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Hepatitis C virus (HCV) is the causative agent of acute and chronic hepatitis and can lead to liver cirrhosis. High
variability in the HCV genome renders vaccine formulation strenuous. Modern pharmaceuticals rely heavily on plant-
based compounds for drug production. This study focuses on in-silico screening of phytochemicals derived from an
herbal plant, Nardostachys jatamansi, for the treatment of HCV by inhibiting its E2 receptor, which binds to the
hepatocytes, enabling viral entry into the liver. Computer-aided drug design utilizes various tools such as molecular
docking tools, including AutoDock Vina, Avogadro, PyMol, Discovery Studio Visualizer, LigPlot+, and online
tools like SwissADME (Absorption, Delivery, Metabolism and Excretion) for analysis of pharmacokinetics and
pharmacodynamics of phytochemicals. Toxicity studies were carried out using pkCSM. 25 bioactive phytochemicals
of N. jatamansi were analysed. The analysis was validated by comparing the data of the phytochemicals with an
established antiviral drug, ribavirin. This is a novel approach to docking studies, exploring the possibility of medicinal
plants as anti-hepatic drugs. Of the 25 compounds, nardosatachysin and o-gurjunene are the standout performers and
are considered potent inhibitors of HCV E2 receptor. The two compounds are recommended for further in vivo and

in vitro trials to assess their efficacy in treating HCV infection.

1. INTRODUCTION

Hepatitis C is a liver disease caused through infection by the Hepatitis
C virus (HCV). It is an inflammation of the liver, observed only in
humans and chimpanzees. Broadly, hepatitis is caused by viral strain,
namely, Hepatitis A, B, C, D, and E [1,2]. Out of these five viruses,
Hepatitis B, C, and D cause acute and chronic hepatitis. HCV is a
small, enveloped, single-stranded RNA virus belonging to the family
Flaviviridae and the genus Hepacivirus. The family Flaviviridae
includes yellow fever, West Nile, and dengue viruses [3]. HCV is a
blood-borne pathogen and a major cause of liver diseases, causing
acute and chronic hepatitis [2]. If left untreated, it will likely progress
to cirrhosis and hepatocellular carcinoma. Early acute infection is
mostly asymptomatic. Hence, around 50% of HCV people do not
realize that they are infected. This allows the progression of infection,
and it is likely that Hepatitis C is the leading cause of liver necrosis
and liver cancer [4].

Approximately 120—130 million people are infected by HCV worldwide,
of which 58 million develop chronic hepatitis. Annually, there are
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1.5 million new infections, and in 2019, approximately 290,000 people
die due to Hepatitis C. In the USA, Hepatitis C has a higher mortality rate
than human immunodeficiency virus 1. Hepatitis C infection is treated
with antiviral medicine such as ribavirin solely or in combination with
sofosburin and simeprevir. No effective vaccine has been developed
against HCV due to its high variability in the viral genome [5].

HCYV particles are spherical, and their size ranges from 40 to 80 nm. The
structural elements of this typical virus include envelope glycoproteins,
lipid membrane, nucleocapsid, and RNA genome. The process of the
viral life cycle is initiated by the entry of HCV into hepatocytes [6].
Several ligand-receptor interactions mediate the attachment of virus
to the hepatocytes. Initially, low-affinity attachment of the virus is
believed to involve viral glycosaminoglycans and low-density lipid
receptors. HCV consists of envelope proteins — E1 and E2- highly
conserved and glycosylated. E2 contains C-terminal transmembrane
domains that form a heterodimer, enabling viral entry into the host
cells. Receptor-binding amino acid residues — Tyr527, Trp529, Gly530,
and Asp535, are present in the C-terminal transmembrane domain [4].
The interactions between ligands and these amino acid residues are
crucial for viral attachment. E1 is approximately 192 amino acids
long, and E2 is about 363 amino acids long. HCV E2 glycoprotein is
considered to interact with two hepatic receptors of host hepatocytes,
i.e., scavenger receptor Class B type 1 and the tetraspanin cluster of
differentiation (CDS81) receptor.
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E2-CD81 interaction is essential for viral adsorption onto hepatocytes.
El does not interact directly with host receptors. It is believed to
maintain a functional conformation of E2 necessary for binding to the
cellular membrane receptors. HCV entry through clathrin-mediated
endocytosis is followed by fusion of virus and endosomal membranes.
E1 facilitates the fusion of the virus to the endosome, which is the
final event of infection [3-10]. Ribavirin, which is the standard
approved drug for the treatment of HCV, has been reported to have
adverse effects such as anemia, arrhythmia, hypocalcemia, chest pain,
dizziness, nausea, hyperuricemia and hyperbilirubinemia [11]. Thus,
the study aims to identify a possible alternative medicine, preferably
of a plant source, to treat Hepatitis.

The genus Nardostachys is endemic to the Himalayas, with immense
commercial demand due to its medicinal properties. It is a perennial herb
whose size ranges from 10 to 60 cm in height. The genus contains only
one species, Nardostachys jatamansi. The plant is commonly known
as jatamansi or spikenard, which grows best in steep, undisturbed
grassy, rocky, and sandy loamy soil [12]. N. jatamansi has been
reportedly used to treat various disorders, such as digestive, nervous,
respiratory, urinary, circulatory and reproductive disorders [13]. It
has also been reportedly used to cure cough, fever, headache, food
poisoning, intestinal worms, joint pain, and to enhance memory. The
plant extract has anti-diabetic, anti-hyperglycemic, anti-inflammatory,
anti-Parkinsons, anti-tumor, anti-cancer, and radioprotective
properties. Sesquiterpenes and its derivatives are this plant’s major
active phytochemical constituents [14]. N. jatamansi is listed as
critically endangered in the IUCN Red List of Threatened Species
and is highly susceptible to overharvesting due to its high commercial
value. In India, N. jatamansi is found in Arunachal Pradesh, Sikkim,
Uttarakhand, and Himachal Pradesh [15,16]. However, plant tissue
culture techniques had optimized their propagation [17].

Bioinformatics and computational tools have been implemented mainly
for analyzing the efficacy and safety of potential drugs. Molecular docking
is used to position computer-generated 3-D conformation of small ligands
into the binding sites of target receptors. Docking studies provide a highly
effective approach for the preliminary analysis of potential new drugs
and reduce the time, cost, and labor associated with in vivo and in vitro
assays of drug evaluation [18]. It is an integral part of Computer-aided
drug design (CADD). Molecular docking studies are employed to analyze
and compare the strength of binding affinities between target receptors
and ligands. The findings of the docking studies could provide essential
insights for drug design. AutoDock Vina is one of the fastest, most accurate,
and most widely used open-source software for molecular docking [19].
Recently, AutoDock has been employed in screening phytochemicals
against SARS-CoV-19, targeting its ACE2 receptor and Mpro protease, to
inhibit viral entry and viral replication, respectively [20].

Similarly, there have been other multiple docking studies against
Covid-19 [21-23]. Apart from SARS-CoV-19, there have been
docking studies on colorectal cancer [24]. Successful docking of
phytochemicals from Andrographis paniculata against Marburg virus
has also been reported [25].

In this study, molecular docking was carried out using AutoDock
Vina tools, Discovery Studio v20.1.0.19295, and other molecular
visualizing tools such as PyMol and Avogadro [26]. Swiss absorption,
delivery, metabolism, and excretion (ADME) was employed to predict
the pharmacokinetics and drug-likeliness of the phytochemicals.
Parameters such as water solubility, gastrointestinal (GI) absorption,
permeation of blood—brain barrier (BBB), and lipophilicity. Were
taken into consideration. Toxicity studies were carried out using

pkCSM. Mutagenicity, hepatotoxicity, and hERG inhibition of selected
phytochemicals were also evaluated using pkCSM. Both SwissADME
and pkCSM are free online web tools [27,28]. This study aimed to
find the best bioactive molecules of N. jatamansi against the HCV by
inhibiting the formation of the E2-CD81 complex, which is critical for
viral attachment and subsequent entry of HCV into the hepatocytes.

2. MATERIALS AND METHODS

The following are the open-source software used for this study:
(i) Avogadro, (ii) Discovery Studio visualizer, (iii) AutoDockTools-1.5.7,
(iv) PyMol, (v) SwissADME, (vi) pkCSM, and (vii) LigPlot+ v.2.2.

2.1. Selection and Preparation of Ligands

The 3-D structures of the bioactive molecules of N. jatamansi were
downloaded in structure data file format from PubChem database
(https://pubchem.ncbi.nlm.nih.gov/). These ligands were subjected
to energy optimization or minimization using Avogadro software
and were further prepared using AutoDock MGLTools. The ligands
were then saved in Protein Data Bank, Partial Charge (Q) and Atom
Type (T) (PDBQT) format. The standard reference drug used in this
study is ribavirin, and its 3-D structure was also downloaded from the
PubChem database and subjected to similar processing and preparation
as the phytochemicals.

2.2. Selection and Preparation of Receptor

This study’s selected viral protein receptor was the HCV’s E2 receptor.
It was chosen as it interacts with the CD81 receptor of liver cells. This
interaction is mandatory for HCV entry into the hepatocytes [7]. The
3-D structure of E2 was downloaded from the RCSB PDB database
(https://www.rcsb.org/). The first step in preparation of receptors is
the removal of heteroatoms and water molecules. The receptor was
then saved in PDB format and processed using AutoDock Tools with
which native receptor ligands were removed, and missing atoms were
repaired. The addition of polar hydrogens, Kollman, and computing
Gasteiger charges was performed using AutoDock tools, and charge
deficits were also spread over the atoms [29]. The receptor was then
saved in PDBQT format.

2.3. Prediction of Binding Site and Molecular Docking

The binding site is the portion of the receptors wherein the ligands bind
and cause chemical interaction. The coordinates of the binding site of
the E2 receptor were retrieved using the Discovery Studio visualizer.
After removing heteroatoms, the coordinates of the binding sites of the
receptor were generated from either PDB site records or the receptor
cavity sites. The coordinates of the grid obtained is X=36.385347,
Y=-67.500194, and Z=—46.260347.

In our study, docking was carried out using AutoDock Tools 1.5.7,
wherein the phytochemicals of N. jatamansi were docked against the
viral E2 receptor [7,19]. Simultaneously, the reference drug, ribavirin
was also docked against the E2 receptor. Phytochemicals showing a
higher negative value of binding energy (kcal/mol) than ribavirin were
considered for further studies.

Cognate docking was performed to validate the docking protocol.
Without altering the parameters, the ligands were redocked onto the
receptor’s binding site. Redocking was performed twice-the first
redocking was carried out using the same software, i.e., AutoDock
Vina, while the second redocking used a different software, CB-Dock.
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2.4. ADME Studies and BOILED-Egg Prediction

SwissADME is a free online tool employed to study molecular
pharmacokinetics, physicochemical properties, and drug-likeliness of
small molecules. The major aspects taken into consideration by the web
tool are ADME. Other parameters such as the Lipinksi’s rule of 5, Abbot
bioavailability score, solubility, and lipophilicity are also considered
to support drug discovery [27,30]. The phytochemicals’ absorption
and BBB penetration capacity were also analyzed using BOILED-Egg
(Brain or Intestinal EstimateD permeation method). The BOILED-
Egg is a graphical model that predicts the capacity of GI absorption
and permeability of the BBB of small molecules of interest [31]. The
canonical SMILES of the phytochemicals were obtained from PubChem
and copied onto the SwissADME platform. Otherwise, the structures
of the phytochemicals can be drawn manually as supported by the tool.
ADME studies have increased drug discovery efficiency by reducing
the time taken for pharmacokinetic-related studies during clinical trials.

2.5. Toxicity Studies

Analysis of the toxicity of the phytochemicals indicates the safety
of the selected molecules for use as therapeutic drugs. This was
performed using an online in silico web tool, pkCSM. The difterent
toxicity parameters considered by pkCSM are-hepatotoxicity, AMES
toxicity, hERG I and hERG II inhibitor, maximum tolerated dose,
skin sensitization, oral rat chronic toxicity (lowest observed adverse
effect level [LOAEL]), oral rat acute toxicity (LD,,), minnow toxicity
and Tetrahymena pyriformis toxicity [28]. The canonical SMILES of
the phytochemicals were copied onto the pkCSM clipboard, and the
toxicity assay was carried out.

3. RESULTS

3.1. Molecular Docking Analysis

The idea of docking phytochemicals against the E2 receptor stems
from the phytochemicals’ potential of inhibiting the receptor and
obstructing viral attachment onto the hepatocytes. The phytochemicals
of N. jatamansi were docked against the E2 receptor of HCV. The
presence of phytochemicals with higher negative binding energy
than standard drugs for treating HCV infection may provide suitable
drug candidates as alternatives for pre-existing drugs. The viral E2
receptor was docked against the phytochemicals of N. jatamansi
using AutoDock Vina. The 3-D structure of the E2 receptor and
its binding site are illustrated in Figures 1 and 2, respectively. The
reference drug, ribavirin, was also docked against the viral receptor.
The binding energy of ribavirin with the E2 receptor was calculated
to be —5.4 kcal/mol.

However, among the 25 phytochemical compounds docked against the
viral receptor, 17 compounds showed higher negative values than the
reference compound drug, i.e., ribavirin. As most of the phytochemicals
showed higher negative binding energy than the reference drug, the
compounds were subjected to ADME studies. The binding energies
of the phytochemicals against E2 and ribavirin are shown in Table 1.
Three phytochemicals were prioritized based on their binding energies
and ADME studies-ursolic acid, nardostachysin, and o-gurjunene. The
binding energies of three selected phytochemicals against E2 were
—7.8 kecal/mol for ursolic acid, —6.8 kcal/mol for nardostachysin, and
—5.7 kcal/mol for o-gurjunene.

The amino acid residues involved in hydrogen bond interactions with
the reference drug, ribavirin, are His421 (3.12 A), Serd24 (2.99 A),
Gly517 (3.10 A), Thr519 (2.98 A) and Val538 (3.06 A). Ribavirin

Figure 2: Binding site of E2 receptor.

also formed hydrophobic interactions with the receptor on amino acid
residues Val516 and Tyr527.

The amino acid residues involved in hydrogen bond interactions with
ursolic acid are His421 (3.18 A), Val538 (2.89 A), and Asn541 (2.96 A).
Hydrophobic interactions are formed through amino acid residues
Ser424, Val515, Gly517, Thr519, and Gly523.

The amino acid residues involved in hydrogen bond interactions
with nardostachys are His421 (3.03 A), Ser424 (3.20 A), and
Gly517 (2.96 A). Nardostachys forms hydrophobic interaction with
E2 through amino acid residues Thr425, Val515, Val517, Pro525, and
Tyr527.

There are no hydrogen bonds formed between o-gurjunene and E2.
Hydrophobic interactions are mediated by receptor amino acid residues
Val515, Val516, Gly517, Thr518, Thr519, Val538, and Trp549.

The 3-D illustration of the docking pose of phytochemicals of interest
and the 2-D illustration of amino acid residues involved in the
formation of hydrogen and hydrophobic interactions are represented
in Figures 3-6.
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Table 1: Docking scores of ribavirin and the phytochemicals of Nardostachys jatamansi against viral E2 receptor.

Phytochemicals Canonical SMILES PubChem Binding energy
CID (kcal/mol)
Ribavirin (reference drug) C1=NC(=NNI1C2C(C(C(02)CO)0)0)C(=0O)N 37542 -5.4
Ursolic acid CCICCC2(CCC3(C(=CCCAC3(CCC5C4(CCC(C5(C)C)0)0)0)C2CIC)C)C(=0)0 64945 -7.8
Taraxerone CCI(CCC2(CC=C3C4(CCC5C(C(=O0)CCC5(cacces3(ececHoeye)o)e)e)ce 92785 =7.7
Lupeol CC(=C) CICCC2(CIC3CCCAC5(CCC(C(Cscee4(cs(ece)o)eyooo)e) e 259846 -7.0
Nardostachysin CCICCC2CICC(=CC=C2C(=0)OCC3(C(CC4C3C(=0)0CC4=C)0)O)C(C)C 10598736 —6.8
Oroselol CC(C)(C1=CC2=C(01)C=CC3=C20C(=0)C=C3)0 160600 —6.6
Jatamansinone CC1(C(=0)CC2=C(01)C=CC3=C20C(=0)C=C3)C 759294 —6.6
Seselin CC1(C=CC2=C(01)C=CC3=C20C(=0)C=C3)C 68229 —6.1
Jatamansinol CCI1(C(CC2=C(01)C=CC3=C20C(=0)C=C3)0)C 600670 —6.1
Dihydrojatamansin CCC (C) C(=0)0OC1CC2=C(C=CC3=C20C(=0)C=C3)0CI(C)C 11002035 —6.1
Oroselone CC(=C)CI=CC2=C(01)C=CC3=C20C(=0)C=C3 74477 -5.9
Jatamol B CC(=C)CICCC2(CC(CC(=C)C2C1)OC(=0)CC(C)C)O)C 101618011 =59
Nardosinone CCI1CCC=C2C1(C3C(CC2=0)00C3(C)O)C 168136 -5.8
Jatamol A CC(=C)CICCC2(CC(CC(=C)C2C0o)C 101618010 -5.8
o-Gurjunene CClCcce2c(c2(o)o)c3=c(ccei3)c 15560276 -5.7
Nardoaristolone CCI1CC(=0)C=C2C1(C3C(C2=0)C3(C)C)C 71583464 -5.6
Valeranol CCICCC=C2CI(CC(CC2)C(C)(C)O)C 6429378 -5.5
Angelicin C1=CC2=C(C=C02)C3=C1C=CC(=0)03 10658 =5.5
Jatamansone CC(O)c1cce(cceec(=o)ee(cnece 10198387 —5.4
Spirojatamol CC(C)CICCC(=C)C2(Cl)ccee2(c)o 11053257 =53
Seychellene CClICCC2(C(=C)c3cee(cies)e)e 519743 -5.3
Calarene CClCCcC=C2CI(C3C(C3(0)0)cee)c 28481 =53
Patchouli alcohol CCI1CCC2(C(C3CCC2(C1C3)O)(C)C)0 10955174 -5.2
Maaliol CCI(C2CIC3C(CCCe3(C)o)ce)o)c 10944069 -5.2
Desoxo-Narchinol B CClCCC=C2C1(C(C=CC2=0)0)C 56835056 =5.1
Actinidine CClCCC2=C1C=NC=C2C 68231 -4.7

The binding energies of the redocked ligands are given in supplementary
material, Table S1. Docked ribavirin conformations (original docking
and redocked poses) were compared using AutoDock Tools. Root mean
square deviation value 0.000 A was obtained. Hence, the credibility of
docking was substantiated.

3.2. ADME Studies and BOILED-Egg Prediction Analysis

A majority of the phytochemicals showed higher binding energy than
the reference drug, ribavirin. Hence, they were analyzed for their
pharmacokinetic properties and drug likeliness using SwissADME. In
the graphical output of the BOILED-Egg model, the points in the white
ellipse (the egg white) are considered to have a high probability of passive
absorption by the GI tract. The points in the yellow region (egg yolk) are
highly likely to cross the BBB and access the central nervous system.
Molecules not readily absorbed by the GI tract and not BBB permeant
are found in the grey zone. The points colored in blue are substrates of
P-glycoprotein. P-glycoprotein substrates are actively pumped out of the
brain to the GI lumen. If not, they are marked as red points. The BOILED-
Egg output of the phytochemicals, along with ribavirin is shown in Figure 7.

The outcomes and conclusions of ADME studies of compounds are
highly governed by Lipinksi’s Rule of 5 (Ro5), which defines the rules
of drug-likeness. Various criteria of the Ro5 for drug candidates are
given in Table 2.
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Figure 3: (a) 3-D illustration of the docking pose of ribavirin in the binding
site of viral E2 receptor, (b) 2-D illustration of amino acid residues involved in
the interactions between ribavirin and E2.

For an orally active drug candidate to be considered, it must not violate
more than one of the criteria of the Lipinksi’s Ro5 [32]. Abbott’s
Bioavailability score is directly related to Lipinksi’s rule, such that the
bioavailability score of any compound obeying the Lipinski’s rule is
0.55 [33-38].

The compound showing the highest negative binding energy against
the viral E2 receptor, taraxerone, was found to be out of range of the
BOILED-Egg; hence, further analysis of the specific compound was
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Figure 4: (a) 3-D illustration of the docking pose of ursolic acid in the binding

site of viral E2 receptor, (b) 2-D illustration of amino acid residues involved in
the interactions between ursolic acid and E2.
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Figure 5: (a) 3-D illustration of the docking pose of nardostachysin in the
binding site of viral E2 receptor, (b) 2-D illustration of amino acid residues
involved in the interactions between nardostachysin and E2.
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Figure 6: (a) 3-D illustration of the docking pose of a-gurjunene in the

binding site of viral E2 receptor, (b) 2-D illustration of amino acid residues

involved in the interactions between o-gurjunene and E2.

not feasible. Three compounds were selected for further analysis,
namely ursolic acid, nardostachysin, and a-gurjunene. These
compounds were found to be impermeant of the BBB. The reference
drug, ribavirin, was shown to have a molecular weight of 244.2 g/mol
with high water solubility. It has low GI absorption with one violation
each for Ghose, Veber, and Egan parameters in druglikeness analysis.
It also showed one violation for lead likeness as it has a molecular
weight lower than 250 g/mol. In line with the detailed parameters of
the study provided by SwissADME, the physicochemical properties,
lipophilicity, pharmacokinetics, water solubility, druglikeness, and
medicinal chemistry, the properties of the three probable candidate
compounds, namely, ursolic acid, nardostachys, and o-gurjunene,
were compared to Ribavirin for treatment of HCV infection. The
details of ADME studies of the phytochemicals and the reference drug
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Figure 7: BOILED-Egg output of Ribavirin and the phytochemicals
of Nardostachys jatamansi (Molecule 1- Ribavirin, Molecule 2-
Taraxerone, Molecule 3- Ursolic Acid, Molecule 4- Nardostachysin,
Molecule 5- Lupeol, Molecule 6- Dihydrojatamansin, Molecule 7-
Oroselol, Molecule 8- Seselin, Molecule 9- Jatamansinol, Molecule
10- Jatamansinone, Molecule 11- Nardosinone, Molecule 12- Jatamol
B, Molecule 13- Oroselone, Molecule 14- Nardoaristolone, Molecule
15- Maaliol, Molecule 16- Seychellene, Molecule 17- Patchouli
alcohol, Molecule 18- Jatamansone, Molecule 19- Spirojatamol,
Molecule 20- Jatamol A, Molecule 21- Valeranol, Molecule
22- Angelicin, Molecule 23- Desoxo-Narchinol B, Molecule 24-
a-Gurjunene).

Table 2: Lipinski’s rule of 5 for drugs.

Properties Rule
Molecular weight <500 g/mol
H-bond acceptors <10
H-bond donors <5
CLOGP <5
TPSA <140 A

TPSA: Total polar surface area, CLOGP: Consensus Log P

olw

are given in Table 3.

Among the three phytochemicals selected for ADME studies, two
molecules, namely nardostachysin and a-gurjunene obeyed Lipinksi’s
Rule of 5 and obtained a bioavailability score of 0.55. Ursolic acid had
one violation of Lipinksi’s rule as its lipophilicity is 5.88. However,
it is considered for further studies as it reported the least violation of
Lipinski’s rule, which can be neglected [39].

3.3. Toxicity Analysis

The toxicity of the three selected phytochemicals, namely ursolic
acid, nardostachysin, and a-gurjunene, were analyzed using pkCSM, a
free online web tool. The reference drug, ribavirin, was also analyzed
using pkCSM, and the potential candidate compounds were compared
to it. AMES toxicity assay is used to determine the mutagenicity and
carcinogenicity of compounds. It is also called bacterial mutation
assay, wherein the compounds are evaluated for their capacity to
reverse the mutations of Salmonella typhimurium and/or Escherichia
coli[40]. hERG (human ether-a-go-go related gene) and its dysfunction
has been reported to induce QT prolongation, which may eventually
lead to ventricular fibrillation, fainting, and cardiac death. Modern
drug design techniques recognize hERG as an anti-target for drug
candidates [41]. All three potential drug molecules showed no AMES
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Table 3: Absorption, delivery, metabolism, and excretion studies of ribavirin and the three phytochemicals considered for further studies namely ursolic acid,

nardostachysin and a-gurjunene.

Properties Parameters Molecules
Ribavirin Ursolic acid Nardostachysin o-gurjunene
Physicochemical properties Formula C8HI12N405 C30H4803 C25H3406 C15H24
Molecular weight (g/mol) 244.2 456.7 430.53 204.35
H-bond acceptor 7 3 6 0
H-bond donor 4 2 2 0
TPSA (A) 143.72 57.53 93.06 0
Lipophilicity Log P, (XLOGP3) —-1.85 7.34 2.78 4.1
Log P, (WLOGP) -3.34 7.09 2.95 442
Log P, (MLOGP) —2.94 5.82 2.88 5.65
CLOGP -2.18 5.88 3.12 4.49
Water solubility Log S (ESOL) —-0.21 -7.23 -3.93 -3.69
ESOL class Very soluble Poorly soluble Soluble Soluble
Log S (Ali) —0.65 —8.38 -4.39 —-3.81
Ali Class Very soluble Poorly soluble Moderately soluble Soluble
Log S (SILICOS-IT) 1.76 —5.67 -3.05 -3.52
SILICOS-IT class Soluble Moderately soluble Soluble Soluble
Pharmokinetics GI absorption Low Low High Low
BBB permeant No No No No
Pgp substrate No No Yes No
Log K, (skin permeation) -9.1 -3.87 —6.95 —4.64
Druglikeness Lipinski #violations 0 1 0 1
Ghose #violations 1 3 0 0
Veber #violations 1 0 0 0
Egan #violations 1 1 0 0
Muegge #violations 0 1 0 1
Bioavailability score 0.55 0.85 0.55 0.55

TPSA value <140 A and H-bond acceptors and donors <12 are considered to have good oral bioavailability. Compounds with CLOGP >5, molecular weight >500 g/mol,

H- bond acceptors >10 and H-bond >5 are considered to have poor absorption. TPSA: Total polar surface area, CLOGP: Consensus Log P

GI: Gastrointestinal

Table 4: Toxicity studies of ribavirin, ursolic acid, nardostachysin and ¢-gurjunene using pkCSM.

ofw?

BBB: Blood-brain barrier,

Properties Molecules
Ribavirin Ursolic acid Nardostachysin o-Gurjunene

AMES toxicity No No No No
Maximum tolerated dose (human) (log mg/kg/day) 1.011 0.199 —0.495 0.212
hERG I inhibitor No No No No
hERG II inhibitor No No No No
Oral rat acute toxicity (LD50) (mol/kg) 1.988 2.346 2414 1.606
Oral rat chronic toxicity (LOAEL) (log mg/kg bw/day) 3.096 2.054 62.536 1.371
Hepatotoxicity No Yes No No
Skin sensitization No No No No
Tetrahymena pyriformis toxicity (log ug/L) 0.285 0.285 0.331 1.263
Minnow toxicity (mm) 4.626 —-0.787 1.727 0.359

toxicity, and none were found to be inhibitors of hRERG I and hERG 1I.
However, ursolic acid was assessed and confirmed to be hepatotoxic
and is not a suitable candidate drug molecule. The detailed analysis of
the toxicity of the three phytochemicals and ribavirin are represented
in Table 4.

LD50 indicates the lethal dose of administered chemicals, which
is expected to cause death in 50% of the experimental animals in
a period [42]. The LOAEL reports oral rat chronic toxicity [43].
T. pyriformis is a unicellular, ciliated protozoan, a commonly used
model for determining toxic endpoints of chemicals [44].
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From Tables 1-3, we can conclude that nardostachysin and a-gurjunene
are the standout phytochemicals in N. jatamansi. Having higher
negative binding energies than ribavirin and satisfying all the criteria
in ADME and toxicity studies, nardostachysin and o-gurjunene can be
suggested as possible supplements for treating HCV infection.

4. DISCUSSION

Molecular docking aims to predict the interaction and structural
complex between receptor and small molecule ligands. Molecular
docking is a computer-aided drug-designing process whose outcome
is based on the structure of the target receptor protein and the
ligand, i.e., phytochemicals, in our study. Its efficiency, high speed,
and cost-effectiveness have made molecular docking the basis
of modern drug discovery. Due to these multiple characteristics,
large amounts of molecules can be screened and filtered quickly,
depending on the binding energies between the receptors and ligands
[18,19]. Recently, it has been widely used as a part of CADD. The
varying conformations of the ligands are sampled onto the active
site of the protein. These conformations are then ranked through a
scoring function. Ideally, conformation with the lowest or negative
binding energies is chosen [18,25]. In our study, we compared the
phytochemicals of N. jatamansi to an already established antiviral
drug for HCV, ribavirin [2]. Should any phytochemicals have higher
negative binding energy than ribavirin, they are considered for
further analysis of pharmacokinetics, drug-likeness, and toxicity
[26,30,31]. The process of molecular docking not only gives an
accurate prediction of small molecule interactions, but is also highly
efficient in terms of time consumption and cost-effectiveness. Using
docking studies, piperine has also been recently reported to have
potential antiviral properties against dengue and ebola viruses [45].
Piperine and curcumin could also be potential inhibitors of SARS-
CoV-2 by disrupting the S-hACE2 complex [22,46,47].

Similarly, wedelolactone, a coumarin, has shown inhibiting properties
against the spike protein of SARS CoV-2 [48]. Furthermore, molecular
docking studies reduce the possibility of high-risk preclinical trials
in the pharmaceutical industry. Secondary metabolites of Xylopia
aethiopica have been reported to show promising antiviral properties
against viral proteins of measles [49]. Bael fruit extract has also
been reported to exhibit antitumor activity [50]. Potential inhibitors
of NS2B-NS3, a viral replication protease, have also been obtained
from phytochemical constituents of A. paniculata [51]. These data are
obtained through molecular docking techniques.

In our study, 17 of the 25 phytochemicals found in N. jatamansi had
higher negative binding energy than ribavirin and were analyzed in
further studies. Ursolic acid, nardostachysin, and o-gurjunene were
finalized as potential candidates for the treatment of HCV. However,
following ADME and toxicity studies, nardostachysin proved to be
the most promising compound, satisfying the conditions specified for
clinical use as a drug.

The three phytochemicals, i.e., ursolic acid, nardostachys, and
o-gurjunene, were selected because they have higher negative binding
energy than ribavirin, which is widely used as an antiviral drug. In
addition, from the BOILED-Egg model, the three phytochemicals
were impermeant of the BBB, an essential criterion for use in clinical
trials. BBB permeability has been increased by drug abuse, such as
cocaine, which increases the influx of peripheral toxins into the
brain [52]. Basically, compounds with high GI absorption may be
supplemented through the oral route. Among the three, nardostachysin
had the highest GI absorption [31]. Toxicity studies indicated that all

three tested negative for inhibition of hERG I and hERG II. hRERG
coded protein is an important one involved in cardiac repolarization.
Inhibition of hERG I and hERG II causes blockade of potassium ion
channels linked to QT prolongation. Hence, hERG inhibitors block
cardiac repolarization and may lead to cardiac arrhythmia [53,54].
AMES test is an assay to establish the mutagenicity and carcinogenicity
of various compounds [55]. It was described by Dorothy Maron
and Bruce Ames in 1983. All three compounds showed no AMES
toxicity. Hepatotoxicity studies showed that ursolic acid could cause
liver damage on administration. Drug-induced liver injury is one of
the most frequent causes of acute liver failure. One in every 4.5 drug
failures in clinical trials is attributed to hepatotoxicity of potential drug
compounds [56].

N. jatamansi is an important herbal plant found in the Northern
Himalayas. The extracts of the roots and rhizomes are specifically
of high medicinal importance. Nardostachysin is a terpenoid ester,
majorly concentrated in the rhizome of the plant, and is considered
to have antitumor properties. It is also used as a supplement for hair
regrowth [57]. It is also described as having nootropic activity that
can improve cognitive impairment [13,58]. Although N. jatamansi is
widely used as an ayurvedic medication, clinical use of the plant and
its extract as a drug are still lacking [59]. However, the data from our
study pointed out that nardostachysin and o-gurjunene are potential
inhibitors of the viral E2 receptor and, hence, could be used as a
treatment for HCV infection.

5. CONCLUSION

This study investigated the potential presence of phytochemicals in
N. jatamansi to inhibit the E2 receptor of HCV. Based on the literature
review, 25 phytochemicals were screened, and an antiviral drug was
used to treat liver disease caused by HCV. In-silico studies used docking
tools such as AutoDock Vina, PyMol, and Discovery Studio Visualizer
to examine the binding affinities between phytochemicals and receptor
molecules. Following this, pharmacokinetics and drug-likeness were
examined using SwissADME and pkCSM. In comparison to the
reference drug, ribavirin, the bioactive compounds of N. jatamansi,
nardostachysin and o-gurjunene were considered to be potential
inhibitors of E2 protein. They are suitable candidates as therapeutic
agents that interfere with HCV life cycle. However, in vivo and in vitro
studies may be carried out to validate the phytochemicals’ potential for
use as inhibitors for E2 protein treatment for HCV infections.
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