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Abstract

This study was undertaken to evaluate the appearance of phytochemicals and anti-
oxidant activity of seven wild mushrooms of the University of Chittagong campus.
Phytochemical screening was performed using standard methods, whereas DPPH
radical scavenging assay was used to elucidate the antioxidant effect. Besides, in
silico studies were implemented using the targets of human erythrocyte catalase
3-amino-1,2,4-triazole, human glutathione reductase, and selected compounds.
Again, the absorption, distribution, metabolism, elimination and toxicity (ADME/T)
analysis has been determined by using online tools. Both Ganoderma lucidum (Curtis)
Karst. and Ganoderma applanatum (Pers.) Pat. showed a significant (p < .001) increase
in the percentage of scavenging activity at 400 pg/ml concentration when compared
with ascorbic acid. The methanol extract of G. lucidum, G. applanatum, and Rhodofomes
cajanderi (P. Karst.) B. K. Cui, M. L. Han & Y. C. Dai showed strong antioxidant activity
with an IC,, value. In addition, molecular docking studies of the previously isolated
compounds from three selective mushrooms revealed that the targeted compounds
along with positive controls were able to interact strongly (range: -3.498 to -8.655)
with the enzymes. The study concludes that the G. lucidum, G. applanatum, and R. ca-
janderi mushrooms can be a strong source in the management of oxidative stress-

induced diseases.

KEYWORDS

antioxidants, catalase, DPPH, glutathione reductase, in silico, mushrooms

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. Food Science & Nutrition published by Wiley Periodicals LLC.

88 www.foodscience-nutrition.com

Food Sci Nutr. 2022;10:88-102.


http://www.foodscience-nutrition.com
mailto:﻿
mailto:﻿
https://orcid.org/0000-0001-7567-4796
http://creativecommons.org/licenses/by/4.0/
mailto:hossen.pharmacy@cu.ac.bd
mailto:nazim7emon@gmail.com

HOSSEN ET AL.

1 | INTRODUCTION

Oxidation is a vital process in humans that enables the transforma-
tion of nutrients such as carbohydrates, protein, and fat into energy
(Sanchez, 2016). During this normal metabolic process, reactive oxy-
gen species (ROS) are generated as a by-product. Highly reactive, un-
stable, and partially reduced oxygen derivatives such as superoxide
radicals (O,e—), hydroxyl radicals (¢OH), hydrogen peroxide (H,0,),
and singlet oxygen (102) are known as ROS (Chio & Tuveson, 2017). At
low-level, ROS are crucial for various physiological processes and act
as secondary messengers (Rajendran et al., 2014). ROS at high con-
centrations may exert harmful effects on cellular components such
as DNA mutations, lipids peroxidation of membrane lipids, and mem-
brane protein damage (Karim et al., 2020). The variation between the
creation of ROS and the antioxidant defense capacity of the body
is known as oxidative stress (Liguori et al., 2018). Oxidative stress
is responsible for causing several diseases such as cancer, athero-
sclerosis, cardiovascular disease, diabetes, and metabolic disorders
(Pizzino et al., 2017). Oxidative stress is regarded as an important
characteristic for the pathogenesis and development of type 2 diabe-
tes mellitus, but whether it is a simple combination of inflammatory
responses or of a clinical entity that is based on different physiolog-
ical variables is still disputed (Rehman & Akash, 2017). Antioxidants
donate electrons to stabilize ROS to prevent cell and tissue damage
(Khatua et al., 2013). Catalase is a vital enzyme of the antioxidant
system of the human body. It helps to keep the redox stability of the
immune system by reducing hydrogen peroxide (Wang et al., 2013).
Another essential antioxidant enzyme is glutathione reductase (GR).
GR in reduced form controls the ROS at the cellular level (Carlberg &
Mannervik, 1985). Endogenous antioxidants and exogenous antioxi-
dants are two known types of antioxidants. The human body makes
endogenous antioxidants, which play an important role at low con-
centrations by scavenging the free radicals to keep maximum cellular
functions. However, in case of oxidative stress, these endogenous
antioxidants are found to be insufficient to protect the body from the
harmful effect of ROS. Diet or dietary supplements may be required
as exogenous antioxidants to maintain optimal cellular function
(Kurutas, 2016). Nowadays, the industry that is responsible for pro-
ducing food uses several synthetic antioxidants that have shown car-
cinogenicity. As a result, there is an urgency to search for antioxidants
from natural sources (Abdullah et al., 2012). Recently, consumption of
edible mushrooms has increased greatly because they are high in car-
bohydrates, protein, fiber, essential amino acids, and vitamins while
low in fat, cholesterol, sodium, and calories (Rashidi & Yang, 2016).
In many cultures, edible mushrooms have been used traditionally as a
source of home remedy from long ago due to the presence of biolog-
ically active compounds to protect the body from various oxidative
stress-induced diseases (Chen et al., 2012). Several scientific reports
have reported the medicinal properties of mushrooms including free
radical scavenging, antioxidant (Sdnchez, 2017), immunomodulat-
ing (Shamtsyan et al., 2004), antitumor (Singdevsachan et al., 2016),
antidiabetic (Stojkovic et al., 2019), antihypercholesterolemia

(Wasser, 2017), antibacterial, and antiviral effects (Roncero-Ramos
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etal., 2017). Hence, the aim of this study was the evaluation of phyto-
chemicals and the antioxidant potential of the wild mushrooms found
on the campus of the University of Chittagong.

2 | MATERIALS AND METHODS
2.1 | Reagents

1,1-Diphenyl-2-picrylhydrazyl (DPPH) was obtained from Sigma
Chemical Co., USA. Ascorbic acid was purchased from SD Fine
Chemicals Ltd., Biosar, India. Other chemicals of analytical grade
were supplied by the Department of Pharmacy, University of
Chittagong.

2.2 | Collection and identification of the mushroom

Seven naturally growing mushrooms including Lentinus squarrosu-
lus Mont., Daldinia concentrica (Bolton) Ces. & De Not., Cubamyces
lactineus (Berk.), Rhodofomes cajanderi (P. Karst.) B. K. Cui, M. L. Han
& Y. C., Daedaleopsis confragosa (Bolton) J. Schrét., Ganoderma ap-
planatum (Pers.) Pat., and Ganoderma lucidum (Curtis) Karst. were
collected from different areas of the University of Chittagong cam-
pus. Specimens of the mushrooms were identified by Md. Owahidul
Alom, Assistant Horticulture Officer, Botanical Garden, Department
of Botany, University of Chittagong. The specimen numbers of the
mushroom have been given in the Table 1 and preserved in the

Department of Pharmacy, University of Chittagong.

2.3 | Preparation of extract

After shade drying, the mushrooms were milled for efficient extrac-
tion. Exactly 100 g of milled mushroom powder was soaked in 500 ml
methanol in a clean, sterilized, and flat-bottomed glass container for
7 days accompanying occasional stirring and agitation at room tem-
perature. It was then filtered using filter papers (Whatman size no.
1). The filtrate was allowed to evaporate the solvent by using a ro-
tary evaporator. These extracts were kept in tightly closed glass con-
tainers and stored in the refrigerator for further use. The extracts of
different mushrooms were named as follows: MELS, methanolic ex-
tract of L. squarrosulus; MEDC?, methanolic extract of D. concentrica;
MECL, methanolic extract of C. lactinea; MEFC, methanolic extract
of Fomitopsis cajanderi; MEDC?, methanolic extract of D. confragosa;
MEGL, methanolic extract of G. lucidum; and MEGA, methanolic ex-

tract of G. applanatum.

2.4 | Phytochemical screening

All of the methanol extracts of different mushrooms were qualita-

tively analyzed for the presence of different chemical groups, such
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TABLE 1 Identified mushrooms with the accession number

Mushroom

Ganoderma applanatum (Pers.) Pat.

Ganoderma lucidum (Curtis) Karst.

Lentinus squarrosulus Mont.

Daldinia concentrica (Bolton) Ces. & De Not.

Cubamyces lactineus (Berk.)

Rhodofomes cajanderi (P. Karst.) B. K. Cui, M. L. Han & V. C.

Daedaleopsis confragosa (Bolton) J. Schrot.

as alkaloids, glycosides, steroids, carbohydrates, tannins, flavo-
noids, and saponins (Emon, Alam, Uddin Sawon, et al., 2021; Ghosh
et al., 2015; Sarker et al., 2016).

2.5 | Antioxidant activity

Antioxidant activity of different mushroom extracts was carried
out using the method of Alam et al. (Alam et al., 2020; S. Alam,
Rashid, et al., 2021). Two milliliters of each mushroom extract with
different concentrations (12.5, 25, 50, 100, 200, and 400 pg/ml)
was mixed with 3 ml of a 0.004% w/v methanol solution of DPPH.
Then, the tubes containing the mixture were kept at room temper-
ature for 30 min in a dark place to complete the reaction. The ab-
sorbance was taken at 517 nm against using an ultraviolet-visible
spectrophotometer (Halo SB-10 single-beam spectrophotometer,
Dynamica Scientific Ltd., UK). Ascorbic acid was used as a positive
control. The capability to scavenge the DPPH radical was calcu-
lated from [(A, - A;)/A] x 100, where A, is the absorbance of the
control reaction (DPPH + Methanol) and A, is the absorbance of

the sample.

2.6 | Insilico experiments
2.6.1 | Protein preparation

For the current experiment, we have selected two enzymes of the
cellular antioxidant mechanism, catalase and GR, respectively, for
the demonstration of the inhibitory potential of the targeted chemi-
cal constituents of three mushrooms, that is, G. lucidum, G. applana-
tum, and R. cajanderi. Three-dimensional (3D) structures of human
erythrocyte catalase (PDB ID: 1DGH) and human GR (PDB ID: 1XAN)
were downloaded from the Protein Data Bank (www.rcsh.org/pdb)
in PDB format. The structures were prepared and refined using the
Protein Preparation Wizard of Schrodinger-Maestro v10.1. Charges
and bond orders were assigned, hydrogens were added to the heavy
atoms, selenomethionines were converted to methionines, and all
waters were deleted. Using force field OPLS_2005, minimization
was carried out, setting maximum heavy atom root-mean-square
deviation to 0.30 A.

Family Accession number

Ganodermataceae 2018/004/Fungi/CU/DP
Ganodermataceae 2018/005/Fungi/CU/DP
Polyporaceae 2018/007/Fungi/CU/DP
Hypoxylaceae 2018/008/Fungi/CU/DP
Polyporaceae 2018/009/Fungi/CU/DP
Fomitopsidaceae 2018/010/Fungi/CU/DP
Polyporaceae 2018/011/Fungi/CU/DP

2.6.2 | Ligand preparation

For molecular docking analysis, we have selected a total of 10
compounds from three respective mushrooms through the lit-
erature review. Of these, shushe acids A-D (1-4) were obtained
from G. applanatum, 5 and 6 were selected from R. cajanderi, and
ganoderiol F (7), ganodermanondiol (8), ganolucidic acid A (9), and
lucidumol B (10) were obtained from G. lucidum (Cér et al., 2018;
He et al., 2006; Luo et al., 2017). Among the compounds, 1-6 were
drawn using ChemDraw version 16.0 (PerkinElmer ChemOffice
Professional), and 7-10 were downloaded from PubChem data-
basein.sdf format (CID: 471,008, 73,294, 475,412, and 475,411).
In addition, we have used dihydro-nicotinamide adenine dinu-
cleotide phosphate (NADPH; compound CID: 5886) bound to
PDB ID: 1DGH and flavin adenine dinucleotide (FAD; compound
CID: 643,975) bound to PDB ID: 1XAN as positive control for
this study. The 3D structures of the targeted compounds were
constructed using LigPrep in Schrédinger Suite 2015 with the
OPLS_2005 force field. The pH 7.0 + 2.0 was used for the genera-
tion of ionization states of the compounds, which used Epik 2.2 in
the Schrédinger suite. Up to 32 possible stereoisomers per ligand

were retained.

2.6.3 | Receptor grid generation

Receptor grids were calculated for the prepared proteins for the
observation of poses by various ligands, which bind within the ac-
tive predicted site during the docking procedure. In Glide, grids were
generated, keeping the default parameters of van der Waals scal-
ing factor 1.00 and charge cutoff 0.25 subjected to the OPLS_2005
force field. A cubic box of specific dimensions centered on the cen-
troid of the active site residues was obtained for the receptor. The

bounding box was set to 14 x 14 x 14 A for docking experiments.

2.6.4 | Glide standard precision ligand docking

Standard precision flexible ligand docking was carried out in Glide of
Schrédinger-Maestro v10.1 (Emon et al., 2020; Friesner et al., 2004,

2006) within which penalties were applied to non-cis/trans amide
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bonds. For ligand atoms, van der Waals partial charge cutoff and
scaling factor were selected to be 0.15 and 0.80, respectively. Final
scoring was done on energy-minimized poses and showed as Glide
score. The best docked pose with the lowest Glide score was re-

corded for each ligand.

2.6.5 | Prime/molecular mechanics-generalized born
surface area simulation

Prime/molecular mechanics-generalized born surface area (MM-
GBSA) approach was used to calculate the binding energies of ligand
along with ligand strain energies for a ligand and a single receptor.
MM-GBSA is a method that combines OPLS-AA molecular me-
chanics energies (EMM), an SGB solvation model for polar solvation
(GSGB), and a nonpolar solvation term (GNP) composed of the non-
polar solvent accessible surface area and van der Waals interactions
(Adasme-Carrefo et al., 2014). Here, the Glide pose viewer file of
the best conformation chosen was given as the source in prime/
MM-GBSA simulation (Misini Ignjatovi¢ et al., 2016). The total free

energy of binding is.

AGbind = Gccmplex - (Gprotein + Gligand)7

where G = EMM + GSGB + GNP.

2.7 | Ligand-based Absorption, Distribution,
Metabolism, Elimination, Toxicity analysis

The pharmacokinetic properties of all the selected bioactive com-
pounds were evaluated and screened for drug candidacy using
Lipinski's rule of five (RO5) and Veber's rule (C. A. Lipinski et al., 2001;
Veber et al., 2002). According to Lipinski's RO5, a compound may
show optimal drug-likeness if it fulfills at least four of the five crite-
ria, namely, molecular weight (not more than 500 g/mol), hydrogen
bond donors (<5), hydrogen bond acceptors (<10), lipophilicity (<5),
and molar refractivity (between 40 and 130). The other filter we
considered is Veber's rule, according to which the number of rotat-
able bonds (<10) and topological polar surface area (TPSA; <140 A?)
in a compound must be within the specified limit to show drug-like
behavior. The web tool SwissADME, which is indicated as a very
useful tool in drug discovery, was used to analyze the abovemen-
tioned properties of the selected compounds (Emon, Alam, Rudra,
et al., 2021; Veber et al., 2002). Compounds passing both Lipinski's
filter and Veber's filter can be considered as suitable candidates for

new drug development.

2.8 | Bioactivity prediction of the selected

The selected compounds were subjected to bioactivity calculations

using an online validation tool, Molinspiration cheminformatics
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server (www.molinspiration.com; M. M. Alam, Rashid, et al., 2021;
Emon, Alam, et al., 2020; Rakib et al., 2020). Molinspiration calcu-
lates the molecular property associated with the drug-likeness and
predicts the bioactivity including G protein-coupled receptor (GPCR)
ligand, ion channel inhibitor, nuclear receptor ligand, kinase inhibitor,
protease inhibitor, and enzyme inhibitors. The calculated bioactivity
score for each of the selected compounds was compared with the
specific activity of each compound, and the results were compared
with the standards. In case of organic molecules, the probability is if
the bioactivity score is more than O, then it is active; if it is between
-5.0 and 0.0, then moderately active; and if the score is <-5.0, then

it is inactive.

2.9 | Statistical analysis

All experiments were carried out in triplicate. The data are pre-
sented as mean + standard deviation. The significance of the per-
centage of scavenging effect of the extracts of mushrooms was
determined by using the one-way analysis of variance test, followed
by Dunnett's t-test (two sided) compared with the positive control.
Values of p < .001 were considered significant. The data were ana-
lyzed using SPSS (Statistical Package for the Social Sciences) pro-
gram (version 16.0, SPSS Inc., Chicago, IL, USA). The half-maximal
inhibitory concentration (IC,,) values were calculated by nonlinear
regression analysis [(log inhibitor) versus. response - Variable slope
(four parameters)] with the use of GraphPad Prism software version
6.01 (GraphPad Software, San Diego, CA, USA), and the chart was

also drawn using the same software.

3 | RESULTS AND DISCUSSIONS
3.1 | Phytochemical screening

Table 2 shows the phytochemical components present in the metha-
nol extract of mushrooms. This phytochemical screening revealed
the presence of flavonoids and steroids in the methanol extract of
every mushroom. Alkaloids were absent in only G. lucidum, whereas
glycosides were present in all except L. squarrosulus. This phyto-
chemical analysis also showed that tannins were present in L. squar-
rosulus, T. lactinea, D. confragosa, and G. lucidum. The presence of
carbohydrates was not detected only in C. lactineus and D. con-
fragosa, among all other mushrooms. Saponins were present in all
mushrooms, except R. cajanderi and G. lucidum. Mushrooms show
different medicinal properties due to the presence of several phy-
toconstituents. Alkaloids are phytometabolites that contain various
groups of nitrogen. Alkaloids exhibit strong pharmacological actions
that include analgesic, anti-inflammatory, antimalarial, antimicro-
bial, antiviral, anticancer, anti-ageing, cerebro-protective, muscle
relaxant, sedatives, and stomatics effects (Bribi, 2018). Except for
C. lactineus and G. lucidum, alkaloids were present in all mushrooms

of this experiment. Glycosides are organic compounds formed of a
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TABLE 2 Phytochemical constituents present in the methanol extracts of the mushrooms

Secondary metabolite MELS MEDC!

Alkaloids +

Glycosides = +

Steroids +

Carbohydrates

+ 4+ 4+ o+ 4+

Flavonoids

Tannins

+ 4+ o+ o+ 4+

Saponins + +

METL

MEFC MEDC? MEGL MEGA
+ - +
+ + +
+ + + +
+ = + +
+ + +
_ o _
- + - +

Abbreviations: -, negative result; +, positive result; MEDC?, methanolic extract of Daldinia concentrica; MEDC?, methanolic extract of Daedaleopsis
confragosa; MEFC, methanolic extract of Fomitopsis cajanderi; MEGA, methanolic extract of Ganoderma applanatum; MEGL, methanolic extract of
Ganoderma lucidum; MELS, methanolic extract of Lentinus squarrosulus; METL, methanolic extract of Trametes lactinea.

sugar group (glycon) and a non-sugar group (aglycon) linked together
by a glycosidic bond. Glycosides are used as an analgesic, antirheu-
matic, antibiotic, cardiotonic, demulcent, and purgative agent (Kren
& Martinkova, 2001). This study showed that glycosides were absent
in only L. squarrosulus, among all mushrooms. The presence of ster-
oids was determined in every mushroom. Steroids are widely used
for the treatment of inflammation and several autoimmune diseases.
Anesthesia can be induced by using steroids (Shaikh et al., 2012).
Carbohydrate-based therapeutics are widely used in the treat-
ment of cardiovascular and hematological problems (Kilcoyne &
Joshi, 2007). Carbohydrates were not detected only in C. lactineus
and D. confragosa, among all other mushrooms. Saponins were pre-
sent in L. squarrosulus, D. concentrica, T. lactinea, D. confragosa, and
G. applanatum mushrooms. Saponins are one kind of mushroom
glycosides, which possess various pharmacological properties such
as antiviral, anti-inflammatory, and anticarcinogenic activities (Lee
etal., 2012).

3.2 | Antioxidant activity

At 400 pg/ml concentration, both G. lucidum and G. applanatum
showed significant (p < .001) increase in the percentage of scaveng-
ing activity when compared with ascorbic acid. An increase in the
scavenging activity of DPPH radical was found with the increas-
ing concentration of the mushroom extracts (Figure 1). The results
indicated that methanol extract of G. lucidum, G. applanatum, and
R. cajanderi showed strong antioxidant activity with an IC,, values
of 35.33, 38.73, and 39.44 pg/ml, respectively, in comparison with
the IC;, value (49.19 ug/ml) of ascorbic acid. D. confragosa (51.21 pg/
ml) showed almost similar antioxidant capacity as the ascorbic acid.
The IC,, value of the remaining mushrooms was <100 pg/ml, ex-
cept for C. lactineus. The IC,, values of all the mushroom extracts
have been depicted in Table 3. Different pharmacological activi-
ties have shown phenolic compounds among which antioxidant
and antimicrobial effects are more prominent (Bahri et al., 2014).
Several reports have also suggested the utilization of flavonoids
and many other phenolic compounds as free radical scavenging, an-

ticancer, anti-inflammatory, cardioprotective, and immune system

150

_ -= MELS
< —~ MEDC!
o 100- s 7+ MEIL
'Eo * — MEFC
§ -~ MEDC?
50 -~ MEGL
S -4~ MEGA
& % Ascorbic acid
N ™ 20 ®e a0 s

Concentrations (ng/ml)

FIGURE 1 DPPH scavenging activity of wild mushroom species
of the University of Chittagong campus. Abbreviations: MEDC?,
methanolic extract of Daldinia concentrica; MEDC?, methanolic
extract of Daedaleopsis confragosa; MEFC, methanolic extract of
Fomitopsis cajanderi; MEGA, methanolic extract of Ganoderma
applanatum; MEGL, methanolic extract of Ganoderma lucidum;
MELS, methanolic extract of Lentinus squarrosulus; METL,
methanolic extract of Trametes lactinea

promoting agents (Tungmunnithum et al., 2018). Flavonoids were
present in every mushroom, whereas tannins were absent in D. con-
centrica, R. cajanderi, and G. applanatum. Due to the presence of phe-
nolic compounds like flavonoids and tannins, every mushroom has
shown free radical scavenging activity to some extent. DPPH is a free
radical, which is stable and synthetic. A stable diamagnetic molecule
is created when DPPH accepts an electron or hydrogen atom. The
DPPH radical gives absorbance at 515-517 nm due to the presence
of an odd electron in it. Because of this odd electron, it also produces
a purple color solution in methanol. When this purple color solution is
mixed with a substance with antioxidant molecules that can donate an
electron or hydrogen atom, it becomes decolorized. As a result, there
is a change has been observed in the absorbance. A lower absorb-
ance at 517 nm indicates a higher radical scavenging activity of the
extract (Boonsong et al., 2016; Hasan et al., 2009). A dose-dependent
increase in DPPH scavenging activity of all mushroom extracts is ob-
served. A significant (p < .001) increase in the scavenging of DPPH
radical is observed at 400 pug/ml concentration of both G. lucidum and

G. applanatum with the comparison of positive control. Half-maximal
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TABLE 3 Scavenging activity and IC,, values of mushroom extracts
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Concentration 12.5 (ug/ml) 25 (pg/ml) 50 (ng/ml) 100 (pg/ml) 200 (pg/ml) 400 (pg/ml)

Samples % Scavenging activity IC,, (pg/ml)
MELS 21.88+0.28  26.23+0.26 31.25 +0.42 37.36 +0.54 47.75 +0.80 51.16 +0.08 96.63
MEDC! 29.84+049  31.69+017 36.02 +0.24 49.77 + 0.7 52.50 + 0.14 61.97 +0.08 97.13
METL 36.62+0.04  3743+0.21 4421 +0.14 45.88 +0.11 50.44 +0.11 54.44 +0.12 112.40
MEFC 28.26 +0.14  30.88 +0.04 36.06 + 0.04 38.40 + 0.07 41.94 +0.14 4493 +0.14 39.44
MEDC? 2641+0.29  31.30+0.24 34.35 + 0.04 40.63 +0.12 4414 +0.08 46.57 +0.11 51.21
MEGL 43.50 + 0.04 54.26 +0.04 66.83 + 0.04 79.40 + 0.04 86.85 + 0.04 96.53 +0.07 35.33
MEGA 41.23 +0.04 52.20+0.08 65.16 + 0.04 79.35+0.04 85.12 + 0.04 94.47 + 0.04 38.73
Ascorbic acid 72.41 + 0.04 76.25 + 0.00 80.02 + 0.04 87.59 +0.04 88.38 +0.08 89.38 + 0.00 49.19

Abbreviations: MEDC?, methanolic extract of Daldinia concentrica; MEDC?, methanolic extract of Daedaleopsis confragosa; MEFC, methanolic extract
of Fomitopsis cajanderi; MEGA, methanolic extract of Ganoderma applanatum; MEGL, methanolic extract of Ganoderma lucidum; MELS, methanolic
extract of Lentinus squarrosulus; METL, methanolic extract of Trametes lactinea.

TABLE 4 Molecular docking analysis between the selected compounds from Ganoderma lucidum, Ganoderma applanatum, and Fomitopsis

cajanderi with human erythrocyte catalase (PDB ID: 1DGH)

PDB ID: 1DGH
Binding
affinity AGy; 4 Hydrogen bond
Compound (kcal/mol) (kcal/mol) residues Hydrophobic bond residues
1 -5.7 -64.241 Tyr358, His75 Met350, Phel61, Pro158, Leu299, Arg354, Gly131, Gly147,
Val146, Phel53, Phe132, Asn148, Ser217
2 -6.812 -56.533 Arg365, Val73 His362, 11e332, Thr361, Tyr358, Arg72, Ala333, Phe334, Val74,
Argl12, Gly131, Ser114, His75, Gly147, Asn148, Arg354,
Vall46
3 -8.127 -59.734 Argl12, Ser217 Val74, Val146, Ala133, Ser114, Tyr358, Gly131, Gly147, Arg354,
His75, Met350, Asn148, Phel153, Phel61, Leu299
4 -7.228 -58.275 Arg72, Arg112, Tyr358 Val74, His75, Phe153, Val146, Phe161, Arg354, Asn148, Leu299
-4.558 -70.374 — His364, Asp360, Thr361, Ala357, Phe356, Gly353, Arg354,
Tyr358, Pro158, Phe153, Met350, Phel61, Pro162, Val73,
Glu71, Pro70
) -7.921 -77.174 = Pro162, lle159, Pro158, Phel61, Gly353, Ala357, Val73, Tyr358,
Thr361, His75, Val74, Val146, Ser114, Arg112, Gly147,
Asn148
7 -4.851 -37.711 Serl14 Val74, Val73, Pro162, Asp360, Thr361, Phelé61, Tyr 358, Ala357,
Arg72, His75, Ala133, Phe334, Val146, Arg112
8 -6.799 -55.128 Arg72 Val74, Val73, Pro162, Pro158, Phe356, Phel61, Ala357, Gly353,
Thr361, Tyr 358, Val146, Phe334, Argl12
9 -4.851 -37.711 Ser114 Val74, Val73, Pro162, Asp360, Thr361, Phel61, Tyr 358, Ala357,
Arg72, His75, Alal33, Phe334, Val146, Arg112
10 -4.851 -37.711 Serl114 Val74, Val73, Pro162, Asp360, Thr361, Phelé1, Tyr 358, Ala357,
Arg72, His75, Alal33, Phe334, Val146, Arg112
NADPH (control) -8.655 Asp335, His362, Ala333, 11e332, Argl112, Val74, Gly131, His75, Val146, Arg354,

Arg365, Arg72,
Phe334, Gly147

inhibitory concentration, IC,, is used to express antioxidant activity.
It refers to the dose of antioxidant necessary to reduce by half of the
initial DPPH radical concentration. So a lower IC,, represents higher
antioxidant activity (Boligon et al., 2014; Kozarski et al., 2011). The

results obtained from this study reported that a strong antioxidant

Phelé61, Phe356, Pro158, lle159, Pro162, Val73, Ala357,
Thr361, Tyr358

activity with an IC, values of 35.33, 38.73, and 39.44 ug/ml showed
by G. lucidum, G. applanatum, and R. cajanderi mushrooms, respec-
tively, when compared with the IC,, value (49.19 pg/ml) of positive
control. D. confragosa showed an IC,, value of 51.21 pg/ml, which

is almost similar to the IC, value (49.19 pg/ml) of ascorbic acid. So
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TABLE 5 Molecular docking analysis between the selected compounds from Ganoderma lucidum, Ganoderma applanatum, and Fomitopsis
cajanderi with human erythrocyte catalase (PDB ID: 1XAN)

PDB ID: 1XAN

Binding
affinity

Compounds  (kcal/mol)

1 -4.201
2 -4.222

-3.498
-4.098
-5.307
-4.507
-3.93
-4.327
-3.93
10 -3.93
FAD (control)

NV 0N O AW

-7.27

AGy;
(kcal/mol)
-55.937
-30.814

-24.114
-91.384
-82.546
-77.449
-66.634
-74.116
-66.634
-66.634

Hydrogen bond residues

Lys102, Thr72

Gly439, Lys67

Met406, Tyr407

Ser470, Tyr407, Met406, His82
Ser470

Ser470

Ser470

Lys67, Asn71, Glu442

Abbreviation: FAD, flavin adenine dinucleotide.
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Hydrophobic bond residues

Val98, Asn95, Phe94, Lys93, Met79, His75, Ser76

Leu209, Ala208, Phe%4, Ser76, Thr72, Gly92, Cys90, Ser89,
His80, Met79

Glu442, Leud38, Val74, Asn71, Trp70

Phe94, Lys93, Gly92, Cys90, His80, Met79, Ser76, Thr72
Serd70, Thr469, Pro468, Pro405, Tyr85, His82, Phe87, Phe78
Thr469, Leu438, Gly439, Pro405, Phe87, Phe78

Thr469, Gly439, Leu438, Tyr407, His82, Phe78, His75
Lys102, Phe94, His75, Thr72, Met79, Ser76, Gly92, Cys90
Thr469, Gly439, Leu438, Tyr407, Phe78, His75, His82
Thr469, Gly439, Leu438, Tyr407, Phe78, His75, His82
Tyr106, Valé8, Thr72, His75, Val74, Trp70, Phe78, Gly439

/ F ™MAsias
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(f) 11ch 59
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FIGURE 2 Representation of the interaction between (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6 with human erythrocyte catalase (PDB ID:
1DGH) through molecular docking simulation techniques. Green lines indicate interaction by hydrogen bonding, and red lines indicate the
hydrophobic interaction. Figures were generated using LigPlot* software
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FIGURE 3 Representation of the (9)
interaction between (a) 7, (b) 8, (c) 9, and

(d) 10 with human erythrocyte catalase

(PDB ID: 1DGH) through molecular

docking simulation techniques. Green

lines indicate interaction by hydrogen

bonding, and red lines indicate the

hydrophobic interaction. Figures were

generated using LigPlot" software
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D. confragosa has shown antioxidant capacity similar to ascorbic acid.
The 1C,, value of the remaining mushrooms was <100 pg/ml, except
for C. lactineus, suggesting mild antioxidant activity compared with
ascorbic acid. The major source of exogenous antioxidants is the
phytochemicals of the mushrooms. Antioxidants can scavenge the
reactive oxygen species, which are responsible for causing oxidative
stress. At low concentrations, antioxidants can prevent the oxida-
tion of substrate. Antioxidant is a great choice in the treatment of
oxidative stress-induced diseases such as cardiovascular diseases,
cancer, and diabetes (Sarangarajan et al., 2017). Recent research has
also shown that flavonoids and polyphenols are the most significant
bioactive components of different kinds in medicinal mushrooms
that have antioxidant capabilities against stress-induced oxidative
illnesses (Rehman & Akash, 2017). One of the main contributing fac-
tors in causing atherosclerosis is the oxidation of low-density lipopro-

tein. Antioxidants block the oxidation of low-density lipoprotein to

prevent atherosclerosis (Shayganni et al., 2016). ROS are responsible
for the promotion of cell migration and invasion in metastatic cancer
cells. ROS scavenging potentials of antioxidants help to prevent the
development of cancer (Fuchs-Tarlovsky, 2013). Not only diabetes but
also diabetic complications such as diabetic neuropathy are induced
by oxidative stress. Superoxide, a ROS, contributes to the dysfunc-
tion of endothelial in diabetes mellitus. Antioxidants fight against oxi-
dative stress in diabetes to reduce the hyperglycemic stage (Thakur
etal., 2018). So the investigated mushrooms with antioxidants can be

used to prevent diseases.

3.3 | Insilico molecular docking analysis

Molecular docking analysis allowed us to identify the binding mode

of the targeted ligand molecules with the selective receptor(s). The
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FIGURE 4 Representation of the interaction between (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6 with glutathione reductase (PDB ID: 1XAN)
through molecular docking simulation techniques. Green lines indicate interaction by hydrogen bonding, and red lines indicate the
hydrophobic interaction. Figures were generated using LigPlot* software

results of the molecular docking analysis were shown in Tables 4 and
5 and Figures 2-6.

We have selected 10 ligands from the three respective mush-
rooms with the highest antioxidant activity and docked the targeted
ligands with two respective enzymes of the human antioxidant sys-
tem. In addition, we extracted the ligands bound with the published
crystallographic structures of the two selected receptors, catalase
and GR, respectively, and redocked with the respective protein to
verify the docking procedure along with the scoring functions. The
two control ligands, NADPH (bound with catalase; PDB ID: 1DGH)
and FAD (bound with GR; PDB ID: 1XAN), interacted with the re-
spective receptors and possessed the highest docking score. (The
docking score was -8.655 kcal/mol for NADPH and -7.27 kcal/mol
for FAD.) We observed that NADPH interacted with six amino acid
residues (Asp335, His362, Arg365, Arg72, Phe334, and Gly147)
through hydrogen bonding, and a total of 17 residues (Ala333,
11332, Argl12, Val74, Gly131, His75, Val146, Arg354, Phelé61,
Phe356, Pro158, lle159, Pro162, Val73, Ala357, Thr361, and Tyr358)
were interacted by hydrophobic interaction while binding with cat-
alase (Figure 6a). Compound 3 delineated the greater interaction
towards the catalase enzyme, having a score of -8.127 kcal/mol

(Table 4). However, 3 was only able to form two hydrogen bonds

with residues Argl12 and Ser217, respectively, and surprisingly,
like NADPH, 3 interacted with most of the residues (Val74, Val146,
Ala133, Ser114, Tyr358, Gly131, Gly147, Arg354, His75, Met350,
Asn148, Phe153, Phe161, and Leu299) through hydrophobic bond-
ing (Figure 2c). Also, 6, having the binding affinity of -7.921 kcal/mol,
unlike NADPH, was unable to form any hydrogen bond with cata-
lase but interacted with catalase through hydrophobic interaction
with Pro162, lle159, Pro158, Phe161, Gly353, Ala357, Val73, Tyr358,
Thr361, His75, Val74, Val146, Ser114, Arg112, Gly147, and Asn148
residues (Figure 2f).

Further, FAD showed a binding affinity of -7.27 kcal/mol with
GR and interacted with Lysé7, Asn71, and Glu442 through hy-
drogen bonding, and Tyr106, Valé8, Thr72, His75, Val74, Trp70,
Phe78, and Gly439 residues were shown interacting through
hydrophobic interaction (Figure 6b). The findings of the docking
experiment with GR revealed that 5 showed the highest inter-
action with the enzyme (Table 5), possessing a docking score of
-5.307 kcal/mol and interacted with Met406 and Tyr407 residues
by hydrogen bonding, and Ser470, Thr469, Pro468, Pro405, Tyr85,
His82, Phe87, and Phe78 residues represented hydrophobic inter-
action with GR (Figure 4e). Besides, despite showing a docking

score of -4.507 kcal/mol, 6 was able to form four hydrogen bonds
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FIGURE 5 Representation of the
interaction between (a) 7, (b) 8, (c) 9, and
(d) 10 with glutathione reductase (PDB
ID: 1XAN) through molecular docking
simulation techniques. Green lines
indicate interaction by hydrogen bonding,
and red lines indicate the hydrophobic
interaction. Figures were generated using
LigPlot™ software

FIGURE 6 Representation of the
interaction between (a) NADPH and (b)
flavin adenine dinucleotide with 1DGH
and 1XAN receptor, respectively, through
molecular docking simulation techniques.
Green lines indicate interaction by
hydrogen bonding, and red lines indicate
the hydrophobic interaction. Figures were
generated using LigPlot* software
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TABLE 6 Drug-likeness properties of the targeted compounds

Lipinski's filter

Veber's filter

Molecular Number Number
weight of H-bond of H-bond
(g/mol) acceptors donors
Compound name <500 <10 <5
1 384.33 10 2
2 356.32 2
3 336.29 8 1
4 384.33 10 2
5 600.83 7 0
6 599.82 7 0
7 454.68 3 2
8 456.70 & 2
9 500.67 6 2
10 458.72 5 3]
Abbreviation: TPSA, topological polar surface area.
lon Nuclear
GPCR channel Kinase receptor
Compounds ligand inhibitor inhibitor ligand
Compound 1 0.03 -0.14 -0.17 0.15
Compound 2 -0.01 -0.26 -0.34 0.05
Compound 3 -0.13 -0.06 -0.43 0.12
Compound 4 0.11 -0.14 -0.12 0.23
Compound FC4 -0.17 -0.67 -0.84 0.18
Compound FC5 -0.17 -0.67 -0.84 0.18
Ganoderiol F 0.08 -0.16 -0.48 0.75
Ganodermanondiol 0.11 0.02 -0.47 0.91
Ganolucidic acid A 0.03 -0.25 -0.80 0.76
Lucidumol B 0.17 0.09 -0.29 0.92
NADP 0.53 -0.31 -0.18 -1.64
FAD -0.36 -1.70 -1.17 -2.43

Rule
Molar of five Number of
MlogP refractivity violations rotatable bonds TPSA (A?)
<5 40-130 <1 <10 <140
-0.23 88.14 0 9 137.82
-0.12 84.37 0 11 128.59
0.73 80.02 0 6 108.36
-0.50 87.58 0 9 137.82
4.99 169.25 2 12 95.97
4.99 168.19 2 12 95.97
4.82 137.93 1 6 57.53
491 138.44 1 5 57.53
3.06 139.89 2 6 108.74
5.01 139.40 2 5 60.69
TABLE 7 Biological activities
Protease Enzyme prediction of the targeted compounds
inhibitor inhibitor
0.01 0.07
-0.03 0.11
-0.15 0.13
0.14 0.30
-0.09 0.11
-0.09 0.11
-0.01 0.53
0.12 0.66
-0.08 0.48
0.16 0.69
0.24 0.40
-0.57 -0.48

Abbreviations: FAD, flavin adenine dinucleotide; GPCR, G protein-coupled receptor; NADP,

Nicotinamide adenine dinucleotide phosphate.

with the residues Ser470, Tyr407, Met406, and His82 (Figure 4f).
Additionally, 6 interacted with six amino acid residues through hy-
drophobic attraction, and importantly, like FAD, it interacted with
Phe78 residue.

To evaluate the clarification of the molecular docking simula-
tion, we performed prime/MM-GBSA attributes to calculate the
binding energy of the ligands with the enzymes. The results of
the calculation of binding energies were shown in Tables 4 and
5. The results demonstrated that the binding energies of most of
the ligands indicate a strong binding interaction towards the re-
ceptors. Biological research has been recognized worldwide as a
promising field, and for this purpose, biomedical research requires

a variety of informatics tools, including high-throughput screening

and database mining. A wide array of bioinformatics tools are re-
cently introduced in the field of biological research, for instance,
cancer metabolomics, epitope prediction, and secretome analysis.
Lately, molecular docking is acknowledged as a key tool in mo-
lecular structural biology and the perspective of the molecular
docking analysis includes the binding of the selected compounds
(ligand molecules) with a selective protein (receptor; Morris & Lim-
Wilby, 2008). In the present study, we utilized molecular dock-
ing analysis for the identification of binding affinity among the
selected compounds, which were isolated previously from G. lu-
cidum, G. applanatum, and R. cajanderi, with catalase and GR, two
crucial enzymes in the human antioxidant system. The docking

experiment with the targeted compounds with catalase enzyme
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(PDB ID: 1DGH) showed that most of the compounds interacted
with the amino acid residues like NADPH (control used for cata-
lase), which has possessed the best docking score (-8.655 kcal/
mol). Among the selected compounds, 3 and 6 were shown the
highest docking score of -8.127 kcal/mol and -7.921 kcal/mol,
respectively. The key interaction with NADPH and catalase en-
zyme includes hydrogen bonding with Asp335, His362, Arg365,
Arg72, Phe334, and Gly147 residues and hydrophobic interac-
tions with Ala333, 11e332, Argl112, Val74, Gly131, His75, Val146,
Arg354, Phelé1, Phe356, Prol158, 1le159, Pro162, Val73, Ala357,
Thr361, and Tyr358 residues. Nonetheless, 3 yielded a hydrogen
bond with Arg112 residue. A previous study already mentioned
that Argl12 residue is responsible for salt bridge formation of
the heme carboxylate radicals (Putnam et al., 2000). In addition,
like NADPH, both 3 and 6 interacted with Tyr358 residue with
hydrophobic interaction, and Tyr358 residue is responsible for the
reactivity of electron donation towards the iron-heme group of
catalase (Putnam et al., 2000). Moreover, both compounds along
with NADPH were interacted with Gly147 residue, which is an
alignment with a previous study, showing that aminotriazole inter-
acted with Gly147 residue (Sahoo et al., 2015). Importantly, Val74
and Phel53 are among the residues that are crucial for allowing
small molecules to reach the heme molecule (Putnam et al., 2000).
We found that 3 and 4 interacted with both the residues, whereas
2,6,7,9, and NADPH interacted with only Val74 residue. Besides,
1-5 along with NADPH yielded hydrophobic interaction towards
Arg354, and this amino acid residue might change the metal site
by removing charges from Tyr358 residue. Additionally, Arg354 is
not only responsible for reducing the charge repulsion, but also
the multiple protonations of this amino acid residue are crucial
for stabilizing oxidation produced electrostatic fields (Putnam
et al., 2000). Further, we also have done molecular docking analy-
sis for the targeted compounds with GR receptor (PDB ID: 1XAN),
using FAD as the positive control, which possessed the best dock-
ing score of -7.27 kcal/mol. The key interaction includes three hy-
drogen bond interactions with Lys67, Asn71, and Glu442 residues,
and hydrophobic interaction with Tyr106, Valé8, Thr72, His75,
Val74, Trp70, Phe78, and Gly439 residues. But 6 interacted with
four hydrogen bonding with Ser470, Tyr407, Met406, and His82
residues, though the docking score of 6 was only -4.507 kcal/
mol. Also, 5 yielded a hydrogen bond interaction with Met406 and
Tyrd407 residues. It has been reported that a hydrogen bond with
Tyr407 residue is crucial for maintaining the human GR complex,
and His82 is pivotal for the disulfide bond with Cys90. In addition,
His82 along with His75, Phe78, Met79, and Asp81 contains the
active site disulfide (Savvides & Karplus, 1996). Moreover, 1, 7, 8,
9, and 10 along with FAD interacted with His75 residue, 5, 6, 7, 9,
and 10 as well as FAD interacted with Phe78 residue, 1, 2,4, and 8
interacted with Met79, and 5, 6, 7, 9, and 10 interacted with His82
residue.

For the verification of the docking experiments, we performed
prime/MM-GBSA analysis, which is a groundbreaking quantum me-

chanics/molecular mechanics (QM/MM) attribute, to calculate the

relative binding affinities utilizing best poses from a ligand-receptor
interaction. We observed that most of the compounds yielded the
highest binding score.

3.4 | ADME/T analysis

We employed Lipinski's RO5 and Veber's rule to evaluate different
absorption, distribution, metabolism and excretion (ADME) param-
eters of the selected biological compounds. According to Lipinski's
RO5,1,2,3,4,7,and 8 met Lipinski's conditions as these compounds
contravened no more than one rule. Conversely, 5, 6, 9, and 10 failed
to pass Lipinski's filter as it was found that the number of Lipinski's
ROS5 violations was two for each of these compounds. Here, 5, 6, and
9 violated rules of molecular weight and molar refractivity, whereas
10 violated lipophilicity and molar refractivity. In the case of Veber's
rule, all the compounds except 2, 5, and 6 have passed Veber's filter
as the number@ of rotatable bonds and TPSA was within the speci-
fied range for those compounds. So five compounds, namely, 1, 3,
4,7, and 8, have conformed to both Lipinski's RO5 and Veber's rules
and may show optimal drug-likeness in conformity with these rules.
The results of the ADME/T analysis were shown in Table 6. In the
current study, ADME analysis was done along with molecular dock-
ing simulation. The 10 selected compounds were further checked
by online-based prediction server SwissADME to explore their drug
candidacy, pharmacokinetic parameters, and physicochemical prop-
erties. The pharmacokinetic properties of a drug candidate usually
rely on the chemical descriptors of the molecules (Shahinozzaman
et al., 2018). According to Lipinski's rules of 5 (RO5), compounds
violating any of the rules may have problems with permeability, ab-
sorption, and bioavailability as it was reported that compounds with
lower molecular weight, hydrogen bond capacity, and lipophilicity
may exhibit higher permeability (Duffy et al., 2015), better absorp-
tion, and bioavailability (Daina et al., 2014; Christopher A. Lipinski
et al., 1997). Importantly, six compounds including 1, 2, 3, 4, 7, and
8 exhibited orally active optimal drug-likeness characteristics, ac-
cording to Lipinski's RO5. In addition, the parameters involved in
Veber's rule suggested that the number of rotatable bonds elicits
molecular flexibility, which can be a good descriptor for potential
drug candidates. On the contrary, passive molecular transport of
drugs through membranes is expressed by the values of the TPSA
(Shahinozzaman et al., 2018). Interestingly, almost all compounds ex-
cept 2, 5, and 6 met the specified requirements under Veber's rule.
After analyzing the results, we have found five compounds, namely
1, 3,4, 7, and 8, that satisfied the descriptors of both Lipinski's RO5
and Veber's rule, indicating that these compounds can be deliber-
ated as potential drug molecules with receptor-based optimization.
The bioactivity score provides useful information on the binding
cascade of a drug, which can describe the beneficial effects of the
drug molecules inside the living body. A drug molecule is supposed
to bind with a biological target, also referred to as drug target, and
these drug targets are common proteins and can include enzymes,

ion channels, and receptors. Molinspiration cheminformatics was
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utilized to predict bioactivity score for important drug targets like
binding to GPCR ligand and nuclear receptor ligand, ion channel in-
hibition, kinase inhibition, protease inhibition, and enzyme activity
inhibition. Importantly, the findings from the biological activity of
our targeted compounds depicted no bio-inactivity and moderate to
high bioactivity towards all the parameters. Interestingly, the com-
pounds passing both Lipinski's RO5 and Veber's filter were predicted
to be compatible with the biological targets inside the living body in

comparison with the controls.

3.5 | Bioactivity scores of the compounds

Molinspiration cheminformatics server was used to predict the bi-
oactivity score for the selected compounds. NADP and FAD were
taken as standard compounds. Selected compounds except 2, 3, 5,
and 6 were found to be highly bioactive towards GPCR ligands (>0),
which indicates that they could bind more effectively with GPCR
and were very close to the standard nicotinamide adenine dinu-
cleotide phosphate (NADP) and better than FAD. The ion channel
inhibiting property of 8 and 10 delineated more than the positive
controls. Kinase inhibitor activities were observed to be moderate
among the selected compounds, whereas binding to nuclear recep-
tor ligand of all the compounds possessed greater bioactivity score
in comparison with the controls. Besides, 1, 4, 8, and 10 exhibited
higher (>0) bioactivity values for protease inhibition and were close
to the standard NADP and better than FAD. Interestingly, the en-
zyme inhibition score was high (>0) for all the compounds and close
to the standard compounds as well. The findings of the biological

activities were shown in Table 7.

4 | CONCLUSION

The results of the present study exhibited that G. lucidum, G. ap-
planatum, and R. cajanderi mushrooms exert strong antioxidant ef-
fects. This could be due to the presence of phenolic compounds
like flavonoids and tannins in these mushrooms. Moreover, in silico
studies also unleashed that the selective compounds from the
mushrooms were biologically active and also interacted with the
enzymes from the human antioxidant system. Furthermore, the se-
lected compounds also possessed drug-likeness properties. From
the results stated in the preceding sections, we conclude that ROS
and oxidative stress play a significant role in many consequences,
whereas mushroom originated antioxidant therapy is one of the
greatest ways to improve the adverse effects of oxidative stress.
After that, further research on the phytoconstituents of the chosen
mushrooms is recommended to understand the precise mechanism

by which the mushrooms exhibit their antioxidant capabilities.

ACKNOWLEDGEMENTS
We are thankful to the Research and Publication Cell, University
of Chittagong for providing methodological support and the

Department of Pharmacy, University of Chittagong for technical and
laboratory support.

AUTHOR CONTRIBUTIONS

S. M. Moazzem Hossen: conceptualization (equal); projectAd-
ministration (equal); resources (equal); supervision (lead); valida-
tion (equal); writingReviewEditing (equal). Mohammad Shahadat
Hossain: conceptualization (equal); dataCuration (equal); formalA-
nalysis (equal); investigation (equal); methodology (equal); software
(equal); writingOriginalDraft (equal). A. T. M. Yusuf: dataCuration
(supporting); formalAnalysis (supporting); investigation (supporting);
methodology (supporting). Priya Chaudhary: dataCuration (support-
ing); investigation (supporting); methodology (supporting); valida-
tion (supporting); writingOriginalDraft (supporting). Nazim Uddin
Emon: formalAnalysis (equal); investigation (equal); methodology
(equal); software (equal); writingOriginalDraft (equal); writingRe-
viewEditing (lead). Pracheta Janmeda: resources (equal); validation

(equal); visualization (equal).

CONFLICT OF INTEREST

The authors declare that they do not have any competing interests.

ETHICAL APPROVAL
As this research works based on in vitro and in silico studies, ethical
approval is not required.

DATA AVAILABILITY STATEMENT

All the analyzed data are available in the manuscript.

ORCID

Nazim Uddin Emon https://orcid.org/0000-0001-7567-4796

REFERENCES

Abdullah, N., Ismail, M., Aminudin, N., Shuib, A., & Lau, B. F. (2012).
Evaluation of Selected Culinary-Medicinal Mushrooms for
Antioxidant and ACE Inhibitory Activities. Evidence-based
Complementary and Alternative Medicine : Ecam, 2012, 464238.
https://doi.org/10.1155/2012/464238

Adasme-Carrefio, F., Munoz-Gutierrez, C., Caballero, J., & Alzate-
Morales, J. H. (2014). Performance of the MM/GBSA scoring using
a binding site hydrogen bond network-based frame selection: The
protein kinase case. Physical Chemistry Chemical Physics, 16(27),
14047-14058. https://doi.org/10.1039/C4CP01378F

Alam, S., Emon, N. U., Shahriar, S., Richi, F. T., Haque, M. R., Islam, M. N.,
Sakib, S. A., & Ganguly, A. (2020). Pharmacological and computer-
aided studies provide new insights into Millettia peguensis Ali
(Fabaceae). Saudi Pharmaceutical Journal. https://doi.org/10.1016/j.
jsps.2020.11.004

Alam, S., Rashid, M. A., Sarker, M. M. R., Emon, N. U., Arman, M.,
Mohamed, I. N., & Haque, M. R. (2021). Antidiarrheal, antimicro-
bial and antioxidant potentials of methanol extract of Colocasia
gigantea Hook. f. leaves: Evidenced from in vivo and in vitro stud-
ies along with computer-aided approaches. BMC Complementary
Medicine and Therapies, 21(1), 1-12.

Bahri, R., Fredj, R., Boughalleb, N., Shriaa, J., Saguem, S., Hilbert, J.-
L., Trotin, F., Ammar, S., Bouzid, S. & Harzallah-Skhiri, F. (2014).
Phenolic composition and antioxidant and antimicrobial activities


https://orcid.org/0000-0001-7567-4796
https://orcid.org/0000-0001-7567-4796
https://doi.org/10.1155/2012/464238
https://doi.org/10.1039/C4CP01378F
https://doi.org/10.1016/j.jsps.2020.11.004
https://doi.org/10.1016/j.jsps.2020.11.004

HOSSEN ET AL.

of extracts obtained from Crataegus azarolus L. var. aronia (Willd.)
Batt. Ovaries Calli. Journal of Botany, 2014, 11. https://doi.
org/10.1155/2014/623651

Boligon, A. A., Machado, M. M., & Linde Athayde, M. (2014). Technical
evaluation of antioxidant activity. Journal of Medicinal Chemistry, 4,
517-522. https://doi.org/10.4172/2161-0444.1000188

Boonsong, S., Klaypradit, W., & Wilaipun, P. (2016). Antioxidant activities
of extracts from five edible mushrooms using different extract-
ants. Agriculture and Natural Resources, 50(2), 89-97. https://doi.
org/10.1016/j.anres.2015.07.002

Bribi, N. (2018). Pharmacological activity of Alkaloids: A. Review, 1.
https://doi.org/10.63019/ajb.v1i2.467

Carlberg, I., & Mannervik, B. (1985). Glutathione reductase. In A. Meister
(Ed.), Methods in enzymology (Vol. 113, pp. 484-490). Academic
Press. https://doi.org/10.1016/S0076-6879(85)13062-4

Chen, H., Ju, Y., Li, J.,, & Yu, M. (2012). Antioxidant activities of
polysaccharides from Lentinus edodes and their significance
for disease prevention. International Journal of Biological
Macromolecules, 50(1), 214-218. https://doi.org/10.1016/j.ijbio
mac.2011.10.027

Chio, I. I. C., & Tuveson, D. A. (2017). ROS in cancer: the burning ques-
tion. Trends in Molecular Medicine, 23(5), 411-429. https://doi.
org/10.1016/j.molmed.2017.03.004

Cér, D., Knez, Z., & Knez Hrn¢i¢, M. (2018). Antitumour, Antimicrobial,
Antioxidant and Antiacetylcholinesterase Effect of Ganoderma
Lucidum Terpenoids and Polysaccharides: A Review. Molecules
(Basel, Switzerland), 23(3), 649. https://doi.org/10.3390/molecules2
3030649

Daina, A., Michielin, O., & Zoete, V. (2014). iLOGP: A simple, robust,
and efficient description of n-octanol/water partition coefficient
for drug design using the GB/SA approach. Journal of Chemical
Information and Modeling, 54(12), 3284-3301. https://doi.
org/10.1021/ci500467k

Duffy, F. J., Devocelle, M., & Shields, D. C. (2015). Computational ap-
proaches to developing short cyclic peptide modulators of protein-
protein interactions. Methods in Molecular Biology, 1268, 241-271.
https://doi.org/10.1007/978-1-4939-2285-7_11

Emon, N. U., Alam, M. M., Uddin Sawon, M. S., Rana, E. H., Afroj, M,
& Hasan Tanvir, M. M. (2021). Biological and computational
studies provide insights into Caesalphinia digyna Rottler stems.
Biochemistry and Biophysics Reports, 26, 100994. https://doi.
org/10.1016/j.bbrep.2021.100994

Emon, N. U., Alam, S., Rudra, S., Chowdhury, S., Rajbangshi, J. C., &
Ganguly, A. (2020). Evaluation of pharmacological potentials of the
aerial part of Achyranthes aspera L.: In vivo, in vitro and in silico ap-
proaches. Advances in Traditional Medicine, https://doi.org/10.1007/
s13596-020-00528-5

Emon, N. U,, Alam, S., Rudra, S., Riya, S. R, Paul, A., Hossen, S. M. M,
& Ganguly, A. (2021). Antidepressant, anxiolytic, antipyretic, and
thrombolytic profiling of methanol extract of the aerial part of
Piper nigrum: In vivo, in vitro, and in silico approaches. Food Science
& Nutrition, 9(2), 833-846. https://doi.org/10.1002/fsn3.2047

Emon, N. U., Jahan, |., & Sayeed, M. A. (2020). Investigation of antinoci-
ceptive, anti-inflammatory and thrombolytic activity of Caesalpinia
digyna (Rottl.) leaves by experimental and computational ap-
proaches. Advances in Traditional Medicine, 20(3), 451-459. https://
doi.org/10.1007/513596-020-00429-7

Friesner, R. A., Banks, J. L., Murphy, R. B., Halgren, T. A., Klicic, J. J,,
Mainz, D. T., & Shenkin, P. S. (2004). Glide: A new approach for
rapid, accurate docking and scoring. 1. Method and assessment of
docking accuracy. Journal of Medicinal Chemistry, 47(7), 1739-1749.
https://doi.org/10.1021/jm0306430

Friesner, R. A., Murphy, R. B., Repasky, M. P, Frye, L. L., Greenwood, J. R.,
Halgren, T. A., & Mainz, D. T. (2006). Extra precision glide: Docking
and scoring incorporating a model of hydrophobic enclosure for

CWILEY-%

protein-ligand complexes. Journal of Medicinal Chemistry, 49(21),
6177-6196. https://doi.org/10.1021/jm0512560

Fuchs-Tarlovsky, V. (2013). Role of antioxidants in cancer ther-
apy. Nutrition, 29(1), 15-21. https://doi.org/10.1016/j.
nut.2012.02.014

Ghosh, A., Banik, S., & Islam, M. A. (2015). In vitro thrombolytic, an-
thelmintic, anti-oxidant and cytotoxic activity with phytochem-
ical screening of methanolic extract of Xanthium indicum leaves.
Bangladesh Journal of Pharmacology, 10, 854-859. https://doi.
org/10.3329/bjp.v10i4.23829

Hasan, R., Hossain, M., Akter, R., Jamila, M., Hoque Mazumder, M. E., &
Rahman, S. (2009). DPPH free radical scavenging activity of some
Bangladeshi medicinal plants. Journal of Medicinal Plant Research, 3,
875-879.

He, J., Feng, X.-Z., Ji, T.-F,, Lu, Y., & Zhao, B. (2006). Secondary metabo-
lites from fungus Fomes cajanderi. Natural Product Research, 20(06),
598-605.

Karim, M. A., Islam, M. A., Islam, M. M., Rahman, M. S., Sultana, S.,
Biswas, S., Hosen, M. J., Mazumder, K., Rahman, M. M., & Hasan,
M. N. (2020). Evaluation of antioxidant, anti-hemolytic, cytotoxic
effects and anti-bacterial activity of selected mangrove plants
(Bruguiera gymnorrhiza and Heritiera littoralis) in Bangladesh.
Clinical Phytoscience, 6(1), 8. https://doi.org/10.1186/s4081
6-020-0152-9

Khatua, S., Paul, S., & Acharya, K. (2013). Mushroom as the potential
source of new generation of antioxidant: A review. Research Journal
of Pharmacy and Technology, 6, 496-505.

Kilcoyne, M., & Joshi, L. (2007). Carbohydrates in therapeutics.
Cardiovasc Hematol Agents Med Chem, 5(3), 186-197. https://doi.
org/10.2174/187152507781058663

Kozarski, M., Klaus, A., Niksic, M., Jakovljevic, D., Helsper, J., & Van
Griensven, L. (2011). Antioxidative and immunomodulating ac-
tivities of polysaccharide extracts of the medicinal mushrooms
Agaricus bisporus, Agaricus brasiliensis, Ganoderma lucidum and
Phellinus linteus. Food Chemistry, 129, 1667-1675. https://doi.
org/10.1016/j.foodchem.2011.06.029

Kren, V., & Martinkova, L. (2001). Glycosides in Medicine: “The Role of
Glycosidic Residue in Biological Activity”. Current Medicinal Chemistry,
8, 1303-1328. https://doi.org/10.2174/0929867013372193

Kurutas, E. B. (2016). The importance of antioxidants which play the role
in cellular response against oxidative/nitrosative stress: current
state. Nutrition Journal, 15(1), 71. https://doi.org/10.1186/s1293
7-016-0186-5

Lee, J., Lim,S., Kang, S.-M., Min, S., Son, K., Lee, H. S., Park, E. M., Ngo, H.
T.T., Tran, H. T. L., Lim, Y.-S., & Hwang, S. B. (2012). Saponin inhibits
hepatitis C virus propagation by up-regulating suppressor of cyto-
kine signaling 2. PLoS One, 7(6), €39366. https://doi.org/10.1371/
journal.pone.0039366

Liguori, I., Russo, G., Curcio, F., Bulli, G., Aran, L., Della-Morte, D., & Abete,
P. (2018). Oxidative stress, aging, and diseases. Clinical Interventions
in Aging, 13, 757-772. https://doi.org/10.2147/cia.5158513

Lipinski, C. A., Lombardo, F., Dominy, B. W., & Feeney, P. J. (1997).
Experimental and computational approaches to estimate solu-
bility and permeability in drug discovery and development set-
tings. Advanced Drug Delivery Reviews, 23(1), 3-25. https://doi.
org/10.1016/50169-409X(96)00423-1

Lipinski, C. A., Lombardo, F., Dominy, B. W., & Feeney, P. J. (2001).
Experimental and computational approaches to estimate solu-
bility and permeability in drug discovery and development set-
tings. Advanced Drug Delivery Reviews, 46(1-3), 3-26. https://doi.
org/10.1016/s0169-409x(00)00129-0

Luo, Q., Zhang, Y.-J., Shen, Z.-Q., Chen, P, & Cheng, Y.-X. (2017).
Shushe acids A-D from ganoderma applanatum. Natural Product
Communications, 12(3), 1934578X1701200321. https://doi.
org/10.1177/1934578x1701200321


https://doi.org/10.1155/2014/623651
https://doi.org/10.1155/2014/623651
https://doi.org/10.4172/2161-0444.1000188
https://doi.org/10.1016/j.anres.2015.07.002
https://doi.org/10.1016/j.anres.2015.07.002
https://doi.org/10.63019/ajb.v1i2.467
https://doi.org/10.1016/S0076-6879(85)13062-4
https://doi.org/10.1016/j.ijbiomac.2011.10.027
https://doi.org/10.1016/j.ijbiomac.2011.10.027
https://doi.org/10.1016/j.molmed.2017.03.004
https://doi.org/10.1016/j.molmed.2017.03.004
https://doi.org/10.3390/molecules23030649
https://doi.org/10.3390/molecules23030649
https://doi.org/10.1021/ci500467k
https://doi.org/10.1021/ci500467k
https://doi.org/10.1007/978-1-4939-2285-7_11
https://doi.org/10.1016/j.bbrep.2021.100994
https://doi.org/10.1016/j.bbrep.2021.100994
https://doi.org/10.1007/s13596-020-00528-5
https://doi.org/10.1007/s13596-020-00528-5
https://doi.org/10.1002/fsn3.2047
https://doi.org/10.1007/s13596-020-00429-7
https://doi.org/10.1007/s13596-020-00429-7
https://doi.org/10.1021/jm0306430
https://doi.org/10.1021/jm051256o
https://doi.org/10.1016/j.nut.2012.02.014
https://doi.org/10.1016/j.nut.2012.02.014
https://doi.org/10.3329/bjp.v10i4.23829
https://doi.org/10.3329/bjp.v10i4.23829
https://doi.org/10.1186/s40816-020-0152-9
https://doi.org/10.1186/s40816-020-0152-9
https://doi.org/10.2174/187152507781058663
https://doi.org/10.2174/187152507781058663
https://doi.org/10.1016/j.foodchem.2011.06.029
https://doi.org/10.1016/j.foodchem.2011.06.029
https://doi.org/10.2174/0929867013372193
https://doi.org/10.1186/s12937-016-0186-5
https://doi.org/10.1186/s12937-016-0186-5
https://doi.org/10.1371/journal.pone.0039366
https://doi.org/10.1371/journal.pone.0039366
https://doi.org/10.2147/cia.S158513
https://doi.org/10.1016/S0169-409X(96)00423-1
https://doi.org/10.1016/S0169-409X(96)00423-1
https://doi.org/10.1016/s0169-409x(00)00129-0
https://doi.org/10.1016/s0169-409x(00)00129-0
https://doi.org/10.1177/1934578x1701200321
https://doi.org/10.1177/1934578x1701200321

HOSSEN ET AL.

gl—Wl LEY-

Misini Ignjatovi¢, M., Caldararu, O., Dong, G., Mufioz-Gutierrez, C.,
Adasme-Carrefio, F., & Ryde, U. (2016). Binding-affinity predictions
of HSP90 in the D3R Grand Challenge 2015 with docking. MM/
GBSA, QM/MM, and free-energy Simulations, 30(9), 707-730. https://
doi.org/10.1007/s10822-016-9942-z

Morris, G. M., & Lim-Wilby, M. (2008). Molecular docking. Methods in
Molecular Biology, 443, 365-382. https://doi.org/10.1007/978-
1-59745-177-2_19

Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V.,
Squadrito, F., Altavilla, D., & Bitto, A. (2017). Oxidative stress: harms
and benefits for human health. Oxidative Medicine and Cellular
Longevity, 2017, 8416763. https://doi.org/10.1155/2017/8416763

Putnam, C. D., Arvai, A. S., Bourne, Y., & Tainer, J. A. (2000). Active and
inhibited human catalase structures: Ligand and NADPH binding
and catalytic mechanism. Journal of Molecular Biology, 296(1), 295-
309. https://doi.org/10.1006/jmbi.1999.3458

Rajendran, P., Nandakumar, N., Rengarajan, T., Palaniswami, R.,
Gnanadhas, E. N., Lakshminarasaiah, U., Gopas, J., & Nishigaki, I.
(2014). Antioxidants and human diseases. Clinica Chimica Acta, 436,
332-347. https://doi.org/10.1016/j.cca.2014.06.004

Rakib, A., Ahmed, S., Islam, M. A., Haye, A., Uddin, S. M. N., Uddin, M. M.
N., Hossain, M. K., Paul, A., & Emran, T. B. (2020). Antipyretic and
hepatoprotective potential of tinospora crispa and investigation of
possible lead compounds through in silico approaches. Food Science
& Nutrition, 8(1), 547-556. https://doi.org/10.1002/fsn3.1339

Rashidi, A., & Yang, T. (2016). Nutritional and antioxidant values of oyster
mushroom (P. sajor-caju) cultivated on rubber sawdust. International
Journal on Advanced Science, Engineering and Information Technology,
6, 162. https://doi.org/10.18517/ijaseit.6.2.610

Rehman, K., & Akash, M. S. H. (2017). Mechanism of generation of oxi-
dative stress and pathophysiology of Type 2 diabetes mellitus: how
are they interlinked? Journal of Cellular Biochemistry, 118(11), 3577-
3585. https://doi.org/10.1002/jcb.26097

Roncero-Ramos, |., Mendiola-Lanao, M., Perez-Clavijo, M., & Delgado-
Andrade, C. (2017). Effect of different cooking methods on nu-
tritional value and antioxidant activity of cultivated mushrooms.
International Journal of Food Sciences and Nutrition, 68(3), 287-297.
https://doi.org/10.1080/09637486.2016.1244662

Sahoo, B. K., Zaidi, A. H., Gupta, P., Mokhamatam, R. B., Raviprakash, N.,
Mahali, S. K., & Manna, S. K. (2015). A natural xanthone increases
catalase activity but decreases NF-kappa B and lipid peroxidation
in U-937 and HepG2 cell lines. European Journal of Pharmacology,
764,520-528. https://doi.org/10.1016/j.ejphar.2015.07.046

Sanchez, C. (2016). Reactive oxygen species and antioxidant properties
from mushrooms. Synthetic and Systems Biotechnology, 2(1), 13-22.
https://doi.org/10.1016/j.synbio.2016.12.001

Sanchez, C. (2017). Reactive oxygen species and antioxidant properties
from mushrooms. Synthetic and Systems Biotechnology, 2(1), 13-22.
https://doi.org/10.1016/j.synbio.2016.12.001

Sarangarajan, R., Meera, S., Rukkumani, R., Sankar, P., & Anuradha,
G. (2017). Antioxidants: friend or foe? Asian Pacific Journal of
Tropical Medicine, 10(12), 1111-1116. https://doi.org/10.1016/j.
apjtm.2017.10.017

Sarker, M., Banik, S., Hussain, M., Ghosh, A., & Hossain, M. (2016). In-
vitro and in-vivo pharmacological activities with phytochemical
evaluation of methanolic extract of microcos paniculata stem barks.
Current Drug Therapy, 11, 142-149. https://doi.org/10.2174/15748
85511666160520154529

Savvides, S. N., & Karplus, P. A. (1996). Kinetics and crystallographic
analysis of human glutathione reductase in complex with a xan-
thene inhibitor. Journal of Biological Chemistry, 271(14), 8101-8107.
https://doi.org/10.1074/jbc.271.14.8101

Shahinozzaman, M., Taira, N., Ishii, T., Halim, M. A., Hossain, M. A., &
Tawata, S. (2018). Anti-inflammatory, anti-diabetic, and anti-
alzheimer's effects of prenylated flavonoids from okinawa
propolis: an investigation by experimental and computational
studies. Molecules (Basel, Switzerland), 23(10), 2479. https://doi.
org/10.3390/molecules23102479

Shaikh, S., Verma, H., Yadav, N., Jauhari, M., & Bullangowda, J. (2012).
Applications of Steroid in Clinical Practice: A Review. ISRN
Anesthesiology, 2012, 1-11, https://doi.org/10.5402/2012/985495

Shamtsyan, M., Konusova, V., Maksimova, Y., Goloshchev, A., Panchenko,
A., Simbirtsev, A., Petrishchev, N., & Denisova, N. (2004).
Immunomodulating and anti-tumor action of extracts of several
mushrooms. Journal of Biotechnology, 113(1-3), 77-83. https://doi.
org/10.1016/j.jbiotec.2004.04.034

Shayganni, E., Bahmani, M., Asgary, S., & Rafieian-Kopaei, M. (2016).
Inflammaging and cardiovascular disease: Management by me-
dicinal plants. Phytomedicine, 23(11), 1119-1126. https://doi.
org/10.1016/j.phymed.2015.11.004

Singdevsachan, S. K., Auroshree, P., Mishra, J., Baliyarsingh, B., Tayung,
K., & Thatoi, H. (2016). Mushroom polysaccharides as potential pre-
biotics with their antitumor and immunomodulating properties: A
review. Bioactive Carbohydrates and Dietary Fibre, 7(1), 1-14. https://
doi.org/10.1016/j.bcdf.2015.11.001

Stojkovic, D., Smiljkovic, M., Ciric, A., Glamoclija, J., Van Griensven, L.,
Ferreira, I. C., & Sokovic, M. (2019). An insight into antidiabetic
properties of six medicinal and edible mushrooms: Inhibition of
a-amylase and a-glucosidase linked to type-2 diabetes. South
African Journal of Botany, 120, 100-103. https://doi.org/10.1016/j.
sajb.2018.01.007

Thakur, P., Kumar, A., & Kumar, A. (2018). Targeting oxidative stress
through antioxidants in diabetes mellitus. Journal of Drug Targeting,
26(9), 766-776. https://doi.org/10.1080/1061186x.2017.1419478

Tungmunnithum, D., Thongboonyou, A., Pholboon, A., & Yangsabai, A.
(2018). Flavonoids and other phenolic compounds from medic-
inal plants for pharmaceutical and medical aspects: an overview.
Medicines (Basel, Switzerland), 5(3), 93. https://doi.org/10.3390/
medicines5030093

Veber, D. F., Johnson, S. R., Cheng, H. Y., Smith, B. R., Ward, K. W., &
Kopple, K. D. (2002). Molecular properties that influence the oral
bioavailability of drug candidates. Journal of Medicinal Chemistry,
45(12), 2615-2623. https://doi.org/10.1021/jm020017n

Wang, C., Yue, X., Lu, X., & Liu, B. (2013). The role of catalase in the
immune response to oxidative stress and pathogen challenge in the
clam Meretrix meretrix. Fish & Shellfish Inmunology, 34(1), 91-99.
https://doi.org/10.1016/j.fsi.2012.10.013

Wasser, S. P. (2017). Medicinal properties and clinical effects of medic-
inal mushrooms. In C. Z. Diego & A. Pardo-Giménez (Eds.), Edible
and Medicinal Mushrooms. https://doi.org/10.1002/9781119149
446.ch22

How to cite this article: Hossen, S. M. M., Hossain, M. S,
Yusuf, A. T. M., Chaudhary, P., Emon, N. U., & Janmeda, P.
(2022). Profiling of phytochemical and antioxidant activity of
wild mushrooms: Evidence from the in vitro study and
phytoconstituent's binding affinity to the human erythrocyte
catalase and human glutathione reductase. Food Science &

Nutrition, 10, 88-102. https://doi.org/10.1002/fsn3.2650



https://doi.org/10.1007/s10822-016-9942-z
https://doi.org/10.1007/s10822-016-9942-z
https://doi.org/10.1007/978-1-59745-177-2_19
https://doi.org/10.1007/978-1-59745-177-2_19
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1006/jmbi.1999.3458
https://doi.org/10.1016/j.cca.2014.06.004
https://doi.org/10.1002/fsn3.1339
https://doi.org/10.18517/ijaseit.6.2.610
https://doi.org/10.1002/jcb.26097
https://doi.org/10.1080/09637486.2016.1244662
https://doi.org/10.1016/j.ejphar.2015.07.046
https://doi.org/10.1016/j.synbio.2016.12.001
https://doi.org/10.1016/j.synbio.2016.12.001
https://doi.org/10.1016/j.apjtm.2017.10.017
https://doi.org/10.1016/j.apjtm.2017.10.017
https://doi.org/10.2174/1574885511666160520154529
https://doi.org/10.2174/1574885511666160520154529
https://doi.org/10.1074/jbc.271.14.8101
https://doi.org/10.3390/molecules23102479
https://doi.org/10.3390/molecules23102479
https://doi.org/10.5402/2012/985495
https://doi.org/10.1016/j.jbiotec.2004.04.034
https://doi.org/10.1016/j.jbiotec.2004.04.034
https://doi.org/10.1016/j.phymed.2015.11.004
https://doi.org/10.1016/j.phymed.2015.11.004
https://doi.org/10.1016/j.bcdf.2015.11.001
https://doi.org/10.1016/j.bcdf.2015.11.001
https://doi.org/10.1016/j.sajb.2018.01.007
https://doi.org/10.1016/j.sajb.2018.01.007
https://doi.org/10.1080/1061186x.2017.1419478
https://doi.org/10.3390/medicines5030093
https://doi.org/10.3390/medicines5030093
https://doi.org/10.1021/jm020017n
https://doi.org/10.1016/j.fsi.2012.10.013
https://doi.org/10.1002/9781119149446.ch22
https://doi.org/10.1002/9781119149446.ch22
https://doi.org/10.1002/fsn3.2650

