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ARTICLE INFO ABSTRACT

Keywords: Background: The first emergence of the Nipah virus (NiV) in 1998 from Malaysia became a major concern when it
Nipah virus came to light and resurfaced on different occasions thereafter. NiV is a bat-borne zoonotic and pleomorphic virus
i]]")};l‘:?emmals that causes severe infection in human and animal hosts. Studies revealed fruit bats are the major reservoirs as

natural hosts and pigs as intermediate hosts for the spread of this infection. This became a major concern as the
disease was characterized by high pathogenicity varying from 40% to 80% depending on its acuteness. Moreover,
the solemnity lies in the fact that the infection transcends from being a mere mild illness to an acute respiratory
infection leading to fatal encephalitis with a reportedly high mortality rate. Currently, there is no treatment or
vaccine available against the NiV. Many antiviral drugs have been explored and developed but with limited
efficacy.

Methodology: In search of high-affinity ayurvedic alternatives, we conducted a pan-proteome in silico exploration
of the NiV proteins for their interaction with the best-suited phytoconstituents. The toxicity prediction of thirty
phytochemicals based on their LD50 value identified thirteen potential candidates. Molecular docking studies of
those thirteen phytochemicals with five important NiV proteins identified Tanshinone I as the potential com-
pound with a high binding affinity.

Results: The pharmacokinetics and pharmacodynamics studies also aided in determining the absorption, distri-
bution, metabolism, excretion, and toxicity of the selected phytoconstituent. Interestingly, docking studies also
revealed Rosmariquinone as a potent alternative to the antiviral drug Remdesivir binding the same pocket of
RNA-dependent RNA polymerase of the NiV. A molecular dynamics simulation study of the surface glycoprotein
of NiV against Tanshinone I showed a stable complex formation and significant allosteric changes in the protein
structure, implying that these phytochemicals could be a natural alternative to synthetic drugs against NiV.
Conclusion: This study provides preliminary evidence based on in silico analysis that the herbal molecules showed
an effect against NiV. However, it is essential to further evaluate the efficacy of this approach through cell-based
experiments, organoid models, and eventually clinical trials.

Molecular docking
Molecular dynamics simulation

1. Introduction dominating across a broad geographic range [1-3]. The NiV infections

have influenced the most populous parts of the world with the highest

Nipah Virus (NiV) is an emerging, zoonotic paramyxovirus belonging
to the genus Henipavirus, a close family member of the Hendra virus. In
the context of a potential pandemic-causing agent, NiV has been iden-
tified as the causative agent of a deadly viral disorder. The case studies
reveal that it has repeatedly spilled over from bats to humans causing
annual outbreaks in people and livestock with high lethal rates
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reported cases from Malaysia, Singapore, Philippines, India, and
Bangladesh [4,5]. In India, the first outbreak was reported in Siliguri,
West Bengal in 2001. In Bangladesh (2007), the infection was found to
originate from the sap of date palm contaminated with bat excreta and
that followed a subsequent recurrent incidence of the disease every year
[2,4,6-9]. The transmission of NiV from pig to human has been
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Fig. 1. Schematic representation and proteome distribution of Nipah virus (NiV). A. Structural diagram of the important viral proteins of NiV including nucleo-
protein, phosphoprotein, matrix protein, fusion protein, glycoprotein, large polymerase (RdRp), envelope and ssRNA. Created with BioRender.com B: Representation
of the viral pan-proteome of NiV proteins and their respective crystal and modeled structures.

associated with severe febrile encephalitis and was found to occur
through close contact with infected animals. Moreover, at present there
is no approved prophylaxis or vaccines for NiV infections, leading to its
classification as a pestilent biosafety level 4 (BSL-4) pathogen and a
potential threat to public health which can qualify for a pandemic
shortly [10]. Despite being a highly infectious disease with large casu-
alties, it has remained a much-neglected area of research to date. Lack of
attention to such zoonosis may lead to an even greater pandemic parallel
to COVID-19 that might threaten human existence. To prepare for future
public health emergencies caused by infectious diseases, NIAID has
developed a Pandemic Preparedness Plan focusing on viruses that could
cause epidemics or pandemics. Recently, NiV has found a significant
position on the list [11].

The NiV is an enveloped, unique paramyxovirus with a negative-
sense single-stranded, non-segmented RNA genome consisting of heli-
cal nucleocapsids. Unlike common paramyxoviruses, NiV is larger in size
and forms reticular cytoplasmic inclusions located close to the endo-
plasmic reticulum [12]. Being a unique pleomorphic nature of this virus
with regular variation in shape and size it possesses an 18.2 kilobase (kb)
negative-sense, single-stranded RNA genome [13]. The viral genome
encodes a proteome of six structural and three non-structural proteins
using the variable position of start codons. Within the realm of structural

proteins as shown in Fig. 1A and B, the nucleoprotein (N) is liable for
viral replication and genome wrapping. On the other hand, the fusion
glycoprotein (F), and attachment glycoprotein (G) plays crucial roles in
facilitating viral attachment and entry into the host cell. The matrix
protein (M) is responsible for virion budding, structural assembly, and
trafficking. The large polymerase (L) and phosphoprotein (P) regulate
the RNA replication machinery. The RNA sequence encoding phospho-
protein (P) also translates three non-structural accessory proteins using
different ORFs namely V-protein, C-protein, and W-protein which play a
pivotal role in immune evasion by suppressing o/ interferon (IFN-a/f)
produced by leukocytes on the viral infection [14-17].

Delving deep into the viral intrusion mechanism inside the host body
as shown in Fig. 2, it has been observed that the entry of the virus inside
the host body takes place through the oronasal route leading to infection
of the host epithelial cells. The viral infection occurs initially through
the attachment of the NiV G-protein to the cellular receptor Ephrin-B2
(alternate receptor Ephrin-B3) [18]. This receptor attachment induced
conformational changes in the G protein which triggers the NiV F-pro-
tein for membrane fusion with the virus envelope mediating the release
of the viral genome into the host cell [19]. The viral replication imme-
diately starts with this attachment, also resulting in secondary replica-
tion in the endothelial cells [15].
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Fig. 2. Nipah virus (NiV) pathogenesis and immune response. 1-2. Entry of virus and primary infection to lungs and tissues which enters to the bloodstream. 3-4.
Infection of endothelial cells followed by release of inflammatory chemokines and cytokines which activates the JAK-STAT pathway in leukocytes along with
activation of B-cell, T-cells, CD4". NK cells, and triggers IgG and IgM. 5. Migration to brain by disruption of blood brain barrier. 6. Apoptosis of neural cells.
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The earlier study with infected endothelial cells showed that NiV
promotes the expression and release of host antiviral proteins which
includes type I interferon (IFN-1) along with inflammatory chemokines
and cytokines. The host cell RNA helicases then act as a cytoplasmic
sensor by identifying the incoming viral RNA and activation of innate
immune response in the form of IFN-1 and several other IFN-induced
antiviral proteins such as oligoadenylate synthetase (OAS1),
Interferon-gamma inducible protein (IP-10) and protein kinase R (PKR)
[20]. NiV infection also upregulates the expression of many
pro-inflammatory cytokines such as interleukin-13 (IL-1p) and tumor

LD50 values for all 30 phytochemicals.

necrosis factor-alpha (TNF-a) for further stimulating the immune re-
actions. The budding virions from primary replication sites are found to
attach themselves to a certain class of circulating leukocytes, the
T-lymphocytes which interestingly act as a passive vehicle but do not get
affected by the virus. Hence, through the hematologic route, the virions
pass into the central nervous system CNS while disrupting the
blood-brain barrier and trans-infecting the neuronal cells of the brain
followed by inflammation with a fatal neurological disorder. The
pro-inflammatory IL-1f and TNF-a contribute to a disproportionate level
of hyper-inflammation which has a role in breaking the integrity of the
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Table 1

List of all phytochemicals and their origins used in this study.
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Phytochemicals PubChem ID Scientific Names Sanskrit Names Chemical Structures
Ajoene 5386591 Allium sativum Rasuna P NN NF
il
a-Bisabolene 5315468 Grindelia hirsutula, -
Grindelia pulchella
N
Apigenin 5280443 Chamaemelum nobile Athreya Herbs
O~
Ascorbic acid 54670067 Solanum lycopersicum Raktamaci o
HO
~
OH
OH
OH
B-Sesquiphellandrene 519764 Zingiber officinale Ardraka ﬂ(\/\(
=
Linoleic acid 5280450 Vigna unguiculata Rajmasha
Cyperene 99856 Cyperus haspan Musta r
Elemol 92138 Xylopia aromatica Sarvasugandhi
/
HO
Eugenol 3314 Syzygium aromaticum Lavanga :
HO
\
Linalool 6549 Lavandula officinalis, Laurus nobilis, and Ocimum basilicum Tejpatra OH
M
Rosmariquinone 160142 Rosmarinus officinalis Rujamari -
Tanshinone I 114917 Salvia miltiorrhiza Lal Bahaman o 9
S
Zingiberene 92776 Zingiber officinale Ardraka

.




B. Debroy et al.

Table 2

Binding energy score of the local docking between five NiV proteins and top 13 phytochemicals using PyRx 0.8

L-polymerase (RdRp) (Modeled)

binding energy

Glycoprotein (3D11) binding energy

AGb* (keal/mol)"

Fusion protein (6TYS) binding energy

AGb? (keal/mol)”

Matrix Protein (Modeled) binding energy

AGb? (keal/mol)”

Nucleoprotein (7NT5)

binding energy

Phytochemicals

AGb* (kcal/mol)”

AGb* (keal/mol)”

Ajoene
a-Bisabolene

—6.6
—-7.9
-5.8
—5.4
-6
—6
-5.8
—-4.8

—6.5

—5.4
—6.9
—4.9

-7.8
—5.2
-5.6

-6.9

Apigenin
Ascorbic acid
B-Sesquiphellandrene

—-4.7

-6.2

Cyperene

—6.2

—5.2
—4.8

Elemol
Eugenol

-5.9
-5.2
—-5.2
—8.1

—4.5

Linalool
Linoleic acid

-5.8

—-4.7

Rosmariquinone

—8.1
-6.1

—8.6

—6.3

-7.3

Tanshinone I

-4.9

Zingiberene

# AGb - Binding free energy.

b (kcal/mol) — kilocalorie per mole.
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blood-brain barrier [2]. The perivascular infiltration of lymphocytes,
neutrophils, and plasma cells results in brain lesions and inclusions like
scattered necrotic neurons, gliosis, and neuronal degeneration. It results
in cerebral vasculitis and cerebral hemorrhage with fatal consequences.
Though the inflammation induced by the infiltration of neutrophils is
beneficial for controlling virus replication, hyper-inflammation from
excessive neutrophil activation could lead to undesirable tissue damage
and can be one of the possible causes of death due to encephalitis [15].

The NiV infects the human endothelial cells of the inner lining of the
blood vessels, lymph vessels, etc. initiating innate immune responses in
the host body. The host body efficiently counteracts the viral pathoge-
nicity via IFN response followed by the Janus Kinase (JAK)/Signal
Transducer and Activator of Transcription (STAT) pathway. However,
the NiV P-gene encoded V, C, and W proteins have been found to interact
with the host STAT proteins STAT 1, STAT 2, STAT 4, and STAT 5 thus
inhibiting their phosphorylation through the JAK/STAT pathway. The
V-protein has also been found to interact with the melanoma
differentiation-associated protein 5 (MDAS), an antiviral activator that
accounts for the generation of IFN. The interaction with MDA5 modu-
lates the suppression of IFN activation by the V-protein of NiV. Thus,
these proteins have an important role in the immune evasion mechanism
of NiV and its pathogenicity [21,22]. The medical counter measures
against NiV are mainly focused on the NiV F and G proteins, as these are
attractive targets for neutralizing antibodies that induce immunoge-
nicity in the host cell. It is postulated that the elicited antibodies target
the NiV receptor binding protein head domains, thus competing with the
binding of NiV-G with the Ephrin-B2 and -B3 for receptor engagement
and inhibiting viral entry [15,23,24]. The recognition of the viral par-
ticles in the infected endothelial cells produces IFN-$ as well as innate
chemokines that attract activated T-lymphocytes, whereas IL-6 is a
cytokine that stimulates acute phase proteins and acts as inflammatory
molecules. The serum samples collected from the infected patients show
the presence of innumerable IgM antibodies as early as four days after
exposure and the presence of IgG in patients following infection in-
dicates both B-cell and CD4" T-cell responses are elicited in response to
the virus infection. Hence NiV has been found to activate both innate
and adaptive immune systems. However, its role in modifying the im-
mune system allows a low level of viral replication while evading the
immune response [25].

With the repeated occurrence of NiV outbreaks, it is important to
look for new targeted therapeutic alternatives. Currently, there have
been very limited therapeutic interventions or preventive vaccines
approved by the Food and Drug Administration (FDA) for the treatment
of NiV disease in humans. The NiV strain circulating in Bangladesh and
India is different from the Malaysian strain and has a genome longer
than six nucleotides with greater potency. Some of the common drugs
that have been administered in the treatment of the disease include
Ribavirin, and Flavipiravir with some side effects [26].

Here in this study, we screened potent phytochemicals with a
probable inhibitory role in the replication and spread of NiV. Screening
of phytochemicals was performed to evaluate the toxicity levels among
thirty chosen phytochemicals. Molecular docking analysis was
employed against five major proteins of NiV for their binding potential
with thirteen phytochemicals screened from toxicity analysis. The local
and global docking studies screened various phytochemicals for their
interaction with the probable active sites of the NiV proteins to alter
their activities. Molecular dynamics studies were also conducted to
confirm the stability, flexibility, and conformational changes upon
complex formation.

2. Materials and methods
2.1. Hardware and software

The hardware system that has been used for this investigation, mo-
lecular optimization, and molecular docking studies included a
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Fig. 4. Molecular docking studies (local docking) of NiV nucleoprotein (7NT5) with top three phytochemicals using PyRx 0.8. A. Surface electro-potential study
using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Tanshinone I with NiV nucleoprotein produced in Pymol.
B. 2-D interaction of docking poses between the NiV nucleoprotein and Tanshinone I represented using Biovia Discovery Studio. C. Surface electro-potential study
using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Rosmariquinone with NiV nucleoprotein produced in
Pymol. D. 2-D interaction of docking poses between the NiV nucleoprotein and Rosmariquinone represented using Biovia Discovery Studio. E. Surface electro-
potential study using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Apigenin with NiV nucleoprotein pro-
(Euced in Pymol. F. 2-D interaction of docking poses between the NiV nucleoprotein and Apigenin represented using Biovia Discovery Studio.

Computer with AMD Ryzen 5, Radeon Vega Mobile GFx 2.10 GHz, and
Windows 10 operating system, RAM 8 GB. The software used in this in-
silico investigation were PyRx 0.8 [27], Pymol V2.5 (https://pymol.
org/2/), Open Babel [28], and Biovia Discovery Studio 2020
(https://www.3ds.com/).

2.2. Retrieval of protein structures and phytochemicals

The 3D structure of the three proteins of the NiV; the G-Attachment
Protein (PDB ID: 3D11), the Nucleocapsid Protein (PDB ID: 7NT5), and
the Fusion glycoprotein (PDB ID: 6TYS) were obtained from the Protein
Data Bank (PDB) at the RCSB site (http://www.rcsb.org) in PDB format.
Due to the absence of the protein structures of Matrix protein and RNA-
Dependent RNA-Polymerase (RdRp), the homology modeling for both
the proteins was performed using Robetta (https://robetta.bakerlab.
org/) and Swiss model (https://swissmodel.expasy.org/) web server,
respectively.

A small library of thirty naturally available approved herbal in-
hibitors i.e., phytochemicals was used in this study to screen potential
inhibitors against NiV proteins. The selected ligands were; 6-Paradol
(PubChem ID: 94378), cis-6-Shagaol (PubChem ID: 12315512), Ajoene
(PubChem ID: 5386591), Aloe-emodin (PubChem ID: 10207), Apigenin
(PubChem ID: 5280443), Ascorbic acid (PubChem ID: 54670067), Bai-
calein (PubChem ID: 5281605), Carvacrol (PubChem ID: 10364), Cin-
namaldehyde (PubChem ID: 637511), Costunolide (PubChem ID:
5281437), Cuminaldehyde (PubChem ID: 326), Cyperene (PubChem ID:
99856), Dihydrotanshinone I (PubChem ID: 11425923), Elemol (Pub-
Chem ID: 92138), Emodin (PubChem ID: 3220), Eugenol (PubChem ID:
3314), Gallic acid (PubChem ID: 370), Geranial (Pubcem ID: 638011),
Indigo (PubChem ID: 10215), Leptodactylone (PubChem ID: 442134),
Linalool (PubChem ID: 6549), Linoleic acid (PubChem ID: 5280450),
Piperlonguminine (PubChem ID: 5320621), Rosmariquinone (PubChem
ID: 160142), a-Bisabolene (PubChem ID: 5315468), B-Sesquiphellan-
drene (PubChem ID: 519764), Tanshinone I (PubChem ID: 114917),
Vasicine (PubChem ID: 667496), Vasicinone (PubChem ID: 10242) and
Zingiberene (PubChem ID: 92776). All these thirty phytochemicals were
retrieved from the NCBI PubChem database (https://PubChem.ncbi.nlm
.nih.gov/) in .sdf format, and then, they were converted into .pdb file
format using OpenBabel software (http://openbabel.org).

2.3. Homology modeling

To perform the homology modeling of the NiV matrix protein and
RNA-Dependent RNA-Polymerase (RdRp), the FASTA sequences were
retrieved from UniProt with UniProtKB IDs Q9IK90 and Q997FO,
respectively. To obtain the template sequences against the matrix pro-
tein and RdRp, we perform a BLASTp search using the retrieved se-
quences. The template sequences of both proteins were identified based
on the highest sequence similarity and percentage identity with the
target proteins. To develop a 3D structure model of NiV matrix protein
and RNA-dependent RNA polymerase (RdRp), the matrix protein of
Hendra henipavirus (PDB ID: 6BK6) and large polymerase of para-
influenza virus-5 (PDB ID: 6V85) were used as the template sequences,
respectively. The homology modeling of these two proteins was per-
formed using the Swiss Model (https://swissmodel.expasy.org/) [29]
and Robetta (https://robetta.bakerlab.org/) [30,31] webserver,

respectively. Additionally, a crystal structure of the NiV matrix protein
(PDB ID: 7SKT) was recently published while our study was being
conducted [32]. Therefore, we superimposed both the model and crystal
structure and also performed a multiple sequence alignment using
CLUSTAL Omega 1.2.4 to validate our modeled structure as shown in
Supplementary Fig. 4 [33].

2.4. Validation of protein structure

To validate the generated 3D model of the protein structures, the
Ramachandran Plot was examined using the PROCHECK program in the
SAVES v6.0 web server (https://saves.mbi.ucla.edu/) as shown in Sup-
plementary Fig. 1A and 1B respectively.

2.5. Identification of binding sites

To identify the active site residues of the NiV nucleoprotein (PDB ID:
7NT5), fusion protein (PDB ID: 6TYS), and glycoprotein (3D11), we
referred to relevant literature [34-36]. For the 3D model structures of
the NiV matrix protein and RdRp, we used the CASTp 3.0 web server
(http://sts.bioe.uic.edu/castp/index.html?3trg) to predict the active
site residues [37].

2.6. Toxicity prediction of the phytochemicals

The toxicity of all thirty phytoconstituents was predicted using
ProTox-1I (https://tox-new.charite.de/protox_II/index.php?site=compo
und_input) web server and screened based on their LD50 value with a
cutoff value to 1600 mg/kg [38].

2.7. Preparation of protein and phytochemicals for molecular docking
studies

To prepare all NiV protein structures for molecular docking, all the
PDBs were edited by removing water molecules, and heteroatoms using
Pymol (https://pymol.org/2/). The prepared protein structures were
then converted to Protein Data Bank, Partial Charge (Q), & Atom Type
(T) (PDBQT) format using AutoDock wizard in PyRx 0.8 software.
Similarly, all the ligand structure files were prepared for docking using
AutoDock wizard in PyRx 0.8 software. Energy minimization was per-
formed using Universal Force Field (UFF) [39], and then, converted to
Protein Data Bank, Partial Charge (Q), & Atom Type (T) (PDBQT) format
using AutoDock wizard in PyRx 0.8 software.

2.8. Generation of the grid box

To generate the grid box for selecting the active site residues of the
targeted proteins for binding of the ligands accurately with thermody-
namic optimal energy, a three-dimensional square grid box with di-
mensions (Angstrom) of X = 25.0, Y = 25.0, and Z = 25.0 coordinates
was generated in PyRx 0.8 software.

2.9. Molecular docking study

To perform molecular docking studies, all the prepared protein
structures were docked with the screened phytochemicals using PyRx
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Fig. 5. Molecular docking studies (local docking) of NiV matrix protein (modeled) with top three phytochemicals using PyRx 0.8. A. Surface electro-potential study
using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Tanshinone I with NiV matrix protein produced in Pymol.
B. 2-D interaction of docking poses between the NiV matrix protein and Tanshinone I represented using Biovia Discovery Studio. C. Surface electro-potential study
using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Apigenin with NiV matrix protein produced in Pymol. D.
2-D interaction of docking poses between the NiV matrix protein and Apigenin represented using Biovia Discovery Studio. E. Surface electro-potential study using
Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Rosmariquinone with NiV matrix protein produced in Pymol.
E. 2-D interaction of docking poses between the NiV matrix protein and Rosmariquinone represented using Biovia Discovery Studio.

0.8. The exhaustiveness parameter was set to 8, for which 9 models were
generated for each ligand. Based on the binding affinity score and the
lowest Root Mean Square Deviation (RMSD) value, the best ligand was
chosen for further investigation.

2.10. Bioactivity, drug-likeness, and ADMET properties

To validate the bioactivity, drug-likeness, and ADMET properties for
all the selected phytochemicals, molinspiration (https://www.
molinspiration.com/), SwissADME (http://www.swissadme.ch/) and
admetSAR2.0 (http://Immd.ecust.edu.cn/admetsar2) web server were
used, respectively [40,41].

2.11. Molecular dynamics simulation

To determine the binding stability, conformation, and interaction
modes between the selected phytochemicals (Tanshinone I) and recep-
tor surface glycoprotein (PDB ID: 3D11), molecular dynamics (MD)
simulation was performed for 50ns using the GROMACS simulation
package through the online server WebGRO for Macromolecular Simu-
lations (https://simlab.uams.edu/). In this simulation run, the complex
structure was solvated in a triclinic box with a simple point charge (SPC)
water model. The other parameters for the system preparation of this
complex were as previously described [42].

On the other hand, simulations of protein-ligand complexes
including nucleoprotein (PDB ID: 7NT5) in complex with Tanshinone I,
fusion protein (PDB ID: 6TYS) in complex with Tanshinone I, Matrix
protein in complex with Tanshinone I, and RdRp in complex with Ros-
mariquinone, were performed for 10 ns using the CABS Flex 2.0 server
(http://biocomp.chem.uw.edu.pl/CABSflex2/) [43]. The parameters for
the system preparation of these complexes were as previously described
[44]. These parameters allowed us to analyze the conformational sta-
bility of the protein-ligand complex.

3. Result

3.1. Identification, construction, and validation of modeled protein
structure

To generate a 3D structural model of the matrix and RdRp protein of
the NiV, we retrieved the amino acid sequences from UniProt with
UniProtKB IDs Q9IK90 and Q997F0. The suitable template sequences for
matrix protein and RdRp of NiV were identified using the NCBI BLASTp
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) program.

Upon BLAST search, the matrix protein of Hendra henipavirus (PDB
ID: 6BK6) and the RdRp (PDB ID: 6V85) were identified as the template
sequences having the highest sequence similarity and percentage iden-
tity. To build a 3D structure model of the matrix protein, the Robetta
web server based on the RoseTTAFold algorithm was used [31], while
for RdRp, the Swiss Model web server was used [29]. The 3D structure
for both the modeled matrix protein and RdRp is shown in Supple-
mentary Fig. 1A and C, respectively. To examine the Ramachandran plot
and validate the ¢ and y angles of these modeled protein structures, the
PROCHECK program was used in the SAVES v6.0 web server [45], as
shown in Supplementary Fig. 1B and D.

3.2. Prediction of toxicity for all the selected phytochemicals used in this
study

Based on previous studies [46,47], we have chosen thirty phyto-
chemicals for our study. To assess their toxicity and LD50 (lethal dose
50) predictions, we used ProTox-II web server. The predicted LD50
values for these phytochemicals revealed a wide range of variation from
290 mg/kg to 10,000 mg/kg. Generally, lower LD50 values indicate that
substances are dangerous at lower concentrations [48]. For this study,
we have set a cut-off value and excluded the phytochemicals with lower
LD50 values below 1600 mg/kg. Fig. 3 represents the LD50 values for all
thirty selected phytochemicals. Upon further investigation of the LD50
values, we have identified thirteen phytochemicals — Ajoene, Apigenin,
a-Bisabolene, Ascorbic acid, 3-Sesquiphellandrene, Cyperene, Elemol,
Eugenol, Linalool, Linoleic acid, Rosmariquinone, Tanshinone I, and
Zingiberene as non-immunotoxin, non-carcinogenic, non-cytotoxic and
non-hepatotoxic to mammalian cells. Conversely, the remaining phy-
tochemicals were determined to be toxic. Based on these criteria, we
have selectively chosen these thirteen phytochemicals for our docking
study against the five selected NiV proteins. The list of all the identified
thirteen phytochemicals is represented in Table 1.

3.3. Molecular docking studies of all the NiV proteins with potential
phytochemicals

Our study aimed to identify ayurvedic compounds with drug-like
properties as potential alternative therapeutics for NiV. After toxicity
analysis, we identified thirteen phytochemicals for our docking studies
based on LD50 values. To identify active sites for the NiV nucleoprotein
(PDB ID: 7NT5), fusion protein (PDB ID: 6TYS), and glycoprotein (3D11)
[34-36], we referred to relevant literature. The active site residues for
the modeled matrix protein and RdRp, CASTp 3.0 web server were used
[37]. We performed both local and global docking studies to evaluate
the binding affinity of the phytochemicals against five NiV proteins. In
our global docking study, we observed that it yielded slightly higher
binding affinity values tabulated in Supplementary Table 1, but the
phytochemicals did not bind to the target protein’s active site. Conse-
quently, we excluded the binding affinity values obtained from global
docking in our final analysis. The binding interaction of global docking
studies between the five NiV and selected phytoconstituents are repre-
sented in Supplementary Fig. 2. The binding energy values for the local
docking are tabulated in Table 2. Upon performing the molecular
docking studies, we identified three promising candidates: Apigenin,
Rosmariquinone, and Tanshinone I. These compounds exhibited favor-
able binding affinities, indicating their potential as therapeutic agents
against NiV.

3.3.1. Interaction of NiV nucleoprotein with Tanshinone I,
Rosmariquinone, and Apigenin as a potential drug target

Tanshinone I, Rosmariquinone, and Apigenin demonstrated binding
energy scores of —7.3 kcal/mol, —7.0 kcal/mol, and —6.9 kcal/mol,
respectively, indicating their potential as drug candidates. These com-
pounds are specifically bound to an electropositive pocket characterized
by the presence of positively charged residues, such as Arg352 and
Arg272. Tanshinone I formed a hydrogen bond with Arg352 and
engaged in additional hydrophobic interactions with Ala323, Pro324,
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Fig. 6. Molecular docking studies (local docking) of NiV fusion protein (6TYS) with top three phytochemicals using PyRx 0.8. A. Surface electro-potential study
using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Tanshinone I with NiV fusion protein produced in Pymol.
B. 2-D interaction of docking poses between the NiV fusion protein and Tanshinone I represented using Biovia Discovery Studio. C. Surface electro-potential study
using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Rosmariquinone with NiV fusion protein produced in
Pymol. D. 2-D interaction of docking poses between the NiV fusion protein and Rosmariquinone represented using Biovia Discovery Studio. E. Surface electro-
potential study using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Apigenin with NiV fusion protein
Eroduced in Pymol. F. 2-D interaction of docking poses between the NiV fusion protein and Apigenin represented using Biovia Discovery Studio.

Leu348, and Trp331, as depicted in Fig. 4A and B. Similarly, Rosmar-
iquinone formed hydrophobic interactions with Alal82, Ala265,
Pro324, and Trp331, as illustrated in Fig. 4C and D. Apigenin formed
three hydrogen bonds with Gly263, Met264, and Ala265, as shown in
Fig. 4E and F. These findings suggest the potential of these compounds as
promising drug targets.

3.3.2. Interaction of NiV matrix protein with Tanshinone I,
Rosmariquinone, and Apigenin as a potential drug target

Among the three compounds, Tanshinone I exhibited the highest
binding energy with a score of —9.0 kcal/mol. It formed a hydrogen
bond with Tyr187 and engaged in several hydrophobic interactions with
Pro52, Leul81, Ile186, and Ile271, as shown in Fig. 5A and B. Apigenin
demonstrated a binding energy score of —8.6 kcal/mol, establishing
three significant hydrogen bonds with Arg197, His238, and Ser330, and
three hydrophobic interactions involving Ala203, Pro329, and Phe335,
as depicted in Fig. 5C and D. Similarly, Rosmariquinone displayed a
favorable binding energy score of —8.0 kcal/mol, forming a hydrogen
bond with Tyrl187 and three hydrophobic interactions with Pro52,
Leul81, and Ile186, as depicted in Fig. 5E and F. These findings high-
light the strong binding affinity and potential of these compounds as
promising drug candidates.

3.3.3. Interaction of NiV fusion protein with Tanshinone I,
Rosmariquinone, and Apigenin as a potential drug target

Tanshinone I demonstrated specific binding to an electropositive
pocket with a binding energy score of —8.6 kcal/mol. Its binding was
facilitated by one hydrogen bond interaction with Thr250 and two hy-
drophobic interactions with Leu256 and Phe282, as depicted in Fig. 6A
and B. Similarly, Rosmariquinone exhibited a favorable binding energy
score of —8.1 kcal/mol and engaged in three hydrophobic interactions
with Leu256, Phe282, and Leu285, as illustrated in Fig. 6C and D.
Apigenin displayed binding energy of —7.8 kcal/mol and bound to an
electronegative pocket which was facilitated by the presence of Asp177.
The interaction between Apigenin and the targeted fusion protein
involved one hydrogen bond interaction with Thr137, one pi-bond
interaction with Aspl77, and two hydrophobic interactions with
Leu201 and Gly236, as represented in Fig. 6E and F. These findings
highlight the specific molecular interactions that contribute to the
strong binding of these compounds, indicating their potential as thera-
peutic agents against the target protein.

3.3.4. Interaction of NiV glycoprotein with Tanshinone I, Rosmariquinone,
and Apigenin as a potential drug target

Tanshinone I, Rosmariquinone, and Apigenin demonstrated signifi-
cant binding energy scores of —8.9 kcal/mol, —8.5 kcal/mol, and —8.0
kcal/mol, respectively. Interestingly, all three compounds interacted
with the same electropositive pocket, which plays a crucial role in the
interaction with the Ephrin-B2 receptor during the viral intrusion, as
shown in Fig. 7. Tanshinone I and Rosmariquinone both formed an
identical hydrogen bond interaction with the residue His281 and
engaged in multiple hydrophobic interactions with Pro353, Pro441,
Phe458, and Val507, as depicted in Fig. 7A-D. In contrast, Apigenin
formed four hydrogen bonds with Cys282, Gly352, Gly506, and Tyr508.
Additionally, it established an electropositive interaction with Lys560
and engaged in hydrophobic interactions with Pro441 and Phe458, as
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illustrated in Fig. 7E and F. These findings highlight the consistent
binding patterns of these compounds to the target pocket, indicating
their potential as therapeutic agents against the viral intrusion mediated
by the Ephrin-B2 receptor.

3.3.5. Interaction of NiV RNA-dependent RNA polymerase with
Rosmariquinone, Tanshinone I, and Apigenin as a potential drug target

Rosmariquinone, Tanshinone I, and Apigenin displayed significant
binding energy scores of —8.3 kcal/mol, —8.1 kcal/mol, and —7.9 kcal/
mol, respectively. Notably, these three phytochemicals bind to the same
electropositive pocket. Rosmariquinone formed a hydrogen bond with
His184 and engaged in multiple hydrophobic interactions with Phe6,
Alall4, Ile116, Alal25, and Phel77, as shown in Fig. 8A and B. Tan-
shinone I interacted with Lys92 through an electropositive interaction
and formed two hydrophobic interactions with Phe39 and Phe40, as
depicted in Fig. 8C and D. Apigenin, on the other hand, exhibited a
binding energy score of —7.9 kcal/mol and targeted an electropositive
pocket, interacting with Arg232, Arg294, and Arg294. It formed two
hydrogen bonds with Arg232 and Arg289, a pi-bond with Glu227, and
three hydrophobic interactions with Ala223, Phe296, and Val297, as
illustrated in Fig. 8E and F. These findings highlight the binding char-
acteristics of these compounds to the electropositive pocket, indicating
their potential as therapeutic agents.

Overall, the molecular docking study revealed three promising Ay-
urvedic drugs namely Apigenin, Rosmariquinone, and Tanshinone I,
derived from Chamaemelum nobile, Rosmarinus officinalis, and Salvia
miltiorrhiza, respectively, which have the potential to serve as thera-
peutic agents against NiV. The binding affinity values for all the selected
thirteen phytochemicals are represented as a bar chart in Fig. 9A-E.

3.4. Prediction of bioactivity, drug-likeness, and ADMET
pharmacokinetics properties

To assess the bioactivity of all the selected phytochemicals against
GPCR ligands, ion channel modulators, kinase inhibitors, nuclear re-
ceptor ligands, protease inhibitors, and enzyme inhibitors, we used the
Molinspiration web server [49]. The bioactivity scores obtained for the
phytochemicals ranged from —5.0 to 0.0, indicating their activity levels.
According to the classification criteria, if the bioactivity score is greater
than 0.0, the complex is considered active; if it falls between —5.0 and
0.0, it is moderately active; and if the score is less than —5.0, it is
considered inactive [50,51]. The results presented in Table 3 indicate
that the phytochemicals possess properties required to potentially act as
drugs, as their bioactivity scores are within the desired range.

To evaluate the drug-likeness properties of the selected phyto-
chemicals, we analyzed their pharmacodynamic properties using the
SwissADME web server [40]. The assessment included Lipinski’s rule of
5, which considers parameters such as molecular weight (MW),
hydrogen bond acceptor, and donors, topological polar surface area
(TPSA), and lipophilicity. As shown in Table 4, none of the compounds
violated Lipinski’s rule of 5. Additionally, their molecular weight,
hydrogen bond acceptor, and donors, topological polar surface area
(TPSA), and lipophilicity were within the acceptable range as previously
described [46].

To gain a deeper understanding of how selected phytochemicals
interact within the host system, we analyzed their pharmacokinetics
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Fig. 7. Molecular docking studies (local docking) of NiV glycoprotein (3D11) with top three phytochemicals using PyRx 0.8. A. Surface electro-potential study using
Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Tanshinone I with NiV glycoprotein produced in Pymol. B. 2-D
interaction of docking poses between the NiV glycoprotein and Tanshinone I represented using Biovia Discovery Studio. C. Surface electro-potential study using
Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Rosmariquinone with NiV glycoprotein produced in Pymol. D.
2-D interaction of docking poses between the NiV glycoprotein and Rosmariquinone represented using Biovia Discovery Studio. E. Surface electro-potential study
using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Apigenin with NiV glycoprotein produced in Pymol. F. 2-
]3 interaction of docking poses between the NiV glycoprotein and Apigenin represented using Biovia Discovery Studio.

properties using the admetSAR2.0 web server [41]. The pharmacoki-
netics properties of the selected phytochemicals are summarized in
Table 5. The result indicated that Apigenin, Rosmariquinone, and Tan-
shinone I exhibited high gastrointestinal (GI) absorption, after the oral
uptake in the gastrointestinal tract. In addition, these compounds
exhibited good Caco-2 and water solubility. However, Apigenin and
Tanshinone I have shown poor human oral bioavailability. In the dis-
tribution of drugs, both Rosmariquinone and Tanshinone I have good
blood-brain barrier permeability except Apigenin. Furthermore, the
phytochemicals are also predicted to be non-substrates or non-inhibitors
of P-glycoprotein (ABCB1) and renal organic cationic transporter
(OCT2), indicating their potential to the efflux of xenobiotics from cells.
Drug metabolism analysis suggested that all three phytochemicals are
predicted as either non-substrates or non-inhibitors of CYP1A2,
CYP2D6, CYP2C9, CYP2C19, and CYP3A4 enzymes. Further, carcino-
genicity analysis revealed no carcinogenic effects for all the compounds,
while these compounds were found to be hepatotoxic. The receptor
binding analysis has shown significant binding of Apigenin, Rosmar-
iquinone, and Tanshinone I to cellular receptors such as estrogen re-
ceptor, androgen receptor, thyroid receptor, glucocorticoid receptor,
aromatase, and PPAR gamma receptors as shown in Table 5.

3.5. Molecular dynamics simulation studies

To investigate the conformation changes and stability of the protein-
ligand complex, we performed molecular dynamics (MD) simulation
using the WebGro online server. A 50 ns molecular dynamics simulation
was performed for both the apo state (surface glycoprotein; PDB ID:
3D11) and the bound state (3D11-Tanshinone I complex). To assess the
protein stability and fluctuations of the complex, MD trajectory analysis
was performed. The Root Mean Square Deviation (RMSD), Root Mean
Square Fluctuation (RMSD), Radius of gyration (Rg), and Solvent
Accessible Surface Area (SASA) of receptor atoms were calculated from
the MD trajectory analysis. RMSD which measures the deviation of the
protein backbone atoms was plotted against time to observe variations
in structural conformation. Initially, the 3D11-Tanshinone I complex
exhibited variations in RMSD between 0.1 and 0.3 nm until around
10-12 ns. However, a stable conformation was achieved between 15 and
20 ns with no significant deviations in the RMSD values as shown in
Fig. 10A. This signifies that the protein-ligand complex underwent
conformational changes and remained stable throughout the simulation
run. RMSF, on the other hand, is another key parameter that provides
insights into the protein stability and flexibility of the complex by
analyzing the behavior of amino acid residues upon ligand binding. The
RMSF values for Ca atoms of the protein residues were calculated and
plotted against the residue numbers as shown in Fig. 10B. This obser-
vation indicates that the complex underwent structural changes
throughout the process. During the simulation, the interaction between
3D11 and Tanshinone I resulted in minimal fluctuations. Specifically,
certain residues Lys192, Arg242; Ser325, Thr583, and Ala603 exhibited
limited variations, indicating a more restricted conformation when the
ligand was present. Further, the Rg of this complex was also analyzed
which is one of the important criteria that represents overall change in
the protein structure compactness and its dimensions during the simu-
lations. Higher Rg values characterize the protein as less compact and
flexible, while low values depict high compactness and rigidity. The Rg

13

values of backbone atoms of protein were plotted against time to
examine the changes in structural compactness as shown in Fig. 10C.
The binding of Tanshinone I resulted in a decrease in the backbone Rg
values during the initial 2-4 ns of the simulation. Subsequently, from 10
to 45 ns, there were no significant changes in the fluctuations, and the
Rg value remained relatively constant at approximately 2.05 nm. To-
wards the end of the simulation, the Rg values continued to remain
within the range of 2.04-2.06 nm. Overall, the analysis indicates that
the trajectory exhibited a stable pattern, demonstrating the stability of
the protein in the complex. Moreover, analysis of SASA for 3D11-Tanshi-
none I complex was also implemented to examine the extent of exposure
of receptors to the surrounding solvent molecules during simulation
[41]. The changes in the surface area of the protein were estimated by
plotting the SASA values against time. Apart from a few time intervals,
minimal fluctuations were observed throughout the entire simulation
period. The average SASA value was approximately 157 nm? and
remained within the range of 160-175 nm? as shown in Fig. 10D.

Additionally, a 10 ns molecular dynamics simulation was performed
using CABS-flex 2.0 to calculate the RMSF values for the other com-
plexes, including the nucleoprotein (PDB ID: 7NT5) complex-
Tanshinone I, the matrix protein-Tanshinone I, the fusion protein
(PDB ID: 6TYS)-Tanshinone I, and the large polymerase (RdRp)-Ros-
mariquinone, as shown in Fig. 11A-D. During the simulation run, the
amino acid residues within each complex showed minimal to low fluc-
tuations. Specifically, when Tanshinone I was bound to NiV nucleo-
protein (7NT5) and matrix protein (modeled), it exhibited minimal
fluctuation values, emphasizing the significant residues Asp119, Ser139,
Asn351, and Asnl36, Gln222, Lys248, respectively. Similarly, Tan-
shinone I was bound to fusion protein (6TYS) also revealed low fluctu-
ations, highlighting the residues Val752 and Tyr852. In the large
polymerase (RdRp)-Rosmariquinone complex, the amino acid residues
Cys58, Asp755, and Glu1049 displayed consistently low levels of fluc-
tuation throughout the simulation run. Therefore, these results revealed
that the binding of the ligands had no significant effect on the flexibility
of the proteins in these complexes.

4. Discussion

In this work, we have explored the potential use of Ayurvedic ther-
apy in the treatment and prevention of NiV by constant immune pro-
tection (anahata chakra) against the six common stages of the disease
Sanchaya (accumulation), Prakopa (aggravation), Prasara (dissemina-
tion), Sthana Samshraya (re-localization) and Bheda (manifestation).
Being surface-expressed NiV glycoprotein (NiV-G) and NiV fusion pro-
tein (NiV-F) are the key sites for entry into the host cell and activation of
the primary immune response while other proteins participate in im-
mune evasion and replication of the virus.

Here in this study, we employed both local and global docking
studies to identify the best binding scores against the selected phyto-
constituents. However, the major goal was to preferentially block the
key active site residues responsible for causing the infection and thereby
disrupt the structure-function relationship of the protein. Among the
other NiV proteins, NiV-G and NiV-F proteins were found to have the
highest binding affinity with a binding energy score of 8.9 kcal/mol and
8.6 kcal/mol respectively, mediated by several hydrophobic interactions
with the Tanshinone I. Interestingly, they also showed a favorable
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Fig. 8. Molecular docking studies (local docking) of NiV large polymerase (RdRp) (modeled) with top three phytochemicals using PyRx 0.8. A. Surface electro-
potential study using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Tanshinone I with NiV large polymerase
(RdRp) produced in Pymol. B. 2-D interaction of docking poses between the NiV large polymerase (RdRp) and Tanshinone I represented using Biovia Discovery
Studio. C. Surface electro-potential study using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the potential binding pocket of Rosmar-
iquinone with NiV large polymerase (RdRp) produced in Pymol. D. 2-D interaction of docking poses between the NiV large polymerase (RdRp) and Rosmariquinone
represented using Biovia Discovery Studio. E. Surface electro-potential study using Adaptive Poisson-Boltzmann Solver (APBS) electrostatics representing the po-
tential binding pocket of Apigenin with NiV large polymerase (RdRp) produced in Pymol. F. 2-D interaction of docking poses between the NiV large polymerase

(RdRp) and Apigenin represented using Biovia Discovery Studio.
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Fig. 9. Bar chart representing the binding energy values (kcal/mol) for all the docked complexes. A. Local docking of NiV nucleoprotein (7NT5) with the sorted 13
phytochemicals. B Local docking of NiV matrix protein (modeled) with the sorted 13 phytochemicals. C. Local docking of NiV fusion protein (6TYS) with the sorted
13 phytochemicals. D. Local docking of NiV glycoprotein (3D11) with the sorted 13 phytochemicals. E. Local docking of NiV large polymerase (RARp) (modeled)

with the sorted 13 phytochemicals.

Table 3
Bioactivity prediction of the three hit compounds.

Phytochemicals GPCR ligand Ton channel modulator Kinase inhibitor Nuclear receptor ligand Protease inhibitor Enzyme inhibitor
Apigenin —0.07 —0.09 0.18 0.34 —0.25 0.26
Rosmariquinone 0.13 0.5 -0.14 0.27 -0.14 0.49
Tanshinone I —0.34 -0.27 —0.09 —0.01 —0.62 —0.08

binding with Rosmariquinone and Apigenin, which dictates that extracts
of these herbal derivatives might have a synergistic effect in inhibiting
the viral entry into the host cell and thus decrease the fatality associated
with this infection. Tanshinone I was found to be the most effective

15

inhibitor against the NiV since it has no cytotoxicity for the mammalian
system and has a strong binding affinity for the NiV-G, NiV-F, nucleo-
protein, matrix protein, and large polymerase. Additionally, in both
local and global docking studies, we discovered that Rosmariquinone
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Drug-likeness properties of the three hit compounds.

Journal of Ayurveda and Integrative Medicine 14 (2023) 100825

Properties Apigenin Rosmariquinone Tanshinone I
Drug-likeness
Molecular Weight (g/mol) 270.24 282.38 276.29
Hydrogen Bond Donor (<5) 3 0 0
Hydrogen Bond Acceptor (<5) 5 2 3
TPSA (<140 A% 90.90 34.14 47.28
log P (<5) 2.58 4.11 4.10
Table 5

Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) analysis of best three hit compounds.

Properties Apigenin Rosmariquinone Tanshinone I
Absorption
Human Intestinal Absorption + + 4
Human oral bioavailability - + -
Caco-2 + + +
Water solubility —2.777 —4.516 —3.387
Distribution
Subcellular localization Mitochondria Mitochondria Mitochondria
Blood Brain Barrier permeability No Yes Yes
Plasma protein binding 1.083 0.973 0.971
P-glycoprotein inhibitor - - -
P-glycoprotein substrate - - _
Metabolism
OATP1B1 inhibitor + + +
OATP1B3 inhibitor + + +
OATP2B1 inhibitor - - _
MATEL1 inhibitor + - _
OCT2 inhibitor - - _
BSEP inhibitor - + +
CYP3A4 substrate - + 4
CYP2C9 substrate - - _
CYP2D6 substrate - - _
CYP3A4 inhibition + - 4
CYP2C9 inhibition + + _
CYP2C19 inhibition + + _
CYP2D6 inhibition - - _
CYP1A2 inhibition + + 4
CYP inhibitory promiscuity + + +
Toxicity
Carcinogenicity - - _
Human Ether-a-go-go-Related Gene inhibition - - _
Hepatotoxicity + + +
Acute Oral Toxicity (c) 0.7012 2.695 1.751
Receptor Binding
Estrogen receptor binding + + +
Androgen receptor binding + + 4
Thyroid receptor binding + + +
Glucocorticoid receptor binding + + +
Aromatase binding + + +
PPAR gamma + + +

(OATP2) - organic anion-transporting polypeptide; (MATE) — multidrug and toxin extrusion; (OCT2) — organic cation transporter 2; (BSEP) — bile salt export pump;
(CYP) - cytochrome P450; (hERG) — Human ether-a-go-go-related Gene; (—) — absence of activity; (4) — presence of activity.

derived from Rosmarinus offiinalis (Rujamari) exhibited a higher binding
energy score of —8.3 kcal/mol and —8.4 kcal/mol, respectively against
NiV L polymerase (RdRp) as shown in Supplementary Table 2. To further
investigate the effectiveness of Rosmariquinone, we conducted a
comparative analysis by allowing the RdRp to dock both locally and
globally against Remdesivir, a commercially available FDA-approved
antiviral drug known for its specificity against RdRp [52]. However,
Remdesivir showed a significantly lower binding energy score of —7.3
kcal/mol and —7.1 kcal/mol, respectively in both local and global
docking studies. But interestingly, we found both Rosmariquinone and
Remdesivir bind to the same pocket of the large polymerase (RdRp) of
NiV in our global docking studies as shown in Supplementary Fig. 3. This
finding led us to revisit the Covid pandemic in 2019 and the Ebola
Pandemic of 2014, where Remdesivir turned out to be a very effective
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drug with a remarkable success rate [53,54]. But the meta-analysis of
randomized trials shows severe side effects of Remdesivir like fever,
back pain, higher heartbeat, cough, and chest tightness [55]. Therefore,
our study revealed that Rosmariquinone derived as oil from Rosmarinus
offiinalis (Rujamari) might be an effective herbal bioactive alternative to
Remdesivir. According to pharmacokinetics and pharmacodynamics
studies, Tanshinone I and Rosmariquinone showed high gastrointestinal
(GI) absorption, good Caco-2, water solubility, and blood-brain barrier
permeability. Taken together these findings suggest both Tanshinone I
and Rosmariquinone have significant binding affinities for their
respective target protein and are also bioavailable.

Molecular dynamics simulation studies also revealed the stability of
NiV Glycoprotein-Tanshinone I complex, and protein conformational
changes associated with this interaction, which might alter the virus
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attachment with the Ephrin-B2 receptor on the surface of the host cell.
This finding suggests that Tanshinone I, a diterpenoid compound
derived from Salvia miltiorrhiza (Lal Bahaman) can be used as an entry-
inhibitor against NiV-G and NiV-F proteins which could efficiently stop
the viral entry into the host cell and thereby, prevent hyperinflammation
and tissue damage [56,57]. Tanshinone I has also demonstrated its
effectiveness as an antiviral agent against coronaviruses [58]. Further-
more, the analysis of RMSF plots for NiV-G and other NiV proteins bound
to Rosmariquinone, a diterpene derived from Rosmarinus officinalis
(Rujamari), and Apigenin, a trihydroxy flavone derived from Chamae-
melum nobile (Athreya Herbs), revealed minimal fluctuations during the
simulation run. This suggests that the selected phytoconstituents have a
limited or no major impact on the flexibility of the target proteins.
Additionally, Apigenin has shown significant properties such as
inducing autophagy in leukemia cells and acting as a metabolite and
antineoplastic agent which could also be a potent herbal inhibitor
against NiV [59,60].

Therefore, we conclude that Tanshinone I, Rosmariquinone, and
Apigenin are important phytoconstituents that together can block the
majority of NiV proteins. Moreover, their synergistic effect when used
together, might be a potent Ayurvedic alternative to currently available
antiviral synthetic drugs [61,62]. Our findings could potentially help
develop a novel therapeutic formulation against common viral diseases,
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thereby preventing any potential pandemic situations. This approach
builds upon the traditional knowledge encapsulated in ancient Ayur-
vedic compositions like Siddha “Kabasura Kudineer” and “Panchgavya”,
which have already demonstrated their efficacy in the field of medical
science [61,62].

5. Conclusion

The prevalence of NiV infections has had a significant impact on
densely populated regions worldwide, particularly in South Asian
countries like India, reporting the highest number of cases. Based on an
analysis of the virus’s pathophysiology, this study has identified Tan-
shinone I, Rosmariquinone, and Apigenin as potential agents of an
Ayurveda-based Rasayana formulation. This formulation aims to target
viral entry and replication by inhibiting the function of NiV-G and NiV-F
proteins, as well as the large polymerase (RdRp), which plays a crucial
role in immune modulation and evasion within the host cell. To achieve
continuous and long-term immunity against NiV, this study focuses on
creating a mahaushadhi, a composite medicine, using the churna
(powder) of these three plant-derived small molecules and combining it
with an appropriate diet (ahara). However, it is crucial to further assess
the efficacy of this approach through cell-based experiments, organoid
models, and eventually clinical trials.
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