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Abstract

Coronavirus Disease 2019 (COVID-19) is a global pandemic, caused by severe acute respiratory syndrome corona-
virus 2 (SARS- CoV-2). The rising number of cases of this highly transmissible infection has pressed for the urgent
need to find effective therapeutics. The life cycle of SARS-CoV-2 includes the viral entry, viral replication, viral as-
sembly and release. The symptoms associated with viral infection often leads to fatal outcome with pneumonia,
myocarditis, acute respiratory distress syndrome, hypercoagulability, and/or multi-organ failure. Recent studies
have reported that phytochemicals such as emodin, epigallocatechin gallate, and berberine could, albeit modest-
ly, inhibit different stages of SARS-CoV-2 life cycle. The phytochemicals have been shown to disrupt viral infection
and replication by blocking viral-surface spike protein binding to entry receptor angiotensin-converting enzyme
(ACE2), inhibiting viral membrane fusion with host cells, inhibiting RNA-dependent RNA polymerase involved in
viral replication, and/or pathological host- responses in vitro. The focus of this review is to evaluate the effica-
cies of these phytochemicals on inhibiting SARS-CoV-2 viral infection, growth, or disease progression as well as
to provide a perspective on the potential use of these phytochemicals in the development of novel therapeutics
against SARS-CoV-2.
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1. Introduction

The worldwide outbreak of highly transmissible Coronavirus
Disease-2019 (COVID-19) was caused by a zoonotic pathogenic
virus, Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-
CoV-2). SARS-CoV-2 and its previous counterpart, SARS-CoV,
which resulted in a pandemic in 2002, belong to the B-coronavirus
lineage B, both of which are similar to the Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) that had emerged in 2012
(Zaki et al., 2012). Towards the end of 2019, the emergence of the
COVID-19 pandemic posed an unprecedented global health threat,
prompting the need to develop effective antiviral therapeutics im-
mediately. During the initial stage of the pandemic, repurposing of

the existing drugs was considered to be one of the most tangible
options for rapidly developing the effective therapeutics. Numer-
ous clinical trials have been completed, but none of those evalu-
ated repurposed drugs could give any promising results (Martinez
& chemotherapy, 2020). The failure of these repurposed drugs in
their clinical trials stresses the need to unleash novel structural
motifs for developing effective COVID-19 drugs. A historical
overview of drug discovery has shown that natural products could
be well optimized for efficacious therapeutic strategies for many
diseases including infectious diseases. The uniqueness of the vast
array of chemical structures of natural products has been the inspi-
ration behind the development of several effective pharmaceuti-
cals (Clercq, 2007). In this review, we briefly discuss the potential
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Figure 1. Structure of SARS-CoV-2 Virus. SARS-CoV-2 virus contains a single stranded RNA serves as the genetic material to which ribonucleoproteins that
assist in viral structure and replication.are bound. The encapsulating viral envelope is comprised of a lipid layer interspersed with membrane and envelope

proteins as well as characteristic receptor-interacting spike glycoprotein.

of several plant-derived natural products or phytochemicals, which
could serve as lead compounds for synthesizing effective nature-
inspired therapeutics against COVID-19.

2. COVID-19 virus and its life cycle

SARS-CoV-2 genome has a length of nearly 30,000 nucleotides
and is the largest positive-sense genome of the RNA virus fam-
ily (Astuti and Ysrafil, 2020). The genetic material of the virus
contain a simple structure consisting of a single stranded RNA
genome and bound ribonucleoprotein particles that provide struc-
tural integrity to RNA in addition to playing a role in viral replica-
tion. This RNA-RNP complex is encapsulated in a viral envelope
consisting of lipid membrane. The viral envelope is interspersed
with envelope and membrane proteins. The outward projecting
and the receptor-interacting spike glycoproteins are also embed-
ded in the viral envelope (Figure 1). The infection cycle of the vi-
rus can be divided into three stages, namely, viral entry, viral RNA
release and replication, and viral assembly and release. To enter
the host cells, coronaviruses first bind to specific host cell sur-
face receptors and then the viral Spike protein is cleaved by host
cell-derived proteases to enable fusion of viral and cellular mem-
branes (V’kovski et al., 2021). Receptor binding domain (RBD)
of SARS-CoV-2 Spike (S) protein specifically recognizes human
angiotensin- converting enzyme-2 (ACE-2) as its receptor (Letko
et al., 2020; Wan et al., 2020). Proteolytic cleavage of S protein
by host cell surface protease, TMPRSS2, leads to the final con-
formational changes in the S2 domain of the spike protein needed
for virus-host cell membrane fusion. This process is irreversible
and it is stringently regulated (Walls et al., 2017). The release of
SARS-CoV-2 viral genome in the host cell cytoplasm marks the
onset of spatially and temporally regulated complex program of
viral gene expression.

Coronavirus particles contain a single, 5'-capped and 3'-poly-
adenylated RNA genome which codes for two large overlapping
open reading frames in gene 1, as well as a variety of structural
and nonstructural proteins at the 3’ end. At the 5’ end, SARS-

CoV-2 genomic RNA comprises of two overlapping reading
frames ORF1a and ORF1b (Gorbalenya et al., 2006). The transla-
tion of ORFla and ORF1b from the genomic RNA produces two
polyproteins, ppla and pplab, respectively. The ppla and pplab
proteins are then cleaved by the viral proteases, papain-like pro-
tease (PLPRO) and 3C-like protease (3CLFRO) to release 16 differ-
ent non-structural proteins (Nsp). These encoded Nsp primarily
comprises of RNA-dependent RNA polymerase (RdRp), helicase,
and exonuclease (ExoN), which together forms a viral replication
and transcription complex (RTC) (Subissi et al., 2014). The RdRp
contains a catalytic subunit, NSP12, helicase (NSP13), and ac-
cessory subunits NSP7 and NSPS8 (Hillen et al., 2020). The RdRp
complex transcribes the viral genome template of negative-sense
genes, including progeny genome and subgenomic RNA as inter-
mediate products, followed by the transcription of positive sense
mRNAs mediated by RdRp. ExoN, exclusive to the $-coronavirus
family, conducts RNA proofreading activity, which is critical for
maintaining the viral genome integrity. The 3" end of the viral ge-
nome contains the ORFs which encode for viral structural proteins,
namely the spike (S), the membrane (M), the envelope (E), and the
nucleocapsid (N) proteins, in addition to the accessory proteins.
These structural proteins would be incorporated into the endoplas-
mic reticulum membrane and forms the membrane encased struc-
tures, which further encloses the nucleocapsid and other neces-
sary accessory proteins to form the exocytic vesicle. The exocytic
vesicle fuses with the plasma membrane and releases the viruses
into the extracellular space, which spreads throughout the human
body (Murgolo et al., 2021; Romano et al., 2020; Trougakos et
al., 2021). This could elicit pathological inflammatory response
including cytokine release syndrome and cytokine storm. Eventu-
ally, multiple organ failure ensues with the resultant death of the
COVID-19 patient.

In spite of the fact that numerous drugs do exist that have clini-
cally proven antiviral properties (Indari et al., 2021) and several
drugs that show a limited potential to alleviate COVID-19 symp-
toms (Lam et al., 2020; Raju et al., 2021), none of them have prov-
en to work efficiently to reduce COVID-19 associated mortality.
Nevertheless, several in vitro studies have demonstrated the po-
tential of several phytochemicals to inhibit COVID-19 infectious
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Figure 2. Potential Lead Phytochemicals that can target SARS-CoV-2. Several phytochemicals have been identified to have the potential to disrupt different
stages of viral lifecycle or pathological host response following infection. The structures of candidate phytochemicals that have potential to serve as the
lead compounds for drug discovery are presented as follows: (a) Phytochemicals targeting viral entry into the host cell; (b) Phytochemicals targeting viral
replication; (c) Phytochemicals inhibiting viral release from the host cell; and (d) Phytochemicals that can attenuate host CRS or cytokine storm (See Text

for Details).

cycle in humans at various stages (Alam et al., 2021; Behl et al.,
2021; Marmitt et al., 2021; Merarchi et al. 2021) These phyto-
chemicals have been demonstrated to 1nh1b1t viral entry, viral rep-
lication, or viral release — in addition to attenuating the host patho-
logical responses (Figure 2). However, these studies have fallen
short of proving a preventive or therapeutic role for these phyto-
chemicals against COVID19 infection in real-time. Nevertheless,
they provide strong evidence that they can serve as potential lead
molecules for either the therapy or the prevention of SARS-CoV-2
infection as well as other viral infections that might emerge in the
future (Swain et al., 2021).

3. Phytochemicals targeting SARS-CoV-2 entry into the host cell

Coronavirus entry into the host cell is one of the most important
determinant of viral infectivity (Li, 2016) and is also the major
target for human intervention strategies (Du et al., 2009b) . Coro-
navirus spike (S) proteins are homotrimeric class I fusion glyco-
proteins that comprise of two functionally distinct subunits: S1
and S2. The peripheral S1 subunit contains the receptor-binding
domain that binds to the host cell receptor, ACE2 and is criti-
cal in determining tropism of infection and pathogenicity (Li et
al., 2003; Zhou et al., 2020). The transmembrane S2 subunit that
contains the fusion peptide domain and the twin heptad repeat
domains mediates viral and cellular membrane fusion upon exten-
sive conformational rearrangements following host cell receptor
binding (Letko et al., 2020). The S protein is a class I viral fusion
membrane glycoprotein similar to HIV glycoprotein 160 (Env),
influenza haemagglutinin (HA), and Ebola virus glycoprotein (Du
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et al., 2009). In the first step of viral entry, the peripheral amino
(S1) subunit of the SARS-CoV-2 spike glycoprotein (S) indepen-
dently binds with the membrane metallopeptidase ACE2, and the
carboxy (S2) terminus embedded into the viral envelope mediates
fusion of viral and cellular membranes (Gallagher and Buchmeier,
2001). Inhibiting the first step of viral infection significantly min-
imizes the chance for the virus to propagate, evolve, and eventu-
ally acquire drug resistance (Breitinger et al., 2021; Esté, 2003;
Horne and Vohl, 2020). Therefore, several phytochemicals have
been investigated for their ability to exhibit inhibitory effect on
viral entry (Figure 3).

Emodin, an anthraquinone polyphenol obtained from tradi-
tional herbs Rhubarb (Rheum officinale) and Japanese knotweed
(Polygonum cuspidatum), significantly inhibited the interaction of
S protein with ACE2 in a dose-dependent manner, in a cell-free
competition assay, with an IC; of 200 uM (Ho et al., 2007). Emo-
din also reduced the infection of ACE2-expressing Vero E6 cells,
a non-human primate kidney cell-line, by an S protein-pseudo
typed retrovirus (Ho et al., 2007). High-throughput screening of
a library containing the extracts from 121 Chinese herbs led to
the identification of two candidate low molecular weight phyto-
chemicals, namely Tetra-O-galloyl-B- D-glucose (TGG) and lu-
teolin (Yi et al., 2004). TGG and luteolin inhibited SARS-CoV
infection by preventing viral entry into Vero E6 cells with the EC,,
values of 4.5 uM and 10.6 pM, respectively. Frontal affinity chro-
matography-mass spectrometry studies revealed that both TGG
and luteolin bound with high affinity to SARS-CoV spike protein,
suggesting that the inhibition of viral entry could be due to the
interference in the interaction between ACE2 and spike protein (Yi
et al., 2004). TGG is a polyphenolic compound obtained from In-
dian gooseberry (Phyllanthus emblica), and Luteolin is a common
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present on the plasma membrane, initiating the endocytosis of the viral particles. Upon entry, the viral particle encapsulated in the plasma membrane
structure, the endocytic vesicle, opens up to release the viral RNA into the host cell cytoplasm. The ss RNA undergoes replication to produce numerous
RNA viral RNA replicates as well as genomic and sub-genomic RNA, the former which fuses with N proteins to form the nucleocapsid structure and the lat-
ter which translates into the S, M and E envelope proteins and the accessory proteins. The membrane proteins incorporates into the endoplasmic reticular
membrane which releases off into the cytoplasm and encloses the nucleocapsid structures to form exocytic vesicle, which then fuses with the host cell
plasma membrane and releases the viruses into the extracellular space. Phytochemicals with the potential to disrupt different stages of the viral infection

cycle are boxed and listed in red.

flavonoid found in vegetables and fruits such as celery, parsley,
broccoli, onion leaves, carrots, peppers, cabbages, and apple skin
(Miean and Mohamed, 2001). Molecular docking and SPR stud-
ies have revealed that thymoquinone isolated from black cumin
(Nigella sativa)(Harzallah et al., 2011) binds to ACE2 with high
affinity, with a Kd value of 32.140 uM. Thymoquinone inhibited
the infectivity of SARS-CoV-2 pseudovirus in HEK293T-ACE2
in a dose-dependent manner with an IC50 of 4.999 uM (Xu et al.,
2021).

Molecular docking and dynamic simulation studies predict
polyphenols from Citrus sp. (hesperetin, hesperidin, and tangere-
tin) and Curcuma species (curcumin and its derivatives) to have a
potential inhibitory effect on SARS-CoV-2 infection by interacting
with the S protein RBD (Utomo & Meiyanto, 2020). Hesperidin
was predicted to dock at the binding interface between S protein
and ACE2 by positioning on the shallow middle pit of the sur-
face of the S protein RBD (Wu et al., 2020). Naringenin, a fla-
vanone found in citrus fruits (grapefruit, sour orange), tomato and
other fruits, was reported to have stronger binding energy with the
spike glycoprotein than remdesivir (Ubani et al., 2020), an anti-
viral drug temporarily approved by the FDA in the treatment of
COVID-19 (Hendaus & Dynamics, 2020). Being SARS-CoV-2’s

24

point of entry into the host cells, ACE2 has also been interrogated
as a potential target for anti-viral drug discovery. Computational
studies showed that catechin and curcumin exhibited strong bind-
ing affinity not only to the viral Spike protein and the host receptor
ACE2, but also their complex (Spike-RBD/ACE2-complex), with
binding affinity values of—10.5 and—7.9 kcal/mol;—8.9 and —7.8
kcal/mol; and —9.1 and —7.6 kcal/mol, respectively (Jena et al.,
2021). By interfering with the host cell receptor and viral spike
protein interaction, catechin and curcumin could have an inhibi-
tory effect on the cellular entry of the virus.

4. Phytochemicals targeting SARS-CoV-2 replication within the
host cell

Natural compounds which inhibit viral proteases can be viewed as
potential candidates for managing COVID-19 (Figure 3). Protease
inhibitors have been used to treat and manage viruses that cause
HIV-AIDS, MERS, and SARS (Kumar et al., 2020). Replication
of SARS-CoV-2 requires proteolytic processing of the replicated
polyproteins by viral proteases leading to the release of non-
structural and structural proteins. Tanshinones derived from Salvia
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miltiorrhiza (red sage) moderately inhibit the SAR-CoV 3CLP
and PLP™ proteases at IC, values ranging from 0.8 to 30 uM (Park
etal.,, 2012).

Dieckol, a pholorotannin obtained from Ecklonia cava, is re-
ported to exert significant inhibitory activity (ICy,= 2.7 uM) on
coronavirus 3CLP™. Dieckol which possess two eckol groups
linked by a diphenyl ether, also exhibited potent inhibitory activity
on the cell-based 3CLP™cis-cleavage assay, and its potency was
greater than the other phlorotannin derivatives and the natural ref-
erence inhibitors (Park et al., 2013). Myricetin, a flavonoid com-
monly present in nuts, berries, tea, wine, and Scutellarein, a fla-
vone, inhibits the SARS-CoV helicase protein in vitro by affecting
its ATPase activity, but not the unwinding activity (Yu et al., 2012).

Recent studies showed that homoharringtonine (HHT) and
emetine inhibited SARS-CoV-2 replication in Vero-E6 cells with
EC,, at 2.55 and 0.46 uM, respectively (Choy et al., 2020). Lyco-
rine, emetine, and cephaeline may inhibit viral protein synthesis by
interacting with the host ribosome (Ren et al., 2021). Berberine an
alkaloid isolated from plants such as Berberis has been reported to
inhibit the replication of SARS-CoV-2 in cultured nasal cell lines
(Varghese et al., 2021). Resveratrol, a well-known polyphenol
inhibits SARS-CoV-2 viral replication (Pasquercau et al., 2021;
ter Ellen et al., 2021; Yang et al., 2021). Glycorhyzin, a triterpene
saponin, found in high concentrations in the root of the Glycyr-
rhiza glabra (liquorice) plant inhibits viral replication in vitro by
inhibiting the CLP™ protease (van de Sand et al., 2021). EGCG,
a major component in green tea, has also been shown to inhibit
viral replication in Vero cells. This inhibition is associated with
EGCG?s ability to inhibit Nsp15, a non-structural protein involved
in the processing of the viral genome for replication (Hong et al.,
2021). In addition to the thymoquinones which has been reported
to inhibit the viral entry into the host cells, plumbagin, which is
a naphthoquinone, isolated from roots of Plumbago zeylanica
has been predicted to induce viral RNA degradation, through its
ROS inductive effects, thereby exerting an antiviral therapeutic
response (Nadhan et al., 2021).

5. Phytochemicals targeting SARS-CoV-2 viral release from the
infected host cell

Phytochemicals belonging to Kaempferol family of flavanol such
as Juglanin has been tested for their ability to inhibit the release
of assembled mature virions from the host cell into extracellular
space to propagate cell-to-cell spread of the infection (Figure 3).
The ORF 3a of SARS-CoV codes for a transmembrane protein
that forms a homotetrameric ion channel and modulates viral re-
lease (Lu et al., 2000). It can be reasoned that the phytochemicals
that inhibit the ion channel could exert an inhibitory effect on vi-
rus release, and they could serve as lead compounds for the de-
velopment of novel therapeutic antiviral agents. Kaempferols are
natural flavonols, found in plants such as kale, beans, tea, spinach
and broccoli (Baenas et al., 2012). Several kaempferol derivatives
were reported to moderately block the 3a channel of Coronavi-
rus, hence, inhibiting the viral production and release from the
host cells (Schwarz et al., 2014). Kaempferol glycoside deriva-
tives were proved to possess more potent inhibitory effect than
kaempferol and points towards the significance of sugar residues
for the antiviral activity (Schwarz et al., 2014) Juglanin (kaemp-
ferol-3-O-a-L-arabinofuranoside) was the most effective glyco-
side with an ICy; value of 2.3 pM. Other kaempferol glycosides
i.e. tiliroside (kaempferol-3-O-(6-p-coumaroyl)-glucoside) and
afzelin (kaempferol-3-O-a-L-rhamnoside) were less potent than

juglanin, but showed similar activity to that of emodin (Schwarz
etal., 2014).

6. Phytochemicals targeting cytokine release syndrome/cy-
tokine storm

In addition to this array of phytochemicals that target viral entry,
replication, and release, there has been increased focus on phyto-
chemicals that can have modulatory effect on Cytokine Release
Syndrome (CRS) and cytokine storm of the infected patients
(Figure 4). CRS and cytokine storm can be broadly described as
life-threatening systemic inflammatory syndromes. In CRS and
cytokine storm, elevated levels of inflammatory cytokines and
excessive activation of immune cells lead to a range of clinical
manifestations such as fever, fatigue, disseminated intravascular
coagulation (DIC), hypotension, hemostatic imbalance, respira-
tory failure (acute respiratory distress syndrome - ARDS), multi-
organ failure, and even death, if not treated in time (Mangalmurti
and Hunter, 2020). CRS and cytokine storm are primarily asso-
ciated with infectious and immune-mediated conditions. Severe
pneumonia with elevated cytokine levels such as interferon-y
(IFNYy), Interleukin (IL)- 6, and granulocyte-macrophage colony
stimulating factor (GM-CSF) was reported to be a major cause
of morbidity in patients infected with highly pathogenic human
coronaviruses (SARS-CoV and MERS-CoV) (Channappanavar
& Perlman, 2017). In a recent study conducted with 150 patients
from Wuhan, China, elevated cytokine levels of IL-6 in patients
with COVID-19 was suggested to be the underlying cause of ad-
verse clinical outcomes (Ruan et al., 2020). Many of the recent
studies have suggested that cytokine storm, composed of an ar-
ray of cytokines including IL-1, -2, -6, -7, -8, -10, -12, -17, -18;
tumor necrosis factor-o (TNF-a)), IFN-y, granulocyte colony-
stimulating factor (G-CSF); GM-CSF, and monocyte chemoat-
tractant protein-1 (MCP-1), is the underlying cause of severe
COVID-19 immunopathology (Hadjadj et al., 2020; Lucas et
al., 2020; McElvaney et al., 2020; Nile et al., 2020; Ronit et al.,
2021).

Dehydrozingerone, a phenolic compound found in Zingiber
officinale (ginger) and a structural-half analog of curcumin, was
shown to exert significant inhibitory effect on LPS induced cy-
tokine storm in cultured macrophage cells (Tirunavalli et al.,
2021). Many known dietary polyphenols such as curcumin, api-
genin, quercetin, cinnamaldehyde, resveratrol, and epigallocat-
echin-3-gallate; alone and in combinations, have been reported
to have significantly reduced the levels of pro-inflammatory cy-
tokines in vitro and in vivo (Giovinazzo and Grieco, 2015; John et
al., 2011; Scalbert et al., 2005; Tsao, 2010). Bioactive metabolites
Indole-3-carbinol and sulforaphanes present in cruciferous vegeta-
bles have also been demonstrated to have a moderate inhibitory ef-
fect on LPS-induced inflammatory response in cultured cells (Guo
et al., 2012; Jiang et al., 2013). Such phytochemicals can serve as
potential lead compounds for the synthesis of effective therapeu-
tics, which could reduce the cytokine storm.

7. Perspective and conclusion

COVID-19 has evolved to be a pandemic with global concern
since 2020, which brought the world to a standstill. With the novel
vaccine strategies, we are slowly emerging out of the abysmal
crisis. However, a critical concern is that an effective therapeutic
agent and/or a potential preventive strategy is still elusive. This can
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Figure 4. Lead Phytochemicals that can Targeting Pathological Host Response. Upon the entry into the human body, SARS-CoV-2 replicates within the hu-
man host cells, especially within the alveolar epithelial cells, as the route of entry is via the respiratory tract. Further, it triggers the immune response via
activating the immune cells such as T-cell, alveolar macrophages, neutrophils, natural killer cells, dendritic cells, fibroblasts. monocytes and endothelial cells.
These activated immune cells potentiates a cascade of signaling events inducing the release of varied cytokines such as IL.-18/2/6/8/10/18, TNF-a, IFN-y,
G-CSF, GM-CSF, CXCL-10 and MCP-1, producing CRS and cytokine storm, which can lead to multiple organ failure, affecting the major human organs includ-
ing brain, lungs, liver, heart, intestine and kidney. Phytochemicals that have therapeutic or preventive potential to target pathological CRS and/or cytokine

storm are boxed and listed in red.

be primarily attributed to the enhanced pace of infection and lack
of sufficient time for deeper research and validation. During the
initial phases of the pandemic, the researchers had come up with
the notion of repurposing the existing drugs with antiviral activ-
ity, most of which were FDA approved and used against various
human diseases. However, most of them, if not all, failed to prove
their efficacy in preventing or treating COVID-19 infections in
real-world situation. Thus, the need for the hour is to develop nov-
el therapeutic agents which can effectively target the COVID-19
infection in humans. The mechanistic role of phytochemicals dis-
cussed here needs to be explored further and experimentally vali-
dated so that more potent molecules can be developed. It is quite
encouraging to note that the limited examples of phytochemicals
discussed here provide evidence that they can serve as critical lead
compounds for the development of novel therapeutics for treat-
ing and preventing COVID-19 infections or similar pathogens that
might emerge in the future.
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