and
chrysin exhibited slightly lower R, values, suggesting these
complexes may enhance structural stability, leading to a more
compact enzyme structure. However, the differences in R,
across all systems were minimal, indicating that flavonoid
binding generally maintains the enzyme's native structural
compactness.

Fig. 7C presents the SASA for the free enzyme and its flavo-
noid complexes. SASA provides information on the surface
exposure of the protein, reflecting conformational changes and
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potential stabilization effects. Throughout the simulation, the
SASA values for all systems were relatively consistent, ranging
from 190 to 230 nm’. The observed SASA values indicate
minimal conformational alterations upon flavonoid binding, as
there were no drastic changes in surface exposure. However, the
complexes with apigenin-7-O-glucoside and naringenin dis-
played slightly higher SASA values, suggesting these ligands
may induce subtle conformational changes, exposing more of
the protein surface. The stable SASA patterns across all systems
suggest that flavonoid binding does not significantly disrupt the
overall conformation of SQLE.
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3.2.2. Interaction energy profiles. Fig. 8A displays the
coulombic short-range (Coul-SR) interaction energies between
SQLE and each flavonoid over the 200 ns simulation period. The
Coul-SR energy provides insights into the electrostatic interac-
tions between the enzyme and the ligands, with lower values
indicating stronger attractive interactions. Among the flavonoid
complexes, apigenin-7-O-glucoside/SQLE exhibited the lowest
Coul-SR interaction energy, often reaching values below
—200 k] mol ™', suggesting strong electrostatic attraction with
SQLE. The consistent negative energy values observed across all
complexes suggest favorable electrostatic interactions for all
tested flavonoids. However, the particularly low energies of
apigenin-7-O-glucoside indicate that this flavonoid may have
stronger electrostatic binding affinities to SQLE compared to
others, which could contribute to their inhibitory potential.

The Lennard-Jones short-range (LJ-SR) interaction energies
for the SQLE-flavonoid complexes, reflecting the van der Waals
interactions (Fig. 8B). Similar to Coul-SR, more negative L]J-SR
indicate stronger van der Waals interactions.
Throughout the simulation, the LJ-SR energies for all flavonoid
complexes remained consistently negative, with naringenin/
SQLE and silibinin/SQLE showing the most negative values,
often reaching below —200 kJ mol . This suggests that van der
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Fig. 8 (A) The Coul-SR interaction energies of various flavonoids—
SQLE complexes, and (B) the LJ-SR interaction energies of different
systems.
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Waals interactions are particularly favorable for these
complexes, potentially enhancing the stability of the flavonoid-
SQLE binding. Baicalin, chrysin, and isorhamnetin complexes,
while also displaying negative LJ-SR energies, had slightly
higher values, indicating comparatively weaker van der Waals
interactions.

3.2.3. Potential energy landscape. The potential energy
landscape (PEL) analysis provides insights into the conforma-
tional stability and binding interactions of various flavonoids
with SQLE, a key enzyme in the cholesterol biosynthesis
pathway (Fig. 9 and 10). Here, the PEL is estimated using the
first two principal components (PC1 and PC2) from a 200 ns MD
trajectory, which capture the major conformational variations
of the flavonoid-SQLE complexes. In Panel A of Fig. 9 and 10,
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Baicalin/SQLE
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the 2D heat maps illustrate the PEL across the conformational
space defined by PC1 and PC2. The color gradient from blue
(low energy) to red (high energy) highlights regions of stable
binding conformations, with blue areas indicating favorable
energy states. For each flavonoid, the energy distribution
patterns reveal specific low-energy regions, suggesting stable
binding conformations. For instance, apigenin-7-O-glucoside,
baicalin, and isorhamnetin show prominent low-energy
basins, reflecting highly stable interactions with SQLE. These
differences in the PEL contour patterns are indicative of each
flavonoid's unique binding behavior with the enzyme, influ-
enced by variations in interaction types and strengths.

Fig. 9B and 10B depict the lowest-energy conformation of
each flavonoid-SQLE complex and highlights the key residues
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Fig. 9 Potential Energy Landscape (PEL) analysis of SQLE and its complexes with apigenin-7-O-glucoside, baicalin, and chrysin. (A) 2D heat
maps of the PEL estimated from principal components PC1 and PC2. (B) Structural representation of SQLE and the lowest-energy conformations.

(C) 3D PEL plots, visualizing the conformational energy wells of each complex.
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PEL estimated from principal components PC1and PC2. (B) Structural depiction of SQLE with the lowest-energy conformations. (C) 3D PEL plots
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involved in the binding interactions. The interactions include
hydrogen bonding, hydrophobic contacts, and m-m stacking,
which are essential for stabilizing the complex. Notably,
apigenin-7-O-glucoside form multiple hydrogen bonds with
active site residues, contributing to their stability in the SQLE
binding pocket. Other flavonoids, such as chrysin and silibinin,
also exhibit hydrophobic interactions that enhance binding
stability. These residue-level interactions provide insight into
the specific binding modes, which could influence each flavo-
noid's potential inhibitory effect on SQLE. Panel C presents the
3D representations of the PEL for each flavonoid-SQLE
complex. The 3D landscape visualizations show well-defined
energy wells corresponding to stable conformational states.
The depth and shape of these wells indicate the binding
strength and stability of each flavonoid. For example, apigenin-
7-O-glucoside and baicalin have deeper and more pronounced
energy minima, suggesting stronger and more stable binding
interactions with SQLE. These findings support the 2D contour
data, reinforcing that certain flavonoids may achieve greater
binding stability due to their favorable conformational posi-
tioning within the SQLE active site.

3.2.4. MM/PBSA analysis. The MM/PBSA calculations, as
shown in Table 1, provide a quantitative estimate of the binding

3840 | RSC Adv, 2025, 15, 3829-3848

free energy for each flavonoid-SQLE complex over the final 50
ns of the MD simulation. This analysis decomposes the binding
energy into electrostatic (AE..), van der Waals (AE,qy), gas-
phase (AGy,s), solvation (AGuy), and total binding energy
(AGyotal) components. The results illustrate the key energetic
contributions that stabilize the flavonoid-enzyme interactions,
shedding light on the inhibitory potential of each compound.
Among the flavonoid-SQLE complexes, silibinin demonstrated
the strongest van der Waals interaction energy, closely followed
by apigenin-7-O-glucoside. These substantial van der Waals
interactions indicate strong hydrophobic interactions between
the enzyme and these two ligands, suggesting they fit well
within the binding pocket. In contrast, isorhamnetin showed
the weakest van der Waals contribution, indicating less effective
hydrophobic interactions.

Electrostatic interactions also varied among the complexes.
Apigenin-7-O-glucoside displayed the most favorable electro-
static energy, indicating strong polar interactions, which could
contribute to its stability within the binding site. In compar-
ison, naringenin and chrysin showed weaker electrostatic
interactions, suggesting a lesser degree of polar interactions
with SQLE. The solvation free energy values were positive for all

complexes, indicating that desolvation is energetically

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The results of MM/PBSA calculations for the last 50 ns of MD trajectory (kcal mol™?)

RSC Advances

Complex AE, 4w AEee AGsory AGg,s AGiotal

Apigenin-7-O-glucoside/SQLE —54.84 £+ 1.16 —46.05 £+ 2.19 56.36 + 1.12 —100.89 £ 2.54 —44.53 £ 2.77
Baicalin/SQLE —49.40 £ 2.54 —25.50 + 4.77 42.58 + 3.48 —74.90 + 3.97 —32.31 + 3.01
Chrysin/SQLE —35.73 £ 0.47 —7.86 + 0.99 18.48 + 0.70 —43.59 + 1.16 —25.11 £ 1.35
Isorhamnetin/SQLE —30.46 £+ 0.76 —22.84 + 4.60 33.65 £+ 1.66 —53.30 + 4.68 —19.65 + 4.96
Naringenin/SQLE —36.39 £+ 2.01 —5.97 + 3.17 17.16 + 2.51 —42.35 + 3.40 —25.19 £+ 2.41
Silibinin/SQLE —59.00 £+ 0.81 —22.76 £+ 3.10 43.75 + 1.43 —81.76 + 3.27 —38.01 £ 3.57

unfavorable upon binding, as expected due to the reduction in
surface area exposed to the solvent. Apigenin-7-O-glucoside had
the highest AGs,y, followed by silibinin, implying that these
complexes require more energy for desolvation, possibly due to
their polar or exposed functional groups. In terms of gas-phase
energy, apigenin-7-O-glucoside and silibinin again showed the
most favorable values. This suggests that their combined van
der Waals and electrostatic interactions create a stable envi-
ronment within the SQLE binding site, making them strong
candidates for effective binding.

The overall binding free energy (AGio) reflects the net
binding affinity, with more negative values indicating stronger
binding. Apigenin-7-O-glucoside showed the most favorable
AGiotal, followed by silibinin and baicalin. These values suggest
that apigenin-7-O-glucoside and silibinin have the highest
potential as SQLE inhibitors, as they exhibit the strongest
binding affinities. In contrast, isorhamnetin had the least
favorable AGiya), indicating a weaker overall binding interac-
tion with SQLE. Thus, the MM/PBSA results highlight that
investigated flavonoids demonstrated favorable binding affini-
ties toward the target enzyme.

3.3. In silico ADMET analysis

The ADMET analysis provided valuable insights into the drug-
likeness properties and potential pharmacokinetic behavior of
six flavonoid compounds targeting SQLE (Table 2). This
assessment, in conjunction with the MM/PBSA results and MD
simulations, supports the evaluation of their inhibitory efficacy
and therapeutic potential against SQLE. Wherever possible, the
predicted ADMET profiles were correlated with existing experi-
mental findings from the literature to bolster confidence in
these in silico outcomes.

Apigenin-7-O-glucoside demonstrated moderate drug-likeness
attributes, including a bioavailability score of 0.55. It was iden-
tified as a P-glycoprotein (P-gp) substrate and did not inhibit
cytochrome P450 enzymes, aligning with previous in vitro studies
indicating that apigenin derivatives can undergo active efflux by
P-gp transporters.”>** Although this compound lacks blood-brain
barrier (BBB) permeability according to our predictions, phar-
macokinetic data for structurally similar apigenin glycosides also
suggest limited CNS uptake.* Its high polarity and favorable
aqueous solubility are supportive of systemic distribution,
consistent with experimental reports on apigenin-7-O-glucoside's
moderate to high solubility profile.>® Baicalin presented a slightly
higher molecular weight and displayed drug-likeness features
comparable to apigenin-7-O-glucoside, including P-gp substrate

© 2025 The Author(s). Published by the Royal Society of Chemistry

characteristics and no inhibition of major cytochrome P450
enzymes. Previous studies have shown that baicalin undergoes
limited gastrointestinal absorption but retains notable systemic
bioavailability when administered in higher doses or via certain
formulations.* Its high polar surface area and substantial solu-
bility predicted here are consistent with reports of baicalin's
hydrophilic nature, which supports adequate circulation and
potential distribution in vivo.>

Chrysin showed distinct pharmacokinetic properties,
including a smaller molecular size, lower polarity, and favorable
lipophilicity, leading to a predicted BBB permeability—unique
among the compounds studied. This aligns with animal model
data that have demonstrated chrysin's ability to penetrate the
CNS to exert neuroprotective and anxiolytic effects.>® However,
chrysin's lack of P-gp substrate activity may influence its
distribution and clearance, echoing in vitro observations indi-
cating limited interaction with efflux transporters.®” Iso-
rhamnetin exhibited a balanced pharmacokinetic profile, with
moderate polarity and a logP of 1.87, suggesting systemic
availability without BBB penetration. Its predicted P-gp non-
substrate properties and partial inhibition of cytochrome
P450 enzymes are supported by experimental data showing that
certain methylated flavonoids can moderately modulate CYP
activity.®* Although the MM/PBSA results indicated a relatively
low AGiota, the combination of systemic availability and
possible enzyme inhibition warrants further exploration for
optimizing its structure-activity relationship.

Naringenin demonstrated moderate lipophilicity, no BBB
permeability, and an adequate bioavailability score. Its profile as
a P-gp substrate and lack of CYP inhibition align with literature
findings on naringenin metabolism, which indicate that it is
actively effluxed and does not substantially interfere with key CYP
isoforms.*** These favorable in silico ADMET properties, especially
its documented oral bioavailability and moderate clearance,
highlight naringenin as a promising systemic agent against SQLE.
On the other hand, silibinin displayed the highest molecular
weight and moderate lipophilicity, alongside a high TPSA and
favorable solubility. These i silico observations are consistent with
experimental data showing that silibinin, a major active compo-
nent of silymarin, is relatively well absorbed under certain
formulations and exhibits good systemic circulation (Kidd & Head,
2005). Its potential as a potent and stable SQLE-targeting
compound is further underscored by literature describing silibi-
nin's efficacy in inhibiting cancer-related targets and regulating
lipid metabolism.*

In summary, apigenin-7-O-glucoside and silibinin emerged as
the most promising SQLE inhibitors based on their robust MM/

RSC Adv, 2025, 15, 3829-3848 | 3841
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Table 2 The drug-likeness properties of the investigated flavonoids using in silico ADMET analysis
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SIZE

POLAR

SIZE

POLAR

SIZE

POLAR

Size: MW = 432.38 ¢ mol "

Num. H-bond donors: 6

Num. H-bond acceptors: 10
Flexibility: number of rotatable bonds
=4

Molar refractivity: 106.11

Saturation: fraction Csp® = 0.29
TPSA (polarity): 170.05 A®

Log P,y = 0.52

Lipophilicity: Xlog P; = 1.81
Solubility: log S (ESOL) = —3.78
Bioavailability score = 0.55

Log K, (skin permeation) = —7.65 cm
S—l

P-gp substrate, yes

"~ CYP1A2 (No), CYP2C19 (No), CYP2C9

(No), CYP2D6 (No), and CYP3A4 (No)
BBB permeant: no

Size: MW = 446.36 g mol

Num. H-bond donors: 6

Num. H-bond acceptors: 11
Flexibility: number of rotatable bonds
=4

Molar refractivity: 106.72

Saturation: fraction Csp® = 0.24
TPSA (polarity): 187.12 A?

Log P,y = 0.25

Lipophilicity: Xlog P; = 1.11
Solubility: log S (ESOL) = —3.41
Bioavailability score = 0.55

Log K, (skin permeation) = —8.23 cm
S—l

P-gp substrate, yes

' CYP1A2 (No), CYP2C19 (No), CYP2C9

(No), CYP2D6 (No), and CYP3A4 (No)
BBB permeant: no

Size: MW = 254.24 g mol "

Num. H-bond donors: 2

Num. H-bond acceptors: 4

Flexibility: number of rotatable bonds
=1

Molar refractivity: 71.97

Saturation: fraction Csp® = 0.00
Lipophilicity: Xlog P; = 3.52

TPSA (polarity): 70.67 A

Solubility: log S (ESOL) = —4.19

Log Py = 2.55

P-gp substrate, no

Log K}, (skin permeation) = —5.35 cm
571

Bioavailability score = 0.55

CYP1A2 (Yes), CYP2C19 (No), CYP2C9
(No), CYP2D6 (Yes), and CYP3A4 (Yes)
BBB permeant: yes

Size: MW = 316.26 g mol "

Num. H-bond donors: 4

Num. H-bond acceptors: 7

Molar refractivity: 82.50

Flexibility: number of rotatable bonds
=2

Saturation: fraction Csp® = 0.06

Log Py = 1.65

Lipophilicity: Xlog P; = 1.87
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Table 2 (Contd.)
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Bioavailability radar BOILED-egg model

ADMET properties

LIPO

FLEX SIZE

INSATU POLAR

INSOLU

TPSA (polarity): 120.36 A”

Solubility: log S (ESOL) = —3.36

Log K, (skin permeation) = —6.90 cm
571

P-gp substrate, no

Bioavailability score = 0.55

CYP1A2 (Yes), CYP2C19 (No), CYP2C9
(No), CYP2D6 (Yes), and CYP3A4 (Yes)
BBB permeant: no

Size: MW = 272.25 g mol "

LIPO

FLEX SIZE

Naringenin /

INSATU POLAR

INSOLU

Num. H-bond donors: 3

Num. H-bond acceptors: 5

Flexibility: number of rotatable bonds
=1

Molar refractivity: 71.57

Saturation: fraction Csp® = 0.13
Lipophilicity: Xlog P; = 2.52

TPSA (polarity): 86.99 A

Log P,y = 1.84

Log K, (skin permeation) = —6.17 cm
S*]

Solubility: log S (ESOL) = —3.49

P-gp substrate, yes

Bioavailability score = 0.55

CYP1A2 (Yes), CYP2C19 (No), CYP2C9
(No), CYP2D6 (No), and CYP3A4 (Yes)
BBB permeant: no

Size: MW = 482.44 g mol *

LIPO

FLEX SIZE

Silibinin

INSATU POLAR

INSOLU

Num. H-bond acceptors: 10

Num. H-bond donors 5

Saturation: fraction Csp® = 0.24
Molar refractivity: 120.55

TPSA (polarity): 155.14 A®
Lipophilicity: Xlog P; = 1.90

Log Py, = 1.51

Solubility: log S (ESOL) = —4.14

BBB permeant: no

Flexibility: Number of rotatable bonds
=4

Log K, (skin permeation) = —7.89 cm
571

Bioavailability score = 0.55

PBSA binding energies and stable MD profiles, supported by
favorable ADMET characteristics—including high bioavailability
scores and, in the case of apigenin-7-O-glucoside, experimentally
corroborated P-gp substrate activity. Similarly, silibinin's predicted
stability and solubility align with literature reports of its thera-
peutic efficacy and manageable pharmacokinetic profile in vivo.
Taken together, these findings indicate that the in silico ADMET
predictions correlate well with available experimental data for the

© 2025 The Author(s). Published by the Royal Society of Chemistry

P-gp substrate, no
CYP1A2 (No), CYP2C19 (No), CYP2C9
(No), CYP2D6 (No), and CYP3A4 (Yes)

examined flavonoids, reinforcing their potential for therapeutic
development against SQLE.

3.4. Invitro inhibitory activity assay

The inhibitory activities of six flavonoids against SQLE were
evaluated, with TNSCPA serving as the positive control (ICs:
2.68 £+ 0.18 pM). The concentration-response curve of these
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flavonoids against SQLE is shown in Fig. 11A. Among these,
apigenin-7-O-glucoside exhibited the most potent inhibition
with an ICs, of 1.74 £ 0.05 uM, followed by silibinin (1.88 + 0.28
uM) and baicalin (2.50 £ 0.46 pM). Chrysin (4.47 £ 0.19 pM),
naringenin (6.52 £ 0.9 uM), and isorhamnetin (11.50 + 1.47
uM) showed comparatively lower inhibitory activities. These
results, shown in Fig. 11A and 11B, identify apigenin-7-O-

A TNSCPA
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100 Baicalin
g Chrysin
_a? 759 Isorhamnetin
'E Naringenin
3] 50_ 1l 1
3 Silibinin
2
5 25
[
4
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0 1 2 3 4 5 6
log[l]
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= 0.1—/ — 2.5uM
> /} — 5uM
1 1 1
0.1 0.2 0.3
04- 1/[Substrate, pM]
E )
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£ i — 1uM
s M
2 0.1 —— 2uM
2 = — 4w
T T T 1
0.2 -01 0.1 0.2 0.3
.0 1 1/[Substrate, uM]

Fig. 11

Paper

glucoside, baicalin, and silibinin as lead compounds for
further kinetic analysis.

The Lineweaver-Burk plots (Fig. 11C-E) and Michaelis-
Menten plots (Fig. 11F-H) were used to characterize the modes
of inhibition for the three selected compounds. Apigenin-7-O-
glucoside exhibited competitive inhibition, as indicated by

increasing slopes and wunchanged y-intercepts in its
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In vitro inhibition of SQLE by selected flavonoids and enzyme kinetics analysis. (A) Concentration-response curves showing the

percentage relative activity of SQLE at varying concentrations of TNSCPA (positive control) and the proposed flavonoids. (B) ICsq values of
TNSCPA and the six flavonoids. (C—E) Lineweaver—Burk plots for apigenin-7-O-glucoside (C), baicalin (D), and silibinin (E). (F-H) Michaelis—
Menten plots for apigenin-7-O-glucoside (F), baicalin (G), and silibinin (H).
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Lineweaver-Burk plot (Fig. 11C). The competitive mode
suggests that apigenin-7-O-glucoside binds to the enzyme's
active site, preventing substrate access. Conversely, baicalin and
silibinin displayed mixed inhibition (Fig. 11D and E), where
both the binding to the active site and allosteric interactions are
likely involved. The changes in both slopes and y-intercepts in
their Lineweaver-Burk plots support this conclusion. The K;
values for apigenin-7-O-glucoside (0.66 uM), baicalin (1.75 uM),
and silibinin (1.42 uM) further underscore their strong binding
affinities to SQLE.

The experimental results align with in silico docking and MD
simulation studies, which predicted high binding energies and
stable trajectories for apigenin-7-O-glucoside, baicalin, and sil-
ibinin to SQLE. This congruence highlights the reliability of
computational approaches in guiding experimental validation.
The in silico ADMET properties of the three flavonoids provide
insights into their interaction mechanisms. Apigenin-7-O-
glucoside, with its moderate lipophilicity (Xlog P; = 1.81) and
favorable TPSA (170.05 A%), supports its competitive inhibition
by facilitating active site binding without extensive steric
hindrance. Its limited bioavailability (log S = —3.78) and poor
blood-brain barrier permeability suggest its effect is likely
localized, enhancing specificity for SQLE. Baicalin and silibinin,
exhibiting mixed inhibition, possess higher molecular weights
(446.36 g mol " and 482.44 g mol ', respectively) and greater
polarity (TPSA = 187.12 A% and 155.14 A%, respectively). These
properties align with their dual interaction modes, potentially
involving both active site and allosteric binding. Notably, sili-
binin's higher lipophilicity (XlogP; = 1.90) compared to bai-
calin (XlogP; = 1.11) may contribute to its slightly stronger
binding affinity (K; = 1.61 pM).

Although our study focused on flavonoid-based inhibitors,
contextualizing these in vitro findings with respect to well-
established SQLE inhibitors can provide deeper insights into
structure-activity relationships (SAR) and binding mechanisms.
Known clinically used compounds such as terbinafine, nafti-
fine, butenafine, and NB-598 typically act through high-affinity
interactions within the enzyme's catalytic region, often dis-
playing ICs, values in the low micromolar to submicromolar
range.® For instance, terbinafine, an allylamine derivative, is
reported to bind predominantly in a hydrophobic pocket of
SQLE, forming crucial hydrogen bonds with active-site residues
that stabilize its binding mode.** In this regard, our top-
performing flavonoids—apigenin-7-O-glucoside, silibinin, and
baicalin—exhibited ICs, values (1.74-2.50 uM) that fall into
a similar potency range for early-stage hit compounds.

From an SAR perspective, both allylamine-based inhibitors
(e.g., terbinafine) and our flavonoids appear to exploit the
enzyme's substrate-binding region, yet they do so with distinct
chemical scaffolds. Flavonoids include polar functional groups
(e.g, hydroxyl and glycosyl moieties) capable of forming
hydrogen bonds with key residues, while allylamine inhibitors
use more lipophilic anchors to occupy the predominantly non-
polar cavity of SQLE.* In apigenin-7-O-glucoside, for example,
the glycosidic substituent likely contributes specific hydrogen-
bonding interactions that enable its competitive inhibition
mechanism. This contrasts with the mixed inhibition observed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for silibinin and baicalin, suggesting these molecules may also
engage allosteric residues beyond the core catalytic site—
a possibility also observed in certain azole derivatives or second-
generation SQLE inhibitors such as NB-598.%¢

In terms of binding modes, our computational data indicate
stable interactions between flavonoid ligands and residues that
are commonly implicated in the binding of allylamine- and
benzylamine-class inhibitors, underscoring the importance of
conserved hot spots within the enzyme's active site.”” Moreover,
key hydrophobic contacts seen in known inhibitors appear
partially mirrored by the flavonoids' planar aromatic rings,
whereas polar moieties in the flavonoids create new hydrogen
bonds and electrostatic interactions not seen in purely lipo-
philic scaffolds. These additional contacts may open avenues
for further structural modifications to enhance specificity and
potency.

Overall, while the flavonoid derivatives and conventional
SQLE inhibitors originate from distinct chemical families, they
converge on similar critical binding residues in SQLE, illus-
trating both the enzyme's versatility in accommodating
different scaffolds and the potential for novel SAR insights.
Future efforts to optimize flavonoid structures—leveraging the
hydrogen-bonding capability and mixed binding modes—may
lead to more potent next-generation SQLE inhibitors that rival
or complement existing agents like terbinafine and butenafine.

4. Conclusion

In this study, we employed an integrative approach combining
in silico predictions and experimental validation to evaluate the
inhibitory potential of six flavonoids—silibinin, baicalin, nar-
ingenin, chrysin, apigenin-7-O-glucoside, and isorhamnetin—
against squalene epoxidase (SQLE). The selected flavonoids
were chosen based on their structural diversity, reported
bioactivity, and relevance to SQLE inhibition. Comprehensive
computational studies, including molecular docking, MD
simulations, potential energy landscape (PEL) analysis, MM/
PBSA calculations, and ADMET profiling, identified apigenin-
7-O-glucoside, baicalin, and silibinin as the most promising
inhibitors. These compounds displayed the highest binding
affinities, robust interaction profiles, and stable dynamic
trajectories, coupled with favorable pharmacokinetic and
pharmacodynamic  properties.  Experimental validation
confirmed the computational predictions, with apigenin-7-O-
glucoside exhibiting the most potent inhibition of SQLE (ICs,
=1.74 + 0.05 uM), followed by silibinin (ICs, = 1.88 £ 0.28 pM)
and baicalin (IC5, = 2.50 £ 0.46 pM). The Lineweaver-Burk and
Michaelis-Menten analyses further revealed that apigenin-7-O-
glucoside acts as a competitive inhibitor, while silibinin and
baicalin exhibit mixed inhibition, suggesting distinct mecha-
nisms of action.

From a stereostructural perspective, each of these top inhibi-
tors shares a core flavonoid scaffold that supports key hydrogen-
bonding and m-m stacking interactions with SQLE. However,
their varied substitutions and glycosylation patterns profoundly
influence pharmacokinetic behavior. Silibinin features a more
complex stereochemistry and multiple hydroxyl groups, which
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enhance its binding surface area and facilitate robust lipophilic
and hydrogen-bond interactions. Experimentally and in silico,
silibinin's favorable lipophilicity, moderate molecular weight,
and P-glycoprotein substrate profile collectively suggest enhanced
bioavailability and systemic distribution. Apigenin-7-O-glucoside
contains a glycosidic moiety that increases polarity and water
solubility, translating to strong systemic bioavailability but
reduced blood-brain barrier permeability. The glycoside portion
also participates in additional hydrogen bonding, contributing to
potent binding despite its higher polarity. Baicalin, likewise
a glycosylated flavonoid, shares structural parallels with apigenin-
7-O-glucoside in its ring system and glycosylation, displaying
robust but mixed binding interactions. Its polar surface area and
solubility support broad distribution, making it a promising
prototype for further structural refinements.

By comparing these flavonoids' stereogeometric analogies
and their distinct ADMET profiles, we highlight silibinin's
particularly strong drug-likeness, apigenin-7-O-glucoside's
potent inhibitory action with high solubility, and baicalin's
balanced profile bridging polarity and efficacy. These findings
underscore the potential of these flavonoids as versatile SQLE
inhibitors and illustrate how structural modifications—espe-
cially glycosylation and hydroxylation patterns—modulate both
affinity and pharmacokinetics. Overall, this study provides
a comprehensive framework for identifying and validating
potential SQLE inhibitors, paving the way for future preclinical
and clinical studies. Apigenin-7-O-glucoside, silibinin, and
baicalin emerge as strong candidates for further development,
with silibinin in particular showing promising stereogeometric
and pharmacokinetic attributes that warrant continued opti-
mization for therapeutic applications in treating SQLE-related
diseases, including hypercholesterolemia and fungal
infections.
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