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Abstract

Context: In-stent restenosis (ISR) remains a major complication following percutaneous coronary intervention. Increasing evidence suggests that genetic and
inflammatory mechanisms contribute to ISR pathogenesis. Colchicine has demonstrated anti-inflammatory effects in cardiovascular diseases; however, its
molecular targets in ISR remain unclear.

Aims: To identify potential molecular targets and signaling pathways through which colchicine may modulate ISR using integrated computational approaches.

Methods: ISR-related genes were retrieved from GeneCards, OMIM, and CTD databases. Colchicine targets were predicted using SwissTargetPrediction,
BindingDB, SEASearch, and DrugBank. Overlapping genes were analyzed using protein-protein interaction networks and hub gene identification. Functional
enrichment analysis was performed using GO and KEGG pathways. Molecular docking and 200 ns molecular dynamics simulations were conducted to evaluate
binding stability. Binding free energies were calculated using MM-GBSA.

Results: Sixteen overlapping targets were identified, and ten hub genes were prioritized. Docking analysis demonstrated moderate binding affinity of colchicine
toward CYP3A4, TUBB1, and CYP2B6 (-6.9 to —7.4 kcal/mol). Molecular dynamics simulations indicated stable ligand-protein complexes with RMSD values
below 2.5 A. MM-GBSA analysis suggested favorable binding energies, particularly for TUBB1.

Conclusions: Colchicine was predicted to interact with several ISR-associated targets and pathways, providing a computational basis for further experimental
validation.

Keywords: drug repurposing; in-stent restenosis; molecular docking simulation; molecular dynamics simulation; network pharmacology.

Resumen

Contexto: La reestenosis intrastent (ISR) sigue siendo una complicacién importante tras la intervencidn coronaria percutanea. Evidencias crecientes sugieren
que los mecanismos genéticos e inflamatorios contribuyen a la patogénesis de la ISR. La colchicina ha demostrado efectos antiinflamatorios en enfermedades
cardiovasculares; sin embargo, sus dianas moleculares en la ISR atin no estdn completamente aclaradas.

Objetivos: Identificar posibles dianas moleculares y vias de sefializacién a través de las cuales la colchicina podria modular la ISR mediante enfoques
computacionales integrados.

Métodos: Los genes relacionados con la ISR se obtuvieron de las bases de datos GeneCards, OMIM y CTD. Las dianas de la colchicina se predijeron mediante
SwissTargetPrediction, BindingDB, SEA Search y DrugBank. Los genes superpuestos se analizaron mediante redes de interaccion proteina-proteina e
identificacion de genes centrales (hub genes). El andlisis de enriquecimiento funcional se realizé mediante las bases de datos GO y KEGG. Se llevaron a cabo
estudios de acoplamiento molecular y simulaciones de dindmica molecular de 200 ns para evaluar la estabilidad de la unién. Las energias libres de unién se
calcularon mediante MM-GBSA.

Resultados: Se identificaron dieciséis dianas superpuestas y se priorizaron diez genes centrales. El analisis de acoplamiento mostré una afinidad de unién
moderada de la colchicina para CYP3A4, TUBB1y CYP2B6 (-6,9 a -7,4 kcal/mol). Las simulaciones de dindmica molecular indicaron complejos ligando-proteina
estables, con valores de RMSD inferiores a 2,5 A. El analisis MM-GBSA indicé energias de unién favorables, en particular para TUBBL.

Conclusiones: La colchicina podria interactuar con maltiples dianas relacionadas con la ISRy proporcionar una base computacional para estudios posteriores
de validacidn experimental.

Palabras Clave: acoplamiento molecular; dindmica molecular; farmacologia de redes; reestenosis intrastent; reposicionamiento de farmacos.
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Abbreviations: ABCB1: ATP binding cassette subfamily b member 1, ADMET: Absorption, distribution, metabolism,
excretion, and toxicity; ALB: Albumin; CHARMM: Chemistry at HARvard Macromolecular Mechanics; CTD: Compara-
tive toxicogenomics database; CYP: Cytochrome P450; DES: Drug-eluting stent; DMNC: Density of maximum neighbor-
hood component; FDR: False discovery rate; FU: Fraction unbound; GO: Gene ontology; HDAC: Histone deacetylase; IL:
Interleukin; ISR: In-stent restenosis; KEGG: Kyoto Encyclopedia of Genes and Genomes; MCC: Maximal clique centrality;
MD: Molecular dynamics; MITF: Microphthalmia-associated transcription factor; MM-GBSA: Molecular mechanics gen-
eralized born surface area; MNC: Maximum neighborhood component; NROB1: Nuclear receptor subfamily 0 group b
member 1; NR1I2: Nuclear receptor subfamily 1 group i member 2; OMIM: Online Mendelian inheritance in man; PDB:
Protein data bank; P-gp: P-glycoprotein; PPI: Protein-protein interaction; Rg: Radius of gyration; RMSD: Root mean
square deviation; RMSF: Root mean square fluctuation; SASA: Solvent accessible surface area; STRING: Search tool for
the retrieval of interacting genes/ proteins; TC: Tanimoto coefficient; TNF-a: Tumor necrosis factor alpha; TUBB1: Tubu-

lin beta-1 chain; VSMC: Vascular smooth muscle cell.

INTRODUCTION

In-stent restenosis (ISR) is commonly defined as
>50% luminal diameter narrowing within a previously
implanted stent or within the adjacent 5 mm stent-edge
segments proximally or distally (“stent edges”) of a
previously implanted stent (Alfonso et al., 2022). Bare
metal stents (BMSs) led to more predictable outcomes
and reduced restenosis. Nevertheless, 1-year inci-
dences of ISR remained around 20-30%, mainly due to
exaggerated neointimal proliferation (Zhang & Chen,
2020). It refers to luminal narrowing that involves the
proliferation and migration of vascular smooth muscle
cells (VSMCs). This process is initiated by endothelial
injury during percutaneous coronary intervention or
stent implantation, which induces infiltration of in-
flammatory cells, including monocytes, macrophages,
neutrophils, and lymphocytes, leading to the release of
cytokines such as interleukin (IL)-1, IL-6, and tumor
necrosis factor alpha (TNF-a). Subsequently, VSMCs
are activated, and these cytokines promote neointimal
hyperplasia (Curcio et al., 2011). Drug-eluting stents
(DESs), which are designed to release an antiprolifera-
tive medication including sirolimus (rapamycin), zo-
tarolimus, everolimus, and paclitaxel, have substan-
tially reduced ISR at 1-year incidences ranging from 2
to 4% to approximately 10%, depending on the indi-
vidual risk profile and coronary artery disease com-
plexity (Cassese et al., 2015). However, although the
application of DES has reduced the incidence of ISR,
several studies have shown the delayed mechanisms of
neointimal proliferation, neo-atherosclerosis, and local
hypersensitivity reactions leading to persistently sig-
nificant incidences of ISR (Park et al., 2006), and has
made it challenging for cardiac interventionists to de-
termine the underlying causes and appropriate ther-
apy. Besides the technical factor of stent placement, re-
cently, restenosis has also been reported to be influ-
enced by genetic factors, particularly in high-risk
groups. The genetic characteristics of restenosis have
been studied primarily in European populations. The
ethnic variability of genetic markers is well known, as
shown by the results of the Genetic Determinants of
Restenosis (GENDER) study reported by Verschuren
et al. (2012). Therefore, potential therapeutic genes
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associated with ISR may be identified, although such
identification remains challenging.

Colchicine has recently emerged as a promising
preventive and therapeutic agent for cardiovascular
diseases. Colchicine has been reported to reduce pro-
inflammatory cytokine release, inhibit vessel narrow-
ing, and prevent tissue fibrosis in some cardiovascular
diseases (Suryono et al., 2023). This drug may contrib-
ute to the inhibition of neointimal proliferation by sup-
pressing inflammatory processes and inhibiting VSMC
activation. However, the effects of colchicine and its
specific role in the preventive treatment of ISR have not
been fully elucidated. Therefore, an in silico study in-
volving network pharmacology, molecular docking,
and molecular dynamics (MD) simulations was em-
ployed to identify potential genes related to ISR path-
ogenesis that may serve as targets, especially for col-
chicine, and to elucidate the mechanisms and potential
relevance of colchicine to ISR-associated mechanisms.

MATERIAL AND METHODS

Network pharmacology

ISR-related gene screening

ISR-related target genes were identified from Gene-
Cards with a probability relevance score cut-off of 210,
Online Mendelian Inheritance in Man (OMIM), and
Comparative Toxicogenomics Database (CTD) with
probability inference score cut-offs of >3.0. All data-
bases were accessed on 15 June 2026. Searches were
conducted on all three platforms using the keyword
‘coronary restenosis’ and restricting results to Homo sa-
piens. The retrieved results were consolidated, dupli-
cates were excluded, and gene names were standard-
ized through the UniProt database.

Identification of colchicine's gene targets

Colchicine's standard SDF format was downloaded
from PubChem and utilized as input in the SwissTar-
getPrediction platform with a probability cut-off value
of 20.1 (Cao et al, 2021), BindingDB with a max
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similarity value of >0.4, SEAsearch with a max Tan-
imoto Coefficient (TC) of 20.7, and Drugbank.

Protein-protein interaction network (PPIN) and hub gene
analysis

Overlapping gene targets of colchicine and ISR
were identified using Venny 2.1.0. The intersecting
genes were then uploaded to the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) da-
tabase to construct a protein-protein interaction (PPI)
network, with the organism set as Homo sapiens and a
confidence score 20.4. The resulting interaction data
were exported and visualized in Cytoscape 3.10.3. Net-
work topology was analyzed with the Cytoscape Ana-
lyzer plugin, and key hub genes were identified using
the CytoHubba plugin based on the Maximal Clique
Centrality (MCC), Maximum Neighborhood Compo-
nent (MNC), Density of Maximum Neighborhood
Component (DMNC), Degree, and clustering coeffi-
cient algorithm, to determine potential core targets of
colchicine in the prevention of ISR.

GO and KEGG pathway functional enrichment analysis

To assess the functional roles of the core genes as-
sociated with colchicine in the prevention of ISR, gene
ontology (GO) analysis (biological processes, molecu-
lar functions, and cellular components) and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway
enrichment were conducted using the DAVID data-
base and ShinyGO version 0.82. Enrichment results
were filtered using a false discovery rate (FDR) thresh-
old of <0.05. The FDR, representing the adjusted p-
value, was applied to determine the significance of
each enriched term.

Molecular docking

Selection of ligands

The three-dimensional structure of colchicine (Pub-
Chem CID: 6167), selected as the primary ligand for
this study, was downloaded from the PubChem data-
base. Evaluation based on Lipinski's Rule of Five indi-
cated that colchicine possesses drug-like properties, in-
cluding a molecular weight below 500 Da, fewer than
five hydrogen bond donors, fewer than ten hydrogen
bond acceptors, a Log P value under 5, and a polar sur-
face area of less than 140 A2. These parameters, re-
trieved from PubChem and determined using the Tan-
imoto coefficient and dictionary-based binary finger-
print method (Kim et al., 2023; Suryono et al., 2025),
suggest favorable oral bioavailability. The SDF file was
subsequently converted into Protein Data Bank (PDB)
format for downstream analysis.

Selection of target proteins
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Three potential target proteins, cytochrome P450
(CYP) 3A4, tubulin beta-1 chain (TUBB1), and CYP2B6,
were selected based on prior network pharmacology
analysis, as they represent the top core genes associ-
ated with colchicine and are implicated in the patho-
genesis of in-stent restenosis (ISR). The crystal struc-
tures of these proteins, namely CYP3A4 (PDB ID:
9MS1), TUBB1 (UniProt ID: Q9H4B7), and CYP2B6
(PDB ID: 4191), each complexed with a native inhibitor,
were retrieved from the RCSB Protein Data Bank and
UniProt database, and saved in PDB file format. Fur-
ther structural examination—including identification
of functional domains, as well as the number and iden-
tity of amino acid residues within the active sites —was
performed using BIOVIA Discovery Studio Visualizer
2021.

Ligand and targets preparation

Preparation of colchicine as the primary ligand was
carried out using AutoDock MGL Tools by optimizing
ionization states, torsion angles, degrees of freedom,
and stereochemical configurations. Gasteiger charges
and polar hydrogens were added, and rotatable bonds
were defined before the ligand was saved in Protein
Data Bank, Partial Charge, and Atom Type Format
(PDBQT) format. The target proteins, CYP3A4, TUBB1,
and CYP2B6, were processed by removing water mol-
ecules and co-crystallized ligands, followed by identi-
fication of active site amino acid residues using
BIOVIA Discovery Studio Visualizer. Subsequently,
Kollman charges and polar hydrogens were added us-
ing AutoDock Tools to complete the preparation of re-
ceptor structures for docking analysis.

Molecular docking analysis

Molecular docking analysis was conducted using
PyRx, which incorporates the AutoDock Vina engine
(Amien et al., 2026; Trott & Olson, 2010) to evaluate the
binding affinity (expressed in kcal/mol) and character-
ize the types of interactions formed between the ligand
and the target proteins. Prior to docking colchicine to
its selected targets, a validation step was performed by
redocking the native ligands into the binding sites of
CYP3A4, TUBBI1, and CYP2B6 to confirm the reliability
of the docking protocol. The molecular interactions be-
tween colchicine and the three-dimensional structures
of these targets were subsequently visualized using
PyMol and BIOVIA Discovery Studio Visualizer.

Molecular docking simulations between colchicine
and the three potential targets, namely CYP3A4,
TUBBI, and CYP2B6, were conducted using the PyRx
platform. The exhaustiveness parameter value of the
docking process was 8. The grid box parameters ap-
plied for the colchicine-CYP3A4 complex were cen-
ter_x = 19.9680083547, center_y = 22.1337876708,
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center_z = 10.7291756388, with size_x = 35.1255421128,
size_y = 36.3449223344, and size_z = 38.2163844779.
For the colchicine-TUBB1 complex, the parameters
were center_ x = -3.51801937765, center.y =
-1.20356562323, center_z = 0.645811217072, with
size_x = 39.0880344265, size_y = 38.7325116849, and
size_z = 38.2808529067. Meanwhile, the colchicine-
CYP2B6 complex employed center_x = 19.9680083547,
center_y = 22.1337876708, center_z = 10.7291756388,
with size_x = 35.1255421128, size_y = 36.3449223344,
and size_z = 38.2163844779.

Molecular dynamics simulations

The optimal docking conformations demonstrated
stable interactions between colchicine and each target
receptor, as visualized using BIOVIA Discovery Stu-
dio, where hydrogen bonds were added to the ligand-
receptor complexes and subsequently saved in PDB
format. Topology files and associated parameters for
each complex were generated using the Chemistry at
HARvard Macromolecular Mechanics (CHARMM-
GUI) platform () (Jo et al., 2008). Molecular dynamics
(MD) simulations were then performed using Na-
noscale Molecular Dynamics (NAMD) software (Phil-
lips et al., 2020). The simulation workflow included en-
ergy minimization, equilibration, and production
phases. All complexes were solvated in a cubic box us-
ing the Transferable Intermolecular Potential with 3
Points (TIP3P) water model. Energy minimization was
performed using the Steepest Descent algorithm under
the CHARMMB36 force field until convergence was
achieved. Subsequently, the systems were equilibrated
under constant number of particles, volume, and tem-
perature (NVT ensemble) at 310 K for 1 ns using the
modified Berendsen (V-rescale) thermostat, followed
by equilibration under constant number of particles,
pressure, and temperature (NPT ensemble) at 310 K
and 1 atm for 1 ns using the Parrinello-Rahman baro-
stat. Long-range electrostatic interactions were calcu-
lated using the Particle Mesh Ewald (PME) method
with a real-space cutoff of 1.0 nm, while van der Waals
interactions were treated with a cutoff distance of 1.0
nm. All covalent bonds involving hydrogen atoms
were constrained using the LINCS algorithm. Molecu-
lar dynamics simulations were subsequently carried
out for 200 ns with a time step of 2 fs. Trajectory coor-
dinates were recorded every 10 ps for subsequent anal-
yses (Hijazi et al., 2018). Post-simulation analyses in-
cluded calculation of the root mean square deviation
(RMSD), root mean square fluctuation (RMSF), Radius
of gyration (Rg), and solvent-accessible surface area
(SASA) throughout the 200 ns simulation period,
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which were visualized using Visual Molecular Dynam-
ics (VMD). In addition, the binding free energies of the
ligand-receptor complexes were calculated using the
Molecular Mechanics-Generalized Born Surface Area
(MM-GBSA) approach implemented in AmberTools
(Case etal., 2023). To ensure reliable energy estimation,
a total of 500 trajectory frames were extracted at 100 ps
intervals from the final 50 ns (150-200 ns) of each 200
ns production trajectory and used for MM-GBSA cal-
culations. The entropic contribution (-TAS) was not in-
cluded in the MM-GBSA calculations due to the high
computational cost and uncertainty associated with
entropy estimation.

AGbind = AEvdW + AEele + AGpolar + AGnonpolar [1]

where AH represents enthalpy change, E_Van der Waals and E_elec
refer to van der Waals and electrostatic interaction energies, respec-
tively, while E_sol(gb) and E_np represent polar and non-polar solv-
ation energies.

ADMET prediction

The pharmacokineticc, ADMET, and toxicity pro-
files of colchicine (SMILES: CC(=O)N[C@H]1CC
C2=CC(=C(C(=C2C3=CC=C(C(=0)C=C13)0OC)0C)O
C)OC) were evaluated using the ADMETIab 3.0 tools.
The assessed parameters comprised bioavailability,
human intestinal absorption, plasma protein binding,
blood-brain barrier penetration, hepatotoxicity, cardi-
otoxicity, and carcinogenic potential. Favorable
ADMET characteristics were indicated by compliance
with the Lipinski rule of five, as previously described,
together with high human intestinal absorption, strong
plasma protein binding (>90%), efficient brain penetra-
tion, and low-to-moderate clearance values (5-20%).

A summary of the workflow of this study can be
seen in Fig. 1.

RESULTS

Network pharmacology analysis

Identification of ISR-related genes

The keyword “coronary restenosis” was imported
to retrieve ISR-related gene targets from the Gene-
Cards, OMIM, NCBI, and CTD databases. The union
set of gene targets, comprising 177 targets from Gene-
Cards, 18 targets from OMIM-NCBI, and 8,243 targets
from CTD, was subsequently compiled, followed by
the removal of duplicate entries. Thereafter, a total of
8,438 putative genes associated with ISR were identi-
fied (Supplementary Table 1 and Fig. 2).
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Figure 1. Graphical abstract of the flowchart in this study.

Table 1. Summary of the lowest binding affinity from molecular docking results and the type of interaction of colchicine with the top 3 core

targets.
. . . - . Binding affinity Interactions of colchicine and

Ligand Target protein Grid box (binding pocket) coordinates (kcal/mol) involved residues
. center_x =19.9680083547 Conventional Hbon: -
. center_y =22.1337876708 C-H hydrogen bond: -
. center_z=10.7291756388

CYP3A4 -7.1
. size_x=35.1255421128 Van der Waals: Asp76, Arg105, Phel08,
. size_y = 36.3449223344 Thr224, Ala370, Met371, Leu373,
. Gly481, Leu482
. size_z=38.2163844779
. center_x=-3.51801937765 Conventional Hbon: GIn11, Ser138,
. center_y =-1.20356562323 Tyr222
. . center_z=0.645811217072 C-H hydrogen bond: Ser138, Asp177

Colchicine TUBB1 . 39088034426 -1.4
* size_x=39.0880344265 Van der Waals: Gly10, Gly13, GIn15,
. size_y =38.7325116849 Gly140, Gly141, Thr143, Gly144, Val169,
. size_z=38.2808529067. Serl76, Thr178, Asn204
. center_x=19.9680083547 Conventional Hbon: Glu143
¢ center_y =22.1337876708 C-H hydrogen bond: Val129, Ser141
. center_z=10.7291756388

CYP2B6 -6.9

size_x=35.1255421128
size_y =36.3449223344
size_z =38.2163844779

Van der Waals: Met132, Phel35,
Leu340, Leu437, Gly440, lle441
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for colchicine in the preventive treatment of ISR.
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Figure 2. ISR-related genes, colchicine’s gene targets, and the common overlapping gene targets between them as potential gene targets
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Table 2. The RMSD, RMSF, Rg, and SASA values for simulation trajectories throughout 200ns of production runs.

RMSD RMSF Rg SASA
Receptor-ligand complex

Mean (nm) Mean (nm) Mean (nm) Mean (nm?)
Colchicine-CYP3A4 0.132+0.035 0.29 2.23+0.38 130.26 + 8.05
Colchicine-TUBB1 0.172+0.039 0.27 2.50+0.27 132.2+8.58
Colchicine-CYP2B6 0.21+0.0417 0.23 2.58+0.35 135.14 +8.53

Identification of colchicine’s gene targets

Based on gene target identification using Swiss Tar-
getPrediction, 5 colchicine gene targets with a proba-
bility cut-off>0.1 are TUBBI1, histone deacetylase
(HDAC) HDAC6, HDAC1, HDAC3, and HDAC2.
From the BindingDB database, there are 8 colchicine
gene targets with a max similarity value of 20.4, which
are HDAC2, HDACS3, Nuclear Receptor Subfamily 0
Group B Member 1 (NROB1), Nuclear Receptor Sub-
family 1 Group 1 Member 2 (NR1I2), TUBAIA,
SLC22A3, TUBB2B, and TPPP. According to the
SEASearch database, 12 colchicine gene targets have a
maximum TC value > 0.7: TUBA1A, TPPP, TUBB,
SLC22A3, PAXS8, microphthalmia-associated tran-
scription factor (MITF), CYP2C9, CYP2Dé6, PIM1,
TUBBI, and NROB1. According to the DrugBank data-
base, there are 7 colchicine gene targets: TUBB,

CYP2B6, CYP2C8, CYP2E1, CYP3A4, albumin (ALB),
and ABCBI. After that, the union of colchicine’s gene
targets from these databases was analyzed, and 23
genes obtained, which are HDAC6, HDAC1, HDACS3,
HDAC2, NR112, TUBB2B, TUBB1, NROB1, TUBA1A,
SLC22A3, TPPP, TUBB, PAX8, MITF, CYP2C9,
CYP2D6, PIM1, CYP2B6, CYP2CS8, CYP2E1, CYP3A4,
ALB, and ABCB1 (Supplementary Table 2).

Finally, the overlapping genes between ISR-related
genes obtained before and colchicine’s gene targets
were identified via Venny 2.1.0, and 16 potential gene
targets for colchicine that are involved in the pathogen-
esis of ISR were obtained which are ABCB1, CYP2D6,
CYP2C9, CYP2B6, CYP3A4, HDAC1, CYP2EI],
CYP2C8, PIM1, TUBA1A, ALB, PAXS, HDACS,
HDAC2, NR11I2, and TUBB1 (Supplementary Table 3
and Fig. 2).

Table 3. The binding free energy of colchicine with the top 3 core targets.
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Evan der waals Eele Esol(gh) Enp AGbind(gh)
Ligand-receptor (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
complex
(mean £ SD)
Colchicine-CYP3A4  -36.76+3.61 -14.32£3.66 22.41+2.07 -2.99+0.67 -31.66+5.58
Colchicine-TUBB1 ~ -39.84+4.13 -15.43+2.81 21.87+3.06 -3.34+0.14 -36.74+5.86
Colchicine-CYP2B6  -31.54 +3.69 -13.38+4.21 24.46+3.13 -2.68+0.41 -23.14+6.43

*EVan der Waals: van der Waals interaction energy; Eelec: electrostatic interaction energy; Esol (gb): polar solvation energy (GB model); and
Enp: non-polar solvation energy; AG bind(gb): binding free energy (GB model).

“
\

\
TUBB1
W \\\

ABCB1

TUBATA™=.
CYP2C9—.

number of nodes: 16
number of edges: 39
average node degree: 4.88
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expected number of edges: 8
PPl enrichment pvalue: 8.88e-16

Figure 3. Protein-protein interaction network and hub gene identification of the 16 potential colchicine-ISR common targets.

MCC: Maximal clique centrality; MNC: Maximum neighborhood component; DMNC: Density of maximum neighborhood component.

A
Clustering Coefficient

PPI network construction and hub genes identification

After the ISR-related targets and colchicine’s gene
targets were intersected, 16 potential colchicine-ISR
common targets were obtained (Supplementary Table
3). The STRING tools were used to identify PPIs for 16
potential colchicine targets related to ISR treatment.
PPI network showed a total of 16 nodes and 39 edges,
with an average local clustering coefficient of 0.78 and
a PPI enrichment p-value of 8.88e-16, indicating these
16 proteins have more interactions among themselves
than would be expected for a random set of proteins of
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the same size and degree distribution drawn from the
genome. The nodes represented proteins, and the
edges represented protein interactions (Fig. 3). Subse-
quently, the STRING results were imported into Cyto-
scape and CytoHubba to identify hub genes and core
targets of colchicine in the treatment of ISR. Hub genes
were prioritized using MCC, DMNC, MNC, Degree,
and clustering coefficient algorithms to identify the
core target from 16 potential colchicine-ISR common
targets using CytoHubba. The results indicated that
the most promising common targets identified across
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the five CytoHubba algorithms were CYP3A4, TUBB1,
and CYP2B6. The ALB protein was excluded from fur-
ther analysis because it is widely recognized as a non-
specific carrier protein involved in drug transport
within the systemic circulation (Fig. 3).

Functional enrichment analysis

Based on functional enrichment analysis of the 16

Colchicine for coronary in-stent restenosis

enrichment revealed the GO entries with the FDR <
0.05 of biological processes (BP), cellular components
(CC), and KEGG pathways (Fig. 4). The BP enrichment
analysis showed that the overlapping targets were en-
riched in epoxygenase p40 pathways, arachidonate
metabolic process, long chain fatty acid metabolic pro-
cess, and steroid metabolic process (Fig. 4a). The re-
sults suggested that 16 potential colchicine-ISR com-
mon targets were concentrated on arachidonate and

potential colchicine-ISR common targets, GO C . ; .
long chain fatty acid metabolic process (Fig. 4).
Figure 4. Functional enrichment analysis
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» Match: assigning 1x1 pairwise scores
* RMSD: 1.71 (34 to 34 atoms)

» Match: assigning 1x1 pairwise scores
+ RMSD: 1.31 (43 to 43 atoms)

« Match: assigning 1x1 pairwise scores
« RMSD: 1.88 (28 to 28 atoms)

Figure 5. Redocking validation of CYP3A4 (a),
TUBBL (b), and CYP2BE6 (c) using Pymol.

Molecular docking

The molecular docking analysis was performed us-
ing the top 3 colchicine-ISR core targets, which are
CYP3A4, TUBB1, and CYP2B6, to evaluate the binding
strength and the interaction of colchicine with those
core targets. Native ligands (N'-(2-chlorophenyl)-N-
[(3-hydroxyphenyl)methyl]-N-[(2P)-2-(1H-imidazol-1-
yl)-5-(trifluoromethyl)phenyl]urea/ A1BNX;  guano-
sine-5'-diphosphate/GDP; and protoporphyrin IX con-
taining Fe/HEM) were redocked into the binding
pockets of CYP3A4, TUBB1, and CYP2B6 with the
same grid box as colchicine. RMSD values between
crystallographic and predicted poses were 1.85 A, 1.94
A, and 1.32 A, respectively (Fig. 5; Annex 1), indicating
good agreement between the predicted and experi-
mental binding poses. Therefore, the docking protocol
was considered valid and suitable for subsequent mo-
lecular docking studies. Before the docking process,
the target protein's structure must be analyzed and its
active sites identified. CYP3A4 (chain A) has some es-
sential amino acid residues as the active-site residues
involved in ligand recognition and binding, which are
Tyr53, Phe57, Asp76, Argl05, Argl06, Prol0, Phel08,
11118, Ser119, 11120, Trp126, Argl30, Phel37, Lys173
Phe220, Val240, Phe241, Phe271, 11e300, Ile301, Phe302,
Phe304, Ala305, Glu308, Thr309, Ser312, Val313,
Leu364, Ile369, Ala370, Met371, Arg372, Leu373,
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Glu374, Arg375, Pro434, Phe435, Arg440, Asn44l,
Cys442, lle443, Gly444, Phe447, Ala448 (Fig. 6a).

Meanwhile, TUBB1 (chain A) also has some active
sites residues which are Arg2, Ile9, Gly10, GInll,
Cysl2, Val49, Asp67, Glu69, Gly96, Ala97, Gly98,
Asn99, Ser138, Gly140, Gly142, Thr143, Gly144, Val169,
Met170, Serl76, Aspl77, Thrl78, Glul8l, I1e193,
Alal96, Aspl197, Asn204, Ala206, Ile210, Arg213,
Leu215, Tyr222, Asn226, Leu231, Leu240, Leu246,
Ala248, Ala254, Asn256, Val258, Pro261, His264,
Phe270, Pro272, Leu273, Thr274, GIn279, Ala296,
Arg297, Thr299, Ala301, Ala302, Cys303, Ala314,
Cys315, Lys350, Ala352, Leu361 (Fig. 6b). Lastly, the
active binding sites of CYP2B6 (chain A) are Met46,
Asp47, Argd9, Gly50, Leu51, Leu52, Lys53, Ser54,
Leu56, Arg98, 1le101, Val104, Phel08, Vall13, Ile114,
Phel15, Trpl21, Argl25, Metl32, Argl33, Asploo,
Phel69, GInl172, Alal76, Ilel79, Cys180, Phel84,
Phe188, Phel95, Leul99, Phe202, Tyr203, Phe206,
11e209, Leu219, 1le241, Tyr244, 11e245, Leu295, Phe296,
Phe297, Ala298, Gly299, Thr302, Thr303, GIn357,
Asp361, Leu362, Leu363, Gly366, Val367, His369,
Leu392, Ser393, His397, Asp406, Phed26, Ile427,
Pro428, Phe429, Ser430, Leu431, Arg434, Cys436,
Leud37, Gly438, Glud39, Gly440, Ile441, Glu445,
Cys475 (Fig. 6c).
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CYP3A4

lActive Sites: Tyr53, Phe57, Asp76, Arg105, Arg106, Pro10,
Phe108, lle118, Ser119, lle120, Trp126, Arg130, Phe137,
Lys173 Phe220, Val240, Phe241, Phe271, 1le300, lle301,
Phe302, Phe304, Ala305, GIlu308, Thr309, Ser312, Val313,
Leu364, 1le369, Ala370, Met371, Arg372, Leu373, Glu374,
IArg375, Pro434, Phe435, Arg440, Asnd441, Cys442, lle443,
IGly444, Phed47, Ala448
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Figure 6. The interaction types from molecular docking results between colchicine and (a) CYP3A4, (b) CYP2B6, and (c) TUBBL.
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The molecular docking results showed that colchi-
cine could bind to the active sites of CYP3A4 through
Van der Waals interactions with Asp76, Argl05,
Phel08, Thr224, Ala370, Met371, Leu373, Gly481,
Leu482; with the binding affinity of -7.1 kcal/mol
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(moderate binding) (Fig. 6a). Colchicine also binds to
the active sites of TUBB1 through conventional hydro-
gen bonds with GIn11, Ser138, Tyr222; carbon hydro-
gen bondwithSer138, Aspl77; and Van der Waals in-
teractions with Gly10, Gly13, GIn15, Gly140, Gly141,
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Thr143, Gly144, Val169, Ser176, Thr178, Asn204; with
the binding affinity of -7.4 kcal/mol (moderate bind-
ing) (Fig. 6b). On the other hand, colchicine also inter-
acts with the active sites of CYP2B6 through conven-
tional hydrogen bonds with Glu143; carbon hydrogen
bondwithVall29, Ser141; and Van der Waals interac-
tions with Met132, Phel35, Leu340, Leu437, Gly440,
Ile441; with the binding affinity of -6.9 kcal /mol (mod-
erate binding) (Fig. 6¢c). From the overall docking re-
sults, colchicine has the lowest binding affinity with
TUBBI, followed by CYP3A4 and CYP2B6 (Table 1).

Molecular dynamics simulations

Molecular dynamics (MD) simulations were per-
formed on the docked complex of colchicine and the
top 3 core genes to assess their structural stability un-
der biologically relevant conditions. The system was
simulated for 200 ns and subjected to preliminary anal-
yses, including evaluation of RMSD, RMSF, Rg, and
SASA. The observed RMSD fluctuations reflected the
dynamic stability of the protein-ligand complex, with
pronounced deviations indicating structural instability
and minor variations suggesting that the system had
reached a stable conformation. The results showed that
colchicine-CYP3A4, colchicine-TUBB1, and colchicine-
CYP2B6 complexes exhibited an initial increasing
trend in RMSD during the first 40-50 ns of simulation.
Subsequently, fluctuations decreased after 60 ns, indi-
cating convergence toward stable conformations. The
mean and corresponding deviations of RMSD values
were 0.132 + 0.035 nm, 0.172 + 0.039 nm, and 0.21 +
0.0417 nm for colchicine-CYP3A4, colchicine-TUBBI,
and colchicine-CYP2B6, respectively, supporting the
overall stability (Fig. 7a). Furthermore, the structural
flexibility and compactness of the complexes were
evaluated using RMSF and radius of gyration (Rg)

Colchicine for coronary in-stent restenosis

analyses. The RMSF values of the colchicine and top 3
core genes complexes ranged from 0.03 to 0.9 nm, with
a mean value of 0.29 nm, 0.27 nm, and 0.23 nm for col-
chicine-CYP3A4, colchicine-TUBB1, and colchicine-
CYP2B6 respectively (Fig. 7b). In addition, the colchi-
cine and top 3 core genes complexes displayed a stable
Rg profile up after 60 ns simulations, with an average
value at the first 60 ns of 2.31 + 0.37 nm, 2.56 + 0.29 nm,
2.80 + 0.43 nm; and after 60 ns yielding an average of
2.23 + 0.38 nm, 2.50 = 0.27 nm, and 2.58 + 0.35 nm for
colchicine-CYP3A4, colchicine-TUBB1, and colchicine-
CYP2B6 respectively, suggesting increased compact-
ness and sustained structural stability (Fig. 7c). Finally,
the SASA analysis showed the average values of 130.26
+ 8.05 nm?, 132.2 + 8.58 nm?, 135.14 + 8.53 nm? for col-
chicine-CYP3A4, colchicine-TUBB1, and colchicine-
CYP2B6 respectively (Fig. 7d).

The binding free energy analysis using the
MMGBSA approach: the values are shown in Table 3.
The lowest MMGBSA value indicated a stronger bind-
ing between the ligand and the target. Based on
MMGBSA values, the colchicine-TUBB1 complex has
the most favorable predicted binding free energy, with
a value of -36.74 + 5.86 kcal/mol, followed by CYP3A4
and CYP2Be6.

ADMET analysis

ADMET analysis demonstrated that colchicine sat-
isfied the Lipinski rule criteria, suggesting its potential
suitability as a ligand for target proteins in molecular
docking and MD simulation studies. In the absorption
profile, colchicine exhibited favorable characteristics,
particularly regarding human intestinal absorption,
and was predicted not to act as a P-glycoprotein (P-gp)
inhibitor.
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Table 4. The physicochemical and ADMET properties of colchicine.

Colchicine for coronary in-stent restenosis

Colchicine
ADMET properties
Value Remark
Physicochemical
Molecular weight 399.17 g/mol Proper
AlogP 1.038 Optimal
Hydrogen bond donor 1 Optimal
Hydrogen bond acceptor 6 Optimal
Lipinski rules Accepted Accepted
Absorption
Human intestinal absorption >30% Excellent
P-gp-inhibitor Non-inhibitor
P-gp-substrate ++ Substrate
Distribution
Plasma protein binding 91.2% High
Fraction Unbound in plasma 7.6% Medium
Brain Penetration Excellent
Metabolism
CYP1A2 inhibitor Non-inhibitor
CYP1A2 substrate ++ Substrate
CYP2C19 inhibitor Non-inhibitor
CYP2C19 substrate + Substrate
CYP2C9 inhibitor - Non-inhibitor
CYP2C9 substrate Non-substrate
CYP2D6 inhibitor - Non-inhibitor
CYP2D6 substrate Non-substrate
Excretion
Clearance 2.937 Low
Toxicity
Hepatotoxicity Non-toxic

Carcinogenicity

h-ERG BIOCKERS

Non-cardiogenic

Inactive

However, colchicine was identified as a P-gp sub-
strate, suggesting transporter-mediated efflux from
enterocytes back into the intestinal lumen, which may
contribute to reduced intestinal absorption and lower
oral bioavailability. Nevertheless, this limitation may
be offset by its high predicted human intestinal absorp-
tion and lack of inhibition of P-gp.

Based on the distribution profile (Table 4; Annex 2),
colchicine showed a plasma protein binding (PPB)
value of 91.2%, which is categorized as high (>90%).
Elevated PPB values may indicate a narrow therapeu-
tic index and a greater potential for toxicity, due to the
drug's extensive binding to plasma proteins, resulting
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in a lower proportion of free drug available to exert
pharmacological effects on target cells.

Conversely, analysis of the fraction of unbound
(FU) drug in plasma revealed that colchicine exhibited
an FU value of 7.6%, which is classified as moderate
(5-20%). This moderate FU value suggested that an ad-
equate proportion of free colchicine remained availa-
ble in the plasma circulation. These findings suggest a
potentially acceptable pharmacokinetic profile, alt-
hough experimental validation is required.

Based on the excretion profile, colchicine demon-
strated a clearance value of 2.97, which was

J Pharm Pharmacogn Res (2026) 14(4): 12


https://jppres.com/

Suryono et al.

categorized as low. Furthermore, toxicity prediction
indicated that colchicine was non-carcinogenic and ex-
hibited low hepatotoxic and cardiotoxic potentials. In
particular, colchicine was predicted not to block the
human Ether-a-go-go-Related Gene (hERG), thereby
suggesting a low risk of inducing fatal cardiac arrhyth-
mias.

DISCUSSION

Based on previous studies, genetic factors also play
a pivotal role in ISR pathogenesis (Asgarbeik et al.,
2022). Some mechanisms contributing to ISR include
Early elastic return (recoil), neo-atherosclerosis, vascu-
lar remodeling, and neointimal hyperplasia (Buccheri
et al., 2016). Therefore, these findings provide oppor-
tunities to identify ISR-associated therapeutic targets
and understand their pathogenesis as novel therapeu-
tic targets, while recognizing that this remains chal-
lenging and that the incidence of ISR remains high. On
the other hand, identifying the agent that targets the
critical gene in the pathogenesis of ISR is also pivotal.
Recently, colchicine has been known to have therapeu-
tic effects on some cardiovascular diseases, such as my-
ocardial infarction and cardiac fibrosis (Younas et al.,
2025). However, more research on colchicine's specific
impact and role in preventive treatment for ISR is
needed due to the limited studies on this topic.

Network pharmacology analysis identified the top
3 potential gene targets for colchicine that are also in-
volved in ISR pathogenesis: CYP3A4, TUBBI1, and
CYP2B6. Some previous studies also revealed that
some of these genes have a pivotal role in cardiovascu-
lar diseases, including cardiac fibrosis, myocardial in-
farction, heart failure, and cardiac tissue inflammation
(Adu-Amankwaah et al., 2021; Feng et al., 2023; Florek
et al., 2024; Han et al., 2020; Wang et al., 2021). Theo-
retically, CYP3A4 and CYP2B6 belong to the CYP en-
zyme family and are involved in drug metabolism and
elimination, thereby influencing plasma drug concen-
trations. Increased activity of these enzymes may lead
to therapeutic failure by reducing drug concentrations
below the therapeutic range (Patel et al., 2026; Zhao et
al., 2021). These findings suggest a potential associa-
tion of these enzymes with ISR-related pathways. In
patients with restenosis, altered activity of these en-
zymes may affect the efficacy of maintenance pharma-
cotherapy, including antiplatelet agents used to pre-
vent thrombotic events. However, CYP3A4 and
CYP2B6 may be more relevant to colchicine metabo-
lism and pharmacokinetic modulation than to direct
ISR suppression. Therefore, their prioritization should
be interpreted cautiously and validated experimen-
tally. The functional enrichment analysis also revealed
significant (FDR p<0.05) gene ontology and pathways
of the core gene targets, including epoxygenase p40
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pathways, arachidonate metabolic process, long chain
fatty acid metabolic process, and steroid metabolic
process; all of which are pivotal in ISR's pathomecha-
nisms, as well as being processes influenced by colchi-
cine in the preventive treatment of ISR.

Based on binding affinity, TUBB1 showed the most
favorable predicted interaction with colchicine (-7.4
kcal/mol), followed by CYP3A4 (-7.1 kcal/mol) and
CYP2B6 (6.9 kcal/mol), which are categorized as
moderate binding. This is because the lower the bind-
ing affinity, the easier it is for the ligand to bind its tar-
get protein. Based on the type of interaction, TUBB1
demonstrated the most favorable docking interaction
among the evaluated targets, because colchicine has a
large number of interactions with the active sites of
TUBBI, especially in the form of hydrogen bonds,
which are conventional hydrogen bonds with GIn11,
Ser138, Tyr222; carbon hydrogen bond with Ser138,
Aspl77; and Van der Waals interactions with Gly10,
Gly13, GIn15, Gly140, Gly141, Thr143, Gly144, Val169,
Ser176, Thr178, Asn204.

MD simulation analysis over 200 ns also revealed
that these 3 core targets maintain a stable conformation
when bound to colchicine, as indicated by RMSD,
RMSF, Rg, and SASA. Fluctuations in RMSD indicated
instability in the ligand-target complex, while minimal
fluctuations suggested that the system had stabilized.
The average value or the fluctuations of RMSD below
2.5 A are acceptable for a stable ligand-protein interac-
tion. In contrast, fluctuations over 3 A indicate whether
the protein has a significant conformational change
during the simulation or is unstable (Patel & lii, 2004).
Based on the RMSD values, CYP3A4 demonstrated the
most favorable predicted target among the evaluated
proteins, with an average RMSD of 0.132 + 0.035 nm
(1.32 A), followed by TUBB1 and CYP2B6, with aver-
age RMSD values of 0.172 + 0.039 nm (1.72 A) and 0.21
+0.0417 nm (2.10 A), respectively. On the other hand,
RMSF is used to assess the stability and mobility of lo-
cal proteins upon ligand binding to the target. High
RMSF values are predicted to indicate weaker interac-
tions and stability between the ligands and the recep-
tor (Martinez, 2015). The results show that the lowest
average RMSF value for core targets in the complex
with colchicine is CYP2B6, with an average RMSF of
0.23 nm (2.3 A). The Rg was used as an indicator of
structural stability and compactness; the CYP3A4 com-
plex exhibited the most stable conformation, followed
by TUBB1 and CYP2B6, based on Rg analysis. SASA
was employed to describe protein-solvent interac-
tions, reflecting the extent of conformational changes
during ligand binding and serving as an indicator of
protein accessibility. Overall, the CYP3A4 complex
showed the lowest SASA values, indicating a more
compact and stable interaction with colchicine,
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followed by TUBB1 and CYP2B6. Furthermore, based
on MM-GBSA analysis, the colchicine-TUBB1 complex
exhibited the most favorable predicted binding free en-
ergy with a binding free energy of —-54.17 + 5.86
kcal/mol, followed by CYP3A4 and CYP2B6 com-
plexes. Together, these findings suggest that colchicine
may interact with selected ISR-associated proteins in
silico. However, these results should be interpreted as
hypothesis-generating because direct target engage-
ment, pathway modulation, and anti-restenotic activ-
ity have not yet been experimentally confirmed.

In summary, this study identified potential colchi-
cine-associated targets and signaling pathways rele-
vant to ISR using gene network-based pharmacology
analysis, molecular docking, and MD simulations.
However, this study still has some limitations. Firstly,
the ISR-related genes were compiled from public data-
bases, involving 8,438 putative ISR-associated genes.
This extensive set is sufficiently broad to introduce the
possibility of database noise and target inflation. To
minimize this limitation, multiple filtering and priori-
tization steps, including network topology analysis,
molecular docking, and molecular dynamics simula-
tions, were applied. Secondly, because a single MD tra-
jectory was performed for each complex, stochastic
variability in ligand-protein behavior could not be
fully assessed. Replicate simulations are recom-
mended in future work to improve statistical robust-
ness. Lastly, the gene network-based pharmacology
analysis, molecular docking, and MD simulations are
based on database screening and computational pre-
dictions. Therefore, further validation through in vitro
studies is required, such as VSMC proliferation and
migration assays, endothelial migration or tube-for-
mation assays, inflammatory cytokine assays (IL-1f,
IL-6, TNF-a), and target pathway validation via West-
ern blot or qPCR. In vivo and clinical studies are also
needed to confirm the activity and appropriate dose of
colchicine for the treatment of ISR.

Colchicine for coronary in-stent restenosis
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