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Background: Following the outbreak of the COVID-19 pandemic, there was a surge of research activity to find
methods/drugs to treat it. There has been drug-repurposing research focusing on traditional medicines.
Concomitantly, many researchers tried to find in silico evidence for traditional medicines. There is a great increase
in article publication to commensurate the new-found research interests. This situation inspired the authors to have
a comprehensive understanding of the multitude of publications related to the COVID-19 pandemic with a wish to

Main body: This review article has been conceived and made as a hybrid of the review of the selected papers
advertised recently and produced in the interest of the COVID-19 situation, and in silico work done by the authors.
The outcome of the present review underscores a recommendation for thorough MDS analyses of the promising
drug leads. The inclusion of in silico work as an addition to the review was motivated by a recently published
article of Toelzer and colleagues. The in silico investigation of free fatty acids is novel to the field and it buttresses
the further MDS analysis of drug leads for managing the COVID-19 pandemic.

Conclusion: The review performed threw light on the need for MDS analyses to be considered together with the
application of other in silico methods of prediction of pharmacologic properties directing towards the sites of drug-
receptor regulation. Also, the present analysis would help formulate new recipes for complementary medicines.
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Background

This article has been conceived and made in a hybrid
model; a hybrid comprising of a review of the selected
papers advertised recently and produced in the interest
of the COVID-19 situation, and a small amount of in
silico unpublished work done by the authors regarding
the pandemic too. The authors’ work was motivated to
be included in this article by a recently published article
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by Toelzer and colleagues [1]. A review of the protein
structures significant in COVID-19 management by
medicines has been included as part of this article.

The in silico studies considered in this review are from
groups who used different programmes for docking and
simulation works. Consequently, the results obtained
from such studies using different program packages
could not be compared as numerical equivalents of
obtained/calculated valued. So, their comparison would
amount to qualitative assessment only. Hence, they are
not considered for deriving any direct recommendation
for suggesting any in vivo assessment of anti-SARS-
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CoV-2 virus application as a result of this review. Since
few in vitro studies did appear in the referenced research
articles, they are deficient for finding the best ones out
of proposed drug leads having potential for carrying for-
ward into in vivo experiments. However, there is a right
take-home message that the traditional medical methods
of managing influenza expressing symptoms quite simi-
lar to SARS-CoV-2 also need to be considered treatment
strategies and/or for drug development.

Main text

Since late 2019, a respiratory syndrome cluster has been
observed in the Wuhan province of China caused by a
novel beta coronavirus and the disease spread all over
the world in a few months. This world disease was
spread through the deadly virus, and it was found that
the disease was a modified form of the severe acute
respiratory syndrome (SARS), which was overruled in
late 2010. The enormous features of coronaviruses are
that they cause mild to severe infections in humans as
we could see the case of SARS and Middle East Respira-
tory Syndrome (MERS). This contagious virus is coming
under the family Coronaviridae (subfamily Coronaviri-
nae) and the members of which infect a broad range of
hosts, producing symptoms and diseases ranging from
the common cold to severe and often fatal illnesses, such
as SARS, MERS, and the present coronavirus disease-19
(COVID-19) [2]. WHO announced at the beginning of
2020 that this infection is a pandemic. WHO officially
designated the causative agent as SARS-CoV-2 and the
disease was named COVID-19. The first observation of
this disease came from workers in the Chinese Huanan
seafood and wholesale live animal market, and it was be-
lieved that this disease was transmitted from animals.
Coronavirinae, the subfamily of the novel coronavirus, is
classified into four genera alpha, beta, gamma, and delta.
The novel coronavirus belongs to the beta coronavirus
group, and the other members include SARS HCoV (hu-
man coronavirus), HCoV-OC43, and MERS-CoV,
whereas the alpha corona group includes HCoV-NL63
and human coronavirus (HCoV)-229E and the virus iso-
lated from whales, birds, and pigs are included in the
groups of gamma and delta coronaviruses respectively

[3].

COVID-19 outbreak: a brief history and pathology

The first outbreak was reported in early December 2019
with many clusters. The first 27 patients were admitted
with unknown viral pneumonia. The epidemiological
study showed that they were linked to the seafood,
poultry, and wild animal wholesale market in Huanan,
China [4]. The Chinese government reported the disease
to WHO on December 31st as viral pneumonia with an
unknown cause. On January 2nd, 41 patients were
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admitted due to severe symptoms, including ARDS,
fever, and myalgia [5]. It was advised that those who
showed symptoms of ARDS should be immediately
hospitalized. They may need oxygen therapy and an ICU
facility. Late hospitalizing, even within 2 days of ARDS,
might become fatal. Six patients out of 41 admitted in
the hospital died during the early stage of their
hospitalization. Later on, the virus-positive cases in-
creased rapidly, and the death cases swelled [5] (Fig. 1).

The disease was transmitted from human to human
within a short period, and it spread over to other prov-
inces of China too. Not only in China had it spread all
over the world through travellers in and out of China to
other countries (WHO). The only and quick way to pre-
vent transmission of the disease is social distancing.
Thus, the Chinese government declared a complete
lockdown of the cities and restrictions on travelling,
public gathering, functions, etc. However, within that
period, disease spread to other countries and the second
country with great ruin occurred in Italy [6]. Italy be-
came the first European country which was greatly af-
fected earlier with COVID-19, and the first case report
came on January 30th. In China, the disease transmis-
sion was very high during February and applying strict
public measures, and other travel/transportation block-
ing, led to a decrease in the active cases. Instead of this
decrease, internationally, the spread reached its max-
imum. WHO reported that, from 2019 December 30th
through 2021 April 19th, over 140 million COVID-19
cases and 3 million deaths had occurred globally (Figs. 1
and 2). Nearly half of these cases (48%) and deaths (55%)
were reported with the USA, Brazil, and Argentina and
new increased cases from India are reporting nowadays
(Figs. 1 and 2) [7].

The patients with SARS and MERS have extensive
lung damage with pulmonary inflammation and an in-
creased concentration of pro-inflammatory cytokines
like IP10, IL12, IL1B, IL6, IFNy, IL15, IL17, MCP1, and
TNFa in the serum [8-10]. Similarly, COVID-19 pa-
tients showed activated T-helper-1 (Thl) cell responses
as a result of increased concentration of IL1B, IFNy,
IP10, and MCP1 [5]. Later on, patients admitted in the
ICU with serious ill effects showed enhanced amounts
of GCSF, IP10, MCP1, MIP1A, and TNFa than patients
without ICU. It means that the cytokine storm might
be responsible for the severity of the disease [11, 12].
Also, the haematology results of patients with mild
severity of COVID-19 showed a decreased amount of
lymphocyte count and reduction in natural killer cells,
CD*" T cells, and CD®** T cells. In death cases, an ex-
tensive decline in the Th populations was observed.
Moreover, the T cell subsets which produce pro-
inflammatory molecules like IL-17 were also increased
and resulted in disease severity. In addition to this,
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Fig. 1 The brief history of the outbreak
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secondary haemophagocytic lymphohistiocytosis (HLH)
might be associated with COVID-19, the disease related
to cytokine storm [13]. The disease was progressed by
the histiocytes that exhibit haemophagocytic activity or
expansion of tissue macrophages. The cause of HLH is
a defect in the cytolytic pathway, which is genetic and

also due to other states like rheumatic diseases, malig-
nancies, and infections [14].

Structural characteristics of SARS-CoV-2
Studies on the metagenomic RNA sequencing of the
virus revealed that this was a new beta coronavirus that
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has been found never in history, causing the disease, and
its genome sequence is now publicly available [15, 16].
This novel coronavirus shares 79% structural similarity
with SARS-CoV and 50% with MERS-CoV. The main
structural features include open reading frames starting
from 5'-3": ORF1a/ORF1b (replicase), envelope, nucleo-
capsid, spike, and membrane. In between these struc-
tural genes, other proteins encoded for seven putative
open reading frames are also embedded. Furthermore,
16 non-structural proteins (nsp 1-16) cleaved by the
main protease (MP™, also referred to as 3CLpro) and the
papain-like protease PLpro from large polypeptides
encoded by replicase are responsible for viral replication
[17]. The phylogenetic analysis by Jaimes et al. [18]
showed that the SARS-CoV-2 S protein is closely related
to the bat coronavirus (BatCoV-RaTG13) having 99%
similarity, and this group is closest to SARS-CoV-2.
Nevertheless, direct transmission from a bat is not yet
proven [19, 20]. Hence, the intermediate reservoir for
SARS-CoV-2 was not proven, and the study showed that
the spike sequence in pangolin is grouped in a subclade
branching from RaTG13 [21].

Phyto-inhibitors of proteins relevant in SARS-CoV-2
infection

The main antigenic part of the SARS-CoV-2 is the S
protein. Targeting the S protein may produce an excel-
lent therapeutic lead in the drug discovery process. This
antigenic part of SARS-CoV-2 induces the immune
system of the host, and neutralizing antibodies could be
used to protect against the infection. There are ongoing

studies with these targets and vaccines are under the de-
veloping stage. Similar to the vaccine, other drug mole-
cules are also tried for treating these viral diseases. Drug
repurposing is another method where we may repurpose
the already available drugs to SARS-CoV-2. Thus, we
may reduce the time of experimenting with pharmacoki-
netic properties. Already available drugs passed through
all the drug evaluation protocols could reduce the drug
discovery time. For example, the major drug molecules
like lopinavir [22-24], remdesivir [25-27], favipiravir
[28-31], ritonavir [24, 32, 33], ribavirin [34, 35], inter-
feron (IFN) [36, 37], nebulized «o-interferon [30, 38],
chloroquine [39-41], and hydroxychloroquine [42-45]
are suitable to treat SARS-CoV-2 infection. Nevertheless,
there are side effects and toxic effects while using these
drugs and safe and effective drugs with few side effects
should be developed. Such repurposing is an immediate
imperative for tiding over the SARS-CoV-2 pandemic.
However, for application in the long run, specific drugs
for SARS-CoV-2 infection must be developed. The
above suggests the use of herbal preparations and plant-
based drug molecules may be developed based on evi-
dence. They may be more beneficial and with reduced
risk factors related to drug applications [46].

Drug repurposing may be used as a methodology
where we can reduce the time lag for identifying new
drugs. But, there are certain limitations in using these
drugs alone or in combination. Most of the approved
drugs showed certain side effects like nephrotoxicity,
hematologic toxicity, cardiotoxicity, and hepatotoxicity.
The promising antimalarial drugs chloroquine and
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hydroxychloroquine resulted in cardiomyopathy, neuro-
myopathy, and retinopathy. In the earlier phase of drug
discovery against SARS CoV-2, CQ and HCQ are found
promising. Later on, studies proved decreased in-
hospital survival and increased frequency of ventricular
arrhythmias in hospitalized patients. Hence, the trial
with these drugs was suspended and WHO notified that
HCQ has no beneficial effect and discontinued its use for
COVID-19 infection with immediate effect [45, 47-49].

Phytochemicals with increased bioactivity and little
toxicity may be the most efficient alternative way for
treating most of the diseases [50]. Since ancient times,
people have depended on the utilization of naturally
available materials, particularly phytochemicals (herbal
extracts as crude, or treated extracts, concoctions, or de-
coctions), minerals, and animal products, for treatments
of various ailments and other health problems [51].
Hence, the importance of plant secondary metabolites
has come into experts’ notice. The major phytocom-
pounds are flavonoids, terpenoids, alkaloids, and phenolic
and essential oils [52]. Here, the most striking model may
be the use of quinine, an alkaloid from the bark of the
cinchona tree, utilized to treat malaria. It was also used
to treat different infectious diseases, like typhoid fever,
pneumonia, and even conventional nasopharyngeal infec-
tions [53]. The antiviral nature of plant secondary metab-
olites is also described indirectly in ancient medical texts.
There are numerous mechanisms which direct the anti-
viral activity of phytochemicals, like interfering with the
viral replications by targeting DNA/RNA polymerase,
jeopardizing viral assembly or post-translational modifi-
cation, etc. established in the last century [51, 54]. The
genome sequence similarity between SARS-CoV and
SARS-CoV-2 could be used effectively and fruitfully in
searching for better drug molecules, where those used to
treat SARS could be used to treat SARS CoV-2. Hence,
previously reported plant components against SARS can
be explored to use/repurpose (Fig. 3).

The generally used phenolic subclasses for treating
viruses are phenolic acids, flavonoids, stilbenes, couma-
rins, and tannins. The main targets found are influenza
virus [55], Zika virus [56], chikungunya virus [57],
rotavirus [58, 59], dengue virus [60], hepatitis virus [61],
Japanese encephalitis virus [62], herpes virus [63], hu-
man papillomavirus [64], and human immunodeficiency
virus (HIV) [64].

A recent report showed [65] that the flavonoids fisetin,
quercetin, and kaempferol would bind to the spike protein
and can be a suitable lead molecule against SARS-CoV-2.
Their study is based on the data generated by in silico mo-
lecular docking studies. They could identify the most po-
tent inhibitor from selected flavonoid and non-flavonoid
compounds (kaempferol, curcumin, pterostilbene, hydroxy-
chloroquine, fisetin, quercetin, isorhamnetin, genistein,
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luteolin, resveratrol, and apigenin). Docking studies were
carried out with the cryo-EM structure of the spike protein
available in the PDB, and its A chain was selected as the
receptor for the study (PDB ID: 6VYB). In silico studies of
antimalarial drug hydroxychloroquine also showed efficacy
against SARS-CoV-2. The molecular docking and binding
affinity results showed that fisetin, quercetin, and kaemp-
ferol have — 8.5 kcal/mol, — 8.5 kcal/mol, and - 7.4 kcal/
mol binding affinity respectively than HCQ (- 5.6 kcal/
mol). Hence, the docking analyses of these molecules
were taken forward to molecular dynamics studies for
analysing the stability at the target and conformational
changes if any. The simulation study was carried out
with hACE2-S protein complex bound with fisetin,
quercetin, and kaempferol. The results showed that the
phytocompounds bound to the hACE2-S complex with
low binding free energy and suggested that they can
interfere with the complex and inhibit the viral entry and
further signal cascades.

Stilbene-based natural compounds are potent inhibitors
of spike glycoprotein-ACE2 complex [66]. Stilbenoids are
phytoalexins, which are synthesized during injuries, in re-
sponse to fungal or bacterial toxins and UV radiations.
These phenolic compounds have several biological func-
tions, and one of the important stilbenes is resveratrol.
The molecular docking studies showed that piceatannol
has a better docking affinity as compared to the complex
having resveratrol. However, simulation results deviated
from the docking results in this case and proved
resveratrol-protein as the most stable and suitable com-
plex for further analysis. The conflicting interaction pro-
ceeding towards the resultant binding of the ligand to
target, learnt from molecular dynamics simulation, is not
an unnatural feature of particular biological reaction/
interaction. However, the take-home message from the
conflicting results of molecular docking and molecular dy-
namics simulation studies would be suggesting of more or
less the same result, unless in suicide inhibition. Dithymo-
quinone in Nigella sativa significantly inhibited the spike
glycoprotein—ACE2 interface with a binding affinity of -
8.6 kcal/mol than the positive control chloroquine, — 7.2
kcal/mol. Nigella sativa seeds are known for treating vari-
ous ailments including inflammation, asthma, bronchitis,
fever, pain, hypertension, and eczema [67]. Recent studies
showed that glycyrrhizic acid is also a prominent lead
molecule to treat COVID-19. Glycyrrhizic acid is a sap-
onin having a potent anti-inflammatory effect and
immune-modulatory activity which shows both cytoplas-
mic and membrane effects. Studies have shown that gly-
cyrrhizic acid is a broad-spectrum anti-coronavirus
candidate with low toxicity. The binding activity of glycyr-
rhizic acid at the interface of the spike protein RBD-
ACE2 explained via the surface plasmon resonance and
nano bit assay. The experimental protocol revealed that
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glycyrrhizic acid was an efficient inhibitor. Cytotoxicity
studies had proven its non-toxic nature [68, 69]. The fla-
vonoid molecules like hesperidin, emodin, anthraquinone,
rhein, and chrysin had also been studied against the spike
protein. The protein model of the spike RBD sequence
was modelled and this protein used for binding studies
with ACE2. The protein bound with ACE2 was used as
the drug target for simulation studies. Hesperidin, emodin,
and chrysin showed potential activity against the drug tar-
get described above [70].

Essential oils may form good candidates for drug
discovery attempts due to their non-toxic nature and their
simplicity to use (Fig. 4). Certain essential oil compounds
from cinnamon, clove, thyme, star anise, basil, holy basil,
eucalyptus, geranium, oregano, and ajwain were analysed
against the spike protein. The receptor domain residues
interacting with ACE2 were Tyr449, Tyrd53, Asn487,
Phe486, Tyr489, GIn493, Gly496, GIn498 Thr500, Gly502,
and Tyr505. Carvacrol, cinnamaldehyde, cinnamyl acetate,
geraniol, L-4-terpineol, and anethole displayed better
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binding affinity towards the target protein, and the
protein—ligand complexes were stabilized by hydrogen
bonds, hydrophobic interactions, etc. [67].

The essential oil component of garlic showed a potent
inhibitory effect against the SARS-CoV-2 receptor
ACE2. The major constituents of the essential oil of gar-
lic are organosulfur compounds having many pharmaco-
logical activities. Studies have shown that these
compounds have good interaction with ACE2. The GC-
MS analysis of essential oil revealed the presence of 18

compounds like allyl disulphide (28.4%), allyl trisulphide
(22.8%), allyl (E)-1-propenyl disulphide (8.2%), allyl
methyl trisulphide (6.7%), and diallyl tetrasulphide
(6.5%) [71]. These molecules were docked against ACE2
and their dynamics simulation studies carried out. The
organosulphur compounds have shown strong binding in-
teractions with the amino acids Pro565, Trp566, Ala396,
GIn102, GIn101, Glu208, Gly205, GIn98, Asn210, Lys94,
Lys562, Val209, and Ser563 and most of the compounds
have shown the same results. It could be that the
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essential oil of garlic shall be a good material for
treating COVID-19 [71].

The mechanism of coronavirus inhibition by polyphe-
nols includes inhibition of the main protease (M"") or by
inhibiting the papain-like protease and signalling path-
ways. The MP™ structure is similar to the isozymes, but
there are differences between SARS and SARS-CoV-2.
The major polyphenols that are suggested to be MP™ in-
hibitors are explained well in context (Fig. 5). Polyphenols
isolated from Broussonetia papyrifera have promising
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effects on the MP™ of SARS-CoV and SARS-CoV-2, and
the major compounds showing better inhibiting effects
are broussochalcone A, papyriflavonol A, 3’-(3-methyl-
but-2-enyl)-3,4",7-trihydroxyflavane, broussoflavan A,
kazinol F, and kazinol J. The above compounds were cor-
rectly docked at the active site residues (His4l and
Cys145) of MP™ and exhibited good binding affinity (- 7.6
to — 8.2 kcal/mol) [72]. The tea polyphenols are also suit-
able inhibitors of the SARS-CoV-2 MP* [73]. Out of the
seven  polyphenols, epigallocatechin, gallocatechin,
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catechin, epicatechin, catechin gallate, epigallocatechin
gallate, epicatechin gallate, and gallocatechin-3-gallate,
only three had a good binding affinity. They are epigallo-
catechin gallate, epicatechin gallate, and gallocatechin-3-
gallate. These three molecules formed more numbers of
hydrogen bonds with the active site. They interacted with
the residues such as His4l and Cys145, and also, non-
covalent, polar, and hydrophobic interactions stabilized
the complexes. The interaction pattern displayed by other
polyphenols (epigallocatechin, gallocatechin, catechin, epi-
catechin, and catechin gallate) was in somewhat divergent
binding mode. The epigallocatechin—-MP* complex had
two polar contacts with Ser46 and Asnl42, four hydro-
phobic interactions with Leul4l, Metl65, Glul66, and
Alal91, and four hydrogen bonds with Ser144 (2.5 A),
His163 (29 A & 3.3 A), and GIn192 (2.6 A). The binding
of the three polyphenols (epigallocatechin gallate, epicate-
chingallate, and gallocatechin-3-gallate) ranged between -
76 and - 9.0kcal/mol with the lowest affinity for
gallocatechin-3-gallate and the highest affinity for epi-
gallocatechin gallate. Oolonghomobisflavan-A,
theasinensin-D, and theaflavin-3-O-gallate compounds
from the tea plant also showed high inhibitory potentials
against MP™ [74].

Andrographolide from Andrographis paniculata was
found to be an inhibitor of MP™ [75]. Molecular dock-
ing, molecular dynamics simulation, and binding energy
studies conformed to the earlier data on the binding af-
finity. The role of ursolic acid, carvacrol, and oleanolic
acid against MP™ was investigated [32]. Carvacrol had
lesser binding energy compared to the other two mole-
cules, but the mode of interaction is rationally sound.
The stability studies showed that the ligand—protein
complexes were stable at 50-ns dynamics simulation.
The inhibitors fulfilled the ADME parameters as well as
Lipinski’s rule of five also. The bioactive molecules from
Indian spices were used for the studies against MP™.
The compounds were retrieved from the Zinc database,
and the results expressed that carnosol revealed the
highest binding affinity of — 8.2 kcal/mol. Arjunglucoside-I
(- 7.88kcal/mol) and rosmanol (- 7.99kcal/mol) also
showed a strong and stable binding affinity with good
ADME properties. MD simulations of these compounds
at 50ns showed strong hydrogen-bonding interactions
with the protein active site and endured stability inside
the active site [76].

Computational methods also proved the effect of
luteolin against SARS CoV-2. Luteolin bound to the
active site of MP™ with low binding energy than the con-
trol molecule chloroquine [69]. The antioxidant
molecule quercetin also has a similar effect. The effect
of quercetin on SARS CoV has already been reported
[77] and its effect on SARS CoV-2 has been studied. It
showed a better binding affinity towards the spike protein,
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ACE2, RdRp, and PLpro than the MP™ (- 5.6 kcal/mol),
signifying good potential against SARS-CoV-2 [17]. Further,
in silico studies showed that flavonoid 5,7-dimethoxyflava-
none-4'-O-B-d-glucopyranoside and terpenoid caesalmin B
and bonducellpin D also have a greater binding affinity to-
wards MP™ of both SARS-CoV-1 and SARS-CoV-2. Com-
pared to the standard drug o-ketoamide, the binding
energy of these compounds ranged from -8 to -11 kcal/
mol [78]. Additional data indicated the effect of common
polyphenols like naringenin, apigenin-7-glucoside, luteolin-
7-glucoside, demethoxycurcumin, curcumin, oleuropein,
kaempferol, quercetin, and epigallocatechin against SARS
CoV-2 and the results were supported by molecular dock-
ing studies [79]. The anti-tussive agents like myricitrin and
S-viniferin shared similar inhibitory pattern towards MP™
[80]. A common symptom of COVID-19 is cough and the
screenings of about 82 molecules from Ayurvedic anti-
tussive molecules were carried out against SARS-CoV-2.
From these, myricitrin, chrysanthemin, and 8-viniferin dis-
played significant inhibitory activity and §-viniferin showed
binding energy of — 8.4 kcal/mol, myricitrin with — 8.9 kcal/
mol and ligand-protein interactions were stabilized by
hydrogen bonding, Pi—Pi interaction, van der Waals forces,
and hydrophobic interactions. Flavonoids from Cephalo-
taxus wilsoniana, Taiwan homoflavone A, also had a bind-
ing affinity of about — 9.6 kcal/mol and the ADME studies
indicated that the compound could be a promising drug
lead molecule. The bound form of MP° with Taiwan
homoflavone A is stabilized by hydrogen bond with Thr199
and electrostatic interaction with Leul89. Similarly, the
compound isolated from Lactuca virosa also has an inhibi-
tory effect towards MP™. Lactucopirin 15-oxolate, the
derivative of lactucin and oxalic acid complex with MP™ at
the active site residues such as Ser144, Gly143, and Cys145
have a binding energy of — 8.2 kcal/mol. Likewise, anti-HIV
and anti-influenza drugs were repurposed against MP"°, and
about seventeen molecules from these categories were also
screened. Among them, a macrocyclic derivative Nympho-
lide A, from an aquatic plant of the Nymphaeaceae
family, also had binding energy of - 7.8 kcal/mol and
formed hydrogen bond interactions with Metl65,
Glul66, Leul67 [80].

Similar to flavonoids (Fig. 5), terpenoids also are having
a prominent effect on viral disease, and the preliminary re-
sults indicate the use of these compounds as drug leads.
The general subclass of terpenoids, mainly the mono and
sesquiterpenoids include (E)-nerolidol, (E)-B-farnesene,
geraniol, and linalool also showed a free energy change of
- 26.44 kcal/mol, — 27.56, — 24.71, and - 24.05 kcal/mol
respectively against MP*. The presence of these molecules
in plants like Copaifera sp., Zingiber officinale, Matricaria
recutita, Cinnamomum zeylanicum, Citrus reshni, Oci-
mum basilicum, Melissa officinalis, Cymbopogon citratus,
Lavandula angustifolia, Pelargonium graveolens are
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confirmed [81]. In addition to these, other essential oils
like eucalyptus oil and eucalyptol are also used against re-
spiratory disease symptoms. Its effect as inhibiting to
SARC-CoV-2 using in vitro assays and molecular docking
techniques were reported. The prominent constituents of
eucalyptus oil are jensenone and 1,8-cineole, and their
effect towards MP™ was elucidated, and they interacted
with active site residues through hydrophobic interaction,
hydrogen bond, and ionic interactions. 1,8-cineole is
pharmacologically more critical because it is the main in-
gredient of pharmaceutical products that affect respiratory
ailments when inhaled as vapours in warm water or ap-
plied on the nose [82, 83]. The studies on bronchial
asthma patients using 1,8-cineole showed a 36% reduction
in the use of steroids. The compound has broad-spectrum
activity against asthma, COPD, bronchial inflammations
[84]. Hence, the effect of this compound on respiratory
ailments could also be a choice as a drug lead against
SARS-CoV-2.

Furthermore, SARS-CoV-2 MP™ inhibitors were also
screened from the marine natural databases. MDS stud-
ies were carried out with Pharmit (N3/SARS-CoV-2
MP™) and Marine Natural Product (MNP) library data.
The experiments revealed seventeen active molecules
from the data library. The inhibitory results were ob-
tained for the compounds belonging to the category of
pseudo-peptides, flavonoids, and floronates. The screened
data showed the prevalent natural molecule that inhibited
SARS MP™ was an oligomer of phloroglucin (1,3,5-trihy-
droxybenzene) derived from brown algae Sargassum
spinuligerum. Whereas, the compound that inhibited
SARS-CoV-2 MP™ belonged to the florotannin group (8,8'-
Bieckol, 6,6 -Bieckol, Dieckol), sequestered from the brown
algae Ecklonia cava [85, 86].

Role of traditional medicine against SARS CoV-2
Traditional medicine and SARS CoV-2: Ayurveda

The Ayurveda is the Indian traditional system of
Medicine with the oldest treatment in history [87-90]. It
has many herbal drugs which are referenced/used for
various ailments. Studies have shown their antiviral
properties. Out of the 56 herbal drugs referenced which
suit to treat viral infections, 10 are found to have anti-
viral activity against viruses such as herpes simplex virus
(HSV types 1 and 2), dengue virus (DNGV), Newcastle
disease virus (NDV), Sindbis virus (SINV), measles virus,
and poliovirus [91]. The ten plants mentioned, include
Withania somnifera, Tinospora cordifolia, and Ocimum
sanctum. Molecular docking and simulation studies of
the withanoside V and somniferine from Withania
somnifera (Ashwagandha), tinocordiside from Tinospora
cordifolia, vicenin, isorientin, and 4'-O-glucoside 2"-O-
p-hydroxybenzoagte from Ocimum sanctum showed
good inhibitory potential towards MP™ of SARS CoV-2

(2021) 7:113

Page 10 of 20

[92]. In another report, the compounds from Tinospora
cordifolia showed similar results against MP*® [93]. The
compounds selected from Tinospora cordifolia inclu-
dedP-sitosterol, coline, octacosanol, tetrahydropalmatine,
and berberine. The results of the study showed that
berberine is the most significant compound having inter-
action with MP™ [93]. The phytochemicals present in
the rasayanik herbs [94] are methyl eugenol, oleanolic
acid, ursolic acid, withanone, withanolides, tinocordiside.
The SARS-CoV-2 inhibitory effect of Indian ginseng was
proven in silico by Chikhale et al. [95]. The matrix
metalloproteinase inhibitors identified from Camellia
sinensis showed MP™ inhibition [96]. The computational
studies proved that the bioactive compounds had a sig-
nificant effect on SARS CoV-2. There is more literature
based on in silico studies of phytocompounds of herbs
used in Ayurvedic medicines to manage influenza-like
symptoms [88, 97-99].

Traditional medicine and SARS CoV-2: Siddha

Siddha is a traditional system of Medicine in India, an
offshoot of Ayurveda. It is herbal, mineral, and combi-
nations of both. The distinct herbal formulations
prepared in this system have applications in various ail-
ments and symptoms. During the time of the dengue
outbreak in India, the herbal preparation Nilavembu
Kudineer was used to control and prevent the disease.
If left untreated at an early stage, it may lead to chronic
respiratory deficiency known as Sanni (influenza) [100]/
Kabasura Kudineer Chooranam, and a novel formulation
JACOM used in the Siddha medicine [101] is made from
fifteen plants used to treat influenza and related disorders.
The compounds of the above formulations were analysed
in silico as inhibitors of the COVID-19 spike protein.
Molecular docking studies were carried out with the mole-
cules present in the plants as the ligands and the spike
glycoprotein (PDB ID: 6VSB) as the target. The compounds
selected for the study included scutellarein, magnoflorine,
cycleanine, cyperene, p-selinene, 6-methoxygenkwanin,
luteolin, costunolide, elemol, tinosponone, bharangin, B-
sesquiphellandrene, B-bisabolene, geranial, piperine, piper-
longuminine, eugenol, -caryophyllene, stigmosterol, 3-(2,
4-dimethoxyphenyl)-6,7-dimethoxy-2,3-dihydrochromen-4-
one, squalene, y-sitosterol, andrograpanin, 5-hydroxy-7,8-
dimethoxyflavanone, lupeol, betulin, chebulagic acid, gallic
acid, vasicinone, carvacrol, cirsimaritin, and chrysoeriol
from choornam and quercetin, meliacine, vasicine, andro-
grapholide, and ursolic acid from JACOM [102]. Molecular
docking studies were carried out with RBD of the S protein
and the molecules of the plants used to make the for-
mulation mentioned above. The binding affinity results
showed that quercetin, luteolin, and chrysoeriol firmly
bound with the RBD domain with a binding score of
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- 11.159, - 11.392, and - 11.478 kcal/mol respectively,
as reported elsewhere in this article [102].

The nine phytoconstituents (6 plants) were found to be
the best lead and drug candidates with good synthetic
accessibility for production. The best-ranked molecules
include quercetin (- 11.47), luteolin (- 11.15), chrysoeriol
(- 11.39), magnoflorine (- 9.76), 6-methoxygenkwanin (-
9.293), cirsimaritin (- 9.22), 5-hydroxy-7,8-dimethoxyflava-
none (- 9.03), tinosponone (- 8.14), vasicinone (- 8.16)
and the plants in which these compounds are present were
further chosen, and a new formulation was made, known as
“SNACK-V” formulation. Thus, a new formulation was
made of the plants which showed compound/s with higher
binding affinity. The plants which contain the high score
compounds are Plectranthus ambonicus, Tinospora Cordi-
folia, Sida acuta, Adhatoda vasica, Andrographis panicu-
lata, and Costus speciosus, and the formulation was
prepared. This was recommended for further study
for their properties of immunomodulation, expector-
ant, and antipyretic and thereby restoring the normal
health [102]. The results of this endeavour are yet to
be made available.

Traditional medicine and SARS CoV-2: TCM

In the current scenario of pandemic and also in the
previous outbreak in 2003 different preparations from
Traditional Chinese Medicine were used. The medicinal
preparations used for fever and fatigue are Shufeng Jiedu
capsules, Lianhua Qingwen capsules, and Jinhua Qinggan
granules, and for gastrointestinal discomfort, Huoxiang
Zhengqi capsules can be used as recommended by TCM.
The main ingredient of Lianhua Qingwen is licorice, and
the main component is glycyrrhizic acid which is an excel-
lent antiviral agent [68, 69]. Its antiviral activity against
SARS CoV is proven earlier [103]. The preparations se-
lected for the trials in China include Qing Yi-4, Guan-2
Formula, Guan-2 Formula Tan Re Qing Injection, and
Lian Hua Qing Wen. As per the National Health Commis-
sion (NHC) of the People’s Republic of China, the herbal
preparations that could be used to treat patients within
the medical observation period, probably as a protective
measure, are Huo Xiang Zheng Qi Shui, Lian Hua Qing
Wen Capsule, Shu Feng Jie Du Capsule, and Jin Hua
Qing Gan Granule. In the clinical treatment period,
Qing Fei Pai Du Tang, Xi Yan Ping Injection, Xue Bi
Jing injection, Re Du Ning Injection, Tan Re Qing
Injection, and Xing Nao Jing could be used. Moreover,
for the patients in chronic condition, Shen Fu Injection,
Sheng Mai Injection, Shen Mai Injection, Su He Xiang
Pill, and An Gong Niu Huang Pill should be adminis-
tered [104]. In addition to this, the other Chinese herbs
used to treat COVID-19 are Astragalus membranaceus,
Glycyrrhizae uralensis, Saposhnikoviae divaricata, Rhi-
zoma Atractylodis Macrocephalae, Lonicerae Japonicae
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Flos, Fructus forsythia, Atractylodis Rhizoma, Radix
platycodonis, Agastache rugosa, and Cyrtomium fortune
J. Sm [105]. There are more literature based on in silico
studies of phytocompounds of herbs used in TCM to
manage influenza-like symptoms [30, 104, 106-111].

Free fatty acids as SARS CoV-2 spike protein inhibitors
SARS-CoV-2 spike protein-linoleic acid complex was
formed during the preparation of the protein sample for
its cryo-EM structure determination [1]. It showed that
linoleic acid has an affinity for the SARS-CoV-2 S pro-
tein and the ligand binding might render the S protein
defective for the host membrane binding, leading to viral
disease inhibition. It is discerned from the above that
fatty acids may be SARS-CoV-2 inhibitors, available
from vegetable sources, and it may be found that oils
and fats from vegetable and animal sources are used in
traditional medicines, more importantly in the Ayurvedic
system. Hence, capric, caprylic, lauric, linoleic, myristic,
oleic, palmitic, and stearic acids (Table 1) were selected
for checking free fatty acid: SARS-CoV-2 spike protein
interaction study to supplement the observation re-
ported by Toelzer et al. (2020).

Protein preparation, receptor grid generation and ligand
preparation

The cryo-electron microscopy (EM) model of the SARS-
CoV-2 spike protein (PDB ID: 6VXX) was downloaded
from PDB. Downloaded protein was prepared using the
protein preparation wizard in the Maestro software
(Maestro, v11.4, Schrodinger, LLC, NewYork, NY). The
cryo-EM structure of the spike protein is in prefusion
conformation with a resolution of 3.5 A. The observed
structure of the spike protein has both up and down
conformations, which means the receptor’s inaccessible
state and the receptor’s accessible state, respectively. In
the present study, the whole protein was selected, and
protein preparation was carried out. In the pre-
processing step in protein preparation wizard, the hetero
group having bond order and formal charges were
added, hydrogen atom added to all the atoms in the sys-
tem, disulphide bond and zero-order bonds to metals
were created, and water molecules within 5 A in the het-
ero groups were removed. After pre-processing, the
structure refinement step was followed in which missing
side-chain atoms were incorporated and the whole tri-
mer was modelled [112]. Then, for each structure, a brief
relaxation was performed with Impact Refinement mod-
ule (Impref) where all atom-constrained minimization
was carried out with the aid of force field OPLS_2005 to
relieve steric clashes present in the original PDB struc-
ture [113]. After reaching the RMSD cut-off of 0.30 A,
the minimization job achieved termination. A free fatty
acid-binding pocket was identified by Toelzer et al. [1]
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Table 1 The fatty acids selected for the studies
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Fatty acids

Chemical Structure

Capric (C10:0)
Caprylic (C8:0)

Lauric (C12:0)

Linoleic (C18:2
cis9,12)

Myristic (C14:0)
Oleic (C18:1 cis9)
Palmitic (C16:0)

Stearic (C18:0)

in the structure of the spike glycoprotein with a
hydrophobic area having a greasy, tube-like appear-
ance. The amino acids (Cys336, Cys361, Val34l,
Phe342, Phe374, Phe377, Phe392, Cys379-Cys432,
Arg408, GIn409, and Trp436) in this area were se-
lected as the binding cavity, and a grid box was pre-
pared around this and receptor grid generation was
performed by the receptor grid generation panel in
the GLIDE module of Maestro [114]. The ligands for
screening, shown above, were selected from the PUB-
CHEM database. Onset to screening, the ligands were
prepared using the LigPrep module with Epik to ex-
pand protonation and tautomeric states at neutral pH
(7+1). The energy minimization of ligands also was
carried out with the OPLS_2005 force field.

Induced fit docking

The molecules showing good Glide XP scores in prelimin-
ary docking trials were taken for flexible docking. The in-
duced fit docking (IFD) protocol (Maestro package
version 11.4 from Schrodinger, LLC) available within the
Schrodinger suite was employed [115]. Briefly, this proto-
col involved docking the ligand using a softened potential,
and refining selected docked poses using Prime side-chain
prediction and minimization. The refined protein confor-
mations are then used for the final Glide docking step,
where ligands are re-docked, keeping the protein rigid.
Default values were used for all Glide and Prime parame-
ters. As the protein was prepared in advance, no add-
itional refinement was performed at this stage. For the
initial Glide docking, both the receptor and ligand van der

Table 2 The binding energy and glide score obtained in the molecular docking studies

Compounds Binding energy (kcal/mol) Glidescore (kcal/mol)
Stearic (C18:0) -63.70 -3.389
Oleic (C18:1 cis9) - 47.01 - 5.022
Palmitic (C16:0) — 34.64 - 2.398
Lauric (C12:0) NDa - 32.55 - 1.996
Capric (C10:0) - 32.22 - 2.000
Caprylic (C80) NDa - 30.76 - 2.480
Linoleic acid - 24.36 -1.117
Myristic (C14:0) -21.49 - 2434
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Fig. 6 Free fatty acids bound at the binding pocket in the RBD domain of spike proteins a stearic acid; b oleic acid; ¢ palmitic acid; d lauric acid

SER
B’: 370

Waals scaling were set to 0.50. Up to 20 poses were kept.
The Prime induced-fit step refined residues within 5.0 A
of the ligand poses by optimizing their side chains. In the
final step, the ligand poses were re-docked using Glide SP
into structures within 30.0 kcal/mol of the top 20 struc-
tures. The docked pose was compared with the linoleic
acid docking structure based on the earlier report [1]. The
glide score obtained for this docking was used as a refer-
ence value, to which the G scores obtained for the docked
compounds were compared.

Calculation of free binding energy (MM-GBSA)

The binding free energy studies were carried out for the
best hits obtained from XP docking. MM-GBSA in the
prime module of the Schrodinger suite was used for this
study [116]. For the calculation of binding free energy,
this method combines molecular mechanics energies
(EMM), surface generalized born solvation model for
polar solvation (GSGB), and a nonpolar solvation term
(GNP) between the protein and ligand molecule. The
term GNP includes nonpolar solvent accessible surface
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Fig. 7 Free fatty acids bound at the binding pocket in the RBD domain of spike proteins e capric acid; f caprylic acid; g linoleic acid; h myristic acid

area and van der Waals interactions. The binding free Since the computational studies are promising for
energy was calculated using the following equation. identifying the drug leads within a short period, the
molecular docking may determine the effect of ligands
towards the target protein molecule. The binding affinity
of the ligand towards proteins is stabilized by various in-
teractions like hydrogen bonding, hydrophobic interac-
where tions, ionic interaction, m—m bonding, and van der Waals

G = EMM + GSGB + GNP contacts. Similarly, binding energy determination helps

AGging = GComplex_(GPmtein + GLigami )
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to identify and compare the binding affinity of protein
and ligand, where the stronger the affinity, the higher is
the binding energy. The S of SARS-CoV-2 is the anti-
genic part which induces an immune response in host
cells. The spike protein is responsible for viral attach-
ment, viral fusion, and entry into the host cell through
interaction with the ACE 2 receptor.

The structure of SARS-CoV-2 S is explained through
cryo-EM and represents mainly two subunits S1 and S2. As
described above, the study by Toelzer et al. (2020) showed
a free fatty acid-binding pocket in the locked structure of
SARS-CoV-2 S. In their experiment, they produced a 2.85-
A cryo-EM structure of SARS-CoV-2 S glycoprotein and
disclosed that the RBD strongly binds the essential free fatty
acid (FFA), linoleic acid (LA), at the three fused binding
pockets. The in vitro analysis showed that this binding sta-
bilized the locked S conformation and thereby reduced
interaction with the ACE 2 receptor. This binding pocket is
also found both in SARS and MERS-CoV. The experimen-
tal evidence suggested that supplementation of linoleic acid
with remdesivir subduing SARS-CoV-2 replication in
human cells [1]. However, the in vitro results should be
checked in vivo for their applicability.

The free fatty acid—binding pocket is a greasy,
hydrophobic pocket rich in phenylalanine residues,
having a tube-like shape. The carboxyl groups are an-
chored by arginine and glutamine residues (Arg408
and GIn409) from the adjacent RBD in the trimer,
giving rise to a composite LA-binding site and this
pocket is only found in the RBD of the trimer. The
linoleic acid—binding pocket is surrounded by the fol-
lowing residues: Cys336—Cys361, Val341, Phe342, Phe374,
Phe377, Phe392, Cys379-Cys432, Arg408, GIn409, and
Trp436. The molecular simulation studies of LA-bound
spike proteins showed a stable binding with the trimer
than the single RBD domain. The superimposed structure
of the LA-bound structure with SARS-CoV-2 apo S struc-
tures in the closed conformation recognized a gating helix
situated directly at the entrance of the binding pocket.
Tyr365 and Tyr369 in the gating helix were displaced
about 6 A upon the binding of LA. It resulted in the open-
ing of the pocket. In the case of an apo form, a gap be-
tween neighbouring RBDs places the hydrophilic anchor
residues ~ 10 A away from the position of the LA head
group, while LA binding resulted in the movement of ad-
jacent RBD in the trimer towards its neighbouring anchor
residues Arg408 and GIn409 and locked down on the
head group of LA. This compaction gives rise to the
locked structure of the spike protein. Hence, the LA-
binding pocket would be a good target for small molecule
inhibitors which lock the structure in closed form and
interfere with the receptor interaction. This milieu previ-
ously proved as a drug target in the case of rhinovirus, in
which the locking conformation is irreconcilable with
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receptor binding and these antivirals were successful in
human clinical trials

Molecular docking: Results

Based on the linoleic acid-binding pocket studies, in
silico studies were carried out with the fatty acids listed
above against the SARS-CoV-2 S protein. They are listed
in Table 1.

During the flexible docking, flexibility was applied for
the protein residues in the second phase of re-docking.
Initially, the protein was kept rigid and flexible to the
ligand using the Prime module, and interaction was
studied within 5 A from the ligand. The glide score ob-
tained for each compound are shown in Table 2.

The docking results were compared with the studies
carried out by Toelzer and colleagues [1]. In their report,
linoleic acid (LA) has been proposed as an inhibitor as
inferred from the crystallographic studies of the spike
protein. Our results were compared with LA binding. In
our in silico study, it was found that LA specifically
binds to the site where it interacts with Arg408 and
GIn409, as seen in the crystal structure reported with
the LA at the same site. The study showed that the LA
has strong affinity to S trimer than RBD. Hence, we
carried out our study in S trimer, conforming to the
reported crystal structure. Cys336—Cys361, Val341,
Phe342, Phe374, Phe377, Phe392, Cys379-Cys432,
Arg408, GIn409, and Trp436 were also found to be the
critical interacting residues in the LA binding pockets of
the viral S protein. Nearly all of the selected small mole-
cules, fatty acids analysed exhibited several hydrophobic
and hydrogen bond interactions with the main residues
of the interface. Analysis of docked complexes revealed
that all compounds bind tightly to the binding pocket of
the S protein through strong hydrogen bond interac-
tions. Among the all studied compounds, based on bind-
ing affinity, stearic acid and oleic acid were found to be
the top-ranked compounds. However, all the FAs seem
to be prospective in vivo inhibitors of the SARS-CoV-2
S protein. The above is suggestive of the applications of
vegetable oils as inhibitors of the two-dimensional inter-
action maps of selected conformations highlighted the
network of hydrophobic as well as hydrogen bond interac-
tions for two ligand interfaces, as shown in Figs. 6 and 7.
It may be understood that the fatty acid molecules are
interacting mainly with the Arg408. As in the report by
Toelzer et al. (2020), Arg408 anchored the carboxyl end of
the fatty acid molecules. Thus, the gating helix would
open the pocket and lead to the closure of S conform-
ation. The binding energy of stearic acid with RBD of the
spike protein was found to be — 63.70 kcal/mol, and the
complex stabilized by hydrogen bonds with Arg408 and
Lys378, and also a salt bridge was formed with Gln414. A
similar bonding pattern was identified with all fatty acid
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molecules tested. Oleic acid formed a hydrogen bond with
GIn409 and salt bridge with Arg408 and the binding en-
ergy was found to be — 47.01 kcal/mol. Palmitic acid
formed a hydrogen bond with Arg408. Lauric acid also
formed a hydrogen bond with Arg408, and the binding
energy was found to be — 32.55 kcal/mol. Capric and cap-
rylic acid also shared the same interaction pattern of the
hydrogen bond, with Argd08 and salt bridge formation
with an appropriate residue. The binding energy was -
32.22 and - 30.76 kcal/mol, respectively. Myristic acid also
shared the same bonding with Arg408 and the binding en-
ergy found to be - 21.49 kcal/mol. Linoleic acid was
docked at this binding pocket and found that the carboxyl
group bound with Arg408 and GIn409 through hydrogen
bonding. This study validated our hypothesis of SARS-
CoV-2:FA interaction, and it further supports the pioneer-
ing study reported by Toelzer et al. (2020), where similar
observation was made experimentally.

Conclusion

The above effort to review the recent attempts to assess
the studies on remedies for COVID-19 infection has
brought out specific exciting facts. Hopefully, this may
be of application in the future. The main points are 1.
Strategies, an alternative to vaccine development, to
treat COVID-19 or similar infections may be of great
value provided the insight gained is applied. 2. There are
many prospective drug lead compounds in the trad-
itional medicines used for treating influenza or similar
symptoms. 3. Though the drug-likeness of certain pro-
spective drug leads compounds are assessed in silico.
Their actual usefulness needs to be assessed in vivo. 4.
The most striking observation done indirectly in testing
the drug-likeness of the prospective drug-lead phyto-
chemicals is the linoleic acid binding onto the SARS-
CoV-2 S protein, evidencing the strong possibility of
viral inhibition by such compounds. 5. The above con-
clusion suggests that free fatty acids or their derivatives
may occupy a central place and lead role in the drug dis-
covery process for the COVID-19 infection.

The review conducted showed that the possibility of
many phytochemicals might be useful as lead com-
pounds for developing drugs to tackle the COVID-19
pandemic. However, the confidence in depending on the
in silico results as final would be less compared to thor-
ough in vitro investigations. Hence, the outcome of the
present review is the recommendation for thorough
MDS analyses of the promising candidate drug leads.
Such analyses may be considered together with the ap-
plication of other in silico methods of prediction of
pharmacological properties directing towards the sites of
drug-receptor regulation. Also, the present analysis
would help formulate new recipes for complementary
medicines.
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