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Chromenone; heart disease, type 2 diabetes, and Alzheimer’s. In this study, using computational methods, flavo-
Virtual screening; noid compounds were investigated for potential inhibitors against GSK-3f. Virtual screening was
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Molecular dynamics simula-
tion;
ADMET

utilized to investigate flavonoid compounds obtained from the PubChem database. Structure of
human heart mitochondria of GSK-3p receptor constructed by homology modeling. Best binding
poses were discovered via in silico molecular docking simulation. We surveyed noncovalent inter-
actions among amino acid residues involved in the active site of the modeled Protein and com-
pounds via molecular docking and molecular dynamics (MD).

Moreover, ADMET characteristics of best docking conformers have been investigated. The
obtained results revealed that compound 1 containing chromenone moiety with binding energy
H-bond —11.4 kcal/mol inhibited effectively binding pocket of the GSK-3p receptor. Moreover,
MD simulation analysis (RMSD and radius of gyration indicated complex of the compound and
GSK-3p receptor remained stable throughout 100 ns MD simulation, and also analysis of ADMET
profiles revealed that selected compounds had good drug-likeness and pharmacokinetic properties.
Hence, it was suggested that compounds with chromenone scaffold could potentially inhibit GSK-
3. Structural modification of the chromenone derivatives may result in the discovery of promising
candidates for identifying novel drugs as GSK-3f inhibitors.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glycogen synthase kinase-3 (GSK-3) is a cytoplasmic serine/threonine
protein kinase identified as an required regulator in several signaling
pathways of pathologies like diabetes, cancer, inflammation, neurode-
generative disorders, and cardiac (Takahashi-Yanaga, 2018; Khan
et al., 2017; Lal et al., 2015). It shows a significant effect in regulatory
switch in cell proliferation, apoptosis, and inflammation (Takahashi-
Yanaga, 2018). The previous studies proposed that GSK-3 is needed
to suppress cardiac hypertrophy, maintain normal cardiac develop-
ment, and inhibit cardiac fibrosis (Takahashi-Yanaga, 2018; Tariq
et al., 2021).

GSK-3a and GSK-3p are highly homologous mammalian isoforms
of the GSK-3 family. Among two isoforms, current investigation has
attended on GSK-3f inhibition in cardiac tissue, which could decrease
hypertrophy and necrosis of cardiomyocytes in ischemic heart disease,
cardiac regeneration, and heart failure (Tariq et al., 2021; Gao et al.,
2008). Likewise, pharmacological GSK-3f inhibitors have been classi-
fied into three sections (Non-ATP-competitive, ATP-competitive, and
substrate-competitive GSK-3f inhibitors as an attractive therapeutic
target for human diseases (Khan et al., 2017). Despite these advances,
there are some limitations in clinical application, including the complex-
ity of the interplay between GSK-3f3 and disease therapy, determination
of clinical dose/frequencies, and inefficiency for the prevention and
treatment of diseases (Dou et al., 2018). Thus, there is a need to identify
novel, safe, effective, and affordable scaffolds for GSK-3f inhibition.

Currently, available evidence reveals that natural products with
their active moieties have a promising candidate for identifying newer
drugs as a GSK-3 inhibitors (Saraswati et al., 2018; Kim et al., 2018).
Because of this, in Alzheimer’s disease, morin, a natural flavonoid,
directly inhibits GSK-3p resulting in binding to the ATP and blocking
tau phosphorylation in human neurons (Kim et al., 2018; Chen et al.,
2021). Moreover, ursolic acid derivatives and catechin from Potentilla
reptans L. root revealed a cardioprotective effect by inhibiting GSK-3f
in competitive ATP in the in silico study (Enayati et al., 2022; Li et al.,
2022; Yee, 2021; Alibak et al., 2022; Tang et al., 2020). Also, ethyl acet-
ate fraction of Potentilla reptans root induces cardioprotective effect in
ischemia/reperfusion injury by down-regulation of various signaling
pathways (AKT, ERK1/2, STAT3) and up-regulation of Nrf2 expres-
sion, thereby inactivation of GSK-3f protein kinase led to cardiomy-
ocytes protection of fraction during reperfusion injury (Enayati
et al., 2021).

As far as most of the inhibitors act as effective competitors at the
ATP-binding site, this study focuses on the assess specific and selective
natural/synthetic inhibitors of GSK-3f to pave the way for the treat-
ment of cardiac regeneration, inflammation, and their involved under-
lying mechanisms via molecular docking.

2. Materials and methods

2.1. Virtual screening

Molecular docking has been utilized to screen the PubChem
compound database to identify molecules interacting to
GSK-3B applying AutoDock software (Morris et al., 2009).

2.1.1. Target structure preparation

Homology modeling.

Inhibition of GSK-3f has a significant therapeutic for car-
dioprotection by ischemic preconditioning. To understand
how the selected compounds interact binding site of GSK-
3B, we searched in Protein Data Bank (PDB) (https://www.
rcs.org) and did not find a similar crystal structure of GSK-
3B in human heart mitochondria. Therefore, homology model-
ing has been applied to build an optimized 3D receptor of
GSK-3f. The protein sequence of GSK-3B in human heart
mitochondria (Acc: HGNC:4617) is retrieved from the ensem-
ble database (https://www.ensembl.org)) in FASTA format
(Hollingsworth and Karplus, 2010) and considered as the
GSK-3p sequence in this study. Accordingly, we used four sim-
ilar templates (1J1B-1A, 1J1B-B, 6HOU, 3M1S). These tem-
plates with a high identity on the sequence of GSK-3f in
human heart mitochondria were chosen. Moreover, the impor-
tant configuration was determined through the Discrete
relaxed Protein Energy (DOPE) score. Hence, the quality of
the built configuration is determined by the Ramachandran
plot and SAVE. Therefore, ®/'¥ dihedral angles distribution
of the molecule have been defined to demonstrate the
Ramachandran graph (Sun and Ansari, 2021).

2.1.2. Ligand preparation

The 3D structure of natural and synthetic compounds was
searched based on the similar structure of morin (Takahashi-
Yanaga, 2018) (Fig. 1) as a chromenone scaffold and their
medicinal characteristics; then, compounds were selected for
further studies. 5640 compounds were obtained from two
chemical libraries like the PubChem database (https://www.
pubchem.ncbi.nlm. nih.gov). The structures were retrieved in
SDF format converting into PDB format. Then, all collected
compounds were optimized by density functional theory
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Fig. 1 chemical structure of morin and chromenone.

(DFT) and energy minimized at B3LYP functional (Cao et al.,
2021; Soltani et al., 2018) and 6-31 + G** basis set using the
Gaussian 09 package (Frisch et al., 2009).

2.1.3. Molecular docking

To better understand the estimation of binding energy and
binding mode between selected compounds and target struc-
ture in silico molecular docking investigation has been per-
formed through the Auto Dock vina software (Howe et al.,
2021). In order to find appropriate orientation and best poses
of compounds inhibiting binding pocket of GSK-3f receptor.
An optimized model of the structure of GSK-3f of the human
heart mitochondria created by homology modeling was
applied as the target for the docking simulation; then, the
modeled Protein was prepared by the following several steps:
adding Kollman atom partial charges and polar hydrogen
atoms and elimination of water molecule and merged non-
polar hydrogen atoms furthermore, a grid box of 60x60x60
with a point spacing of 0.375 A was calculated around the
active site in GSK-3B to provide the autogrid module
(Mirzaei et al., 2020; Gong et al., 2011; Razzaghi-Asl et al.,
2018; Mirzaei et al., 2017; Dou et al., 2018). 150 GA runs were
implemented using the Lamarckian genetic algorithm. Maestro
11.0 Schrodinger suit has been utilized to visualize the 2D and
3D demonstration.

2.1.4. Molecular dynamic simulation study

Molecular dynamics simulation of the selected compound was
accomplished using the GROMACS-2020 package allocating
GROMOS9654A7 force field (Abraham et al., 2015). To gen-
erate topology selected ligand and prepare gromacs parame-
ters, PRODRG webserver was applied. Minimizing the
optimized recptor was implemented through two short runs
at 100 ps using Amber 96 force fields to obtain the lowest
energy conformations of the receptor. The system was solvated
within a virtual cubic box containing about 28,900 water mole-
cules (TIP3P model). To neutralize the system, seven chloride
ions have been added. Equilibration of whole systems was per-
formed employing both NVT and then NPT ensembles by
position restrain on the optimized Protein at a temperature
of 300 K and pressure of 1 bar during 100 ps MD runs. After
equilibration of the system, production runs of 100 ns through
a time step of 2 fs were carried out to examine the stability of
the complex of Protein and selected compound. The Particle
Mesh Ewald (PME) method has been utilized to measure the

electrostatic interactions. QtGrace tools and VMD software
were used for graph plotting and visualization of the complex.

2.1.5. Drug likeness and ADMET prediction

ADMET parameters (absorption, distribution, metabolism,
excretion, and toxicity) and Pharmacokinetic charactreistics
of the selected compounds have been estimated applying
admetSAR database (Yang et al., 2019) then, swiss ADME
(Daina et al., 2017), evaluating the drug-likeness of the selected
compounds. Moreover, topological polar surface area (TPSA)
has been estimated as a significant descriptor estimating
oral bioavailability and absorption of the compounds then,
the permeability of blood—brain barrier (BBB), inhibition pro-
files of cytochrome P450 including CYP3A4, CYP2C9and
CYP2D6; AMES (Salmonella typhimurium reverse mutation
assay) toxicity and carcinogenicity were evaluated. Hence,
ADMET and pharmacological properties could help assess
the selected compounds’ drug-likeness properties.

3. Results and discussion

3.1. Frontier molecular orbital and molecular electrostatic
potential

We have done the DFT calculations to explain the Frontier
Molecular Orbital theory (FMO) and Molecular Electrostatic
Potential (MEP) of the chromenone derivatives in the water
phase applying the polarizable continuum model (PCM)
method (Cao et al., 2021; Cao et al., 2021). The electronic dis-
tribution on the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) was charac-
terized by FMO analysis. Fig. 2 demonstrates the HOMO and
LUMO orbitals in order as electron donor and electron accep-
tor, which are more localized around carbonyl groups of chro-
menone moiety and carbon—carbon bonds (Soltani et al.,
2022). The energies of HOMO (Eyomo) and LUMO (ELymo)
have been found to be —2.90 and —5.96 eV, respectively. The
value of energy gap (Eyrg) is 3.06 eV. MEP plot demonstrates
the anionic fragment in the carbonyl (C=0) group with a neg-
ative charge (denoted by red color) around it, while the catio-
nic fragment in around C—H and O—H groups have a positive
(blue color) charge around them (Cao et al., 2021; Yang et al.,
2022; Zhang et al., 2022; Antoine et al., 2022).

3.2. Homology modeling

Based upon prior investigations, inhibition of GSK-3f acts as
an underlying factor in cardiovascular disease (Juhaszova
et al., 2009), but there is no similar structure of GSK-3 of
the target in the PDB database. Hence, the 3D structure of
GSK-3B of the target was created by homology modeling.
First, we retrieved the amino acids sequence of GSK-3f
(HGNC:4617) from The Ensembl (https://www.ensembl.org).
Accordingly, searching BLAST and alignment of GSK-38
sequence were performed to find similar templates then 3D
model protein of GSK-3f was built using the SWISS-
MODEL server employing four templates (PDB IDs: 1J1B-
1A, 1J1B-B, 6HOU, 3M1S) (Gao et al., 2018).

We implement the Ramachandran plot to evaluate the
quality of modeled Protein and structural integrity (Lovell
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Fig. 2 Optimized structure, FMO, and MEP plots of compound].

et al., 2003). As illustrated in Fig. 3, 90.5 % of the amino acid
residues were in favored region, 8.8 % of total residues in
allowed region, and only 0.6 % of the amino acid residues in
disallowd region. Based on the results mentioned, the quality
of modeled Protein would be expected to employ in silico
molecular docking simulation.

Additionally, this 3D structure was analyzed using the
PROCHECK server to estimate the receptor’s sterochemical
quality, indicating that 99.4 % of the total amino acid residues
had accurate geometry. Therefore, the modeled protein struc-
ture generated based on Homology modeling method is reli-
able and can be used for drug design and finding promising
drug candidates.

3.3. Virtual screening

To investigate new potential natural and synthetic compounds
for inhibiting GSK-3, in silico molecular docking simulation
was performed. To validate the molecular docking precise of
modeled protein structure and compare it with experimental
binding affinity, we executed the redocking procedure. ANP
(phosphor aminophosphonic acid-adenylate ester) as a cognate
ligand was used to evaluate molecular docking protocol;
redocking results indicated an RMSD value of 1.46 A. Based
on similarity structure with morin as an inhibitor of GSK-
3B, 4650 compounds were extracted from the PubChem data-
base. All screened compounds follow Lipinski’s rule of five
(Table 1). To investigate the potential inhibition of the com-
pounds to interact to the binding pocket of GSK-3f, a molec-
ular docking simulation was performed. Therefore, based on
the lowest binding free energy, the best 12 docked molecules
were selected for more analysis (Fig. 4).

As presented in Table 1, 12 top compounds with the lowest
binding affinity interacted with the binding pocket of GSK-3
by noncovalent interactions. Table 1 shows Compound 1 as a
derivative of chromenon had the lowest binding free energy.
As depicted in Fig. 5. Compound 1 interacted with amino acid
residues like Leul32, Cys199, Ala83, Val70, Val87, Val69,
Phe67, and Leul88 through hydrophobic interaction. Further-
more, compound 1 was established in the target’s active site by
seven H-bond interactions. Carbonyl group of chromenone of
compound 1 interacted with Lys85 at a distance 2.88 A, and
also the compound formed H-bond with residues Ser66,
Lys183, GInl85, Val69, and Lys86 with the hydroxyl group
of the receptor at a distance 2.76, 2.52, 3.14, 2.77, 2.99, and
2.81 A, respectively. The compound has also interacted with
residues of Asp133, Asp200, Lys85, Lys86, and Lys183 using
charged interactions. The chromenone moiety of compound
1 is covered by different noncovalent interactions indicating
These interactions play an important role in the inhibition of
GSK-3f (Elangovan et al., 2020; Emami et al., 2018).

As depicted in Fig. 6, molecular docking analysis revealed
that Compound 2, consisting of chromenone moiety, showed
an excellent dock score of —11.1 kcal/mol. Compound 2 exhib-
ited hydrophobic interaction with Amino acid residues such as
Val70, Phe67, Ile62, Cys199, Ala83, Vall10, Leul32, Tyr134,
Vall35, Prol136, and Leul88 in the active site of the target.
Moreover, three hydrogens bound surrounded chromenone
moiety of the compound in the receptor’s binding site. Amino
acid residues such as Lys183, Asn186, and Gly68 interact with
the compound at distances of 3.29, 2.85, and 2.79 A, respec-
tively. Additionally, this compound has a notable affinity for
the structure of GSK-3B with residues Asp200, Aspl33,
Glul37, Argl4l, and Lys85 through electrostatic interactions.
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Fig. 3 Ramachandran plot for the homology model protein. 90.5 % of amino acid residues are in favored regions, 8.8 % of amino acid
residues are in the allowed regions, and 0.6 % are in the disallowed regions.

Consequently, it could be proposed as a potential GSK-3
inhibitor.

2D and 3D presentation of the best pose of Laurentixan-
thone A (Compound 3) as a derivative of chromenone is pre-
sented in Fig. 7. The obtained results demonstrated that the
compound was established in the active site. Residues like
Prol136, Vall35, Tyrl134, Leul32, Ala83, Valll0, Leul88,
Cys199, and Ile62 formed hydrophobic interaction with the
ligand. Moreover, binding free energy of —10.9 kcal/mol is
presented in Tablel interacting hydrogen bond with Asp133
and Vall35 residues with the hydroxyl group of chromenone
of the compound at a distance of 2.92 and 2.98 A, respectively.
In addition, the compound has interacted with residues such as
Glul37, Lys85, Asp200, Argl41, and Lys85 using electrostatic
interactions.

Consequently, chemical structure analysis indicated com-
pounds consisting of chromenon moiety had high binding
affinity to the modeled Protein’s binding pocket and resulted
in occupy the active site of the target. Furthermore, these com-
pounds inhibit key amino acid residues in the binding mode of
the Protein through the different types of interactions (electro-
static, polar, hydrogen bond, and hydrophobic) (Daggupati
et al., 2018; Daddam et al., 2020). Interestingly, most com-
pounds shown in Table 1 are more persuasive than morin as
a reference ligand (Pubchem-CID: 5281670 ). It seems that this
effect of the mentioned compounds is associated with existing
of electron donor substitutes or electron resonance extenders
in the chromone moiety, especially in the pyrone ring. More-
over, in comparing the structure of compounds, some points
are important in their GSK-3p inhibition potential: the pres-
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Table 1 Molecular docking simulation results for the selected
compounds and the modeled receptor (GSK-3).

Compound PDB ID: GSK3B
NO Pubchem-CID BE Ki (uM)
(kcal/mol)

1 127039278 —114 3.1
2 44378184 —11.1 3.9
3 1608168 —10.9 43
4 15478904 —10.2 5.1
5 12019530 —10.1 5.4
6 14309760 -9.9 6.2
7 44258296 —-9.8 6.3
8 52949348 -9.7 6.7
9 10617404 -9.5 7.2
10 4020240 —-9.4 7.8
11 14583584 -9.3 8.0
12 53305954 —9.1 8.4
13 5281670 -9.8 6.1

Abbreviation: BE: Binding Energy.

ence of hydroxyl group or oxygenated substitution in carbon 5
and 7 of chromone, to be free hydroxyl groups, electronic res-
onance should be easily accessible by suitable stereochemistry
of substituents. Therefore, compounds consisting of chrome-
none moiety could be considered promising potential inhibi-
tors of GSK-3p.

3.4. Assessment of pharmacological properties, ADME and
toxicity prediction

Pharmacokinetic properties and ADMET parameters of the
top 12 compounds are depicted in Tables 2 and 3. These com-
pounds examined for further research were chosen to under-
stand the top compounds’ complying with Lipinski’s Rule of
Five. Remarkably, the majority of the compounds followed
the Lipinski’sROS5 and did not violate the standardized Lipin-
ski criteria (Cao et al., 2021; Cao et al., 2021). This study con-
tributed to the identification of the top flavonoids related to
pharmacokinetic properties. Table 2 summarizes the antici-
pated ADMET features of chosen compounds, including num-
ber of H-bond acceptors (HBA), number of H-bond donors

Fig. 4

chemical structure of 12 top chromenone derivatives.
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Fig. 5 Presentation of 2D and 3D models of interactions between compoundl and modeled Protein (GSK-3p).

(HBD), topological polar surface area (TPSA), solubility,
Molecular refractivity (MR), drug likeness (DL), and toxicity
profiles.

Molecular weights of most compounds are less than
500 Da; their predicted solubility values are —3.3 to —5.64,
suggesting slightly soluble for most compounds. Furthermore,
their calculated Log P ranges between 3.9 and 6.7. Moreover,
the number of hydrogen bond acceptors and donors in all
selected compounds except compound PubChem CID-
127039278 were acceptable and obeyed Lipinski’s rule of five.
Additionally, the molar refractivity value of most compounds

was less than 130, while two compounds, 1 and 4, were higher
than 140.

Molar refractivity is related to volume and polarizability of
the molecule, indicating volume occupied by functional amino
acid residues (Prasanna and Doerksen, 2009). Another impor-
tant descriptor in ADMET prediction is topological polar sur-
face area (TPSA), indicating intestinal permeability of
compounds (Fagerholm et al., 2021). So TPSA values higher
than 140 results in decreasing permeability of compounds.
Based on obtaining results, TPSA values of all compounds
were agreeable range except compound 1.
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188

Fig. 6 Presentation of 2D and 3D models of interactions between compound 2 and modeled Protein (GSK-3p).

One important molecular descriptor in predicting human
oral bioavailbilty and structural stability is the number of
Hydrogen bond donors and acceptors (Pourbavarsad et al.,
2021; Mishra et al., 2021; Hachem et al., 2022). On the other
hand, increasing H-bond donors and acceptors increase
selected compounds’ solubility. It also leads to essential inter-
actions with key amino acid residues of the receptor. Likewise,
too many H-bond donors and acceptors could negatively
affect the permeability of compounds (Wang et al., 2022).
According to Table 2 number of Hydrogen bond acceptors
and donors of all compounds except compound 1 has no vio-
lation of the Lipinski rule of five.

Table 3 presents the findings of ADMET properties.
Human intestinal absorption of all selected compounds is in
the acceptable range, indicating that the compounds could

be absorbed appropriately by the intestine. The blood brain
barrier (BBB) of most compounds showed moderate
absorption.

Therefore, most compounds comply with drug-likeness
rules illustrating good absorption and permeability of the com-
pounds. Prediction inhibitors of CYP450 enzymes (3A4, 2D6,
and 2C9) exhibited most compounds as non-inhibitors of
CYP450 enzymes. They are essential for drug metabolism. Bio-
transformation of drugs is an important function of Cyto-
chrome P450 isoforms containing heme prosthetic group
found abundant in different types of tissues (Zhou et al.,
2022). Based upon the data obtained from Table 3 that all
selected compounds except compound 4 were revealed as
non-inhibitors of the P-glycoprotein inhibitor (P-GI). Inhibi-
tion of P-glycoprotein by drugs may decrease drug bioavail-



Chromenone-based GSK-3p inhibitors as potential therapeutic targets for cardiovascular diseases 9

‘;l:l.\) ‘\“:L‘;l\\

(Y (18 \
= L& —

"§§ 1‘

Fig. 7 Presentation of 2D and 3D models of interactions between compound 3 and modeled Protein (GSK-3p).

ability (Lu et al., 2022; Yu et al., 2022; Bai et al., 2021; De Vivo
etal., 2016; Lobanov et al., 2008). Moreover, prediction of car-
cinogenicity, hepatotoxicity and AMES toxicity of selected
compounds was performed, indicating all compounds were
to be as non-toxic. As a result, it was concluded that most
compounds followed the Lipinski rule of five and had good
drug-likeness properties and ADMET profiles. Therefore, the
selected compounds were determined as appropriate inhibitors

of GSK-3f considering for the molecular dynamics (MD) sim-
ulation study (Mirzaei et al., 2020).

3.5. Molecular dynamics simulation

To determine molecular dynamics simulation and structural
stability of the receptor and geometry changes of the
complexes of the modeled Protein and best binding pose, we
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Table 2 Drug-likeness properties of compounds.

Compound MW Log S Clog P HBA HBD NRB MR TPSA DL
ref - >-4 <=5 <=10 <=5 <=10 40-130 less than140 -

1 570 -3.7 4.84 12 6 5 147 192 0.72
2 436 -3.14 5.75 5 3 4 126 90.9 0.70
3 362 —4.1 5.34 4 1 2 108 56 0.48
4 488 —3.65 6.7 6 3 5 142 96 0.42
5 382 —3.96 4.7 5 1 4 110 73 0.44
6 408 -39 5.5 5 3 5 116 87 0.56
7 420 —3.78 5.3 6 3 3 119 96 0.51
8 374 —3.31 4.7 5 2 4 106 76 0.41
9 344 —2.88 4.4 4 2 3 100 67 0.57
10 404 —4.0 5.5 5 2 3 118 76 0.53
11 368 —4.16 3.9 6 2 2 100 85 0.38
12 322 —4.05 4.2 4 1 1 92 56 0.51

Abbreviations:LogS: Logarithm of water solubility; MW: molecular weight; logP: Logarithm of compound partition coefficient between -
octanol and water; HBA: Number of hydrogen bonds acceptors; HBD: Number of hydrogen bond donors; TPSA: Topological polar surface
area; NRB: Number of rotatable bonds, MR: Molecular refractivity, DL: Drug likeness.

Table 3 ADMET profile of compounds.

Compound BBB  HIA Caco-2 P-GI CYP450-2C9 CYP450-2D6 CYP450-3A4 AMES CIG HPT AOC
ref - - No No No No No No No -

1 Yes Yes No No No No No No No No 2.36
2 Yes Yes No No inhibitor No inhibitor No No No 3.08
3 Yes Yes Yes No inhibitor inhibitor No No No No 2.80
4 Yes Yes No inhibitor inhibitor No No No No No 2.60
5 No Yes No No No No No No No No 2.67
6 No Yes No No inhibitor No inhibitor No No No 2.63
7 No Yes No No inhibitor No No No No No 3.2
8 No Yes No No inhibitor No No No No No 2.36
9 Yes Yes No No inhibitor No No No No No 2.68
10 Yes Yes Yes No inhibitor No No No No No 1.53
12 Yes Yes Yes No No No No No No No 3.1

Abbreviations: BBB: Blood Brain Barrier; HIA: Human Intestinal Absorption, P-GI: P-glycoprotein inhibitor, CIG: Carcinogens, HPT:
hepatotoxicity, AOC: Acute oral Toxicity, Caco-2: a model of the intestinal epithelial barrier, AMES: (Salmonella typhimurium reverse
mutation assay).
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Fig. 8 A). RMSD plots of the modeled Protein alone (black) and in complex with compoundl (red), in water at 300 K, during 100 ns
MD simulation. B) Radius of gyration (Rg) of the modeled Protein alone (black) and in complex with compound] (red) in water during
100 ns MD simulation.
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performed molecular dynamics simulation for 100 ns (Wang
et al., 2019). The best pose docking (compound 1) was evalu-
ated to assess modeled Protein’s residual flexibility by molecu-
lar dynamic study. To analyze the stability of complex of
protein structure and compound 1 the RMSD value was calcu-
lated. as depicted in Fig. 8A, the RMSD graph provides infor-
mation about stability state of the structural backbone of the
modeled Protein (black) and complex Protein — compound 1
(red) throughout 100 ns MD simulation (Mirzaei et al., 2020).

The calculated RMSD value of the Protein without inhibi-
tor was 0.46 during 100 ns MD simulation. Following an ini-
tial fluctuation, the RMSD graph reached equilibrium at
40 ns. It remained stable throughout the MD simulation, indi-
cating that the system changed to a more perfect equilibrium
status than the initial structure. In contrast, the calculated
RMSD value of the Protein-compound complex was 0.67,
reached stable status at 40 ns, and remained stable during
the rest of the MD simulation.

To assess the compactness changes of protein-ligand com-
plex, the radius of gyration is usually applied to indicate geo-
metrical and conformational changes of the protein—ligand
complex; furthermore, it displayed the stability status of the
complex during 100 ns MD simulation (Mirzaei et al., 2020;
Wang et al., 2019).

Fig. 8B demonstrated that the obtained outputs illustrates
the radius of gyration value of compound 1 remained stable
between 2 and 2.5 nm during the MD simulation. The compar-
ison results of Protein alone and complex of protein-ligand
revealed that after binding the compound, folding of complex
protein-ligand remained stable from 20 ns throughout MD
simulation.

4. Conclusions

Glycogen synthase kinase-3 (GSK-3) is a cytoplasmic serine/threonine
protein kinase identified as an essential regulator in several different
signaling pathways of pathogenesis like type 2 diabetes, Alzheimer
and cardiac, particularly glycogen metabolism. GSK-3f act as a com-
petitive inhibitor that effectively inhibits the ATP binding pocket of
the Protein. Inhibition of GSK-3f in cardiac tissue leads to decreased
hypertrophy and cardiomyocyte necrosis in ischemic heart disease, car-
diac regeneration, and heart failure. In this study, we proposed morin
as a natural flavonoid consisting of chromenone moiety inhibited
GSK-3f directly, resulting in binding to the ATP and blocking tau
phosphorylation in human neurons hence based on similarity with
morin as chromenone structure and inhibitor of GSK-38, 4650 com-
pounds were retrieved from PubChem database.

Molecular docking has been performed to determine hydrophobic,
H-bond, and electrostatic interactions between compounds and target
structures on the active site. Furthermore, analysis of docking results
indicated that compound Iwith lowest binding free energy
(-11.4 kcal/mol), interacted with key amino acid residues of binding
pocket of GSK-3p and effectively inhibited the target. Key amino acid
residues including Leul32, Cys199, Ala83, Val70, Val87, Val69, Phe67,
Leul88, Lys85, Ser66, Lys183, GInl85, Val69, Lys86, Aspl33, and
Asp200 play a significant role in the binding pose of GSK-3B. More-
over, in silico ADMET parameters evluatrion revealed that most com-
pounds follow the Lipinski rule of five and had good pharmacokinetic
properties and ADMET profiles. Finally, compound 1, as the top-
ranked pose subjected to molecular dynamics (MD) to evaluate the
stability binding of the complex of Protein-compound. Analysis of
RMSD and radius gyration demonstrated complex of the compound
1 and GSK-3p receptor remained stable during 100 ns MD simulation.

It can be concluded that flavonoid compounds consisting of chrome-
none moiety could act as promising molecules for drug design and
development of GSK-3 inhibitors.
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