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Abstract: Polycystic ovarian syndrome (PCOS) is characterized by gynecological, endocrine, and
metabolic abnormalities in women of reproductive ages. Symptoms include hypergonadotropism,
amenorrhea, oligomenorrhea, multiple cysts in ovaries, hirsutism, obesity, and commonly associated
with infertility. Presently the standard treatment for PCOS includes lifestyle modifications,
pharmacological treatments, and surgical procedures. However, these treatments are not promising for
the complete elimination of PCOS. Therefore, natural sources have been a highly valued source of
medicine and help improve and manage PCOS conditions. Ganoderma lucidum (G.lucidum) is an
oriental fungus possessing a wide range of medicinal properties. Ganoderic acids (GAs) have been
reported to show antioxidant, anti-cancer, anti-diabetic, anti-inflammatory, anti-hyperlipidemic,
immunomodulatory, and antiandrogenic effects. Molecular docking studies for 22 GAs and clomiphene
with human androgen receptor (PDB ID: 1E3G) were carried out using AutoDock Vina and PyRx 0.8
tool. ADMET analysis was carried out for the top 5GAs using pkCSM to predict small molecule
pharmacokinetic and toxicity properties. The stability of protein-ligand complex GAA-1E3G was
analyzed using DESMOND. The binding affinity of Ganoderma triterpenes with 1E3G ranged from -
6.9 to -8.7 kcal mol. Ganoderic acid A showed a maximum affinity with a score of -8.7, unlike standard
drugs with a score of -6. The in silico predicted pharmacokinetic properties of the top 5 ganoderic acids
were better when compared to standard drugs with minimum toxicity. The stability of GAA at 1E3G
binding pockets was validated using molecular dynamics. Hence, GAA can be further evaluated for the
successful treatment of PCOS.
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1. Introduction

Polycystic ovarian syndrome (PCOS), going by the name of Stein-Leventhal [1]
syndrome, is characterized by gynecological, endocrine, and metabolic abnormalities in
women at reproductive ages [2,3]. A "string of pearls" [4] like structure is seen in polycystic
ovaries due to an abnormal number of eggs developing in the ovarian periphery. Symptoms
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include hypergonadotropism, amenorrhea, oligomenorrhea, multiple cysts in ovaries,
hirsutism, obesity, and commonly associated with infertility [2]. Multiple metabolic
abnormalities, such as insulin resistance, hyperinsulinemia, impaired glucose tolerance,
endothelial dysfunction, hypertension, and dyslipidemia, are also involved, increasing the risk
of diabetes and cardiovascular disease [2].

According to World Health Organization, PCOS affected around 3.4% of women
worldwide in 2012 [5,6]. The commonness of PCOS is exceptionally factored in all around the
world, and it ranges from around 2.2% to 26% [6]. According to Liu et al., there were 1.55
million incident cases of PCOS among women of reproductive age (15-49 years) worldwide in
2017, up 4.47 percent from 2007 [7]. In India, the prevalence rate of PCOS varies from region
to region. According to a study by Nidhi et al., PCOS's prevalence was 9.13% in girls between
15 and 18 years of age [8]. Bharthi et al. established the prevalence of PCOS in India was 6%,
and the prevalence of PCOS was higher in the urban population when compared to the rural
population [5]. Gupta et al. reported a prevalence of 8.2% in Bhopal [6]. A study carried out
by Bashir et al. showed a 10% prevalence of PCOS in women [9].

Androgen excess is the major predisposing factor for PCOS. LH levels are typically
increased due to elevated total free testosterone [1]. High androgen levels also inhibit the
development and maturation of the ovarian follicles [1,10]. DHEA levels are also increased in
50-75% of women with PCOS, which contributes to increased androgen levels [1,10,11].
Androgen excess also contributes to the increase in body weight [1,12]. Also, the main cause
of hirsutism in PCOS women has increased androgen [10,11,13]. Insulin resistance is reported
in 50-70% of women with PCOS [11], and 30-40% of obese women with PCOS have been
reported for diabetes and impaired glucose tolerance 8. PCOS and insulin resistance are
interrelated endocrine disorders. Obesity, poor diet, and stress are the common causes of insulin
resistance [1]. Insulin resistance results in hyperinsulinemia, which is an important pathology
of PCOS, by stimulating ovarian testosterone production, decreasing serum SHBG, and
impending ovulation [14]. PCOS women with a family history of diabetes mellitus depict
impaired P-cell function [11]. IR and hyperinsulinemia play an important role in the
pathogenesis of the pituitary-ovarian axis [12]. Obesity increases IR, which contributes to the
increase of testosterone, decreases gonadotropin production and is also associated with
anovulation [10,12]. Insulin collaborates with LH and also decreases SHBG, causing an
increase in free serum testosterone. Hyperinsulinemia amplifies FSH-induced upregulation of
LH receptors in granulosa cells, which seizes cell proliferation and follicle growth [10]. In
women with PCOS, follicular growth is disrupted due to hyperandrogenism, insulin resistance,
and altered intraovarian paracrine signaling. The increased aromatase expression in granulose
cells in the antral follicles causes follicular arrest in PCOS women [11,14]. Increased LH
stimulates theca cell hyperandrogenism, and decreased FSH inhibits the expansion of follicular
size and maturity [10]. In PCOS, the follicular arrest is accompanied by oligomenorrhea,
amenorrhea, anovulation, sub-fertility and peripheral accumulation of antral follicles in the
ovaries providing a polycystic morphology [11]. Obesity affects 80 percent of PCOS patients
and is associated with multiple metabolic complications like dyslipidemia, T2DM and
cardiovascular risks [13]. Increased calorie intake impairs the capacity of adipose tissue stores
to expand in PCOS women with insulin resistance which may partially represent dysfunctional
adipogenesis [10,12]. Other predisposing factors contributing to PCOS are estrogen
abnormality, gonadotropin abnormalities, hypothalamic-pituitary-adrenal axis abnormalities,
and genetic and environmental factors [1,10,11,13].
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Presently the standard treatment for PCOS includes lifestyle modifications and
pharmacological treatments. Lifestyle modifications are the first treatment line, including diet,
exercise, and weight loss. Restriction of calorie consumption, taking part in daily exercise,
addressing behavior, undergoing pharmacological treatment, and quitting smoking and alcohol
consumption [15-17]. Oral contraceptive (OC) medicines are the primary treatment options for
prolonged control of PCOS. They contain estrogens and progesterone, which decrease
androgen production and regulate estrogens. The formation and maturation of ovarian follicles
are suppressed by estrogen, which acts by inhibiting FSH, and ovulation is suppressed by
progesterone inhibiting LH [16,18]. Clomiphene citrate (CC), a selective estrogen receptor
modulator, increases the secretion of FSH and LH, stimulating the growth of the ovarian
follicle and thus initiating ovulation. Letrozole (LE) blocks the transformation of androgens to
estrogens by inhibiting aromatase enzymes in the follicles. Metformin reduces glycogen
production and improves the symptoms of high testosterone; it also inhibits glucose
metabolism and inhibits follicular membrane cells. In addition, it helps to improve insulin
resistance and lowers insulin levels [16-19]. Spironolactone blocks the effects of androgen on
the skin and significantly reduces hirsutism after long-term treatment [16,20]. Eflornithine
slows facial hair growth in women when applied topically [16]. Flutamide, an antiandrogenic
drug that acts by inhibiting the conversion of testosterone to more active dihydro-testosterone,
also helps improve hirsutism in PCOS women [16,19]. Laparoscopic ovarian drilling is a
surgical procedure that triggers ovulation in PCOS women [21]. Bariatric surgery is the most
durable and effective treatment for morbid obesity and improves metabolic syndrome [22].

Existing treatment approaches to PCOS are limited due to the prevalence of
contraindications in PCOS women, treatment failure in some circumstances, and may cause
severe side effects. Norethindrone or ethinyloestradiol, the primary OCs used for PCOS
treatment, causes venous thrombosis [20]. Spironolactone occasionally causes fatigue, postural
hypertension, and dizziness [16]. Flutamide is less used due to its high cost and hepatocellular
toxicity [16]. Lactic acidosis is a major side effect of metformin, making it relatively unsafe.

Herbs have been a highly valued source of medicine throughout human history since
the knowledge and usage of plants are of divine origin. Medicinal plants help improve and
manage PCOD conditions. These plants help improve hyperandrogenism, insulin sensitivity,
fertility, and menstrual cycles. Some of the herbs used for treating PCOS and associated
disorders are- Panax ginseng, Tribulus terrestris, Gymnema sylvestre, Punicagranatum, Aloe
barbadenis, Cinnamomum zeylanicum, Glycyrrhiza glabra, Symplocos racemosa, Linum
usitatissimum, Curcuma longa, Cocus nucifera, Foeniculum vulgare, Trigonellafoenum
graecum, Camellia sinensis, Berberine, Vitex agnus-castus, Mentha spicatal, Paeonia
lactiflora, Piper nigrum, Piper longum, Commiphoramukul, Zingiber officinale [1,2,23-27].

Ganoderma lucidum (G.lucidum) is an oriental fungus possessing a wide range of
medicinal properties. It is a large, dark mushroom with a glossy exterior and a woody texture.
In traditional Chinese medicine, it is referred to as an "herb of spiritual potency™ and has been
used for over 2000 years [28]. They are rich in polysaccharides, triterpenoids, sterols, proteins,
and peptides. Ganoderic acid A (GAA), also known as Ganoderate A, belongs to the triterpene
family of organic compounds. There are six isoprene units in these terpene molecules.
Ganoderic acid A is a chemical molecule that is exceedingly basic (almost neutral) (based on
its pKa). Ganoderic acid A has been reported to show antioxidant, anti-cancer, anti-diabetic,
anti-inflammatory, anti-hyperlipidemic, anti-cyst, immunomodulatory, anti-tumor, and
antiandrogenic effects [28-36].
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Computer-assisted drug development (CADD) is a new method that combines
mathematical modeling and simulation to accelerate drug development. This method provides
a knowledge-based decision-making tool for alternative development methods based on
assessing prospective medication safety concerns and the definition of future trial experimental
designs with estimated power and success probabilities [37]. The process of drug discovery and
development is time-consuming and costly. To bring a drug to market, it takes an average of
10-15 years and $500-800 million [38]. The major components of CADD are homology
modeling, molecular docking, virtual or high-throughput screening, quantitative structure-
activity relationship, and 3D pharmacophore mapping. Docking approaches include rigid
ligand and rigid receptor docking, flexible ligand and rigid receptor docking, and flexible
ligand and flexible receptor docking [39,40]. This study aims to identify the lead moiety to
treat polycystic ovarian syndrome using Ganoderma lucidum triterpenoids using molecular
docking, ADMET properties, and molecular dynamics.

2. Materials and Methods

2.1. Protein preparation.

The X-ray crystallographic structure of the androgen receptor (PDB ID: 1E3G) was
provided by the RCSB Protein Data Bank (http://www.rcsb.org/pdb) [41]. Swiss- PDB Viewer
v4.1.0 was used to clean and insert the missing residues in the protein before analysis. Further,
BIOVIA discovery studio version 4.0 software was used to establish the structure of the protein
and amino acid positions from active regions; these were further used for docking study.

2.2. Retrieval and preparation of active compounds.

Ganoderma lucidum consists of around 250 triterpenoids which are segregated into
compounds including ganoderic acids, ganoderiol, ganoderone, ganolactone, and ganoderal
[42]. A group of twenty-two ganoderic acids (GAs) was selected for this study, along with
clomiphene citrate as a standard drug used for the treatment of PCOS. Ganoderic acids and
standard drugs were obtained with the help of the data repository
(https://cb.imsc.res.in/imppat/home) [43], previously published literature, and PubChem
(https://pubchem.ncbi.nil.nih.gov/).

2.3. Molecular docking.

This approach is a pivotal part of structural biology research, and it is one of the most
often-used methodologies in the drug design process. A molecular docking study was
conducted using PyRx 0.8 tool [44] and the AutoDock Vina program [45]. The androgen
receptor (PDB ID: 1E3G) was used as the protein, and the selected bioactive components were
used as ligands. PyRx software was also used to introduce the Kollam partial charges and Polar
hydrogen atoms into the 3D structures. Further, the receptor and ligand files were stored in
"pdbqt™ format to calculate the docking energy affinities. Each ligand's energy affinity values
were computed by AutoDock Vina using up to ten distinct docking sites. The 2D and 3D
structures of the complex were generated by Discovery Studio Visualizer, which also depicted
the number of hydrogen bonds and non-covalent interactions for every complex [46].
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2.4. Prediction of in silico physicochemical and pharmacokinetic properties.

The integrity and efficiency of the selected bioactive components can be determined by
the in silico prediction of physicochemical and ADMET properties. Properties like molecular
weight, surface area, rotatable bonds, water solubility, intestinal absorption, skin permeability,
p-glycoprotein activity, VDss, brain permeability, metabolisms through CYP450, total
clearance, AMES toxicity, maximum tolerated dose, hERG inhibitors, oral rat acute and
chronic toxicity, hepatotoxicity and skin sensitization of the selected components have been
determined using pkCSM pharmacokinetics web-based server
(http://biosig.unimelb.edu.au/pkcsm/prediction) [47].

2.5. Molecular dynamics simulation.

The binding stability, conformation, and interaction mechanisms between the identified
bioactive chemicals and receptor (LE3G) were determined using molecular dynamic simulation
[48]. The ligand-receptor complex was subjected to molecular dynamics simulation using the
DESMOND v3.6 package [49]. Furthermore, using the pre-set SCP water model, a water model
was developed at a distance of 10A units of orthorhombic period boundary [50]. Further, the
electric charges were neutralized by adding the necessary amount of counter ions, and before
the molecular dynamic simulation process began, the system decreased its energies through the
heating and equilibrium process. The system production step lasted 100ns, with time steps of
0.001ps; 300K temperature and 1 atmospheric pressure were used with the Nose-Hoover
method and the NPT (isothermal-isobaric) ensemble [51,52]. The best confirmations were
chosen based on the interactions and dynamic features of the complex.

3. Results and Discussion

The aim of this study was to look at the impact of Ganoderma lucidum active
constituents in the prevention and treatment of PCOS using pharmacoinformatics.
Pharmacoinformatics is a collection of in silico molecular modeling methods for screening
bioactive chemicals for binding affinities, pharmacokinetics, and pharmacodynamic properties
[53]. Pharmacoinformatics has increased the discovery of bioactive chemicals by allowing
researchers to refine the biological and synthetic research impacts. Pharmacoinformatics
research was used to anticipate the favorable effects of certain drugs, which were later
confirmed in vitro and in vivo. Researchers may be able to uncover therapeutic solutions for
certain disease states if they can figure out how compounds bind, interact, and inhibit/ excite a
protein. Initially, the androgen receptor (AR), which is linked to the PCOS phenotype and may
also be involved in folliculogenesis [54], was determined to be a bioactive substance's target.
In women with hyperandrogenic PCOS, serum levels of testosterone (T) and
dehydroepiandrosterone sulfate (DHEAS), as well as 3-hydroxysteroid dehydrogenase (3-
HSD), which is an enzyme that converts pro-androgens to bioactive androgens, are all
increased [55]. The purpose of this research work was to inhibit the androgen receptor involved
in hyperandrogenism by using bioactive components found in Ganoderma lucidum for the
treatment of PCOS.
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3.1. Retrieval of bioactive compounds and preparation.

A literature review was conducted to search for the triterpenoids in Ganoderma
lucidum. Among more than 250 triterpenoids, the most accessible bioactive components were
selected particularly the ganoderic acids (GAs) group [42]. A list of twenty-two bioactive
components and one standard drug for PCOS were selected for this study. A similar
computational study was carried out for Ganoderma lucidum active constituents as inhibitors
against HIV protease and tyrosinase [56].

3.2. Molecular docking studies.

Molecular docking analysis was carried out to investigate the intermolecular interaction
between the bioactive components and target proteins. Twenty-two bioactive components and
a standard drug were docked against an androgen receptor (1E3G) using AutoDock Vina to
analyze their binding capacity. Following molecular docking, the binding energies of bioactive
components were found to be ranging from -6.9 kcal mol™ to -8.7 kcal mol™ and are illustrated
in Table 1. The top five components were selected for further research, which include ganoderic
acid A (GAA) -8.7 kcal mol*?, ganoderic acid K (GAK) -8.3 kcal mol™, ganoderic acid C1
(GAC1) -8.2 kcal mol?, ganoderic acid M (GAM) -8.2 kcal mol™, ganoderic acid | (GAI) -8.2
kcal mol, based on their binding energies with the amino acid residues in the active site of
1E3G and is illustrated in Table 2.

Table 1. Ganoderic acids and their binding affinity against the androgen receptor.

SL.NO Compound Name Compound Code Docking Scores

(CID) (kcal mol?)
1 Ganoderic Acid A 471002 -8.7
2 Ganoderic Acid B 471003 -7.8
3 Ganoderic Acid C1 471004 -8.2
4 Ganoderic Acid C2 57396771 -7.8
5 Ganoderic Acid C6 57396921 -8.2
6 Ganoderic Acid D 102004379 -7.2
7 Ganoderic Acid E 10075137 -7.2
8 Ganoderic Acid F 23247895 -7.6
9 Ganoderic Acid G 73657193 -7.4
10 Ganoderic Acid H 73657194 -8.2
11 Ganoderic Acid | 20055990 -8.2
12 Ganoderic Acid J 20055991 -7.7
13 Ganoderic Acid K 74036828 -8.3
14 Ganoderic Acid M 5317490 -8.2
15 Ganoderic Acid N 131751706 -7.6
16 Ganoderic Acid L 101600071 -7.9
17 Ganoderic Acid S 12444571 -6.9
18 Ganoderic Acid T 21637704 -7.5
19 Ganoderic Acid AM1 10346401 -7.3
20 Ganoderic Acid Lm2 11813266 -7.9
21 Ganoderic Acid DM 11784642 -7.1
22 Ganoderic Acid a 471001 -7.5
23 Standard 2800 -6

Table 2. Ganoderic acids with maximum docking score.

SL.NO Compound Name Docking Score
1 Ganoderic Acid A -8.7
2 Ganoderic Acid K -8.3
3 Ganoderic Acid C1 -8.2
4 Ganoderic Acid M -8.2
5 Ganoderic Acid | -8.2
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3.3. Interpretation of protein-ligand interactions.

BIOVIA discovery studio visualizer tool was used to anticipate the interactions between
the five selected components and 1E3G. It was observed that GAA (CID-471002) showed
maximum interaction with 1E3G with the binding energy of -8.7 kcal mol™. GAA formed two
conventional hydrogen bond interactions with SER782P and ARG779P, eleven VVanDer Waals
interactions with ASP879P, PHE876P, GLN783P, MET780P, HSD776P, TYR781P,
VALS887P, PHE697P, LEU701P, LYS883P and LEU880P, and one alkyl interaction with
ARG779P the active site amino acid residues of 1E3G respectively showed in Figure 1 and
Table 3. GAK (CID-74036228) showed sixteen VanDer Waals interactions THR755P,
ASN766P, ARG752P, GLY683P, VAL684P, PRO682P, GLN711P, VAL685P, PHE764P,
PRO766P, ALE765P, PHEB04P, GLU681P, ALA748P, LEU805P, PRO801P and GLN802P,
one conventional hydrogen bond interaction GLUG678P, and one carbon hydrogen bond
interaction TRP751P with the amino acid residues of 1E3G respectively as depicted in Figure
2 and Table3. GAC1 (CID-471004) showed eleven VanDer Waals interactions ALA748P,
GLYG683P, ARG752P, PHE804P, TRP751P, THR755P, PRO801P, GLN802P, GLUG678P,
LEU805P and LYSB808P, one conventional hydrogen bond interaction GLU781P, and three
alkyl interactions VAL648P, VALG685P and PRO682P with the amino acid residue of 1E3G
respectively as depicted in Figure 3 and Table 3. GAM (CID-5317490) showed twelve VVanDer
Waals interactions GLUG678P, LEU805P, GLUG681P, GLY683P, ALA748P, HSD714P,
VAL715P, GLN711P, THR755P, PHEB04P, PRO801P and GLN802P, three conventional
hydrogen bond interactions LYS808P, ARG752P and TRP751P, and three alkyl interactions
VALG684P, VALG85P and PRO682P with the amino acid residue of 1E3G respectively as
depicted in Figure 4 and Table 3. GAI (CID-10075137) showed five conventional hydrogen
bond interactions ARG752P, GLU681P, GLU678P, GLN802P, and LYS808P, and four alkyl
interactions PRO682P, VAL685P, PRO801P, and TRP751P with the amino acid residue of
1E3G respectively as depicted in Figure 5 and Table 3. The standard drug for PCOS (CID-
2800) showed three alkyl interactions, ALA748P, ARG752P, and LEU8O05P, and one Pi-anion
interaction GLU681P with the amino acid residue of 1E3G, respectively, as depicted in Figure
6 and Table 3.

Figure 1. The interaction between GAA (CID-471002) and 1E3G. The left figure represents 3D, and the right
figure represents 2D complex protein-ligand interaction.
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Figure 2. The interaction between GAK (CID-74036828) and 1E3G. The left figure represents 3D, and the right
figure represents 2D complex protein-ligand interaction.

Figure 3. The interaction between GAC1 (CID-471004) and 1E3G. The left figure represents 3D, and the right
figure represents 2D complex protein-ligand interaction.

Figure 4. The interaction between GAM (CID-5317490) and 1E3G. The left figure represents 3D, and the right
figure represents 2D complex protein-ligand interaction.
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Figure 5. The interaction between GAI (CID-10075137) and 1E3G. The left figure represents 3D, and the right
figure represents 2D complex protein-ligand interaction.

Figure 6. The interaction between standard drug (CID-2800) and 1E3G. The left figure represents 3D, and the
right figure represents 2D complex protein-ligand interaction.

Table 3. List of bonding interactions between selected 5 bioactive compounds and standard with the androgen

receptor.

Compound Name Residues Amino Acids Bond Category
Ganoderic acid A 782P SER Conventional Hydrogen Bond
CID-471002 779P ARG Conventional Hydrogen Bond

779P ARG Alkyl

879P ASP Van Der Waals

876P PHE Van Der Waals

783P GLN Van Der Waals

780P MET Van Der Waals

776P HSD Van Der Waals

781P TYR Van Der Waals

887P VAL Van Der Waals

697P PHE Van Der Waals

701P LEU Van Der Waals

883P LYS Van Der Waals

880P LEU Van Der Waals
Ganoderic acid K CID- 678P GLU Conventional Hydrogen Bond

74036828 751P TRP Carbon Hydrogen Bond
752P ARG Alkyl

755P THR Van Der Waals

756P ASN Van Der Waals

683P GLY Van Der Waals

684P VAL Van Der Waals

682P PRO Van Der Waals
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Compound Name Residues Amino Acids Bond Category
711P GLN Van Der Waals
685P VAL Van Der Waals
764P PHE Van Der Waals
766P PRO Van Der Waals
765P ALE Van Der Waals
804P PHE Van Der Waals
681P GLU Van Der Waals
748P ALA Van Der Waals
805P LEU Van Der Waals
801P PRO Van Der Waals
802P GLN Van Der Waals
Ganoderic acid C1 CID- 681P GLU Conventional Hydrogen bond
471004 748P ALA Van Der Waals
683P GLY Van Der Waals
752P ARG Van Der Waals
804P PHE Van Der Waals
751P TRP Van Der Waals
755P THR Van Der Waals
801P PRO Van Der Waals
802P GLN Van Der Waals
678P GLU Van Der Waals
805P LEU Van Der Waals
808P LYS Van Der Waals
648P VAL Alkyl
685P VAL Alkyl
682P PRO Alkyl
Ganoderic acid M CID- 808P LYS Conventional Hydrogen bond
5317490 752P ARG Conventional Hydrogen bond
751P TRP Conventional Hydrogen bond
678P GLU Van Der Waals
805P LEU Van Der Waals
681P GLU Van Der Waals
683P GLY Van Der Waals
748P ALA Van Der Waals
714P HSD Van Der Waals
715P VAL Van Der Waals
711P GLN Van Der Waals
755P THR Van Der Waals
804P PHE Van Der Waals
801P PRO Van Der Waals
802P GLN Van Der Waals
684P VAL Alkyl
685P VAL Alkyl
682P PRO Alkyl
Ganoderic acid | CID- 752P ARG Conventional Hydrogen bond
10075137 681P GLU Conventional Hydrogen bond
678P GLU Conventional Hydrogen bond
802P GLN Conventional Hydrogen bond
808P LYS Conventional Hydrogen bond
682P PRO Alkyl
685P VAL Alkyl
801P PRO Alkyl
751P TRP Alkyl
Standard CID-2800 748P ALA Alkyl
752P ARG Alkyl
805P LEU Alkyl
681P GLU Pi-Anion

3.4. Physicochemical properties and pharmacokinetic properties prediction analysis.

A substance's bioactivity is mostly determined by its absorption, distribution,
metabolism, and excretion (ADME) properties, which are all linked to its pharmacokinetic
properties. The dietary bioavailability of phytochemicals to target cells and their absorption
and metabolism in the human body are all important factors in increasing bioactivity and
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preserving bodily health [57]. Phytochemicals/test substances must break hydrogen bonds in
the aqueous environment and partition across the membrane in order to permeate the membrane
[58]. The hydrogen-bonding potential of a chemical is linked to its polar surface area (PSA),
whereas membrane permeability is linked to molecular mass and lipophilicity [59]. As a result,
in order to pass the standard clinical studies required to be considered as a prospective
therapeutic candidate, the ADME properties must be assessed earlier in the drug design and
discovery process [60]. The physicochemical properties and ADMET of the selected GAs and
standard drugs were assessed using the pkCSM database (http://biosig.unimels.edu.au). The
physicochemical properties of the selected components are listed in Table 4. GAs violates
Lipinski's rule of 5 due to their increased molecular weight (CID-471002 molecular weight-
516.675, CID-74036828 molecular weight-574.711, CID-471004 molecular weight-514.659,
CID-5317490 molecular weight-530.658, CID-10075137 molecular weight-532.974), while
the standard drug violated violates the Lipinski's rule of 5 due to its increased octanol-water
partition coefficient (CID-2800 logP-6.5626). The polar surface area of selected compounds
was (CID-471002) 219.683, (CID-74036828) 241.643, (CID-471004) 219.006, (CID-
5317490) 223.800, (CID-10075137) 224.433 and (CID-2800) 178.952.

Table 4. Molecular properties of GAs and standard.

SL.NO Compound Name Molecular Log P Rotatable Acceptors Donors Surface
Weight Bonds Area
1 Ganoderic Acid A 516.675 4.1315 6 6 3 219.638
2 Ganoderic Acid K 574.711 3.6731 7 8 3 241.643
3 Ganoderic Acid C1 514.659 4.3397 6 6 2 219.006
4 Ganoderic Acid M 530.658 3.3105 6 7 3 223.800
5 Ganoderic Acid | 532.674 3.2464 6 7 4 224.433
6 Standard 405.969 6.5626 9 2 0 178.952

The predicted absorption properties of the selected components are listed in Table 5.
According to the obtained results, the water solubility of GAs was higher as compared to
standard (CID-471002 -3.984log mol/L, CID-74036828 -4.068log mol/L, CID-471004 -
3.801log mol/L, CID-5317490 -3.768log mol/L, and CID-10075137 -3.567log mol/L) as
compared to standard (CID-2800 -6.682log mol/L). However, the Caco2 permeability of GAs
was observed to be lower as compared to the standard. The selected components showed a
good percentage of intestinal absorption (CID-471002 64.393%, CID-74036828 64.903%,
CID-471004 70.11%, CID-5317490 62.157%, CID-10075137 56.371% and CID-2800 94.919)
and skin permeability. Both GAs and standard were likely to be substrates of P-glycoprotein
substrate. GAs modulated P-glycoprotein 1-mediated transport, whereas the standard drug
inhibited P-glycoprotein 1-mediated transport.

Table 5. Predicted absorption properties GAs and standard.

SL. Compound Water Caco2 Intestinal Skin P- P- P-
No Name Solubility | Permeability | absorption | Permeabilit | glycoprot | glycoprotein | glycoprotein
(log mol/L) | (log p app in (human) y (log Kp) ein 1 Inhibitor 2 Inhibitor
10 cm/s) (% Substrate (Yes/No) (Yes/No)
absorbed) (Yes/No)
1 Ganoderic -3.984 0.608 64.393 -2.737 Yes No Yes
Acid A
2 Ganoderic -4.068 -0.059 64.903 -2.736 Yes No Yes
Acid K
3 Ganoderic -3.801 0.681 70.111 -2.736 Yes No Yes
Acid C1
4 Ganoderic -3.768 -0.037 62.157 -2.736 Yes No Yes
Acid M
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SL.
No

Compound
Name

Water
Solubility

(log mol/L) | (I

Permeability

Caco2

og papp in
10°° cm/s)

Intestinal
absorption
(human)
(%
absorbed)

Skin
Permeabilit
y (log Kp)

p-
glycoprot
ein
Substrate
(YYes/No)

P-
glycoprotein
1 Inhibitor
(Yes/No)

P-
glycoprotein
2 Inhibitor
(Yes/No)

Ganoderic
Acid |

-3.567

-0.081

56.371

-2.735

Yes

No

No

SL.
NO

Standard

-6.682

0.938

94.919

-2.734

Yes

Yes

Yes

The predicted distribution properties of the selected components are listed in Table 6.
The steady-state volume of distribution (VDss) was found to be low for all the components,
including the standard (CID-471002, -0.599log L/Kg; CID-74036828, -0.589log L/Kg; CID-
471004, -0.527log L/Kg; CID-5317490, -0.542log L/Kg; CID-10075137, -0.78log L/Kg and
CID-2800, 0.66log L/Kg). The fraction unbound of GAs was observed to be more (CID-
471002, 0.182Fu; CID-74036828, 0.207 Fu; CID-471004, 0.197Fu; CID-5317490, 0.238Fu;
CID-10075137, 0.273Fu) compared to the standard drug (CID-2800, 0.141Fu). GAs was
observed to have low to moderate BBB and CNS permeability due to their increased molecular

weight.

SL.NO

Table 6. Predicted distribution properties of GAs and standard.

Compound Name

VDss (human) (log
L/kg)

Fraction
Unbound
(human) (Fu)

BBB

BB)

Permeability (log

CNS

Permeability (log

PS)

Ganoderic Acid A

-0.599

0.182

-0.911

-3

Ganoderic Acid K

-0.589

0.207

-1.239

-3.06

Gan

oderic Acid C1

-0.527

0.197

-0.645

-2.923

Ganoderic Acid M

-0.542

0.238

-0.997

-3.026

Ganoderic Acid |

-0.78

0.273

-0.922

-3.089

| O | W| N

Standard

0.66

0.141

1.213

-1371

The predicted metabolism properties of GAs and standard are listed in Table 7. Both
GAs and standard drug were observed as not likely to be metabolized by CYP2D6. However,
GAA, GAK, and GAC1 were likely to be metabolized by CYP3A4. GAM and GAI were
observed to be not metabolized by CYP3A4. GAs was observed not to inhibit any of the
CYP450s compared to the standard drug that inhibited all CYP450s except for CYP2C9.

Compound Name

Table 7. Predicted metabolism properties of GAs and standard.

CYP2D6
Substrate
(Yes/No)

CYP3A4
Substrate
(Yes/No)

CYP1A2
Inhibitor
(Yes/No)

CYP2C19
Inhibitor
(YYes/No)

CYP2C9
Inhibitor
(Yes/No)

CYP2D6
Inhibitor
(Yes/No)

CYP3A4
Inhibitor
(Yes/No)

Ganoderic Acid A

No

Yes

No

No

No

No

No

Ganoderic Acid K

No

Yes

No

No

No

No

No

Ganoderic Acid C1

No

Yes

No

No

No

No

No

Ganoderic Acid M

No

No

No

No

No

No

No

Ganoderic Acid |

No

No

No

No

No

No

No

OO B WIN|F

Standard

No

Yes

Yes

Yes

No

Yes

Yes

The predicted excretion properties of GAs and standard drug are listed in Table 8. The
total clearance of the selected components was CID-471002, 0.242 log ml/min/kg; CID-
74036828, 0.209 log ml/min/kg; CID-471004, 0.185 log ml/min/kg; CID-5317490, 0.263 log
ml/min/kg; CID-10075137, 0.236 log ml/min/kg respectively and the total clearance of
standard drug was CID-2800, 0.533 log ml/min/kg. Neither GAs nor the standard drug was
observed to be renal OCT2 substrates.
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Table 8. Predicted excretion properties of GAs and standard.

SL.NO Compound Name Total Clearance Renal OCT2 Substrate
(log mli/min/kg) (Yes/No)
1 Ganoderic Acid A 0.242 No
2 Ganoderic Acid K 0.209 No
3 Ganoderic Acid C1 0.185 No
4 Ganoderic Acid M 0.263 No
5 Ganoderic Acid | 0.236 No
6 Standard 0.553 No

The predicted toxicity properties of the selected components are listed in Table 9. GA's
were observed to be AMES negative and hence non-mutagenic, whereas the standard drug was
observed to be AMES positive and hence mutagenic. The maximum tolerated dose of GA's
was CID-471002, 0.147 log mg/kg/day; CID-74036828, 0.32 log mg/kg/day; CID-471004,
0.376 log mg/kg/day; CID-5317490, 0.261 log mg/kg/day; CID-10075137, 0.642 log
mg/kg/day respectively and the maximum tolerated dose of the standard drug was 0.46 log
mg/kg/day, both GA's and the standard drug showed a low range of maximum tolerated dose.
GA's were predicted to neither inhibit hERG1 nor hERG2 as compared to the standard, which
was predicted not to inhibit hERG1 but likely to inhibit hRERG2. The oral rat acute toxicity
(LD50) of GAs was observed to be CID-471002, 2.622 mol/kg; CID-74036828, 2.812 mol/Kkg;
CID-471004, 2.725 mol/kg; CID-5317490, 2.784 mol/kg; CID-10075137, 2.863 mol/kg
respectively and the oral rat acute toxicity (LD50) of the standard drug was observed to be
CID-2800, 2.309 mol/kg. GAs showed negative results for hepatotoxicity, and standard showed
positive results for hepatotoxicity. Thus, GAs are not associated with disrupted normal liver
function. The minnow toxicity values of GAs were CID-471002, 1.645 log mM; CID-
74036828, 3.45 log mM; CID-471004, 1.581 log mM; CID-5317490, 2.796 log mM; CID-
10075137, 2.833 log mM respectively indicating non-toxicity and the minnow toxicity value
of the standard drug was 0.37 log mM indicating toxicity. The selected components of
Ganoderma lucidum showed better ADME properties as compared to standard drugs without
any major toxicity.

Table 9. Predicted toxicity parameters of GAs and standard.

Maximum | epe | hERG- | OralRat | OralRat .
Tolerated Chronic . . . | Minnow
AMES 1 2 Acute . Hepato- Skin T.pyriformi -
Sl. Comp. Toxici Dose Inhibi Inhibi Toxici Toxicity . Sensitisati Toxici Toxicity
no Name OXICIty (human)(lo nhibito nhibito OXICIty (Iog tOXICIty ensitisation S OXICIty (Iog
Yes/No g r r (LD50) mg/kg._bw/ (Yes/No) (Yes/No) (log ug/L) Mm)
m/kg/day) Yes/No | Yes/No | (mol/kg) day)
1 | Ganoderic |\, 0.147 No No 2622 1.85 No No 0.285 1.645
Acid A
p | Ganoderic No 0.32 No No 2.812 2.012 No No 0.285 3.45
Acid K
3 | Ganoderic No 0.376 No No 2.725 1.507 No No 0.285 1.581
Acid C1
4 | Ganoderic No 0.261 No No 2.784 1.966 No No 0.285 2.796
Acid M
5 GaA“gi‘éel”C No 0.642 No No 2.863 1.985 No No 0.285 2.833
6 Standard Yes 0.46 No Yes 2.309 -0.104 Yes No 0.297 0.37

3.5. Molecular dynamics simulation.

Though a widespread and successful application, protein-ligand docking only gives the
static view of the binding pose of the ligand with the active site of the receptor identical to a
photographic image. Molecular dynamics (MD) should be utilized to simulate the atoms of
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particles in the framework as a time component with the incorporation of Newton's situations
of movements [61-63]. Ganoderic acid A was selected for dynamic molecular studies with
maximum binding capacity with 1E3G, and better pharmacokinetic predicted parameters than
standard. Molecular dynamic simulation for 100 ns was carried out for GAA- 1E3G complex
and the unbound form of the 1E3G target protein, and the respective results were interpreted.
Molecular dynamic trajectories analysis was performed using root mean square deviation
(RMSD) and root mean square fluctuation (RMSF) of receptor atoms, to interpret the
fluctuations and stability of the protein-ligand complex.

RMSD is a significant parameter in investigating the equilibration of molecular
dynamics trajectories and checking the stability of the protein-ligand complex system during
simulation. RMSD of the protein backbone atoms was plotted against time to assess the
structural conformation variations. Initially, the GAA-1E3G complex showed variations in
backbone RMSD till 20 ns raining from 0.6 to 1.8nm. The stable conformation was attained
between the time period 21ns and 85ns with no considerable deviations. The complex again
showed variations at the final stage, from 86ns to 100ns. The RMSD of the GAA- 1E3G
complex is depicted in Figure 7.

W Lig) fit on Prot

. 4

Protein RMSD (A)

(V) Sy puebr

o
o
~N

0 20 4’0 60 80 100
Time (nsec)

Figure 7. RMSD study plot of 1E3G-GAA for 100 ns molecular dynamic simulation.

RMSF is another significant parameter in investigating the stability and flexibility of
protein-ligand complex systems during simulation [64]. Changes in the behavior of target
protein amino acid residues after binding with a ligand were analyzed using RMSF [65,66].
The RMSF values for Ca atoms of the protein were calculated and plotted with respect to the
residues. In the examined GAA-1E3G complex, the amino acid residues showed no
fluctuations for the entire simulation, and the resulting graph was observed to be smooth. The
amino acids of 1E3G, which interacted with GAA in molecular docking, also showed low
fluctuation values during molecular dynamic simulation viz. GLN783 and GLU872. The
obtained results revealed that the binding of the ligand did not stimulate any major effects on
the flexibility of the protein, as depicted in Figure 8.
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Figure 8. RMSF study plot of 1E3G-GAA for 100 ns molecular dynamic simulation.

Protein interactions with the ligand were monitored throughout the simulation. The
ligand showed a 0.97 interaction fraction with amino acid residue GLN783 through hydrogen
bonding with ligand-mediated by a water molecule, suggesting that, 97% of the simulation
time, the interaction was maintained. Similarly, the ligand showed an interaction fraction of
0.73 with GLU872, 0.44 with ARG779, 0.4 with SER782, 0.3 with GLN875, 0.18 with
LYS883, and 0.1 with SER778, respectively, as depicted in Figure 9. A schematic of detailed
ligand atom interactions with the protein residues is depicted in Figure 10. The ligand
interaction with GLUB872 occurred for 64% of the simulation time in the selected trajectory,
and the ligand interactions with GLN783 occurred for 52% of the simulation time in the
selected trajectory.
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Figure 9. Amino acid residues of protein interactions with the ligand.
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Figure 10. Ligand protein contacts.
4. Conclusions

Ganoderic acid A has a wide range of pharmacological activities like antioxidant, anti-
cancer, anti-diabetic, anti-inflammatory, anti-hyperlipidemic, anti-cyst, immunomodulatory,
anti-tumor, and antiandrogenic. PCOS is characterized by endocrinological, gynecological, and
metabolic abnormalities and needs a treatment consisting of a broad pharmacological approach.
In women with hyperandrogenic PCOS, serum levels of testosterone (T), the pro-androgens
androstenedione (A4) and DHEA, as well as the enzyme required to convert pro-androgens to
bioactive androgens, 3-hydroxysteroid dehydrogenase (3-HSD), are all increased. Androgen
receptor (AR) is linked to the PCOS phenotype and may also be involved in folliculogenesis.
In this study, we explored the action of ganoderic acids in treating PCOS by inhibiting androgen
receptors and thus decreasing the androgen levels. The antiandrogenic potential of ganoderic
acids has been proven in this study by conducting a detailed pharmacoinformatics- based
molecular docking study of GAs against androgen receptors. In silico molecular docking,
investigations revealed that five of the GAs (GAA, GAK, GAC1, GAM, and GAI) had
inhibitory action on 1E3G. Molecular dynamic simulation experiments and in silico
pharmacokinetic prediction analyses also reveal the safety profile of Ganoderic Acid A and the
stability of the protein—ligand complex. To determine the effectiveness of GAA in treating
PCOS, computational studies on other receptors involved in PCOS can be carried out. It is also
necessary to conduct in vivo and in vitro research to explore the pharmacological activities.
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