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Currently an emerging human pathogenic coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), caused coronavirus disease 2019 (COVID-19) that has posed a serious threat to public health worldwide.
As it is a novel severe pneumonia-type viral disease, no effective therapeutic agents are available to treat this
infection to date, emphasizing an urgent need for development of effective anti-SARS-CoV-2 agents. Based on
screening in computational biology and biological in vitro assays, a good number of natural compounds and their
synthetic analogues have been confirmed to possess target-specific inhibitory effects against the activity of host
and viral proteases, namely, cathepsin-L, TMPRSS2, Sec61, Mpro (3CL-protease), RNA-dependent RNA protease
(RdRp), helicase cap-binding proteases eEF1A, elF4A, elF4E, which play dominant roles in progression of
infection and replication of SARS-CoV-2 virus in host cells. This review paper describes the potent antiviral ac-
tivity and target-specific anti-proteases activity of some natural compounds and their synthetic analogues against
SARS-CoV-2 infection. It will inspire the researchers to unleash their own creativity and to design potent and safe
drugs to fight the current COVID-19 pandemic.

[1]. The current COVID-19 pandemic is very similar to ‘Spanish Flu’
pandemic caused by a lethal influenza A virus, and resulted in nearly 100
million deaths worldwide in 1918-1919 [3]. The virus SARS-CoV-2 is a
member of betacoronaviruses of family Coronaviridae, and having a
positive-sense single-stranded (ss) RNA genome with 29,903 nucleotides

1. Introduction

SARS-CoV-2 is a highly infectious pathogenic virus that causes the

current coronavirus disease-2019 (COVID-19), a serious pneumonia-like
respiratory infection, which has caused over 535 million confirmed
infected cases and over 6.3 million deaths worldwide, as of 17 June 2022
[1,2]. In December 2019, this disease was originally started in the local
seafood market in Wuhan city of China and then was spread across the
globe rapidly in a catastrophic effect. The disease is characterized as
severe respiratory disorders having flu-like symptoms, such as sore
throat, fever, dry cough, shortness of breath and severe pneumonia in
critical cases that lead to several organ failure and ultimately death [1}.
The SARS-CoV-2 virus is highly contagious and can be transmitted
through coughing and sneezing droplets of infected individuals and these
virions containing droplets retained on hard surfaces for a long time and
can spread to a fresh individual by direct touching to the infected surfaces

Abbreviations: COVID-19, coronavirus disease-2019.
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that shares identity at the whole genome level to a bat coronavirus (CoV)
(MG772933) by 96%, and sequence identity to SARS-CoV by 79.6%. Its
genome consists of six major open reading frames (genes), namely
replicase overlapping genes ORFla and ORF1b, followed by structural
proteins(genes), spike (S), envelope (E), membrane (M) and nucleocapsid
(N) that are common to other betacoronaviruses and seven putative ORFs
encoding accessory non-structural proteins that are interspersed between
the structural genes, and these are arranged in order from a 5'-untrans-
lated region (5'-UTR) to a 3'-untranslated region (3’-UTR). The replicase
ORF1la/b genes code for viral functional replicase polyproteins ppla and
pplab in infected host cells, are further processed autoproteolytically by
two cysteine proteases, papain-like protease (PLpro) and
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Abbreviations: FRET forster or fluorescence resonance energy transfer
ICso concentration necessary to inhibit 50% of target activity

ACE2 angiotensin-converting enzyme 2 IFN interferons
CCso half-cytotoxic concentration MERS-CoV Middle East respiratory syndrome-related coronavirus
CD-206 cluster of differentiation-206, a mannose receptor present Mpro main protease

on the surface of macrophages PLpro papain-like cysteine protease
3CLpro  3-chymotrypsin-like cysteine protease RBD receptor binding domain
CMs convoluted membranes RBM receptor binding motif
CPE cytopathic effect RdRp,  RNA-dependent RNA polymerase
DMV double-membrane vesicle RTC replicase-transcriptase complex
ECso concentration of the test compound necessary to inhibit SRP signal recognition particle

50% of viral cell growth or replication SARS-CoV-2 severe acute respiratory syndrome coronavirus-2
eEF1A  eukaryotic translation elongation factor 1A SI selectivity index
elF4A eukaryotic initiation factor 4A TMPRSS2 transmembrane serine protease type 2
ERGIC endoplasmic reticulum-Golgi intermediate compartment

3-chymotrypsin-like protease (3CL-pro or main protease) into 16
non-structural proteins (nsps) that play a crucial role in the formation of
replicase-transcriptase complex (RTC) for viral replication and tran-
scription [4-6]. This SARS-CoV-2 virus is the third highly pathogenic
human coronavirus identified so far, following the earlier severe acute
respiratory syndrome coronavirus (SARS-CoV) epidemic in 2003 in
mainland China, and Middle East respiratory syndrome coronavirus
(MERS-CoV) epidemic in 2012 in Saudi Arabia [7,8]. Available evidence
on the mortality and morbidity rates on these epidemics demonstrates
that the SARS-CoV-2 infected mortality rate is far lower (about 5%) than
that of SARS-CoV (about 15%) and MERS-CoV (about 35%), but
SARS-CoV-2 is much more contagious than the SARS-CoV and MERS-CoV
viruses and affects more people over the age of 60 or those with
comorbidities having weak immune system [9-11]. These findings
indicate that SARS-CoV-2 is spreading at an alarming rate far worse than
the previous human coronaviral epidemics. Till to date, there are no
specific and safe antiviral drugs for treatment of SARS-CoV-2 infection
and the current clinical treatments of COVID-19 by the use of some
repurposed antiviral, antimalarial and immunomodulatory drugs as
cocktail therapy are controversial. So far only remdesivir 1 (Fig. 1), a
nucleoside ribose analogue, originally developed for Ebola virus infec-
tion, has been found effective in inhibition of SARS-CoV-2 infection in
vitro, was approved by the FDA to treat patients with severe COVID-19.
However, it appeared to be only mildly beneficial for disease recovery in
randomized clinical trials in COVID-19 patients. A few patients on
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treatment with remdesivir faced adverse effects including nausea,
elevated alanine aminotransferase level and respiratory failure [12].
Chloroquine 2 and hydroxychloroquine 3 (Fig. 1) were granted by the
FDA for a while for COVID-19 treatment, but were revoked because of
their serious side effects [13]. Other antiviral and immunomodulatory
drugs, namely favipiravir (avigan ®) 4, tilorone (amixin ®) 5 and umi-
fenivir (arbidol ®) 6 (Fig. 1), glucocorticoid dexamethasone and IL-6
receptor blocker monoclonal antibody tocilizumab have been approved
in many European and Asian countries including Russia and China for
treatment of COVID-19 patients, but their efficacy, adverse effects and
mechanisms of action are not yet fully elucidated [14-16]. Several vac-
cines have been approved globally for their emergency use as preventive
measure against COVID-19 virus infection via production of neutralizing
antibody against viral spike S glycoprotein infection, however, their side
effects, safety and efficacy are not yet fully established. Moreover, their
immunizing antibody neutralization response against SARS-CoV-2 S
protein, are not fully effective due to continuous mutations of RBM of the
viral spike (S) glycoprotein under different geographical conditions.
Some European countries have withdrawn the use of Astra Zeneca vac-
cine due to its adverse effects including blood clot in a few treatment
subjects. Possibly, the efforts in the development of effective drugs and
vaccines are hampered due to the limited knowledge on the molecular
details of how SARS-CoV-2 infects host cells. For prevention of COVID-19
pandemic, the scientific community on the basis of their extensive
innovative research on the cellular and molecular mechanisms of

/L\/“\/Li;/ /L\/A\/gi:?H
AL

hydroxychloroquine 3

\
N~ O
2 HCI HO o/
A\
O\ Br ’T‘ s/®
NEt,
umifenovir 6

Fig. 1. Chemical structures of some currently prescribed clinical drugs for COVID-19 treatment.
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SARS-CoV-2 virus and other related human coronavirus infections in host
cells, have highlighted the significance of virus-host proteins interactions
and identified the major molecular determinants of the disease for the
development of target-specific therapeutic interventions. The viral entry
into host cells and replication of viral genome in the infected host cells
are the key stages of SARS-CoV-2 life cycle. It is a complex process, which
involves the action of several host and viral proteases in different stages
of virus entry and replication in host cells. The study on the mechanisms
of SARS-CoV-2 infection in host cells, demonstrates that some proteases
of SARS-CoV-2 act as molecular connectors to host cell replication ma-
chinery to hijack the host replication machinery and to utilize it for viral
RNA replication in the virus-infected host cells.

2. Major therapeutic targets in inhibition of SARS-CoV-2
infection

2.1. Targets in inhibition of viral entry into host cells

For virus entry into host cells, SARS-CoV-2 spike (S) glycoprotein
requires host angiotensin-converting enzyme 2 (ACE2) or the trans-
membrane protein CD147 as receptor on the target cell and employs the
host cellular serine proteases TMPRSS2 or cathepsin L and furin-like
protease for priming, which facilitates the cleavage of S protein at the
S1/S2 (multibasic PRRAR interface) site and the internal of S2 (S2’) site,
and allows the fusion of the viral and host cellular membranes and this
process is driven by S2 subunit. The binding of S protein to the ACE2
receptor depends on receptor binding motif (RBM), located in the re-
ceptor binding domain (RBD) of S1 unit, and cell to cell fusion depends
on the activation of S2 unit. However, an extensive study on the mech-
anism of ACE2 and S protein interactions demonstrates that S1/S2
priming is prerequisite for subsequent TMPRSS2-mediated activation at
the S2’ site, but not for S2’ site activation by cathepsin L in TMPRSS2-
negative cells. In highly TMPRSS2 overexpressing cells, such as in lung
Calu-3 cells, the viral entry occurs through fusion at the plasma mem-
brane, while in cells lacking sufficientTMPRSS2, such as in human ACE2
expressing HEK-293T cells, S1/S2 priming is redundant and virus is
endocytosed and fusion occurs late in acidified endo/lysosomal com-
partments by activation with cathepsin L. The treatment of E—64d, a
blocker of cathepsin B/L activity, reduced the infection of SARS-CoV-2
pseudotyped virus in 293T cells by 90%. In such cases, S1/S2 cleavage
occurs by some proteases beyond furin. It clearly indicates that the
cleavage at the S2’ site by TMPRSS2 promotes plasma membrane fusion
process for viral entry in the attached host cell, while cleavage of S2” site
by cathepsin L promotes clathrin-mediated endocytosis for endosomal
entry of the virus. Therefore, inhibition of the activity of the proteases,
TMPRSS2 or cathepsin L is a potential therapeutic strategy for inhibition
of viral entry into the host cells. The utilization of host cellular serine
protease TMPRSS2 or cathepsin L by the SARS-CoV-2 virus for its entry
depends on the types of infected host cells and availability of these host
proteases. For instance, camostat mesylate, an inhibitor of TMPRSS2
activity, on treatment in SARS-CoV-2 infected TMPRSS2 expressing
Caco-2 cells, efficiently blocked the entry of the virus in Caco-2 cells,
while this inhibitory effect of camostat mesylate in SARS-CoV-2 infected
TMPRSS2-negative HEK-293T cells was not observed [17-20]. Another
study demonstrated that in high cathepsin L expressing Vero E6 cells, the
activation for S1/S2 cleavage is not required in the infection of
SARS-CoV-2 in Vero E6 cells, where S1/S2 cleavage is processed by other
proteases beyond furin [21].

2.2. Inhibition of SARS-CoV-2 life cycle in infected host cells

A group of studies on the SARS-CoV-2 virus life cycle in infected
human host cells identified the physical interactions of virus and human
proteins and these interactions lead to paralize the normal functioning of
human cells resulting in the death of the cells. Moreover, the virus pro-
teins hijack the replication machinery of human cells for viral replication.

European Journal of Medicinal Chemistry Reports 6 (2022) 100079

Therefore, our adequate knowledge of the molecular details of how
SARS-CoV-2 virus infects human cells, well help us to design target-
specific antiviral drugs to treat COVID-19.

SARS-CoV-2 immediately after entry into human host cell releases its
genomic RNA (g-RNA) in host cell cytoplasm for the onset of a complex
programme of viral gene expression, and replication, which are regulated
in space and time. The virus initiated the translation of the replicase
genes ORFla and ORF1b from the viral genomic RNA in infected host
cells to produce two functional polyproteins ppla and pplab, respec-
tively, by recruiting host cell ribosomes. These two polyproteins are
cleaved into sixteen non-structural proteins nspl-16 by two virus
cysteine proteases, one is located within nsp3, known as papain-like
protease, PLpro, and another is located within nsp5, known as 3C-like
protease (3CLpro), due to its similarity to the picornaviral 3C protease,
or as main protease (Mpro), because it is responsible for the processing of
the majority (11) of polyproteinlab cleavage sites. These viral nsps form
viral replicase-transcriptase complex (RTC), which consists of multiple
enzymes, including PL protease (nsp3), main protease (nsp5), the nsp7-
nsp8 primase complex, RNA-dependent RNA-polymerase (RdRp), a
helicase-triphosphatase (nsp13), an exoribonuclease (nsp14), an endor-
ibonuclease (nspl5) and N7- and 2’ O-methyltransferases (nsp10 and
nspl6, respectively) [6].

The virus nspl protein C-terminal binds to cellular 40S and 80S ri-
bosomal subunits and obstructs the mRNA entry tunnel and thereby
suppresses host cap-dependent protein translation and gene expression,
as well as host innate immune response for clearance of the infection. The
shutdown of the key parts of host immune system possibly facilitates
efficient viral replication and immune evasion. Therefore, inhibition of
the activity of SARS-CoV-2 or nspl is a potential target for inhibition of
COVID-19 infection. As PL protease generates nspl by the cleavage of
polyprotein 1a, the inhibition of the activity of PLpro is a potential drug
target for prevention of SARS-CoV-2 infection [22].

The main protease (Mpro) is responsible for the processing of poly-
proteinlab for release of nsps that are responsible for viral replication via
formation of RTC. Therefore, inhibition of the Mpro activity is a potential
antiviral drug target. Thus, the compounds that block the activity of Mpro
in cell culture assays, could be useful in the development of potential
anti-SARS-CoV-2 agents [23].

The non-structural proteins nsp2-16 are involved to form viral
replicatase-transcriptase complex (RTC), also known as RNA polymerase
or RARp complex for viral RNA synthesis. Among them, nsp2-11 are
believed to provide supporting functions to accommodate viral RTC in
host cell via modulation of intracellular membrane, host immune evasion
and functioning as cofactors in replication [24]. While nsp12-16 are
involved in RNA synthesis, RNA proofreading and RNA modification. The
nspl2, known as RNA-dependent RNA polymerase (RdRp) is the key
enzyme responsible for RNA synthesis with the help of its two cofactors
nsp7 and nsp8 as primase complex. The nsp13, known as helicase, un-
winds double-stranded (ds) RNA into single stranded negative RNA in a
5'- to 3'- direction for its use as a template for viral RNA synthesis by
RdRp. Moreover, it acts as RNA 5'-triphosphatase (RTPase) that may be
involved in viral mRNA capping. The nsp14 provides a 3'-5' exonuclease
activity that assists RNA proofreading function. The nsp16 performs the
function of 2'-O-methyltransferase activity in RNA modification. The
interactions of these nsps with host cell factors determine the efficacy of
viral RNA synthesis from RTC. The viral RTC undergoes a series of mo-
lecular events for the synthesis of full-length negative-sense genomic
RNA copies, which function as templates for generation of new
positive-sense genomic RNAs. These new genomic RNAs are packaged
into new virions with the help of structural nucleocapsid (N) protein. The
newly generated enveloped virions are exported from the infected host
cell into adjacent host cell by cxocytosis [24]. The mechanism of viral
replication and infection in host cells by SARS-CoV-2 and other corona-
viruses is depicted in Fig. 2.

The multifunctional SARS-CoV-2 N protein on localizing in RTC,
promotes viral RNA synthesis and translation by recruiting host factors
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Fig. 2. The mechanism of infection and replication (life-cycle) of SARS-CoV-2 and other coronaviruses in host cells. (1) The viral entry into host cell on binding to host
cell ACE2 receptor followed by membrane fusion or endocytosis and deposition of viral genomic RNA (g-RNA) into host cell cytoplasm. (2) The virus replicase genes
ORF1la and ORF1b from (+)-sense- g-RNA are translated by host translation machinery into functional polyproteins ppla and pplab, respectively. (3) The polyproteins
la and 1 ab are cotranslationally cleaved by two virus cysteine proteases, papain-like protease (PLpro) and 3-chymotrypsin-like protease (3CLpro) or main protease
(Mpro) into 16 non-structural proteins (nsp1-16) and to form viral replicase-transcriptase complex (RTC) or RdRp complex. (4) The RTC uses the viral g-RNA as a
template to generate (—)-sense subgenomic (sg) and genome-length (g) RNAs. (5) These (—)-sense sg- and g-RNAs are used as templates for synthesis of (+)- sense full-
length progeny genomes and sg- RNAs. (6) The components of RTC carry out transcription and replication of virus in CMs adjacent to DMVs that are both derived from
host cell rough endoplasmic reticulum (ER). (7) The (+)-sense g-RNA is bound by viral nucleocapsid (N) protein and buds into ERGIC and these nucleocapsid buds are
decorated with structural proteins S, E, and M translated from (+)-sense sg-RNAs to form enveloped virions. (8) and (9) The newly formed enveloped virions are
exported from the infecred cell into adjacent host cell by exocytosis for infection and replication. [Adapted from Ref. [24]].

and promotes RNA template switching from discontinuous to continuous
transcription. Moreover, it protects the virus from the host immune
response and interacts with many host proteins, namely binds to stress
granule proteins G3BP1 and G3BP2 and to other host mRNA binding
proteins including the mTOR-regulated translational repressor LARP1,
two subunits of casein kinase 2, and mRNA decay factors UPF1 and
MOV10, suppresses their expression and activity in SARS-CoV-2 infected
cells to increase viral mRNA translation. Available evidence demon-
strates that the blocking of stress granule (SG) formation by reduction of
the levels of SG marker proteins G3BP1/2 significantly increases viral
replication in coronavirus-infected cells. Moreover, the mammalian
target of repamycin complex 1 (mTORC1), a critical regulator of protein
synthesis, increases the activity of La-related protein 1 (LARP1) that
binds strongly to the terminal oligopyrimidine (TOP)-mRNA and sup-
presses the binding interaction of elF4G to TOP-mRNA and thereby
negatively influences the translation of viral mRNA in infected cells. All
coronavirus mRNAs rely on their cap-dependent translation by producing
proteins eIF4F complex, consisting of eIF4E, elF4G and the DEAD-box
helicase eIF4A, in a process enhanced in trans by SARS-CoV N protein.
The inhibitors of eIF4F/elF4A have been reported to increase G3BP
proteins aggregation and to reduce viral translation. Possibly, N protein
on phosphorylation by host GSK-3p, recruits host helicase DDX1 to bind

viral RTC and assists the viral proteins in 3'- to 5'- unwinding for long
range continuous translation. Further, host protein arginine methyl-
transferase 1 (PRMT1) methylates SARS-CoV-2 N protein at residues R95
and R177 in RGG/RG motifs, for viral packaging and virion pro-
duction.Therefore, inhibition of the activity of virus cap-binding protein
complex eIF4F or the expression of N protein or the PRMT-1 activity may
be a potential therapeutic target in inhibition of SARS-CoV-2 infection
[25-30].

Host cells produce variety of antiviral factors to create an antiviral
state and targets for inhibition of viral infection. For instance, host
epigenetic regulator histone deacetylase 2 (HDAC2) protein expression is
upregulated to stimulate the expression of interferon-related gene,
viperin in virus-infected cells for inhibition of viral infection. The SARS-
CoV-2 nsp5 interacts with host HDAC2 and inhibits its transport into the
nucleus and thereby potentially inhibits the ability of HDAC2 in induc-
tion of host innate antiviral response [31]. Further, host cellular tRNA
methyltransferase 1 (TRMT1) gene is responsible for catalyzing the
dimethylguanosine (m2,2G) in both nuclear and mitochondrial tRNAs for
maintenance of cellular redox homeostasis and growth via protein syn-
thesis. The mutation of TRMT1 in viral and cytotoxic infections results in
the defects in RNA binding and loss of cellular stress sensitivity [32]. An
interaction of SARS-CoV-2 nsp5 with host TRMT1 leads to the removal of



B. Dinda et al.

the zinc finger from TRMT1, and thereby results in an exclusive mito-
chondrial localization and prevents its function in cellular translation and
protein synthesis [30]. Therefore, inhibition of the activity of virus main
protease, nsp5 is a potential therapeutic target against SARS-CoV-2
infection.

The formation of viral RTC is crucial for virus replication and hence a
promising target for antiviral drugs against SARS-CoV-2. The RdRp is the
key enzyme in RTC, responsible for viral RNA synthesis. Therefore, the
inhibitors of RARp enzyme activity in cell culture assays in low nano or
micromolar concentration ranges could be useful in development of po-
tential anti-SARS-CoV-2 drugs.

A group of accumulating evidence demonstrates that SARS-CoV-2 and
other positive-sense RNA viruses induce modification of the ER mem-
brane by co-opting the ER-associated protein biosynthesis machinery and
creating characteristic membrane structures, known as double mem-
brane vesicles (DMVs) or replication organelles (ROs) or replication
factories, the sites for viral RNA synthesis. These DMVs provide a way to
shield the replicative materials, which would otherwise be recognized by
cellular defenses and spark an innate immune response for its destruc-
tion. A SARS-CoV-2 virus and human protein interaction map reveals that
virus nsp8 protein interacts with three signal recognition particles
(SRPs), namely SRP19, SRP54 and SRP72 to utilize them in viral protein
synthesis via their RNA GTPase activity [33] and other host protein, Sec
61 translocon, an essential machinery of the ER for nascent proteins
transport and processing, for manipulation of ERAD (ER-associated
degradation) pathway and use them in manufacturing these DMVs and in
synthesis of viral RNAs. The inhibitors of Sec61 have been reported to
reduce viral replication. The virus nsp8 showed good interactions with
host EDEM3 (ER-degradation enhancing a-mannosidase like protein 3),
0S-9, an ER-resident lectin that targets misfolded glycoproteins in ERAD
pathway and two ERAD (ER-associated degradation)-related proteins
that are abundant in coatomer complex II-independent vesicles. These
proteins are known as ‘EDEMoses’ and are the key elements in cellular
proteostasis adjustment via controlling the ERAD components. These
EDEMosomes are used by SARS-CoV-2 in the formation of DMVs and for
viral proteostasis as well as to protect the viral RTC from the sensors of
cytosol and host IFNs. Therefore, inhibition of the activity of Sec 61 in
virus-infected cells, is a potential therapeutic target in inhibition of
SARS-CoV-2 infection [30,34,35].

The SARS-CoV-2 virus nsp3 and nsp4 generate the DMVs, whereas
nsp6, through oligomerization, colocalyzes within the ER-reporter protein
Cb5 (the C-tail of cytochrome b5) and acts as a filter in communication
between the replication organelle (RO) and the ER, and allows the lipid
flow but restricts the access of ER luminal proteins or ER membrane pro-
teins into the DMVs. This ER zippering activity of nsp6 depends on the
adaptive evolution of SARS-CoV-2 variants of concern (VOC). Six variants
of SARS-CoV-2, namely Alpha, Beta, Gamma, Eta, Iota and Lambda have a
three amino acid residues deletion event (ASGF, in positions 106-108)
during evolution, in the predicted second and longest nsp6 luminal loop,
and have higher zippering activity, which in turn increases trans-
missibility, infectivity and immune escape of the virus. Moreover, viral
nsp6 acts as an organizer of DMV clusters and mediates a contact with lipid
droplets (LDs) through LD-tethering complex DFCP1-RAB18 [36]. Avail-
able evidence demonstrates that the RO and the LD contacts are important
players in the development and progression of viral infection via utiliza-
tion of released fatty acids from LD generated by lipophagy, as an energy
source for morphogenesis of progeny virions [37]. Further, SARS-CoV-2
nsp6 suppresses host IFN-1 signaling more efficiently than SARS-CoV
and MERS-CoV by inhibiting TBK1 and IRF3 activation and promotes
viral pathogenesis [38]. In addition, SARS-CoV-2 nsp6 directly interacts
with host sigma-1 receptor (Sig-1R) to promote viral replication. Under
cellular stress, Sig-1R resides in the ER reticular network and plasma
membrane and regulates ER stress responses, Ca>" homeostasis, lipid
remodelling, protein degradation and autophagy for cell survival [30,39].
Therefore, the inhibition of the activity of SARS-CoV-2 nsp6 is a promising
drug target against COVID-19 infection.
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SARS-CoV-2 virus envelope (E) protein plays an important role in
viral life cycle and infection. It interacts with virus M protein to maintain
the shape of viral particles (virions). Moreover, it plays a key role in the
intracellular transport of virions via its viroporin or cation ion channel
activity. The E viroporin maintains Ca®>* homeostasis by increasing Ca>*
permeability in a voltage-dependent manner. Other virus proteins orf3a
and orf8a also generate ion channels, the activity of ion permeability of E
protein ion channel is higher than that of orf3a and orf8a. The ion
channel proteins induce inflammasome activity and upregulate the
expression of inflammatory cytokines including IL-1f. Suppression of E
protein expression of SARS-CoV-2 causes significant reduction in viral
titer and maturity, suggesting the important role of E protein in virus
production and maturation. Moreover, blockade of E protein channel
activity significantly reduces the viral pathogenicity. Therefore, sup-
pression of E protein expression is a potential antiviral and vaccine target
[40].

3. Promising natural compounds and their synthetic analogues
to fight against SARS-CoV-2 and other viral infections

Plitidepsin, also known as dehydrodidemmin B 7 (Fig. 3), a cyclic
depsipeptide, isolated from Mediterranean marine tunicate Aplidium
albicans, later on synthesized and commercialized under the trade name
aplidin® and is developed for treatment of various types of tumors
including multiple myeloma, has been found to exhibit potential antiviral
activity against SARS-CoV-2 virus. It inhibited the infection of SARS-CoV-
2 in Vero E6 cells with an ICsq of 0.70 nM (ICgg, 1.76 nM) and in human
ACE2-expressing 293T cells with an ICso of 0.73 nM (ICg, 0.88 nM) and
showed about 27.5 fold more efficacy than remdesivir (ICgy of 2.25 pM
and 24.20 nM in Vero E6 cells and hACE2-293T cells, respectively). The
CCs of plitidepsin in Vero E6 and hACE2-293T cells was 1.99 nM and
>200 nM, respectively. Moreover, Plitidepsin inhibited SARS-CoV-2
virus replication in human pneumocyte-like cells with an ICgy of 3.14
nM (ICsp, 1.62 nM) and SI of 40.4, suggesting its potent antiviral activity
in primary human lung cells. The study of the molecular mechanism of
anti-SARS-CoV-2 activity revealed that plitidepsin inhibited viral repli-
cation through inhibition of the activity of host eukaryotic translation
elongation factor 1A (eEF1A) protein, which is essential for viral trans-
lation and gene expression [41]. In vivo, pretreatment of plitidepsin in
SARS-CoV-2 infected mice expressing human ACE2 at a dose of 0.3 mg or
1.0 mg/kg for 3 days, significantly reduced the viral load in the lungs of
the mice as compared with the vehicle group [41]. Available evidence
demonstrates that the translation factor eEF1A promotes replication of
many RNA viruses through various mechanisms. In the respiratory syn-
cytial virus (RSV) life cycle, eEF1A interacts with nucleocapsid (N),
phosphoprotein (P) and matrix (M) protein in the formation of RTC,
where N is the strongest binding partner. It indicates that the interaction
of eEF1A with N protein facilitates viral genomic RNA synthesis and
virion production [42]. In support of this evidence, plitidepsin in
SARS-CoV-2 infected Vero E6 cells significantly reduced viral replication
and N protein expression levels [41]. In a preclinical study, plitidepsin
was found to distribute preferentially to lung over plasma with almost
similar potency against several SARS-CoV-2 variants. In Australia, pliti-
depsin plus dexamethasone has been approved for the therapy in patients
with refractory/relapsed multiple myeloma disease. In an open-label,
randomized phase I/II clinical trials (NCT04382066) conducted by a
Spanish group, PharmaMar, Madrid, in 10 Spanish hospitals, plitidepsin
on iv treatment to the hospitalized COVID-19 patients (n = 46), at the
doses of 1.5 mg (n = 15), 2.0 mg (n = 16) and 2.5 mg (n = 15) once daily
for 3 days along with dexamethasone phosphate (8 mg/d) showed sig-
nificant reduction of viral load (70%) and lung inflammation after 15
days, along with increased lymphocyte counts and decreased neutrophil
counts, and improved discharge rate of the patients. However,
treatment-related adverse events including hypersensitivity, diarrhea,
nausea and vomiting were found in more than 5% of the patients and 3
patients died. A few patients were advised to receive additional
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Fig. 3. Chemical structures of some natural compounds and their analogues having potent in vitro anti-SARS-CoV-2 and anti-proteases activities.

treatment. The patients did not face any cardiac severity problems.
Overall, plitidepsin showed a favourable safety profile in COVID-19 pa-
tients. A phase III clinical study to demonstrate the efficacy of plitidepsin
in hospitalized COVID-19 patients, who require oxygen therapy is in
progress (NEPTUNO: NCT04784559) [43]. Although it is administered
intravenously similar to remdesivir, its toxicity profile and side effects
remain to be fully elucidated before its commercial application as an
alternative of remdesivir in COVID-19 treatment.

Silvestrol 8 (Fig. 3), a natural rocaglate, also known as flavagline
having a cyclopenta [b] benzofuran moiety and a dioxan side chain,
isolated from South Asian plants, Aglaia silvestris and Aglaia foveolata, has
potential antiviral activity against a variety of pathogenic viruses
including Ebola virus, poliovirus type 1, Chikungunya virus, picorna
virus, hepatitis E virus, Zika virus, influenza A virus, MERS-CoV, HCoV-
229E and SARS-CoV-2 in micromolar concentration ranges via inhibition
of the activity of eukaryotic initiation factor 4A (eIF4A) protein, essential
for viral mRNA translation. It potently reduced the replication of two
coronaviruses, HCoV-229E and MERS-CoV in human embryonic lung
fibroblast MRC-5 cells with ECs( values of 3.0 and 1.3 nM (ECgyg of 27 and
12 nM), respectively, and infection of picornavirus poliovirus type-1 (PV-
1) in MRC-5 cells with an ECso value of 20 nM as well as completely

abolished the replication of SARS-CoV-2 in normal human bronchial
epithelial cells at a concentration of 100 nM. The study of antiviral
mechanism of silvestrol reveals that silvestrol strongly inhibits the
expression levels of coronavirus structural and non-structural proteins N
and nsp8, and the formation of viral RTC [44-46]. The study of molecular
mechanism of cap-binding protein elF4A reveals that eukaryotic initia-
tion factor 4F (elF4F), a heterotrimeric complex, composed of helicase
elF4A, cap-binding subunit eIlF4E and the scaffold protein elF4G is
required for recruitment of 40S ribosomal subunit to capped mRNAs. The
helicase elF4A unwinds a number of messenger RNAs (mRNAs) in their
5'-untranslated region (5-UTR) to initiate the binding of 43S pre-
initiation complex [47]. Silvestrol also modulated host immune system
by down-regulating the expression of pro-inflammatory cytokines (IL-6,
IL-8 and CCL-2), and amplified the anti-inflammatory potential of
M2-macrophages by increasing the expression of anti-inflammatory
surface markers CD-206 and TREM2 (triggering receptor expressed on
myeloid cells-2) on human monocyte-derived macrophages and dendritic
cells to increase phagocytosis via down-regulation of STAT-1 expression
in macrophages and STAT-3 in dendritic cells [48]. A synthetic analogue
of silvestrol, zotatifin 9 (Fig. 3), was developed by the Effector thera-
peutic company as a potent inhibitor of elF4A, and it inhibited the
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replication of SARS-CoV-2 in Vero E6 cells with an ICqq of 37 nM, sug-
gesting its potency to treat COVID-19 [30]. It is in the process of phase I
clinical trials in COVID-19 patients by the Effector group
[NCT04632381] [49]. Another synthetic analogue of silvestrol, CR-31-B-
(—) 10 (Fig. 3) was developed as a specific inhibitor of elF4A, and it
potently reduced the replication of SARS- CoV-2 in Vero E6 cells with an
ECsp of 1.82 nM and SI of >50 and of the replication of HCoV-229E and
MERS-CoV in Vero E6 cells with ECs values of about 2.9 nM and about
1.9 nM, respectively. Moreover, compound 10 almost.

Completely reduced the expression levels of SARS-CoV-2 replication
(RTC) and N protein in SARS-CoV-2 infected normal human bronchial
epithelial (NHBE) cells, collected from the donors of COVID-19 patients,
but this effect was not observed with its (+)-enantiomer [45]. Thus, these
rocaglates are promising drug candidates for clinical trials against
SARS-CoV-2 infection in COVID-19 patients.

Emetine 11 (Fig. 3), a tetrahydroisoquinoline alkaloid, found in high
concentration in the roots of Brazilian plant, Psychotria ipecacuanha
Stokes syn. Cephaelis ipecuanha Rich (Rubiaceae) and in other plants of
families, Alangiaceae and Icacinaceae, is a FDA approved drug to treat
amebic dysentery, caused by Entamoeba histolytica [50]. Several groups
reported its potent antiviral activities against several human pathogenic
viruses, including Dengue viruses, cytomegaloviruses, HIV-1, Ebola
virus, rabies virus, herpes simplex viruses, enterovirus (EV)-A71, EVD68,
echnovirus-6, coxsackievirus A16, coxsackie B virus, Zika virus, and
several coronaviruses, such as HCoV-OC43, HCoV-NL63, MERS-CoV and
SARS-CoV-2 in nanomolar concentration ranges. It potently inhibited the
replication of HCoV-OC43, HCoV-NL63, MERS-CoV and MHV-A59
(mouse hepatitis virus) with ECsy values of 0.30, 1.43, 0.34 and 0.12
pM, respectively in virus infected BHK-21, LLC-MK2, Vero E6 and DBT
cells, respectively [51,52]. Several groups evaluated the in vitro antiviral
efficacy of emetine against SARS-CoV-2. Choy et al. reported that
emetine hydrochloride potently inhibited the replication of SARS-CoV-2
in Vero E6 cells with an ECsp of 0.46 pM by reduction of RNA copy
numbers and showed better activity than remdesivir (ECsq of 23.15 pM)
[53]. Wang et al. reported that emetine efficiently suppressed the repli-
cation of SARS-CoV-2 in Vero E6 cells with an ECsg of 0.007 pM and SI of
280 and was about 30-fold more effective than remdesivir (ECsg of 0.24
pM). The study of molecular mechanism of antiviral activity of emetine
revealed that emetine significantly decreased the level of virus N protein
and on pretreatment in SARS-CoV-2-infected Vero E6 cells blocked the
entry of the virus with an ECsg of 0.019 pM, possibly disrupted the
binding interaction of virus spike RBD with host ACE2 receptor, while
remdesivir did not block the virus entry and only inhibited viral repli-
cation [54]. Kumar et al. reported that emetine potently suppressed the
replication of SARS-CoV-2 in Vero E6 cells at a low nanomolar concen-
tration with an ECsq of 0.147 nM, CCsg of 1603.8 nM and SI of 10910.4.
This group suggested that emetine inhibited the activity of cap-binding
protein eukaryotic translation factor 4E (eIF4E) in viral protein trans-
lation. Molecular docking and molecular dynamics stimulation studies
suggested that emetine binds to the cap-binding pocket of eIF4E in a
similar conformation as m’-GTP of viral mRNA binds. They suggested
that emetine possibly disrupted the ERK/MNK1/elF4A signaling of
SARS-CoV-2 for viral replication in host cells [55]. Luo et al. has shown
that emetine suppressed the number of RNA copies in SARS-CoV-2
infected 293T cells with an ICsg of 0.2729 pM by inhibiting the activity
of virus RARp enzyme, orf6 and nucleocapsid N proteins. The orf6 protein
provides a trans-stimulation of viral replication and transcription by
blocking of host interferon-o/p (IFN-o/f) signaling and STAT-1 activa-
tion. A study on the role of SARS-CoV-2 orf6 protein in viral replication,
indicates that orf6 on interaction with host proteins Rael and Nup98 that
are involved in mRNA nuclear export, reduces their expression to disrupt
host mRNA export and immune response against viral infection and
preferentially translates viral transcripts and thereby improves viral
replication [30,56,57]. The surface plasmon resonance (SPR)-based
binding affinity study of emetine-SARS-CoV-2 RdRp complex revealed
that emetine binds to RdRp with a dissociation constant Kp of 25.7 pM
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and another alkaloid cephaeline binds with a Kp of 19.6 pM. Both
emetine and cephaeline showed strong binding interaction with
SARS-CoV-2 N protein with Kp values of 53.76 and 58.24 M, respec-
tively and thus prevented the maturation of the virus. Ren et al. suggested
that emetine and cephaeline inhibited the replication of SARS-CoV-2 in
Vero E6 cells with ECs values of 0.000117 and 0.0123 pM, respectively
in qQRT-PCR assay [58]. Therefore, emetine inhibited SARS-CoV-2 repli-
cation targeting S protein, RARp, elF4A, N and orf6 proteins. In a clinical
trial by a Chinese group (registration no; ChiCTR2000030022), treat-
ment of emetine in mild COVID-19 patients at a dose of 3.6 mg per OS, 3
times a day for 10 days showed significant reduction of viral load and
negative SARS-CoV-2 RNA in RT-PCR testing without any apparent
adverse effects, particularly no severity of cardinal symptoms. Thus,
emetine at low dose was much effective in the treatment of COVID-19
patients [59].

Cepharanthine (CEP) 12 (Fig. 3), a natural bis-benzylisoquinline
alkaloid isolated from Japanese herb Stephania cephalantha Hayata, and
its natural analogue tetrandrine (TET) 13, isolated from Chinese herb
Stephania tetrandra S. Moore, potently inhibited the infection of SARS-
CoV-2 in high TMPRSS2 expressing Vero E6 cells with ICsy values of
1.90 pM and 10.37 pM, respectively, and ICyg of 4.46 pM and 14.80 pM,
respectively, as compared with remdesivir (ICso of 0.99 pM). The study of
the molecular mechanism of anti-SARS-CoV-2 activity revealed that both
CEP and TET inhibited viral entry by inhibiting the activities of lysosomal
membrane proteins, Niemann-Pick type c intracellular cholesterol
transporter-1 (NPC-1) by CEP, and two-pore segment channel-2 (TPC-2)
by TET. Accumulating evidence indicates that NPC-1 is a cholesterol
transporter protein and acts in preserving cholesterol in the endosomal or
lysosomal compartments and facilitates the entry of the virus into the
endosome of the host cells, while TPC-2 is an endosomal cation channel
and acts in trafficking low density lipoprotein (LDL)-cholesterol mole-
cules and helps in virus entry through endosome into host cells. In silico
docking analysis of the conformations of these compounds suggested that
the diphenyl ester moiety of these molecules was a putative pharmaco-
phore to inhibit the channel activities of these cholesterol transporter
proteins. Possibly, the ammonium cations of these molecules interact
with the channel proteins to inhibit their activity [60]. Another study
reported that CEP at 10 pM concentration, almost completely abolished
the viral RNA level (only 0.08% remained) in SARS-CoV-2 infected Vero
E6 cells. Moreover, CEP inhibited SARS-CoV-2 spike (S)
protein-mediated pseudovirus entry in ACE2 expressing 293T cells with
an ECs( value of 0.315 pM, but in presence of 20 pM BAPTA-AM, a se-
lective Ca®* ion cheletor, the inhibitory effect on pseudovirus entry of
CEP was decreased highly with an ECsy of 3.25 pM. These findings
suggested that Ca®" ion is essential for virus entry into the host cells and
S-ACE2-mediated cell fusion is promoted by host calcium channels [61].
These alkaloids showed antiviral activity against other viruses, CEP
inhibited the replication of HIV with an ICsq value of 26.4 nM and TET
inhibited the replication of Ebola virus with an ICs( value of 55 nM, and
both CEP and TET inhibited the infection of HCoV-OC43 in human lung
MRC-5 cells with ICs¢ values of 0.83 uM and 0.33 pM, respectively, and
significantly reduced the replication and expression levels of viral S and
N proteins in MRC-5 cells [62]. These alkaloids could be useful in clinical
study in SARS-CoV-2 infected animals.

Gallinamide A 14 (Fig. 3), also known as symplostatin 4, a natural
modified depsipeptide, isolated from marine cyanobacteria of genus
Schizothrix and Symploca, collected from the Caribbean coast near Pan-
ama and Florida, respectively, has potent antimalarial effect in a murine
model [63,64]. Gallinamide A and its two synthetic analogues 15 and 16
(Fig. 3) have been shown to inhibit the infection of SARS-CoV-2 in
cathepsin L (Cat L) overexpressing Vero E6 cells in nanomolar concen-
tration ranges with ECsg values of 28, 168 and 920 nM, respectively, and
CCs values of >100 pM. Moreover, these compounds 14-16 strongly in
vitro inhibited the activity of human recombinant cathepsin L (Cat L)
activity with ICsq values of 17.6, 5.6 and 17.0 pM, respectively. Further,
synthetic analogues 15 and 16 completely inhibited the cytopathic effect
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(CPE) of SARS-CoV-2 in human alveolar basal epithelial ACE2 expressing
A549 cells at a concentration of 310 nM, while the natural molecule 14
did it at a concentration of 625 nM. These compounds showed no host
cell cytotoxicity up to 100 pM concentration and also safe in animal
models. In addition, gallinamide A 14 and its synthetic analogue 15
completely neutralized the entry of SARS-CoV-2 in TMPRSS2 over-
expressing human fetal lung fibroblast MRC-5/ACE2/TMPRSS2 cells at a
concentration of 32 nM, as compared with TMPRSS2 inhibitor nafamo-
stat mesylate, which completely blocked the entry of virus in the said
cells at 4 pM concentration. These results suggested that Cat L is still
important for viral entry in TMPRSS2 overexpressing cells. Although,
both Cat L and TMPRSS2 are highly expressed in lung tissue and other
tissues, however, their preferential expression depends on the cell type
and organ system. For instance, both TMPRSS2 and Cat L protease
pathways are operational and important for induction of infection of
SARS-CoV-2 virus in MRC-5/ACE2/TMPRSS2 cells, but Cat L is the pre-
dominant pathway in Vero E6 cells. In a study on the antiviral activity of
gallinamide A in inhibition of SARS-CoV-2 infection in Vero E6 cells,
gallinamide A was added to various time points of the Vero cell culture
from 30 min pre-infection to 120 min post-infection and virus load was
examined after 24 h post-infection, the inhibitory effect was maximum
when 14 was added prior to or at the time of infection and this effect was
substantially reduced when added at 60 min or later post-infection. The
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TMPRSS2 inhibitor nafamostat mesylate showed potent antiviral effect
against SARS-CoV-2 infection in HEK-293T-/ACE2/TMPRSS2 cells, but
not effective in Vero E6 cells. Moreover, a combination of gallinamide A
and nafamostat mesylate showed a better antiviral effect against
SARS-CoV-2 in HEK-293T-/ACE2/TMPRSS2 cells by their synergistic
effect. The compounds 14-16 were inactive against SARS-CoV-2 Mpro
and PLpro enzymes. These compounds could be potential Cat L inhibitors
in COVID-19 treatment. However, their short-term treatment may be
fruitful to develop host innate and adaptive responses against viral
infection, but long-term treatment may cause adverse effects including
bone and heart defects [65].

Apratoxin S4 17 (Fig. 4), a synthetic analogue of natural heteromeric
depsipeptide apratoxin E 18 (Fig. 3), was developed as potent antitumor
drug against ocular angiogenic disease and potent inhibitor of host pro-
tein biosynthesis machinery Sec61 and thereby prevents cotranslational
translocation of secretory proteins, receptor tyrosine kinases into tumor
cells for their growth, leading to anticancer and anti-angiogenic activ-
ities. Apratoxin E isolated from marine cyanobacterium, Lyngbya bouil-
lonii, have potential cytotoxic effect against various cancer cells including
colon, cervix and bone cancers [66,67]. Apratoxin S4 (Apra S4) showed
potent antiviral effect against SARS-CoV-2 as compared with currently
used RdRp inhibitor remdesivir. Apra S4 potently reduced the replication
of SARS-CoV-2 in monkey Vero E6 cells and human ACE2-transfected
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Fig. 4. Chemical structures of some natural compounds and their analogues having potent in vitro anti-SARS-CoV-2 and anti-proteases activities.
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HeLa cells in a dose-dependent manner with ICsq values of 170 nM and
0.71 nM, respectively, and SI of >58 and >1400, respectively, and have
about 20- and 50-fold higher potency as compared to remdesivir in Vero
E6 and HeLa-hACE2 cells, respectively. It also inhibited the replication of
flaviviruses, Zika virus, Dengue virus and West Nile virus in
virus-infected Huh-7.5 cells with ICsg values of 15 nM, 3.3 nM and 14
nM, respectively, and SI of >67, >300 and >71, respectively, as well as
potently inhibited the replication of influenza A virus in human A549
cells with an ICs of 0.46 nM and SI of >2200. The study of the molecular
mechanism of antiviral activity revealed that Apra S4 inhibited the ac-
tivity of host Sec61 in suppression of viral replication. Apra S4 at 1 pM
concentration on treatment in SARS-CoV-2 infected Vero CCL81 cells,
specially designed improved host cells for virus propagation, after 16 h
post-infection, markedly reduced the formation of stacked double
membrane vesicles, ds-RNA, marker of viral replication, trafficking of
spike protein and virions production, while remdesivir at 10 pM con-
centration was less effective under the same experimental conditions.
Possibly, Apra S4 by inhibiting the activity of Sec61, prevented the
SARS-CoV-2 virus in the utilization of host protein processing machinery
in viral replication process. Its efficacy in SARS-CoV-2 infected animal
models could be useful to consider this molecule in clinical trials in
COVID-19 patients as an alternative to remdesivir in COVID-19 pandemic
[68].

Baicalein 19 (Fig. 4), a major flavonoid constituent of Chinese herb,
Scutellaria baicalensis Georgi roots and found in other plants including
Oroxylum indicum bark, Thymus vulgaris leaves and Scutellaria lateriflora
roots, has been widely used in TCM to treat hepatitis and upper respi-
ratory infection. Baicalein showed potent antiviral activity against SARS-
CoV-2 by inhibiting the replication of SARS-CoV-2 in Vero cells with an
ECsp value of 2.94 uM and SI of >172, as well as inhibiting the activity of
SARS-CoV-2 3CL protease in vitro with an ICsy value of 0.39 pM. A
natural glycoside of baicalein, baicalin 20 (Fig. 4), showed a weak
inhibitory effect against SARS-CoV-2 3CL protease with an ICsg value of
83.4 pM. The docking analysis of the complex of baicalein with SARS-
CoV-2 3CL protease showed a strong binding interaction of baicalein
with the catalytic dyad residues His41 and Cys145 of the main protease
by the 6- and 7-hydroxyl groups and carbonyl group of baicalein [69].
Another group reported that baicalein and baicalin inhibited the activity
of SARS-CoV-2 3CL protease with ICsq values of 0.94 pM and 6.41 pM,
respectively, in a FRET-based protease assay. Moreover, baicalein and
baicalin inhibited the infection (cytopathic effect, CPE) of SARS-CoV-2 in
Vero E6 cells with ECsg values of 2.94 pM and 27.87 pM, respectively,
and CCsp s of >200 pM, and SI values of >68 and >7, respectively [70].
Both baicalein and baicalin showed better anti-SARS-CoV-2 effect in
human lung epithelial Calu-3 cells with ECs values of 1.2 yM and 8.0
uM, respectively, and CCsg values of 91 and >100 pM, respectively, as
compared to remdesivir (ECsg, 0.14 pM). Moreover, both baicalein and
baicalin inhibited the activity of SARS-CoV-2 RdRp enzyme in RNA
synthesis, and baicalein showed better activity in a biochemical assay
using RNA polymerase complex of the virus annealed to a 14-mer RNA
template-[a->2P]-GTP as visualization agent of the RNA product. Mo-
lecular docking analysis of these flavonoids with SARS-CoV-2 RdRp
complex showed that the calculated free binding energy of baicalein and
baicalin were —8.7 and —7.8 kcal/mol, respectively as compared with
remdesivir (—6.5 kcal/mol). In silico data suggested that baicalein
possibly binds to His133 and Asn705 amino acid residues of RdRp. In a
thermal shift assay using a protein thermal shift software, baicalein
caused an elevation of melting temperature, ATf of 3.9 °C of SARS-CoV-2
nspl2, suggesting a strong binding to the main component of RdRp [71].
Baicalein also inhibited the SARS-CoV-2 nspl3 associated unwinding
activity in viral translation with an ICsq value of 2.90 pM. The docking
analysis suggested that baicalein binds to both orthosteric and allosteric
binding sites of helicase nsp13 to prevent the unwinding activity [72].
Several studies on the antiviral activities of natural flavonoids reported
that baicalein showed antiviral activity against a wide range of enveloped
RNA viruses including influenza A-, Dengue-, Japanese encephalitis-,
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chikungunya-, human immunodeficiency- and Zika-viruses and
non-enveloped RNA viruses, such as enteroviruses. Baicalein potently
inhibited the in vitro replication of influenza A pandemic HINI virus with
an ICsp of 0.018 pM. Currently baicalein is in a phase II clinical trial for
treatment of influenza virus infected patients by a Chinese group, CSPC
ZhongQi Pharm. Technology Co Ltd [73]. In.

An animal model, baicalein in its crystal form p having absolute
bioavailability of 47.40%, on oral treatment at a dose of 200 mg/kg/d,
for 5 days to h-ACE2-transgenic mice-infected with SARS-CoV-2, signif-
icantly inhibited body weight loss, replication of the virus and reduced
viral load and lesions in the lung tissue of the mice. In LPS-induced acute
lung injury in mice, baicalein improved respiratory function and
decreased inflammatory cell infiltration in lung tissue and the elevated
levels of serum IL-1p and TNF-a in mice [73]. It indicates that baicalein
could be a potential natural drug for treatment of COVID-19 patients.

Quercetin 21 (Fig. 4), another plant flavonoid, found in several
common dietary fruits, vegetables and grains, and in medicinal plants,
has been used in food supplement, due to its potential antioxidant, anti-
inflammatory, immunomodulating and antiviral activities. It has been
reported to exhibit antiviral activity against many RNA and DNA viruses
including respiratory syncytial virus (RSV), polio type 1 virus, para-
influenza type 3 virus, herpes simplex virus-1 (HSV-1), cytomegalo-
virus, dengue virus type 2 (DENV-2), coronaviruses- SARS-CoV and
SARS-CoV-2 [74]. Quercetin inhibited the SARS-CoV-2 replication in
Vero E6 cells in relatively high concentrations, with an ICs value of 192
pM, while its synthetic analogue, 8-(p-tolylselenyl)-quercetin 22,
inhibited the replication of SARS-CoV-2 in Vero E6 cells in relatively low
concentrations, with an ICso value of 8 puM, and quercetin and this
analogue were non-toxic to Vero E6 cells up to the concentration of 500
pM and 100 pM, respectively. Moreover, quercetin and its analogue 22
inhibited the activity of the SARS-CoV-2 main protease (Mpro) with ICsq
values of 21 pM and 11 pM, respectively, and with inhibition constant
(Ki) of 7.4 pM and 3.8 pM, respectively. Possibly, poor bioavailability of
quercetin into the cellular compartment is the major reason for its poor
anti-SARS-CoV-2 effect. The molecular docking analysis of the complex
of analogue 22 with SARS-CoV-2 Mpro showed a strong binding affinity
with a free binding energy of —8.2 kcal/mol and binding interaction of
quercetin moiety with the catalytic dyad residues Cys145 and His41 as
well as a hydrogen bond between the selenium atom and side chain
residue GInl89 of the Mpro [75]. Quercetin potently inhibited the
SARS-CoV-2 nsp13 helicase RNA unwinding activity with an ICs value
of 0.53 pM and another flavonoid myricetin showed a better activity with
an ICsg value of 0.41 pM. Molecular docking analysis showed that both
quercetin and myricetin have good binding affinity for 5'-RNA-binding
site of the virus RNA [72]. In a clinical trial, quercetin phytosome ® (QP),
a lecithin-based novel bioavailable form of quercetin, with 200 mg
quercetin in 500 mg capsule, on treatment (1 capsule thrice a day for 7
days followed by 2 capsules per day for next 7 days) to subjects with mild
COVID-19, significantly reduced viral load (negative SARS-CoV-2 in
RT-PCR test) and improved the blood parameters in reduction of LDH,
ferritin, CRP and D-dimer levels in the patients [76].

Curcumin 23 (Fig. 4), the main polyphenolic constituent of Asian
traditional spice turmeric, Curcuma longa L., has attracted a significant
attention for the treatment of COVID-19 patients because of its versatile
biological activities, such as anti-inflammatory, antioxidant, immuno-
modulatory, antifungal, antiviral and antitumor activities. It showed
potent antiviral activities against a broad-range of viruses including
Dengue virus, Zika virus, chikungunya virus, enterovirus, HIV, respira-
tory syncytial virus, hepatitis B virus (HBV), HCV, influenza A virus and
SARS-coronaviruses- SARS-CoV and SARS-CoV-2 [77]. It potently
inhibited the infection of SARS-CoV-2 D614G and Delta strains in Vero
E6 cells with ECso values of 4.06 pM and 1.14 pM, respectively, in
pre-postinfection treatment, and SI of 4.06 and 14.5, respectively, and
CCsp of 16.5 pM. Moreover, at a concentration of 10 pg/ml, it reduced the
infectivity of these tested SARS-CoV-2 strains by more than 99% in Vero
E6 cells. Further, on pretreatment (10 pg/ml) in SARS-CoV-2 infected
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peripheral blood mononuclear cells (PBMCs), significantly decreased the
elevated expression levels of pro-inflammatory cytokines, IL-1p, IL-6 and
IL-8 [78]. Accumulating evidence demonstrates that SARS-CoV-2 D614G
strain plays a dominant role in global COVID-19 pandemic because of its
spike protein evolution in composition of amino acid residues and fitness
advantage in different environments increases its efficient replication
and transmission, which leads to greater infectivity and higher viral load
in upper respiratory tract, but not in disease severity in COVID-19 pa-
tients [79] and Delta variant (sub-type B.1.617.2) is believed to spread
faster because its spike (S) protein increases the immune evasion potently
due to its diverse mutations in the N-terminal domain (NTD) and RBD as
compared to other variants. The antibody neutralization property of
Pfizer or Astra-Zeneca vaccine is about five-fold lower efficient against
the Delta variant than against the Alpha-variant (B.1.1.7) [80]. The study
of molecular mechanism of antiviral effect revealed that curcumin
inhibited the activity of the SARS-CoV-2 3CL protease with an ICsg value
of 11.9 pM in a FRET-based protease assay [81]. Moreover, curcumin
inhibited the activity of host cellular protease TMPRSS2, which is one of
the major activating proteases of host cell receptor ACE2 for the entry of
SARS-CoV-2 in host cells [82]. Molecular docking analysis reported that
curcumin showed good binding interaction to the SARS-CoV-2 spike
protein and host ACE2 receptor with BE of —7.9 kcal/mol and —7.8
kcal/mol, respectively [83]. In addition, curcumin inhibited the activity
of vacuolar-ATPase expression, which acts as a proton pump during
acidification of endosomal vesicles and is essential for activation of
cathepsin L for the viral entry via endosomal membrane fusion, as well as
for maturation of the virions in the endosome for its transport to lyso-
somes for replication [84,85]. Curcumin on treatment in influenza A
virus (IAV)-infected mice significantly improved the survival rate of mice
by reducing the lung inflammatory cytokines levels, viral load and
fibrosis and improving the pulmonary function via activating the Nrf2
signal and suppressing the IAV-induced activation of TLR2/4, p38/JNK
MAPK and NF-xB signaling pathways [86]. Pulmonary fibrosis is a
devasting outcome of COVID-19 infection. SARS-CoV-2 infects upper and
lower respiratory tracts, results in the induction of TLR signals for acti-
vation of inflammasome and generation of inflammatory cytokines
including IL-1p and IL-6, which mediate pulmonary inflammation and
fibrosis [87]. Therefore, curcumin is effective in suppression of pulmo-
nary inflammation and fibrosis in COVID-19 patients. In a clinical trial
(CTRI1/2020/05/025482), curcumin formulation (curcumin C3 complex
® (Sami Direct, India) containing curcumin 525 mg and piperine 2.5 mg
in tablet) on supplementation as adjunct therapy in mild to severe
COVID-19 patients at a dose of 2 tablets daily for 14 days, significantly
improved general symptoms (reduction of fever, cough, sore throat and
breathlessness) and pulmonary inflammation and duration of hospitali-
zation and deaths [88].

Homoharringtonine (HHT) 24 (Fig. 4), a natural alkaloid isolated
from the plant Cephalotaxus harringtonii, has been prescribed in TCM for
treatment of chronic myeloid leukemia and other tumor diseases for
more than 30 years. HHT showed potent antiviral activity against diverse
DNA and RNA viruses including vesicular stomatitis virus (VSV), new
castle disease virus (NDV), herpes simplex virus type 1 (HSV-1), porcine
epidemic diarrhea virus (PEDV), hepatitis B virus (HBV), echovirus-1 and
coronaviruses in the nanomolar concentrations. For instance, it inhibited
the replication of HSV-1 and PEDV in Vero cells with ICsg values of 139
nM and 112 nM, respectively, and SI of 40 and 50, respectively. The study
of molecular mechanism of antiviral activity of HHT revealed that it
reduced the phosphorylation level of the endogenous and exogenous
eukaryotic initiation factor 4E (p-eIF4E), an essential protein that regu-
lates the selective translation of specific mRNA in a cap-binding way of
DNA and RNA viruses [89]. HHT potently inhibited the infection of
SARS-CoV-2 virus, collected from COVID-19 patient, in Vero E6 cells
with an ECsq value of 2.55 pM at 48 h post-infection, and reduced the
viral RNA copy numbers in Vero E6 cells with an ECsg value of 2.14 pM
and CCsg of 59.75 pM. Possibly HHT inhibited the viral replication via
inhibition of the activity of viral protein translation [59]. Another study
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reported that HHT reduced the expression of TMPRSS2 in TMPRSS2
expressing primary human bronchial epithelial (BEAS-2B) cells with an
ICs0 value of 61 nM and inhibited the entry of SARS-CoV-2 pseudotyped
virus in TMPRSS2 expressing human intestinal epithelial Caco-2 cells
with an ICsg value of 30 nM. Moreover, HHT at 30 nM concentration on
treatment for 18 h in human lung cancer Calu-3 cells, significantly
reduced the expression of TMPRSS2 in the Calu-3 cells. These findings
suggest that HHT prevents the infection of SARS-CoV-2 in Calu-3 cells by
inhibition of viral entry via suppression of TMPRSS2 expression and
activity. Hence this natural alkaloid could be a potential therapeutic
agent against COVID-19 virus [90].

The major therapeutic targets of the promising anti-SARS-CoV-2
natural products and their analogues that are discussed above, as well
as their efficacy in inhibition of SARS-CoV-2 infection in host cells with
ECsq or ICsq values are documented in Table-1.

4. Concluding remarks

COVID-19 from SARS-CoV-2 virus infection is the third highly path-
ogenic human coronavirus disease to date. Although it is less deadly than
earlier SARS-CoV and MERS-CoV, the rapid spreading of this disease has
posed the severest threat to global health in this century. This SARS-CoV-
2 outbreak has lasted for more than two and half year now, and is likely
to coexist with us for a long time. Till to date no effective drug is available
for treatment of this viral infection. Currently prescribed the viral RARp
inhibitors, remdesivir, favipiravir, and molnupiravir and Mpro inhibitors
ribavirin,and lopinavir/ritonavir, viral entry inhibitors hydroxy-
chloroquine and umifenovir along with immunosuppressives dexa-
methasone and tocilizumab in multidrug regimen treatment have been
found effective in the reduction of infectious viral loads and general
symptoms in severe COVID-19 patients, however, their synergistic effi-
cacy, definite ratio for optimal efficacy and adverse effects including
mutagenic effects in patients are not yet fully investigated [91]. Several
clinically approved vaccines are widely available and used for antibody
neutralization of this viral infection in many countries, however, their
efficacy is restricted due to mutations of spike protein of this virus. The
natural compounds play a key role in the discovery of drugs against
various diseases. Indeed, about half of the approved drugs in global
market during the period, between 1981 and 2014, were derived from or
mimicked a natural compound [92]. Moreover, in the current COVID-19
pandemic, many patients prefer complementary or traditional medicinal
therapies, albeit using them almost exclusively in conjunction with
western medicine. For instance, one study reported that almost 92% of
135 hospitalized COVID-19 patients in northeast Chongging (China)
received traditional Chinese medicine in addition to western medicine
(antiviral kaletra ® (lopinavir/ritonavir) and interferon) for treatment
[93]. Indeed, it is hard to separate the potential effects of, and the in-
teractions between traditional Chinese medicine and western medicine
in the treatment of the disease via their anti-proteases targets.

In this review, we have highlighted the potent anti-SARS-CoV-2 and
anti-proteases activities of 16 natural compounds including their syn-
thetic analogues in nanomolar concentration ranges for their use in drug
design for effective drugs against current COVID-19 pandemic. Among
them, 11 compounds, namely plitidepsin, silvestrol and its analogues
zotatifin and CR-31-B-(—), emetine, gallinamide A and its two synthetic
analogues, apratoxin S4, baicalein and curcumin may be considered as
lead molecules for design of effective drugs for COVID-19 infection. In
phase I/II clinical trials, the treatments of host eEF1A inhibitor pliti-
depsin and multi-proteases inhibitor emetine in hospitalized COVID-19
patients showed better efficacy than remdesivir, and hence these com-
pounds could be designed for their balanced clinical doses to get optimal
efficacy and minimal toxicity and side effects for treatment in different
stages of the disease. As these are clinically approved drugs for treatment
of tumor and amebic dysentery, their pharmacokinetics and safety profile
have already been evaluated. A recent report on the host DNA muta-
genesis by the initial metabolite of viral RdRp inhibitor molnupiravir,
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List of some promising natural compounds and their analogues that are discussed

Vero E6 cells and SI

of virus Mpro with

11

. R - ; T . Natural compound/ In vitro inhibition of =~ Major therapeutic Reference
in the text is documented along with their potent in vitro anti-SARS-CoV-2 ac- synthetic analogue SARS-CoV-2 targets against )
tivity in virus-infected host cells and their major therapeutic targets against infection/ SARS-CoV-2 via
SARS-CoV-2 via inhibition of the activity of host/virus proteases. replication in host inhibition of host/
Natural compound/ In vitro inhibition of ~ Major therapeutic Reference cells v1rtl.1$':3r0tease
synthetic analogue SARS-CoV-2 targets against (s) activity
infection/ SARS-CoV-2 via of >172; ECsg of 1.2 ICs of 0.39 pM; of
replication in host inhibition of host/ pM in Calu-3 cells virus RdRp and
cells virus protease and CCsg of 91 pM helicase nsp13
activity Quercetin 21 ICsp of 192 pM in Inhibits the activity [72,75]
L R R o L Vero E6 cells and of virus Mpro with
Plitidepsin 7 ICyp of 1.76 nM in Inhibits the activity [41] CCon of 500 UM 1Cen o 21 UM
Vero E6 cells and of host eEF1A 50 O H and sfo (,) H
0.88 nM in hACE2/ protease an R ot virus ..
helicase unwinding
293T cells as . .
activity with ICsq of
compared to
remdesivir (ICqo of 0.53 iM
2.95 uM and 24.20 Quercetin analogue ICso of 8 pM in Vero  Inhibits the activity [75]
niVI rtsp ) ’ 22 E6 cells and CCsp of  of virus Mpro with
. Ny . . 100 pM an ICsp of 11 pM
Silvestrol 8 Abolishe Inhibits the activit; 45,46
Hvestro o.1s ?s TRIDILS the activity [45,46] Curcumin 23 ECsp of 4.06 pM and Inhibits the activity [78,81]
replication of elF4A protease, ; X .
completely at 100 N and nsp8 proteins 1.14 uM against of virus Mpro with
pretely PP virus D614G and an ICso of 11.9 uM
nM in human Delta strains in Vi
bronchial epithelial clta strains In vero
cells E6 cells, resp;
Zotatifin 9 1Cgp of 37 nM in Inhibits the activity [30] :}?mé)ll)eEteli/ tl}?hlblts
Vero E6 cells of host elF4A ¢ . ot these
strains at 10 pg/ml
protease conen
CR-31-B-(—) 10 ECsp of 1.82 nM in Inhibits the activity [45] . . . o ..
Vero E6 cells of EIF4A and N Homoharringtonine ECsp of 2.14 pM in Inhibits the activity [53,89,
proteins 24 Vero E6 cells; ICsg of  of host TMPRSS2 90]
Emetine 11 ECsp of 0.147 nM in Inhibits the activity [33, 30 nlc\1/I utn v i and elF4E proteases
Vero E6 cells and I of S, eIF4E, RARp,N  53-58] gse“ ;’V“ﬁs entry in
of 10910.4 as and orf6 proteins aco-2 cel’s
compared to
remdesivir (ECso of 4 .. . . .
0.24 uM); ICso of B-D-N"-hydroxycytidine, raised a question on the use this drug as well as
0.2729 pM in 293T use of other nucleoside analogues as viral RARp inhibitors in COVID-19
cells in suppression treatment. The mutagenesis of host DNA mutation may contribute to
of virus RNA copies the development of cancer and birth defects of the offspring [94]. In
Cepharanthine 12 ICsp of 1.90 puM in Inhibits the activity [60] .. . e . . s
clinical trials, zotatifin and curcumin on treatment in hospitalized
Vero E6 cells and at of S and NPC-1 i . i R X
10 pM completely proteins COVID-19 patients showed good efficacy in reduction of viral load and
abolished the viral infiltrates in lung tissues. Silvestrol may be utilized for design of more
replication in Vero potent anti-SARS-CoV-2 drug than zotatifin. Baicalein, a non-nucleoside
E6 cells . s lilas . s 1ats
viral RdARp inhibitor as well as potential Mpro inhibitor, showed potent
Tetrandrine 13 ICsp of 10.37 pM in Inhibits the activity [60] . N P . . . p . P . ’ L p .
Vero E6 cells of S and TPC-2 efficacy in influenza A virus-infected patients in a phase II clinical trial,
proteins could be a promising drug for clinical trial in COVID-19 infection.
Gallinamide A 14 ECs of 28 nM in Inhibits the activity ~ [65] Apratoxin S4, a synthetic analogue of natural apratoxin E, showed potent
\C/(e:m E? cil(l)soanl\i ;’é Caﬂ;elp;‘g LI\;’["‘th in vitro anti-SARS-CoV-2 activity via inhibition of viral DMV and ds RNA
50 of > n 50 of 17.6 p . . . . 1. . .
Synthetic analogue 15  ECso of 168 nM in Inhibits the activity ~ [65] formation, p rOtel.n synthfesm and tl:afﬁCkln.g secrfatory spike p r(.)teln’
Vero E6 cells and of cathepsin L with could be a potential candidate for clinical trial against COVID-19 infec-
CCsp of >100 pM; ICsp of 5.6 pM tion. It is highly effective in inhibition of viral life cycle in infected host
completely inhibits cells. Gallinamide A and its two analogues have potent inhibitory activity
the virus infection in against host protease cathepsin L, responsible for viral entry into host
ACE2/A549 cells at 1Is. Th d h ive d didates for clinical
310 nM concn cells. These compounds are the prospective drug candidates for clinica
Synthetic analogue 16 ~ ECso of 920 nM in Inhibits the activity  [65] trials in SARS-CoV-2 infected human ACE2-expressing animal models.
Vero E6 cells; of cathepsin L with Homoharringtonine, a potential inhibitor of host TMPRSS2 protease,
completely inhibits  ICso of 17.0 pM could be a potential drug candidate for clinical trials in SARS-CoV-2
the CPE in ACE2/ . . - - - - o
A549 cells at 310 infected animals. Dietary quercetin and its syntheic Se-derivative could
M conen be processed in nanoformulations or liposomes to increase their
Apratoxin $4 18 ICsoof 170 nM and  Inhibits the activity ~ [68] bioavailability in the disease-targeted lung epithelial tissues for
0.71 nM in Vero E6  of host Sec61 improvement of their efficacy and reduction of host cell toxicity. The
and hACE2/Hela protease alkaloids, cepharanthine and tetrandrine, potent inhibitors of viral entry
cells, resp. and SI of . d . d b lized i h desi £ effecti
~58 and > 1400 in en ocytosis, cou _ be .uFl.lze in the esign of e ective
resp.; completely anti-SARS-CoV-2 drugs in inhibition of viral entry into the host cells.
inhibits the viral Indeed, it is a great challenge and social commitment of the researchers
L‘jfé‘]g;‘“;’lnﬁn . and pharmaceutical groups to develop effective drugs against
t .
> M cfmjna cellsa SARS-CoV-2 at the earliest to save the people from the present COVID-19
Baicalein 19 ECs0f 294 yMin  Inhibits the activity ~ [69-72] pandemic threat. A multi-disciplinary and global collaborative approach

may achieve this goal.
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