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ABSTRACT

Drug-induced cholestasis (DIC) is a subtype of drug-induced liver injury (DILI) that causes hepatocellular damage,
oxidative stress, bile acid accumulation, and inflammation. The present study uses an integrated in silico method which
combines network pharmacology (NP), protein-protein interaction (PPI), molecular docking (MDK), and molecular
dynamics (MD) simulations to examine the hepatoprotective potential of hesperidin (HSP), a bioactive flavonoid.
Forty-one of the 105 hesperidin-associated genes identified through target prediction were similar with DIC-related
targets, suggesting a significant mechanistic relation. Key roles in oxidative stress, bile acid metabolism, and
inflammatory signalling pathways, such as farnesoid X receptor (FXR) signalling along with transporter regulation,
were identified by enrichment analysis. MDK revealed significant binding affinity of hesperidin toward FXR (-9.5
kcal/mol) and organic anion transporting polypeptide 1B1 (OATP1B1) (-7.9 kcal/mol), with stable hydrogen bonding
and hydrophobic interactions during 100 ns MD simulations ensured structural stability and sustained ligand—protein
interactions. Drug-likeness and toxicity assessments suggested a favourable safety profile, with non-mutagenic and
non-carcinogenic profile for hesperidin. In conclusion, hesperidin modulates oxidative stress, inflammation, and bile
acid homeostasis in DIC, suggesting multi-target regulatory potential that supports its development as a promising
hepatoprotective agent.
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INTRODUCTION

Cholestasis is a pathological condition that occurs due to
impaired bile production or reduced bile flow from
hepatocytes to the duodenum [1]. Oxidative stress,
hepatocyte necrosis or apoptosis, mitochondrial
dysfunction, and progressive cirrhosis or fibrosis can all
result from continuous bile retention [2]. Either
obstruction of the extrahepatic biliary tract, or
intrahepatic  disorders (hepatocellular dysfunction,
transporter failure) can lead to cholestasis [3].

A type of drug-induced liver injury (DILI), drug-induced
cholestasis (DIC) accounts for 8-56% of reported DILI
cases, depending upon the population and diagnostic
standards applied [4]. Examples of such drugs include
antibiotics, NSAIDs, statins, drugs for psychiatric
disorders, and chemotherapeutics, all of which disrupts
bile acid homeostasis by activating inflammatory
signalling pathways or altering transporter function (e.g.,
BSEP, NTCP, MRP2). Moreover, herbal supplements
sometimes  potentiate  cholestasis, complicating
diagnosis and treatment [5].

At the molecular level, bile acid homeostasis is regulated
by hepatocellular uptake and efflux transporters,
including Sodium Taurocholate Co-Transporting
Polypeptide (NTCP), Organic Anion Transporting
Polypeptide 1B1 (OATP1BI1), Bile Salt Export Pump
(BSEP), and Multidrug Resistance-associated Protein 2
(MRP2) together with nuclear receptors such as
farnesoid X receptor (FXR) and small heterodimer
partner (SHP) [6,7].

FXR plays a central role in the regulation of transport,
detoxification, and bile acid synthesis. By
downregulating cholesterol 7o-hydroxylase (CYP7A1),
activation of FXR suppresses bile acid synthesis while
simultaneously promoting bile acid export through the
induction of BSEP expression. Impairments in these
pathways lead to the accumulation of toxic bile acids
causing damage to hepatocytes [8,9].

Despite advances in hepatology, DIC is still treated
without any specific therapeutic intervention. Current
practice in therapy includes stopping the harmful drug
and giving treatment with drugs like cholestyramine,
ursodeoxycholic acid (UDCA), or N-acetylcysteine
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(NAC). However, these treatments may have adverse
side effects and may not give good biochemical
response. New, safe, and effective hepatoprotective
medications are thus required [10—12].

Flavonoids show promise in liver protection by
mitigating oxidative stress and inflammation; among
them, hesperidin (HSP; 3,5,7-trihydroxyflavanone-7-
rhamnoglucoside), a widely available flavanone
glycoside (vitamin P), possesses well-documented anti-
inflammatory, analgesic, and antioxidant activities [13-
15]. The acute oral toxicity study shows HSP to have an
LD50 of >2000 mgkg (4837.5 mgkg) [16].
Experimental studies have suggested that hesperidin can
modulate oxidative stress, inflammatory signaling
pathways, and bile acid metabolism. However, a
coordinated multi-target mechanistic role remains
insufficiently characterized [17].

A systems-level framework for describing the complex
relationships between bioactive substances, molecular
targets, and pathways linked to disease is provided by
network pharmacology (NP) [18]. By combining
molecular docking (MDK) with molecular dynamics
(MD) simulations, the method allows for the generation
of mechanistic hypotheses and validates target
prediction through structural and dynamic evaluation.
The in-silico integrative strategies are particularly suited
for multi-target natural products which treat complex
diseases like cholestasis [19].

The present study aims to elucidate the molecular
pathways through which HSP protects against DIC by
using an integrated in-silico approach combining NP,
MDK, and MD simulations. The research establishes a

Table 1. HSP predicted for FXR activation assay

scientific basis for developing HSP as a multi-target drug
treatment for cholestatic liver diseases.
MATERIALS AND METHODS
2.1 Compound Selection, Target Identification of
HSP and DIC
Hesperidin (HSP; PubChem CID: 10621) was selected
for this study based on its reported hepatoprotective,
antioxidant, and anti-inflammatory activities [17,20].
The three-dimensional structure of HSP was obtained
from the PubChem (https://pubchem.ncbi.nlm.nih.gov/
Retrieved on September 22, 2025), and the canonical
SMILES and Structure Data File (SDF) formats were
downloaded for subsequent molecular docking and
network pharmacology analyses [21]. Potential
molecular targets were identified using the Comparative
Toxicogenomics Database (CTD) (https:/ctdbase.org/
Retrieved on September 23, 2025) by querying
“hesperidin.” After removing duplicate and irrelevant
entries, the curated target dataset was used for network
pharmacology, functional enrichment, and molecular
docking studies. DIC-associated genes were retrieved
from the GeneCards database
(https://www.genecards.org/ Retrieved on September
24,2025) using the keyword “drug-induced cholestasis,”
with the search restricted to Homo sapiens [22,23].
Genes with a relevance score >30 were retained to ensure
reliability. After standardization and removal of
duplicate entries, the curated DIC gene set was
compared with HSP-related targets to identify
overlapping genes. Common targets were determined
using Venny 2.1.0 and subsequently employed for
network pharmacology and computational analyses.

Compound | PCID | Molecular Experimental Assay Reference Reference
Formula Compound
PCID
HSP 10621 C23H34015 FXR activation assay; hepatoprotective 447715 [17]
activity in HepaRG cells, and ANIT- (Obeticholic
induced cholestasis in mice acid)

PubChem ID; ANIT: Alpha-naphthylisothiocyanate

2.2 Gene Set Enrichment Analysis and Network
Construction
Functional enrichment and protein—protein interaction
(PPI) analyses of the common HSP-DIC targets were
performed using the STRING database (version 12.0;
https://string-db.org/ Retrieved on September 25, 2025),
with the analysis restricted to Homo sapiens [23,24].
Pathway enrichment was subsequently conducted using
the KEGG database
(https://www.kegg.ip/kegg/pathway.html Retrieved on
September 29, 2025) to identify biological pathways

associated with the shared targets. Statistical
significance was determined using a false discovery rate
(FDR) threshold of <0.05. Pathways involved in
oxidative stress, inflammatory signalling, and bile acid
metabolism  were  prioritized for  mechanistic
interpretation. A compound-target-pathway network
was constructed in Cytoscape (v3.7.2) to visualize
interactions among HSP, target proteins, and enriched
pathways. Nodes represented the compound, proteins,
and pathways, whereas edges denoted their interactions.
To identify key regulatory targets, network topology was
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evaluated using the NetworkAnalyzer plugin, focusing
on degree, betweenness, and closeness centrality
parameters [25].

2.3 Molecular Docking

2.3.1  Preparation of Ligand

PubChem (https://pubchem.ncbi.nlm.nih.gov/
Retrieved on October 9, 2025) provided the 3D
structure of HSP in SDF format and it was prepared for
MDK analysis using PyRx with the integrated
AutoDock Vina interface. The MMFF94 force field was
used to minimize the energy of the ligand structure prior
to docking with the objective to remove steric conflicts
and achieve a stable conformation. After adding polar
hydrogen atoms, the ligand was provided with
Gasteiger partial charges. The Open Babel module
included with PyRx was then used to transform the
optimized structure into PDBQT format. The HSP
conformer with the lowest energy was chosen as the
ligand structure for docking simulations. To provide
flexible ligand docking inside the target protein binding
sites, rotatable bonds were generated by software during
PDBQT conversion [26-28].

2.3.2  Preparation of Protein

The Research  Collaboratory  for  Structural
Bioinformatics (RCSB)  Protein Data  Bank
(https://www.rcsb.org/ Retrieved on October 16, 2025)
provided the target protein’s 3D structures. For the
docking studies, crystal structures of the OATPIBI
(PDB ID: 8HNC) and FXR (PDB ID: 3BEJ) were used
[29]. The GalaxySite server (https://galaxy.seoklab.org/
Retrieved on October 16, 2025) was used to preprocess
protein structures in order to eliminate heteroatoms, co-
crystallized ligands, and crystallographic water
molecules. Following the addition of polar hydrogen
atoms, AutoDock Tools was used to assign Gasteiger
charges. The PROCHECK and ERRAT modules, which
are  accessible via the SAVES  website
(https://saves.mbi.ucla.edu/ Retrieved on October 17,
2025) (https://saves.mbi.ucla.edu/ Retrieved on October
18, 2025) were used to validate the constructed protein
models in order to assure structural stability. The
processed protein structures were transformed into
PDBQT format for MDK studies after validation. The
appropriate protein chain containing the ligand-binding
domain was selected for docking [21].

2.3.3  Assessing Active Site Residues

Based on the ligand-binding areas found in the co-
crystallized structures of FXR (3BEJ) and OATP1BI1
(8HNC) acquired from the RCSB Protein Data Bank,
the active-site residues of the target proteins were
determined. The PrankWeb server (https://prankweb.cz/
Retrieved on October 19, 2025) was utilized to estimate

likely binding pockets and druggable locations within
the protein structures to better describe potential ligand-
binding areas [30].

2.3.4  Protein-Receptor Docking

HSP's binding affinity to the target proteins FXR (3BEJ)
and OATP1B1 (8HNC) was assessed by MDK using the
AutoDock Vina inside PyRx. The anticipated active
binding sites found during the development of proteins
and binding pocket analysis were used to build docking
grids [25]. The resulting receptor structures were
archived in PDBQT format for docking analysis after
crystallographic water molecules and heteroatoms were
eliminated and Gasteiger charges were assigned. The
grid box centre for FXR (3BEJ) was set at X =12.52,Y
=19.28, and Z = 28.53 and its dimensions were 48.91 x
51.35 x 49.71 A. For OATP1B1 (8HNC), the box
dimensions were 97.79 x 51.91 x 70.33 A , and the grid
centre was set up at X = 102.50, Y = 109.33, and Z =
105.95. [21]. Docking was carried out using an
exhaustiveness value of 8. The conformations with the
lowest binding energies were chosen for further
interaction analysis, and binding affinities for each
docking posture were reported in kcal/mol. Discovery
Studio Visualizer 2019 was used to further evaluate and
show protein-ligand interactions, including
hydrophobic contacts and hydrogen bonding [31].

2.4 MD Simulation

Schrodinger Desmond software for 100 ns MD
simulations was used to evaluate the stability of protein-
ligand interactions. In a cubic box with 10 A 10 A 10 A
periodic borders, systems were solvated using the
simple point charge (SPC) water model, neutralized
using Na*/Cl counter-ions, and then restricted using the
SHAKE algorithm. The particle mesh Ewald approach
was used to tackle long-range electrostatics, using a
Lennard-Jones cutoff of 10.0 A. The system was
equilibrated by means of standard procedure. Finally,
Construction runs were conducted utilizing a Nosé-
Hoover chain thermostat (1.0 ps) and a Martyna-Tobias-
Klein barostat (2.0 ps) at 300 K and 1.01325 bar
following conventional equilibration, respectively, with
a Coulombic short-range cutoff radius of 9.0 A”
[32,33]. Root-mean-square deviation (RMSD), root-
mean-square fluctuation (RMSF), and radius of
gyration (rGyr) were studied to determine residue-wise
fluctuations to assess structural stability and dynamics.

2.5 Drug-Likeness and Toxicity Prediction
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HSP's physicochemical characteristics and drug-
likeness were assessed using Lipinski's Rule of Five
criteria, which include molecular weight, hydrogen
bond donors, hydrogen bond acceptors, and logP value.
The MolSoft online server (https://www.molsoft.com/
accessed on September 28, 2025) was used to forecast
these characteristics and to determine the compound's
drug-likeness score (DLS) [20,21,34]. The ADVERpred
web server was used to evaluate possible adverse drugs
reactions  [35,36]. The PreADMET  server
(https://preadmet.webservice.bmdrc.org/introduction/
accessed on September 29, 2025) predicted
toxicological properties which included Ames
mutagenicity and carcinogenicity and hERG inhibition
to assess the safety profile of HSP [37].

3 RESULTS
3.1 Identification of HSP Targets Relevant to DIC
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HSP was selected as the active pharmaceutical molecule
for the current research based on previously published
experimental data showing hepatoprotective and
antioxidant effects [17,20,38]. The CTD was used to
identify 105 possible HSP-associated protein targets,
along with genes associated with DIC reported in the
literature. The 41 common targets identified by
interaction analysis between the predicted HSP targets
and DIC-associated suggest a connection between the
pharmacological actions of HSP and the molecular
mechanisms involved in cholestatic liver injury. MDK,
NP, enrichment analysis, and MD studies were all based
on these common targets. The FXR and OATP1B1 were
given priority among these targets because of their
established functions in the synthesis as well as
transport of bile acids [17], as well as the availability of
structural data appropriate for MDK and MD
simulations.
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Figure 1. Network Representation of HSP-Target-Pathway.

3.2 Gene Sets Enrichment Analysis and Network
Analysis
Among the 41 intersecting HSP-DIC targets, a
functional enrichment analysis identified 163
significantly enriched pathways. 10 of these pathways
had a direct connection to the DIC pathophysiology as
shown in Figure 1. Out of 41 targets 31 were present in
identified enriched pathways. The probable PPI
interactions of the HSP regulated targets is shown in
(Figure 2) Bile secretion, cholesterol metabolism, ABC

transporter activity, apoptosis, oxidative stress-related
pathways, and important signaling pathways like PI3K-
Akt, MAPK, and NF-kB were among them [35,39]. Key
regulators involved in bile acid production along with
its transport, such as FXR (NR1H4), BSEP (ABCBI11),
NTCP (SLC10A1), OATP1B1 (SLCO1B1), MRP2
(ABCC2), CYP7A1, and HMGCR were enriched in the
bile secretion and cholesterol metabolism pathways as
shown in (Figure 1). Additionally, the complex nature
of cholestatic liver injury was highlighted by the
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enrichment of antioxidant defense genes like NFE2L.2,
PPARG, PARPI1, and AKTI1, as well as inflammatory
mediators like TNF, IL6, IL1B. Moreover, a number of
genes were linked to the control of cell cycle integrity.
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Network topology analysis using Cytoscape revealed
FXR, OATPIBI, BSEP, and CYP7AI as high-degree
hub nodes.
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Figure 2. PPI of genes regulated by HSP.

3..3 Ligand-Protein Docking

The Ramachandran plot and ERRAT analyses were
used to verify the structural quality of the chosen protein
targets before molecular docking [40]. 91.8% of
residues in the most favored regions of the FXR crystal
structure (3BEJ) were found in additionally allowed
regions, 7.0% in generously allowed regions, 0.7% in
generously allowed regions, and only 0.5% in
disallowed regions (Figure 3a). Excellent structural
stability appropriate for docking studies was further
confirmed by the ERRAT quality factor of 99.08%
(Figure 3b). With 93.6% of residues in the most
preferred regions and an ERRAT score of 91.60%,
OATP1BI1 (8HNC) also demonstrated high structural
reliability (Figure 3c, d). Protein stability was

unaffected by the minor variations found in 8HNC,
which were linked to flexible loop regions.

Strong binding affinities of HSP toward FXR
(3BEJ) and OATP1B1 (8HNC) were shown by docking
analysis (Table 2). With a docking score of —9.5
kcal/mol against FXR, HSP formed seven hydrophobic
interactions with Ala291, Leu287, Met290, and Ile335
and six hydrogen bond contacts with Lys338, Arg331,
and His344 (Figure 4c). These interactions suggested
that HSP was stablely accommodated in the FXR
ligand-binding pocket. With hydrogen bond interactions
involving His575, Glul85, Tyr352, and Thr357 as well
as hydrophobic contacts formed by Ser576, Lys41, and
[le353, HSP demonstrated a docking score of —7.9
kcal/mol against OATP1BI, supporting stable ligand
binding within the transporter cavity.

Table 2. Prioritized protein targets' binding affinities with HSP and UDCA

Ligand | PCID | Target BE Total No. of | NAS HBI NHBI
(Kcal/ | Interaction
Mol)
HSP 10621 3BEJ -9.5 7 7 LYS 338 (2), ARG ALA 291 (2),
331 (2), HIS 344 (2). | LEU 287, MET
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290 (2), ILE 335
(2), ALA 291 (2).
8HNC -7.9 7 5 HIS 575, GLU 185, SER 576, LYS
TYR 352, THR 357. 41, ILE 353.
UDCA* 31401 3BEJ -9.5 10 10 SER 332. MET 265, LEU
287, MET 290,
ALA 291, HIS
294, MET 328,
ARG 331, ILE
352, HIS 447.
8HNC -7.8 7 7 ASN 213, SER 548. VAL 189, VAL
349, TYR 352,
PHE 386, HIS
555.
PC ID: PubChem ID; NAS: Number of Active Sites; HBI: hydrogen bond interactions; NHBI: Non-hydrogen bond
interactions (Van Der Waals, Pi-Alkyl, Ch,Pi-Cation, Pi-Sigma, Pi-Pi Stacked, Pi-Pi T-Shaped Interactions); and BE:
Binding Energy. It was emphasized how chemicals interacting with catalytic triad residues. *Known standards
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Figure 3. Features of PDB ID:3BEJ. (a) PROCHECK Ramachandran plot. (b) ERRAT's overall quality forecast.
Features of PDB ID:8HNC. (c) PROCHECK Ramachandran plot. (d) ERRAT's overall quality forecast. * To show
how confidently areas that surpass that error value may be rejected, two lines are displayed on the error axis. *Stated
as the proportion of the protein for which the computed error value is less than the 95% rejection threshold.
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33 Assessment of Active Site Residues
Based on ligand-binding data from the RCSB Protein
Data Bank structures, the target proteins' active-site
residues were determined. Key residues in the binding
region of FXR (3BEJ) were Lys338, Arg331, His344,
Ala291, Leu287, Met290, and Ile335. Similarly,
His575, Ser576, Lys41, Glul85, Tyr352, 1le353, and
Thr357 were found to be the active-site residues of

&) py O

Acceptor B

E Gl 85

OATP1B1 (8HNC) based on PDB structural data. The
docking grid regions were identified by combining the
computationally revealed binding-site residues from the
PDB structures with the predicted pockets from
PrankWeb and supporting literature evidence to
precisely identify important binding regions for MDK
studies.
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Figure 4. Intermolecular Interactions of HSP with FXR-3BEJ (a) HSP interaction at 3BEJ binding pocket; (b) 3D
representation of HSP interaction with 3BEJ at its residue site; (c) 2D representation of Ligand-Protein Contacts LY'S
B:338, ARG B:331, HIS B:344. Intermolecular Interactions of HSP with OATPs-8HNC (d) HSP interaction at SHNC
binding pocket; (e) 3D representation of HSP interaction with 8HNC at its residue site; (f) 2D representation of
Ligand-Protein Contacts HIS A:575, GLU A:185, TYR A352, THR A:357.

34 MD Simulation of DIC-Ligand Complexes
3.4.1 HSP-FXR Complex

To assess the HSP-FXR (3BEJ) complex's structural
stability and binding stability, a 100 ns MD simulation
was run [41]. Throughout the simulation, the protein
backbone RMSD stayed between 1.4 and 2.8 A,
indicating that the FXR structure preserved
conformational stability. HSP remained steadily

situated inside the ligand-binding domain only showing
minor conformational changes, according to the ligand
RMSD, which varied from 2.0 to 3.5 A when compared
to the protein (FXR-5a). Higher fluctuations were
mostly seen in terminal and loop regions far from the
ligand, while RMSF analysis revealed restricted residue
flexibility within the binding site (0.6-1.2 A) (Figure
5b). Additionally, ligand molecular level RMSF values
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were low (<1.0 A), suggesting that HSP underwent little
internal deformation during the simulation. The
receptor's overall structural integrity was verified by the
stability of the secondary structure element (SSE)
profile, which maintained the o-helix and p-sheet
content at roughly 62-65%. A constant number of
hydrogen bonds with residues GIn263 (~29%) and
Glu334 (~28-29%) were found through interaction
analysis. Moreover, a dominant interaction involving
the phenolic hydroxyl group persisted for roughly 98%
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of the simulation. Furthermore, Arg331, Leu287,
11e335, Met290, and Met328 were found to have stable
hydrophobic interactions that helped maintain ligand
retention in the binding pocket. Additionally, there was
no structural unfolding or complex destabilization, as
indicated by the rGyr, which stayed constant between
6.2 and 6.8 A (Figure 5c; Table 3). HSP's function as a
modulator of FXR-mediated signalling pathways
related to DIC is supported by the MD results.

Figure 5. MD trajectories for a 100 ns s1mulat10n of HSP in combination with FXR (3BEJ) (a) RMSD, (b) RMSF, (¢)

rGyr, and (d-f) Ligand-protein contracts based on residues.

Table 3. HSP's interaction with protein targets following a 100 ns MD simulation

oms | it st e
Residue Position
HSP-3BEJ COMPLEX GLN263 | OH 18 29
HSP-3BEJ COMPLEX GLU334 | OH 44 28
HSP-3BEJ COMPLEX ARG331 | OH 47 43
HSP-3BEJ COMPLEX ILE335 OH 65 29
HSP-3BEJ COMPLEX LEU287 | Aromatic / Hydrophobic - -
HSP-3BEJ COMPLEX MET290 | Aromatic / Hydrophobic 25-30 ---
HSP-3BEJ COMPLEX MET328 | Aromatic / Hydrophobic 25-30 ---
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HSP-3BEJ COMPLEX LEU348 | Hydrophobic --- -

HSP-8HNC COMPLEX | PHE38 OH 12 90+ (H-bond + hydrophobic)

HSP-8HNC COMPLEX | LYS41 OH 14 10-20.

HSP-8HNC COMPLEX | THR42 OH 16 15-25.

HSP-8HNC COMPLEX | ALA45 OH 18 5-10.

HSP-SHNC COMPLEX ILE46 OH 20 20-30.

HSP-8HNC COMPLEX | GLU74 OH 22 10-15.

HSP-8HNC COMPLEX | ASN77 OH 24 10-15.

HSP-8HNC COMPLEX | VALI189 | Aromatic / Hydrophobic - 80+

HSP-8HNC COMPLEX | LEU209 | Hydrophobic - 30-40.

HSP-8HNC COMPLEX | ASN212 | OH 28 15-25.

HSP-8HNC COMPLEX | ALA216 | OH 30 35-40.

HSP-8HNC COMPLEX | MET217 | Aromatic / Hydrophobic - 10-20.

HSP-8HNC COMPLEX | THR345 | OH 34 10-15.

HSP-8HNC COMPLEX | GLN348 | OH 36 20-30

HSP-SHNC COMPLEX TYR352 | OH 40 Oct-18

HSP-8HNC COMPLEX | ILE353 Hydrophobic - 12-20.

HSP-8HNC COMPLEX | THR357 | OH 42 8-12.

HSP-8HNC COMPLEX | PHE360 | Aromatic/ = - 10-15.

HSP-8HNC COMPLEX | LEU386 | Hydrophobic - 10-12.

HSP-8HNC COMPLEX | SER548 | OH 44 15-18

HSP-8HNC COMPLEX | ILE579 Hydrophobic - 8-10.

HSP-8HNC COMPLEX | ARG580 | OH 46 12-15.
3.4.2 HSP-OATPs Complex to 5.0 A when calculated with respect to the protein.
HSP's conformational stability and interaction Most residues in the binding region had RMSF values

persistence were assessed using a 100 ns MD simulation
inside the binding domain of (OATP1B1; PDB ID:
8HNC). Throughout the simulation, the protein
backbone RMSD remained constant between 2.0 and
4.2 A, indicating that the transporter's overall structural
integrity was preserved (Figure 6a). Because of its
relatively large and flexible polyphenolic structure, HSP
was able to remain accommodated within the binding
pocket despite moderate positional adjustments, as
indicated by the ligand RMSD, which ranged from 3.0

between 0.8 and 1.6 A (Figure 6b), indicating localized
residue flexibility. In loop and peripheral areas far from
the binding site, higher fluctuations were mainly seen.
HSP's internal displacement during the simulation was
limited, as indicated by ligand molecular level RMSF
values that were less than 1.5 A. Phe38, Lys41, Thr42,
Ala45, Ile46, Glu74, Asn77, Vall89, Leu209, Asn212,
Ala216, Met217, Thr345, Leu348, GIn348, Tyr352, and
Ile353 were among the important residues with which
interaction fraction analysis revealed persistent

IJDDT, Volume 16 Issue 64s, 2026

Page 419



RESEARCH PAPER

contacts. Hydrophobic contacts and hydrogen bonding
were the main stabilizers of these interactions, which
helped to maintain ligand retention inside the binding
domain. For most of the 100 ns simulation, prolonged
ligand-protein interactions were further verified by the
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3.5 Drug-likeness, side Effects, and toxicity of
HSP

HSP exhibited a favourable drug-likeness score (0.94),
supporting its potential as a drug candidate. Although it
exceeded several Lipinski’s Rule of Five parameters,
such deviations are common among bioactive
flavonoids and do not necessarily limit therapeutic
activity. The compound showed molecular weight of
610.19 (> 500) g/mol, low BBB permeability and a
hydrophilic nature (MolLogP = —0.81). Toxicological
assessment predicted non-carcinogenic and non-
mutagenic properties, indicating a generally favourable
safety profile. Environmental toxicity predictions
suggested low aquatic toxicity. However, potential
hERG inhibition was identified, warranting further
investigation of cardiotoxicity risk. ADVERpred
analysis indicated nephrotoxicity as the most probable
adverse effect (Pa = 0.337; Pi = 0.124), consistent with
reported renal sensitivity associated with certain
glycosylated flavonoids.

4 DISCUSSION

An integrative in-silico systems pharmacology
approach was used in this study to elucidate the
mechanisms by which HSP may reduce DIC. HSP was
selected based on its previously reported anti-

contact timeline heatmap. Furthermore, there was no
indication of complex destabilization or structural
unfolding, and the rGyr stayed compact, varying
between 5.3 and 6.4 A (Figure 6¢; Table 3).

inflammatory, antioxidant, and hepatoprotective
potentials [42]. It was further supported by emerging
data suggesting its function in transporter modulation
and bile-acid regulation. Identification of common
molecular targets relevant to cholestatic
pathophysiology was made possible by an interaction
analysis between HSP-associated targets and DIC-
related genes gathered from established databases and
literature. Using topological settings like node degree
and edge connectivity, Cytoscape was used for
generating a compound-target-pathway network that
made it easier to visualize functional connectivity and
identify important regulatory nodes [25]. MDK and
MD simulations investigated structural compatibility
and binding stability with specific DIC-associated
proteins, while simultaneously assessing drug-likeness,
toxicity prediction, and adverse-effect evaluations
described the compound's safety profile.

Key regulators of bile acid homeostasis, such as
FXR, BSEP, OATP1B1, NTCP, and MRP2-transporters
that collectively control hepatic bile acid flux-were
clearly identified among the 31 overlapping targets [43].
Bile acid buildup, oxidative stress, mitochondrial
dysfunction, and hepatocyte apoptosis are all triggered
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upon their disruption, which is essential to the
pathophysiology of DIC. Hub proteins AKT1, TNF,
IL6, NFE2L2, and STAT3 were also identified in the
PPI network built with STRING, which is consistent
with their known functions in oxidative stress
regulation, inflammatory signaling, and hepatocyte
protection in cholestatic disease [44].

FXR emerged as the principal hub node,
consistent with its role as master regulator of bile acid
homeostasis. FXR activation reduces hepatic bile acid
re-uptake by suppressing de novo bile acid synthesis,
inducing canalicular efflux transporters BSEP and
MRP2, and downregulating NTCP via the FXR-SHP-
CYP7A1 axis. The FDA's approval of obeticholic acid
(OCA) for primary biliary cholangitis highlights the
clinical validation of this pathway [45]. HSP's function
as an FXR activator is further supported by
experimental evidence in HepaRG cells and an ANIT-
induced mouse model, HSP increased fecal bile acid
excretion and decreased hepatic accumulation while
upregulating BSEP, MRP2, and NTCP while inhibiting
synthesis enzymes CYP7A1 and CYP27A1 [17]. Thus,
the FXR-specific structure found in the network
analysis is both computationally and experimentally
consistent with molecular biology.

MDK analysis verified the network predictions,
revealing that HSP has an ideal binding affinity value
that is -9.5 kcal/mol in relation to the FXR ligand-
binding domain. Numerous hydrogen bonds and
hydrophobic interactions with crucial residues Arg331,
Glu334, and GIn263 previously linked to receptor
activation and agonist recognition stabilized this
interaction. This binding profile is in accordance with
an agonistic or inhibitory FXR modulation mechanism
that can increase transcription of downstream
transporter genes [45]. Comparative docking against
ursodeoxycholic acid (UDCA) showed that HSP had
comparable or better binding affinities for both FXR
and OATP1BI1 [46], offering initial structural validation
without suggesting pharmacological equivalency.

OATPIBI (encoded by SLCOIBI) is a sodium-
independent  uptake  transporter  predominantly
expressed on the basolateral membrane of hepatocytes.
It mediates hepatic uptake of bile acids, bilirubin,
steroid conjugates, thyroid hormones, and numerous
drugs, thereby playing a critical role in bile acid
homeostasis and enterohepatic circulation. OATP1B1
efficiently transports conjugated bile acids, with 3-
sulfo-glycolithocholate exhibiting particularly high
affinity, highlighting its importance in hepatic
clearance. Studies using OATP1Bl-overexpressing
HEK?293 cells have confirmed its broad substrate
specificity and  sodium-independent  transport
mechanism [47]. Impaired OATPIB1 function,

resulting from genetic polymorphisms, reduced
expression, or pharmacological inhibition, contributes
to the accumulation of bile acids and conjugated
bilirubin in circulation, a hallmark of cholestatic liver
disease. Histological analyses of patients with primary
biliary and hepatocellular disorders demonstrated an
inverse relationship between OATP1B1 expression and
serum Dbilirubin levels, with the greatest reduction
observed in advanced cholestatic conditions, providing
direct clinical evidence of its pathological significance
[48]. Furthermore, OATPIB1 inhibition, often
accompanied by BSEP suppression, has been identified
as a key mechanistic risk factor for drug-induced
cholestasis and increased severity of drug-induced liver
injury. Consequently, regulatory agencies, including the
FDA and EMA, require in vitro assessment of
OATP1BI inhibition during drug development due to its
critical role in hepatic drug disposition and cholestatic
risk evaluation [49].

According to this known background, the HSP
docking results towards OATP1B1 (PDB ID: 8HNC;
—7.9 kcal/mol) have significant interpretive weight. The
binding process included hydrophobic contacts with
Ser576, Lys41, and Ile353, residues positioned in or
close to the main substrate-binding pocket found in the
2023 cryo-EM studies, as well as hydrogen bonding
with His575, Glul85, Tyr352, and Thr357. Previous
studies used cryo-EM to resolve OATP1B1 in multiple
ligand-bound states, revealing a major substrate-
binding pocket in the C-terminal transmembrane
domain that accommodates bilirubin, estrone-3-sulfate,
and the clinical drug simeprevir [50]. Similarly, another
study identified the substrate-binding site within the C-
terminal half of OATP1BI1, with estrone-3-sulfate
occupying a pocket whose shape and electrostatic
character explain the transporter's preference for a
variety of amphipathic organic anions [51]. Direct
computational verification that HSP interacts with the
functionally significant binding region of OATP1BI is
provided by the overlap between the computed contact
residues of HSP, specifically Tyr352, Vall89, and
Ile353, and those lining the structurally characterized
major pocket. As a class, flavonoids have demonstrated
their ability to modulate OATP1B1. Previous research
also demonstrated that Ginkgo biloba flavonoids
(apigenin, kaempferol, quercetin) competitively
inhibited OATP1BI1-mediated uptake of
sulfobromophthalein and atorvastatin in HEK293-
OATPI1B1 cells [52]. Eight compounds (including
kaempferol, luteolin, and biochanin A) were found to be
significant OATP1B1 inhibitors (>50% inhibition in
OATPIBI-HEK293 cells) in a recent systematic
evaluation of 99 flavonoids. It was also confirmed that
these flavonoids decreased serum total bile acid levels
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and hepatic bosentan concentrations in a bosentan-
induced rat liver injury model, offering in vivo
validation that OATP1B1 modulation by flavonoids
leads to quantifiable hepatoprotective effects [53]. The
polyphenolic flavanone core of HSP shares the
hydrogen bond donor-acceptor profile and hydrophobic
ring system that have been identified as pharmacophoric
determinants of flavonoid—-OATP1B1 interaction in
published  structure—activity relationship (SAR)
analyses, despite the fact that it differs structurally from
these flavonoids (it carries a rhamnoglucose
disaccharide at C-7). Furthermore, IL-6-mediated
STAT3 activation has been demonstrated to
transcriptionally ~ suppress SLCO1B1 during
inflammatory cholestasis, and OATP1B1 activation is
biologically regulated by FXR. Since TNF, and IL-6 are
among the targets of HSP's network pharmacology
profile, it is possible that HSP will restore OATP1BI1
expression through both direct transporter interaction
and inhibition of the cell-mediated transcriptional
suppression that characterizes cholestatic disease states.
HSP is conceptually positioned as a multi-modal
OATP1BI regulator by this dual modulation - direct
structural activation and indirect transcriptional
recovery, a theory that requires experimental validation.

The docking results were validated by MD
simulations run for more than 100 ns. Following initial
equilibration, the HSP-FXR and HSP-OATPIBI
complexes both attained stable RMSD profiles,
indicating that HSP is structurally and energetically in
harmony with the binding cavities of both proteins
under appropriate conditions. Key intermolecular
contacts, such as hydrophobic interactions with Val189
and Tyr352 in OATP1BI1 and hydrogen bonds with
Arg331 and Glu334 in FXR, persist throughout the
simulation courses, which is consistent with the
formation of stable ligand-protein complexes. These
results are typical of polyphenolic ligands, which can
sustain fruitful binding interactions in dynamic protein
environments due to their conformational flexibility
[54]. The docking and MD data together provide a
structural rationale for the hypothesized
pharmacological activity of HSP at hepatic transporter
and nuclear receptor targets.

Network analysis revealed that HSP interacts
with a wider range of targets related to oxidative stress
and inflammatory signalling, including NFE2L2 (Nrf2),
AKTI1, TNF-0, IL-6, and other components of the
MAPK cascade, in addition to bile acid transport. In
DIC, intrahepatic bile acid accumulation sets off a chain
reaction of mitochondrial dysfunction, reactive oxygen
species (ROS) production, and proinflammatory
cytokine amplification that sustains hepatocyte injury
and promotes fibrogenic progression [55]. These

connections have pathophysiological significance. The
master transcriptional regulator of the cellular
antioxidant response is NFE2L2/Nrf2. Glutathione
peroxidase (GPx), superoxide dismutase (SOD), and
heme oxygenase-1 (HO-1) are examples of
cytoprotective enzymes that are expressed when
oxidative stress occurs because Nrf2 translocates to the
nucleus and activates the antioxidant response element
(ARE) [56,57]. According to experimental research,
HSP increases cellular antioxidant defense capacity and
shields hepatocytes from oxidative damage by
activating Nrf2/HO-1 signalling in hepatic cells via the
ERK/Nrf2 pathway [58]. Recent reviews showing the
co-regulatory interaction between FXR and Nrf2 in
suppressing liver inflammatory disease have shown that
this antioxidant axis is complementary to FXR
activation [45,59].

The enrichment of inflammatory signalling
pathways like PI3K-Akt, MAPK, and NF-kB among the
identified targets further supports a multi-target anti-
inflammatory role for HSP in DIC. Significant
decreases in hepatic inflammation have been linked to
the suppression of the NF-kB and MAPK pathways,
particularly p38 and JNK, which are key mediators of
cytokine production in cholestatic liver injury [55,60].
The pharmacology of salvianolic acid B, which
prevented ANIT-induced cholestatic injury through
synergistic regulation of bile acid transporters and
suppression of NF-kB/IkB and MAPK inflammatory
cascades (60), a pattern of multi-target activity
mirroring that proposed here for HSP illustrates this
mechanistic progress. Additionally, the PI3K/Akt
pathway is essential for controlling oxidative stress and
hepatocyte survival, AKT1 activation is linked to
increased expression of antioxidant enzymes and
defense against ROS-induced cell death [61]. According
previous research, HSP-mediated inhibition of caspase-
associated apoptosis in DILI models [62], the
interaction of HSP with AKT1, as shown by network
topology, suggests that its hepatoprotective activity may
partially operate through activation of hepatocyte
survival signalling.

HSP has favourable pharmacological properties,
such as non-mutagenic and non-carcinogenic
behaviour, according to in silico drug-likeness and
toxicity assessments. Despite HSP's violation of some
Lipinski's Rule of Five parameters, which is a common
characteristic of glycosylated flavonoids due to their
higher molecular weight and polar surface area,
pharmacological activity is not always inhibited
because many clinically relevant polyphenolic natural
products share these physicochemical deviations
[20,54]. The anticipated hERG inhibition potential of
HSP, which increases the risk of QT interval
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prolongation and related cardiotoxicity, is a concern that
needs more research. Since computational hERG risk
predictions are known to be sensitive to structural
features like aromatic ring systems that are common to
many flavonoids and do not always predict in vivo
cardiac effects, this in silico signal should be interpreted
cautiously [54]. However, before any claims can be
supported, specific in vitro and in vivo cardiotoxicity
assays will be required.

A major limitation of this study is its exclusively
computational nature. Although the findings are
supported by existing literature, experimental validation
in established cholestasis models, including primary
human hepatocytes, bile duct ligation, and ANIT-
induced rodent models, is required. Mechanistic studies
such as FXR reporter assays, Western blotting, and LC—
MS-based bile acid profiling would further verify the
predicted pharmacological effects. Another limitation is
the poor oral bioavailability of hesperidin, resulting
from low solubility, limited absorption, extensive
metabolism, and efflux mechanisms. Advanced
hepatocyte-targeted delivery systems, including
liposomes, phytosomes, and lipid-based nanoparticles,
may enhance its therapeutic potential and warrant
further investigation [63-65].

5 CONCLUSION

In  conclusion, the current integrative
computational studies support HSP's hepatoprotective
potential in DIC. The substance is speculated to use a
coordinated multi-target pharmacological approach that
includes activation of Nrf2-dependent antioxidant
defenses, suppression of NF-xB/MAPK-driven
inflammatory signaling, modulation of hepatocellular
bile acid transport via OATP1B1, and transcriptional
regulation of bile acid metabolism via FXR. The
complex, systems-level nature of cholestatic liver injury
is reflected in this multi-axis mode of action, where the
entire pathological range cannot be explained by a
single molecular event. HSP is intended as a promising
lead molecule for additional preclinical development
against DIC in liver disease due to its established safety
profile, the structural compatibility and dynamic
stability of HSP interactions with FXR and OATP1B1
as suggested by MDK and MD simulation, and the
availability of its bioavailability limitations through
nanotechnology.
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