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ABSTRACT

Objective: Glycogen synthase kinase 3 beta (GSK3β) is one of the main targets for wound healing activity. Our objective is to identify novel inhibitors 
for GSK3β using in silico approach.

Methods: Grid-based molecular docking, energy-based pharmacophore (e-pharmacophore) modeling, and molecular dynamics (MD) studies were 
performed for phytocompounds with GSK3β and compared with standard drugs using Schrodinger software.

Results: The glide scores and the molecular interactions of the phytocompounds were well comparable to the standard drugs. The MD was 
performed for the target bound to the best scoring ligand, entagenic acid. The pharmacophore features of this docked complex were modeled as 
e-pharmacophore. The constructed e-pharmacophore model was screened against phytocompounds retrieved from literature to identify the ligands 
with similar pharmacophore features.

Conclusion: The glide scores of fukinolic acid, cimicifugic acid, and linarin were −10.99, −8.28, and −7.25 kcal/mol, respectively. The further 50 
nanoseconds MD study determined the stability of GSK3β-linarin complex. Nitrofurazone and sulfathiazole drugs can lead to systemic side effects. 
Hence, it is concluded that linarin could be a potent wound healing compound against GSK3β.
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INTRODUCTION

A wound is defined as the disruption of the normal anatomical 
structure and function of a tissue [1]. Healing is the complex and 
dynamic process that results in the restoration of anatomical 
continuity and function which consists of three phases: Inflammation, 
proliferation, and remodeling [2,3]. Chronic wounds affect a large 
number of patients and reduce their quality of life [4]. Medicinal plants 
have a significant role in the process of wound healing [5]. A  large 
number of plants are used in India for the treatment of cuts, wounds, 
and burns [6]. Wnt signaling pathway appears to be involved in 
differentiation processes by controlling the polarity of cell division, cell 
growth, and cell fate. It is clear that the genes encoding for Wnts and 
other components of the pathway are expressed during regeneration 
of the skin [7]. Wnt signaling pathway is divided into two subclasses: 
The canonical pathway and the non-canonical pathway [8]. Glycogen 
synthase kinase 3 is a serine/threonine protein kinase that mediates 
the addition of phosphate molecules on to serine and threonine amino 
acid residues [9]. Glycogen synthase kinase 3 beta (GSK3β) is involved 
in energy metabolism, cell development, and body pattern formation. 
GSK3β inhibition promotes wound healing through β-catenin-
dependent Wnt signaling pathway. Several GSK3β inhibitors have been 
described, and most of the observed effects are in vitro and cellular 
studies. Among these, inhibitors are paullones, indirubins, 3-anilino-4-
aryl maleimides, thiadiazolidinones, and other small molecules. Earlier 
studies reported that in silico findings hypothesized that oleanolic acid 
may exert the healing activity by inhibiting GSK3β through b-catenin-
dependent Wnt signaling pathway [10]. Similarly, other studies also 
reported that docking of GSK3β with entagenic acid revealed minimum 
binding and docking energy than the reference drug nitrofurazone, 
and thus, it is considered as a good inhibitor of GSK3β [11]. In another 
study, lupeol was proved to be one of the potent wound healing 
compounds that show to elicit the cutaneous wound healing better 

than the reference drug nitrofurazone [12]. Comparative molecular 
docking of nitrofurazone, sulfathiazole (standard drugs) and entagenic 
acid, triterpenoid lupeol, and oleanolic acid (phytocompounds) with 
GSK3β was performed. After docking, the compound showing good 
interaction was selected for e-pharmacophore modeling and simulation 
studies [13]. The dataset of 63 compounds was selected based on 
the literature studies of natural compounds. These wound healing 
activities of these compounds have been proved through in vitro and 
animal studies [14]. The present study focuses on in silico inhibition 
of GSK3β using these natural compounds to find a compound(s) with 
similar features that can act against GSK3β. The structural changes 
and dynamic behavior of the protein and complex were analyzed by 
molecular dynamics (MD) studies at 50 ns.

METHODS

Protein preparation
The structure of GSK3β (PDB ID: 1Q5K) was downloaded from the 
protein data bank [7]. Protein preparation wizard tool of Maestro was 
used for protein preparation. Water molecules which do not participate 
in interactions were removed, the bond order was assigned, and 
hydrogen atoms were added. Optimization and minimization of the 
protein were carried out by applying the OPLS-2005 force field [15].

Ligand preparation
The structures of the standard drugs (nitrofurazone and sulfathiazole) 
and phytocompounds (triterpenoid lupeol, entagenic acid, and oleanolic 
acid) were obtained from the PubChem database [12]. All the ligands 
were optimized using OPLS_2005 force field, and conformations were 
generated using Epik in the range of pH 7.0±2.0 [15,16]. The structures 
were desalted and tautomerized. Thirty-two stereochemical structures 
were generated per ligand for computation using Ligprep module of 
Maestro.
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Grid generation
Different ligands which bind within the predicted active site of the 
receptor grid were generated using Glide receptor grid generation 
option [17]. Active sites of the protein (Ile62, Gly63, Asn64, Gly65, Ser66, 
Phe67, Gly68, Val69, Val70, Lys85, Asp181, and Tyr216) were predicted 
from the CASTp server [18]. The grid was generated keeping the default 
parameters of van der Waals scaling factor as 1.00 and charge cutoff as 
0.25. Centroid of the selected residues option was selected. The cubic 
box was set to 10 Å×10 Å×10 Å for docking experiments.

Molecular docking and e-pharmacophore generation
The two standard drugs and three phytocompounds were docked 
in the active site of GSK3β using Glide extra precision (XP). All 
low-energy conformations were determined by Glide XP mode for 
finding the best conformer with optimum binding affinity. From the 
results of Glide XP docking, the best conformer was used to generate 
e-pharmacophore  [13]. Script option of Schrodinger phase [19] was 
used to generate the pharmacophore hypotheses from the docked 
poses using common set of pharmacophore features, namely, hydrogen 
bond (H-bond) acceptor (A), H-bond donor (D), hydrophobic 
group (H), negatively charged group (N), positively charged group (P), 
and aromatic ring (R). Developed pharmacophore sites were used to 
filter the leads library with similar pharmacophore groups, and these 
were given for further XP ligand docking.

Dataset
Several phytocompounds were isolated from plants proved to improve 
wound healing. Sixty-three compounds were selected based on the 
literature of natural compounds. These compounds wound healing 
effects have already been proven through in vitro and animal studies, 
namely, taspine, mesaconitine, hypaconitine, songorine, napelline, 
12-epinepheline N-oxide, aucubin, cycloastragenol, catechin, 
epicatechin-3-O-gallate, quercetin-3-O-methyl ether, anthocyanins, 
silybin, silychristine, silydianine,1,2,3,4,6-Penta-O-galloyl-beta-D-
glucose, embelin, framycetin, proanthycyanidin, resveratrol, epi-α-
bisabolol, α-bisabolol, α-terpineol, asiaticoside, deoxyelephantopin, 
β-sitosterol glucoside, β-sitosterol, emodin, kaempferol, quercetin, 
quercetin-3-O-rutinoside, protocatechuic acid, P-hydroxybenzoic acid, 
P-coumaric acid, ferulic acid, vanillic acid, mannose-6-phosphate, 
emblicanin A, acemannan, spinasterol, stigmasterol, isorhamnetin, 
xyloglucan, gentiopicroside, deoxyshikonin, acetylshikonin, curcumin, 
linarin, luteolin, 6-hydroxyluteolin, echinacoside, verbascoside, asiatic 
acid, madecassic acid, madacassoside, fukinolic acid, cimicifugic 
acid, madecassol, hypericin, hyperin, vincamine, vinpocetine, and 
crocetin [14,20-30].

E-pharmacophore-based screening
Developed e-pharmacophore was used as a query for the screening of 
63 compounds. Compounds were ranked based on the fitness score 
above 1.5 [31], and those above this threshold were docked into the 
active site of the GSK3β.

Absorption, distribution, metabolism, and excretion (ADME) 
screening
The Qikprop program was used to obtain the ADME properties of the 
compounds [32]. Qikprop predicts the acceptability of the compounds 
based on Lipinski’s rule of five [33]. The final binding pose with the 
top glide score was selected for further optimization through MD 
simulations.

MD
MD simulations were performed to evaluate the stability. Simulations 
were carried out using Desmond v3.0 in Schrodinger package. Single 
point charge (SPC) system was used to mimic the physiological behavior 
of the molecules. Minimization was done using OPLS 2005 force field. 
Boundary condition was set as orthorhombic, and the system was 
neutralized by adding counter ions. The system was minimized with 
maximum 2000 iterations with a convergence threshold of 1.00 kcal/
mol [34]. The MD simulation was carried out at 50 ns. A  constant 
temperature of 300 K was maintained throughout the simulation. Root-
mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), 
and H-bonds interactions were analyzed.

RESULTS

Molecular docking interaction of GSK-3β with standard drugs 
and phytocompounds triterpenoid lupeol, oleanolic acid, and 
entagenic acid
Standard drugs (nitrofurazone and sulfathiazole) and phytocompounds 
(triterpenoid lupeol, oleanolic acid, and entagenic acid) were docked 
with GSK3β (Fig.  1). The Glide XP docking of GSK3β with entagenic 
acid revealed minimum glide score and glide energy when compared 
with the other ligands (Table  1). XP docking interaction of entagenic 
acid with GSK3β showed a glide score of −4.31 kcal/mol. Four hydrogen 
bonding interactions were seen with the amino acid residues Asp200, 
Asn186, Asp181, and Arg144 (Fig. 2).

Dynamic analysis of RMSD value for Apo (GSK3β), GSK3β-
nitrofurazone complex, and entagenic acid complex
The dynamic behavior of apo (GSK3β), GSK3β-nitrofurazone, and 
GSK3β-entagenic acid complexes was analyzed using RMSD. RMSD is the 
measure of the average distance between the atoms of superimposed 
proteins (Fig. 3). For the backbone atom of apo (GSK3β) protein, RMSD 
value increased from 0.82 to 1.00 Å. From 38 picoseconds (ps) to 50 ns, 
the RMSD kept fluctuating between 2.0 and 2.7 Å. The overall interacting 
distance was fluctuating between 0.82 and 2.7 Å. The average interacting 
distance was observed as 2.11 Å. For GSK3β-nitrofurazone complex, the 
RMSD value increased from 0.73 to 1.08 Å. It remained relatively stable 
from 43 ps to 9465 ps, and the fluctuation range was observed to be 
0.95–1.92 Å. From 9466 to 50 ns, the deviation range was from 1.68 to 
2.67 Å. The overall interacting distance was fluctuating between 0.73 
and 2.67 Å. The average interacting distance was observed as 2.02 Å. 
For GSK3β-entagenic acid complex, RMSD value increased from 0.68 A 
to 1.02 Å. From 24 ps onward, the RMSD kept fluctuating between 0.84 
and 2.45 Å. The overall interacting distance was fluctuating between 
0.68 and 2.45 Å. The average interacting distance was observed to be 
1.98 Å. The result indicates that GSK3β-entagenic complex showed 
lower RMSD deviation throughout the simulation when compared with 
the apo (GSK3β) and GSK3β-nitrofurazone complex.

Dynamic analysis of RMSF value for Apo (GSK3β), GSK3β-
nitrofurazone complex, and GSK3β-entagenic acid complex
RMSF was used as a measure of conformational variance. RMSF 
values of the backbone atoms of apo (GSK3β) decreased from 3.96 
to 0.51 Å initially (Fig. 4). The value remained low until residue 122, 
where it increased to 4.86 Å. From 123 to 379 residues, the deviation 
range was from 0.42 to 3.43 Å. Highest RMSF value of 8.79 Å was 
obtained at the final residue, 384. For GSK3β-nitrofurazone complex, 
the fluctuation mostly decreased initially, with the range being from 

Table 1: Glide score, glide energy, and glide emodel of GSK3β with standard drugs and phytocompounds

S. No. Inhibitors Glide score (kcal/mol) Glide energy (kcal/mol) Glide emodel (kcal/mol) H‑bond
1 Entagenic acid −4.31 −46.11 −46.55 −1.62
2 Oleanolic acid −4.27 −39.84 −56.37 −2.46
3 Nitrofurazone −3.32 −30.60 −39.14 −1.10
4 Sulfathiazole −3.31 −26.21 −35.40 −0.70
5 Triterpenoid lupeol −3.27 −35.43 −42.88 −0.77
GSK3β: Glycogen synthase kinase 3 beta
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3.61 to 0.63 Å. The value then increased to 4.18 Å at residue 122. 
Most of the residues were flexible and usually lie below 4.0 Å, except 
the residues 286, 381, 382, 383, and 384. For GSK3β-entagenic 
complex, the value increased from 0.41 to 4.85 Å. The majority 

of the residues were flexible, and their RMSF was observed below 
4.0 Å. Some residues such as 286, 290, 291, 292, and 384 showed 
fluctuation difference of 4.29, 5.44, 4.72, 4.45, and 5.82 Å. The overall 
range was 0.42-8.79 Å for apo (GSK3β), 0.40-5.74 Å for GSK3β-
nitrofurazone complex, and 0.40-5.22 Å for the GSK3β-entagenic acid 
complex. When compared to apo (GSK3β) and GSK3β-nitrofurazone 
complex, the GSK3β-entagenic acid complex showed low fluctuations 
for amino acid residues Arg141 and Arg144.

Analysis of H-bond interactions of GSK3β-nitrofurazone complex 
and GSK3β-entagenic acid complex
The stability of protein-ligand was analyzed using H-bond interaction. 
Throughout the simulation, GSK3β-nitrofurazone complex showed 
many H-bonds in the range of 0–2. In a few trajectories, 3 and 4 H-bond 
interactions were observed. For GSK3β-entagenic acid complex, H-bond 
interaction was observed to be mostly in the range of 2–3 throughout 
the simulation. Few trajectories even showed 4 and 5 bonds. This 
H-bond interaction analysis clearly indicates that this ligand maintains 
stability during the MD studies (Fig.  5). The H-bond interaction of 
GSK3β-entagenic acid complex was observed at different ns. Arg141, 
Lys183, Asn186, and Asp200 showed H-bond interaction at 0 ns. No 
interaction was observed at 10 ns. The 20 ns showed the H-bond 
interaction with Asn186. No interaction was observed at 30 and 40 ns. 
Gly185 showed interaction at 50 ns. H-bond interactions in Gly185 and 
Asn186 are seen to be stable in most of the trajectories, indicating that 
these bonds are most stable. Some trajectories showed Lys183 and Asp 
200 forming H-bonds with water bridges.

Fig. 1: Structures of the drugs and phytocompounds

Fig. 2: Interaction of glycogen synthase kinase 3 beta with 
entagenic acid showing hydrogen bond

Fig. 3: Root-mean-square deviation of backbone atoms of apo 
(glycogen synthase kinase 3 beta [GSK3β]), GSK3β-nitrofurazone 

complex, and GSK3β-entagenic acid complex during 50 ns

Fig. 4: Root-mean-square fluctuations of the amino acid of apo 
glycogen synthase kinase 3 beta (GSK3β), GSK3β-nitrofurazone 

complex, and GSK3β-Entagenic acid complex at 50 ns
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E-pharmacophore hypotheses generation and screening
E-pharmacophore was developed based on the docked complex 
of entagenic acid. The Glide XP results were used for building the 
e-pharmacophore from the Maestro Scripts menu option with default 
excluded volume option 0.5. Five pharmacophore features were 
predicted. The final hypothesis consists of three H-bond acceptor (A) 
and two H-bond donor (D), and their distances have been shown in Fig. 6 
and Table 2. The pharmacophore model of entagenic acid created was 
screened with a dataset of 63 compounds to find similar compounds. 
18 compounds with Fitness Score above 1.5 were selected from a total 
of 63 compounds (Table 3).

XP docking interaction of GSK3β with top 18 hits
Eighteen compounds with fitness score above 1.5 were docked with 
GSK3β using Glide XP docking. Glide score, Glide energy, and H-bond 
interactions were used to predict the best conformation. The compounds 
with more than −4.0 kcal/mol glide score are given in Table 4.

ADME properties
The 18 compounds obtained from docking were screened for ADME 
properties. It has been observed that few compounds showed the poor 
drug-likeness score. Compounds with significant ADME properties 
have been reported in Table 5.

Docking interactions of the selected phytocompounds
Of all the interactions of phytocompounds with GSK3β, docked 
orientation of the fukinolic acid showed the glide score −10.99 kcal/
mol, glide energy −49.88 kcal/mol, glide emodel −58.94 kcal/mol, 
and four H-bond interactions. Cimicifugic acid showed glide score 
−8.28 kcal/mol, glide energy −42.09 kcal/mol, and glide emodel −49.96 
kcal/mol at the active site of GSK3β. Four H-bond interactions were 
observed. Other noteworthy compound linarin showed glide score 
−7.53 kcal/mol, glide energy −60.48 kcal/mol, glide emodel −72.69 
kcal/mol, and five H-bond interactions (Table 6 and Fig. 7).

Dynamics analysis of RMSD value for GSK3β with selected 
phytocompounds
For the backbone atom of GSK3β-linarin complex, RMSD value 
increased from 0.67 to 1.06 Å (Fig.  8). From 67 ps to the end of the 
simulation, the interacting distance kept fluctuating between 0.98 
and 2.46 Å. The average interacting distance was observed as 1.97 Å. 
The RMSD backbone atom of GSK3β-fukinolic acid complex showed 
an increase from 0.76 to 1.15 Å. From 57 to the end of the simulation, 
the interacting distance kept fluctuating between 1.07 and 3.05 Å. 
The average interacting distance was observed as 2.35 Å. The RMSD 
backbone atom of GSK3β-cimicifugic acid complex showed an increase 
from 0.66 to 1.06 Å. From 43 to the end of the simulation, the interacting 
distance kept fluctuating between 0.9 and 2.61 Å. The average 
interacting distance was observed as 1.97 Å. The result indicates that 
GSK3β-linarin complex showed lower RMSD deviation throughout the 
simulation when compared to other ligands.

Dynamic analysis of RMSF value for GSK3β with selected 
phytocompounds
For GSK3β-entagenic acid complex, RMSF value decreased from 3.03 
to 0.66 Å. The range was observed to be 0.40–5.22 Å throughout the 
simulation (Fig. 9). For GSK3β-linarin complex, RMSF decreased from 
4.8 to 0.52 Å, and overall range was from 0.45 to 6.11 Å. Most of the 
residues were flexible and lie below 4.0 Å. For GSK3β-fukinolic acid 
complex, the RMSF value decreased from 5.07 to 0.69 Å, and the range 
was observed between 0.46 and 6.87 Å. The majority of the residues 
were flexible, and their RMSF was well below 4 Å. Some residues such 
as 35, 122, 382, 383 and 384 showed fluctuation difference of 5.07, 
5.21, 4.88, 6.71, and 6.87. For GSK3β-cimicifugic acid complex, RMSF 
value decreased from 3.33 to 0.72 Å, and the range was between 0.46 
and 6.39 Å. Most residues were flexible and below 4 Å, except the 
residues 122, 277–279, 286–99, and 384. The result indicates that 
linarin complex showed low RMSF deviation throughout the simulation 
when compared with other ligands.

Fig. 5: Number of hydrogen bonds for glycogen synthase kinase 3 
beta (GSK3β)-nitrofurazone complex and GSK3β-entagenic acid 

complex at 50 ns

Fig. 6: Pharmacophore hypothesis AAADD (A: Hydrogen acceptor 
and D: Hydrogen donor) generated for entagenic acid using 

script-dock post-processing

Table 2: Pharmacophore site features for entagenic acid using 
phase

Rank Features Score
1 D8 −0.8
2 D7 −0.79
3 A2 −0.5
4 A1 −0.33
5 A3 −0.06

Table 3: Fitness score for the top 18 hits screened through 
e‑pharmacophore hypothesis

Compound name Fitness score
Madaecassol 2.03
Isorhamnetin 1.53
Cimicifugic acid 1.68
Fukinolic acid 1.76
Linarin 1.50
Verbascoside 1.82
Echinacoside 1.87
Hyperin 1.75
Quercetin‑3‑o‑rutinoside 1.78
Cynaroside 1.73
Madacassoside 2.15
Isoorientin 1.76
Asiaticoside 2.14
Epicatechin‑3‑o‑gallate 1.57
Gentiopicroside 1.85
1,2,3,4,6‑Penta‑o‑galloyl‑beta‑D‑glucose 1.72
Framycetin 1.53
P‑hydroxybenzoic acid 2.09
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Table 4: Glide score, glide energy, and glide emodel of GSK3β with top 18 hits

Compound name Glide score (kcal/mol) Glide energy (kcal/mol) Glide emodel (kcal/mol) H‑bond
1,2,3,4,6‑Penta‑o‑galloyl‑β‑D‑glucose −13.34 −95.38 −97.34 −8.80
Fukinolic acid −10.99 −49.88 −58.94 −4.65
Madaecassol −10.94 −67.29 −98.68 −6.58
Echinacoside −10.57 −69.38 −99.18 −5.72
Madacassoside −10.02 −58.88 −46.75 −6.24
Cynaroside −9.22 −51.01 −60.04 −5.63
Epicatechin‑3‑o‑gallate −8.35 −53.69 −68.60 −4.37
Cimicifugic acid −8.28 −42.09 −49.96 −3.14
Quercetin‑3‑o‑rutinoside −8.17 −64.59 −85.56 −4.17
Verbascoside −7.87 −46.13 −76.19 −4.45
Framycetin −7.54 −58.49 −67.79 −5.77
Linarin −7.53 −60.48 −72.69 −4.07
Asiaticoside −7.21 −55.69 −57.04 −3.76
Hyperin −6.64 −48.44 −52.19 −3.20
Isoorientin −6.20 −55.64 −56.85 −4.02
Isorhamnetin −5.83 −42.39 −52.89 −2.66
P‑hydroxybenzoic acid −5.58 −43.10 −54.09 −1.96
Gentiopicroside −4.89 −37.72 −44.89 −1.43
GSK3β: Glycogen synthase kinase 3 beta

Table 5: Predicted drug‑likeness properties of selected phytocompounds

Compound name Molecular weight Hydrogen bond donor Hydrogen‑bond acceptor Lipophilicity
Isorhamnetin 316.27 4 6.25 0.88
Cimicifugic acid 418.36 5 8 1.61
Gentiopicroside 356.33 4 14.9 −1.53
Fukinolic acid 434.36 6 8.75 0.95
Cynaroside 448.38 6 13 −1.06
Linarin 592.55 6 19.05 −0.75

Fig. 7: Interactions of glycogen synthase kinase 3 beta with selected phytocompounds linarin, cimicifugic acid, and fukinolic acid
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Analysis of H-bond interactions of GSK3β with selected 
phytocompounds
GSK3β-linarin complex showed H-bond interactions with Asp200, 
Lys183, and Thr138 at 0 ns, Lys183, Asp200, and Gly185 at 10 
ns, Asp200 and Lys183 at 20–30 ns, and there was no interaction 
observed at 40 ns (Fig.  10). Similarly, H-bonds were observed with 
residues Thr138, Asp200, and Lys183 at 50 ns. In all of the trajectories, 
H-bonding with Asp200 and Lys183 was observed. In the range of 0 
to 50 ns in most of the trajectories, 3–6 H-bonds were maintained. For 
GSK3β-cimicifugic acid complex, H-bonds were observed with residues 
Arg144 and Arg141 at 0 ns, with residues Gly185 and Arg144 at 10 ns, 
and with Arg144 and Arg 141 at 20 as well as at 30 ns. H-bonding was 
also observed with Arg144 at 40 and 50ns. Interaction with Arg144 was 
observed throughout the simulation. Most of the trajectories showed 
interaction with Arg141. From 0 to 50 ns, it maintains 2-3 H-bonds. 
Only a few trajectories showed 5 H-bonds. For GSK3β-fukinolic acid 
docking complex, H-bonding was observed with residues Lys183, 
Asp200, Arg144, and Arg141 at 0 ns, with Asp200 and Arg141 at 10 
ns, and with Arg144 at 20–50 ns. Most of the trajectories showed 
interaction with Arg144. Arg141 was also observed to be interacting 
in few trajectories. From 1ns to the end, 1–2 H-bonds were observed. 
Few trajectories showed the presence of 4-  5 H-bonds. These results 
indicate that H-Bond interactions of GSK3β-linarin complex remained 
consistent throughout the MD simulation when compared with GSK3β-
cimicifugic and GSK3β-fukinolic complexes.

DISCUSSION

Wound healing is a complex and dynamic process of restoring cellular 
structures and tissue layers in damaged tissue as closely as possible 
to its normal state [11]. The earlier reports indicated that Wnts 
are necessary for normal skin development [12]. GSK3β inhibition 
promotes wound healing through β-catenin-dependent Wnt signaling 
pathway. Several GSK3β inhibitors have been described, and most 
of the observed effects are in vitro and cellular studies. Docking of 
phytocompounds, oleanolic acid from the methanolic extract of the 
bark of Grewia tiliaefolia, entagenic acid from seed kernel of Entada 
pursaetha, lupeol from petroleum ether extract of leaves of Celastrus 
paniculatus, and the standard drugs nitrofurazone and sulfathiazole 
with GSK3β has been reported [10-12]. Nitrofurazone and nitrofuran 
family drugs showed side effects leading to increased cell killing in 
some individuals [35]. Due to this and also an increased observation of 
sensitization in patients treated with sulfathiazole, there is a necessity 
for finding a new drug [36]. Phytocompounds from plants are used to 
treat various diseases and showed fewer side effects [37]. In this study, 
the wound healing phytocompound entagenic acid, lupeol, and oleanolic 
acid are docked with the receptor GSK3β and compared with standard 
drugs nitrofurazone and sulfathiazole to assess the comparative wound 
healing potency. The purpose of the study was to compare wound 
healing compounds and standard drugs and analyze the docking mode 
of these compounds on the target site. It was observed that the XP 
interaction of entagenic acid with GSK3β, the minimum glide score 
of −4.31 kcal/mol when compared to other compounds and standard 
drugs. Entagenic acid showed 4 hydrogen bonding interactions with 
residues Asp200, Asn186, Asp181, and Arg144. Further dynamic 
results confirmed that this compound remained stable in most of the 
trajectory. This complex was used to predict the e-pharmacophore 
hypothesis. The generated hypothesis model consists of three H-bond 
acceptor (A) and two H-bond donor (D). Sixty-three compounds were 
selected based on the literature of natural compounds, and the wound 

healing effects have already been proven through in vitro and animal 
studies, but in silico studies against our target GSK3β have not been 
reported. These phytocompounds were screened against the generated 
hypothesis AAADD of entagenic acid. The compounds with fitness 
score of more than 1.5 were further subjected to XP docking [38]. 18 
compounds had better glide score when compared with entagenic acid, 
only a few compounds had satisfactory ADME properties. The docking 
results of GSK3β-linarin complex (5317025), GSK3β-fukinolic acid 
complex (6441059), and GSK3β-cimicifugic acid complex (6450178) 
were compared based on the various parameters such as the glide score, 
glide energy, glide emodel, and H-bond interactions. Glide XP interaction 
of GSK3β-fukinolic acid, cimicifugic acid, and linarin complexes showed 

Table 6: Glide score, glide energy, glide emodel, and H‑bond interactions of GSK3β with selected phytocompounds

Name Glide score (kcal/mol) Glide energy (kcal/mol) Glide emodel (kcal/mol) H‑bond interactions
Fukinolic acid −10.99 −49.88 −58.94 Arg144, Asp141, Asp200
Cimicifugic acid −8.28 −42.09 −49.96 Arg144, Arg141, Asn64
Linarin −7.53 −60.48 −72.69 Asp181, Asp200, Gln185, Arg144
GSK3β: Glycogen synthase kinase 3 beta

Fig. 8: Root-mean-square deviations of backbone atoms of 
glycogen synthase kinase 3 beta (GSK3β)-entagenic acid complex 

compared against GSK3β-linarin, GSK3β-fukinolic acid, and 
GSK3β-cimicifugic acid complexes at 50 ns

Fig. 9: Root-mean-square fluctuations for a specific atom of 
glycogen synthase kinase 3 beta-entagenic acid complex with 
linarin, fukinolic acid, and cimicifugic acid complexes at 50 ns

Fig. 10: H-bond interactions for a specific atom of glycogen 
synthase kinase 3 beta (GSK3β)-linarin, GSK3β-fukinolic acid, 

and GSK3β-cimicifugic acid complexes
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the glide score of −10.99, −8.28, and −7.52 kcal/mol, glide energy value 
of −49.88, −42.09, and −60.48 kcal/mol, and glide emodel of −58.94, 
−49.96, and −72.69 kcal/mol, respectively. H-bond interactions of 
GSK3β-linarin, fukinolic acid, and cimicifugic acid complexes were 
compared. All the three complexes showed more than three H-bonds. 
Hence, these three compounds were taken for dynamics simulation. 
Even though the glide score of linarin was low when compared to 
cimicifugic acid and fukinolic acid, linarin was chosen for further 
investigation since H-bond interactions were given utmost priority for 
the study. If the H-bond interaction is more, the binding affinity of the 
ligand is higher [39]. In GSK3β-linarin complex, five H-bonds were seen. 
The distances of the H-bonds were <3 which indicated the presence of 
favorable interactions. The results also support that the glide energy of 
linarin was found to be −60.48 kcal/mol indicating excellent binding 
affinity. The low glide emodel value −72.69 kcal/mol of linarin indicates 
the best binding affinity between protein and ligand. Furthermore, 
MD results of GSK3β-linarin complex showed low RMSD deviation 
throughout the simulation when compared to other ligands. Minimum 
RMSF deviations were seen in residues Arg141, Arg144, Asp181, Gln185, 
Asn186, and Asp200, indicating stable conformation. It is clear from 
the H-bond graph that linarin had the maximum number of H-bonds. 
Earlier works reported that linarin was identified in Buddleja globosa, 
Buddleia cordata, Buddleia Perfoliata, and Buddleia scordioides [21,23]. 
Linarin is a flavonoid which possesses anti-inflammatory, analgesic, 
antipyretic, anti-oxidative, diaphoretic, hypotensive, anti-stress/
anxiety, antithrombotic, and wound healing properties [23,24,40]. It 
could potentially activate macrophages by producing cytokines [41]. 
Collectively, RMSD, RMSF, and H-bond of dynamics study determined 
that the GSK3β-linarin complex was stable at 50 ns when compared 
to GSK3β-fukinolic acid and GSK3β-cimicifugic acid complexes. The 
present study suggests that of the 63 natural compounds proven to 
possess wound healing properties, linarin could potentially be the best 
inhibitor for GSK3β.

CONCLUSIONS

Nitrofurazone and sulfathiazole drugs can lead to side effects; there is 
a need for the development of new drugs for wound healing. Therefore, 
we can conclude that our study addressed on comparison among 
the three experimentally proven phytocompounds (entagenic acid, 
lupeol, and oleanolic acid) and standard drugs (nitrofurazone and 
sulfathiazole), an entagenic acid found to better in XP docking with 
GSK3β. Further, dynamics results confirmed this compound remained 
stable at 50 ns. E-pharmacophore hypothesis generated based on 
the GSK3β-entagenic acid complex was further used to screen active 
compounds from a dataset of 63 compounds. The shortlisted three 
compounds showed better interactions with GSK3β with high fitness 
score, glide score, and glide energy, and ADME properties were further 
taken for dynamics simulation at 50 ns. The GSK3β-linarin showed a 
maximum number of H-bond interaction, low RMSD deviation, and 
minimum RMSF fluctuation when compared with entagenic acid. 
Hence, it is concluded that linarin could be a potent inhibitor of GSK3β 
and could be an effective wound healer.
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