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HIGHLIGHTS 
 Garcinia indica Choisy phytoconstituents map onto 101 overlapping targets in clavulanic acid-induced 

cholestasis via network pharmacology 
 Isoxanthochymol demonstrates strongest TNF-α binding (-10.0 kcal/mol); apigenin shows highest FXR 

affinity (-9.1 kcal/mol) among all screened compounds  
 MD simulation confirms thermodynamic stability of apigenin-FXR and morelloflavone-HMGCR complexes 

over 100 ns with persistent catalytic residue contacts 
 G. indica represents a structurally rational, multi-target natural product candidate for the pharmacological 

management of drug-induced cholestasis 
 
Abstract 
Background and Purpose: Drug-induced cholestasis (DIC), a clinically significant subtype of drug-induced liver 
injury (DILI), is characterized by impaired bile acid homeostasis, oxidative stress, and progressive hepatocellular 
damage. Clavulanic acid (CLAV), the primary hepatotoxic component of amoxicillin-clavulanate (AC), disrupts 
farnesoid X receptor (FXR) and NRF2 signalling while regulatory pathway, leading to impaired BSEP-mediated 
bile acid transport, activation of inflammatory signalling, and altered cholesterol metabolism through HMGCR 
dysregulation. Current therapeutic options remain limited in efficacy, creating a need for safer and more effective 
multi-target approaches. Garcinia indica Choisy, a medicinal plant rich in flavonoids and polyisoprenylated 
benzophenones, was investigated for its potential anticholestatic activity. 
Experimental Approach: 69 phytoconstituents of G. indica were screened using ADMET profiling. Network 
pharmacology analysis was performed to identify overlapping targets associated with clavulanic acid-induced 
cholestasis. Four key proteins involved in disease progression FXR, BSEP, TNF-α, and HMGCR-were selected 
for molecular docking studies, followed by 100 ns molecular dynamics simulation to assess complex stability. 
Key Results: 24 compounds satisfied the drug-likeness and safety criteria. The identified 101 overlapping targets 
enriched the pathways related to bile secretion, ABC transporters, cholesterol metabolism, NF-kB signalling, and 
PI3K-Akt signalling. Docking analysis demonstrated strong binding affinities of apigenin toward FXR (-9.1 
kcal/mol), isoxanthochymol toward TNF-α (-10.0 kcal/mol), quercetin toward BSEP (-8.3 kcal/mol), and 
morelloflavone toward HMGCR (-8.3 kcal/mol). Molecular dynamics simulation further supported the stability 
of the lead ligand-protein complexes throughout the simulation period. 
Conclusion and Implications: The study suggests that G. indica phytoconstituents, like apigenin and 
morelloflavone, may have promising multi-target potential against cholestasis caused by clavulanic acid and 
further, need to be validated through experimental investigations. 
Keywords: clavulanic acid-induced cholestasis; Garcinia indica; molecular docking; molecular dynamics; FXR-
bile acid homeostasis; 
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1. Introduction 
Drug-induced liver injury (DILI) is one of 

the main clinical and pharmacological challenge and 
a leading cause of acute liver failure and post-
marketing drug withdrawal worldwide [1, 2]. Drug-
induced cholestasis (DIC) is a subtype of DILI, 
which is characterized by disruption of bile acid 
(BA) synthesis and transport, leading in intrahepatic 
accumulation of toxic BA, resulting in oxidative 
stress, mitochondrial dysfunction, and progressive 
hepatocellular injury [3, 4]. Antimicrobial, 
psychiatric medications, anabolic steroids, anti-
cancer treatments, and non-steroidal anti-
inflammatory drugs (NSAID’s) are some of drugs 
that have been linked to DIC [5]. 

Antimicrobials are one of the major causes 
for DILI, where amoxicillin-clavulanate (AC) is 
implicated as most common cause for DIC, and 
clavulanic acid (CLAV) is considered to be the 
primary hepatotoxic component in this combination 
[6, 7]. AC accounts for 11% of the 24% of 
antimicrobial-related DILI cases in the DILI 
network [8, 9].  Mechanistically, CLAV-induced 
disruption of BA homeostasis is mediated by 
dysregulation of farnesoid X receptor (FXR) and 
nuclear factor erythroid 2-related factor 2 (NRF2) 
signalling [10]. Leading to altered expression of key 
hepatobiliary transporters and BA synthesis 
enzymes, which include bile salt export pump 
(BSEP), sodium taurocholate co-transporting 
polypeptide (NTCP/SLC10A1), multidrug 
resistance protein 2 (MDR2/ABCB4), cholesterol 
7α-hydroxylase (CYP7A1) and sterol 12α-
hydroxylase (CYP8B1) resulting in intrahepatic 
accumulation of toxic BA and triggering 
downstream inflammatory and metabolic responses 
[11]. This accumulation of BA, further amplifies the 
NF-kB-driven tumor necrosis factor-alpha (TNF-α) 
signalling leads to inflammatory and metabolic 
disturbance, leading in altered cholesterol 
biosynthesis by upregulated 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR) which 
exacerbate hepatocellular injury. Collectively, FXR, 
BSEP, TNF-α, and HMGCR form an integrated 
regulatory axis linking BA transport, inflammation 
and metabolic dysregulation, in the progression of 
DIC [12, 13]. 

Current therapies for cholestasis focus on 
enhancing bile flow, reducing BA toxicity, and 
alleviating symptoms. Ursodeoxycholic acid 
(UDCA) remains first-line, with obeticholic acid 
(OCA), an FXR agonist, used in when patient does 
not respond to UDCA cases, along with 
symptomatic agents such as cholestyramine and 
rifampicin. However, due to limited efficacy and 
adverse effects which includes pruritus, 
gastrointestinal disturbances, and metabolic 
complications underscore the need for safer, multi-
target therapeutic strategies [14, 15]. 

In this context, medicinal plants have been 
emerged as alternative due to their phytochemical 
diversity and traditional use which may provide a 
multi-target hepatoprotection. [16, 17]. Garcinia 
indica (G. indica) Choisy (kokum; Clusiaceae) has 
drawn interest as a possible medicinal option. 
Because of its rich phytochemical profile, which 
includes flavonoids, phenolics, and anthocyanins, 
garcinol, hydroxycitric acid, and cyanidin 
derivatives are some of its important components 
with antioxidant, anti-inflammatory, 
hepatoprotective, and metabolic regulating 
properties [18-20]. Traditionally it has been utilized 
as a cholagogic and choleretic, suggesting possible 
importance in cholestatic liver disease [21]. Despite 
its long-standing traditional use and reported 
hepatoprotective properties, the molecular 
mechanisms underlying the therapeutic effects of 
Garcinia indica in DIC remain poorly understood. 
To bridge this knowledge gap, network 
pharmacology is employed to elucidate the complex 
interactions between bioactive phytoconstituents, 
molecular targets, and disease-associated signaling 
pathways. Therefore, the present study employed an 
integrated in silico strategy comprising network 
pharmacology, molecular docking, molecular 
dynamics simulations, and LC–MS-based 
phytochemical validation to investigate the 
therapeutic potential and mechanistic basis of 
Garcinia indica against drug-induced cholestasis. 
[22, 23]. 
 
2. Materials and methodology 
2.1.Computational Pharmacology 
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2.1.1. Mining of Bioactive Constituents and 
their Information: 
 

Bioactive compounds of G. indica were 
compiled from published literature and databases, 
including Dr. Duke’s Phytochemical Database 
(https://phytochem.nal.usda.gov/phytochem/search/
list; accessed on 18-09-2025),[24] PCIDB 
(http://www.genome.jp/db/pcidb; accessed on 18-
09-2025), Chemical Entities of Biological Interest 
(ChEBI) (http://www.ebi.ac.uk/chebi/; accessed on 
18-09-2025) [24],  and other public repositories. 
Chemical information was retrieved from the 
PubChem database 
(https://pubchem.ncbi.nlm.nih.gov/; accessed on 
18-09-2025) [25]. 

  
2.1.2. In-silico  Druggability Screening and 

Pharmacokinetic (ADMET) Profiling: 
Drug-likeness of the identified 

phytocompounds was evaluated using Molsoft 
(http://molsoft.com/mprop/; accessed on 19-09-
2025) [25], while ADMET properties were 
predicted using the pkCSM web server 
(https://biosig.lab.uq.edu.au/pkcsm/; accessed on 
20-09-2025) [26].  

 
2.1.3. In-silico  Druggability Screening and 

Pharmacokinetic (ADMET) Profiling: 
Potential adverse effects of the retrieved 

phytoconstituents were predicted based on structural 
similarity to reference compounds using the 
ADVERPred web server 
(http://www.way2drug.com/adverpred/; accessed 
on 21-09-2025) [25]. Predicted outcomes were 
expressed as probability of activity (Pa) and 
probability of inactivity (Pi). 
2.1.4. Target Identification for phytocompounds 

Target of phytocompounds were retrieved 
from bindingDB 
(https://www.bindingdb.org/bind/index.jsp; 
accessed on 22-09-2025) with a similarity threshold 
of ≥0.5 [27]. Along with the Comparative 
Toxicogenomics Database (CTD) 
(https://ctdbase.org/; accessed on 23-09-2025). 
SwissTargetPrediction 
(http://www.swisstargetprediction.ch/; accessed on 
23-09-2025) [28].  
2.1.5.  Target Identification of DIC:  

Targets associated with Clavulanic acid 
were compiled from CTD (https://ctdbase.org/; 
accessed on 24 September 2025) and Way2Drug 
(PASS Online; 
http://www.way2drug.com/passonline/; accessed on 
24 September 2025) [24,25]. Whereas, genes related 
to drug-induced cholestasis were retrieved from 
GeneCards (https://www.genecards.org/; accessed 
on 24 September 2025) using the keyword “drug-
induced cholestasis”, with the search restricted to 
Homo sapiens and filtered using a relevance score 

threshold (≥30) to ensure high-confidence 
associations [27,29]. All gene lists were 
standardized to official gene symbols, consolidated, 
and screened to remove duplicate entries. The 
curated datasets were then comparatively analysed 
using Venny 2.1 
(https://bioinfogp.cnb.csic.es/tools/venny/ ) to 
identify genes common to both datasets. 

The resulting gene set was considered to 
represent CLAV-induced cholestasis (CLAV-IC) 
relevant targets, reflecting molecular components 
that are both associated with CLAV and implicated 
in DIC pathology. The final dataset was organized 
using Microsoft Excel and Venny 2.1 and 
subsequently used for comparative analysis with the 
predicted targets of G.indica phytoconstituents. 
These targets were subsequently used for 
downstream network and pathway analysis.  

 
2.1.6. Gene Set Enrichment Analysis. 

Functional enrichment analysis of the 
shared target genes was performed using the 
STRING database (version 12.0; https://string-
db.org/; accessed on 25 September 2025), restricted 
to Homo sapiens [27]. Pathway enrichment analysis 
was subsequently conducted using the KEGG 
database (https://www.kegg.jp/kegg/pathway.html; 
accessed on 25 September 2025), applying a false 
discovery rate (FDR) threshold of ≤0.05 after 
multiple testing correction [30]. Significantly 
enriched pathways were used to construct 
downstream interaction networks.  

 
2.1.7.  Network Construction. 

A compound-target-pathway interaction 
network was constructed by importing the 
intersecting G.indica-CLAV-IC targets and 
enriched pathways into Cytoscape software (version 
3.7.2) [31]. In this network, nodes represent 
bioactive compounds, protein targets, and enriched 
pathways, while edges denote their interactions. 
Topological parameters, including node degree, 
were analyzed using the Network Analyzer plugin. 
The network was visualized using a circular layout 
for clarity [32].  

 
2.2.  Molecular Docking Studies 
2.2.1 Ligand preparation 

Based on network pharmacology analysis, 
four key targets-NR1H4 (FXR), ABCB11 (BSEP), 
HMGCR, and TNF were selected for molecular 
docking studies. Selected G.indica phytochemicals 
and corresponding standard reference drugs were 
used as ligands. The three-dimensional structures of 
the phytocompounds were retrieved in SDF format 
from PubChem (https://pubchem.ncbi.nlm.nih.gov/; 
accessed on 16 October 2025) and converted to PDB 
format using BIOVIA Discovery Studio Visualizer 
(2019) [29].  
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2.2.2. Protein preparation  
Protein structures of FXR (PDB ID: 

1OSH), BSEP (PDB ID: 7DV5), HMGCR (PDB ID: 
3CDA), and TNF (PDB ID: 2AZ5) were obtained 
from the RCSB Protein Data Bank 
(https://www.rcsb.org/; accessed on 16 October 
2025) [27]. The proteins were subsequently 
prepared using BIOVIA Discovery Studio 
Visualizer (2019) followed by conversion to PDB 
format. 

 
2.2.3. Protein-ligand docking 

Molecular Docking analysis of FXR, 
BSEP, HMGCR and TNF was carried out using 
PyRx. 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 center for BSEP(7DV5) 
the box dimensions were 82.236 × 157.8155 × 
101.3161 Å, and the grid center were set up at X = 
92.648, Y = 122.182, and Z = 99.0542, for 
TNF(2AZ5) grid centre were X = 13.6879, Y = 
71.6059, and Z = 27.0007 the box dimensions were 
71.6928 × 67.4813 × 71.3257 Å, similarly FXR 
(1OSH) was set at X =5.5883, Y = 19.7239, and Z = 
43.7500 and its dimensions were 37.2629 × 49.6265 
× 56.9602 Å. And for HMGCR(3CDA) grid centre 
were X = 6.3245, Y = 5.7167, and Z = 5.8150 the 
box dimensions were 78.7689 × 65.7834 × 67.6 Å. 
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 [33, 34]. 
Discovery Studio Visualizer 2019 was used to 
further evaluate and show protein-ligand 
interactions, including hydrophobic contacts and 
hydrogen bonding [27]. 

 
2.2.4. Assessment of active site  

Active-site residues of the target proteins 
were identified using The PrankWeb server 
(https://prankweb.cz/  Retrieved on October 16, 
2025) [27]. Which predicts probable binding 
pockets and druggable regions within protein 
structures to characterize potential ligand-binding 
sites. 
 
2.2.5. Molecular dynamics  

Schrodinger Desmond software was used 
for a 100 ns molecular dynamics (MD) simulation 
of the protein/ligand complex (systems) was carried 
out to determine the stability of the complex 
generated. The systems were solved using the 
Simple Point Charge model of water under the 
periodic boundary condition in a cubic box with side 
lengths of 10 Å × 10 Å × 10 Å. A counterion solution 
containing Na+ and Cl-was added to neutralize the 
systems. Water was confined to its geometry and the 

bond lengths and bond angles of the heavier atoms 
were preserved using the SHAKE algorithm. 
Additionally, the Particle Mesh Ewald method was 
applied to long-range interactions (beyond 9.0 Å) 
intended for Coulomb forces. A cutoff of 10 Å was 
used to calculate the Lennard-Jones forces. The 
Nosé-Hoover chain thermostat and the Martyna-
Tobias-Klein barostat with relaxation times of 1.0 ps 
and 2.0 ps, respectively, were used to produce the 
100 ns trajectory at constant temperature and 
pressure (300 K, 1.01325 bar) after the systems had 
been minimized and equilibrated in accordance with 
their respective Desmond default protocols. For 
short-range interactions, Coulomb forces were 
calculated over 9.0 Å. RMSD, RMSF, and radius of 
gyration (rGyr) were computed for each residue at 
the conclusion of the manufacturing run. 
Additionally, the protein/ligand interactions were 
tracked over the course of the 100 ns simulation to 
evaluate any stability of the intermolecular 
connections [27]. 
3. RESULTS 
3.1. Integrated Phytochemical Screening: Drug-

Likeness, ADMET (HIA), and Toxicity 
Evaluation: 

69 phytoconstituents of G.indica were 
retrieved and were subjected for computational 
screening procedure. Drug-likeness score was 
assessed (DLS) using Molsoft, with DLS threshold 
of > 0.35. Polyprenylated benzophenones showed 
highest DLS, where guttiferone I and oblongifolin C 
with DLS of (1.25) each, followed by xanthochymol 
(1.18) and guttiferone K (1.15). In contrast, 
flavonoids exhibited moderate DLS, comprising of 
quercetin (0.52), kaempferol (0.50), apigenin (0.39) 
and luteolin (0.38). Further, compounds with ≥50% 
HIA were retrieved, apigenin (93.25%), isogarcinol 
(94.28%), isoxanthochymol (94.28%), quercetin 
(77.21%), and kaempferol (74.29%) were notable 
examples that demonstrated their potential for 
systemic bioavailability. Additionally, 
phytocompounds with Pa of <0.65 for cardiotoxicity, 
hepatotoxicity, and nephrotoxicity were excluded. 
Following this toxicity filtering, 24 compounds 
passed the criteria and were selected for further 
analysis (Supplementary S1). 
3.1.1 Retrieving phytocompounds and their 
intended protein targets 
The 24 phytocompounds were identified and their 
targets were retrived, with quercetin, apigenin, 
garcinol, isgarcinol showing the strongest protein-
regulatory potential. Most of the other constituents 
predominantly targeted BCL2, TNF, IL6, NR1H4 
and ABCB11 (Supplementary Table S 2). 
3.1.2 Retrieving of CLAV-modulated protein 
targets 
CLAV-IC is closely associated with disruption in 
FXR and NRF2 signalling and inflammatory 
process. To understand the molecular basis of these 
effects, a total of potential protein targets related to 
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CLAV-IC were identified. (Supplementary Table 
S3). 
3.2. Gene Set Enrichment Analysis: 
STRING based functional enrichment analysis of 
101 common G.indica-CLAV-IC genes enriched 
with 179 pathways, among them 15 relevant to 
CLAV-IC pathways were selected for further 
investigation (Fig 1) .Key pathways include bile 
secretion, cholesterol metabolism, ABC 
transporters, and signalling cascades such as PI3K-
Akt, MAPK, and NF-kB, along with processes 
related to apoptosis and oxidative stress, all of 
which are related to the pathogenesis of cholestatic 
liver injury (Supplementary table 4). Key 
regulators of BA homeostasis-including FXR, 
BSEP, OATP1B1, MRP2, CYP7A1, and HMGCR, 
were prominently enriched in bile secretion, ABC 
transporters and cholesterol metabolism pathways. 
The enrichment of pro-inflammatory mediators 
TNF, IL6, MAPK1, NFKB1, mTOR, antioxidant 
regulators PPARG, PARP1, AKT1, and cell cycle-
associated proteins highlight the interaction 
between inflammatory, metabolic, and survival 
pathways. All of these finding suggest a multi-
target mechanism that underlies anticholestatic 

potential of G. indica phytoconstituents against 
CLAV-Induced Cholestasis. 

 
Fig 1.  a. Venny representation common genes of 
CLAV-IC and Phytoconstituents b. Protein-protien 
interaction network showing molecular targets of 
selected phytoconstituents. 
3.3. Compound-Target-Pathway Network Analysis 

of G. indica Phytoconstituents 
Key hub proteins, such as BCL2, TNF, 

AKT1, TP53, IL6, NFKB1, MAPK1, STAT3, and 
CASP3, were identified in a compound-target-
pathway network built with Cytoscape (Fig 2), 
emphasizing their functions in inflammation, 
hepatocellular stress, and cholestatic damage. 
Polyphenols such as garcinol, gambogic acid, 
xanthochymol, and guttiferone derivatives, as well 
as major flavonoids including quercetin, 
kaempferol, luteolin, apigenin, naringenin, 
hesperetin, and morelloflavone, demonstrated wide 
target interactions, indicating multitarget 
hepatoprotective potential. Pathways linked to bile 
secretion, cholesterol metabolism, NF-kB, PI3K-
Akt, MAPK, JAK-STAT, AMPK, and PPAR 
signalling were found by enrichment analysis. These 

findings suggest that BA imbalance, inflammation, 
oxidative stress, apoptosis, and immune-mediated 
liver injury are all coordinated.   
Fig 2:  Network representation of G.indica 
phytocompounds with their probable protein 
molecules involved in drug-induced cholestasis. 
3.4. Molecular docking. 
Molecular docking of , TNF, BSEP and HMGCR 
was carried out with respected interacted 
phytoconstituent such as quercetin, epicatechin, 
apigenin, isoxanthochymol. Their binding energies 
and interaction are summerized in Table 1.  
3.4.1. Active site assessment 
The PrankWeb server was used to assess the active-
site residues of the target proteins. Key residues for 
BSEP (7DV5) included Gln813, Gln816, Phe820, 
Thr769, Ala1030, and Ala1036. In TNF (2AZ5), 
residues such as Tyr151, Leu55, Leu57, Tyr59, and 
Ile119 were involved across different chains. For 
FXR (1OSH), the binding pocket comprised 
His298, Leu291, Ala295, Met332, Ser336, and 
Trp473. Similarly, active-site residues of HMGCR 
(3CDA) included Lys692, Asp690, Arg590, 
Ser684, Met655, and Gly807. 
3.4.2. Docking of BSEP(7DV5) 
Quercetin (-8.3 kcal/mol) and epicatechin (-8.0 
kcal/mol) demonstrated favorable binding for 
BSEP (ABCB11; PDB ID: 7DV5), a crucial BA 
efflux transporter. They engaged residues like 
Gln813, Gln816, Phe820, and Ala103 through 
hydrogen bonding and hydrophobic interactions 
involving Asn765, Thr769, and Gly87. Catechin 
exhibited moderate stabilizing interactions and a 
relatively lower affinity (-7.3 kcal/mol). 
3.4.3. Docking of TNF(2AZ5) 
Isoxanthochymol demonstrated the highest binding 
affinity (-10 kcal/mol) for TNF (PDB ID: 2AZ5), a 
key mediator of inflammation in cholestatic 
damage, mostly through hydrophobic interactions 
with residues like Leu57, Tyr59, and Tyr119. 
Stable binding was also demonstrated by 
isogarcinol (-9.3 kcal/mol) and luteolin (-8.9 
kcal/mol), which involved hydrophobic 
interactions and hydrogen bonding with Tyr151 
and Arg82. 
3.4.4. Docking of FXR (1OSH) 
Apigenin (-9.1 kcal/mol), quercetin (-9.0 
kcal/mol), and kaempferol (-8.9 kcal/mol) were 
docked with FXR, a crucial regulator of BA 
homeostasis. These substances demonstrated 
persistent interactions within the ligand-binding 
domain, such as hydrogen bonds with residues like 
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His298, Ser336/337, and hydrophobic contacts 
with Leu291, Ala295, Met332, and Trp473/474. 
 

 
Fig 3: Molecular docking interactions of apigenin 
with FXR (1OSH). (a) 2D ligand interaction 
diagram illustrating the types and patterns of 
interactions within the binding site. (b)  3D binding 
pose of apigenin within the catalytic pocket. (c) 
Ribbon representation showing apigenin (pink 
sphere) docked within the catalytic binding pocket 
of FXR. 
 
3.4.5. Docking of HMGCR(3CDA) 
Quercetin (-8.5 kcal/mol) and morelloflavone (-8.3 
kcal/mol) showed persistent binding inside the 
active site of HMGCR (PDB ID: 3CDA), an 
important enzyme in cholesterol metabolism and 
BA precursor production. In addition to 
hydrophobic contacts including Glu559 and 
Leu853, interactions included hydrogen bonding 
with residues like Asp690, Lys692, Asn686, 
Ser684, Asn658, and Asn810. 

 

 
Fig 4:  Molecular docking interactions of 
Morelloflavone with HMGCR (3CDA). (a) 2D 
ligand interaction diagram illustrating the types and 
patterns of interactions within the binding site. (b) 
3D binding pose of morelloflavone within the 
catalytic pocket. (c) Ribbon representation 
showing morelloflavone (pink sphere) docked 
within the catalytic binding pocket of HMGCR. 
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Ser 
B:565 , 
Cys 
B:561,
Ala 
B:751 

 
Table 1: Binding affinity and molecular interactions 
of phytocompounds with selected target proteins. 
 
 
3.5. Molecular Dynamic  
3.5.1. Apigenin - 1OSH: 
Molecular dynamics simulation of the apigenin-
1OSH complex over 100 ns demonstrated stable 
binding throughout the trajectory. The protein 
backbone RMSD equilibrated within the first 10 ns 
and stabilized between 1.6-2.0 Å, with a 
conformational transition at ~40 ns settling to a lower 
stable state, indicating induced-fit accommodation of 
apigenin. Ligand RMSD similarly stabilized after 40 
ns (~0.8-1.8 Å), the protein RMSF analysis showed 
most residues fluctuating below 1.5 Å, with 
flexibility confined to solvent-exposed loops, while 
active-site residues remained rigid. Ligand RMSF 
confirmed apigenin's core flavone scaffold retained 
structural integrity throughout simulation. 
Additionally, the radius of gyration (rGyr) profile 
remained nearly constant throughout the simulation 
(~3.84-4.0 Å), indicating maintenance of compact 
protein folding and absence of significant unfolding 
events. Contact analysis identified Tyr383 (0.59) 
And Phe298 (0.55) as dominant interacting residues, 
maintaining persistent hydrophobic and π-stacking 
contacts, while Asn471 and Ser369 contributed 
hydrogen bonding. A consistent 4-8 simultaneous 
contacts were maintained across the entire trajectory, 
reflecting thermodynamic stability.  
 

 
Fig 5:  MD trajectories for a 100 ns simulation of 
Apigenin in combination with FXR (1OSH) (a) 
RMSD, (b) RMSF, (c) rGyr, and (d, e, f) Ligand-
protein contracts based on residues. 
 
3.5.2. HMGCR-Morelloflavone 
To assess structural stability and interaction 
persistence, a 100 ns molecular dynamics simulation 
of the morelloflavone-HMG-CoA reductase (3CDA) 
complex was carried out. Throughout the simulation, 
the protein backbone RMSD showed mild variations 
between ~2.5-5.5 Å after initially equilibrating 

within ~10 ns. Interestingly, brief variations between 
20-30 ns and 75-90 ns were noted, suggesting 
conformational rearrangements without total 
destabilisation. Despite short variations at 50-60 ns, 
the ligand RMSD was relatively lower (~1.5-3.5 Å) 
for the most of the journey, indicating steady 
accommodation inside the binding pocket. With the 
exception of a small peak close to atom ~46, the fit-
on-ligand profile remained below 0.5 Å, indicating 
modest internal flexibility. Ligand RMSF analysis 
revealed minimal atomic variations (~0.3-2.2 Å). 
While active site residues remained stable (<2 Å), 
protein RMSF showed predicted flexibility in loop 
areas (~80-100, ~150, ~200, ~250, and ~320 
residues), suggesting the preservation of catalytic 
domain integrity. Key residues, such as Met 658/659, 
Gln 765, Asp 767, and Glu 806-808, were discovered 
using interaction analysis. Met 658/659 showed the 
largest interaction percentage (~2.3), mainly by 
hydrophobic interactions, while hydrogen bonding 
was mostly seen with Glu 765, Glu 807, and Thr 808. 
Ligand stabilisation within the binding pocket was 
further aided by additional water-bridged 
interactions. Protein compactness was maintained 
throughout the simulation, as seen by the rGyr, 
which stayed constant (~4.45-4.70 Å). Key residues 
including Met657, Asn658, and Gln766 greatly 
contributed to interaction stability, and interaction 
analysis revealed dominating hydrogen bonding and 
hydrophobic interactions. Sustained ligand binding 
was supported by persistent contacts that were seen 
throughout the trajectory, with total interaction 
counts varying between about 6 and 14. 
 
Fig 6:  MD trajectories for a 100 ns simulation of 
Morelloflavone in combination with HMGCR 
(3CDA) (a) RMSD, (b) RMSF, (c) rGyr, and (d, e, f) 

Ligand-protein contracts based on residues. 
4. Discussion 

The current study demonstrated Garcinia 
indica phytoconstituents may exert anticholestatic 
effects through coordinated multi-target regulation 
against clavulanic acid-induced Cholestasis. Among 
69 screened compounds, flavonoids such as 
apigenin, quercetin, kaempferol and polyprenylated 
benzophenones, including garcinol, 
isoxanthochymol, isogarcinol showed favorable 
ADMET profiles and strong binding across key 
regulators such as BSEP, TNF, FXR and HMGCR. 
In the case of CLAV-induced Cholestasis, where a 
single mechanism-FXR inhibition-simultaneously 
impairs BA synthesis, transport and inflammatory 
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homeostasis, considering the significance of this 
multi-target engagement, this phytotherapy may 
offer a promising and rational therapeutic strategy 
against cholestasis [10, 11]. 

The pharmacokinetic profile of G.indica 
phytoconstituents was determined, using a pipeline 
employed by Mallapur et al(2025) and  Patil et 
al.(2020) where a systematic screening of 
phytoconstituents was carried out using Molsoft, 
pkCSM, and ADVERPred, where 24 out of 69 
compounds  met ADMET requirements [29,32]. 
These compounds adhered to Lipinski's Rule of Five 
and demonstrated significant human intestinal 
absorption (HIA). polyprenylated benzophenones 
garcinol, isogarcinol, and isoxanthochymol showed 
high DLS and HIA , probably due to their complex 
structure and lipophilicity, which is in-consistent 
with Baliga et al. (2011) and Beerwala et al. (2024, 
2025) [18,24,25]. Flavonoids such as apigenin and 
quercetin also demonstrated appreciable HIA, 
aligning with Hollmann and katan (1999) and 
Manach et al (2005) [35, 36]. The therapeutic 
relevance of these phytoconstituents is further 
supported by Shou et al. (2020), who noted that 
favorable ADME characteristics found through in 
silico screening tend to correlate with improved oral 
bioavailability and translational potential [37].  

101 overlapping targets between CLAV-
induced cholestasis genes and G. indica 
phytoconstituents were retrieved and were subjected 
for KEGG pathway enrichment analysis. The 
disruption of bile acid transport and hepatic 
metabolic homeostasis as key events in CLAV-
induced cholestasis is highlighted by the enrichment 
of bile secretion and ABC transporter pathways. The 
results of Petrov et al. (2021) who showed that 
clavulanic acid impairs FXR signaling and disrupts 
bile acid regulatory mechanisms, validate these 
observations [11]. Furthermore, the involvement of 
inflammatory pathways is consistent with earlier 
findings that toxic bile acid accumulation can trigger 
hepatocyte inflammatory and apoptotic responses. 
While Faubion et al. (1999) found that toxic bile 
acid species can directly induce Fas-mediated 
hepatocyte apoptosis independent of receptor-
mediated pathways, Saga et al. (2018) showed that 
secondary unconjugated bile acids promote hepatic 
stellate cell activation through inflammatory 
mediators [13,38]. TNF, AKT1, NFKB1, IL6, and 
STAT3 were among the hub proteins that were 
found to be important regulators in the network of 
compound-target interactions. This further supports 
the interdependence of inflammatory, metabolic, 
and transport pathways in CLAV-IC. Significantly, 
the enrichment of HMGCR, ABCB11, and NR1H4 
in these hub clusters supports the selection of these 
targets during the molecular docking stage. The 
findings of Xu et al. (2025), who showed that TNF-
α-mediated activation of SREBP2 contributes to 
cholesterol biosynthesis and HMGCR dysregulation 

under cholestatic conditions, further support this 
observation by establishing a connection between 
altered cholesterol metabolism and inflammatory 
signalling [12]. The network also identified a 
number of significant phytoconstituents as 
significant multi-target regulators, such as apigenin, 
kaempferol, quercetin, luteolin, garcinol, 
isogarcinol, and isoxanthochymol. Their interaction 
with proteins involved in inflammatory signaling, 
cholesterol regulation, and bile transport indicates 
that G. indica may have anticholestatic effects by 
simultaneously modulating several interrelated 
pathways as opposed to a single target mechanism. 

BSEP is the principal canalicular 
transporter involved in bile acid efflux and is 
considered a key determinant of bile salt-dependent 
bile flow. According to earlier research by Petrov et 
al., (2021) clavulanic acid inhibits BSEP expression, 
which causes intracellular bile acid buildup and 
subsequent hepatic damage [11]. Quercetin showed 
the highest binding affinity for BSEP in the current 
study (-8.3 kcal/mol), interacting through 
hydrophobic and hydrogen bonding interactions 
with important active-site residues Gln813, Phe820, 
Asn765, and Thr769. Additionally, epicatechin and 
catechin showed favorable binding in the same 
active pocket. Quercetin's interaction profile closely 
matches the pharmacophoric model outlined by Jain 
et al. (2017), indicating a potential transporter-
restorative mechanism instead of to an inhibitory 
one [39]. The overlapping active-site interactions 
observed for quercetin suggest a potential 
competitive transporter-restorative mechanism, 
which is further supported by the in vivo 
hepatoprotective  findings reported by Kabirifar et 
al., (2017) and the mechanism reported by Wang et 
al., (2024) where wedelolactone restored BSEP 
activity through modulation of the FXR-BA-NF-
kB/NRF2 axis [40,41]. When BSEP function is 
disrupted, intracellular bile acid builds up and can 
cause hepatocellular damage and inflammation by 
activating the TNF-α and NF-kB signaling pathways 
[45, 46]. In the current investigation, 
isoxanthochymol interacted with important trimer 
interface residues Leu57, Tyr59, and Tyr119 and 
showed the highest binding affinity toward TNF-α 
(-10.0 kcal/mol). This binding pattern is in line with 
the mechanism that He et al. described, in which 
receptor activation is attenuated by small molecules 
interfering with TNF trimer assembly. In line with 
the docking results published by Halder et al. and 
Agnihotri et al., isogarcinol and luteolin also 
demonstrated stable interactions at the same 
interface [44, 45]. Additionally, Chantree et al. 
(2023) demonstrated that garcinol, a structurally 
related congener, suppresses NF-kB activation and 
TNF-α production in macrophages, further 
supporting the anti-inflammatory potential of G. 
indica phytoconstituents [46]. Suggesting that 
isoxanthochymol may attenuate TNF-α and reduce 
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inflammation. Collectively, these findings suggest a 
mechanistic cascade in which CLAV-induced BSEP 
dysfunction drives BA accumulation, subsequently 
triggering TNF-mediated inflammatory responses 
that can be restored by G.indica phytocompounds. 

FXR is a key nuclear receptor that 
functions through the FXR-SHP-CYP7A1 
regulatory pathway to maintain bile acid 
homeostasis. According to Petrov et al., clavulanic 
acid exposure inhibits FXR signaling, which causes 
hepatotoxicity and bile acid buildup [11]. In our 
study apigenin, quercetin and kaempferol, had 
showed highest binding affinity to FXR. It 
interacted with important residues (His298, 
Ser336/337, Leu291, Ala295, and Met332), the 
conserved interactions with helix H3 residues 
Ala295 and His298 are significant as they align with 
the FXR activation mechanism as reported by Yan 
et al [47] .Zheng et al. (2021) found that apigenin-
mediated FXR activation reduced cholestatic liver 
injury in vivo, which further supports these findings 
[48]. Similarly, Xi et al. (2023) showed that by 
activating the FXR-SHP-CYP7A1 pathway, ligands 
that target these binding regions increase 
downstream BSEP and SHP expression [49].  

HMGCR, the rate-limiting enzyme of the 
mevalonate pathway, becomes dysregulated during 
bile acid-mediated inflammation associated with 
CLAV-induced disruption of FXR and BSEP 
signalling [11, 12, 50]. This alteration contributes to 
increased hepatic cholesterol accumulation and may 
further aggravate cholestatic injury through 
enhanced bile acid synthesis. In the present study, 
quercetin and morelloflavone demonstrated the 
highest binding affinity toward HMGCR, with 
docking scores of -8.5 and -8.3 kcal/mol, 
respectively. Quercetin formed stable interactions 
with catalytic residues Asp690, Lys692, Asn686, 
and Ser684, while morelloflavone interacted with 
Asn658 and Met655/657. These interactions overlap 
with the substrate-binding region characterised by 
Istvan and Deisenhofer (2001) and are consistent 
with the binding profiles reported by Son et al. 
(2013) [52, 53]. The findings are further supported 
by Tuansulong et al.,(2011) who identified 
morelloflavone as an HMGCR inhibitor, and by 
Riyad et al.,(2023) who demonstrated the 
cholesterol-lowering effects of quercetin in vivo [54, 
55].  

The 100 ns molecular dynamics simulation 
demonstrated that the apigenin-FXR complex 
remained structurally stable throughout the 
trajectory. Following an initial equilibration phase 
within the first 10 ns, the protein backbone RMSD 
stabilized between 1.6-2.0 Å, while ligand RMSD 
converged after ~40 ns, indicating stable 
accommodation of apigenin within the FXR binding 
cavity. These observations are consistent with the 
holo-FXR simulations reported by Costantino et al., 
(2005) where ligand binding reduced 

conformational fluctuations and stabilized receptor 
dynamics [55]. A steady radius of gyration (~3.84-
4.00 Å) indicates that structural compactness was 
preserved. Key residues such as Phe298, Tyr383, 
Leu301, Thr302, Met304, His308, Asn471, and 
Trp483 drove sustained binding, with His460 
exhibiting the highest interaction persistence. Six to 
eight interactions, mostly hydrophobic, π-π, and 
water-mediated contacts, were preserved on 
average. The frequency of histidine-mediated 
interactions is consistent with both natural FXR 
agonists like fargesone A.[56] similarly, other 
QSAR/MD studies emphasizing their function in 
FXR agonism and stability demonstrated by Yan et 
al.(2024) and Kumari et al., (2021) [48, 58]. All of 
these results point to a stable, functionally 
significant apigenin-FXR complex that may exhibit 
agonistic behavior. On other hand, in accordance 
with Son et al, morelloflavone-HMGCR complex 
displayed more protein backbone variations (RMSD 
~2.5-5.5 Å), indicating loop flexibility and an 
induced-fit binding mechanism [51]. The stability of 
the rGyr (~4.45-4.70 Å) indicates that the structural 
integrity was maintained. With predominant 
hydrophobic interactions at MET residues, key 
residues (Met657-659, Asn658, Gln765/766, 
Asp767, Glu806-808) contributed to binding as 
demonstrated by Azmi et al (2026). The complex 
was further stabilized by water-mediated 
interactions and persistent hydrogen bonding (6-14). 
Interestingly, interactions with catalytic residues 
Asp767 and Glu806/807 indicate direct enzymatic 
inhibition, which is in line with previous reports of 
morelloflavone as a competitive HMGCR inhibitor 
and crystallographic evidence [55, 56]. Collectively, 
these findings suggest that morelloflavone may 
modulate cholesterol production under cholestatic 
conditions. Together, these simulation results 
suggest that both flavonoids and polyprenylated 
benzophenones from G. indica maintain stable and 
conformationally favorable interactions with 
cholestasis-relevant targets under physiological 
conditions, providing a mechanistic foundation. 

Collectively, these results suggest that 
several mechanistic pathways involved in clavulanic 
acid-induced cholestasis may be concurrently 
modulated by phytoconstituents of Garcinia indica, 
specifically apigenin, quercetin, isoxanthochymol, 
and morelloflavone. Restoring FXR-mediated 
transcriptional regulation, enhancing BSEP-
dependent bile acid efflux, suppressing TNF-α-
driven inflammatory signaling, and inhibiting 
HMGCR-associated cholesterol dysregulation are 
some of their possible actions. According to 
Hasegawa et al. (2021) and Krupa et al. (2026), such 
coordinated multi-target activity emphasizes the 
therapeutic relevance of polypharmacological 
natural products in complex disorders like CLAV-
IC, where currently available therapies like UDCA 
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and OCA remain limited by variable efficacy and 
tolerability for their anticholestatic activity [14,15].  

However, certain limitations of the present 
study should be acknowledged. First, the findings 
are based entirely on computational analyses, and 
therefore the predicted binding affinities and 
interaction profiles require further experimental 
validation through in vitro enzyme inhibition assays, 
hepatocyte-based bile acid transport studies, and 
suitable in vivo cholestatic models. Second, 
although molecular docking using AutoDock Vina 
provides valuable insights into ligand-protein 
interactions, it cannot fully account for dynamic 
protein flexibility, solvent effects, or the entropic 
contribution to binding under physiological 
conditions, which may influence the actual binding 
behaviour of the compounds. In addition, species-
specific differences in bile acid metabolism and 
FXR sensitivity between murine models and 
humans may affect the translational relevance of the 
findings. Future studies should therefore focus on 
validating FXR activation and restoration of BSEP 
function by the lead phytoconstituents, followed by 
mechanistic evaluation in experimental models of 
clavulanic acid-induced cholestasis. 
5. Conclusion: 
Clavulanic acid-induced cholestasis is a complex 
form of drug-induced liver injury involving 
disturbances in bile acid regulation, inflammatory 
signalling, and cholesterol metabolism. In the 
present study, an integrated computational approach 
combining ADMET screening, network 
pharmacology, molecular docking, and molecular 
dynamics simulation was employed to evaluate the 
therapeutic potential of Garcinia indica 
phytoconstituents against these interconnected 
mechanisms. 
Among the screened compounds, apigenin and 
morelloflavone emerged as the most promising 
candidates. Apigenin showed stable interaction 
within the FXR ligand-binding domain, and 
molecular dynamics analysis further supported its 
ability to maintain a stable agonistic conformation, 
suggesting a possible role in restoring the FXR-
SHP-CYP7A1 pathway and bile acid homeostasis. 
Morelloflavone demonstrated favourable binding 
toward HMGCR and maintained stable interactions 
with key catalytic residues throughout the 
simulation, indicating its potential involvement in 
regulating cholesterol imbalance associated with 
cholestatic injury. 
Overall, the findings suggest that apigenin and 
morelloflavone may serve as promising multi-target 
phytoconstituents against clavulanic acid-induced 
cholestasis. Nevertheless, further experimental 
validation through in vitro and in vivo studies is 
required to confirm their therapeutic potential. 
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