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Abstract: Sirtuin 6 (SIRT6), a member of the sirtuin family, regulates various cellular processes 

involved in aging, metabolism, and cancer. Dysregulation of SIRT6 has been widely observed in 

metabolic syndrome (MS), and some chemical activators of SIRT6 have shown therapeutic success. 

There is a need to explore natural compounds with SIRT6 activator activity that are affordable and have 

fewer side effects. The aim of this study was to identify novel compounds targeting SIRT6 and provide 

a new approach for developing therapies for MS. A library of 239 flavonoid compounds was docked 

against SIRT6 (PDB ID-3ZG6) using the Schrödinger Glide Module. Based on docking scores, the top 

12 flavonoid compounds with promising binding affinities (docking score <-10.26) were identified and 

subjected to ADMET profiling using SwissADME and pkCSM. ADMET profiling demonstrated that 

two flavonoid compounds, Isosilybin and Tilianin, possess excellent drug-like properties, suggesting 

their potential as allosteric SIRT6 activators. The interactions between these compounds were further 

validated by MM-GBSA and molecular dynamics (MD) using Prime and Desmond of the Schrödinger 

Suite. MM-GBSA and MD revealed that both the selected flavonoid compounds exhibited strong 

protein-ligand interactions, indicating their potential as SIRT6 activators. This study provides evidence 

for the effectiveness of these flavonoid compounds as potent SIRT6 activators. 

Keywords: flavonoids; molecular docking; ADMET screening; SIRT6; MM-GBSA; molecular 

dynamics. 
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1. Introduction 

Sirtuins are NAD-dependent, evolutionarily conserved class III deacetylase enzymes. 

Their roles in various human diseases have been intensively studied [1]. There are seven 

members of the sirtuin family in mammals (SIRT1-7), each of which performs a unique 

function and is localized in a different part of the cell [2]. Their central catalytic core consists 

of 275 amino acids and is separated from the N- and C-terminal regions, both of which can 

vary in length and sequence [3]. The crystal structures of the sirtuin catalytic core regions are 

known, consisting of two domains: a larger, structurally homologous Rossmann-fold domain 

and a smaller, more diverse Rossmann-fold domain that binds zinc [4]. The cofactor NAD+ 

and acetyl-lysine-containing peptide substrate enter from the opposite sides of the cleft formed 
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by the loops connecting these domains and bind to the enzyme. Additionally, in the sirtuin 

family, the amino acids in the cleft between the two domains have the highest sequence 

conservation [5]. 

SIRT6 exhibits mono-ADP ribosyltransferase and deacylase activities in addition to 

deacetylating histone 3 lysine 9 (H3K9) and 56 (H3K56). SIRT6-H3K9-myristoylated peptide 

crystallization indicates that substrate occupancy in the hydrophobic pocket can cause the N-

terminal region (1-12 residues) to become organized [6,7]. This is in contrast to the SIRT6-

ADPr complex structure, in which a high density of residues is not observed [8]. Additionally, 

SIRT6 is superior to acetylated peptides in hydrolyzing long-chain fatty acyl-lysine [9]. SIRT6 

is abundant in the synaptosomal membrane fraction and is substantially expressed in cortical 

and hippocampal areas of the brain [10]. SIRT6 knockout mice exhibit metabolic 

abnormalities, rapid aging, and die early [11]. Brain-specific Mice lacking SIRT6 can survive, 

but the absence of SIRT6 causes neurodegeneration by increasing DNA damage, apoptosis, 

and toxic Tau phosphorylation [11,12]. SIRT6 has also been shown to preferentially interact 

with telomeres, and its deficiency leads to telomere malfunction, including end-to-end 

chromosomal fusion and early cellular senescence. Furthermore, SIRT6-depleted cells exhibit 

an aberrant telomere structure, similar to the abnormalities observed in Werner syndrome, a 

premature aging disorder [7,13]. 

The majority of sirtuin modulators discovered thus far have been identified through 

screening of natural chemical libraries [14]. The crystal structures of the catalytic domain of 

SIRT6 (12-296), which contains the non-hydrolyzable cofactor analog ADP-ribose (ADPr) in 

association with modulators, have been described over the past five years [15]. Although 

several small-molecule SIRT6 activators have been reported in recent years, such as MDL-

800, UBCS039, MDL-811, Quercetin, and Resveratrol, only a few have advanced to animal 

studies. These synthetic and natural compounds have shown promising effects in modulating 

epigenetic regulation, oxidative stress, and glucose metabolism [16–19]. For instance, MDL-

800 binds allosterically to SIRT6, enhancing its deacetylase activity on H3K9 and H3K56, and 

has demonstrated significant efficacy in preclinical cancer models. Despite these advances, 

there remains a notable gap in the identification of natural product-based SIRT6 activators 

[17,20]. The present study aims to bridge this gap by exploring flavonoids as natural, 

potentially safer SIRT6 modulators with therapeutic relevance. 

2. Materials and Methods 

2.1. Docking studies. 

The docking study was carried out on a Lenovo desktop machine equipped with Ubuntu 

OS, Intel® Xeon® processor, and Intel graphics using Maestro 11.0.015 (Small-Molecule 

Drug Discovery Suite 2018-4, Schrödinger, LLC, New York, NY, 2018) [21]. 

2.1.1. Protein preparation. 

The crystal structure of SIRT6 (PDBID: 3ZG6) was downloaded from the Protein Data 

Bank (https://www.rcsb.org/structure/3zg6) at a resolution of 2.20 Å, and was pre-processed 

using Protein Preparation Wizard in Schrödinger suite (Schrödinger Release 2018-4: Protein 

Preparation Wizard; Epik, Schrödinger, LLC, New York, NY, 2018). The bonding orders were 

determined using the CCD database, and the appropriate hydrogen atoms were added. The 

Prime module (Schrödinger Release 2018-4: Prime, Schrödinger, LLC, New York, NY, 2018) 

https://doi.org/10.33263/BRIAC154.050
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC154.050  

 https://biointerfaceresearch.com/ 3 of 20 

 

was used to insert missing side chains and loops. Epik was used to produce the hetero state at 

pH 7.0, and disulfide linkages were constructed with zero bond order. The atoms were removed 

from the protein structure. In addition, we optimized hydrogen bonds using the refine tab to 

correct flaws in the protein structure, and then minimized the protein using the OPLS 2005 

force field after deleting water molecules with fewer than three hydrogen bonds to non-water 

molecules [21]. 

2.1.2. Ligand preparation.  

A library of 239 flavonoid compounds was downloaded from MedChemExpress 

(https://www.medchemexpress.com) and processed using the LigPrep module in the 

Schrödinger suite (Schrödinger Release 2018-4: LigPrep, Schrödinger, LLC, New York, 

2018). The Epik module was used to produce optimal states at pH 7±2 and to manufacture the 

tautomers. Each ligand preserved up to 32 stereoisomers [22,23]. 

2.1.3. Binding site detection. 

The SIRT6 protein's active site (PDBID: 3ZG6) was predicted using the SiteMap 

module in the Schrödinger suite (Schrödinger Release 2018-4: SiteMap, Schrödinger, LLC, 

New York, 2018). The SIRT6 protein's active binding site was predicted using default settings, 

with a minimum of 15 points per site. The site maps were then cropped to a distance of 4 Å 

from the nearest point on each site, resulting in the generation of four active binding sites [24]. 

2.1.4. Virtual screening. 

Molecular docking techniques were employed to investigate the binding affinity of the 

flavonoid compounds with SIRT6. Pre-processed molecules were subjected to docking with 

SIRT6. The extra precision (XP) method of the Glide module was employed for docking with 

the active site determined using SiteMap. The output was formatted as a posture viewer file 

and then visualized using the Pose Viewer program. The docking methodology was validated 

by removing the molecule from the complex, re-docking, and determining the root mean square 

deviation (RMSD), which was found to be < 2 Å. [25]. 

2.2. Molecular mechanics generalized born surface area (MMGBSA). 

The MM-GBSA module of Prime was used to compute the binding free energies of the 

ligand-receptor complexes. This module uses the XP dock pose viewer (PV) file as the input. 

The relative energies of the complexes were evaluated using the OPLS3 force field and VSGB 

solvation method. The binding free energies were computed using the equation proposed by 

Kollman [26,27]. 

𝑮(𝒃𝒊𝒏𝒅𝒊𝒏𝒈 𝒂𝒇𝒇𝒊𝒏𝒊𝒕𝒚 = 𝚫𝐆 (𝐬𝐨𝐥𝐯𝐚𝐭𝐢𝐨𝐧 𝐞𝐧𝐞𝐠𝐲) +  𝚫𝐄 (𝐦𝐢𝐧𝐢𝐦𝐢𝐳𝐞𝐝 𝐞𝐧𝐞𝐫𝐠𝐲) +

 𝚫𝐆 (𝐬𝐮𝐫𝐟𝐚𝐜𝐞 𝐚𝐫𝐞𝐚 𝐞𝐧𝐞𝐫𝐠𝐢𝐞𝐬)      (1) 

2.3. ADMET analysis. 

The ADMET properties of the selected ligands were assessed using two web servers: 

Swiss ADME (http://www.swissadme.ch/) and pkCSM (https://biosig.lab.uq.edu.au/pkcsm/) 

[23,28–30]. 
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2.4. Molecular dynamics (MD) simulation. 

The Desmond module within the Schrödinger suite was used to perform molecular 

dynamics (MD) simulations of the two most ADMET-favorable flavonoid compounds. The 

workflow consists of three successive steps: system builder, energy minimization, and 

molecular dynamics simulations[21,23]. The system was built using a single-point charge 

(SPC) solvent model with an orthorhombic bounding box. Subsequently, the model system was 

subjected to energy minimization. Simulations of related complexes were conducted using the 

NPT ensemble for a duration of 50 ns. TheNosé–Hoover thermostat algorithm and Martyna-

Tobias-Klein barostat algorithm were used to ensure a constant pressure of 1 atm and a 

temperature of 300 K. The evaluation of short-range interactions involved the use of a cutoff 

value of 9.0 for coulombic interactions, as stated by John et al. (2015) [26,31–35].  

The OPLS3 force field was chosen for docking and molecular dynamics simulations 

due to its broad applicability to proteins, ligands, and their complexes. It offers improved 

accuracy in predicting ligand conformations, binding poses, and interaction energies. 

Numerous prior studies on protein-ligand interactions have successfully employed OPLS3, and 

its compatibility with the Schrödinger suite further ensures the reliability of energetic and 

structural outputs in our system [21,36]. 

3. Results and Discussion 

3.1. Virtual screening. 

This study aimed to identify novel flavonoids with SIRT-6 modulatory action using an 

in silico approach. The 3D structure of SIRT6 was downloaded from the RCSB Protein Data 

Bank library and visualized (Figure 1A). Raw proteins were pre-processed using a protein 

preparation wizard (Figure 1B). 

 
Figure 1. Structure of SIRT6 (3ZG6) (A) The raw structure of SIRT6 with a small-molecule activator retrieved 

from the protein data bank; (B) represents the pre-processed protein obtained following the protein preparation 

wizard. 

The active site was identified using the SiteMap module, bundled with the Schrödinger 

Suite. Four top potential druggable pockets on the surface were identified (Figure 2).  
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Figure 2. Active site detection using SiteMap. This figure shows the four best active sites obtained using the 

Schrödinger SiteMap module. 

Site 1 had a drug score of ≈ 1, with a volume of 880.824 Å3 (Table 1). 

Table 1. Details of the best four active sites of SIRT6 using SiteMap.  

Sites Site score Size D Sore Volume(Å3) 

Site 1 1.068 437 1.032 880.824 

Site 2 1.008 145 1.030 344.715 

Site 3 0.716 51 0.677 148.176 

Site 4 0.512 19 0.442 44.247 

Based on the literature, site 1 is preferred for designing SIRT6 activators [15]. Hence, 

Site 1 was used for grid generation using the receptor grid generation wizard of the Schrödinger 

Suite. 

In total, 239 flavonoids were included in this study. After successful docking, 

parameters such as docking score, ecoul (Coulomb energy) energy, Glide energy (Van Der 

Waals energy), Glide energy (Van Der Waals energy + Coulomb energy), and interacting 

residues (hydrogen bonds) with SIRT6 were assessed. The binding affinities of flavonoids to 

SIRT6 were analyzed and evaluated based on their docking scores. Out of the 239 compounds, 

more than 100 showed a docking score of <-5; however, the top 12 compounds were selected 

for further investigation (Table 2). 

Table 2. Docking properties of selected compounds. 

S.No. Name 

Glide 

rotatable 

bonds 

Docking 

score 

Glide 

evdw 

Glide 

ecoul 

Glide 

energy 

Glide 

emodel 

XP H 

bond 

XP 

Lipophilic 

EvdW 

1 Hibifolin 12 -14.04 -32.883 -17.669 -50.551 -57.587 -5.928 -3.012 

2 Miquelianin 11 -13.481 -35.509 -14.498 -50.007 -60.673 -5.582 -2.757 

3 Quercimeritrin 12 -12.941 -35.523 -20.284 -55.806 -74.028 -7.259 -3.253 

4 1-Caffeoylquinic acid 10 -11.566 -34.492 -21 -55.492 -81.044 -4.998 -2.907 

5 Isosilybin 9 -11.125 -48.751 -12.079 -60.83 -70.756 -4.607 -5.464 

6 Baicalin 9 -11.087 -43.233 -16.731 -59.965 -77.326 -5.132 -3.643 

7 Cynaroside 11 -11.065 -47.936 -16.015 -63.951 -93.696 -5.759 -4.032 

8 
Kaempferol 3-O-Î²-

D-glucuronide 
10 -10.933 -45.824 -13.953 -59.777 -57.836 -4.767 -3.354 

9 Scutellarin 10 -10.769 -45.422 -13.076 -58.498 -87.697 -4.395 -3.774 

10 
Chrysin-7-O-

glucuronide 
8 -10.676 -46.442 -12.817 -59.259 -82.921 -4.035 -4.003 

11 Astilbin 10 -10.515 -45.181 -12.991 -58.172 -85.943 -4.492 -3.616 

12 Tilianin 10 -10.508 -46.021 -11.636 -57.657 -71.408 -5.279 -4.32 

Docking score, including all additional terms: Glide evdw: Van der Waals energy; Glide ecoul: Coulomb 

energy; Glide energy: Modified Coulomb-van der Waals interaction energy; Glide emodel: Model energy, 

Emodel; H Bond H-bond pair term.  

The 2D structure and docking pose of all 12 compounds showing the best docking 

results with SIRT6 are shown in Figure 3 and Figure 4, respectively.  

https://doi.org/10.33263/BRIAC154.050
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC154.050  

 https://biointerfaceresearch.com/ 6 of 20 

 

 
Figure 3. 2D structures of the compounds. The figure shows the 2D structure of the 12 compounds, showing the 

best docking result against SIRT6. 

 
Figure 4. Dock poses of selected compounds. The figure represents the 3D docking pose of the best 12 docked 

compounds against SIRT6. 

All 12 compounds, including Hibifolin, Miquelianin, Quercimeritrin, 1-Caffeoylquinic 

acid, Isosilybin, Baicalin, Cynaroside, Kaempferol 3-O-β-D-glucuronide, Scutellarin, Chrysin-

7-O-glucuronide, Astilbin, Tilianin, Apigenin 7-glucoside, and (-)-Gallocatechin gallate 

exhibited docking scores between -10.25 and -14.04. The good binding affinities were due to 

good hydrogen binding, Coulomb energy, and van der Waals forces (Table 2). The 3D docking 

pose and 2D interaction revealed that GLN111, ARG63, TRP69, ASN2, PHE62, GLN111, 

SER8, ALA51, THR69, LEU184, ASP188, TRP186, ALA51, HID131, THR213, SER214, 

ILE217, ARG218, ARG218, ASP185, and LYS13 in chain A played important roles in ligand 

binding. (Figures 5,6, Table 3). 
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Figure 5. 3D docking pose of the top 12 compounds docked with SIRT6. The output of the Schrödinger 3D 

diagram shows the binding site residues of SIRT6 with the top 12 docked compounds.  

Table 3. List of top identified molecules with different types of interactions with active site residues (PDB 

3ZG6). 

S.No. Name 
# Contacts 

Active Site Residues 
HB π- π 

1 Hibifolin 5 3 GLN111, ARG63, TRP69, ASN2, PHE62 

2 Miquelianin 5 3 GLN111, TRP69, SER8, ASN2, ARG63, PHE62 

3 Quercimeritrin 7 2 
ALA51, THR69, SER8, ASN2, ARG63, PHE62, 

GLN111, LEU184 

4 1-Caffeoylquinic acid 6 1 ASP188, ARG63, TRP69, LEU184, TRP186 

5 Isosilybin 4 1 ARG63, GLN111, ALA51, LEU184, HID131 

6 Baicalin 4 1 TRP69, ARG63, LEU184, TRP186, ASP188 

7 Cynaroside 5 0 THR213, SER214, ILE217, ARG218, LEU184 

8 
Kaempferol 3-O-Î²-D-

glucuronide 
3 1 ARG63, TRP69, SER8 

9 Scutellarin 5 1 
HID131, TRP69, ARG63, LEU184, TRP186, 

ASP188 

10 Chrysin-7-O-glucuronide 5 1 
HID131, ARG63, LEU184, TRP69, TRP186, 

ASP188 

11 Astilbin 4 0 THR213, ALA51, LEU184 

12 Tilianin 2 1 ALA51, SER214, PHE62 

HB No of hydrogen bond; π-π No of pi-pi stacking.  
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Figure 6. 2D interaction of the top 12 compounds docked with SIRT6. Output of Schrödinger 2D interaction 

diagram of SIRT6 with top docked compounds. 

Hibifolin is a flavanol glycoside isolated from herbal medicines, e.g., Abelmoschus 

Manihot and Melochia corchorifolia [37]. Hibifolin has a strong neuroprotective effect but no 

estrogenic effects [37,38]. The docking score for hibifolin was found to be -14.04. The docking 

score was attributed to 5 hydrogen bond formations between hibifolin and SIRT-6 at 

Glutamine, Arginine, Tryptophan, Asparagine, and Phenylalanine (Fig. 5-6). Miquelianin, a 

natural flavonoid, is a metabolite derived from quercetin. Miquelianin inhibits CBR1 [39]. The 

docking score for miquelianin was observed to be -13.481. The docking score was attributed 

to 5 hydrogen bonds at Glutamine, Tryptophan, Serine, Asparagine, Arginine, and 

Phenylalanine (Figures 5,6, Table 3). Quercimeritrin is an α-glucosidase-selective inhibitor 

[40]. The docking score for quercitrin was -12.941. The docking score was attributed to 7 

hydrogen bonds at Alanine, Threonine, Serine, Asparagine, Arginine, Phenylalanine, 

Glutamine, Leucine, along with good Van der Waals energy (Figures 5,6, Tables 2, 3). 1-

Caffeoylquinic acid is a potent inhibitor of NF-κB, demonstrating a strong affinity for the RH 

domain of p105 with a Ki value of 0.002 μM and a binding energy of 1.50 Kcal/mol. 

https://doi.org/10.33263/BRIAC154.050
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Caffeoylquinic acid exhibits antioxidant properties against oxidative stress. 1-Caffeoylquinic 

acid hinders the interaction between PD-1 and PD-L1 [41]. The docking score for 1-

Caffeoylquinic acid was found to be -11.566. The docking score was attributed to 6 hydrogen 

bonds with Asparagine, Arginine, Tryptophan, Leucine, and good van der Waals energy (Fig. 

5-6, Table 2-3). Isosilybin is a novel inhibitor of PXR-mediated CYP3A4 induction. Isosilybin 

could be considered a potential option for developing highly effective PXR antagonists to 

mitigate drug-drug interactions mediated by CYP3A4 in cancer patients [42]. The docking 

score for isosilybin was -11.125. The docking score was attributed to 4 hydrogen bonds 

between isosilybin and SIRT6 at Arginine, Glutamine, Alanine, Leucine, and histidine (Figures 

5,6, Tables 2-3). Baicalin is an allosteric carnitine palmityl transferase 1 (CPT1) activator [43]. 

The docking score for baicalin was observed to be -11.087. The docking score was attributed 

to 4 hydrogen bonds along with one π–π stacking (Figures 5,6, Tables 2-3). Cynaroside has 

antioxidant properties. Additionally, it is a potent inhibitor of influenza RNA-dependent RNA 

polymerase [44]. The docking score for Cynaroside was -11.065. The docking score was 

attributed to 5 hydrogen bonds along with 0 pi-pi stacking (Figures 5,6, Tables 2-3). 

Kaempferol 3-O-β-D-glucuronide (Kaempferol-3-glucuronide) is an anti-inflammatory form 

of kaempferol. Kaempferol 3-O-β-D-glucuronide substantially reduces pro-inflammatory 

mediators, such as IL-1β, NO, PGE2, and LTB4 [45]. Kaempferol reduces inflammation by 

increasing the release of the anti-inflammatory cytokine IL-10. The docking score for 

Cynaroside was -11.065. The docking score was attributed to 3 hydrogen bonds along with one 

π–π stacking (Figures 5, 6; Tables 2, 3). Scutellarin is a glycosyloxyflavone and a 7-O-

glucuronide of scutellarin. It functions as both an antineoplastic agent and a proteasome 

inhibitor [46]. This compound is a glycosyloxyflavone, glucosiduronic acid, 

trihydroxyflavone, and a monosaccharide derivative. It has a functional relationship with 

scutellarein. It functions as a conjugate acid of scutellarin (1-). The docking score for 

Cynaroside was -10.769. The docking score was attributed to five hydrogen bonds along with 

one π–π stacking (Figures 5,6, Tables 2-3). Chrysin-7-O-glucuronide is a flavonoid extracted 

from Scutellaria baicalensis that has antioxidant activity. The docking score for Chrysin-7-O-

glucuronide was -10.676, attributed to five hydrogen bonds along with 1 pi-pi stacking (Fig. 5-

6, Table 2,3). Astilbin is a compound that promotes the activation of NRF2. Astilbin further 

inhibits TNF-α production and NF-κB activation [47]. The docking score for Chrysin-7-O-

glucuronide was -10.515, which was attributed to four hydrogen bonds along with 0 pi-pi 

stacking (Figures 5,6, Tables 2-3). Tilianin is a flavonoid glycoside found in various medicinal 

plants. It hinders the activation of NF-κB and the activation, phosphorylation, and destruction 

of IkB kinase [48]. The docking score of tilianin was observed to be -10.508. The docking 

score was attributed to two hydrogen bonds between tilianin and SIRT6 at alanine, serine, and 

1 pi-pi interaction with phenylalanine (Figures 5,6, Tables 2-3). Apigenin 7-glucoside, also 

known as Apigenin-7-O-β-D-glucopyranoside, has notable anti-proliferative properties and 

acts as an antioxidant by scavenging reactive oxygen species (ROS). The docking score for 

apigenin 7-glucoside was -10.406, which was attributed to five hydrogen bonds along with 1 

pi-pi stacking (Figures 5,6, Tables 2-3). (-) - Gallocatechin gallate is a potent inhibitor of ABA-

induced stomatal closure. The docking score for (-) - Gallocatechin Gallate was -10.255, which 

was attributed to four hydrogen bonds along with two π-π stacking (Figures 5, 6; Tables 2, 3).   
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3.2. Absorption, distribution, metabolism, excretion, and toxicity (ADMET) screening of the 

top 12 flavonoids. 

The efficacy of a drug candidate is influenced not only by its potency but also by its 

favorable ADMET profile. Various ADMET techniques are available that anticipate the critical 

properties of molecules using computer simulations, which are useful for examining their key 

qualities. Currently, it is recommended to utilize computational ADMET in the initial phase of 

drug development, alongside in vivo and in vitro research, to minimize safety issues. The 

present study utilized freely available Internet web servers, namely SwissADME [49] and 

pkCSM, to conduct ADMET profiling [30]. According to the ADMET analysis, none of the 

selected compounds had the ability to cross the blood-brain barrier (BBB). Furthermore, most 

compounds lacked inhibitory activity against cytochrome P450 isomers, namely, CYP2C9. 

CYP2C9 is a significant cytochrome P450 enzyme that plays a crucial role in the metabolism 

of several drugs, such as NSAIDs, oral anticoagulants, and oral hypoglycemics. When 

CYP2C9 activity is inhibited, the metabolism of the aforementioned drugs is reduced, 

increasing their concentration in the blood. This can result in severe adverse effects. Therefore, 

the absence of CYP2C9 inhibitory activity indicates a minimal likelihood of medication 

interactions through the CYP2C9 metabolic pathway, as shown in Table 4.   

The pharmacokinetics and pharmacodynamics of a drug are influenced by its molecular 

weight (MW). Optimal passive diffusion across cell membranes typically occurs when the 

molecular weight is below 500 g/mol. Small molecules can penetrate the cell membranes and 

travel through tissues to reach their intended targets. In contrast, larger molecules face 

challenges, such as poor absorption and restricted membrane permeability, leading to lower 

bioavailability. Larger molecules often require carriers for effective distribution to ensure they 

reach their intended target. The molecular weight also influences drug metabolism and 

excretion, with small molecules being metabolized and excreted more rapidly than larger 

molecules. Moreover, larger molecules typically exhibit increased toxicity as they accumulate 

within the body and possess longer half-lives. In this study, a threshold of 500 g/mol was used 

(Table 4). In this study, the acceptable range for molar refractivity (MR), an indicator of 

compound polarity, was set between 40 and 130. The top 12 compounds had MRs that were 

within this range (Table 4). The aqueous solubility of a compound plays a crucial role in its 

absorption and distribution properties. The water solubility (log S) of a substance indicates its 

solubility in water at 25°C and serves as a measure of compound solubility. 

Compounds that are soluble in lipids are typically absorbed less effectively than those 

that are soluble in water, particularly when administered orally. In this regard, the log S value 

determined using the ESOL model should ideally be 6. All 12 compounds were soluble in 

water, except for isosilybin, which showed moderate solubility with a Log S value of -4.14. 

Lipinski's Rule of Five (ROF) serves as a guideline for the oral activity of compounds, stating 

that an orally active drug should not break more than one of the following rules: having a 

number of hydrogen bond acceptors less than or equal to 10, a number of hydrogen bond donors 

less than or equal to 5, a molecular weight less than 500 Daltons, and an octanol-water partition 

coefficient (LogP) less than or equal to 5. None of the 12 selected compounds showed more 

than one violation. Synthetic Accessibility (SA) scores are derived from the concept that the 

occurrence frequency of molecular fragments in readily accessible molecules corresponds to 

ease of synthesis. SA scores varied between 1 (indicating ease) and 10 (indicating extreme 

difficulty). All the compounds exhibited SA scores exceeding 4.0. 
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Moreover, orally administered drugs are absorbed through the gastrointestinal system, 

and the extent of their absorption in the intestine can affect their bioavailability. The pKCM 

web server showcased that the majority of the flavonoids analyzed exhibited intestinal 

absorption rates exceeding 30%, with the exceptions being Hibifolin, Miquelianin, Baicalin, 

Kaempferol 3-O-β-D-glucuronide, Scutellarin, and Chrysin-7-O-glucuronide as listed in Table 

5. Achieving effective skin permeability and sensitivity is crucial for the success of various 

drugs and is a key focus in the development of transdermal drug delivery systems. The skin 

permeability constant, represented by the logKp value (cm/h), serves as a vital parameter for 

evaluating skin permeability. If a substance exhibited a logKp value greater than -2.5, it was 

classified as having poor skin permeability. Analysis conducted through the pkCSM web server 

revealed that the top 12 ranked compounds had logKp values below -2.5, indicating their ability 

to effectively penetrate the skin. Cardiac toxicity is a significant factor that prompts withdrawal 

in drug discovery and is chiefly attributed to drug interactions with the human ether-a-go-go-

related (hERG) gene-encoded cardiac potassium channel. This interaction can result in long 

QT syndrome and, ultimately, sudden death (Lee et al., 2019). According to pkCSM analysis, 

none of the 12 compounds displayed the ability to inhibit hERG I (see Table 5). The in silico 

Ames toxicity test uses computer-based methods to assess the mutagenic properties of 

compounds using predictive models. Analysis using pkCSM indicated that none of the selected 

compounds were likely to induce AMES toxicity.OCT-2 (Organic Cation Transporter 2) plays 

a crucial role as a renal uptake transporter, facilitating the clearance and elimination of drugs 

and endogenous compounds. Concurrent administration of OCT-2 inhibitors and substrates can 

lead to adverse drug interactions. Therefore, understanding whether a drug candidate can be 

transported by OCT-2 is vital in drug discovery, as it offers insights into drug clearance 

mechanisms and potential side effects. In the current investigation, ADMET profiling revealed 

that none of the selected compounds could be transported by OCT-2. Hence, thorough ADMET 

profiling carried out via SwissADME and pkCSM indicated that out of the selected 

compounds, only Isosilybin and Tilianin demonstrated favorable drug-like attributes. 

Consequently, only these two compounds were subjected to further analysis (Table 5). 
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Table 4. ADMET properties of selected compounds using SwissADME. 

S. No. Name 
Mol. 

Weight 

No. of heavy 

atoms 

Molar 

refractivity 

CYP2C9 

inhibitor 

BBB 

permeant 

Log S 

(ESOL) 

Sol. 

class 

No. of Lipinski 

violations 

Synthetic 

accessibility 

1 Hibifolin 494.36 35 112.79 No No -3.14 S 2 5.48 

2 Miquelianin 478.36 34 110.77 No No -3.27 S 2 5.26 

3 Quercimeritrin 464.38 33 110.16 No No -3.04 S 2 5.31 

4 1-Caffeoylquinic acid 3.54.31 25 83.50 No No -1.62 S 1 4.15 

5 Isosilybin 482.44 35 120.55 No No -4.14 MS 0 4.92 

6 Baicalin 446.36 32 106.72 No No -3.41 S 2 5.09 

7 Cynaroside 448.38 32 108.13 No No -3.65 S 2 5.17 

8 Kaempferol 3-O-β-D-glucuronide 462.36 33 108.74 No No -3.41 S 1 5.22 

9 Scutellarin 462.36 33 108.74 No No -3.27 S 2 5.12 

10 Chrysin-7-O-glucuronide 430.36 31 104.70 No No -3.55 S 0 5.03 

11 Astilbin 450.39 32 105.98 No No -2.62 S 2 5.27 

12 Tilianin 446.40 32 110.58 No No -4.00 S 0 5.23 

S: Soluble; MS: Moderately soluble. 

Table 5. ADMET properties of selected compounds using pkCSM. 

S. 

No 
Name 

Mol. 

weight 

No of 

rot. 

bond 

Intestinal 

absorption 

(Human) 

Skin 

permeability 

hERG I 

inhibitor 

AMES 

toxicity 

Renal 

OCT2 

substrate 

Oral Rat 

acute 

toxicity 

(LD50) 

Oral Rat 

chronic 

toxicity 

(LOAEL) 

Skin 

sensation 
Hepatotoxicity 

1 Hibifolin 494.36 4 6.603 -2.735 No No No 2.491 4.477 No No 

2 Miquelianin 478.36 4 25.112 -2.735 No No No 2.497 4.51 No No 

3 Quercimeritrin 464.38 4 33.633 -2.735 No No No 2.543 4.162 No No 

4 1-Caffeoylquinic acid 354.31 4 31.578 -2.735 No No No 2.001 2.795 No No 

5 Isosilybin 482.44 4 69.767 -2.735 No No No 2.557 3.514 No No 

6 Baicalin 446.36 4 26.224 -2.735 No No No 2.634 4.536 No No 

7 Cynaroside 448.38 4 37.556 -2.735 No No No 2.547 4.279 No No 

8 
Kaempferol 3-O-β-D-

glucuronide 
462.36 4 25.165 -2.735 No No No 2.513 4.641 No No 

9 Scutellarin 462.36 4 13.836 -2.735 No No No 2.538 4.503 No No 

10 Chrysin-7-O-glucuronide 430.36 4 25.474 -2.735 No No No 2.744 4.574 No No 

11 Astilbin 450.39 3 49.005 -2.735 No No No 2.589 3.354 No No 

12 Tilianin 446.40 5 46.529 -2.735 No No No 2.72 4.436 No No 
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3.3. MMGBSA analysis. 

To validate the accuracy, the Glide docking poses of the isosilybin and tiilianin SIRT6 

complexes were evaluated using MM-GBSA, which has been shown to better discriminate 

between true and decoy ligand poses and determine the energetically preferred positions. The 

ΔGbind values for Isosilybin and Tilianin were observed to be -82.43 and -92.12, respectively 

(Table 6). 

Table 6. Binding free energy calculation of two top docked ADMET favourable compounds using the 

Prime/MM-GBSA approach. 
S.N. Name ΔG bind ΔG bind coulomb ΔG bind lipophilic ΔG bind solv GB ΔG bind vdW 

1 Isosilybin -82.43 -20.75 -51.73 31.06 -52.21 

2 Tilianin -92.12 -29.74 -47.26 30.81 -48.75 

Coulomb—Coulomb energy; Hbond—Hydrogen-bonding correction; Lipo—Lipophilic energy; Solv GB—

Generalized Born electrostatic solvation energy; vdW—Van der Waals 

3.4. Molecular dynamics simulations of best docking poses. 

Molecular docking was employed to predict the mechanisms of protein/ligand 

interactions; however, it was unable to predict the stability and dynamic behavior of the 

molecules throughout the binding process. Developing comprehension through 

experimentation is also a time-consuming process. However, the occurrence of troublesome 

molecular behavior can be predicted by simulating molecular activity inside a computer 

framework [34,50]. The complexes of Isosilybin and Tilianin, with SIRT6, acquired through 

molecular docking, were validated by subjecting them to 50ns MD simulations [51–54]. 

Molecular dynamics experiments of Isosilybin and Tilianin provide comprehensive 

insights into the stability of ligand-protein complexes under different solvent conditions. Root-

mean-square deviation (RMSD) values were used to assess the relative alterations in atom 

displacements compared with a reference frame. A system was considered equilibrated and 

stabilized when it exhibited consistently low RMSD levels and uniform variations throughout 

the simulation. However, the stability was indicated by significant fluctuations. RMSDs of 

approximately 1–3 Å were ideal for small proteins. In a realistic aqueous setting, MD 

simulations showed that the MDL800 SIRT6 interactions were stable. Our findings of 

acceptable protein RMSD levels are in line with those of a previous study [55]. Throughout the 

50ns simulation of the isosilybin-SIRT6 complex, the SIRT6 RMSD changes were within the 

specified range (0.9 Å to 3.1 Å), while the Isosilybin RMSD values ranged from 1.25 Å to 2.5 

Å, demonstrating high binding stability (Figure 7A). Throughout the 50ns simulation of the 

Tilianin -SIRT6 complex, the fluctuations in RMSD of SIRT6 remained within the specified 

range of .2.1Å to 5.2 Å. The RMSD values of Tilianin ranged from 0.9 Å to 3.4 Å, showing a 

favorable level of binding stability (Figure 7B). 

Protein Root Mean Square Fluctuation (P-RMSF) is a useful measure for describing 

small-scale variations within protein chains. MD simulation investigations of Isosilybin and 

Tilianin-SIRT6 complexes revealed that only a few amino acids exhibited a P-RMSF greater 

than 3.5 Å. (Figures 8A–D) Conversely, ligand root-mean-square fluctuation (L-RMSF) is 

valuable for analyzing alterations in the locations of the ligand atoms. MD investigations of 

the corresponding complexes revealed that only a few atoms exhibit high L-RMSF values. 

Moreover, the analysis of protein-ligand interactions conducted over a duration of 50ns 

indicated that isosilybin and tiilianin established robust hydrogen bonds with SIRT6 during 
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molecular dynamic simulations (Figure 7C-D). The stability of SIRT6-Isosilybin and Tilianin 

complexes was confirmed using protein RMSDs, P-RMSFs, protein interaction analysis, and 

L-RMSFs throughout a 50 ns MD simulation [56]. 

 
Figure 7. RMSD, protein interaction, and protein-ligand contacts of top docked ADMET favorable flavonoid 

compounds (A-B) RMSD; (C-D) protein interaction; (E-F) protein-ligand contacts plot of Isosylibin and tilianin 

over simulations run for 50ns complexed with SIRT6, respectively. 

Literature reports indicate that quercetin, a known SIRT6 activator, exhibits ΔGbind 

values ranging from approximately -22.8 kcal/mol under comparable simulation conditions 

[57]. In our study, Isosilybin and Tilianin demonstrated ΔGbind values of –82.43 and –92.12 

kcal/mol, respectively, placing them within a similar or even superior range. Molecular 

dynamics simulations further supported these findings, revealing consistent RMSD values and 

stable hydrogen bonding interactions for both flavonoid SIRT6 complexes. These observations 

suggest that Isosilybin and Tilianin possess binding affinity and complex stability comparable 

to established synthetic activators, highlighting their promise as natural alternatives for SIRT6 
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modulation. Nevertheless, while this study presents Isosilybin and Tilianin as newly identified 

SIRT6 activators, it is important to acknowledge certain limitations.. Initially, a molecular 

dynamics simulation lasting 50 ns was performed exclusively for Isosilybin and Tilianin, which 

had the highest docking scores and excellent ADMET properties. 

 
Figure 8. RMSF of top docked ADMET-favorable flavonoid compounds (A-B) RMSF residue index, (C-D) 

RMSF atom index of isosylibin and tilianin over simulations run for 50ns complexed with SIRT6  

In addition, MMGBSA was performed using the Glide docking poses of the Isosilybin 

and Tilianin-SIRT6 complexes to evaluate their static behavior. Molecular dynamics 

simulations lasting 50 ns were conducted to investigate the dynamic behavior of the protein-

ligand complexes. This study was purely theoretical and relied exclusively on computational 

techniques and simulations. Although these techniques offer valuable insights and predictions, 

further validation is required through extensive in vitro and in vivo investigations.  

4. Conclusion 

Reduced SIRT6 expression is linked to a number of chronic diseases, such as aging, 

diabetes, and cardiovascular disease. The current study involved screening 239 flavonoid 

compounds for their ability to bind with SIRT6 using Glide module of Schrödinger. Out of all 

the compounds, the top 12 were chosen based on their docking scores. Further analysis of their 

ADMET profiles showed that two of the 12 compounds, Isosilybin and Tilianin, had favorable 

drug-like qualities. Furthermore, the utilization of MMGBSA and molecular dynamics 

investigations demonstrated that Isosilybin and Tilianin could form stable complexes with 

SIRT6 in solvents. This study elucidated the ability of several flavonoid compounds to function 

as SIRT6 activators and identified Isosilybin and Tilianin as possible SIRT6 activators. 
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