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Abstract

Nipah virus (NiV) is a highly pathogenic zoonotic virus that has caused several outbreaks with high fatality rates in humans
and animals, thus, requiring a “One Health” approach. No specific treatment or vaccine is available for NiV infection,
making the development of effective antiviral agents against this virus a critical research priority. In recent years, significant
efforts have been made to identify and develop antiviral agents targeting the various stages of NiV pathogenesis. This
review comprehensively discusses current research on antiviral agents against NiV. The promising results obtained with
several compounds, including repurposed drugs, nucleoside analogs, phytochemicals, and multi-target inhibitors, are also
highlighted. Developing effective antiviral agents against NiV remains a major challenge; however, recent advances in
understanding the mechanisms of NiV pathogenesis and identifying potential targets for antiviral agents have provided hope
for the future. Further research is required to identify and optimize antiviral agents with broad-spectrum activity against NiV

and other related viruses.
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Introduction

Nipah virus (NiV) is a zoonotic pathogen requir-
ing a “One Health” approach in which multiple sectors
coordinate and work together to protect global public
health. Nipah virus belongs to the genus Henipavirus
within the family Paramyxoviridae [1]. The virus
was first identified during an outbreak of respiratory
and neurological diseases in pigs and, subsequently,
encephalitis in humans in Malaysia and Singapore in
1998-1999 [2]. Although the outbreak was initially
attributed to the Japanese B encephalitis virus (JEV)
because of its association with infected pigs and JEV-
specific immunoglobulin M in patient sera, further
investigations have revealed that a paramyxovirus
is the causative agent. The virus was named Nipah,
where it was first isolated [3]. Nipah virus is closely
related to Hendra virus (HeV), and its genome shares
80% sequence identity [4]. These two viruses were
subsequently classified into the Henipavirus genus,
which also includes other related viruses, such as the
Cedar virus [5], Ghanaian bat virus [6], and Mojiang
virus [7].

Following the first report of a NiV outbreak in
Malaysia in 1998, there have been sporadic reports of
NiV outbreaks in various Asian countries, including
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Singapore, the Philippines, Bangladesh, and India [8]
(Table-1). Given its potential for pandemics, high
pathogenicity, and ability to infect a broad range of
mammalian species, NiV is a significant public health
concern. Between 1998 and 2018, over 600 human
cases of NiV infection were reported, with mortality
rates of 39.6% in Malaysia and 25%—-100% in India
and Bangladesh [9].

Nipah virus is classified as a biosafety level 4
pathogen because of its high case fatality rate follow-
ing infection and the lack of effective therapeutics or
vaccines [10]. Despite the use of ribavirin as a first-
line treatment for acute NiV encephalitis, no approved
drugs are available for efficient use in humans and
animals [11]. Nevertheless, unwanted pharmacokinet-
ics and numerous side effects of synthetic compounds
have driven specific interest in the use of compounds
of natural origin, such as phytochemicals, to over-
come these side effects. Therefore, there is a strong
need to discover novel compounds with potential ther-
apeutic value and fewer or no side effects from NiV
treatment [12].

This review aims to comprehensively discusses
the different synthetic and natural antiviral agents that
have shown antiviral potential against NiV.

Nipah Virus: An Overview

Nipah virus is a member of the Henipavirus
genus belonging to the Paramyxoviridae family
and Orthoparamyxovirinae subfamily [8]. The only
other pathogenic and zoonotic member of this genus
is HeV [13], which was discovered in Australia in
the 1990s after the death of several individuals who
had contact with infected equines [14]. Henipavirus
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Table-1: Mortality and morbidity in humans after NiV outbreaks [8].

Outbreak Year/month Country Location No. of No. of Case fatality

No. cases deaths rate, %

1 September 1998-April Malaysia Perak, Selangor, Negeri Sembilan 265 105 39.6

1999 states

2 March-1999 Singapore Singapore 11 1 9

3 January-February 2001  India Siliguri 66 45 68.2

4 April-May 2001 Bangladesh Meherpur 13 9 69.2

5 January 2003 Bangladesh Naogaon 12 8 66.7

6 January-April 2004 Bangladesh Rajbari, Faridpur 67 50 74.6

7 January-March 2005 Bangladesh Tangail 12 11 91.7

8 January-April 2007 Bangladesh Kushtia, Naogaon, Natore, 18 9 50
Pabna, Thakurgaon

9 April 2007 India Nadia 5 5 100

10 February-April 2008 Bangladesh Manikganj, Rajbari 11 9 81.8

11 January 2009 Bangladesh Gaibandha, Nilphamari, Rangpur, 4 1 25
Rajbari

12 February-March 2010 Bangladesh Faridpur, Gopalganj, Kurigram, 17 15 88.2
Rajbari

13 January-February 2011 Bangladesh Comilla, Dinajpur, Faridpur, 44 40 90.9
Lalmohirhat, Nilphamari,

14 January 2012 Bangladesh Joypurhat 12 10 83.3

15 January-April 2013 Bangladesh Gaibandha, Manikganj, Naogaon, 24 21 87.5
Natore, Pabna,

16 January-February 2014  Bangladesh 13 districts 18 9 50

17 March-May 2014 Philippines  Philippines 17 9 52.9

18 January-February 2015  Bangladesh Faridpur, Magura, Naogaon, 9 6 66.7
Nilphamari, Ponchoghor, Rajbari

19 May 2018 India Kozhikode and Malappuram 18 17 94.4

Total 643 380 59

disease spillover in humans has only been observed in
Southeast Asia [15]. However, with the expansion of
surveillance efforts, these viruses have also been iden-
tified in Chiropteran sera in sub-Saharan Africa [16]
and Brazil [17]. In a recent study of human and bat
sera in Cameroon, approximately 3%-4% of human
samples from individuals involved in butchering bat
meat were seropositive [18].

Paramyxoviruses are pleomorphic enveloped
viruses with a non-segmented single-stranded neg-
ative-sense RNA genome that codes for six struc-
tural and three accessory proteins [19]. The genome
encodes nucleoprotein (N), phosphoprotein (P),
matrix protein (M), fusion protein (F), adhesion gly-
coprotein (G), and large protein (L) or RNA poly-
merase in the order of 3'-N-P-M-F-G-L-5" [20].
Some Paramyxoviridae viruses encode cell attach-
ment proteins that perform hemagglutination (H)
and neuraminidase (N) functions. The G protein of
NiV plays a role in the adsorption phase but does not
display H functions. The P gene uses mRNA editing
mechanisms and alternative open reading frames to
produce the three non-structural proteins V, W, and C
(Figure-1) [21].

The wide range of host susceptibilities to heni-
paviruses is a key biological trait that highlights their
potential to cause diseases in various species [22].
Pteropus species of fruit bats, commonly known as
flying foxes, are the primary natural hosts of NiV,
which can cause diseases in humans, pigs, horses,
dogs, and cats [23]. The loss of natural habitats caused
by deforestation in various parts of Southeast Asia
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Figure-1: Genome organization and schematic structure
of Nipah virus [21].

forces bat colonies to migrate to urban areas [24],
leading to increased contact with humans and, thus,
the risk of disease transmission [25]. Recently, NiV
and Henipa-like viruses were detected in Pteropus
bats in Asian and African countries [26]. The world-
wide distribution of these bat species poses a threat to
potential NiV pandemics [27] and requires more rig-
orous global surveillance.

The transmission of NiV from bats to humans
occurs through the consumption of raw date palm
juice or fruits contaminated with bat saliva or urine, as
shown in a previous study by Luby et al. [28]. The virus
remained viable for up to 3 days in some fruits and for at
least 7 days in date, sap maintained at 22°C. In addition,
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it can persist for approximately 18 h in the urine of the
reservoir bats. The pathogen is relatively stable in the
environment and can withstand temperatures up to 70°C
for 1 h; however, it can be completely inactivated by
heating at 100°C for longer than 15 min [29]. It can also
be inactivated by common disinfectants such as sodium
hypochlorite, soaps, and detergents [30].

Clinical Symptoms and Pathogenesis of NiV

Nipah virus is a highly virulent zoonotic virus
that causes severe respiratory diseases and enceph-
alitis in humans and animals [31]. Upon infection,
NiV-infected individuals present with initial flu-like
symptoms such as fever, headache, dizziness, and
vomiting, which rapidly develop into severe encepha-
litis. The symptoms of NiV infection include reduced
consciousness, seizures, areflexia, hypotonia, and
myoclonic jerks [4]. Nipah virus pathogenesis is sys-
temic and affects several organs, including the brain,
lungs, heart, kidneys, and spleen (Figure-2) [32]. The
virus has an incubation period of 4 days—2 months,
and in some cases, a clinically silent period can occur,
followed by recrudescence of the latent infection and
late-onset encephalitis, which can develop months or
even years after acute infection [4, 32].

Recent studies have demonstrated the persistence
of NiV RNA in various bodily fluids and excretions,
including the semen of surviving patients in India, high-
lighting the potential for prolonged viral shedding and

disease transmission [33]. Similar observations have
been reported for other viruses, such as Ebola [34] and
Zika virus [35]. Survivors of NiV infection may expe-
rience long-term neurological sequelae, and late-onset
encephalitis has been observed in some patients fol-
lowing a mild or asymptomatic initial infection [36].
In addition, relapse encephalitis has been reported in
some cases, occurring several months to years after
the initial symptomatic infection [37], including cases
in which encephalitis occurred up to 11 years after the
primary infection [38].

The pathogenesis of NiV begins with the
oronasal route of entry into the host, wherein the
virus infects epithelial cells along the respiratory
tract [31]. Subsequently, viral antigens are detected at
high concentrations in the respiratory and lymphoid
tissues [39]. Subsequent secondary replication occurs
in the endothelium, and the virus spreads to other
body parts through initial viremia [40]. The viral gly-
coprotein (G protein) binds to the cellular receptors
ephrin-B2 [41] and -B3 [42] to initiate NiV infection
in host cells [43]. The virus then rapidly disseminates
to different organs within the 1% week of infection,
including the liver, heart, spleen, and kidneys [44].
Both ephrin-B2 and -B3 are expressed in various cell
types, including endothelial cells, epithelial cells, and
neurons. These cellular receptors are highly conserved
across animal species, explaining the broad tissue and
species tropism of NiV [45, 46].

THROAT/NOSE
« Nausea, vomiting, fever,
cough
« Abnormal doll's eye reflex
o Viral RNA detected in
throat and nose swabs

HEART
e Tachycardia
« Endothelial cells, smooth
muscle cell vasculitic
lesions
¢ Inflammation

LIVER
o Viral RNA detected in liver

SERA/BLOOD
« Hypertension
« Thrombocytopenia

URINE
o Viral RNA detected in
urine

BRAIN

« Fever, headache, dizziness
Encephalitis
Brainstem dysfunction
Reduced consciousness,
ataxia, coma
Convulsions, epilepsy
Hemorrhage, brain damage
Aseptic meningitis

LUNGS
« Acute Respiratory
« Difficulty in breathing

SPLEEN/LYMPH NODES
o Acute necrotizing lesions
in periarteliar sheaths
o Lymphoid depletion
\ o Syncytia with intranuclear
inclusions in spleen and
lymph nodes

KIDNEYS
o Focal glomerular fibrinoid
necrosis
¢ Syncytia with intranuclear
lesions

Figure-2: Clinical signs and symptoms of NiV infection. Colored boxes indicate the prominence and severity of the infection.
Blue = primary site of severe pathology and causes of symptoms; Green = evidence of pathology distal from main sites;
Orange = no pathology but evidence of viral RNA/antigen [32].
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Nipah virus can also enter and infect the cen-
tral nervous system (CNS) through the circulation
of immune cells, specifically immature dendritic
and monocytic cells [47]. These immune cells,
infected by NiV, have been observed to migrate
across the in vitro blood-brain barrier and infect
susceptible cells [48], similar to the observed pat-
tern of neuronal infection and the presence of focal
lesions in the brains of both NiV-infected humans
and animals [49].

Several mammalian species have been exper-
imentally infected with NiV, including hamsters,
ferrets, cats, horses, pigs, and non-human primates,
to develop potential therapeutics [50]. Hamsters
infected with NiV or HeV develop acute fatal enceph-
alitis with a pathology similar to that of humans [51],
making them an important model for studying the
pathogenesis and potential treatments [52]. Moreover,
Pteropus fruit bats, the natural reservoirs of the
virus, have been experimentally infected with NiV
to study their susceptibility to infection, distribu-
tion, and pathogenesis [29]. Although no clinical
signs were observed in flying foxes, this has piqued
the scientific community’s interest in understanding
fruit bat-NiV interactions and their ability to control
NiV infections [53, 54].

Pigs, the amplifying host during the NiV outbreak
in Malaysia, have also been used as a model for NiV
infection [55]. Nipah virus was found to infect certain
populations of swine lymphocytes and invade the CNS
[55], resulting in viral shedding and a mortality rate
of 10%—-15% in infected animals [56]. Interestingly,
the NiV Malaysia strain showed higher replication
and clinical signs in pigs than the NiV Bangladeshi
strain, as observed in a hamster model [57]. However,
both strains showed similar pathogenicity in the ferret
model, although more viral RNA was recovered from
ferrets infected with NiV Bangladesh [58].

Nipah Virus Antiviral Compounds

Ribavirin and chloroquine

The first antiviral drug to be used against NiV
was ribavirin, which was administered during the
1998 Malaysian outbreak. A limited non-randomized
trial involving 140 NiV-infected patients demonstrated
that ribavirin therapy reduces mortality associated
with acute NiV encephalitis [59]. In vitro studies have
also revealed the efficacy of ribavirin against HeV,
with a more than 50-fold reduction in viral yield [60].
Furthermore, a study using a hamster model for NiV
infection showed that treatment with ribavirin delayed
death from viral disease by 2 days, although it could
not prevent death [10, 61].

Furthermore, in vitro studies have shown that
chloroquine, an antimalarial drug, exhibits potent
antiviral activity against HeV and NiV infec-
tions [62]. Considering these results, a combination
of intravenous ribavirin and oral chloroquine was
used to treat four individuals during the recent HeV

outbreak in Queensland [10]. However, subsequent
in vivo experiments showed that the ribavirin-chlo-
roquine combination did not provide protection
against viral spread. In addition, although ribavirin
delayed death in NiV-infected hamsters, it had no
significant effect on HeV-infected hamsters, and
chloroquine was ineffective in protecting hamsters
when administered individually or in combination
with ribavirin [10].

Remdesivir (GS-5734)

Remdesivir (GS-5734) is a prodrug that acts
as a nucleotide analog with a wide range of anti-
viral activities against filovirus, coronavirus, and
paramyxovirus replication [63]. It is undergoing a
Phase 2 clinical trial for the treatment of male Ebola
virus disease survivors who continue to have viral
RNA in their semen [64]. In addition, Remdesivir has
been assessed in a randomized and controlled trial of
the current Ebola virus outbreak in the Democratic
Republic of the Congo [65].

In vitro experiments have shown that it can also
inhibit NiV replication by more than four orders of
magnitude in primary human lung microvascular
endothelial cells [63]. Moreover, a study was con-
ducted to evaluate the efficacy of remdesivir against
NiV infection in African green monkeys (AGM), in
which mild respiratory symptoms developed in two
of four AGM treated with remdesivir, all of which
developed severe respiratory symptoms, demon-
strating that remdesivir is a promising antiviral
drug against NiV [66]. Recently, the Food and Drug
Administration approved the use of remdesivir to
treat severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection, and it has been authorized
for emergency use in multiple countries, including
Bangladesh, Singapore, Taiwan, India, Japan, and
Australia [67].

Favipiravir (T-705)

Favipiravir ~ (T-705;  6-flouro-3-hydroxy-2
pyrazinecarboxamine; [Avigan]) is a viral RNA-
dependent RNA polymerase (RdRp) inhibitor orig-
inally developed by Toyama Chemical Company
(Tokyo, Japan) [68] as an antiviral agent against
influenza [69]. This drug has demonstrated efficacy
against several RNA viruses, including Ebola, Lassa,
and rabies [68]. Favipiravir is licensed in Japan for
treating novel or re-emerging influenza and has under-
gone several Phase 3 clinical trials in the United States
and Europe for use against influenza (www.clinicaltri-
als.gov) [70].

Completed Phase 2 clinical trials have suggested
that favipiravir treatment may result in reduced mor-
tality when administered to patients with moderate
viral loads infected with Ebola virus [71]. Its anti-
viral activity against several viruses has been estab-
lished both in vitro, including respiratory syncytial
virus (RSV), measles virus, human metapneumovi-
rus (hMPV), human parainfluenza virus 3, Newcastle
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disease virus, and avian metapneumovirus, and in
vivo, against h(MPV in a hamster model [69, 72].

In addition, favipiravir has been found to pos-
sess potent antiviral activity against henipaviruses by
inhibiting the replication and transcription of Nipah
and Hendra at micromolar concentrations in vitro.
In a Syrian hamster model, animals challenged with
a lethal dose of NiV were fully protected by either
twice-daily oral or once-daily subcutaneous adminis-
tration of favipiravir for 14 days [73].
4'-Azidocytidine (R1479)

4'-Azidocytidine is a tri-isobutyl ester prodrug
of balapiravir and is the main circulating form in the
plasma [74]. It was first identified as a potent inhibi-
tor of the hepatitis C virus (HCV) replicon in vitro in
the mid-2000s, with an EC, of 1.28 uM [75]. Further
studies revealed that R1479 could also inhibit the
RdRp activities of dengue virus with an EC_ of 1.9~
11 uM [76] and RSV with an EC,  0f 0.24 uM [77]. In
addition, screening for compounds structurally sim-
ilar to R1479 yielded potential inhibitors of both
HCV [78] and RSV [74, 79].

Remarkably, R1479 has been shown to
exhibit antiviral activity against members of the
Paramyxoviridae family, regardless of the virus genus,
suggesting that it may have broad-spectrum antiviral
activity across both positive- and negative-sense RNA
virus families. These findings have implications for
developing 4'-modified nucleoside analogs as potential
therapeutics for a wide range of viral infections [80].
p-D-4’-chloromethyl-2’-deoxy-2’-fluorocytidine
(ALS-8112)

4'-chloromethyl-2'-deoxy-2'-fluorocytidine
is the parent nucleoside of the orally bioavailable
methyl propionate derivative lumicitabine (ALS-
008176, JNJ-64041575). Janssen Biopharmaceuticals
developed it for the treatment of RSV infection and
has been evaluated in multiple clinical trials (www.
clinicaltrials.gov) [74]. A recent in vitro study demon-
strated that ALS-8112 can significantly reduce the
infectious wild-type NiV yield by over six orders of
magnitude in two human lung epithelial cell lines with
no apparent cytotoxicity. However, cytotoxicity was
observed at higher concentrations of ALS-8112 in
primary cells and bone marrow progenitor cells, indi-
cating the need for further evaluation of lumicitabine
against NiV infection in relevant animal models [81].

Griffithsin (GRFT)

Griffithsin is a lectin with a high affinity for
binding to high-mannose oligosaccharides [82]. It
is a 121-amino-acid homodimeric protein originally
derived from the marine red alga Griffithsia spp.
GRFT has shown promising results in clinical trials as
a topical microbicide to prevent HIV-1 infection [83].
It has also demonstrated broad-spectrum antiviral
activity against various viruses such as HCV, severe
acute respiratory syndrome coronavirus, and JEV [84].

Although its EC, values are higher for coronaviruses,
GRFT is a promising candidate for treating NiV infec-
tions. In addition, GRFT has low immunogenicity and
excellent safety profiles, as demonstrated in multiple
studies in animal models [82].

A recent study [85] investigated the efficacy
of GRFT and its synthetic trimeric tandemer (3mG)
against NiV in vitro. The results showed that 3 mG
was more effective than GRFT against NiV, due
to its enhanced ability to block syncytia formation
induced by the glycoprotein of the virus. In addition,
an oxidation-resistant variant of GRFT, known as
Q-GRFT, was evaluated in vivo and offered signifi-
cant protection against lethal NiV challenge in Syrian
golden hamsters as a prophylactic measure [85].

Fusion-inhibitory lipopeptides

The entry of NiV into host cells is initiated by the
fusion of viral and cellular membranes, which is medi-
ated by the viral envelope glycoproteins G and F [21].
The F protein of NiV plays a key role in viral entry
by facilitating the fusion of viral and cellular mem-
branes [86]. Therefore, fusion-inhibitory peptides that
block the formation of the 6-helix bundle, a key step
in F-mediated viral entry, can be used to specifically
target the initial step of NiV entry [87]. These pep-
tides have been conjugated to lipid moieties through
a flexible linker to create fusion-inhibitory peptide
entry inhibitors that are highly effective against NiV
infection in the CNS [88].

To improve the efficacy of lipopeptides as anti-
viral agents, a recent study designed a new set of lipo-
peptides that exhibited enhanced stability against pro-
tease degradation and improved efficacy both in vitro
and in vivo. Lipopeptides have been designed to target
peptide retention in the respiratory tract for prophy-
laxis against NiV infection. This study demonstrated
that respiratory delivery of lipopeptides prevents lethal
NiV infection in hamsters and non-human primates.
This approach avoids systemic delivery in individu-
als who require only prophylaxis, thus increasing the
safety of treatment and improving the effectiveness of
the intervention [89].

Defective interfering particles (DIP)

Defective interfering particles are viral particles
containing incomplete viral genetic material that can
interfere with the standard replication process while
still possessing the necessary viral proteins for cellular
entry [90]. Defective interfering particles have been
observed in various RNA virus species, and recent
technological advances have facilitated the explora-
tion of the significance of DIPs in vitro and in vivo. In
viral pathogenesis, DIPs contribute to viral interfer-
ence, persistence, and immune stimulation [91]. Their
ability to modulate virulence has stimulated interest
in the therapeutic application of DIPs. Studies have
shown that the accumulation of DIPs in vivo reduces
disease severity [92] and their inclusion in vaccines
enhances immunogenicity [93]. Several NiV DIP
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candidates have recently been demonstrated to reduce
NiV titers by up to four logs in vitro [94], reduce clin-
ical signs, and protect hamsters from lethal NiV dis-
ease [95].

In silico NiV inhibitors

The use of in silico methods to study molecu-
lar interactions (Figure-3) has proven valuable in the
development of natural therapeutic ligands and recep-
tor complexes [96]. In particular, these methods have
demonstrated their importance during the outbreak of
COVID-19, auniversal crisis caused by SARS-CoV-2,
which emerged in Wuhan, China in 2019 [97]. Since
the onset of this pandemic, numerous research efforts
have been dedicated to studying the different struc-
tures of the virus using molecular modeling to better
understand the viral structures and develop preventive
and therapeutic agents to combat SARS-CoV-2 [98].

Researchers specializing in in silico studies have
made significant contributions to the healthcare sector
by examining the efficacy of candidate drugs against
various targets of COVID-19 [99]. Moreover, they
analyzed the therapeutic potential of natural products
and enhanced the efficiency of synthesized therapeu-
tics, including antimicrobial peptides, and developed
novel agents such as peptidomimetics to combat this
life-threatening condition [100]. These approaches are
currently employed to identify prospective inhibitors
of NiV, as detailed in the following sections.

Synthetic NiV inhibitors

To identify potential NiV inhibitors, researchers
have turned to computational techniques that specif-
ically focus on synthetic drugs and drug-like com-
pounds. Computational researchers and chemi-infor-
maticians have identified NiV-G as the primary target
for inhibiting viral entry [21]. Utilizing topological
analysis of the chemical-protein interaction network,
these researchers identified three novel leads for NiV

inhibition: Nilotinib, deslanoside, and acetyldigi-
toxin. These compounds were identified by integrat-
ing the drug-target network, NiV-human interaction
network, and human protein-protein interaction net-
work [101]. A separate study targeting NiV-G identi-
fied the top three ligands after molecular docking as
MMV020537, MMV 688888, and MMV019838. The
dissociation constants of these ligands were calculated
to be 0.03 nM, 2.18 nM, and 31.61 nM, respectively.
Molecular dynamics (MD) study has confirmed that
these compounds display stable binding modes at the
protein’s active site [102].

The gold and platinum Asinex library, which
contains 211620 drug-like compounds, was screened
to identify potential NiV-G inhibitors. Molecular
docking, density functional theory, and MD simu-
lation studies were performed, leading to the iden-
tification  of  5-(1,3-benzodioxol-5-yl)-2-[(3-flu-
orobenzyl)sulfanyl]-5,8-dihydropyrido[2,3-d]
pyrimidine-4,7(1H,6H)-dione and 7,7-dimeth-
yl-1-(4-methylphenyl)-3-(4-morpholinylcarbon-
yl)-7,8-dihydro-2,5(1H,H)-quinolinedione as poten-
tial candidates for the prevention and treatment of
NiV-related diseases [103].

In addition to synthetic drugs and drug-like com-
pounds, nucleoside analog inhibitors have been exten-
sively explored as potential antiviral agents [104].
Nucleoside analogs, chemically modified nucleosides,
mimic endogenous nucleosides and block cellular divi-
sion or viral replication by inhibiting DNA/RNA synthe-
sis or blocking enzymes involved in nucleoside metab-
olism [105]. The first antiviral analogs were developed
in the late 1960s, and over 25 approved therapeutic
nucleosides are currently used for the treatment of viral
infections such as HIV/AIDS (tenofovir) [106], hepati-
tis B (lamivudine/entecavir) [107], hepatitis C (sofos-
buvir) [108], and herpes infections (acyclovir) [109].
Nucleoside analogs have also been explored as potential

28 -

@ Plant metabolite curation and
structure standardization
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Viral target curation and
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Molecular docking
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Figure-3: General workflow for in silico discovery of Nipah virus inhibitors [96].
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inhibitors of NiV RdRp. Among these compounds,
Galidesivir, AT-9010, and Norov-29 were identified as
the top nucleoside analogs with the highest affinity for
binding to RdRp. The binding free energies of these
compounds, calculated using molecular mechanics/gen-
eralized born surface area, ranged from —31.01 + 3.9 to
—38.37 + 4.8 kcal/mol, with Norov-29 ranking as the
best candidate for a NiV RdRp inhibitor [110].

Natural source-derived NiV inhibitors

The significant pharmacokinetic properties and
side effects associated with synthetic compounds
(i.e., Ribavirin) have generated interest in exploring
natural compounds for potential antiviral activities
with fewer adverse effects. Two studies examined the
antiviral potential of phytochemicals derived from
medicinal plants against NiV-G to prevent viral entry.
These studies identified the potential NiV-G ligands
serpentinine [111] and neoandrographolide [112] as
their top candidates.

Serpentinine, an alkaloid obtained from Rauvolfia
verticillata (Lour.) Baill root, is known for their
hypertensive  effects  (https://www.biocrick.com/
Serpentinine-BCN5325 . html) and anticancer potential
through their interaction with poly (ADP-ribose) poly-
merase-1 [113]. Serpentinine was identified as the most
potent antiviral agent against SARS-CoV-2 main prote-
ase and non-structural protein 16 among the 1916 com-
pounds screened [ 114]. In contrast, neoandrographolide,
a major antiviral component of Andrographis alata
[115], exhibits antiviral activity against various viruses,
including SARS-CoV-2 [116, 117], Zika virus [118],
and herpes simplex virus-1 [119]. Neoandrographolide
also possesses anti-inflammatory, anticancer, hepato-
protective, and antiradical properties [120].

In contrast to targeting a single viral enzyme,
researchers have employed a multi-target drug
discovery approach to identify phytochemicals
that can modulate the effects of multiple targets.
Multi-target drugs have been approved for clinical
use, and complex diseases such as neurodegener-
ative diseases, cardiovascular diseases, and can-
cers are often treated with multidrug therapy or a
combination of drugs. RASEO0125 (17-O-Acetyl-
nortetraphyllicine) and CARS0358 (NA) have been
identified as distinct multi-target inhibitors of NiV-G,
NiV-F, and NiV-N [12]. RASE0125 (17-O-Acetyl-
nortetraphyllicine) and CARS 0358 are indole
alkaloids derived from Rauvolfia serpentina and
Catharanthus roseus, respectively. The previous study
by Randhawa et al. [ 12] has shown that indole alkaloid
derivatives can inhibit dengue and Zika infections by
modulating the viral replication complex. However,
these molecules have never been considered for in
vitro and in vivo antiviral drug discovery.

Conclusion

The emergence of NiV as a deadly zoonotic
pathogen has highlighted the urgent need for effective

antiviral drugs. The availability of new technologies,
such as high-throughput screening and structure-based
drug design, has facilitated the discovery of novel
compounds with potent antiviral activity. In this
review, several promising antiviral agents against NiV
are highlighted, including repurposed drugs, natural
products, and synthetic compounds, targeting differ-
ent stages of the viral life cycle.

Although some promising preclinical results have
been reported, clinical trials are needed to evaluate the
safety and efficacy of these compounds in humans and
animals. Moreover, the emergence of new NiV strains
and the potential for viral escape mutations highlight
the need for continued efforts to discover and develop
new antiviral agents. Given the zoonotic nature of NiV,
it is also crucial to explore the potential of these com-
pounds against other closely related viruses, such as
the HeV, to develop broad-spectrum antiviral agents.

Developing effective antiviral drugs against the
NiV remains a critical public health priority requir-
ing a “One Health” approach. Continued efforts to
discover and develop new agents in combination with
other therapeutic approaches are essential for the fight
against this deadly virus.

Authors’ Contributions

FLO: Conception and design of the study and
drafted and revised the manuscript.

Acknowledgments

Theauthor is thankful to the DOST S&T Fellows
Program, the Philippine Council for Agriculture,
Aquatic and Natural Resources Research and
Development (DOST-PCAARRD) for funding this
research project, and the Industrial Technology
Development Institute (DOST-ITDI) for hosting this
research project.

Competing Interests

The author declares that he has no competing
interests.

Publisher’s Note

Veterinary World (Publisher of International
Journal of One Health) remains neutral with regard
to jurisdictional claims in published institutional
affiliation.

References

1. Thakur, N. and Bailey, D. (2019) Advances in diagnostics,
vaccines and therapeutics for Nipah virus. Microbes Infect.,
21(7): 278-286.

2. Paton, N.I., Leo, Y.S., Zaki, S.R., Auchus, A.P., Lee, K.E.,
Ling, A.E., Chew, S.K., Ang, B., Rollin, P.E., Umapathi, T.,
Sng, 1., Lee, C.C., Lim, E. and Ksiazek, T.G. (1999)
Outbreak of Nipah-virus infection among abattoir workers
in Singapore. Lancet, 354(9186): 1253-1256.

3. Johnson, K., Vu, M. and Freiberg, A.N. (2021) Recent
advances in combating Nipah virus. Fac. Rev., 10: 74.

4. Ang, B.S.P,, Lim, T.C.C. and Wang, L. (2018) Nipah virus
infection. J. Clin. Microbiol., 56(6):e01875-17

5. Marsh, G.A., Jong, C., Barr, J.A., Tachedjian, M., Smith, C.,

International Journal of One Health, EISSN: 2455-8931

128



Available at www.onehealthjournal.org/Vol.9/No.2/9.pdf

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Middleton, D., Yu, M., Todd, S., Foord, A.J., Haring, V.,
Payne, J., Robinson, R., Broz, 1., Crameri, G., Field, H.E.
and Wang, L.F. (2012) Cedar virus: A novel henipavirus iso-
lated from Australian bats. PLOS Pathog., 8(8): ¢1002836.
Drexler, J.F., Corman, V.M., Gloza-Rausch, F., Seebens, A.,
Annan, A., Ipsen, A., Kruppa, T., Miiller, M.A., Kalko, E.K.
and Adu-Sarkodie, Y. (2009) Henipavirus RNA in African
bats. PLoS One, 4(7): ¢6367.

Wu, Z., Yang, L., Yang, F., Ren, X., Jiang, J., Dong, J.,
Sun, L., Zhu, Y., Zhou, H. and Jin, Q. (2014) Novel heni-
pa-like virus, Mojiang Paramyxovirus, in rats, China, 2012.
Emerg. Infect. Dis., 20(6): 1064—1066.

Sharma, V., Kaushik, S., Kumar, R., Yadav, J.P., and
Kaushik, S. (2019) Emerging trends of Nipah virus: A
review. Rev. Med. Virol. 29: 2010

Chattu, V.K., Kumar, R., Kumary, S., Kajal, F. and
David, J.K. (2018) Nipah virus epidemic in southern India
and emphasizing “One Health” approach to ensure global
health security. J. Fam. Med. Prim. Care, 7(2): 275-283.
Freiberg, A.N., Worthy, M.N., Lee, B. and Holbrook, M.R.
(2010) Combined chloroquine and ribavirin treatment does
not prevent death in a hamster model of Nipah and Hendra
virus infection. J. Gen. Virol., 91(Pt 3): 765-772.

Snell, N.J.C. (2004) Ribavirin therapy for Nipah virus
infection. J. Virol., 78(18): 10211.

Randhawa, V., Pathania, S. and Kumar, M. (2022)
Computational identification of potential multi-target inhib-
itors of Nipah virus by molecular docking and molecular
dynamics. Microorganisms, 10(6): 1181.

Eaton, B.T., Broder, C.C., Middleton, D. and Wang, L.F.
(2006) Hendra and Nipah viruses: Different and dangerous.
Nat. Rev. Microbiol., 4(1): 23-35.

Middleton, D., Pallister, J., Klein, R., Feng, Y.R., Haining, J.,
Arkinstall, R., Frazer, L., Huang, J.A., Edwards, N.,
Wareing, M., Elhay, M., Hashmi, Z., Bingham, J., Yamada, M.,
Johnson, D., White, J., Foord, A., Heine, H.G., Marsh, G.A.,
Broder, C.C. and Wang, L.F. (2014) Hendra virus vaccine, a
one health approach to protecting horse, human, and environ-
mental health. Emerg. Infect. Dis., 20(3): 372-379.

Deka, M.A. and Morshed, N. (2018) Mapping disease trans-
mission risk of Nipah virus in south and Southeast Asia.
Trop. Med. Infect. Dis., 3(2): 57.

Atherstone, C., Diederich, S., Weingartl, H.M., Fischer, K.,
Balkema-Buschmann, A., Grace, D., Alonso, S.,
Dhand, N.K., Ward, M.P. and Mor, S.M. (2019) Evidence
of exposure to henipaviruses in domestic pigs in Uganda.
Transbound. Emerg. Dis., 66(2): 921-928.

De Araujo, J., Lo, M.K., Tamin, A., Ometto, T.L.,
Thomazelli, L.M., Nardi, M.S., Hurtado, R.F., Nava, A.,
Spiropoulou, C.F., Rota, P.A. and Durigon, E.L. (2017)
Antibodies against Henipa-like viruses in Brazilian bats.
Vector Borne Zoonotic Dis., 17(4): 271-274.

Pernet, O., Schneider, B.S., Beaty, S.M., LeBreton, M.,
Yun, T.E., Park, A., Zachariah, T.T., Bowden, T.A.,
Hitchens, P., Ramirez, C.M., Daszak, P., Mazet, J.,
Freiberg, A.N., Wolfe, N.D. and Lee, B. (2014) Evidence
for henipavirus spillover into human populations in Africa.
Nat. Commun., 5: 5342.

Li, T. and Shen, Q.T. (2021) Insights into paramyxovirus
nucleocapsids from diverse assemblies. Viruses, 13(12):
2479.

Aguilar, H.C., Henderson, B.A., Zamora, J.L. and
Johnston, G.P. (2016) Paramyxovirus glycoproteinsand the
membrane fusion process. Curr. Clin. Microbiol. Rep., 3(3):
142-154.

Wang, L., Harcourt, B.H., Yu, M., Tamin, A., Rota, P.A.,
Bellini, W.J. and Eaton, B.T. (2001) Molecular biology of
Hendra and Nipah viruses. Microbes Infect., 3(4): 279-287.
Bellini, W.J., Harcourt, B.H., Bowden, N. and Rota, P.A.
(2005) Nipah virus: An emergent paramyxovirus caus-
ing severe encephalitis in humans. J. Neurovirol., 11(5):
481-487.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Halpin, K., Hyatt, A.D., Fogarty, R., Middleton, D.,
Bingham, J., Epstein, J.H., Rahman, S.A., Hughes, T.,
Smith, C., Field, H.E., Daszak, P. and Henipavirus Ecology
Research Group. (2011) Pteropid bats are confirmed as the
reservoir hosts of henipaviruses: A comprehensive experi-
mental study of virus transmission. Am. J. Trop. Med. Hyg.,
85(5): 946-951.

Olival, K.J. and Daszak, P. (2005) The ecology of emerging
neurotropic viruses. J. Neurovirol., 11(5): 441-446.
Enchéry, F. and Horvat, B. (2017) Understanding the inter-
action between henipaviruses and their natural host, fruit
bats: Paving the way toward control of highly lethal infec-
tion in humans. Int. Rev. Immunol., 36(2): 108-121.
Drexler, J.F., Corman, V.M., Miiller, M.A., Maganga, G.D.,
Vallo, P., Binger, T., Gloza-Rausch, F., Cottontail, V.M.,
Rasche, A., Yordanov, S., Seebens, A., Knornschild, M.,
Oppong, S., Adu Sarkodie, Y., Pongombo, C.,
Lukashev, A.N., Schmidt-Chanasit, J., Stocker, A.,
Carneiro, A.J.B., Erbar, S., Maisner, A., Fronhoffs, F.,
Buettner, R., Kalko, E.K.V., Kruppa, T., Franke, C.R.,
Kallies, R., Yandoko, E.R.N., Herrler, G., Reusken, C.,
Hassanin, A., Kriiger, D.H., Matthee, S., Ulrich, R.G.,
Leroy, E.M. and Drosten, C. (2012) Bats host major mam-
malian paramyxoviruses. Nat. Commun., 3: 796.

Luby, S.P. (2013) The pandemic potential of Nipah virus.
Antiviral Res., 100(1): 38—43.

Luby, S.P., Rahman, M., Hossain, M.J., Blum, L.S.,
Husain, M.M., Gurley, E., Khan, R., Ahmed, B.N.,
Rahman, S., Nahar, N., Kenah, E., Comer, J.A. and
Ksiazek, T.G. (2006) Foodborne transmission of Nipah
virus, Bangladesh. Emerg. Infect. Dis., 12(12): 1888—1894.
Plowright, R.K., Peel, A.J., Streicker, D.G., Gilbert, A.T.,
McCallum, H., Wood, J., Baker, M.L. and Restif, O. (2016)
Transmission or within-host dynamics driving pulses of
zoonotic viruses in reservoir-host populations. PLoS Negl.
Trop. Dis., 10(8): e0004796.

Hammoud, D.A., Lentz, M.R., Lara, A., Bohannon, J.K.,
Feuerstein, 1., Huzella, L., Jahrling, P.B., Lackemeyer, M.,
Laux, J., Rojas, O., Sayre, P.,, Solomon, J., Cong, Y.,
Munster, V. and Holbrook, M.R. (2018) Aerosol exposure to
intermediate size Nipah virus particles induces neurological
disease in African green monkeys. PLoS Negl. Trop. Dis.,
12(11): e0006978.

Clayton, B.A., Middleton, D., Bergfeld, J., Haining, J.,
Arkinstall, R., Wang, L. and Marsh, G.A. (2012)
Transmission routes for Nipah virus from Malaysia and
Bangladesh. Emerg. Infect. Dis., 18(12): 1983-1993.
Kaslow, R.A. (2014) Epidemiology and control: Principles,
practice and programs. In: Kaslow, R.A., Stanberry, L.R.
and Le Duc, J.W., editors. Viral Infections of Humans:
Epidemiology and Control. Springer, Boston, MA, p3-38.
Arunkumar, G., Abdulmajeed, J., Santhosha, D.,
Aswathyraj, S., Robin, S., Jayaram, A., Radhakrishnan, C.,
Sajeeth, K.K.G., Sakeena, K., Jayasree, V., Reena, J.K.
and Sarita, L.R. (2019) Persistence of Nipah virus RNA in
semen of survivor. Clin. Infect. Dis., 69(2): 377-378.
Uyeki, T.M., Erickson, B.R., Brown, S., McElroy, A.K.,
Cannon, D., Gibbons, A., Sealy, T., Kainulainen, M.H.,
Schuh, A.J., Kraft, C.S., Mehta, AK., Lyon, G.M,,
Varkey, J.B., Ribner, B.S., Ellison, R.T., Carmody, E.,
Nau, G.J., Spiropoulou, C., Nichol, S.T. and Stréher, U.
(2016) Ebola virus persistence in semen of male survivors.
Clin. Infect. Dis., 62(12): 1552—1555.

Paz-Bailey, G., Rosenberg, E.S., Doyle, K., Munoz-
Jordan, J., Santiago, G.A., Klein, L., Perez-Padilla, J.,
Medina, F.A., Waterman, S.H., Gubern, C.G., Alvarado, L.1I.
and Sharp, T.M. (2018) Persistence of Zika Virus in body
fluids-final report. N. Engl. J. Med., 379(13): 1234-1243.
Sejvar, J.J., Hossain, J., Saha, S.K., Gurley, E.S,
Banu, S., Hamadani, J.D., Faiz, M.A., Siddiqui, F.M.,
Mohammad, Q.D., Mollah, A.H., Uddin, R., Alam, R.,
Rahman, R., Tan, C.T., Bellini, W., Rota, P., Breiman, R.F.

International Journal of One Health, EISSN: 2455-8931

129



Available at www.onehealthjournal.org/Vol.9/No.2/9.pdf

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

and Luby, S.P. (2007) Long-term neurological and func-
tional outcome in Nipah virus infection. Ann. Neurol.,
62(3): 235-242.

Tan, C.T., Goh, K.J., Wong, K.T., Sarji, S.A., Chua, K.B.,
Chew, N.K., Murugasu, P., Loh, Y.L., Chong, H.T.,
Tan, K.S., Thayaparan, T., Kumar, S. and Jusoh, M.R.
(2002) Relapsed and late-onset Nipah encephalitis. Ann.
Neurol., 51(6): 703-708.

Abdullah, S., Chang, L.Y., Rahmat, K., Goh, K.J. and
Tin, C. (2012) Late-onset Nipah virus encephalitis 11 years
after the initial outbreak: A case report. Neurol. Asia, 17(1):
71-74.

Clayton, B.A., Middleton, D., Arkinstall, R., Frazer, L.,
Wang, L.F. and Marsh, G.A. (2016) The nature of expo-
sure drives transmission of Nipah viruses from Malaysia
and Bangladesh in Ferrets. PLoS Negl. Trop. Dis., 10(6):
e0004775.

Mire, C.E., Satterfield, B.A., Geisbert, J.B., Agans, K.N.,
Borisevich, V., Yan, L., Chan, Y.P., Cross, R.W.,
Fenton, K.A., Broder, C.C. and Geisbert, T.W. (2016)
Pathogenic differences between Nipah virus Bangladesh
and Malaysia strains in primates: Implications for antibody
therapy. Sci. Rep., 6: 30916.

Bonaparte, M.1., Dimitrov, A.S., Bossart, K.N., Crameri, G.,
Mungall, B.A., Bishop, K.A., Choudhry, V., Dimitrov, D.S.,
Wang, L.F., Eaton, B.T. and Broder, C.C. (2005) Ephrin-B2
ligand is a functional receptor for Hendra virus and Nipah
virus. Proc. Natl. Acad. Sci. U. S. A4.,102(30): 10652—-10657.
Xu, K., Rajashankar, K.R., Chan, Y.P., Himanen, J.P.,
Broder, C.C. and Nikolov, D.B. (2008) Host cell recogni-
tion by the henipaviruses: Crystal structures of the Nipah
G attachment glycoprotein and its complex with ephrin-B3.
Proc. Natl. Acad. Sci. U. S. A., 105(29): 9953-9958.
Negrete, O.A., Wolf, M.C., Aguilar, H.C., Enterlein, S.,
Wang, W., Miihlberger, E., Su, S.V., Bertolotti-Ciarlet, A.,
Flick, R. and Lee, B. (2006) Two key residues in ephrinB3
are critical for its use as an alternative receptor for Nipah
virus. PLoS Pathog., 2(2): €7.

Geisbert, T.W., Daddario-DiCaprio, K.M., Hickey, A.C.,
Smith, M.A., Chan, Y.P., Wang, L.F., Mattapallil, J.J.,
Geisbert, J.B., Bossart, K.N. and Broder, C.C. (2010)
Development of an acute and highly pathogenic nonhuman
primate model of Nipah virus infection. PLoS One, 5(5):
€10690.

Bossart, K.N., Tachedjian, M., McEachern, J.A.,
Crameri, G., Zhu, Z., Dimitrov, D.S., Broder, C.C. and
Wang, L.F. (2008) Functional studies of host-specific eph-
rin-B ligands as Henipavirus receptors. Virology, 372(2):
357-371.

Liew, Y.J.M., Ibrahim, P.A.S., Ong, H.M., Chong, C.N.,
Tan, C.T., Schee, J.P., Gobmez Roman, R., Cherian, N.G.,
Wong, W.F. and Chang, L.Y. (2022) The immunobiology of
Nipah virus. Microorganisms, 10(6): 1162.

Tiong, V., Shu, M.H., Wong, W.F., AbuBakar, S. and
Chang, L.Y. (2018) Nipah virus infection of immature
dendritic cells increases its transendothelial migration
across human brain microvascular endothelial cells. Front.
Microbiol., 9: 2747.

Liu, J., Coffin, K.M., Johnston, S.C., Babka, A.M.,
Bell, T.M., Long, S.Y., Honko, A.N., Kuhn, J.H. and Zeng,
X. (2019) Nipah virus persists in the brains of nonhuman
primate survivors. JCI Insight, 4(14): €129629.

Wong, K.T., Robertson, T., Ong, B.B., Chong, J.W.,
Yaiw, K.C., Wang, L.F., Ansford, A.J. and Tannenberg, A.
(2009) Human Hendra virus infection causes acute and
relapsing encephalitis. Neuropathol. Appl. Neurobiol.,
35(3): 296-305.

De Wit, E. and Munster, V.J. (2015) Animal models of dis-
ease shed light on Nipah virus pathogenesis and transmis-
sion. J. Pathol., 235(2): 196-205.

Wong, K.T., Grosjean, 1., Brisson, C., Blanquier, B., Fevre-
Montange, M., Bernard, A., Loth, P., Georges-Courbot,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

M.C., Chevallier, M., Akaoka, H., Marianneau, P.,
Lam, S.K., Wild, T.F. and Deubel, V. (2003) A golden ham-
ster model for human acute Nipah virus infection. Am. J.
Pathol., 163(5): 2127-2137.

Guillaume, V., Wong, K.T., Looi, R.Y., Georges-
Courbot, M.C., Barrot, L., Buckland, R., Wild, T.F. and
Horvat, B. (2009) Acute Hendra virus infection: Analysis
of the pathogenesis and passive antibody protection in the
hamster model. Virology, 387(2): 459—465.

Baker, M.L., Schountz, T. and Wang, L.F. (2013) Antiviral
immune responses of bats: a review. Zoonoses Public
Health, 60(1): 104-116.

Pelissier, R., lampietro, M. and Horvat, B. (2019) Recent
advances in the understanding of Nipah virus immuno-
pathogenesis and antiviral approaches. F'/000Res., 8: F1000
Faculty Rev—1763.

Weingartl, H., Czub, S., Copps, J., Berhane, Y.,
Middleton, D., Marszal, P., Gren, J., Smith, G., Ganske, S.,
Manning, L. and Czub, M. (2005) Invasion of the central
nervous system in a porcine host by Nipah virus. J. Virol.,
79(12): 7528-7534.

Stachowiak, B. and Weingartl, H.M. (2012) Nipah virus
infects specific subsets of porcine peripheral blood mono-
nuclear cells. PLoS One, 7(1): €30855.

DeBuysscher, B.L., de Wit, E., Munster, V.J., Scott, D.,
Feldmann, H. and Prescott, J. (2013) Comparison of the
pathogenicity of Nipah virus isolates from Bangladesh and
Malaysia in the Syrian hamster. PLoS Negl. Trop. Dis., 7(1):
e2024.

Leon, A.J., Borisevich, V., Boroumand, N., Seymour, R.,
Nusbaum, R., Escaffre, O., Xu, L., Kelvin, D.J. and
Rockx, B. (2018) Host gene expression profiles in ferrets
infected with genetically distinct henipavirus strains. PLoS
Negl. Trop. Dis., 12(3): ¢0006343.

Chong, H.T., Kamarulzaman, A., Tan, C.T., Goh, K.J.,
Thayaparan, T., Kunjapan, S.R., Chew, N.K., Chua, K.B.
and Lam, S.K. (2001) Treatment of acute Nipah encephali-
tis with ribavirin. Ann. Neurol., 49(6): 810—-813.

Wright, P.J., Crameri, G. and Eaton, B.T. (2005) RNA syn-
thesis during infection by Hendra virus: An examination by
quantitative real-time PCR of RNA accumulation, the effect
of ribavirin and the attenuation of transcription. Arch. Virol.,
150(3): 521-532.

Georges-Courbot, M.C., Contamin, H., Faure, C., Loth, P.,
Baize, S., Leyssen, P., Neyts, J. and Deubel, V.(2006)
Poly(I)-poly(C12U) but not ribavirin prevents death in a
hamster model of Nipah virus infection. Antimicrob. Agents
Chemother., 50(5): 1768-1772.

Porotto, M., Orefice, G., Yokoyama, C.C., Mungall, B.A.,
Realubit, R., Sganga, M.L., Aljofan, M., Whitt, M.,
Glickman, F. and Moscona, A. (2009) Simulating henipa-
virus multicycle replication in a screening assay leads to
identification of a promising candidate for therapy. J. Virol.,
83(10): 5148-5155.

Lo, M.K., Jordan, R., Arvey, A., Sudhamsu, J., Shrivastava-
Ranjan, P, Hotard, A.L., Flint, M., McMullan, L.K.,
Siegel, D., Clarke, M.O., Mackman, R.L., Hui, H.C.,
Perron, M., Ray, A.S., Cihlar, T., Nichol, S.T. and
Spiropoulou, C.F. (2017) GS-5734 and its parent nucleoside
analog inhibit Filo-, Pneumo-, and Paramyxoviruses. Sci.
Rep., 7:43395.

Higgs, E.S., Gayedyu-Dennis, D., Fischer II, W.A.,
Nason, M., Reilly, C., Beavogui, A.H., Aboulhab, J.,
Nordwall, J., Lobbo, P., Wachekwa, 1., Cao, H., Cihlar, T.,
Hensley, L. and Lane, H.C. (2021) PREVAIL IV: A random-
ized, double-blind, 2-phase, phase 2 trial of remdesivir vs
placebo for reduction of Ebola virus RNA in the semen of
male survivors. Clin. Infect. Dis., 73(10): 1849—1856.
Clinical Trial of Investigational Ebola Treatments
Begins in the Democratic Republic of the Congo.
(2018) National Institutes of Health. Available from:
https://www.nih.gov/news-events/news-releases/

International Journal of One Health, EISSN: 2455-8931

130



Available at www.onehealthjournal.org/Vol.9/No.2/9.pdf

66.

67.

68.

69.

70.

71.

72.

73.

clinical-trial-investigational-ebola-treatments-begins-dem-
ocratic-republic-congo. Retrieved on 07-05-2023.

Lo, M.K., Feldmann, F., Gary, J.M., Jordan, R., Bannister, R.,
Cronin, J., Patel, N.R., Klena, J.D., Nichol, S.T., Cihlar, T.,
Zaki, S.R., Feldmann, H., Spiropoulou, C.F. and de Wit, E.
(2019) Remdesivir (GS-5734) protects African green mon-
keys from Nipah virus challenge. Sci. Transl. Med., 11(494):
eaau9242.

Beigel, J.H., Tomashek, K.M., Dodd, L.E., Mehta, A.K.,
Zingman, B.S., Kalil, A.C., Hohmann, E., Chu, H.Y.,
Luetkemeyer, A., Kline, S., Lopez de Castilla, D.,
Finberg, R.W., Dierberg, K., Tapson, V., Hsieh, L.,
Patterson, T.F., Paredes, R., Sweeney, D.A., Short, W.R.,
Touloumi, G., Lye, D.C., Ohmagari, N., Oh, M.,
Ruiz-Palacios, G.M., Benfield, T., Fitkenheuer, G.,
Kortepeter, M.G., Atmar, R.L., Creech, C.B., Lundgren, J.,
Babiker, A.G., Pett, S., Neaton, J.D., Burgess, T.H.,
Bonnett, T., Green, M., Makowski, M., Osinusi, A.,
Nayak, S. and Lane, H.C. (2020) Remdesivir for the treat-
ment of covid-19-final report. N. Engl. J. Med., 383(10):
1813-1826.

Furuta, Y., Gowen, B.B., Takahashi, K., Shiraki, K.,
Smee, D.F. and Barnard, D.L. (2013) Favipiravir (T-705),
a novel viral RNA polymerase inhibitor. Antiviral Res.,
100(2): 446-454.

Furuta, Y., Takahashi, K., Fukuda, Y., Kuno, M.,
Kamiyama, T., Kozaki, K., Nomura, N., Egawa, H.,
Minami, S., Watanabe, Y., Narita, H. and Shiraki, K. (2002)
In vitro and in vivo activities of anti-influenza virus com-
pound T-705. Antimicrob. Agents Chemother., 46(4):
977-981.

Koszalka, P., Tilmanis, D. and Hurt, A.C. (2017) Influenza
antivirals currently in late-phase clinical trial. Influenza
Other Respir. Viruses, 11(3): 240-246.

Sissoko, D., Laouenan, C., Folkesson, E., M’Lebing, A.B.,
Beavogui, A.H., Baize, S., Camara, A.M., Maes, P.,
Shepherd, S., Danel, C., Carazo, S., Conde, M.N.,
Gala, J.L., Colin, G., Savini, H., Bore, J.A., Marcis, F.L.,
Koundouno, F.R., Petitjean, F., Lamah, M.-C., Diederich, S.,
Tounkara, A., Poelart, G., Berbain, E., Dindart, J.M.,
Duraffour, S., Lefevre, A., Leno, T., Peyrouset, O.,
Irenge, L., Bangoura, N., Palich, R., Hinzmann, J., Kraus, A.,
Barry, T.S., Berette, S., Bongono, A., Camara, M.S.,
Munoz, V.C., Doumbouya, L., Harouna, S., Kighoma, P.M.,
Koundouno, F.R., Lolamou, R., Loua, C.M., Massala, V.,
Moumouni, K., Provost, C., Samake, N., Sekou, C.,
Soumah, A., Arnould, 1., Komano, M.S., Gustin, L.,
Berutto, C., Camara, D., Camara, F.S., Colpaert, J., Delamou,
L., Jansson, L., Kourouma, E., Loua, M., Malme, K.,
Manfrin, E., Maomou, A., Milinouno, A., Ombelet, S.,
Sidiboun, A.Y., Verreckt, 1., Yombouno, P., Bocquin, A.,
Carbonnelle, C., Carmoi, T., Frange, P., Mely, S., Nguyen,
V.K., Pannetier, D., Taburet, A.M., Treluyer, J.M., Kolie,
J., Moh, R., Gonzalez, M.C., Kuisma, E., Liedigk, B.,
Ngabo, D., Rudolf, M., Thom, R., Kerber, R., Gabriel, M.,
Caro, A.D., Wolfel, R., Badir, J., Bentahir, M., Deccache, Y.,
Dumont, C., Durant, J.F., Bakkouri, K.E. and Uwamahoro,
M.G. (2016) Experimental Treatment with Favipiravir
for Ebola Virus Disease (the JIKI Trial): A Historically
Controlled, Single-Arm Proof-of-Concept Trial in Guinea.
PLOS Med., 13(3): ¢1001967.

Jochmans, D., van Nieuwkoop, S., Smits, S.L., Neyts, J.,
Fouchier, R.A.M. and van den Hoogen, B.G. (2016)
Antiviral activity of favipiravir (T-705) against a broad
range of paramyxoviruses in vitro and against human metap-
neumovirus in hamsters. Antimicrob. Agents Chemother.,
60(8): 4620-4629.

Dawes, B.E., Kalveram, B., Ikegami, T., Juelich, T.,
Smith, J.K., Zhang, L., Park, A., Lee, B., Komeno, T,
Furuta, Y. and Freiberg, A.N. (2018) Favipiravir (T-705)
protects against Nipah virus infection in the hamster model.
Sci. Rep., 8(1): 7604.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

Deval, J., Hong, J., Wang, G., Taylor, J., Smith, LK.,
Fung, A., Stevens, S.K., Liu, H., Jin, Z., Dyatkina, N.,
Prhave, M., Stoycheva, A.D., Serebryany, V., Liu, J.,
Smith, D.B., Tam, Y., Zhang, Q., Moore, M.L., Fearns, R.,
Chanda, S.M., Blatt, L.M., Symons, J.A. and Beigelman, L.
(2015) Molecular basis for the selective inhibition of respi-
ratory syncytial virus RNA polymerase by 2’-Fluoro-4’-
chloromethyl-cytidine triphosphate. PLoS Pathog., 11(6):
€1004995.

Klumpp, K., Lévéque, V., Le Pogam, S., Ma, H.,
Jiang, W.R., Kang, H., Granycome, C., Singer, M.,
Laxton, C., Hang, J.Q., Sarma, K., Smith, D.B., Heindl, D.,
Hobbs, C.J., Merrett, J.H., Symons, J., Cammack, N.,
Martin, J.A., Devos, R. and Najera, 1. (2006) The novel
nucleoside analog R1479 (4’-azidocytidine) is a potent
inhibitor of NS5B-dependent RNA synthesis and hepatitis
C virus replication in cell culture. J. Biol. Chem., 281(7):
3793-3799.

Nguyen, N.M., Tran, C.N.B., Phung, L.K., Duong, K.T.H.,
Huynh, H.A., Farrar, J., Nguyen, Q.T.H., Tran, H.T.,
Nguyen, C.V.V., Merson, L., Hoang, L.T., Hibberd, M.L.,
Aw, PPK., Wilm, A., Nagarajan, N., Nguyen, D.T.,
Pham, M.P., Nguyen, T.T., Javanbakht, H., Klumpp, K.,
Hammond, J., Petric, R., Wolbers, M., Nguyen, C.T. and
Simmons, C.P. (2013) A randomized, double-blind placebo
controlled trial of balapiravir, a polymerase inhibitor, in
adult dengue patients. J. Infect. Dis., 207(9): 1442—-1450.
Wang, G., Deval, J., Hong, J., Dyatkina, N., Prhave, M.,
Taylor, J., Fung, A., Jin, Z., Stevens, S.K., Serebryany, V.,
Liu, J., Zhang, Q., Tam, Y., Chanda, S.M., Smith, D.B.,
Symons, J.A., Blatt, L.M. and Beigelman, L. (2015)
Discovery of 4’-chloromethyl-2’-deoxy-3°,5’-di-O-isobu-
tyryl-2’-fluorocytidine (ALS-8176), a first-in-class RSV
polymerase inhibitor for treatment of human respiratory
syncytial virus infection. J. Med. Chem., 58(4): 1862—1878.
Smith, D.B., Kalayanov, G., Sund, C., Winqvist, A.,
Maltseva, T., Leveque, V.J.P., Rajyaguru, S., Le Pogam, S.,
Najera, 1., Benkestock, K., Zhou, X.-X., Kaiser, A.C.,
Maag, H., Cammack, N., Martin, J.A., Swallow, S.,
Johansson, N.G., Klumpp, K. and Smith, M. (2009) The
design, synthesis, and antiviral activity of monofluoro
and difluoro analogues of 4’-azidocytidine against hepa-
titis C virus replication: The discovery of 4’-azido-2’-de-
oxy-2’-fluorocytidine and 4’-azido-2’-dideoxy-2’,2’-diflu-
orocytidine. J. Med. Chem., 52(9): 2971-2978.

Jordan, P.C., Stevens, S.K., Tam, Y., Pemberton, R.P.,
Chaudhuri, S., Stoycheva, A.D., Dyatkina, N., Wang, G.,
Symons, J.A., Deval, J. and Beigelman, L. (2017) Activation
pathway of a nucleoside analog inhibiting respiratory syn-
cytial virus polymerase. ACS Chem. Biol., 12(1): 83-91.
Hotard, A.L., He, B., Nichol, S.T., Spiropoulou, C.F. and
Lo, M.K. (2017) 4’-Azidocytidine (R1479) inhibits heni-
paviruses and other paramyxoviruses with high potency.
Antiviral Res., 144: 147-152.

Lo, M.K., Amblard, F., Flint, M., Chatterjee, P., Kasthuri, M.,
Li, C., Russell, O., Verma, K., Bassit, L., Schinazi, R.F.,
Nichol, S.T. and Spiropoulou, C.F. (2020) Potent in vitro
activity of B-D-4'-chloromethyl-2'-deoxy-2'-fluorocytidine
against Nipah virus. Antiviral Res., 175: 104712.
Lusvarghi, S. and Bewley, C.A. (2016) Griffithsin: An anti-
viral lectin with outstanding therapeutic potential. Viruses,
8(10): 296.

O’Keefe, B.R., Vojdani, F., Buffa, V., Shattock, R.J.,
Montefiori, D.C., Bakke, J., Mirsalis, J., d’Andrea, A.L.,
Hume, S.D., Bratcher, B., Saucedo, C.J., McMahon, J.B.,
Pogue, G.P. and Palmer, K.E. (2009) Scaleable manufac-
ture of HIV-1 entry inhibitor griffithsin and validation of
its safety and efficacy as a topical microbicide component.
Proc. Natl. Acad. Sci. U. S. A., 106(15): 6099—-6104.
Alsaidi, S., Cornejal, N., Mahoney, O., Melo, C., Verma, N.,
Bonnaire, T., Chang, T., O’Keefe, B.R., Sailer, J.,
Zydowsky, T.M., Teleshova, N. and Romero, J.A.F. (2021)

International Journal of One Health, EISSN: 2455-8931

131



Available at www.onehealthjournal.org/Vol.9/No.2/9.pdf

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Griffithsin and carrageenan combination results in antiviral
synergy against SARS-CoV-1 and 2 in a pseudoviral model.
Mar. Drugs, 19(8): 418.

Lo, M.K., Spengler, J.R., Krumpe, L.R.H., Welch,S.R.,
Chattopadhyay, A., Harmon, J.R., Coleman-McCray, J.D.,
Scholte, F.E.M., Hotard, A.L., Fuqua, J.L., Rose, J.K.,
Nichol, S.T., Palmer, K.E. O’Keefe, B.R. and
Spiropoulou, C.F. (2020) Griffithsin inhibits Nipah virus
entry and fusion and can protect syrian golden hamsters from
lethal Nipah virus challenge. J. Infect. Dis., 221(Suppl 4):
S480-S492.

Porotto, M., Rockx, B., Yokoyama, C.C., Talekar, A.,
Devito, 1., Palermo, L.M., Liu, J., Cortese, R., Lu, M.,
Feldmann, H., Pessi, A. and Moscona, A. (2010) Inhibition
of Nipah virus infection in vivo: Targeting an early stage
of paramyxovirus fusion activation during viral entry. PLoS
Pathog., 6(10): e1001168.

Mathieu, C., Augusto, M.T., Niewiesk, S., Horvat, B.,
Palermo, L.M., Sanna, G., Madeddu, S., Huey, D.,
Castanho, M.A.R.B., Porotto, M., Santos, N.C. and
Moscona, A. (2017) Broad spectrum antiviral activity for
paramyxoviruses is modulated by biophysical properties of
fusion inhibitory peptides. Sci. Rep., 7: 43610.

Augusto, M.T., Hollmann, A., Porotto, M., Moscona, A. and
Santos, N.C. (2017) Antiviral lipopeptide-cell membrane
interaction is influenced by PEG Linker length. Molecules,
22(7): 1190.

Mathieu, C., Porotto, M., Figueira, T.N., Horvat, B. and
Moscona, A. (2018) Fusion inhibitory lipopeptides engi-
neered for prophylaxisof Nipah virus in primates. J. Infect.
Dis., 218(2): 218-227.

Huang, A.S. and Baltimore, D. (1970) Defective viral
particles and viral disease processes. Nature, 226(5243):
325-327.

Vignuzzi, M. and Loépez, C.B. (2019) Defective viral
genomes are key drivers of the virus-host interaction. Nat.
Microbiol., 4(7): 1075-1087.

Vasilijevic, J., Zamarrefo, N., Oliveros, J.C., Rodriguez-
Frandsen, A., Gémez, G., Rodriguez, G., Pérez-Ruiz, M.,
Rey, S., Barba, 1., Pozo, F., Casas, I., Nieto, A. and
Falcon, A. (2017) Reduced accumulation of defective viral
genomes contributes to severe outcome in influenza virus
infected patients. PLoS Pathog., 13(10): e1006650.
Martinez-Gil, L., Goff, P.H., Hai, R., Garcia-Sastre, A.,
Shaw, M.L. and Palese, P. (2013) A Sendai virus-derived
RNA agonist of RIG-I as a virus vaccine adjuvant. J. Virol.,
87(3): 1290-1300.

Welch, S.R., Tilston, N.L., Lo, M.K., Whitmer, S.L.M.,
Harmon, J.R., Scholte, F.E.M., Spengler, J.R., Duprex,W.P.,
Nichol, S.T. and Spiropoulou, C.F. (2020) Inhibition of
Nipah virus by defective interfering particles. J. Infect. Dis.,
221(Suppl 4): S460-S470.

Welch, S.R., Spengler, J.R., Harmon, J.R., Coleman-
McCray, J.D., Scholte, F.EM., Genzer, S.C., Lo, M.K.,
Montgomery, J.M., Nichol, S.T. and Spiropoulou, C.F.
(2022) Defective interfering viral particle treatment reduces
clinical signs and protects hamsters from lethal Nipah virus
disease. mBio, 13(2): €03294-21.

Moradi, M., Golmohammadi, R., Najafi, A., Moosazadeh
Moghaddam, M., Fasihi-Ramandi, M. and Mirnejad, R.
(2022) A contemporary review on the important role of
in silico approaches for managing different aspects of
COVID-109 crisis. Inform. Med. Unlocked, 28: 100862.

Li, Q., Guan, X., Wu, P, Wang, X., Zhou, L., Tong,
Y., Ren, R., Leung, K.S.M., Lau, E.H.Y., Wong, J.Y.,
Xing, X., Xiang, N., Wu, Y., Li, C., Chen, Q., Li, D.,
Liu, T., Zhao, J., Liu, M., Tu, W., Chen, C., Jin, L., Yang,
R., Wang, Q., Zhou, S., Wang, R., Liu, H., Luo, Y., Liu,
Y., Shao, G., Li, H., Tao, Z., Yang, Y., Deng, Z., Liu, B.,
Ma, Z., Zhang, Y., Shi, G., Lam, T.T.Y., Wu, J.T., Gao, G.F.,
Cowling, B.J., Yang, B., Leung, G.M. and Feng, Z. (2020)
Early transmission dynamics in Wuhan, China, of novel

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

coronavirus-infected pneumonia. N. Engl. J. Med., 382(13):
1199-1207.

Dehelean, C.A., Lazureanu, V., Coricovac, D., Mioc, M.,
Oancea, R., Marcovici, 1., Pinzaru, I., Soica, C.,
Tsatsakis, A.M. and Cretu, O. (2020) SARS-CoV-2:
Repurposed drugs and novel therapeutic approaches-in-
sights into chemical structure-biological activity and toxi-
cological screening. J. Clin. Med., 9(7): 2084.

Guedes, I.A., Costa, L.S.C., Dos Santos, K.B., Karl, A.L.M.,
Rocha, G.K., Teixeira, .M., Galheigo, M.M., Medeiros, V.,
Krempser, E., Custodio, F.L., Barbosa, H.J.C., Nicolas, M.F.
and Dardenne, L.E. (2021) Drug design and repurposing
with DockThor-VS web server focusing on SARS-CoV-2
therapeutic targets and their non-synonym variants. Sci.
Rep., 11(1): 5543.

Alagumuthu, M., Rajpoot, S. and Baig, M.S. (2021) Structure-
based design of novel peptidomimetics targeting the SARS-
CoV-2 spike protein. Cell. Mol. Bioeng., 14(2): 177-185.
Pathania, S., Randhawa, V. and Kumar, M. (2020)
Identifying potential entry inhibitors for emerging Nipah
virus by molecular docking and chemical-protein interac-
tion network. J. Biomol. Struct. Dyn., 38(17): 5108-5125.
Ropon-Palacios, G., Chenet-Zuta, M.E., Olivos-
Ramirez, G.E., Otazu, K., Acurio-Saavedra, J. and Camps, L.
(2020) Potential novel inhibitors against emerging zoonotic
pathogen Nipah virus: A virtual screening and molecu-
lar dynamics approach. J. Biomol. Struct. Dyn., 38(11):
3225-3234.

Naeem, 1., Mateen, R.M., Sibtul Hassan, S., Tarig, A.,
Parveen, R., Saqib, M.A.N., Fareed, M.1., Hussain, M. and
Afzal, M.S. (2022) In silico identification of potential drug-
like molecules against G glycoprotein of Nipah virus by
molecular docking, DFT studies, and molecular dynamic
simulation. J. Biomol. Struct. Dyn., 41(15): 7104-7118.

De Clercq, E. (2011) A 40-year journey in search of
selective antiviral chemotherapy. Annu. Rev. Pharmacol.
Toxicol., 51: 1-24.

Jordheim, L.P., Durantel, D., Zoulim, F. and Dumontet, C.
(2013) Advances in the development of nucleoside and
nucleotide analogues for cancer and viral diseases. Nat. Rev.
Drug Discov., 12(6): 447-464.

Ray, A.S., Fordyce, M.W. and Hitchcock, M.J.M. (2016)
Tenofovir alafenamide: A novel prodrug of tenofovir for
the treatment of Human Immunodeficiency Virus. Antiviral
Res., 125: 63-70.

Lam, Y.F., Seto, W.K., Wong, D., Cheung, K.S., Fung, J.,
Mak, L.Y., Yuen, J., Chong, C.K., Lai, C.L. and Yuen, M.F.
(2017) Seven-year treatment outcome of entecavir in a real-
world cohort: Effects on clinical parameters, HBsAg and
HBcrAg levels. Clin. Transl. Gastroenterol., 8(10): e125.
Stedman, C. (2014) Sofosbuvir, a NS5B polymerase inhib-
itor in the treatment of hepatitis C: A review of its clinical
potential. Therap. Adv. Gastroenterol., 7(3): 131-140.

De Clercq, E. and Holy, A. (2005) Acyclic nucleoside phos-
phonates: A key class of antiviral drugs. Nat. Rev. Drug
Discov., 4(11): 928-940.

Abduljalil, J.M., Elfiky, A.A., Sayed, E.S.T.A. and
AlKhazindar, M.M. (2022) In silico structural elucidation of
Nipah virus L protein and targeting RNA-dependent RNA
polymerase domain by nucleoside analogues. J. Biomol.
Struct. Dyn., 41(17): 8215-8229.

Abhinand, C.S., Ibrahim, J., Keshava Prasad, T.S., Raju, R.,
Oommen, O.V. and Nair, A.S. (2022) Molecular docking
and dynamics studies for the identification of Nipah virus
glycoprotein inhibitors from Indian medicinal plants. J.
Biomol. Struct. Dyn., 6: 1-8.

Raja, T., Ravikumar, P., Srinivasan, M.R., Vijayarani, K.
and Kumanan, K. (2020) Identification of potential novel
inhibitors for Nipah virus-an in silico approach. Int. J. Curr.
Microbiol. Appl. Sci., 9(9): 3377-3390.

Abuzenadah, A.M., Al-Sayes, F., Mahafujul Alam, S.S.,
Hoque, M., Karim, S., Hussain, .M.R. and Tabrez, S. (2022)

International Journal of One Health, EISSN: 2455-8931

132



Available at www.onehealthjournal.org/Vol.9/No.2/9.pdf

114.

115.

116.

Identification of potential poly (ADP-Ribose) polymerase-1
inhibitors derived from Rauwolfia serpentina: Possible
implication in cancer therapy. Evid. Based Complement.
Alternat. Med., 2022: ¢3787162.

Parida, P.K., Paul, D. and Chakravorty, D. (2020) Nature to
Nurture-Identifying Phytochemicals from Indian Medicinal
Plants as Prophylactic Medicine by Rational Screening
to Be Potent against Multiple Drug Targets of SARS-
CoV. Available from: https://europepmc.org/article/PPR/
PPR166078. Retrieved on 20-10-2023.

Tanuja, G. and Parani, M. (2023) Whole transcriptome
analysis identifies full-length genes for neoandrographolide
biosynthesis from Andrographis alata, an alternate source
for antiviral compounds. Gene, 851: 146981.

Murugan, N.A., Pandian, C.J. and Jeyakanthan, J. (2021)
Computational investigation on Andrographis paniculata
phytochemicals to evaluate their potency against SARS-
CoV-2 in comparison to known antiviral compounds in drug

117.

118.

119.

120.

trials. J. Biomol. Struct. Dyn., 39(12): 4415-4426.

Rizma, B.R.P., Ananto, A.D. and Sunarwidhi, A.L. (2021)
The study of potential antiviral compounds from Indonesian
medicinal plants as anti-COVID-19 with molecular docking
approach. J. Mol. Docking, 1(1): 32-39.

Sangeetha, K., Martin-Acebes, M.A., Saiz, J.C. and
Meena, K.S. (2020) Molecular docking and antiviral activi-
ties of plant-derived compounds against Zika virus. Microb.
Pathog., 149: 104540.

Wiart, C., Kumar, K., Yusof, M.Y., Hamimah, H., Fauzi, Z.M.
and Sulaiman, M. (2005) Antiviral properties of ent-labdene
diterpenes of Andrographis paniculata nees, inhibitors of her-
pes simplex virus Type 1. Phytother: Res., 19(12): 1069—-1070.
Zhang, J., Sun, Y., Zhong, L.Y., Yu, N.N., Ouyang, L.,
Fang, R.D., Wang, Y. and He, Q.Y. (2020) Structure-
based discovery of neoandrographolide as a novel inhib-
itor of Rab5 to suppress cancer growth. Comput. Struct.
Biotechnol. J., 18: 3936-3946.

s sk s sk s sk sk sk

International Journal of One Health, EISSN: 2455-8931

133





