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Abstract

The SARS-CoV-2 virus has spread worldwide to cause a full blown pandemic since 2020. To date, several promising synthetic
therapeutics are repurposed and vaccines through different stages of clinical trials were approved and being administered,
but still the efficacy of the drugs and vaccines are yet to be decoded. This article highlights the importance of traditional
medicinal plants and the phytomolecules derived from them, which possess in vitro antiviral and anti-CoV properties and
further explores their potential as inhibitors to molecular targets of SARS-CoV-2 that were evaluated by in silico approaches.
Botanicals in traditional medicinal systems have been investigated for anti-SARS-CoV-2 activity through in silico and in vitro
studies. However, information linking structure of phytomolecules to their antiviral activity is limited. Most phytomolecules
with anti-CoV activity were studied for inhibition of the human ACE2 receptor through which the virus enters host cells,
and non-structural proteins 3CLP™ and PLP™. Although the proteases are ideal anti-CoV targets, information on plant-based
inhibitors for the CoV structural proteins, e.g., spike, envelope, membrane, nucleocapsid required further investigations. In
absence of scientific evaluations through in vitro and biocompatibility studies, plant-based antivirals fall short as treatment
options. Plant-based anti-SARS-CoV-2 therapeutics can be promising alternatives to their synthetic counterparts as they
are economical and bear fewer chances of toxicity, side effects, and viral resistance. Our review could provide a systematic
overview of the potential phytomolecules which can be repurposed and subjected to further modes of experimental evalua-
tion to qualify for use in treatment and prophylaxis of SARS-CoV-2 infections.

Introduction

Coronaviruses, a genus of the Coronaviridae family, are
enveloped viruses with a large plus-strand RNA genome
commonly associated with respiratory or enteric infections
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in human, mammal, fish, and avian hosts [1, 2]. CoV's were
initially known to be enzootic, causing disease only in ani-
mals hosts, although few CoV's have crossed the animal-human
species barrier and progressed to cause zoonoses in humans.
The novel corona virus disease, COVID-19, caused by SARS-
CoV-2 virus started as an endemic flu type epidemic, caus-
ing pneumonia, in December 2019 in the Hubei province of
China with Wuhan city as the epicenter of the infection. Pres-
ently, the virus has spread as a full blown pandemic across the
globe manifesting major clinical symptoms such as dry cough,
fever, diarrhea, breathlessness, and fatigue, with many patients
developing dyspnea and lymphopenia. The disease progression
is associated with complications such as respiratory distress
syndrome, acute cardiac injury, and RNaemia [3]. Although
vaccines and antivirals for treatments are being fast-tracked
by regulatory agencies in various countries, their effects
in the long term will not be known yet. To date, no perfect
therapeutics have been approved against any human-infecting
coronaviruses and all their variants [4, 5]. The susceptibil-
ity of populations to SARS-CoV-2 is presently under inves-
tigation. Older people and people with pre-existing disease
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conditions such as asthma, hypertension, heart disease, and
diabetes are at higher risks of developing severe illness as a
result of infection [6]. However, COVID-19 has slain more
people than any other coronaviruses, such as, SARS-CoV and
MERS-CoV [7]. In the course of running preventive measures,
countries remain administratively crippled and grapple with
fear of their economy sliding down, their citizenry losing jobs
coupled with the anxiety of losing human lives at mass scale.
Viral diseases pose high risks to the human health on account
of the highly mutative nature of the viral genomes, making it
difficult to control transmission and in coming forward with
effective interventions [8]. Despite constant advances in the
drug discovery process and discovery of novel antiviral agents,
most treatments for viral diseases include synthetic drugs of
which action is non-specific for particular viruses [9]. While
synthetic antivirals help in bringing the infection under con-
trol, they could cause undesirable side effects coupled with
their inability in changing the course of induced viral compli-
cations. Developed inefficiency of the antivirals is attributed to
the limited effective life span of synthetic antivirals, caused by
problems of latency and recurrence in immune-compromised
hosts [10].

Demand for alternative sources of antivirals has led to a
revived interest in investigating natural, plant-based sources,
which have advantages of being much less expensive, hav-
ing better patient tolerance, and fewer or no side effects. In
India, traditional medicines have been practiced through ages.
India, like China, has a diverse medicinal plant system that has
diverse sources of therapeutic agents, which have proved use-
ful for combating viral disorders. Plant-based formulations to
treat historic epidemics have been previously reported in the
case of CoV, influenza, and dengue viruses [11]. Medicinal
plants exert antiviral effects and enhance the immune system.
Indian medicinal plants have been widely studied for a range
of therapeutic applications and their use in medicines since
ancient times. Listed in Ayurveda, Siddha, and Unani medicine
systems in India, their investigations can be the key to alleviate
pathologies caused by viruses and in overcoming the limi-
tations of existing antivirals. Several studies on the antiviral
activity of plants against different CoVs, and other enveloped
viruses that cause diseases in humans have been reported. In
view of the present pandemic, our review aims to focus on
the potential phytomolecules that can be repurposed as inhibi-
tors for molecular targets of SARS-CoV-2 and its variants by
making use of the information obtained through previously
conducted investigations.

Biology of Coronaviruses-Extrapolating
Known Data to Determine Pathogenesis
of SARS-CoV-2

Coronaviruses belong to the order Nidovirales, fam-
ily Coronaviridaeand sub-family Coronavirinae. Their
genome size is approximately 26-32 kb, which is the larg-
est known size for RNA viruses [12] and are associated
with a GC content of 32-43% [2]. SARS-CoV, MERS-
CoV, and SARS-CoV-2 belong to betacoronaviruses and
are further classified under the Sarbecovirus subgenera.
The recently emerged SARS-CoV-2 virus possesses 79.5%
identity to SARS-CoV, 51.8% to MERS-CoV, and 96.2%
identity to bat (i.e., order Chiroptera) CoV [13, 14]. Phylo-
genetic analysis, using the publicly available SARS-CoV-2
sequences yielded 86.9% sequence identity with previ-
ously published sequence of bat SARS-like CoV, while
Simplot analysis yielded 96% identity with that of bat CoV
isolate RaTG13, suggesting a probable origin from bats
[2]. Major structural proteins (e.g., spike, nucleocapsid,
envelope, and membrane) and non-structural proteins
of CoV play significant roles in attachment to host cells
and in pathogenesis. Structural proteins are encoded by
one-third of the genome at the 3’ end, while two-thirds of
the genome at the 5’ end contain two ORFS (1&2). The
non-structural proteins MP™ (Chymotrypsin-like protease
or 3CLP™) and Papain-like protease (PLP™), produce 16
mature non-structural proteins, which further produce
accessory proteins responsible for viral replication and
transcription [2].

Spike protein is the first of the structural proteins
involved in mediating attachment of virus to the receptors
on host cell, and is responsible for causing subsequent
fusion between viral and host cell membranes and finally
allows viral entry into the host cell. Enhanced binding
affinity between the spike glycoprotein of SARS-CoV and
hACE2 receptor accounts for the increased transmissibility
and disease severity observed in humans,, suggesting that
it can spread as efficiently as demonstrated by the number
of human—human transmission events. However, SARS-
CoV-2 is unique due to the presence of a furin cleave site
at the S1/S2 boundary [5], which could largely affect its
infective and transmissible characteristics. The nucleocap-
sid protein has a supposed role in viral assembly and bud-
ding, and is responsible for binding to CoV RNA genome,
which is stabilized by binding to membrane protein. The
nucleocapsid protein also mediates in the CoV replica-
tion cycle. Membrane protein along with the envelope
protein makes up the viral envelope, whose interaction
has been reported to suffice for production and release of
virus-like particles. The envelope protein is the smallest
major structural protein whose role is extremely significant
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as its absence impedes viral production and maturation
[12]. Among the non-structural proteins, the active site of
Mpro has been identified to be highly conserved among
CoVs with several shared common features [14]. Homol-
ogy of MP™ has been evidenced in its primary amino acid
sequence as well its tertiary structure [15]. It is interesting
to note that MP™ does not possess a human homolog, thus
making it an ideal antiviral target [14].

The present genomic data suggests that SARS-CoV-2
bears sequence identity to SARS-CoV to an extent that the
therapeutics investigated for it can be repurposed and repo-
sitioned for the treatment of SARS-CoV-2. Although the
pathogenesis and exact biology of SARS-CoV-2 is yet to
be determined, the present knowledge pertaining to SARS-
CoV and MERS-CoV can provide important clues for the
present and future research efforts into the investigation of
SARS-CoV-2.

Antiviral Approaches

Potential Antiviral and Inmunomodulatory
Phytomolecules

Use of medicinal plants in prevention and treatment of
respiratory viral infections is an age-old practice owing
to their immune stimulation and inflammation modulat-
ing effects in addition to exhibiting antiviral properties. In
SARS-CoV-2 infections, lung damage and respiratory insuf-
ficiency are most often caused by the inflammatory injury to
alveolar capillaries due to the generalized cytokine storm,
chemokines, and inflammatory cytokines. An important
strategy to protect lung damage from effects of viral infec-
tion could be to explore antiviral plants reported to possess
inhibitory activity against known pathogenic viruses, which
also possess immune modulatory properties thereby acting
as enhanced therapeutic agents [16]. Search for medicinal
plants with reported antiviral and immune modulatory (e.g.,
anti-inflammatory, controlling cytokine production, and
immune boosting) properties will serve as mode of treat-
ment and prophylaxis for SARS-CoV-2 infection by direct-
ing the immune system to control the inflammatory response
to the invading virus and inhibiting viral propagation in the
cells. We have conducted an overview of reported plant-
based antivirals proven to inhibit pathogenic viruses, use of
the plants in traditional medicinal systems, and their associ-
ated immune modulatory effects that produce a controlled
immune response against enveloped and respiratory disease
causing viral pathogens previously recorded (Table 1). The
phytomolecules such as baicalin, rhein, chebulagic acid, gly-
cyrrhizin, betulinic acid, and andrographolide have demon-
strated anti-viral activity against enveloped and respiratory
disease causing viruses such as HIV, dengue, HSV, IAV.

@ Springer

Although phytomolecules such as glycyrrhizin, baicalin,
rhein, and betulinic acid have been studied for inhibition of
coronaviruses, data on uses of the source plants of the afore-
mentioned phytomolecules in traditional medicinal systems
have also been collated and will be critical for investigat-
ing the plants for symptomatic treatment of SARS-CoV-2
infected patients. The medicinal plants listed can be explored
for possessing specific inhibitory and immune regulatory
properties and repurposing for use against SARS-CoV-2.

Plants/Phytomolecules Reported to Possess
Antiviral Activity Against CoV

Inhibitors of Various CoV In Vitro

Dried roots and rhizomes of Glycyrrhiza glabra L. contain
bioactive phytomolecules glycyrrhizin (triterpine) and 18 f
glycyrrhetinic acid (aglycone) [17, 18]. Although the exact
mechanism by which these molecules exert their antiviral
activity is unknown, adsorption and penetration of SARS-
CoV was inhibited during the early stages of the viral rep-
lication cycle. Glycyrrhizin has the ability to interfere with
viral signal transduction and resulting in up-regulation of
NO production, which also has antiviral properties, thus
exerting immunomodulatory and protective activity [19].
Immunomodulatory effects of glycyrrhizin could be estab-
lished by its use in the treatment of chronic viral infections
along with L-cysteine and glycine. Antiviral activity against
SARS-CoV was demonstrated by active principles from
plants, e.g., ginsenoside Rb1 from Panax ginseng C.A. Mey,
aescin from horse chestnut tree Aesculus hippocastanum L.,
and reserpine from Rauwolfia sp. P.ginseng is widely used
in TCM for treatment of spontaneous sweating and fever,
atrophic lung disease and phlegm, shortness of breath, and
providing nourishing and immune-enhancing effects among
many other uses [20, 21].

Flavonoid catechin isolated from Eleutherococcus sen-
ticosus (Rupr. & Maxim.) Maxim. demonstrated anti-CoV
activity, while the alkaloids cepharanthine and isoquinoline
isolated from Stephania cephalantha Hayata and flavonoid
baicalin isolated from S. baicalensis displayed effective
anti-SARS-CoV activity in vitro [10, 22]. Plant extracts
using whole plant of Artemisia annua L., leaf of Pyrrosia
lingua (Thunb.) Farw., root of Lindera aggregate (Sims)
Kosterm., and the phytomolecule lycorine from Lycoris
radiata (L'He'r.) Herb.demonstrated significant anti-SARS-
CoV activity in vitro [23]. Plant extracts of Artemisia annua
L. inhibited feline coronavirus and SARS-CoV-2 in vitro,
with its activity attributed to artemisinin and other flavo-
noids present in the extract [24, 25]. Phytomolecules UDA
(U d agglutinin) from the plant Urtica dioica L, represented
a moderately active antiviral lectin with increased therapeu-
tic utility by specifically interacting with oligomers at the
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core of glycans and homologous envelope proteins of SARS-
CoV. In an in vivo experiment, UDA was able to protect
mice against lethal infection, protect against weight loss, and
decreased lung pathology scores. However, it did not reduce
lung viral titres [26].

A number of plant extracts and associated phytomole-
cules exhibited antiviral activity against the viruses other
than SARS-CoV, e.g., MERS-CoV, HCoV-229E murine
coronavirus. Resveratrol (trans-3’, 5, 4’-trihydroxystilbene),
abundant in plants such as grape (Vitis vinifera L.), huzhang
(Polygonum cuspidatum Siebold & Zucc.), and cranberry
(Vaccinium macrocarpon Aiton), inhibited viral growth of
MERS-CoV. The phytomolecule was able to prolong cel-
lular survival after viral infection and resulted in decreased
expression of nucleocapsid protein in a dose-dependent
manner [27]. Silvestrol, a type of flavagline from the genus
Aglaia, was identified to be an eIF4A (DEAD box RNA
helicase) inhibitor. Silvestrol displayed antiviral activity
against MERS-CoV and HCoV-229E by inhibition of for-
mation of viral replication or transcription complexes [28].
Antiviral activity of saikosaponins A, B,, C, and D was
reported against HCoV-229E by inhibition of viral attach-
ment and penetration [29]. Quercetin, one of the most widely
reported phytomolecules, inhibited propagation of murine
coronavirus possibly by inhibiting HF-ATPase of lysosomal
membrane and inhibition of viral coat protein removal [30].
Anti-SARS-CoV, MERS-CoV, and anti-HCoV229E activity
was conducted by the commercial plant extract Echinoforce,
derived from Echinacea purpurea (L.) Moench [31]. The
phytomolecules with antiviral activity against coronaviruses
were recorded in Table 2.

tion along with enhanced thymus

and spleen indices, decreased
levels of IL-10 and TGF-f along

with increased IgG production.
Downregulation of IFN-y levels

peritoneal macrophages, IL-12,
[82, 83]

Immunomodulatory activity of

phytomolecule aiding in anti-viral

Increased levels of TNF-a from
CD4 +, and lymphocyte popula-

activity

Anti-viral activity of phytomol-

ecule
Used in treatment of respiratory ~ HSV-2, HIV-1, IAV in vitro [81]

Traditional uses of source plant
infections

Inhibitors of SARS-CoV Structural Proteins

Potent anti-SARS-CoV activity was demonstrated by phy-
tomolecule luteolin found in the plant used in TCM, e.g.,
Perilla frutescens (L.) Britt, which is traditionally used for
treatment of asthma, cough, flu, cold, phlegm, stuffy nose,
and headache [32]. Luteolin bound to S2 subunit of the pre-
cursor of spike protein and blocked viral entry by interfer-
ing with the viral-host cell fusion process. Mannose-specific
plant lectins from Galanthus nivalis L., and Allium porrum
L. are promising anti-SARS-CoV agents. The anti-SARS-
CoV activity of mannose-specific plant lectins could be
attributed to their ability to bind with mannose type glycans
which form 2 of the 4 N-glycosylation sites in SARS-CoV
spike protein [33]. The anthraquinone emodin from plants of
Genus Rheum and Polygonum block spike protein and ACE
interaction in a dose-dependent manner [34]. Griffithsin,
isolated from the red alga Griffithsia sp. is a 12.7 kDa pro-
tein, which inhibits SARS-CoV viral entry both in vitro and
in vivo by binding specifically to the spike glycoprotein [35].
Spike protein mediated binding and entry of SARS-CoV-2

gium claviflorum (Roxb.) Wall.

Ziziphus jujuba Mill.and Syzi-
ex A.M.Cowan & Cowan

Class of compound Source plant

Terpene

Table 1 (continued)

Phytomolecule
Betulinic acid
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Table 2 Phytomolecules reported to possess antiviral activity against Coronaviruses

Phytomolecules Class of compound Source plant Antiviral activity against CoV  References
Glycyrrhizin Terpene Glycyrrhiza glabra SARS-CoV [17]
ginsenoside Rb1 Triterpene saponin Panax ginseng SARS-CoV [84]
Aescin Saponin Aesculus hippocastanum SARS-CoV [84]
Aurintricarboxylic acid Polyarmoatic carbox- SARS-CoV [85]
ylic acid derivative
Reserpine Alkaloid Rauwolfia sp. SARS-CoV [84]
Catechin Flavonoid Eleutherococcus senticosus CoV [10]
Cepharanthine and isoquinoline Alkaloid Stephania cepharantha SARS-CoV [10]
Baicalin Flavonoid Scutellaria baicalensis SARS-CoV [22]
Lycorine Alkaloid Lycoris radiata SARS-CoV [23]
Alpha-hederin (glycyrrhizin derivative) Triterpenoid saponin  Glycyrrhiza glabra SARS-CoV [86]
UDA Lectin Urtica dioica SARS-CoV [26]
Resveratrol Polyphenol Vitis vinifera, Polygonum MERS-CoV [27]
cuspidatum and Vaccinium
macrocarpon

Silvestrol Benzofuran Aglaia spp. MERS-CoV, [28]

HCoV-229E
Saikosaponins A, B,, C, D Triterpene glycosides Bupleurum spp. HCoV-229E [29]
Theaflavins Tannins Black tea Bovine coronavirus [10]
Quercetin Flavonoid Murine coronavirus [30]
Echinoforce Echinacea purpurea SARS-CoV, [31]

MERS-CoV,

HCoV-299E

was inhibited in vitro by a novel polyphenol brazilin as well
as phytomolecules theaflavin-3,3 digallate and cucurmin
[36]. We examined details of phytomolecules that exhibited
inhibitory properties of the SARS-CoV structural proteins
(Table 3).

Inhibitors of SARS-CoV Non-structural Proteins

The plant extract of Houttuynia cordata Thunb., tradi-
tionally used in India to treat fever and cough [37], dem-
onstrated effective inhibition of 3CLP™ and RdRp in vitro.
Upon further investigation, the immunostimulatory effect
of the extract was identified. In uninfected cells, the extract
prevented infection by virus by stimulating proliferation of
CD4+ helper T cells and CD8+cytotoxic T cells. In infected

cells, the extract caused inhibitory effect against viral rep-
lication by hindering the activity of pivotal viral enzymes
[38]. Root of Isatis indigotica Fortune ex Lindl., which is
traditionally used in China for treatment of viral diseases,
e.g., influenza, hepatitis, and encephalitis [39], was used
to effectively inhibit SARS-CoV 3CLP™ due to the activ-
ity of its constituent phytomolecules, indigo, sinigrin, and
f-sitosterol. Since 3CLP™ is a chymotrypsin-like protease,
the established activity of indigo as a chymotrypsin inhibi-
tor is justified [40]. Root of Lindigotica was patented as
an herbal drug and the decoction was recommended by the
National Health Commission of China in its treatment plan
for SARS-CoV-2 in 2020 [41]. Other phytomolecules that
exhibit inhibition against 3CLP™ include amentoflavone iso-
lated from Torreya nucifera (L.) Siebold & Zucc., myricetin,

Table 3 Phytomolecules as
inhibitors of SARS-CoV

SARS-CoV structural protein inhibitors

structural proteins Phytomolecule Class of compound Target protein Source plant References
Luteolin Flavonoid Spike [22]
Mannose-specific lectins Lectin Spike Galanthus nivalis, Hippeas-  [33]
trum hybrid, and Allium
porrum
Emodin Anthraquinone Spike Genus Rheum and Polygonum [34]
Griffithsin Protein Spike Griffithsia sp. (red alga) [35]
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and scutellarein [29]. Ethyl acetate fractions of heartwood
of Chamaecyparis obtusa var. formosana (Hayata) Hayata
yielded active components, ferruginol, and savinin, while
ethyl acetate fractions of heartwood of Juniperus formosana
Hayata yielded active constituents, betulonic acid, and for-
skolin. Among the aforesaid phytmolecules, betulonic acid
and savinin demonstrated most effective competitive inhibi-
tion of 3CLP™ [42]. 3CLP™ inhibitory properties were dem-
onstrated by 4 quinone-methide triterpenes from the plant
Tripterygium regelii Sprague & Takeda [43]. Herbal extracts
of rhizome Cibotium barometz (L.) J.Sm. and Dioscorea
batatas Decne., seeds of Gentiana scabra Bunge and Cas-
sia tora L. as well as stem with leaves of Taxillus chinensis
(DC.) Danser inhibited SARS-CoV. Herbal extract derived
from the rhizome of D. batatas, which exerted antiviral
activity through inhibition of 3CLP™ was considered highly
potent [44].

PLprotease of coronaviruses is an important target for
antivirals as it is a significant non-structural protein that cat-
alyzes its own release and liberation of other non-structural
proteins from the polyprotein, without which the virus-medi-
ated RNA replication could not occur. PLP™ also cleaves
ubiquitin chains and causes deISGylation, thus highlight-
ing its role in modifying host immune response to viruses.
PLP™ inhibitors have been widely reported from different
plant sources. Natural compounds exhibiting PLP™ inhibi-
tion include diaryl heptanoids, tanshinones, flavonoids, and
cinnamic amides. These compounds form the base from
which PLP™ inhibitors can be derived. Novel, active flavo-
noids from the TCM plant Paulownia tomentosa Steud. were
reported to inhibit PLP™ of SARS-CoV due to the presence
of a 3,4-dihydro-2H pyran moiety. The flavonoids pos-
sessed a geranylated structure and were named tomentin A,
B, C, D, E; of which tomentin B produced highest activity
against PLP™. Other flavonoids from P.fomentosa, which dis-
played significant inhibition, include 3'-O-methyldiplacol,
4'-O-methyldiplacone, mimulone, and diplacone [45]. Tan-
nic acid, theaflavin-3'-gallate, and theaflavin-3',3'-digallate
from black tea leaves demonstrated anti-SARS-CoV activity

by inhibition of PLP™ [10]. Xanthoangelol E was found to
be one of the most active principles from the plant Angelica
keiskei (Miq.) Koidz. Along with Xanthoangelol E, Xan-
thoangelol F, D, B, G, isobavachalcone, 4-hydroxyderricin,
and Xanthokeistal demonstrated notable inhibition of PLP™
of SARS-CoV [46]. The active principles from A.keiskei
were able to inhibit the activity of 3CLP™ and PLP™, thus,
exhibiting anti-SARS-CoV activity through multiple mech-
anisms. Plant-based inhibitors of non-structural CoV pro-
teins were analyzed and listed in Table 4. Docking studies
demonstrated withanoside from the source plant Withania
somnifera (L.) Dunal inhibited 3CLP™ and spike proteins
of SARS-CoV-2 [47]. The inhibition was brought about by
increase in IFN-y response and anti-inflammatory activities
by decreasing IL-1, IL-6, and TNF-a levels [48]. The SARS-
CoV-2 3CLP™ protein was also inhibited by Tinosponone
from Tinospora cordifolia (Willd.) Miers [49] by modula-
tion of cytokine production levels and activation of immune
effector cells [48].

Inhibitors of SARS-CoV-2 Target Receptor-ACE2

The angiotensin converting enzyme II (ACE2) is a mem-
brane bound enzyme located in the heart, kidney, vascular
system, and digestive tracts. Studies on binding of SARS-
CoV-2 to human cells have demonstrated highest affinity
of the virus toward human ACE2 receptor, which serves as
the key bridge used by the virus for transmission between
humans. Despite a 72% structural similarity of the spike
glycoprotein RBD between SARS-CoV and SARS-CoV-2,
RBD of the latter demonstrated higher interaction with the
ACE2 receptor, which could explain the higher rates of
transmissibility of SARS-CoV-2 compared to SARS-CoV.
Understanding the importance of the receptor in facilitating
viral entry into human cells, several studies have led to the
discovery and repurposing of inhibitors of ACE2 receptor.
The inhibitors function by altering the binding site of the
virus on ACE2, thereby blocking virus-host cell interaction
and virus binding. Although ACE2 inhibitors are potential

Table 4 Phytomolecules as
inhibitors of SARS-CoV non-

structural proteins

Phytomolecule Class of compound Source plant References
SARS-CoV 3CLP™ or MP™ inhibitors
Indigo, Sinigrin, and p-sitosterol Isatis indigotica [40]
Amentoflavone Flavonoids Torreya nucifera [43]
Ferruginol and savinin Terpenoid and lignin Chamaecyparis obtusa [44]
var. formosana
Betulonic acid and Forskolin Terpene Juniperus formosana [44]
SARS-CoV PLP™ inhibitors
Tomentin B Coumarin Paulownia tomentosa [45]
Xanthoangelol E Chalcone Angelica keiskei [46]
Theaflavin-3',3'-digallate Tannin Black tea [10]
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agents to prevent SARS-CoV-2 infection, it is important
to investigate if inhibition of ACE2 activity could impair
recovery from infection [50] and identify if alternate anti-
inflammatory and antioxidant pathways are activated. Plants
such as Allium sativum L., Cerasus avium L., Alcea digitata
(Boiss.) Alef, and Rubia tinctorum L. have been reported to
possess anti-ACE2 activity and can be explore for inhibi-
tion of ACE2 in SARS-CoV-2 [51]. Specific phytomolecules
have been reported to inhibit ACE2 receptor, which serve
as potent anti-SARS-CoV-2 agents (Table 5). The flavonoid
class of compounds has yielded a maximum number of phy-
tomolecules which demonstrated ACE2 inhibition. It is to
be noted that phytomolecules, such as, luteolin, quercetin,
rhein, glycyrrhizin, and emodin [52], which have demon-
strated anti-CoV activity through inhibition of structural and
non-structural proteins have also displayed ACE2 inhibition.
Details of phytomolecules highlighted in this study could
throw light on plant-based therapeutics, which would have
heightened anti-SARS-CoV-2 potential by means of inhibi-
tion of binding to human receptor ACE2 and inhibition of
viral protein targets.

In Silico Approach for Repurposing Reported
Antiviral Phytomolecules

In wake of the COVID-19 pandemic, several in silico
studies have been reported screening synthetic drugs and
phytochemicals, as attempts to bring to light the possible
compounds that can act as efficient COVID-19 inhibi-
tors. Computational studies help to identify potential
compounds and speed up the process of making effective
therapeutics available to meet the need of the hour. Drug
repurposing ensures that the identified compounds have
established safety profiles, and eliminated possibilities
of harmful side effects. Repurposing of FDA-approved
drugs and those under clinical trials for SARS-CoV and

Table 5 Phytomolecules as inhibitors of ACE2 receptor

Phytomolecule  Class of compound  Method of References

assessing

activity
Kaempferol Flavonoid In vitro [52]
Quercetin Flavonoid In vitro [52]
Apigenin Flavonoid In vitro [87]
Baicalin Flavonoid In silico [88]
Scutellarin Flavonoid In silico [88]
Glycyrrhizin Terpenoid In silico [88]
Curcumin Cucurminoid In silico [89]
Emodin Anthraquinone In vitro [90]
Caffeic acid Phenolic acid In vitro [91]
Nicotinamine Peptide In vitro [92]

MERS-CoVs would be a favorable strategy for develop-
ment of therapeutics for COVID-19 [53]. Currently, phase
III clinical trials of a few drugs specific to RdARp (RNA-
dependent RNA Polymerase) or 3CLP™ is in progress.
Need to consider repurposing of drugs for major structural
proteins of COVID-19, e.g., spike and MP™, assumes criti-
cal importance.

Although prime focus of in silico studies is placed on
repurposing FDA-approved synthetic drugs, phytochemicals
were also screened for in silico docking to SARS-CoV-2
targets. It is understood that most synthetic drugs used as
antivirals have toxic side effects in the long run, and con-
sidering the potential of plant-based antivirals several in
silico studies focusing on repurposing bioactive phyto-
molecules have been conducted. Phytochemicals listed in
TCM were screened in silico and active phytomolecules
including myricitrin, methyl rosmarinate, and amaranthin
were identified as 3CLP™ inhibitors of SARS-CoV-2 [54].
In silico approach was used to identify FDA-approved anti-
viral compounds and phytochemicals active against MP™ of
COVID-19 through virtual screening. Andrographolide, a
small molecule from the medicinal plant Andrographis pan-
iculata (Burm.f.) Wall. ex Nees was identified to possess in
silico inhibitory activity against MP® of SARS-CoV-2 [55].
Andrographolide docked successfully on the site of inhi-
bition of MP™ of COVID-19 and possessed highly soluble
and remarkable pharmacodynamic properties. The in silico
binding occurred with high accuracy and alignment occurred
with Lipinski’s rule, thus making it a potential candidate
for use in a therapeutic drug against COVID-19. In silico
studies, such as, molecular docking, target analysis, toxic-
ity prediction, and ADME prediction using computational
biology established andrographolide from A. paniculata as
a potential inhibitor of the main protease of SARS-COV-2
(3CLP™ or MP™). Computational approaches also predict
that andrographolide may have good solubility, pharma-
codynamics property, and target accuracy, thus making it
a promising compound to pursue with in biochemical and
cell-based assays, and to explore its potential for use against
COVID-19. In silico analysis also yielded successful dock-
ing of andrographolide against the inhibitor region of the
main protease of SARS-CoV-2 virus with docking score of
-3.09 kcal/mol. The docking score showed effective bind-
ing when compared to synthetic compounds when they are
docked against MP™ protein, e.g., disulfiram, tideglusib, and
shikonin with the results of -46.16, -61.79, and -17.35 kcal/
mol, respectively. The binding scores were higher when
compared with the recently proposed combination of three
drugs, namely, lopinavir, ostelmivir, and ritonavir whose
binding scores were — 4.1, — 4.65, and — 5.11, respectively.
This implied that the affinity was lower. The drug ability
feasibility parse is weighed upon several criteria apart from
the binding scores alone where andrographolide has an
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advantage as it is a natural molecule and satisfies Lipinski’s
rule significantly.

Network Ethnopharmacology Approach to Identify
Effects of Traditional Medicines

Any drug, whether synthetic or natural, will possess inher-
ent limitations when its action is directed toward a single
target [56]. Bioactive phytomolecules in herbal formulations
can modulate multiple targets in a living cell, which can
be elucidated by the network ethnopharmacology approach.
The approach provides a system-level understanding to the
pathogenesis of a disease and the mechanism of action of
herbal formulations on the disease. Network pharmacologi-
cal studies are based on examining biological systems and
monitoring their information pathway responses after sys-
tematic perturbation [57]. Mathematical models are used to
define the structure and response of a system to a particular
perturbation. Possible interactions of bioactive phytomol-
ecules with molecular targets of disease networks can be
defined by molecular docking-based network ethnopharma-
cology, which was used to study ayurvedic formulations in
assessing the potential of Triphala in multiple disease man-
agement through multi bioactive-multi-target interactions
[56]. Many diseases are caused by malfunction of multiple
genes and the effect of products of faulty genes which disturb
biological processes. Systems biology and network analy-
sis show that diseases sharing biological processes could
be treated by the same drug [58]. Such approach will be
essential when devising herbal formulations to treat patients
who are infected by COVID-19 with detected comorbidities,
since it is a multi-compound, multi-target approach to deal
with multifactorial diseases [56].

Network ethnopharmacology was used to identify the
holistic mechanism of action of herbal formulations against
viral diseases [56, 58]. Role of TCM in treatment of COVID-
19 was elucidated using network pharmacology analysis. Its
effectiveness and possible molecular mechanism of TCM
formulations were analyzed [59]. Using the method, herbal
formulations were identified to directly suppress replication
of viruses by targeting different key proteins in viral life
cycle and to indirectly regulate host defense system. The
method was useful to resist viral infection and alleviate
symptoms of upper respiratory tract infections [58]. Bio-
active compounds in herbal formulations have complicated
interactions with cellular targets, thus making network eth-
nopharmacology a promising tool to elucidate multi-compo-
nent, multi-target properties of traditional medicinal plants
in treatment of COVID-19. Network ethnopharmacology can
be used to determine the mechanism of pharmacological
action, safety, toxicity and side effects of herbal formula-
tions, and phytomolecules that can be repurposed.
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Challenges in Development
of Phytotherapeutics

Phytomolecules have established their potential as prom-
ising antiviral agents against CoVs including the SARS-
CoV-2 and its variants. The traditional folklore knowledge,
transmitted from generation to generation, was attributed
to the therapeutic indications of medicinal plants. How-
ever, due to the lack of scientific evaluation of in vitro
studies, biocompatibility studies, ADMET profiling, dos-
age, pharmacokinetics, and elucidation of their mode of
action, plant-based antivirals fall short as effective treat-
ment options. If investigations along these lines can be
carried out with the support agencies, such as the Ministry
of AYUSH of the Indian government, which has been dili-
gently attempting to provide funds for creating medicinal
plant databases along with biomedical applications, devel-
opment of a robust repository to tap significant data on
viral diseases could be facilitated. Whole plant extracts
or the molecules isolated from them, and purified, could
serve the purpose of investigating repurposing. However,
scaling up the process in case of plants that are rare and
endangered species (RET) could be one major challenge in
the course of exploring plant-based antivirals. This chal-
lenge, however, could be overcome by adopting tissue cul-
ture methods to meet demands of producing plant-based
therapeutics. Very often, the plant extracts on the whole
demonstrate antiviral activity instead of a single phytomol-
ecule; in such cases, purity of the extract, dose determina-
tion and formulation could become inherent challenges.
In a realistic scenario, a mixture of phytomolecules might
also be able to produce an enhanced synergistic antiviral
effect as opposed to using individual phytomolecules. The
holistic effect of mixture of phytomolecules or the indi-
vidual action of a single phytomolecule can be studied
through network ethnopharmacology analysis to eluci-
date the mechanism of action and the safety profile of the
herbal formulations. Further investigations in this aspect
can help to characterize the pharmacological profile of
plant-based antivirals and enhance the scientific basis for
their use in treating the disease.

Discussion and Conclusion

Through our review, phytomolecules demonstrating
in vitro, in vivo, or in silico activity against coronaviruses
in general as well as against ACE2 receptor, the structural
and non-structural targets were recorded. The record is
aimed to provide a holistic overview of the phytomole-
cules that can be used as starting points to for investigation
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of plant-based therapeutics for SARS-CoV-2. We iden-
tified the major class of compounds reported as inhibi-
tors of specific SARS-CoV-2 molecular targets (Table 6).
Phytomolecules from different classes of compounds and
from a wide variety of plant families may have signifi-
cant biomedical values as antivirals. With advancements
in medicinal chemistry, structures of bioactive phyto-
molecules have been extensively studied and elucidated.
However, with regard to their role as antivirals, limited
number of investigations have been conducted to link the
structure of phytomolecules to their antiviral activities.
Deeper analysis on the structure—activity relationships of
reported plant compounds and the role of specific func-
tional groups in effecting viral inhibition can be consid-
ered as study points for the future of plant-based discovery
of antivirals. Research studies during the years 2000s and
2010s involving investigation of plant sources as anti-
SARS-CoV agents were focused on the inhibition of the
non-structural proteins, 3CLpro and PLpro and spike and
membrane structural proteins. Although these proteins
are effective and ideal antiviral targets, there are gaps in
information on plant-based interventions as inhibitors for
alternative protein targets, e.g., envelope, nucleocapsid,
and enzymes such as RNA-dependent RNA polymerase
(RdRp) and hemagglutinin esterase (HE). Numerous
studied have emerged highlighting the potential anti-viral
activity of phytomolecules mediated through inhibition
of ACE2 receptor, thereby preventing virus attachment
to host cell. Citing the critical importance of structural
proteins and ACE inhibitors in CoV and SARS-CoV-2
infections, efforts to identify potent phytomolecules that
play dual role of ACE2 inhibition and inhibition of SARS-
CoV-2 protein targets can be taken up to bridge the knowl-
edge gap. The onset of pandemic saw a rise in publication
of innumerable in silico studies that screened through
libraries of phytomolecules and identified binding ability
with molecular targets of SARS-CoV-2. More number of

in vitro studies and plant therapy-based clinical trials are
required to further validate the data obtained through in
silico studies which can pave way for systematic use of
phytotherapy for SARS-CoV-2 treatment.

The highly infectious and transmissive nature of SARS-
CoV-2 has led to catastrophic ramifications on the polity
and economies of various countries. Importance of finding
workable solutions could not be overemphasized. Although
the genome of SARS-CoV-2 has been mapped and its biol-
ogy as well as etiology have been elucidated, the mecha-
nism of zoonotic spillover of the virus causing it to result
in this global pandemic is still being investigated. The first
resort to treatment included several synthetic antimalarial
and anti-HIV drugs being repurposed. Challenges of vaccine
development against viruses will ever remain open. Exam-
ples of HIV, influenza, SARS-CoV, MERS-CoV, among
several others, testify to the challenges. Vaccine against
viruses offer limited degree of cross protection mainly due
to extensive diversity among the antigenic variants. Besides,
not all CoV genes are recombinant molecules. The complete
genome sequence of HCoV-NL63 indicated that this virus
was not a recombinant, but rather a new group 1 Coronavirus
[60]. Human population density causes particular problems
in exemplification of early mutation and structural changes
due to large variations. The second surge in COVID-19 testi-
fies to this fact amply. The extensive diversity was observed
even among the strains belonging to the same phylogenetic
sub-cluster [2]. With the emergence and re-emergence of
new and old viral infections constantly posing a growing
challenge to the survival of mankind [61], there is a constant
demand for novel antiviral agents that are more economi-
cal, accessible and bear fewer chances of toxicity and viral
resistance.

However, the toxic side effects exerted by synthetic drugs
can be circumvented using plant-based-natural therapeutics.
With studies conducted by investigating plant-based thera-
peutics for CoV treatment spanning over two decades, a

Table 6 Major class of compounds reported as inhibitors of specific SARS-CoV-2 molecular targets

Phytomolecule Class of compound SARS-CoV-2 target References
Amentoflavone Flavone GLN493, SER494, and GLY496 AAR [93]
Baicalin Flavone MP™ pocket 2 [94]
Bismahanine Alkaloid GLU406 (Spike protein) [93]
Coagulins and Withanolides Triterpenoids AAR (Spike protein) [93]
Curcumin Polyphenols Helicase pocket 32 [94]
Farnesol Terpenoid Spike pocket10 [94]
Graecunin E Saponins THR415 and GLN493 AAR (Spike protein) [93]
Kamalachalcone C Chalcone GLN493, GLN492, ARG403, and GLU406 AAR [93]
Pseudojervine Alkaloid AARs GLN493, GLY496 and SER494 of spike protein [93]
Theaflavin Catechins Spike pocket 19 [94]
Urosolic acid Terpenoid Nsp14 pocket 2 [94]
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promising plant-based cure for SARS-CoV-2 may see the
light if characterized by in silico, in vitro, in vivo studies
with special emphasis on its biocompatibility studies elu-
cidating its pharmacological and toxicological profiles. In
developing countries, community practice of using local
medicines and drug formulations clearly evinced improved
immunity against viruses. Chinese pharmacopeia, one of
the most traditional yet well founded traditional medicinal
practice, which established the TCM system, has been an
important part of Chinese citizenry health system for centu-
ries and is supported by the national government. However,
lack of scientific validations have created suspicion on the
usage of certain wild animals and plants in the TCM. In
India, traditional medicinal practice systems, e.g., Ayurveda,
Unani, and Siddha prescribe several traditional medicines
against viral diseases, particularly for boosting immunity.
Acetogenin, a compound found in papaya leaf helps in
preventing disease such as malaria and dengue. Medical
practitioners recommend administering papaya leaf extract,
which is commercially marketed, in capsules as effective
cures for dengue. Papain and alkaloids are nutrients, which
act as strong antioxidants, and in turn, enhance the body’s
immunity. During the current outbreak of SARS-CoV-2,
the Indian government had recommended the public to take
“kadha” which contains a wide spectrum of plant-based
extracts and dry spices. In Tamil Nadu state, the govern-
ment, in fight against COVID-19, freely distributed to pub-
lic, Kabasura kudineer, an herbal formulation, which con-
tains T.chebula as one of its important herbal constituents.
However, systematic scientific validations for most of their
derived phytomolecules are yet to be conducted. Systematic
research in phytomolecular pathways of acting on enveloped
protein molecules and potential of preferential binding to the
receptor cells in the humans could result in searching robust
answers to combating deadly viruses with the significant
benefits of minimizing the side effects. Since in practice,
plant-based drugs and immunity boosters use a broad com-
bination, computation approaches through in silico approach
can produce high accuracy in determining individual path-
way mechanisms.

The research outcomes of phytomolecular investigations
using the in silico approach, in vitro and in vivo approaches
have potential to create a new health development regime
not for the humans alone, but also for the domestic and wild
animals in India and across the world. Deaths of Asiatic
lions (Panthera leo leo) in few zoos in India recently due to
suspected COVID-19 have raised issue of zoonotic inten-
sity in Asian big cats (ABC). One or two of those Asiatic
lions had also tested positive to the canine distemper virus
that might have created comorbidity like medical situations.
Phytomolecular approach to improving immune response
in ABCs could be a distinct possibility using the network
pharmacology pathway and in silico analytics.

@ Springer

Further research in this respect will be able to address
the present gaps in identifying plant-based interventions as
inhibitors for the structural proteins such as spike, envelope,
membrane, and nucleocapsid. Advancements in this research
could provide significant tools in epidemiology and could
be effectively used in treatments and prophylaxis. With the
growing interests of the public and governments, across the
world, in improving human and animals’ immunity to the
lethal viruses, e.g., SARS-CoV-2, investments in resources,
time and money, on phytomolecular research could have
direct and long term bearing on securing human and ani-
mals’ health protection regime.
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