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Abstract 
Cardiac fibrosis remains as the leading cause of death worldwide and is often associated 

with elevated levels of transforming growth factor-β 1 (TGF-β1) and galectin-3, making 

them potential therapeutic targets. Recent studies revealed that quercetin, myricetin, and 

kaempferol have the biological effect for several cardiovascular diseases. However, the 

investigation into this topic through molecular models and analysis remain unexplored. 

The aim of this study was to evaluate the potential effect of quercetin, myricetin, and 

kaempferol which targeted TGF-β1 and galectin-3. In this study, quercetin, myricetin, and 

kaempferol roled as the tested ligands. Subsequently, colchicine and native ligand acted 

as control ligands that were screened through molecular docking against TGF-β1 and 

galectin-3 using AutoDock tools to identify the potential inhibitor. The stability of ligand-

receptor complexes was assessed through molecular dynamic (MD) simulations using 

NMAD. Absorption, Distribution, Metabolism, Excretion and toxicity (ADMET) 

prediction were also performed using ADMETlab 2.0. Molecular docking analysis revealed 

that quercetin, myricetin, and kaempferol exhibited strong binding affinity which are -8.9 

kcal/mol, -8.5 kcal/mol, -7.6 kcal/mol respectively with TGF-β1, and -7.5 kcal/mol, -7.0 

kcal/mol, -5.7 kcal/mol respectively with galetcin-3; low inhibition constant (Ki); and 

stable interaction with the active sites of TGF-β1 and galectin-3. MD simulations 

confirmed the stability and compactness of the ligand-receptor complexes. ADMET 

analysis also showed high Plasma Protein Binding (PPB) values (quercetin: 95%, 

myricetin: 92%, and kaempferol: 97%) and moderate clearance values (quercetin: 8.284%, 

myricetin, and 7.716%, kaempferol: 6.868%) for the tested compounds. In conclusion, the 

in silico analyses suggested that quercetin, myricetin, and kaempferol are promising for 

cardiac fibrosis therapies by inhibiting TGF-β1 and galectin-3. 

Keywords: Cardiac fibrosis, in silico, natural compound, TGF-β1, galectin-3 

Introduction 

Cardiac fibrosis is a pathological condition characterized by the expansion of cardiac interstitial 

space due to the deposition of extracellular matrix proteins and fibrotic changes in the 

myocardium [1-3]. Several underlying conditions contribute to cardiac fibrosis, such as 

infections, inflammatory conditions, and metabolic disease [4]. These conditions activate the 

transforming growth factor-β1 (TGF-β1)-Sma- and Mad-related proteins 2/3 (Smad2/3) and 

galectin-3 signaling pathway [5-10]. TGF-β1 plays a pivotal role in some heart diseases such as 

mailto:suryonofiha@gmail.com
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myocardial infarction [11,12] and also cardiac fibrosis [13]. In cardiac fibrosis, TGF-β1 isoforms 

function with activins to stimulate intracell signalling through Smad2/3 transcription factors 

[14]. Therefore, TGF-β1 is a promising therapeutic target for cardiac fibrosis [15]. Similarly, 

galectin-3 upregulates calcium-activated potassium channels (Kca3.1) channel that could 

subsequently lead to cardiac fibrosis [16]. When the Kca3.1 channel is activated, it contributes to 

an increase in intracellular calcium levels. This activation allows Ca²⁺ ions to enter the cell via 

channels like the transient receptor potential vanilloid 4 (TRPV4). Elevated intracellular Ca²⁺ 

levels can contribute to cardiac fibrosis by promoting the differentiation of ventricular fibroblasts 

into myofibroblasts, which are involved in the fibrotic process through extracellular matrix 

deposition [17]. Recent studies have reported an increase in galectin-3 expression in cardiac 

fibrosis that was observed through in vivo and in vitro models [17-20], further supporting its 

potential as a therapeutic target [21].  

On the other hand, recent studies revealed that quercetin, myricetin, and kaempferol which 

are a group of flavonoids and found in many natural plants [22-23], have the medical effect to 

protect against chronic diseases associated with oxidative stress, including cancer and 

cardiovascular disease [24-25]. We selected quercetin, myricetin, and kaempferol as ligands and 

TGF-β1 and galectin-3 as target proteins. structure-based virtual screening techniques were used 

to identify the inhibitory effect through molecular docking-, molecular dynamic simulations 

(RMSD, RMSF, SASA, radius of gyration), and absorption, distribution, metabolism, excretion, 

and toxicity (ADMET) analysis. colchicine was used as comparison ligand due to its known 

antifibrotic effects in cardiac fibrosis [26,27], by inhibiting TGF-β1 [28]. The aim of this study 

was to evaluate the potential effect of quercetin, myricetin, and kaempferol targeting TGF-β1 and 

galectin-3 to inhibit cardiac fibrosis through in silico analysis. 

Methods 

Selection of ligands 

Three-dimensional structure of Quercetin (PubChem CID: 5280343), myricetin (PubChem CID: 

5281672), and kaempferol (PubChem CID: 5280863) as the main tested ligands. Additionally, 

colchicine (PubChem CID: 6167) that is the native ligands served as control ligand, were selected 

and downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov). Based on “Lipinski’s rule 

of five” [29], these ligands have molecular weight ≤500 Da, ≤5 hydrogen bond donor, ≤10 

hydrogens bond acceptor, ≤5 Log P, and polar surface area are ≤140 Å2 that have been known 

from PubChem database which are determined using the Tanimoto equation and a dictionary-

based binary fingerprint [30]. This indicated that these ligands have drug-like properties and 

good oral bioavailability. Thereafter, the downloaded files were converted from SDF format to 

PDB format. 

Selection of target proteins 

The target proteins used in this research were TGF-β1 and galectin-3 which are elevated and 

become the essential pathological proteins in cardiac fibrosis based on recent studies [5-10]. The 

catalytic domain of TGF-β1 in complex with natural inhibitor (PDB: 3TZM) and crystal structure 

of galectin-3 in complex with inhibitor (PDB: 2XG3) were downloaded from the Research 

Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (https://www.rscb.com) 

and saved as PDB file. The functional domains, the number, and name of amino acid residues 

that were present in the pocket of the active site of each target molecule were identified using 

BIOVIA Discovery Studio Visualizer 2021. The residues in the pocket of the active site of TGF-β1 

include Ile211, Gly214, Ala230, Lys232, Leu278, Ser280, Asp281, Tyr282, His283, Lys335, 

Lys337, Leu340, and Asp351. As for galectin-3, the residues are Val116, Pro117, Asn143, Arg144, 

Arg162, Arg169, Asn174, Trp181, Glu184, Arg186, Ser188, Phe190, Ser237, Gly238, Asp239, and 

Ile240. 

Preparation of target proteins and ligands 

Quercetin, myricetin, kaempferol, and colchicine as ligands were prepared by adjusting 

ionization, torsion, degree of freedom, and stereo-chemical variation using AutoDock MGL Tool.  

https://pubchem.ncbi.nlm.nih.gov/compound/5281672
https://pubchem.ncbi.nlm.nih.gov/compound/5280863
https://pubchem.ncbi.nlm.nih.gov/
https://www.rscb.com/
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Gasteiger charges and polar hydrogens were added, and the torsion angles were set. After that, 

the ligand file was saved as pdbqt format. TGF-β1 and galectin-3 as target receptors were 

prepared by deleting water molecules, deleting natural ligand, and identifying the amino acid 

residues of their active sites using BIOVIA Discovery Studio Visualizer 2021 and then adding 

Kollman charge and polar hydrogen bond using AutoDock tools.  

Molecular docking 

Molecular docking was performed using in silico docking software AutoDock tools. Through this 

procedure, we analyzed the binding affinity (Kcal/mol), final intermolecular energy (Kcal/mol), 

inhibition constant Ki (µM), and the type of interactions. Before docking the main tested ligands, 

we did the docking validation of two target proteins using its native ligands. After that, quercetin, 

myricetin, kaempferol, and colchicine were docked one by one against TGF-β1 (PDB: 3TZM) and 

galectin-3 (PDB: 2XG3) by specific docking (mentioned previously). The grid box used for the 

docking simulation targeting TGF-β1 was 44×48×60 Å for the x, y, and z dimensions, respectively. 

The grid box used for the docking simulation targeting TGF-β1 had dimensions of 44×48×60 Å 

for the x, y, and z axes, respectively. The center of the grid box was positioned at the coordinates 

(3.562; 9.117; 7.001 Å) along the x, y, and z axes, respectively. For the simulation targeting 

galectin-3, the grid box size was set to 71×58×68 Å for the x, y, and z dimensions. The docking 

coordinates were centered at -13.176; 8.709; 6.976 Å along the x, y, and z axes. The docking was 

performed using command prompt and the other prerequisite conditions before the docking such 

as ligand and enzyme preparation were established. PyMol and BIOVIA Discovery Studio 

Visualizer were used to visualize the binding interaction between the active compounds of 

quercetin, myricetin, kaempferol, and colchicine with 3D structure of two target receptors.  

MD simulations 

The configuration of the most negative value conformation of ligands output was combined with 

each receptor using BIOVIA discovery studio, added hydrogen bonds to the complexes, and saved 

as PDB format. The topology files and parameters of ligand-receptors complex were made using 

the CHARMM-GUI website (https://www.charmm-gui.org) [31]. Molecular dynamics (MD) 

simulations of the ligand and each receptor complex were performed using NAMD software [32]. 

The preparation step consists of energy minimization, equilibration, and production. The missing 

hydrogen atoms from the previous ligand preparation of quercetin, myricetin, kaempferol, and 

colchicine were added with the polar hydrogen. The systems were solvated using TIP3P water 

molecules and were neutralized using sodium and chloride ions (NaCl) at the ionic concentration 

of 0.154 M using the Monte-Carlo for ion positioning. All complexes were solvated using the 

transferable intermolecular potential water molecules (TIP3P) model. The CHARMM36 force 

field was used for 10.000 steps energy minimization by the Steepest Descent method. After that, 

the system was equilibrated at 310 K for 100 ns in a constant atom number, volume and 

temperature (NVT) ensemble. Subsequently, in a constant number of atoms, pressure, and 

temperature (NPT) ensemble, the system was subjected to 100 ns with the temperature and 

pressure were set using a reference temperature (310 K) and pressure (1 atm) respectively [33]. 

After that, the Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), 

Solvent Accessible Surface Area (SASA), and Radius of Gyration (Rg) analysis for 100 ns were 

analyzed and visualized using VMD tools. Binding free energies of the complexes was also 

calculated by means of molecular Mechanics-Generalized-Born surface area (MM-GBSA) 

utilizing of Amber tools [34]. The binding free energy could be obtained through the following 

equations:  

ΔGbind = Gcomplex - Greceptor - Gligand (1) 

ΔGbind = ΔH - TΔS (2) 

ΔH = ΔGgas + ΔGsol (3) 

ΔGgas = Evdw + Eelec (4) 

ΔGsol = Esol (gb) + Enp (5) 

 

where the ΔH, TΔS, Evdw, Eelec, Esol (gb), and Enp represented enthalpy change, the entropic 

contribution, van der Waals interaction energy, electrostatic interaction energy, the polar 

solvation energy (GB model) and the non-polar solvation energy, respectively. Additionally, 

https://www.charmm-gui.org/
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principal Component Analysis (PCA) based Free Energy Landscape (FEL) also performed, and 

then the free energy landscape of the ligands and target proteins bound was calculated and 

visualized using OriginLab2018 tools [35]. 

ADMET properties selection 

The pharmacokinetic ADMET and toxicity properties of quercetin 

(SMILES: C1=CC(=C(C=C1C2=C(C(=O)C3=C(C=C(C=C3O2)O)O)O)O)O); kaempferol 

(SMILES: C1=CC(=CC=C1C2=C(C(=O)C3=C(C=C(C=C3O2)O)O)O)O); and myricetin (SMILES: 

C1=C(C=C(C(=C1O)O)O)C2=C(C(=O)C3=C(C=C(C=C3O2)O)O)O) included bioavailability, 

human intestinal absorption, protein plasma binding, brain penetration, human hepatotoxicity, 

cardiac toxicity, and carcinogenicity that were determined by using ADMETlab 2.0 webserver 

(https://admetmesh.scbdd.com/service/evaluation/index). The good ADMET results were 

shown by fulfilling several criteria including met the Lipinski rule of five criteria as mentioned 

before, have an excellent Human Intestinal Absorption, the high value of plasma protein binding 

(> 90%), an excellent brain penetration, and low or moderate clearance (5–20%) [36]. 

Results 

Molecular docking  

Docking validation  

The re-docking step was performed to examine the docking procedure, efficiencies, and validation 

of the target proteins. The 4-[5-(1,3-benzodioxol-5-yl)-4-(pyridin-2-yl)-1H-imidazol-2-yl] 

benzamide peptide inhibitor as the native ligand from TGF-β1, and benzamide peptide inhibitor 

as the native ligand from galectin-3 were removed and re-docked into the active site using 

AutoDock Vina. The peptide inhibitor bound exactly to the active site of TGF-β1 with good binding 

energy of −9,1 kcal/mol. Tyr282, His283, Asp351, Ile211, Gly214, Leu278, Ala230, Lys232, 

Ser280, and Asp281 are the interacting amino acids. The re-docked complex was then 

superimposed on to the native co-crystallized 4-[5-(1,3-benzodioxol-5-yl)-4-(pyridin-2-yl)-1H-

imidazol-2-yl] benzamide - TGF-β1 from PDB using PyMOL and a low RMSD of 0.183 Å was 

observed. Meanwhile the peptide inhibitor also bound to the active site of galectin-3 with good 

binding energy of −8.1 kcal/mol. Val116, Asn143, Arg144, Gly238, Asp239, Pro117, Ser237, Ile240 

are the interacting amino acids. RMSD value from the re-docked complex of co-crystallized 

benzamide – galectin-3 was also found to be low (1.355 Å) (Figure 1).  

 

 

 

 

 

 

 

 

Figure 1. The docking validation of TGF-β1 (A) and galectin-3 (B) using PyMol. 

Ligands targeting TGF-β1 

The catalytic domain of TGF-β1 has some important amino acid residues as the active sites that 

are responsible for its inhibitory effect, which are Ile211, Gly214, Ala230, Lys232, Leu278, 

Ser280, Asp281, Tyr282, His283, Lys335, Lys337, Leu340, and Asp351. The molecular docking 

poses of top conformers with the most negative energy for the native ligand, quercetin, myricetin, 

https://admetmesh.scbdd.com/service/evaluation/index
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Native ligand 

Quercetin 

Myricetin 

Kaempferol 

Colchicine 

kaempferol, and colchicine demonstrated binding to some active sites of TGF-β1. The docking 

poses of the most negative energy for tested ligands also showed similarities to the pose of native 

ligand based on their positions and the amino acid residues they bind to TGF-β1 (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The docking poses of tested ligands and native ligand of TGF-β1. 

 

The binding affinities of the main tested ligands are more negative compared to colchicine 

(-6.9 kcal/mol), with quercetin exhibted the most negative binding affinity (-8.9 kcal/mol). 

However, quercetin’s binding affinity was not as negative as that of the native ligand (-9.1 

kcal/mol). Quercetin has the lowest final intermolecular energy of -9.84 kcal/mol compared to 

other ligands and colchicine. It binds to the active sites of TGF-β1 through conventional hydrogen 

bond with Ile211, Ser280, Asp281, His283, and Asp351; and through Van der Wall interactions 

with Leu278 and Tyr282. Myricetin binds to TGF-β1 with final intermolecular energy of -9.80 

kcal/mol and bound to the active sites of TGF-β1 through conventional hydrogen bond with 

Ile211, Ser280, Asp281, and His283; and through Van der Wall interactions with Leu278 and 

Asp351. Kaempferol bound to TGF-β1 with final intermolecular energy of -8.92 kcal/mol and the 

active sites of TGF-β1 through conventional hydrogen bond with Ile211, Lys232, Ser280, Asp281, 

His283, and Asp351; and through Van der Wall interaction with LEU278. Meanwhile, Colchicine 

bound to TGF-β1 with final intermolecular energy of -8.11 kcal/mol and the active sites of TGF-

β1 through carbon hydrogen bond with Ser280 and His283 (Figure 3). On the other hand, the 

lowest inhibition constant (Ki) of native ligand, quercetin, myricetin, kaempferol, and colchicine 

respectively were 167.01 µM, 1.26 µM, 1.96 µM, 3.57 µM, and 4.05 µM (Table 1).  

Ligands targeting galectin-3 

Galectin-3 has important amino acid residues as active sites that are responsible for its inhibitory 

effect, those are Val116, Pro117, Asn143, Arg144, Arg162, Arg169, Asn174, Trp181, Glu184, 

Arg186, Ser188, Phe190, Ser237, Gly238, Asp239, and Ile240. The molecular docking results 

showed the lowest binding affinity complex was quercetin (-7.5 kcal/mol). This binding affinity 

wass more negative than colchicine (-6.3 kcal/mol) and not more negative compared to the native 

ligand (-8.1 kcal/mol) (Figure 4). Quercetin had the lowest final intermolecular energy of -8.60 

kcal/mol compared to other ligands and colchicine., and it bound to the active sites of galectin-3 

through conventional hydrogen bonds with Val116, Asp239; and through Van der Wall 

interactions with Gly238 and Ile240. Myricetin bound to galectin-3 with final intermolecular 

energy of -8.18 kcal/mol and the active sites of galectin-3 through conventional hydrogen bond 

with Val116, Gly238, and Asp239. Kaempferol bound to galectin-3 with final intermolecular 
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energy of -7.22 kcal/mol with no conventional hydrogen bond and no Van der Wall interaction 

with the active sites of Galectin-3. Meanwhile, Colchicine is bound to galectin-3 with final 

intermolecular energy of -7.86 kcal/mol and the active sites of galectin-3 through conventional 

hydrogen bond with Pro117 (Figure 5). On the other hand, the lowest inhibition constant (Ki) of 

native ligand, quercetin, myricetin, kaempferol, and colchicine respectively were 109.12 µM, 

10.24 µM, 34.31 µM, 63.11 µM, and 61.02 µM (Table 1).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. The interaction model of TGF-β1 with quercetin (A), myricetin (B), kaempferol (C), and 

colchicine (D).

Quercetin

n 
A 

Myricetinin B 

Kaempferol C 

Colchicine D 
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 Table 1. Topmost negative energy docked conformation from each ligand with target proteins 

Target 
protein 

Ligand Binding 
affinity 
(kcal/mol) 

Final intermolecular energy (kcal/mol) Inhibition 
constant, 
Ki (µM) 

Interactions and involved residues 
vdW + Hbond + 
desolv energy 

Electrostatic 
energy 

Total 
energy 

TGF-β1 
(PDB: 3TZM) 

Native ligand 
 

-9.1 -9.94 -0.20 -10.14 167.01 Conventional Hbon: Tyr282, His283, Asp351 
vdW: Ile211, Gly214, Leu278, Ala230, Lys232, Ser280, Asp281 

Quercetin -8.9 
 

-9.55 -0.29 -9.84 1.26 Conventional Hbon: Ile211, Ser280, Asp281, His283, Asp351 
vdW: Leu278, Tyr282 

Myricetin -8.5 -9.60 -0.20 -9.80 1.96 Conventional Hbon: Ile211, Ser280, Asp281, His283 
vdW: Leu278, Asp351 

Kaempferol -7.6 -8.76 -0.16 -8.92 3.57 Conventional Hbon: Ile211, Lys232, Ser280, Asp281, His283, Asp351 
vdW: Leu278 

Colchicine -6.9 8.0 -0.11 -8.11 4.05 Carbon Hbon: Ser280, His283 
vdW: - 

Galectin-3 
(PDB: 2XG3) 

Native ligand 
 

-8.1 -8.9 -0.35 -9.25 109.12 
 

Conventional Hbon: Val116, Asn143, Arg144, Gly238, Asp239 
vdW: Pro117, Ser237, Ile240 

Quercetin -7.5 -7.79 -0.81 -8.60 10.24 Conventional Hbon: Val116, Asp239 
vdW: Gly238, Ile240 

Myricetin -7.0 -7.57 -0.61 -8.18 34.31 Conventional Hbon: Val116, Gly238, Asp239 
vdW: - 

Kaempferol -5.7 -6.97 -0.25 -7.22 63.11 Conventional Hbon: - 
vdW: - 

Colchicine -6.3 -7.85  -0.01 -7.86 61.02 Conventional Hbon: Pro117 
vdW: - 

Hbond: Hydrogen bond; vdW: van der Waals; Desolv energy: Desolvation energy
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Figure 4. The docking poses of tested ligands and native ligand of galectin-3. 

Molecular dynamic simulation 

The  RMSD for the complex of TGF-β1 and the ligands showed a steady state with a fewer change 

after 30 ns observation from the total simulation period of 100 ns with the average RMSD value 

of 0.124 nm (1.24 Å), 0.132 nm (1.32 Å), 0.150 nm (1.50 Å), 0.154 nm (1.54 Å), 0.171 nm (1.71 Å) 

for native ligand, quercetin, myricetin, kaempferol, and colchicine respectively that denoted fewer 

changes in the overall structure during the simulation time. Quercetin as tested ligand displayed 

the most stable simulation system with the lowest average RMSD value of 1.32 Å among other 

tested ligands, and comparison ligand. The mean RMSF value of native ligand, quercetin, 

myricetin, kaempferol, and colchicine at the active sites of TGF-β1 respectively were 0.102 nm 

(1.02 Å), 0.122 nm (1.22 Å); 0.128 nm (1.28 Å); 0.136 nm (1.36 Å) and 0.151 nm (1.51 Å). From 

the results, there were fewer fluctuation for the complex of quercetin, myricetin, and kaempferol 

as tested ligands at residues Leu278, Ser280, Asp281, Tyr282, and His283 of TGF-β1 than 

colchicine as comparison ligand. Based on RMSF value, the most stable tested ligand with the 

least fluctuation is quercetin followed by myricetin and kaempferol for TGF-β1 target protein. 

Through Rg simulation, the complex of native ligand, quercetin, myricetin, kaempferol, and 

colchicine with TGF-β1 have steady average Rg of 2.21 nm, 2.40 nm, 2.65 nm, 2.41 nm, and 2.43 

nm respectively over 100 ns MD simulation, indicating that quercetin is the most compact and 

stable for tested ligand due to its lower Rg value than other tested ligands, followed by kaempferol 

and myricetin. SASA maximal values of native ligand, quercetin, myricetin, kaempferol, and 

colchicine with TGF-β1 respectively were 146 nm2, 145.7 nm2, 147.1 nm2, 147.9 nm2 and 148.6 nm2 

(Figure 6). 

For galectin-3 receptor, the average RMSD value of native ligand, quercetin, myricetin, 

kaempferol, and colchicine respectively were 0.172 nm (1.72 Å), 0.211 nm (2.11 Å), 0.195 nm (1.95 

Å), 0.234 nm (2.34 Å), 0.231 nm (2.31 Å), which were observed with fewer change after 40 ns of 

simulation. Myricetin displayed the most stable simulation system with the lowest average RMSD 

value of 1.95 Å among other tested ligands and comparison ligand. The mean RMSF value were 

0.091 nm (0.91 Å), 0.113 nm (1.13 Å); 0.134 nm (1.34 Å); 0.152 nm (1.52 Å) and 0.144 nm (1.44 

Å) for native ligand, quercetin, myricetin, kaempferol, and colchicine respectively at the active 

sites of galectin-3. From the results, there were minor fluctuation for the complex of quercetin 

and myricetin as tested ligands at residues VAL116 and PRO117 of galectin-3 than kaempferol as 

tested ligand and colchicine as comparison ligand. Based on RMSF value, the most stable tested 

ligand with the least fluctuation is quercetin followed by myricetin and kaempferol for galectin-3 

target protein. The complex of native ligand, quercetin, myricetin, kaempferol, and colchicine 

with galectin-3 have steady average Rg of 3.12 nm, 3.41 nm, 3.51 nm, 3.37 nm, and 3.35 nm 

respectively over 100 ns MD simulation, indicating that kaempferol is the most stable for tested 

ligand through Rg simulation, followed by quercetin and myricetin, while colchicine showed the 

lower value than all tested ligands. SASA maximal values of native ligand, quercetin, myricetin, 

Native ligand 

Quercetin 

Myricetin 

Kaempferol 

Colchicine 
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kaempferol, and colchicine with TGF-β1 respectively were 148 nm2, 147 nm2, 146.6 nm2, 148.1 

nm2 and 148.7 nm2. Overall, myricetin from tested ligand had lower SASA which indicted it can 

make a compact and stable bond with TGF-β1, followed by quercetin and kaempferol as tested 

ligands, then colchicine as comparison ligand (Figure 7). The overall results of MD simulation 

can be seen in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. The interaction model of galectin-3 with quercetin (A), myricetin (B), kaempferol (C), 

and colchicine (D).
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Table 2. The RMSD, RMSF, Rg, and SASA values for simulation trajectories throughout 100 ns of 

production runs 

Receptor-ligand complex RMSD RMSF Rg SASA 
Mean (nm) Mean (nm) Mean (nm) Max (nm2) 

TGF-β1 0.124 0.102 2.21 146 
Quercetin-TGF-β1 0.132 0.122 2.40 145.7 
Kaempferol-TGF-β1 0.150 0.128 2.65 147.1 
Myricetin-TGF-β1 0.154 0.136 2.41 147.9 
Colchicine-TGF-β1 0.171 0.151 2.43 148.6 
Galectin-3 0.172 0.091 3.12 148 
Quercetin-galectin-3 0.211 0.113 3.41 147 
Kaempferol-galectin-3 0.195 0.134 3.51 146.6 
Myricetin-galectin-3 0.234 0.152 3.37 148.1 
Colchicine-galectin-3 0.231 0.144 3.35 148.7 

RMSD: root mean square deviation; RMSF: root mean square fluctuation; Rg: radius of gyration; SASA: 
solvent accessible surface area  

 

The binding free energy through MMGBSA values represented in Table 3. The results were 

correlated with the binding affinity score to identify drug-like potent inhibitors. The most 

negative MMGBSA value indicated a stronger binding affinity between the ligand and the 

receptor. Based on MMGBSA, quercetin is the best tested ligand for both TGF-β1 and galectin-3 

with the lowest value of -51.31±5.24 and -36.43±3.66 respectively. 

Table 3. Binding free energy of the ligands with TGF-β1 or galectin-3 

Receptor-ligand 
complex 

Evdw (L² atm ⁄ 
mol²) 

Eele (J) Esol(gb) 

(kcal/mol.nm2) 
Enp 

(kcal/mol.nm2) 
ΔG bind(gb) 

(kcal/mol) 
Quercetin-TGF-β1 -41.50±4.57 -31.59±6.05 25.85±4.85 -4.73±0.37 -51.31±5.24 
Kaempferol-TGF-β1 -31.10±4.06 -13.82±4.07 9.49±4.10 -2.63±0.30 -37.11±3.93 
Myricetin-TGF-β1 -44.37±3.96 -21.95±5.59 21.31±6.01 -4.48±0.27 -48.30±4.75 
Colchicine-TGF-β1 -24.31±4.15 -23.01±6.17 28.34±4.96 -2.80±0.39 -21.78±4.62 
Quercetin-galectin-3 -2613±4.93  -26.60±2.73 19.13±4.26 -2.90±0.25  -36.43±3.66  
Kaempferol-galectin-3 -30.45±3.14 -30.09±7.18 33.85±8.92 -2.02±0.30 -28.65±3.62 
Myricetin-galectin-3 -32.34±9.07  -33.27±4.26 37.56±8.41 -4.86±0.40 -33.22±5.40 
Colchicine-galectin-3 -25.67±6.21  -24.33±6.23 29.71±5.46 -2.76±0.46 -23.05±3.50 

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

 

Additionally, the free-energy landscape (FEL) was investigated against the radius of gyration 

(Rg) and the root-mean square deviation (RMSD) as the two reaction coordinates to depict the 

energy minima landscape of lead complexes. It has been performed to describe conformational 

changes associated with protein folding and unfolding processes. All ligands with target proteins 

presented a funnel-like shape (Figure 8). The lower Gibbs free energy conformational states 

were shown by the deeper purple. Meanwhile, the narrow energy basin indicated the low stability 

of structural conformation, and the large energy basin show the high stability. The complex of 

quercetin-TGF-β1 and quercetin-galectin-3 showed the large energy basin with multiple global 

energy minima with purple color. Complex of myricetin-TGF-β1, kaempferol-TGF-β1, myricetin-

galectin-3, and kaempferol-galectin-3 showed the large single global energy minima. On the other 

hand, the complex of colchicine-TGF-β1 and colchicine-galectin-3 as control ligand showed the 

narrower energy basin than the tested ligands with single energy minima. Based on the FEL 

analysis, quercetin is the best ligand for both TGF-β1 and galectin-3. 

ADMET prediction 

ADMET analysis showed that quercetin, myricetin, and kaempferol met the specifications in 

Lipinski rules, so these three agents could be potential as ligands for the target protein in docking 

models and MD simulation. In the absorption profile, these ligands had excellent absorption 

profile especially through human intestinal absorption, and also not act as neither Pgp-inhibitor 

nor Pgp-substrate. Based on the distribution profile (Table 4), the Plasma Protein Binding (PPB) 

scores of quercetin, myricetin, and kaempferol, respectively, were 95%, 92%, and 97%, which 

were categorized as high (>90%). The high values of PPB indicated the low therapeutic index and 
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probably leading to toxicity, because of the large amounts of drugs bound to plasma protein and 

fewer drugs which are free that could give the effect on the target cells. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6. The RMSD (A), RMSF (B), Rg (C), and SASA (D) plot of the ligands with TGF-β1.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7. The RMSD (A), RMSF (B), Rg (C), and SASA (D) plot of the ligands with galectin-3. 

On the other hand, based on analysis from the fraction of unbound (FU) drugs in plasma, 

quercetin and myricetin have 7.423% and 10.346% FU’s score respectively, which were 

categorized medium (5–20%). The medium FU score indicated that there was a sufficient amount 

of free quercetin and myricetin in plasma. Therefore, despite their high PPB scores, the 

therapeutic index of these two ligands remained favorable. Based on excretion profile, the 

clearance scores of quercetin, myricetin, and kaempferol respectively were 8.284; 7.716; and 

6.868 which are categorized moderate. The moderate clearance meant that these ligands were 

neither excessively nor insufficiently excreted through the renal system, indicating a lower 

toxicity profile for these ligands. Finally, based on toxicity profile these ligands are non-

carcinogenic, exhibit low hepatotoxicity and low cardiac toxicity by not blocking the human 
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Ether-à-go-go-Related Gene (h-ERG) gene which would induce undesired lethal arrhythmia 

(Table 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 8. Free energy landscape of quercetin-TGF-β1 (A), myricetin-TGF-β1 (B), kaempferol-
TGF-β1 (C), colchicine-TGF-β1 (D); and quercetin-galectin-3 (E), myricetin-galectin-3 (F), 
kaempferol-galectin-3 (G), colchicine-galectin-3 (H).
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Table 4. Ligands physicochemical and ADMET properties of quercetin, myricetin, and kaempferol 

ADMET properties Quercetin Myricetin Kaempferol 
Value Remark Value Remark Value Remark 

Physicochemical        
Molecular weight 302.040 g/mol Proper 318.230 g/mol Proper 286.240 g/mol Proper 
A Log P 2.155 Optimal 1.747 Optimal 2.656 Optimal 
Hydrogen bond 5 Optimal 6 Optimal 4 Optimal 
Hydrogen acceptor 7 Optimal 8 Optimal 6 Optimal 
Lipinski rules NA Accepted NA Accepted NA Accepted 

Absorption       
Human intestinal 
absorption  

≥30% Excellent ≥30% Excellent ≥30% Excellent 

P-gp-inhibitor Nil Non-inhibitor Nil Non-inhibitor Nil Non-inhibitor 
P-gp-substrate Nil Non-substrate Nil Non-substrate Nil Non-substrate 

Distribution       
Plasma protein binding  95% High 92% High 97% High 

Fraction Unbound in Plasma  7.423% Medium 10.346% Medium 4.412% Low 
Brain Penetration Nil Excellent Nil Excellent Nil Excellent 
Metabolism       
CYP2C19-inhibitor Nil Non-inhibitor Nil Non-inhibitor Nil Non-inhibitor 
CYP2C19-substrate Nil Non-substrate Nil Non-substrate Nil Non-substrate 
Excretion       
Clearance 8.284 Moderate 7.716 Moderate 6.868 Moderate 
Toxicity       
Hepatotoxicity  Nil Non-toxic Nil Non-toxic Nil Non-toxic 
Carcinogenicit Nil Non-cardiogenic Nil Non-cardiogenic Nil Non-cardiogenic 
h-ERG BlOCKERS Nil Inactive Nil Inactive Nil Inactive 

 NA: not applicable 
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Discussion 
Molecular docking analysis of all three tested ligands showed favorable potential as inhibitor for 

both of TGF-β1 and galectin-3 through binding affinity, final intermolecular energy, and 

inhibition constant (Ki) parameters. The more negative binding affinity, final intermolecular 

energy, and inhibition constant (Ki), the easier of ligands to bind with the target protein [39,40]. 

Based on binding affinity and final intermolecular energy observed in the present study, the best 

ligand for TGF-β1 is quercetin, followed by myricetin and kaempferol as tested ligands.  Based on 

inhibition constant, the best inhibitor for tested ligand is quercetin, followed by myricetin, 

kaempferol, and colchicine as comparison ligand. For galectin-3 receptor, based on binding 

affinity and final intermolecular energy, the best ligand is quercetin. Based on inhibition constant, 

the best inhibitor is also quercetin, followed by myricetin, then kaempferol as tested ligand. The 

statistical analysis also revealed the significant differences of molecular docking parameters 

between tested ligands and comparison ligand (Figure 4). 

The MD simulation also revealed that all of tested ligands have a stable condition when they 

bind into the active sites of target proteins through RMSD, RMSF, Rg, and SASA parameters. 

Significant fluctuations in RMSD indicated instability, while minimal fluctuations suggested that 

the system has stabilized. The average value or the fluctuations of RMSD below 2.5 Å are 

acceptable for ligand-protein stable interaction. In contrast, fluctuations more than 3 Å indicate 

that the protein underwent a significant conformational change during the simulation, or that the 

protein is unstable [38]. Based on RMSD value the best tested ligand was quercetin for TGF-β1 

and kaempferol for galectin-3. The high RMSF values were predicted to indicate weaker 

interactions and stability between the ligands and the receptor [37].  RMSF used to assess the 

stability and mobility of local proteins when the ligands bind to the target proteins, with the best 

RMSF value of tested ligand is quercetin for both TGF-β1 and galectin-3. While Rg is the indicator 

of stability and compactness of the structure, with quercetin is the best tested ligand for TGF-β1 

and myricetin for galectin-3 through Rg analysis. SASA is used as a parameter to describe the 

protein solvent interactions ratio that predicts the degree of conformational changes in the 

binding processes and can be used to evaluate the protein accessibility. Overall, quercetin from 

tested ligand also had lower SASA which makes a compact and stable bond with TGF-β1, followed 

by myricetin and kaempferol as tested ligands, then colchicine as comparison ligand. Based on 

SASA value, quercetin was the best tested ligand for TGF-β1 and kaempferol for galectin-3. 

Overall, through the MD simulation the best tested ligand for TGF-β1 wass quercetin, followed by 

myricetin and kaempferol, while for galectin-3, the best tested ligand was myricetin followed by 

quercetin and kaempferol. Additionally, through the MMGBSA analysis quercetin was proven to 

be the best ligand for both TGF-β1 and galectin-3. Meanwhile, through the PCA based FEL 

analysis, the best tested ligand for both TGF-β1 and galectin-3 was quercetin. On the other hand, 

ADMET property showed that these agents did not violate any of Lipinsky's criteria, good 

pharmacokinetics profiles, and also had low toxicity to liver, heart rhythm, and non-

carcinogenesis. 

Nevertheless, the implications of the findings in the present study are not only limited for 

cardiac fibrosis since TGF-β1 and galectin-3, but it can also present in other tissue. Validation 

through in vitro or in vivo study is required to confirm the activity of the aforementioned drugs 

on cardiac fibrosis. Another limitation of this study includes its inability to explore further plant-

based compounds which might have more potent activity. 

Conclusion 
Findings from the in silico investigation in the present study suggested that quercetin, myricetin, 

and kaempferol exhibited strong binding affinities to the active sites of TGF-β1 and galectin-3, 

where stable and compact conformations of ligand-protein were observed. The results also 

indicated that these compounds may have favorable pharmacokinetic profiles and low predicted 

toxicity. However, further in vitro and in vivo studies are necessary to validate the potential of 

quercetin, myricetin, and kaempferol in inhibiting cardiac fibrosis before considering their 

evaluation in clinical trials. 
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