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Abstract: In the present study was to determine the anti-inflammatory activity of the aqueous
extract of the bark and root of Myrica esculenta and their active phytoconstituents through in vitro
and in silico studies. The bioactive phytoconstituent of Myrica esculenta was determined by GC-MS
spectroscopy techniques. After that, total phenolic and flavonoid content of both bark and root extract
was determined. Furthermore, in vitro anti-inflammatory activity was determined in both extracts.
The molecular docking analysis determined the binding affinity of bioactive compounds against
inflammatory proteins such as COX-1, COX-2, IL-10, and TNF-α. The present study revealed that
bark extract of Myrica esculenta has the highest total phenolic and flavonoid content compared with
root extract (553.44 ± 18.38 mg GAE/g equivalent and 336.02 ± 8.04 mg quercetin/g equivalent,
respectively). Similarly, the bark extract showed good inhibitory activity with 5-LOX and HYA assay
(IC50 11.26 ± 3.93 and 21.61 ± 8.27 µg/mL, respectively), but 15-Lox inhibitory assay root extract
showed the highest inhibitory activity, IC50 16.95 ± 5.92 µg/mL. The docking result showed that
myricetin, arjunolic acid, and myricanone have the highest binding affinity with all inflammatory
proteins in respective order: myricetin > arjunolic acid > celecoxib > myricanone > myricitrin
> 3-epi-ursonic acid. The MD simulation of COX-1 and myricetin showed the highest stability and
low deviation at 310 K through RMSD values (1.07–2.3 Å) as compared with COX-1 and myricitrin
(0.193–1.885 Å) and TNF-α and myricanone (1.377 to 3.457 Å), respectively, when analyzed at 100 ns
time frame. The extracts and their active constituents showed good anti-inflammatory activity.
Further study is essential to define their mechanism of action.
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1. Introduction

Inflammation is the body’s defensive mechanism in injured and infected tissues,
triggered by immune cells and cytokines that release prostaglandins, interleukin-6, and
tumor necrosis factor-α. As inflammatory mediators, inflammatory cytokines have a
major role in a variety of disorders, such as asthma, arthritis, gout, etc. Nonsteroidal anti-
inflammatory medications (NSAIDs) are primarily used to treat a range of inflammatory
diseases and pain associated with such diseases. Anti-inflammatory medicines are thought
to be an effective way of reducing the influence of chronic inflammation on the course
of degenerative diseases [1]. These drugs, however, possess several side effects that
worsen the body mechanism on continuous consumption [2,3]. These challenges generate
the need to develop novel pharmaceuticals that are less hazardous and more efficient
in treating acute and chronic inflammatory disorders [4]. The adverse effects of non-
steroidal anti-inflammatory medicines (NSAIDs) have prompted researchers to examine
plant compounds that have potential to develop new anti-inflammatory drug scaffold that
can inhibit the release of inflammatory mediators, thereby treating a wide range of disease
conditions [5–7].

Myrica esculenta Buch.-Ham. ex D. Don, also recognized as “Hairy Bayberry” and a
member of the myricaceae family, is generally referred to as Kaiphal or Kataphala in the
north Asian continent and is extensively utilized in Ayurveda for the treatment of several
conditions such as asthma, diabetes, gout, arthritis, etc. [8–10]. Numerous species of the
myricaceae have been used as medicinal ingredients in traditional medicines from the
beginning of time [11]. Scientific research has reported several medicinal perspectives of
Myrica esculenta, including analgesic, antiasthmatic, antidiabetic, antimicrobial, antihy-
pertensive, antihelmintic, antioxidant, anxiolytic, chemopreventive, antipyretic, antiulcer,
and antiulcer, etc. [12,13]. This diverse genus is reported in temperate and sub-tropical
regions around the globe [14–16]. The structural diversity of natural products discovered in
Myrica species put them in a favorable position as possible drug candidates with superior
anti-inflammatory capabilities when compared to synthesized compounds [17]. Difficulty
in understating complex etiology and exacerbating mechanism leads to hinderance in
emergent enchantment bullets for chronic inflammatory disorders. Subsequently, there
is a requirement for modern and secure anti-inflammatory agents extracted from plant
origin [18].

Introducing protein-ligand docking, computational chemistry allows exploring the
plant-inferred molecules as a drug candidate. The majority of recent computational docking
approaches presume that the receptor structure is fixed. This allows for the simulated
testing of a large number of possible ligands and likely canonical binding sites on receptor
molecules. These procedures are significant tools for drug discovery [3]. Furthermore,
molecular dynamics (MD) simulations were performed to evaluate the stability of the bind-
ing modes established by docking studies in order to investigate the interaction between
protein targets and their ligands under settings that are more similar to the physiological
environment [19]. The inhibitory potential of molecules presents in Myrica esculenta against
inflammatory proteins can be established in vitro and confirmed via an in-silico study, which
is cost-effective, time-saving, and can simplify researcher in drug modelling [20].

Thus, keeping in view the significance of the above explanations, the objective of the
current study is to assess the anti-inflammatory potential of root and bark extracts of Myrica
esculenta through in vitro evaluation as well as in silico molecular docking.
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2. Material and Methods

The study was carried out in the department of pharmacology at the Universal Col-
lege of Medical Sciences, Bhairahawa, Rupandehi, from the month of September 2022 to
December 2022 after receiving approval from the Institutional Review Committee (IRC),
registration number UCMS/IRC/187/22.

2.1. Plant Collection and Authentication

The bark and root of Myrica esculenta were gathered from Tansen, Palpa district, Nepal.
The bark and root were cleaned properly with distilled water to remove the dust and shade
dried. The collected part of Myrica esculenta was authenticated by Mr. Subodh Khanal,
Assistant Professor Department of Medicinal and Aromatic plant, Institute of Agriculture
and Animal Sciences (IAAS), Paklihawa, Campus, Rupandehi, Nepal (Authentication No:
205/2078/2079).

2.2. Plant Extraction

The bark and root were separately ground and made into coarse powder. The root and
bark powders were weighed to 100 g and extracted with distilled water (1:10) separately
for 72 h using a continuous hot Soxhlet apparatus. The extracted solvent was collected and
dried under a controlled temperature of 70 ± 5 ◦C in a rotatory evaporator. The semisolid
consistency was obtained, both extracts were weighed separately, and the percentage yield
was calculated. Both extracts were stored at 4 ◦C for future use [21]. The % yield was
calculated using the formula below:

Yield percentage (%) =
Weight o f extract
Weight o f Powder

× 100 (1)

2.3. Total Phenolic Content (TPC)

It was estimated by using the Chludil HD et al., method. The plant extract 2 mg/mL
was taken in a volumetric flask with 4.6 mL of distilled water and 0.1 mL of Folin-Ciocalteau
reagent was added to it and shaken for 3 min. Then, 0.3 mL of 2% Na2CO3 solution was
added to the mixture and shaken for 2 h; standard gallic acid solutions (0.1–2 mg/mL)
were prepared following the same procedure as the sample. The evaluation was carried
out in a triplicate manner, absorbance was measured at 760 nm, and the mean value was
calculated [22].

2.4. Total Flavonoid Content (TFC)

The method was based on the Shrivastava AK et al. method. Here, Quercetin was
taken as the standard, and its various concentrations were prepared by dissolving it in 70%
ethanol and making dilutions (0.1–2 mg/mL). The content was identified using AlCl3 by
the colorimetric method. Standard solution and plant extract were prepared, and 0.2 mL of
AlCl3 (10%), 0.2 mL of potassium acetate (1 M), and 5.6 mL of distilled water were added to
both separately, incubated at 37 ◦C for 30 min. Absorbance was observed at 415 nm under
U.V. spectrophotometer, and the standard curve was plotted [23].

2.5. Gas Chromatography and Mass Spectroscopy

The gas chromatography and mass spectroscopy analysis of the aqueous extract
of Myrica esculenta was performed by the Nepal Academy of Science and Technology
(NAST), Kathmandu, Nepal. For this study, an Agilent 7890A GC-Agilent 5975C inert
MSD triple axis detector was fitted with an Agilent 19091s-433 (30 m × 250 µM × 0.25 µM)
fused column. After that, carrier helium gas was used with an adjusted column velocity
of 1 mL/min. The ion source and interface temperature were maintained at 230 and
320 degrees Celsius with applied 6.6018 psi pressure. The 2 µL injector in split mode with a
ratio of 75:1 with injection temperature was 230 degrees Celsius. After that, the column
temperature was initially maintained at 32 degrees Celsius for 5 min and changed to 70 eV
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at a rate of 5 degrees Celsius/minute, respectively. The temperature was increased at
280–320 ◦C for 5 min. The total elution time was 59.6 min. The relative percentage amount
of the compound was evaluated by comparing its average peak area to the total area [24].

2.6. In Vitro Anti-Inflammatory Activity
2.6.1. Lipoxygenase (LOX) Inhibition Assay

The LOX inhibition assay of aqueous bark and root extract of M. esculanta was eval-
uated by the previously described method by Truong DH et al., 2020 [25] with minor
modification. In the current study, linolic acid and lipoxidase enzyme were used as sub-
strates. The lipoxidase (20,000 U) was dissolved in 1 mL of 0.1 M sodium borate buffer
of pH 8.8. The extract was prepared at varying concentrations of 0.1, 0.2, 0.4, 0.8, 1, and
2 mg/mL. The aqueous extract of bark and root of M. esculanta at several concentrations
was taken in 1 mL portions from each stock in different test tubes. An equal volume of
lipoxidase solution was added in each test tube and incubated at 37 ◦C for 20 min. After
the incubation, 1 mL of linolic acid was added to each reaction mixture and mixed. At
234 nm, the absorbance of the reaction mixture was measured with a UV spectrophotometer.
Indomethacin and celecoxib were taken as standards. Using the following formula, the
percentage of inhibition of LOX activity was determined:

% inhibition o f LOX =

[
(A1 − A2)

A1

]
× 100 (2)

where A1 = absorbance of control and A2 = absorbance of test.

2.6.2. 15-LOX Inhibitory Assay

The 15-LOX inhibitory assay was assessed using the previously described method
reported by Adebayo SA et al., 2015. The bark and root extract of M. esculaenta was prepared
at varying concentrations (0.1, 0.2, 0.4, 0.8, 1, and 2 mg/mL). Then, 125 µL of test samples
at varying concentrations were added to another test tube. Similarly, 450 µL of 15-LOX
was added into the same container and incubated for 15 min at room temperature. After
the incubation, 500 µL of linolic acid was added to the reaction mixture and incubated
for 15 min at room temperature. The absorbance was measured at 234 nm using UV-
visible spectroscopy. The percentage inhibition of 15-LOX was calculated by using the
following formula:

% inhibition o f LOX =

[
(A1 − A2)

A1

]
× 100 (3)

where A1 = absorbance of control and A2 = absorbance of test.

2.6.3. Hylurenadease (HYA) Inhibition Assay

The HYA inhibitory activity of bark and root extract of M. esculanta was evaluated
using a previously defined method reported by Paun G. et al., 2020 [26] after minor
modification. The bovine HYA enzyme 100 µL was dissolved in 1 mL (0.1 M) of acetate
buffer. The bark and root extracts of M. esculanta at varying concentrations of 0.1, 0.2, 0.4,
0.8, 1, and 2 mg/mL were prepared. A 50 µL of extract sample of each concentration was
taken into the different test tubes, and then 100 µL of 12.5 mM calcium chloride (CaCl2)
was added to each tube and incubated for 20 min at 37 ◦C. After the incubation, 250 µL
of sodium hyaluronate at 1.2 mg/mL concentration was added to the previous reaction
mixture and incubated for 40 min at the same temperature. After the second incubation,
100 µL of sodium hydroxide and potassium borate at 0.4 M was added to the reaction
mixture and incubated for 4 min at 90 ◦C in a water bath. The reaction mixture was then
removed from the water bath and allowed to cool at room temperature. Then, 3 mL of
10% of P-dimethyl aminobenzyldehide was added to the cooled reaction mixture, and after
20 min, the absorbance of samples was taken at 585 nm. In the present study, indomethacin
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and celecoxib were used as the standards. The HYA inhibition activity was calculated by
using the formula as follows:

% inhibition o f HYA =

[
(A1 − A2)

A1

]
× 100 (4)

where: A1 = absorbance of control, and A2 = absorbance of test.

2.7. In Silico Computational Study
2.7.1. Preparation of Target Protein/Macromolecules and Ligands

The selected proteins’ 3D X-ray crystal structures (COX1, COX2, TNF-α, and IL-10)
were retrieved from the protein data bank server (https://www.rcsb.org/) (accessed on
1 September 2021). The protein structure was prepared and purified for molecular docking
(Figure 1) [27–29]. The PDB ID of the target proteins were as follows: COX 1 (PDB ID: 4O1Z),
COX 2 (PDB ID: 4M11), TNF-α (PDB ID: 2AZ5), and IL-10 (PDB ID 2H24), respectively. In
the present study, a total of five phytoconstituents of Myrica esculenta were selected from
Dr. Duke’s phytochemical and ethnobotanical databank (https://phytochem.nal.usda.
gov/phytochem/search/list) (accessed on 1 October 2021). All the five compounds were
selected on the basis of their concentration present in M. esculenta plant and their activity.
The phytoconstituents were selected in the present study were myricetin (PCID 5281672),
myricanone (PCID 161748), 3-epi-ursonic acid (PCID 7163177), myricitrin (PCID 5281673),
arjunolic acid (PCID 73641), and celecoxib (PCID 2662), and were obtained from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) (accessed on 1 September 2021)
in SDF format and the energy was minimized by using Merck Molecular Force Field
(MMFF94) of Chem draw office professional version 16.0. In the present study, celecoxib
was selected as the reference compound. The structures of all ligands are represented in
Figure 2 [30].
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2.7.2. Quantitative Structure-Activity Relationship (QSAR) Analysis

The physio-chemical properties of the investigated substances and their relationship to
their biological activity were ascertained using the QSAR analysis. Version 8.0.3 of the Hyper
Cam Professional utility was used for the QSAR analysis. First, using the semi-empirical PM3
approach, the individual compound’s structure was optimized. Subsequently, energy was
reduced using the Fletcher-Reeves conjugate gradient algorithm. Several QSAR parameters
were evaluated in this investigation, including free energy, hydration energy, total energy,
refractivity, surface area, volume polarizability, mass, dipole movement, and log P [31,32].

https://www.rcsb.org/
https://phyto chem.nal.usda.gov/phytochem/search/list
https://phyto chem.nal.usda.gov/phytochem/search/list
https://pubchem.ncbi.nlm.nih.gov/
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2.7.3. Molecular Docking Analysis
2.7.3.1. AutoDock 4.2.6

Molecular docking of chosen five phytoconstituents of M. esculenta and the reference
drug celecoxib was carried out using AutoDock version 4.2.6 against four inflammatory
proteins (COX1, COX2, TNF-α, and IL-10) (http://autodock.scripps.edu/) (accessed on
15 November 2021). With a grid spacing of 0.375 and grid coordinates in the X, Y, and
Z axes set to 60 × 60 × 60, the native ligand’s position on the protein’s binding site was
determined using auto-grid. The search was conducted using the Lamarckian genetic
algorithm with a total of 10 iterations of GA criteria, and the binding energies of the
results were further examined. Based on the lowest binding energy (B.E.) and inhibition
constant (Ki), the optimal possible orientation of the ligand in the protein binding pocket
was computationally analyzed and visualized using Accelrys Biovia Discovery studio
version 17.1 [28,33].

2.7.3.2. AutoDock Vina

In the present study, AutoDock vina (http://vina.scripps.edu/) (accessed on 18
November 2021) version 2.1 was used to validate the docking procedure of AutoDock
4.2. It is significantly faster and more accurate in predicting the ligand-binding pocket than
AutoDock 4.2. It uses multithread on multicore machines, resulting in faster results and
automatically calculates the grid maps and clusters. It is used to run docking simulations,
producing ten confirmations of ligand and protein complexes and ranking them based on
binding energy and RMSD values. Visualization of the confirmation was carried out using
Accelrys Biovia Discovery studio version 2020 [34].

2.7.3.3. iGMDOCK

Another docking software, iGMDOCK version 2.1, was used to bind the protein
and ligands. The following are the genetic algorithm parameters that help in docking
process: the population size is 200, the generations are 70, and the number of solutions is 2.
Following the generation of the poses library, the best match was chosen to represent the
overall binding energy in the form of hydrogen bonds (HB), van der Waals forces (VDW),
and electrostatic interactions (EI) [35].

2.7.4. Molecular Dynamic Simulation
2.7.4.1. LARMD Online Server

Ligand-driven protein molecular dynamics analysis in drug development offers the
best comprehension of how a protein functions in a physiological system. MD simulation

http://autodock.scripps.edu/
http://vina.scripps.edu/
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of myricitrin with COX-1 (PDB ID: 4O1Z) and myricanone with TNF-α (PDB ID: 2AZ5)
were conducted using ligand and receptor molecular dynamic (LARMD) web application
version 1.0. (http://chemyang.ccnu.edu.cn/ccb/server/LARMD/) (accessed on 17 De-
cember 2021). To analyze receptor-ligand interactions at the atomic level, the LARMD
server employs three modules: traditional molecular dynamics (Int mod), normal mode
analysis (Nor mod), and steered molecular dynamics simulations (Str mod). Frequently
used programs including CAVER3.0, AMBER16, MDTraj, and Bio3d are included in these
three modules. JSmol, Chart.js, and MolScript are only a few of the plugins and programs
that are integrated to show and evaluate the outcome on the Web page.

When employing molecular docking, the optimal binding poses of myricetin and
myricitrin with COX-1 (PDB ID: 4O1Z) and myricanone with TNF- (PDB ID: 2AZ5) were
uploaded in the initial stage to the PDB2PQR server, which generated the electrostatic fields
of the receptor under various pH values. The MD simulation time was optimized for 3 ns
by using the advanced settings. Following the first task submission of the ligand-receptor
complex file, the ligand and non-standard residue(s) were enrolled for energy calculations
and trajectory analysis. The service provided molecular dynamics simulation results in
components such as PCA, conformation cluster, dynamic residue cross-correlations, hydro-
gen bond analysis, binding free energy, and energy decomposition. Standard molecular
dynamics simulation module (Int mod) and steered molecular dynamics simulation module
(Str mod) were utilized to investigate the interaction and dynamics of the inflammatory
protein-ligand [36,37].

2.7.4.2. MD Simulation Methodology Using Schrodinger Software

The docking poses of myricetin-COX-1, myricitrin-COX-1, and myricanone-TNF-
alpha and complexes that had lowest binding energies were chosen for molecular dynamic
simulation for the determination of their docking complexes stability by employing the
Desmond module of Schrodinger LCC computational software (Schrodinger, München,
Germany) and the VMD molecular dynamic simulation tool was also used. Using the
Desmond system builder, a water-soaked solvated system was constructed. A solvation
system was thought to exist in the TIP3P water model system. The orthorhombic box has
a periodic boundary condition of buffer distance, that has to be at least 10 Å from the
protein’s surface. The MD simulation was carried out using the OPLS-3e force field, and the
simulation box was filled with 0.15 M sodium chloride (NaCl) to preserve the iso-osmotic
condition. A predetermined equilibrium protocol was executed prior to the simulation.
Following the simulation’s equilibration, the abandoned production phase was conducted
under NPT ensemble for 100 ns at 310 K and 1.01325 bar pressure. During the 100 ns MD
simulation, 1000 frames were generated and recorded to the trajectory. Following the MD
simulation, the interaction picture was utilized to examine the trajectory of the simulation
using RMSD, RMSF, hydrogen bond analysis, and radiation of gyration (rg) [38–40].

2.7.4.3. Statistical Analysis

The in vitro anti-inflammatory activity values were calculated and represented in
mean ± SEM. Microsoft Excel 2010 was used to obtain the % inhibition and IC50 values.

3. Results
3.1. Extractive Value of Bark and Root Extract of Myrica esculenta Plant

Percentage yield of Bark extract = 24.76%.

% yield of bark extract =
12.38

50
× 100 (5)

Percentage yield of root extract = 21.92%.

% yield of root extract =
10.96

50
× 100 (6)

http://chemyang.ccnu.edu.cn/ccb/server/LARMD/
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3.2. Determination of Total Phenolic and Total Flavonoid Content

Myrica esculenta has a considerable concentration of phenolic and flavonoid content in
its aqueous bark and root extract. The total phenolic and flavonoid content was concentra-
tion dependent. The mean phenolic content of bark and root extract was 553.44 ± 18.38 and
421.17 ± 5.34 GAE/g equivalent, respectively. The total content of flavonoid in bark and
root extract was 336.02 ± 8.04 and 277.65 ± 2.42 quercetin/g equivalent, respectively. The
result indicated that the bark extract of M. esculenta has the highest TPC and TFC content
compared to the root extract (Table 1).

Table 1. The mean TPC content of Myrica esculenta bark and root extract was 553.44 ± 18.38 and
421.17 ± 5.34 mg GAE/g equivalent, respectively. The mean TFC content of bark and root extract of
Myrica esculenta was 336.02 ± 8.04 and 421.17 ± 5.34 mg quercetin/g equivalent, respectively. The
value was expressed in mean ± SEM.

Conc.
(mg/mL)

Mean Absorbance of TPC at 765 nm and TFC at 510 nm

Bark Extract Root Extract

Abs.
of Ex-
tract

Conc. of
Gallic
Acid

(mg/mL)

TPC
(mg

GAE/g)

Abs.
of Ex-
tract

Conc. of
Quercetin
(mg/mL)

TFC
(mg of

Quercetin/g)

Abs. of
Extract

Conc. of
Gallic
Acid

(mg/mL)

TPC
(mg

GAE/g)

Abs.
of Ex-
tract

Conc. of
Quercetin
(mg/mL)

TFC
(mg of

Quercetin/g)

0.1 0.332 28.63 ±
1.14

286.34 ±
11.40 0.238 15.84 ±

0.09
158.40 ±

0.98 0.245 21.06 ±
0.05

210.69 ±
0.50 0.168 11.11 ±

0.12
111.10 ±

1.25

0.2 0.459 39.70 ±
2.06

397.07 ±
20.61 0.353 23.94 ±

0.26
239.48 ±

2.65 0.317 27.38 ±
1.10

273.88 ±
11.06 0.289 19.28 ±

0.30
191.28 ±

3.03

0.4 0.560 51.67 ±
2.26

484.89 ±
22.63 0.452 29.10 ±

0.05
291.05 ±

5.85 0.462 39.96 ±
0.77

399.68 ±
7.78 0.379 25.34 ±

0.28
253.44 ±

2.81

0.8 0.688 56.54 ±
2.01

596.20 ±
20.15 0.571 38.31 ±

0.64
387.455 ±

6.41 0.533 46.14 ±
0.28

461.42 ±
2.85 0.477 32.01 ±

0.21
320.11 ±

2.14

1.0 0.841 71.15 ±
1.47

729.24 ±
14.74 0.682 45.97 ±

2.90
459.75 ±

29.07 0.627 54.31 ±
0.27

543.15 ±
2.76 0.529 35.52 ±

0.45
355.06 ±

4.52

2.0 0.953 82.69 ±
2.07

826.92 ±
20.76 0.714 47.97 ±

0.33
480.02 ±

3.31 0.736 63.82 ±
0.71

638.23 ±
7.10 0.645 43.31 ±

0.07
433.17 ±

0.78
Mean ±

SEM
553.44 ±

18.38
336.02 ±

8.04
421.17 ±

5.34
277.65 ±

2.42

3.3. Identification of Phytoconstituents by GC-MS Analysis

In the current work, GC-MS analysis of an aqueous extract of M. esculenta bark was
used to predict a total of 21 bioactive components. Figure 3 depicts the GC-MS spec-
tra, while Table 2 provides the retention time, molecular formula, molecular weight, and
concentration. The bioactive compounds present in the aqueous extract of Myrica escu-
lenta bark are as follows: methyl salicylate, O-amino benzohydroxamic acid, pyridine,
4-(1,1-dimethylethyl)-, benzoic acid, 4-amino-, hydrazide, 1,2,4-triazolo(4,3-a) pyrimi-
dine, 2-chlorobenzimidazole, 5-chlorobenzimidazole, benzenemethanamine, N-methyl-,
2-isocyanatopyridine, N,N,N′,N′-tetraethyl-1,2-di-furan-2-yl-ethane-1,2-diamine, eicosane,
octadecane, tetratetracontane, hexatriacontane, docosane, 7-hexyl-, tetrapentacontane,
triacontane, 1-bromo-, hentriacontane, tetracosane, octadecane, 3-ethyl-5-(2-ethylbutyl)-,
and dotriacontane.

3.4. In Vitro Anti-Inflammatory Activity

In vitro anti-inflammatory efficacy of an aqueous extract of the bark and root of M.
esculenta is depicted in Table 3. The result showed that bark extract has significant inhibition
of 5-Lox, 15-Lox, and HYA which were 11.26 ± 3.93, 25.57 ± 8.94, and 21.61 ± 8.27 µg/mL,
respectively. Root extract has good inhibition but is least effective compared to bark
extract, except 15-Lox inhibition which was 16.95 ± 5.92 µg/mL. Similarly, 5-Lox and
HYA inhibition were 23.024 ± 8.04 and 40.24 ± 15.41 µg/mL, respectively. The present
study used two standard anti-inflammatory drugs, indomethacin and celecoxib. In com-
parison between both standard drugs, indomethacin showed the highest inhibition in
5-Lox (9.87 ± 3.78 µg/mL), 15-Lox (12.19 ± 4.67 µg/mL), and HYA (7.82 ± 2.99 µg/mL)
activities, respectively.
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Compound
Name

Molecular
Formula

Molecular
Weight Structure
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Table 2. Cont.

S.N. RT (min) Peak Width
50% (min)

Compound
Name

Molecular
Formula

Molecular
Weight Structure
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bark extract, except 15-Lox inhibition which was 16.95 ± 5.92 µg/mL. Similarly, 5-Lox and 
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3.4. In Vitro Anti-Inflammatory Activity 
In vitro anti-inflammatory efficacy of an aqueous extract of the bark and root of M. 

esculenta is depicted in Table 3. The result showed that bark extract has significant inhibi-
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esculenta is depicted in Table 3. The result showed that bark extract has significant inhibi-
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µg/mL, respectively. Root extract has good inhibition but is least effective compared to 
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HYA inhibition were 23.024 ± 8.04 and 40.24 ± 15.41 µg/mL, respectively. The present 
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parison between both standard drugs, indomethacin showed the highest inhibition in 5-
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Table 3. In vitro anti-inflammatory activity of aqueous bark and root extract of Myrica esculenta.

5-LOX (IC50) 15-LOX (IC50) HYA (IC50)

Bark extract 11.26 ± 3.93 25.57 ± 8.94 21.61 ± 8.27
Root extract 23.024 ± 8.04 16.95 ± 5.92 40.24 ± 15.41

Indomethacin 9.87 ± 3.78 12.19 ± 4.67 7.82 ± 2.99
Celecoxib 14.07 ± 5.38 8.62 ± 3.30 17.96 ± 6.87

3.5. In Silico Computational Analysis
3.5.1. Quantitative Structure–Activity Relationship (QSAR) Studies

The current study’s computational QSAR analysis discovered that the partition coeffi-
cient (log P) values of 3-epi-ursonic acid were 9.37 greater than those of other substances.
The increase in the log p value indicated the ability to permeate into the biological mem-
brane, particularly the blood brain barrier (BBB), exhibiting its neurological activity. The
other key parameters of all selected compounds were also estimated and reported in Table 4.

Table 4. QSAR study of selected compounds.

Function 3-Epi-Ursolic Acid Arjunolic Acid Celecoxib Myrecitin Myricanone Myricitrin

Surface area (Approx) (Å2) 539.38 592.70 529.12 395.28 450.85 523.82
Surface area (Grid) (Å2) 649.10 680.61 595.51 485.46 550.54 644.51

Volume (Å3) 1239.43 1323.95 987.13 802.37 993.22 1138.09
Hydration energy

(Kcal/mole) −4.67 −11.58 −10.90 −40.64 −12.50 −45.17

Log P 9.37 7.84 7.86 4.05 5.51 3.27
Refractivity (Å3) 122.50 132.91 37.41 20.81 52.62 51.96

Polarizability (Å3) 53.12 54.59 32.80 29.18 38.47 41.96
Mass (amu) 456.71 490.72 381.37 318.24 356.42 464.38

Total energy (kcal/mol) 74.3512 109.971 45.3604 7.90082 22.7156 22.8694
Dipole moment (Debye) 1.766 0 2.792 3.297 1.536 0

RMS gradient (kcal/Å mol) 0.09703 0.09558 0.09688 0.0953 0.09526 0.09747

3.5.2. Molecular Docking

Molecular docking analysis of selected M. esculenta phytoconstituents (myricetin,
myricanone, 3-epi-ursonic acid, myricitrin, arjunolic acid) and a reference drug celecoxib
were carried out against four selected inflammatory proteins (COX1, COX2, TNF-α, and
IL-10) using AutoDock v4.2.6. In order to gather the binding energy necessary for complex
formation and examine the molecular processes underlying the inhibition of particular
proteins, the catalytically active region of proteins was targeted. Tables 5 and 6 represent a
summary of the binding energies and dissociation constants (Kd) of M. esculenta phytocon-
stituents with regard to the above-mentioned proteins. The result was further validated
using AutoDock vina and iGEMDOCK expressed in Tables 7–10 respectively. The results
analyzed from AutoDock v4.2.6 showed that all the five phytoconstituents and standard
drug celecoxib exhibited potent binding affinity to inflammatory proteins.

The binding affinities of the phytoconstituents and reference drug (celecoxib) with
cyclooxygenase-1 (PDB ID: 4O1Z) decreased in order myricetin > arjunolic acid > celecoxib
> myricanone > myricitrin > 3-epi-ursonic acid. However, myricetin (BE = −9.95 kcal/mol,
kd = 50.71 nM) and arjunolic acid (BE = −9.25 kcal/mol, kd = 165.34 nM) were shown to have
greater binding affinity than standard drug celecoxib (BE = −7.9 kcal/mol, kd = 1.61 µM)
(Table 5). The binding affinities with cyclooxygenase-2 (PDB ID: 4M11) decreased in the order
myricetin > arjunolic acid > 3-epi-ursonic acid > myricanone > celecoxib > myricitrin. The
binding affinities of all the phytoconstituents except myricitrin were found to be similar to
that of the reference drug celecoxib (BE = −5.72 kcal/mol, kd = 64.32 µM) with myricetin
(BE = −6.97 kcal/mol, kd = 7.79 µM) and arjunolic acid (BE = −6.92 kcal/mol, kd = 8.5 µM)
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showing highest affinities (Table 4). Analysis utilizing AutoDock Vina and the iGEMDOCK
program further confirmed the outcome (Table 7).

Table 5. Binding energies (kcal/mol) and dissociation constants (Kd) of myricetin, myricanone, 3-epi-
ursonic acid, myricitrin, arjunolic acid, and celecoxib towards COX-1 and COX-2 using AutoDock 4.2.6.

S.N. Ligands

COX-1
(PDB ID: 4O1Z)

COX-2
(PDB ID: 4M11)

B.E.
(kcal/mol)

Diss. Constant
(Kd)

Interacting Amino
Acid

H-
Atom

B.E.
(kcal/mol)

Diss. Constant
(Kd)

Interacting Amino
Acid

H-
Atom

1. Myricetin −9.95 50.71 nM

Ser143, Arg374,
Asn375,

Gly533, Gly533,
Asn537,Asn537,
Asn53, Val228,

Val228, Val228, Gly227

6 −6.97 7.79 µM Phe361,Phe36,Lys360,
Trp545,Arg61 4

2. Myricanone −7.65 2.46 µM Ser143, Trp139,
Arg376, Arg37 1 −6.51 16.78 µM Trp545,Asp362,

Asn560 2

3.
3-epi-

ursonic
acid

−6.88 9.08 µM Arg376, Asn375,
Gly225 2 −6.72 11.89 µM Asp239,His242,

Lys253 3

4. Myricitrin −7.64 2.51 µM

Asp229, Trp139,
Ser143,Arg376,

Phe142, Arg374,
Val145, Asn375

6 −4.37 624.03 µM
Glu346,Arg109,Lys342,
Glu553,Trp545,Asp362,

Lys360
-

5. Arjunolic
acid −9.25 165.34 nM

Arg374, Asn375,
Asn537,Val228,
His226, Val145,

Phe142

1 −6.92 8.5 µM Arg61, Asn560 -

6. Celecoxib −7.9 1.61 µM

Asn375, Asn37,
Asn375,Trp139,
Ser143, Arg374,

Gly225

1 −5.72 64.32 µM Lys342,Lys360,Lys557,
Glu553, Glu553 1

Table 6. Binding energies (kcal/mol) and dissociation constants (Kd) of myricetin, myricanone, 3-epi-
ursonic acid, myricitrin, arjunolic acid, and celecoxib towards TNF- α and IL-10 using AutoDock 4.2.6.

S.N. Ligands

Tumor Necrosis Factor (TNF)- α
(PDB ID: 2AZ5)

Interleukin (IL)-10
(PDB ID: 2H24)

B.E.
(kcal/mol)

Diss. Constant
(Kd)

Interacting Amino
Acid H-Atom B.E.

(kcal/mol)
Diss. Constant

(Kd)
Interacting

Amino Acid H-Atom

1. Myricetin −7.3 4.42 µM Lys11,Lys11 2 −5.78 57.5 µM Arg110,Phe111,
Phe56 1

2. Myricanone −7.78 2.0 µM Gly121 2 −7.09 6.32 µM Phe56, Phe111 2

3.
3-epi-

ursonic
acid

−6.97 7.84 µM Leu120,Ser60 - −4.51 491.31 µM Arg102,Arg102,
Arg106,Gln70 1

4. Myricitrin −5.55 85.03 µM Ser60,Gln61,
Leu120 - −5.09 184.36 µM Glu74,Arg102,

Glu115,Gln63 -

5. Arjunolic
acid −7.34 4.2 µM Leu120, Leu57 - −6.76 11.11 µM Gly61, Gly58,

Cys62 -

6. Celecoxib −6.52 16.55 µM Tyr59,Tyr59,Tyr151,
Tyr151,Tyr151, Gln61 - −5.44 102.12 µM

Glu115,Asn116,
Arg102,Arg102,

Gln70, Glu74
1

The binding affinities of phytoconstituents and celecoxib with tumor necrosis factor
(TNF-α) (PDB ID: 2AZ5) decreased in the following order: myricanone > arjunolic acid
> myricetin > 3-epi-ursonic acid > celecoxib > myricitrin, as shown in Table 6. Similar bind-
ing affinities of phytoconstituents except myricitrin were found with TNF-α protein having
the highest affinity of myricanone (BE = −7.78 kcal/mol, kd = 2.0 µM) as compared to
celecoxib (BE = −6.52 kcal/mol, kd = 16.55 µM). Similarly, myricanone showed the highest
affinity towards interleukin (IL)-10 (PDB ID: 2H24) (BE = −7.09 kcal/mol, kd = 6.32 µM) as
compared to celecoxib (BE = −5.44 kcal/mol, kd = 102.12 µM), respectively. The results
were further confirmed using AutoDock vina (Table 8) and iGEMDOCK (Tables 9 and 10).
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Table 7. Binding energies (kcal/mol) and dissociation constants (Kd) of myricetin, myricanone, 3-epi-
ursonic acid, myricitrin, arjunolic acid, and celecoxib towards COX-1 and COX-2 using AutoDock vina.

S.N. Ligands

COX-1
(PDB ID: 4O1Z)

COX-2
(PDB ID: 4M11)

B.E.
(kcal/mol)

Diss. Constant
(Kd) Interacting Amino Acid B.E.

(kcal/mol)
Diss. Constant

(Kd)
Interacting Amino

Acid

1. Myricetin −9.7 79.61 nM Cys47,His43,Gln44,Gln461 −9.9 53.8 nM Cys41, Arg44, Gln461

2. Myricanone −8.4 290.78 nM Gln372,Glu543 −8.9 314.99 nM Gln543,Arg44

3. 3-epi-ursonic
acid −9.3 150.85 nM Asp135,Gln327,

Arg157 −9.2 181.8 nM Gln372,Gln370,
Gln543, Arg44

4. Myricitrin −10.1 38.59 nM Gln327, Asn34, Asp135 −10.5 13.51 nM Glu322, Val132

5. Arjunolic acid −9.0 229.41 nM Asn34, Arg157 −9.5 109.5 nM Gly225, Tyr373

6. Celecoxib −9.5 102.91 nM Lys532,Gln372,Pro542,
Arg61, Lys546 −9.3 150.85 nM Tyr130, Cys41

Table 8. Binding energies (kcal/mol) and dissociation constants (Kd) of myricetin, myricanone, 3-epi-
ursonic acid, myricitrin, arjunolic acid, and celecoxib towards TNF- α and IL-10 using AutoDock vina.

S.N. Ligands

Tumor Necrosis Factor (TNF)- α
(PDB ID: 2AZ5)

Interleukin (IL)-10
(PDB ID: 2H24)

B.E.
(kcal/mol)

Diss. Constant
(Kd)

Interacting Amino
Acid

B.E.
(kcal/mol)

Diss. Constant
(Kd)

Interacting Amino
Acid

1. Myricetin −7.8 1.91 µM Ser95,Arg82 −6.3 24.29 µM Arg110, Cys62

2. Myricanone −8.2 945.3 nM Tyr151, Tyr59 −8.0 1.62 µM Phe56, Phe111

3. 3-epi-ursonic acid −9.2 181.81 nM Leu157 −7.4 3.95 µM Arg106, Arg102

4. Myricitrin −8.0 9.95 µM Gly121,Tyr151 −6.8 11.55 µM Ala139

5. Arjunolic acid −9.4 120.71 nM Tyr151,Gly121,
Leu120 −8.3 848.93 nM Gln63, Glu67

6. Celecoxib −8.2 945.3 nM Gln125, Gly121 −8.1 1.1 µM Phe30

Table 9. Binding energies (kcal/mol) and dissociation constants (Kd) of myricetin, myricanone, 3-epi-
ursonic acid, myricitrin, arjunolic acid, and celecoxib towards COX-1 and COX-2 using iGEMDOCK.

S.N. Ligands

COX-1
(PDB ID: 4O1Z)

COX-2
(PDB ID: 4M11)

T.E.
(kcal/mol) vDW HB E.I. T.E.

(kcal/mol) vDW HB E.I.

1. Myricetin −132.492 −105.267 −27.2253 0 −125.784 −91.263 −34.5206 0

2. Myricanone −87.3133 −75.4082 −11.9051 0 −107.541 −97.6307 −9.90984 0

3. 3-epi-ursonic acid −103.976 −87.1912 −16.4963 −0.288703 −86.4932 −69.4132 −17.08 0

4. Myricitrin −125.517 −93.0059 −32.5107 0 −114.496 79.4543 −35.0418 0

5. Arjunolic acid −83.2344 −67.5726 −15.6618 0 −87.3774 −71.8736 −15.5038 0

6. Celecoxib −108.282 −100.838 −7.44436 0 −90.8942 −83.167 −7.72725 0

The docking validation was assessed with AutoDock vina. In Table 6, the result
expressed that myricitrin has the highest and almost equal binding affinity with COX-1
and COX-2 protein (BE = −10.1 kal/mol, kd = 38.59 and BE = −10.5 kal/mol, kd = 13.51),
respectively. In contrast, other phytoconstituents of M. esculenta showed almost similar
interaction. The arjunolic acid and 3-epi ursonic acid have the highest interaction with
TNF-α (−9.4 Kcal/mol kd 120.71 nm and −9.2 Kcal/mol, kd 181.81 nm), respectively.
Similarly, myricanone (−8.0 Kcal/mol, kd 1.62 µM) and arjunolic acid (−8.3 Kcal/mol,
kd 848.93 nM) showed the highest and equal binding affinity with IL-10 (Table 7). The
selected inflammatory proteins were redocked with active phytoconstituents of M. esculenta
using iGEMDOCK v 2.1. The result revealed that myricetin shows strong interaction
with COX-1 (−125.784 Kcal/mol) and COX-2 (−132.492 Kcal/mol) in Table 9, respectively.
Whereas with TNF-α, myricitrin (−108.99), arjunolic acid (−95.38), and myricetin (−91.44)
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showed the highest interaction. Similarly, IL-10 myricetin and mrjunolic acid showed
strong interaction with binding energies −87.17 and −86.14 Kcal/Mol, respectively, in
Table 10. The ligand-protein interaction by different docking tools were visualized in
Supplementary Tables S1–S4.

Table 10. Binding energies (kcal/mol) and dissociation constants (Kd) of myricetin, myricanone, 3-epi-
ursonic acid, myricitrin, arjunolic acid, and celecoxib towards TNF-α and IL-10 using iGEMDOCK.

S.N. Ligands

Tumor Necrosis Factor (TNF)- α
(PDB ID: 2AZ5)

Interleukin (IL)-10
(PDB ID: 2H24)

T.E.
(kcal/mol) vDW HB E.I. T.E.

(kcal/mol) vDW HB E.I.

1. Myricetin −91.4497 −65.7845 −25.6652 0 −75.9232 −60.0728 −15.8504 0

2. Myricanone −87.7068 −73.3761 −14.3307 0 −77.8226 −68.6794 −9.14318 0

3. 3-epi-ursonic acid −85.9916 −78.5542 −7.43742 0 −82.3913 −76.6764 −5.71494 0

4. Myricitrin −108.992 −79.9469 −29.0448 0 −87.1763 −73.3057 −13.8706 0

5. Arjunolic acid −95.3887 −81.6511 −13.425 −0.312637 −86.1421 −78.8447 −5.99124 −1.3061

6. Celecoxib −86.9344 −80.4249 −6.50946 0 −77.6205 −76.2528 −1.36773 0

Odd values indicate good binding energies. vDW: van der Waals energy; HB: hydrogen bonding energy;
E.I.: electrostatic energy.

3.5.3. Molecular Dynamic (MD) Simulation

In the current investigation, the docking analysis was carefully monitored, and a few
ligand protein complexes with the greatest interaction were selected. Thus, myricetin and
myricitrin showed the highest interaction with cyclooxygenase 1 enzyme, while myri-
canone showed the highest interaction with TNF-α. The goal of the MD simulation was to
determine the stability of compounds that interacted with different proteins. Thus, two
different MD simulation tools, LARMD online tool and Schrodinger maestro software,
were used in the present study. The LARMD molecular dynamic simulation result was
explained in Supplementary File S1.

3.5.4. Schrodinger Molecular Dynamic Simulation
3.5.4.1. Stability Analysis of Complex by RMSD

Structural changes of the Cα atoms were first calculated separately for each time
point during the RMSD study for the MD simulation of PDB ID-4O1Z COX-1 (Figure 4A),
COX-1 (Figure 4B), and PDB ID 2AZ5 TNF alpha (Figure 4C) with ligands myricetin,
myricitrin, and myricanone. The RMSD analysis of proteins provides information about
the rotational displacement of atoms in the PDB ID-4O1Z COX-1 (Figure 4A), COX-1
(Figure 4B), and PDB ID-2AZ5 TNF alpha (Figure 4C) structures throughout the course
of 100 MD simulations. The RMSD analysis of the ligand provides information about
the amino acid that interacts with the protein for ligand stability. The RMSD graph of
PDB ID-4O1Z COX- 1 (Figure 4A) illustrates the initial displacement of protein Cα atoms,
although it remained in the equilibrium phase until the simulation was completed, with
an RMSD value ranging from 1.07–2.3 Å. While the ligand RMSD which ranges from
0.193–1.885 Å demonstrates the better stability of a complex exhibiting equilibrated motion
during the 100 ns MD simulation. Similarly, the RMSD graph of PDB ID 401Z COX-1
(Figure 4B) represented the initial displacement of the protein Cα atom. Even so, it kept
the equilibrium phase going, although the simulation ended with values 1.172–2.247 Å.
The ligand RMSD value ranges between 1.493–3.972 Å showed good complex stability
by equilibrium motion throughout 100 ns of MD simulation. The RMSD graph of PDB
ID 2AZ5 TNF alpha (Figure 4C) represents the initial displacement of protein Cα atoms,
but it reached the equilibrium phase until the end of the simulation with RMSD values
ranging from 1.377 to 3.457, whereas the ligand RMSD with values ranging from 0.378 to
1.267 demonstrates the good stability of complex by equilibrated motion during 100 ns
MD simulation.
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A thorough examination of the RMSD of protein Cα atoms for the PDB ID 2AZ5 TNF
alpha protein reveals little time fluctuations. In the initial phase up to 10 ns, the RMSD
value of protein Cα atoms was 1.429–1.872 Å, after which it gets equilibrated with an RMSD
value of 1.427–1.811 Å and again showed some fluctuation in the final 10 ns (90–100 ns)
with an RMSD value of 1.853–2.258 Å. The ligand position slightly shifted from its previous
position to another position several times with an RMSD value of 0.378–1.267 Å. Similarly,
Figure 4B shows that the ligand RMSD value fluctuated at the end phase of the simulation
of 5 ns (95–100 ns) ranging from 2.347–3.628 Å. On analysis with both the RMSD value
the complexes PDB ID-4O1Z COX-1-myricetin and myricitrin and PDB ID 2AZ5 TNF
alpha—myricanone, the result showed that PDB ID-4O1Z COX-1-myricetin was more
stable system than PDB ID 2AZ5 TNF alpha—myricanone and PDB ID 4O1Z-COX-1-
myricetrin, respectively.

3.5.4.2. Stability Analysis by RMSF

All Cα atoms were subjected to the RMSF analysis for structural flexibility for each
time point throughout the simulation for PDB ID-4O1Z COX-1-myricetin, PDB ID-4O1Z
COX-1-myricetrin, and PDB ID 2AZ5 TNF alpha—myricanone. (Figure 5A–C). To elucidate
the local conformational shift of the complex, RMSF analysis of the PDB ID-4O1Z COX-1
and PDB ID-2AZ5 TNF alpha structure RMSF has been conducted. During PDB ID-4O1Z
COX-1-myricetin and myricitrin simulation, the peaks in the graph RMSF illustrate the
fluctuation of Cα. A and B, more profound analyses of the secondary structure of protein
RMSF display the enhanced flexibility in the loop region followed by the beta-strand, and
the alpha helix was more stable. The myricetin and myricitrin interact with PDB ID-4O1Z
COX-1, mainly in the region of alpha-helices amino acids, so it displays good stability
similar to alpha helices (green lines). The RMSF values of amino acids interacting with
myricetin and myricitrin are 0.428–3.749 and 0.486–3.751 Å, respectively. These interacting
residues allow the myricetin and myricitrin to explore the PDB ID-4O1Z COX-1 binding
site to find a favorably energetic location to interact with the surrounding residue.
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interaction with the ligand.

The RMSF study of COX-1 indicates that all areas of the protein are flexible, with the
exception of the myricanone-binding amino acid domains. The RMSF value of myricanone
binding amino acids was found to be 0.536–4.472 Å whereas the RMSF value of protein
was 0.536–4.472 Å; these values revealed that myricanone shows good binding affinity
with protein, but due to the local fluctuation of c-alpha atoms of protein RMSD, values of
myricanone displayed more variation.

3.5.4.3. Protein-Ligand Contact Analysis

In order to verify and examine the time-dependent interaction of protein-ligand com-
plexes, as well as establish the complex’s stabilization, a dynamic molecular study was
carried out. The selection of best-docked complexes was made to execute MD simula-
tions based on the findings of interaction research carried out on COX-1 and TNF-α with
myricetin, myricitrin, and myricanone. The dynamic stability of complexes was character-
ized and evaluated using computational variables such as P-RMSF, protein-ligand RMSD,
protein-ligand contacts, P-RMSF, ligand torsion profile, and ligand characteristics during a
100 ns MD simulation.

Monitoring the protein-ligand interaction was performed throughout the MD sim-
ulation. As shown in Figure 6A, myricetin was found to form hydrogen bonds directly
with COX-1 at amino acid positions A:Ser143, A:Asn144, A:Arg374, A:Asn375, A:Arg376,
B:Phe142, B:Leu224, B:His226, B:Gly227, B:Arg374, B:Asn375, and B:Gly536. Amino acid
Asn375 present on the B chain of COX-1 protein was found to interact for approximately
0.85 interaction fraction. However, Leu224 and His226 formed hydrogen bonds for a
0.6 interaction fraction.

Furthermore, in Figure 6B, myricitrin formed hydrogen bonds at positions A:Ser143,
A:Asn144, A:Val145, A:Leu224, A:Gly225, A:Arg374, A:Asn375, B:Ser143, B:Gly225, B:Arg374,
B:Asn375, and B:Arg376 in COX-1 protein. The ligand was found to interact with the protein
for approximately 2.3 interaction fraction of time. Figure 6C shows that myricanone formed
hydrogen bonds at amino acid positions C:Ser60, C:Gln61, C:Leu120, C:Gly121, C:Tyr151,
D:Ser60, and D:Leu120. The hydrogen bond formed by Leu120 in the D chain of TNF-α
protein stabilized for about 0.4 of the interaction fraction time. All three ligands also formed
hydrophobic and ionic interactions with different amino acids, as depicted in Figure 6.
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COX-1 B:Asn375 and B:Gly:225 formed direct bonds with the OH-group of myricitrin
for approximately 81% and 60% of the simulation run (Figure 6A). Additionally, A:Leu224
formed direct bonds with OH-groups for 48%, 55%, and 32% of the time of the run.
However, A:Gly225 formed a direct bond with the OH-group for 50% of the run time.
A:Arg374 formed bonds with OH-groups for 32% and 81%, whereas it formed bonds with
the O-group for approximately 112% of the run time. Additionally, A:Arg374 formed pi-pi
interaction with one of the benzene rings for 65% of the 100 ns simulation run time.

In the case of myricetin, three OH-groups formed direct bonds with A:Ser143, B:Gly227,
B:Leu224, and B:Asn375 residues of COX-1 for approximately 35%, 64%, 60%, and 58%
of the simulation run time, respectively. However, two other OH-groups formed water-
mediated bonds with A:Asn375 for 33% and 34% of the run time. Additionally, two pi-pi
bonds, one with A:Phe142 and the other with A:Arg374, were observed bonding with the
two benzene rings of myricetin for 45% and 47% of the 100 ns run time. Furthermore,
myricanone was found to form one direct bond with D:Leu120 residue of TNF alpha
protein (Figure 7).

The radius of gyration (rGyr) provides a detailed indication of the compactness of the
selected target protein structures with ligands. The myricetin-COX-1, myricitrin-COX-1,
and myricanone- TNF alpha complexes ranged between 3.783–3.891 Å, 4.102–4.345 Å,
and 3.358–3.662 Å, respectively. However, the number of intra-hydrogen bonds ranges
between 0–2 for myricitrin-COX-1, myricetin-COX-1, and 0–1 for myricanone- TNF. The
solvent-accessible surface area (SASA) helps determine how well the ligand and solvent
interact during the complete simulation runtime. In the current study, the values of SASA
range between 9.258–48.928 Å for the myricetin-COX-1 complex, and11.428–123.515 Å
for the myricitrin-COX-1 complex; however, values range between 64.599–233.373 Å for
the myricanone-TNF alpha complex. The solvent-accessible surface area of ligands with
contributions from solely oxygen and nitrogen atoms was also measured using a polar
surface. Furthermore, the molecular surface area (MolSA) was also calculated with a
1.4 Å probe radius that was equivalent to van der Waals surface area ranging between
355.514–372.228 Å for myricitrin-COX-1, and 312.612–332.148 Å and 310.953–327.422 Å for
myricanone-TNF alpha (Figure 8A–C), respectively.
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4. Discussion

Extracts from Myrica esculenta have been reported to possess anti-allergic [41], anti-
asthmatic [8], analgesic, anti-inflammatory, antipyretic [42,43], and mast cell-stabilizing
properties [44]. Based on these shards of evidence, an effort has been undertaken to explore
the anti-inflammatory property of certain compounds present in M. esculenta through



Med. Sci. Forum 2023, 21, 52 19 of 22

computational methods. The current study aimed to evaluate the in vitro anti-inflammatory
activity of the aqueous extract of the bark and root of M. esculenta as well as in silico evalua-
tion of selected phytoconstituents of Myrica esculenta (myricetin, myricanone, 3-epi-ursonic
acid, myricitrin, arjunolic acid) against four inflammatory proteins (COX-1, COX-2, TNF-α,
and IL-10) regarding the standard drug celecoxib.

Previous research showed that M. esculenta methanolic bark extract has the highest
extractive values, 26.45% and 19.02%, respectively [45,46]. Similarly, in the present study,
aqueous bark and root of M. escuenta showed similar extractive values of 24.76% and
21.92%, respectively.

A prior study by Kabra A. et al. claimed that aqueous leaves extract of M. escu-
lenta showed significant total phenolic and flavonoid content of 62.38 ± 0.14 mg/g GAE
and 35.77 ± 0.14 mg/g QE, respectively [10]. In this investigation, the aqueous bark
and root extract of M. esculenta exhibited the greatest total phenolic (553.44 ± 18.38,
226.02 ± 8.04 mg/g GAE) and flavonoid content (421.17 ± 5.34, 277.65 ± 2.42 mg/g QE),
respectively. A different prior study found that methanolic fruit pulp extract of M. escu-
lenta contains a significant quantity of total phenolic and flavonoid content, which was
1.78 mg/g GAE and 1.59 mg/g QE, respectively [47]. Comparing different parts of the
plant and their solvent, the present study showed the highest total phenolic and flavonoid
content in the aqueous bark extract of M. esculenta.

Myrica rubra is a Chinese bayberry of the same family as Myrica esculenta. The previous
study reported that aqueous leaves extract of M. rubra revealed a significant lipoxygenase
inhibitory activity of IC50 50.57 µg/mL [48]. Another earlier study conducted by Middha
SK et al. found that the methanolic extract of Myrica nagi showed dose-dependent inhibition
of IL-1β and TNF-α. A 200 mg of M. nagi methanolic extract showed the highest inhibition
in both inflammatory proteins [17]. In the current study, lipoxygenase enzyme activity
was carried out, and a dose-dependent inhibition by the aqueous extract of M. esculenta
was observed. As such, no previous lipoxygenase inhibitory activity of M. esculenta study
was reported.

Molecular docking analysis of selected phytoconstituents using AutoDock4.2.6 has
revealed that myricetin (BE = −9.95 kcal/mol, kd = 50.71 nM) has excellent binding
affinities with COX-1 (PDB ID: 4O1Z) followed by arjunolic acid (BE = −9.25 kcal/mol,
kd = 165.34 nM). Similar results were found using AutoDock vina.

In the case of binding affinities towards COX-2 (PDB ID: 4M11), myricetin
(BE = −6.97 kcal/mol, kd = 7.79 µM) followed by arjunolic acid (BE = −6.92 kcal/mol,
kd = 8.5 µM) exhibited best binding affinities as analyzed by AutoDock 4.2.6. The current
results are in agreement with the docking score of myricetin and COX-2 protein (PDB ID:
4PH9) (BE = −6.52 kcal/mol) with a previous study performed by Kumar et al., 2019 [49].
In contrast, myricanone (BE =−10.5 kcal/mol, kd = 13.51 M) displayed the greatest binding
affinity with COX-2 protein as analyzed by AutoDock vina.

Likewise, in the case of binding interaction with TNF-α, myricanone (BE = −7.78 kcal/mol,
kd = 2.0 µM) showed the best result, followed by arjunolic acid (BE = −7.34 kcal/mol,
kd = 4.2 µM) (Table 6). However, the AutoDock vina analyzed result showed the best binding
affinity arjunolic acid (BE =−9.4 kcal/mol, kd = 120 nM) with TNF- α followed by 3-epi-ursonic
acid (BE = −9.2 kcal/mol, kd = 181.81 nM).

Similarly, myricanone showed the highest affinity towards IL-10 (PDB ID: 2H24)
(BE = −7.09 kcal/mol, kd = 6.32 µM), as analyzed from AutoDock 4.2.6 (Table 6), whereas
the AutoDock vina analyzed result exhibiting arjunolic acid (BE = −8.3 kcal/mol,
kd = 8848.93 nM) has the best affinity towards IL-10.

As is evident from the above results, the binding affinity of phytoconstituents showed
modest variances, which might be attributed to discrepancies in grid box creation and
identification of binding sites on target proteins by this software due to slight variations
in the selection criterion. Because of this, the COX-1, COX-2, TNF-, and IL-10 proteins’
binding pockets have different interactions with amino acids.
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Based on binding energies and dissociation constant (Kd) values, myricetin, arjunolic
acid, myricanone, and myricitrin were the most effective anti-inflammatory phytocon-
stituents in Myrica esculenta.

A molecular dynamics simulation is an important tool for understanding the dynamic
behavior of a macromolecule in a biological system at various timeframes. RMSD is always
a positive number, and a value of 0 indicates a perfect match to the data, which is impossible
to attain in practice. Generally, a lower value of RMSD indicates a model is better than the
target structure. When a dynamic system varies around a well-defined average location, the
RMSD is referred to as the RMSF. Interestingly, in the present study, complexes of myricetin
with COX-1, myricitrin, and COX-1 and myricanone with TNF-α protein were found to
display very low deviations of 0.24–1.30 Å, 0.6–1.55 Å, and 0.44–1.35 Å, respectively, in a
timeframe of 3 ns, which suggested good stability of complexes. Similarly, the analysis of
RMSF, Rg, and Qx throughout 3 ns, comprising B-factors, demonstrated the thermodynamic
stability of the above complexes. Similar to this, the study of a 100 ns MD simulation
revealed that the RMSD values of myricetin COX-1, myricetin COX-1, and myricanone
TNF- α showed good stability and that their respective equilibrium motion ranges were
1.07–2.3 Å, 1.172–2.247 Å, and 1.493 Å, respectively. However, the myricetin COX-1 complex
showed the highest RMSD and RMSF stability compared to other complexes.

5. Conclusions

In the current study, the aqueous extract of M. esculenta showed significant and dose-
dependent antioxidant and anti-inflammatory activity. The result from the present study
revealed that M. esculenta extract contains high TPC and TFC content, representing a major
contributor to antioxidant capacity. Similarly, the bark and root extract of M. esculenta
extract showed significant anti-inflammatory activity. The present study concluded that
bark extract contains different types of bioactive compounds and revealed the highest
antioxidant and anti-inflammatory activity compared to root extract.
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