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ARTICLE INFO ABSTRACT

Keywords: Background: A novel coronavirus, the SARS-CoV2, was revealed to be the cause of COVID19, the pandemic
SARS disease that already provoked more than 555.324 deaths in the world (July 10, 2020). No vaccine treatment has
MERS been defined against SARS-CoV2 or other human coronaviruses (HCoVs), including those causing epidemic in-
Antiviral compounds-natural products fections, neither appropriate strategies for prevention and care are yet officially suggested.
Web based resource ) pprop & P! y y sugg
Viral fight Scope and approach: We reviewed scientific literature on natural compounds that were defined as potentially
effective against human coronaviruses. Our desk research identified non-chemically modified natural compounds
that were shown (in vitro) and/or predicted (in silico) to act against one or more phases of human coronaviruses
cell cycle.
We selected all available information, merged and annotated the data to define a comprehensive list of natural
compounds, describing their chemical classification, the source, the action, the specific target in the viral
infection. Our aim was to collect possible compounds for prevention and care against human coronaviruses.
Key findings and conclusions: The definition of appropriate interventions against viral diseases need a compre-
hensive view on the infection dynamics and on necessary treatments. Viral targeting compounds to be exploited
in food sciences could be of relevant interest to this aim.
We collected 174 natural compounds showing effects against human infecting coronaviruses, providing a curated
annotation on actions and targets.
The data are available in anti-HCoV, a web accessible resource to be exploited for testing and in vivo trials. The
website is here launched to favour a community based cooperative effort to call for contribution and expand the
collection. To be ready to fight.

1. Introduction
1.1. Natural products as source of pharmacologically active molecules

Natural products (NPs) are defined as compounds found in nature
and synthesized by living organisms (Osbourn & Lanzotti, 2009, pp.
1-597). They are secreted and can be extracted by prokaryotes, uni-
cellular eukaryotes, fungi, plants and animals, or be part of them, like
single cells, organs, tissues.

The capability of NPs to interfere or favour biological processes
drives the interest for their exploitation for drug development, to search

for proper ingredients with pharmacological or nutraceutical effects
(Reed et al., 2018), for the use in traditional and modern medicine or as
natural additives and ingredients for health and well-being.

NPs are divided in two main groups: the primary and the secondary
metabolites. Primary metabolites are ubiquitous organic compounds
considered essential for the organism life, including nucleic acids, pro-
teins, carbohydrates, and lipids. Secondary metabolites are instead
organic compounds, with a much more limited distribution in nature,
that sustain the structure and the functional status of cells and overall
organisms (Pietra, 1997). In particular, secondary metabolites such as
flavonoids (Pietta, 2000), alkaloids (Cordell et al., 2001),
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phenylpropanoids (Korkina et al., 2011) and terpenes (Saito et al., 2016)
are being extensively used as leading compounds because of their ver-
satile functions and effects in health and wellbeing, for drugs and food
design. Their chemical structures are chemically modified to reduce side
effects and/or increase their bioavailability.

NPs can act in the organism at different levels. At intracellular level,
they modulate signal transduction pathways through direct effects on
the involved protein components (e.g enzymes, like kinases, regulatory
proteins, membrane or intracellular receptors) (Harvey & Cree, 2010),
on DNA damage prevention (Noroozi et al., 1998), on chromatin
remodeling and epigenetic modifications (Rahman & Chung, 2010). At
extracellular level, they help to control or reduce inflammatory status
(Orlikova et al., 2014), cholesterol levels (Chen, Wesley et al., 2005), or
act on components involved in specific diseases, like hypertension
(Balasuriya & Rupasinghe, 2010).

For their broad spectrum of possible pharmacological and biological
activities, NPs can be suitable candidate for their effects on multifacto-
rial diseases, such as neurodegeneration and cancer (Balunas & King-
horn, 2005). For example, the alkaloid colchicine, by inhibiting tubulin
assembly, therefore suppressing microtubule formation and cell divi-
sion, is able to block cell cycle leading to cell death (Kaplan et al., 1986).
Other compounds inhibit the activity of DNA topoisomerases I (e.g. the
alkaloid camptothecin) and II (e.g the antracicline doxorubicin), but
also the activity of other key enzymes in DNA replication and tran-
scription (Gamet-Payrastre et al., 2000).

Most drugs or ingredients deriving from prokaryotes are employed as
antibacterial or antifungal agents, e.g. spectinomycin, rifamycin, kana-
mycin, daptomycin and tetracycline from Streptomyces species (Procopio
et al., 2012), polymyxins from Paenibacillus polymyxa (Velkov et al.,
2013), and rifamycins from Amycolatopsis rifamycinica (Riva & Silvestri,
1972).

Archaea have been also exploited as a source of enzymes-based drugs
useful in food, chemical and pharmaceutical industries, where
biotechnological processes frequently involve drastic conditions such as
high temperatures, extreme pH, high salt concentrations, and/or high
pressure. For example, the thermostable beta-glucosidase enzyme of
Pyrococcus furiosus (an extremophilic species of Archaea domain) can be
used to hydrolyze lactose in milk (Li et al., 2013).

Several anti-infective treatments are derived from fungi and include
penicillins and cephalosporins. Another useful fungal metabolite, named
lovastatin, isolated from Aspergillus terreus, is important for the pro-
duction of anti atherosclerosis drugs (statins) (Subhan et al., 2016).

Animals also represent a source of bioactive NPs. In particular,
venomous animals (snakes, spiders, scorpions, bees, wasps and frogs)
have attracted much attention because of their constituents (proteins,
nucleotides, lipids, biogenic amines etc.) often showing highly specific
interactions with their target. Two examples for clinical use include
o-conotoxin (from the marine snail Conus magus) and ecteinascidin 743
(from the tunicate Ecteinascidia turbinata). The former is used to relieve
severe and chronic pain, whereas, the latter is used to treat cancer
(Lobo-Ruiz & Tulla-Puche, 2018).

Marine organisms are also of interests as source of NPs. Seaweeds, as
an example, have been considered for their anti-tumor, anti-inflamma-
tory, anti-lipidemic and anti-viral properties. It has been reported that
some sulphated polysaccharides extracted from red algae show antiviral
activity. In particular, galactan sulphate (from Aghardhiella tenera) and
xylomannan sulphate (from Nothogenia fastigiata) exhibit antiviral ac-
tivity against human immunodeficiency virus, herpes simplex viruses
types 1, 2 and respiratory syncytial virus (Pal et al., 2014).

Several NPs extracted from plants were proven effective against viral
infections, including those from coronaviruses (CoVs), coxsackieviruses,
enterovirus 71, dengue, hepatitis B, hepatitis C, herpes simplex, human
immunodeficiency (HIV-1) and influenza viruses (Lin et al., 2014). For
example, secondary metabolites from green tea (Steinmann et al., 2013),
cinnamon (Connell et al., 2016) and curcumin (extracted from turmeric)
(Praditya et al., 2019), showed action against different viruses (HIV-1,
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human papillomavirus, hepatitis, influenza, chikungunya, herpes sim-
plex 2, and Zika viruses (ZIKV)).

In the past two decades, coronaviruses have caused three epidemic
diseases: SARS-CoV2 (Zhou et al., 2020), the severe acute respiratory
syndrome (SARS) (Rota et al., 2003) and the Middle East respiratory
syndrome (MERS) (Zaki et al., 2012). They have been, and in some cases
continue to be, a threat to human lives, mainly triggering severe in-
fections that are the leading causes of death, as communicated by the
World Health Organization (website: https://www.who.int/).

The ongoing outbreak of the SARS-CoV2 raised again the problem of
suitable treatments against dangerous viral infections and of appropriate
care. Despite advances in immunization and drug development, at pre-
sent, there are no effective preventive vaccine or efficient antiviral
therapies to treat coronavirus infection diseases and to limit the main
cause of death (Sanders, Monogue, Jodlowski, & Cutrell, 2020).
Therefore, the identification of appropriate antiviral treatments that
could inhibit or relief the effects of the human response to the infection
is of fundamental importance for fighting COVID19 and similar possible
diseases determined by Coronaviridae.

We reviewed all public scientific papers that describe natural com-
pounds effective against coronaviruses infections, annotating their ac-
tion, their chemical class and the source organism. Some of these
compounds have been already proven for their action against SARS-
CoV2, causing the current pandemic disease, other showed relevant
effects against previously human infecting coronaviruses. Their func-
tionality, revealed by in vitro experiments or predicted by in silico an-
alyses, offers a relevant piece of information for further experimental
validations and for in vivo trials that could drive towards proper food,
ingredients and additives. Therefore, we considered useful to organize a
web accessible collection, available at https://bigdatainhealth.org/le
tsbe/anti-HCoV.php, to share this knowledge with all the interested
community. To be ready to face current and next challenges.

1.2. Coronaviruses

Coronaviruses are well known pathogens of the family Coronavir-
idae. They are enveloped viruses with a single-strand positive-sense RNA
genome of 26-32 kilobases in size (Schoeman & Fielding, 2019). Ac-
cording to genetic criteria they have been divided into three groups,
alfa, beta and gamma coronaviruses. They can infect also other animals,
like birds and mammals. Alpha and beta coronaviruses are of particular
interest because these strains can infect mammals and occasionally can
cross the species barrier and become human pathogens (Schoeman &
Fielding, 2019).

Indeed, only 7 coronaviruses have infected humans till now, SARS-
CoV2 included. These viruses are indicated as HCoVs (human corona-
viruses) and can be divided into four different lineages based on their
genomic characterization. Alpha coronaviruses, including the strains
229E and NL63; beta coronaviruses lineage A, including strains OC43
and HKU1; beta coronaviruses lineage B, representing SARS-CoV and
SARS-CoV2; beta coronaviruses lineage C, including MERS-CoV (Zaki
et al., 2012).

The transfer from animals to humans happened in 2002-2003, when
the epidemic SARS-CoV, which is a beta coronavirus, was transmitted
from palm civets (in Guadong province, China) (Wang & Eaton, 2007).
Moreover, the same event happened with Middle East respiratory syn-
drome (MERS-CoV), that started in 2015, when another beta coronavi-
rus, belonging to a strain showing high similarity with SARS-CoV, was
transferred to humans from dromedary camels in Saudi Arabia (Azhar
et al., 2014). The new SARS-CoV2 was identified to be a beta corona-
virus too (Zhou et al., 2020). It is closely related to the SARS-CoV virus,
because of the high sequence similarity (94.4%) in the region of the
seven conserved domains in the ORF1ab, coding for the viral replicases,
that is in general used to classify CoV species (Yang & Wang, 2020).

In humans, coronaviruses can generate diseases ranging from upper
respiratory tract infections to severe acute respiratory syndrome (SARS),
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causing death. In particular, the high mortality rates among the infected
population was the main reason that attracted worldwide attention
versus SARS and MERS epidemic events (SARS caused a total of 774
patients died on 8096 diagnosed patients (total mortality rate, 9.6%)
(Keum & Jeong, 2012). For MERS a total of 652 patients died on 1842
diagnosed patients (total mortality rate 35.4%) (Lin et al., 2017).
SARS-CoV2 caused 555.324 deaths worldwide, up to now, with a 4%
mortality rate on confirmed cases.

1.3. SARS-CoV2 genome

SARS-CoV2, together with SARS-CoV and MERS-CoV, are the major
causes of severe pneumonia in humans caused by Coronaviridae. They
all share common structural characteristics. Similarly, their genomic
organization is typical of coronaviruses.

Looking at the genomic features of SARS-CoV2 it includes 6 open-
reading frames (ORFs) and other accessory genes (Chan et al., 2020;
Zumla et al., 2016). The main ORFs of the genomic RNA at the 5’ end of
the genome, ORFla and ORFlab, are used as templates to directly
translate polyproteins la/1 ab (ppla/pplab), respectively, which
encode  non-structural  proteins  (nsps) that form  the
replication-transcription complex (RTC) (Chen et al., 2020; Zumla et al.,
2016). The two replicases are cleaved by two different proteases, the
3CLPro, that is also called the main protease (MPro), and the papain-like
protease (PLPro) (Zhang, Lin et al., 2020). The 3CLPro operates as a
dimer, each formed by 3 domains (I, II, III), sharing 96% sequence
identity with the corresponding protein encoded by the SARS-CoV
genome. 3CLPro can cleave at least 11 sites on the replicase 1 ab
(Zhang, Lin et al., 2020). PLPro also takes part in this process, acting on
secondary cleavage sites on PP1a and PP1ab. These events produce the
two replicases and other enzymes involved in viral transcription and
replication, including an RNA dependant RNA polymerase (RdRp) and
an helicase (Hel) (Zumla et al., 2016).

At the 3’ end of the genome there are other ORFs that encodes virus
essential structural components: the spike glycoprotein (S), the envelope
protein (E), the membrane protein (M) and the nucleocapsid protein (N),
each of these serving different functions (Zumla et al., 2016).

The N protein functions primarily by binding the viral genome and
organizing it as a nucleocapsid. Putatively, it can also contribute to the
virion formation. The M protein defines the shape of the envelope,
promotes the final viral assembly, and together with the E protein forms
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the envelope. The E protein is the smallest viral protein inside the
infected cells, but only a small portion is incorporated into the virion
envelope. The S protein mediates the attachment of the virus to the host
cell membrane receptor (Xia et al., 2020). Because of its role in starting
the viral infection, the S proteins are particularly of interest since they
also determine the efficiency of the infection and its spreading (Zhou
et al., 2020).

Spike proteins have two subunits, the amino-terminal receptor
binding (S1) and the carboxy-terminal membrane fusion (S2) domains.
The S1 domain includes the receptor binding domain (RBD), which is
the region binding the host receptor, that determines tissue tropism and
host range variability for different CoVs (Fig. 1). The cleavage at the
junction between the S1 and the S2 domains activates membrane fusion,
a process called the S protein priming, and that is crucial to determine
the viral entry into the cell (Zhou et al., 2020).

1.4. HCoVs life cycle

Although the processes causing HCoVs entry into cells and viral
particles formation still require deeper investigations, we here summa-
rize the main aspects of Coronaviridae life cycle, distinguishing the main
phases (Fig. 1) (de Wit et al., 2016).

HCoVs bind human cell receptors through the S1 domain of the S
protein. The human receptor on the cell membranes for SARS-CoV,
HCoV-NL63 and the newly discovered SARS-CoV2, is the angiotensin-
converting enzyme 2 (ACE2) (Hoffmann et al., 2020). MERS-CoV en-
ters the cell using the cell adhesion molecule 1 (CEACAM1) or the
dipeptidyl-peptidase 4 (DPP4) (Wang et al., 2013).

When the virus binds its receptor, the S-priming, i.e. the cleavage of
the S protein, may occur through specific transmembrane proteases, like
protease serine 2 (TMPRRS2), with cathepsin B and L (CatB/L) also
contributing in the process in SARS-CoV2 (Hoffmann et al., 2020). The
entrance of the virus occurs via endocytosis or simply via membrane
fusion, and the release of the viral genome into the cytosol appears to
take place through acidification. Subsequently, the viral RNA over-
lapping ORFs forming the ORFlab are translated, exploiting the host
apparatus. The two resulting polyproteins, the replicases 1a (ppla) and
1b (pp1b), undergo the autoproteolytic processing by 3CLPro and PLPro
generating components of the replication/transcription complex (RTC):
mature replicases and other non structural proteins. Once the RTC of the
virus is assembled, it can start replication process. The replication

i
2
Exocytosis Q

4 P

A 4

- 7
4 P

@ X

Formation of
mature virion

Autoproteolytic g
@ ac‘:ivationy \ / . N ... T a :
<{"K‘§¥ ERGIC
3CLpro Subgenomic RNAs [ Y S
N7-MTase  PLpro transcription ————— M | Translation of N, 5, M, ““& RER
‘. (!7 —_— and E proteins ‘\‘
Helicase ———IE ‘\\‘>
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process gives rise to a full-length viral RNA genome which functions as a
template for the new viral genomes and for subgenomic RNAs coding for
viral structural proteins (Bergmann et al., 2006). Here copies of the viral
genome, forming the nucleocapside with the N proteins, contribute to
formation of the viral-like particles (VLPs), together with M and E pro-
teins, that produce the CoV envelopes. Mature virions, included in cell
endosomes are released by exocytosis.

1.5. Natural compounds anti HCoV-229E

In 2012, Chang et al. (Chang et al., 2012) extracted 22 triterpenoids
from Euphorbia neriifolia that show an anti-viral role against HCoV-229E
(Table S1). To this end, they performed anti-HCoV assays infecting viral
susceptible MRC-5 fibroblast cells from lung, treating them with the
extracted compounds for 2 h at 37 °C (Chang et al., 2012).

Interestingly, the bioactivity assays revealed a strong antiviral ac-
tivity influenced by the chemical structure of the selected compounds.
For instance, considering the friedelane derivatives, the antiviral activ-
ity of the two epimers, 3p-friedelanol and 3a-friedelanol, was substan-
tially affected by a different orientation of the C-3 proton. Moreover, the
comparison of 3p-friedelanol and 3p-acetoxy friedelane suggested the
involvement of the acetyl group in the reduction of the activity.

1.6. Natural compounds anti HCoV-OC43

In 2019, Kim et al. (Kim et al., 2019) focused on the role of bisben-
zylisoquinoline alkaloids extracted from Stephania tetrandra. Previous
studies demonstrated that three variants of these compounds have effect
on different viruses. In particular, tetrandrine (TET) has effect on herpes
simplex and dengue viruses (Hu et al., 1997; Liou et al., 2008); fang-
chinoline (FAN) has effect on HIV-1 (Wan et al., 2012) and cepha-
ranthine (CEP), possesses anti-viral activity against HIV-1 (Baba et al.,
2001), herpes simplex (Liu et al., 2004) and Ebola viruses (Sakurai et al.,
2015). The authors tested the same molecules against HCoV-OC43
infected MCR-5 cells (Kim et al., 2019). These treatments showed that
TET, FAN and CEP, inhibited cell death induced by HCoV-OC43 (at ICsq
values of 0.33 + 0.03, 1.01 + 0.07, and 0.83 + 0.07 pM, respectively).
Moreover, all the three compounds suppressed the expression of S and N
proteins and the viral replication (Kim et al., 2019). In particular, the
authors treated cells with TEN, FAN, and CEP at 24, 12, 6, and 3 h before
HCoV-0OC43 infection, during infection, and at 12, 24, and 48 h
post-infection. They found that the three compounds had high antiviral
activity from 3 h before the infection with HCoV-OC43. On the other
hand, the treatments at 48 h post-infection revealed that the viability of
cells was similar to that of the untreated group, for all the compounds,
suggesting no antiviral effects after 48 h. Therefore, the authors sug-
gested that TET, FAN, and CEP have antiviral activities in the range from
3 h before, to 48 h post HCoV-OC43 infection. These results indicate that
three compounds are most effective at the early stages of the
HCoV-0C43 life cycle. Moreover, the authors investigated the effects of
the compounds on viral replication. They quantified the abundance of
viruses in the supernatants and cell lysates by measuring the RNA levels
of S and N proteins, revealing their decrease when comparing treated
with non-treated cells.

1.7. Natural compounds anti MERS-CoV

In 2017, Lin et al. (Lin et al., 2017) described the role of stilbene
derivatives against MERS-CoV infection. In particular, they focused on
the role of resveratrol, as a natural compound present in different plants,
including cranberry (Vaccinium macrocarpon), grape (Vitis vinifera) and
Huzhang (Polygonum cuspidatum). Previous studies already demon-
strated the antiviral role of resveratrol against SARS-CoV, but also
positive effects against bacterial infections, only reduced in case of
Helicobacter pilory (Zhang et al., 2015) and Staphylococcus aureus (Liu
et al., 2016). Furthermore, it was demonstrated that resveratrol removes
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free radicals (Li et al., 2016), decreases the role of nitric oxide (Tsai
et al., 1999), inhibits STAT3, (Baek et al., 2016), mTOR (Liu & Liu,
2011) and hedgehog signaling pathway (Gao et al., 2015), all relevant
pathways in human cell surviving.

Lin et al. (Lin et al., 2017) expressed dipeptidyl peptidase 4 (DPP4)
(receptor of MERS-CoV) (Raj et al., 2013) in mouse and tested mouse
infection by MERS-CoV. They treated infected mouse with resveratrol
and observed the inhibition of the cell death induced by the virus (Lin
et al., 2017).

In 2017, Park et al. (Park et al., 2017) focused on the role of poly-
phenols extracted from Broussonetia papyrifera against MERS/SARS-CoV
proteases. The authors expressed the viral 3CL and PLpro in E. coli and
performed an inhibition assay to evaluate viral proteases activity after
exposure to 10 plant root derived glucosidase inhibitors (Table S1). They
found that all isolated polyphenols can inhibit both 3CL and PLpro
proteases, and that, among them, papyriflavonol A has its highest ac-
tivity against PLpro (IC5o = 3.7 pM) (Park et al., 2017).

1.8. Natural compounds anti SARS-CoV

In 2004, Chen et al. (Chen et al., 2004), tested in vitro the suscep-
tibility of 10 isolates of SARS-CoV by commercially available antiviral
agents and pure chemical compounds. They also confirmed the antiviral
action of glycyrrhizin, together with baicalin, both belonging to the class
of flavonoids and extracted from traditional Chinese herbs. These two
molecules had been already reported to have also antimicrobial effects.
The two molecules showed detectable antiviral activities on foetal rhe-
sus kidney-4 (fRhK-4) infected with the 10 strains (ECs for baicalin at
48 h was from 12.5 to 25 pg/ml). However, their activities showed a
decrease after 48 h treatments (Chen et al., 2004).

Among the compound tested, the authors suggested the baicalin for
both prophylaxis or treatment SARS-CoV infectious disease. The intra-
venous administration of a 360 mg dose of that compound in human can
achieve an active serum concentration of 74 pug/ml. Despite its mecha-
nism of action against SARS-CoV is not known, regarding HIV-1 in-
fections, baicalin was shown to inhibit the infection process both at
cellular entry and through the inhibition of HIV-1 reverse transcriptase.
In particular, its binding with the chemokines MIP-18 and SDF-1a pre-
vented the activation of both CCR5 and CXCR4 cellular receptors, which
are essential for HIV-1 cellular entry.

In 2003, Cinatl et al. (Cinatl et al., 2003) tested glycyrrhizin against
two clinical isolates of SARS-coronaviruses (FFM-1 and FFM-2). The
glycyrrhizic acid is a triterpene glycoside extracted from the root of the
licorice plant (Glycyrrhiza glabra), with many properties such as
anti-inflammatory, anti-viral, hepatoprotective and anticancer activ-
ities. The authors also showed that the maximum effect of glycyrrhizin
(ECsp = 300 mg/L) was obtained when administered during and after
the viral adsorption in Vero E6 cells, the African green monkey kidney
cell line. Despite the glycyrrhizin had never been tested against
SARS-COVs infected patients, the administration of the compound
effectively decreased the concentrations of P24 antigen and prevented
the development of hepatocellular carcinoma in those infected by HIV-1
and chronic hepatitis C virus, respectively (Busia, 2017). Since
side-effects were reported after several months of glycyrrhizin treat-
ment, the authors suggested that the treatments should last for a short
period. Despite the mechanism of the antiviral activity against
SARS-CoV remains unclear, the authors suggested that it could be
related to the upregulation of the inducible nitrous oxide synthase and,
as a consequence, to the increased production of nitrous oxide that is
proposed to be an inhibitor of SARS-CoV replication.

Results on the inhibition of viral adsorption were also found by
Keyaerts et al., in 2007 (Keyaerts et al., 2007). The authors analyzed the
role of plant lectins against SARS-CoV. Lectins are carbohydrate-binding
proteins capable of specific recognition and reversible binding. The
specificity of lectins versus different carbohydrates determines their
anti-viral properties. Since SARS-CoV spike protein is heavily
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glycosylated, the coronavirus infectivity can be inhibited by lectins, that
specifically bind to glycans. The screening of many plant lectins tested
on Vero E6 cells infected with SARS-CoV (Frankfurt 1 strain) led to the
selection of SARS-CoV specific antiviral lectins. The lectins selected in
the work included those specifically binding mannose, glucose, galac-
tose, N-acetyl glucosamine and N-acetyl galactosamine. The highest
anti-coronavirus activity was found among mannose-specific lectins. In
the SARS-CoV spike protein there are 12 N-glycosylation sites. Two of
the four sugars attached to four of these N-glycosylation sites were found
to be mannose (Keyaerts et al., 2007). The presence of mannose can
explain the potent anti-SARS-CoV activity of mannose-specific plant
lectins (Keyaerts et al., 2007). To understand how lectins display an
antiviral activity the authors used mannose-specific lectin from Hip-
peastrum hybrid agglutinins (HHA) (ECsp < 5 pg/ml), showing that lec-
tins probably interfere with the glycans of the viral spike protein during
both virus adsorption and virus release in the last phase of infection
(phase 8 in Fig. 1) (Keyaerts et al., 2007).

Furthermore, in 2012, Keum et al. (Keum & Jeong, 2012) analyzed
the activity of viral helicase. Firstly, they focused on the DNA unwinding
activity of the helicase protein. In particular, they used the fluorescent
resonance energy transfer (FRET) to find out the natural compounds that
inhibit the DNA unwinding activity. They mixed the viral helicase pro-
tein with fluorescent-labeled double stranded DNA, each strand of which
was labeled with different fluorescent dyes, (fluorescein (FAM) and
carboxytetramethylrhodamine (TAMRA)) at the same terminus. There-
fore, a constant FRET reaction between FAM and TAMRA occurred when
the two DNA strands were base-paired; however, this interaction is lost
as soon as the duplex is unwound by the viral helicase. Using this
experimental approach, they excluded that the 64 natural compounds
(that they screened) interfered with the DNA unwinding activity of the
viral helicase protein. Subsequently, they examined the possible effects
of the 64 natural compounds on the suppression of ATP hydrolysis by
viral helicase. The ATP hydrolysis activity of viral helicase was
measured using a long circular ssDNA as a template. The viral helicase
protein is expected to continuously translocate along the ssDNA, unless
the helicase separates from the DNA. The degree of ATP hydrolysis was
examined by measuring the release of inorganic phosphate by colori-
metric analysis. Usign this last approach, the authors found that two
flavonoids, myricetin and scutellarein, inhibited the ATPase activity of
the viral helicase (ICsg values: 2.71 + 0.19 pM and 0.86 + 0.48 pM,
respectively), thus impacting on viral replication (Keum & Jeong, 2012).

In 2014, Sun et al. (Sun et al., 2014) tested the sinefungin activity
against SARS-CoV. The sinefungin, isolated from Streptomyces species,
known for its antifungal, antiviral and antiparasitic activity, is able to
inhibit DNA methyltransferase. It was demostrated, in a yeast cell sys-
tem, that sinefungin was more effective against coronavirus RNA
guanine-N7-methyltransferase (expressed in Saccharomyces cerevisiae
strain YBS40) than on human N7-MTase (yeast-based assays for the
high-throughput screening of inhibitors of coronavirus RNA cap
guanine-N7-methyltransferase) indicating its possible useful effect on
the viral replication and subgenome expression (Sun et al., 2014).

Wu et al. (Wu et al., 2004) in 2004, tested many different compounds
from traditional Chinese herbs for their activity against SARS-CoV (H.K.
strain). Among the herbs tested, aescin, the major active principle of
horse chestnut tree (Aesculus hippocastanum), and reserpine, an alkaloid
produced by several members of the genus Rauwolfi, showed
anti-SARS-CoV activities in term of reduced cytopathogenic effects in
infected Vero E6 cell (ECsg values for reserpine and aescin were 6 pM
and 3.4 pM, respectively).

These compounds shown protective effect against SARS-CoV without
affecting the growth of not infected host cells. The decreased antiviral
activity was then evaluated with an immunofluorescence assay to
identify the presence of antibodies against viral antigens and with flow
cytometry though the analysis of a decrease in the level of the viral spike
protein.

Looking for others active compounds in their experiments on
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infected Vero E6 cells, Wu et al., 2004 found that ginsenoside-Rb1 (a
derivative of both glycyrrhizin and aescin), extracted from Panax
ginseng and Lonicera japonica, has antiviral activity at the concentration
of 100 pM (Wu et al., 2004).

It is also important to mention that in 2006 Pyrc et al. (Pyrc et al.,
2006), showed no detectable activity for both the glycyrrhizin and
aescin against HCoV-NL63.

In 2005, Li et al. (Li et al., 2005) massively screened over 200 me-
dicinal herbs, that were reported as useful against viral infection,
looking for possible anti SARS-CoV medicaments. They infected Vero E6
and HepG2 cells, an immortal cell line derived from hepatocellular
carcinoma, with two different strains of SARS-CoV (BJ001, BJ006).
They found that the extracts of Lycoris radiata, Artemisia annua, Pyrrosia
lingua and Lindera aggregata inhibited in a dose dependent way, the virus
cytopathic effects (ECso values of inhibition are 2.4 + 0.2, 34.5 + 2.6,
43.2 + 14.1, and 88.2 + 7.7 pg/ml, respectively). Because of its effi-
ciency, the authors focused on Lycoris radiate extracts, demonstrating
that the alkaloid lycorine (Table S1) has a high anti-viral activity (Li
etal., 2005). The antiviral activities against SARS-CoV infected cells was
evaluated using the MTS vitality assay in comparison with cells that
were not infected by the virus. After the addition of active compounds,
the viral infection and replication was sharply reduced resulting in and
increased cell vitality. Nevertheless, the mechanism of antiviral activity
of these active compounds has yet to be define.

In 2005, Chen et al. (Chen, Lin et al., 2005) showed that the tannic
acid, 3-isotheaflavin-3-gallate (TF2B) and Theaflavin-3,3'-digallate
(TF3) (polyphenols in black tea), selected from the pure Natural Prod-
ucts Library (https://www.nccih.nih.gov/grants/natural-product-li-
braries), are able to inhibit the 50% of the proteolytic activity of
SARS-CoV 3CLpro (expressed in E. coli), at concentrations <10 pM
(ICs0 = 3, 3.7 and 9.5 pM respectively). Despite the mechanism of action
of these extracts was still unknown, the authors suggested that TF2B and
TF3 are inhibitors of SARS-CoV 3CLpro more effective than other
compounds (i.e TF1) probably for the presence of a gallate group that
could have an important role in directing their inhibitory effect against
SARS-CoV 3CLpro.

Results on the inhibition role on SARS-CoV 3CLpro were also re-
ported for quercetin-3-p-galactoside by Chen et al. (2006) The authors,
though a virtual screening based firstly on molecular docking, found
quercetin-3-p-galactoside to be a potent binder to the catalytic pocket of
SARS-CoV 3CLpro. Then the results were also confirmed and supported
by docking other techniques such as surface plasmon resonance and
FRET bioassays but also and mutagenesis studies. Overall, the results
showed that GInl89 plays a key role in allowing the binding of
quercetin-3-b-galactoside to SARS-CoV 3CLpro. Quercetin is a
water-soluble flavonoid that is known to have salutary effects on
humans (Li et al., 2016).

In 2012, Park et al. (Park et al., 2012) studied the role of diary-
lheptanoids isolated from the stem bark of Alnus japonica were found to
be inhibitors of SARS-CoV PLpro, using a recombinant vector expressed
in E. coli. Interestingly, at the same concentration, no detectable inhi-
bition of the other Coronavirus protease (3CLpro) was observed. The
most effective inhibitor of PLpro was the hirsutenone (ICsg value of 4.1
pM). Moreover, differently from the others derivatives, hirsutenone
resulted an efficient inhibitor of also the other protease, 3CLpro (ICso
value of 36.1 pM). The structure activity analyses revealed that catechol
and o, f-unsaturated carbonyl moiety in the molecule were fundamental
factors influencing its inhibitory actions against PLpro (Park et al.,
2012).

In 2013, Cho et al. (Cho et al., 2013) showed that the 12 flavonoids
extracted from Paulownia tomentosa have inhibitory activity against
SARS-CoV PLpro. To investigate the inhibitory role of the 12 extracted
flavonoids against SARS-CoV PLpro, they measured SARS-CoV PLpro
activity in the presence or absence of test compounds using a fluorogenic
assay. The SARS-CoV PLpro was expressed in Escherichia coli and puri-
fied by nickel affinity, ion-exchange and gel filtration chromatography.
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In SARS-CoV PLpro inhibition assays, all of the 12 compounds tested
displayed dose dependent inhibition (ICso 5.0-14.4 puM). Of these,
tometins had strong inhibitory activity against SARS-CoV PLpro.
Tometins are characterized by a rare 3, 4-dihydro-2H-pyran motif. This
structural arrangement was found to be more effective at inhibiting
SARS-CoV PLpro enzyme than the parent compounds that were cycli-
zation precursors (Cho et al., 2013).

Lastly, in 2007, Yang et al. (Yang et al., 2007) tested the coumarin
anti-viral activity from the perennial plant Boenninghausenia sessilicarpa,
known to be a coumarin-rich chinese herbal medicine. Coumarin de-
rivatives of B. sessilicarpa were tested for antiviral activities in cells
infected by SARS-CoV. Among the extracted compounds, leptodactylone
showed a potent cell-protective effect and antiviral activity, while
rutamarin exhibited weaker activity but the authors did not explain the
mechanism of action of these compounds (Yang et al., 2007).

1.9. Natural compounds anti SARS-CoV2

In 2020, Li et al. (Li et al., 2020) performed a bioinformatics analysis
to identify existing drugs that could be useful also against SARS-CoV2. In
particular, their analysis of the genome sequence of SARS-CoV2
confirmed the higher sequence similarity with SARS-CoV (Zhou et al.,
2020) followed by MERS and other human coronaviruses (Li et al.,
2020). Using text mining and database searches, the authors identified
34 COVID19 related genes, identifying 24 disease-related human path-
ways and 78 potential drugs, that could be repurposed. They manually
filtered the list of drugs based on their “mechanisms of action”, “adverse
effects”, and “clinical approvals”, yielding to a total of 30 drugs (Li et al.,
2020). From their collection, we selected 11 natural compounds,
(Table S1). Molecules were selected when they met the criteria of being
natural, not chemically modified substances, with antiviral effect. For
example, based on our criteria, compounds that were excluded are:
monoclonal antibodies (like Adalimumab, Infliximab, Ruplizumab, Sil-
tuximab, Ruplizumab, Ibalizumab, Golimumab, Afelimomab), synthe-
tized or semi-synthetized chemical products (like Abacavir, Cefazolin,
Epinephrine, Atiprimod, Thalidomide, Chloroquine, Clenbuterol),
fusion proteins (like Etanercept), or those acting on the host immune
system (like Olsalazine, N-Formylmethionine, Ketoprofen).

Moreover, Zhang et al. in 2020 (Zhang, Wu, et al., 2020), performed
a literature search for natural compounds that resulted to be bioactive
against SARS-CoV and MERS-CoV. They identified 13 natural com-
pounds that were analyzed by protein structure computational ap-
proaches, based on the docking methodology, to identify possible direct
interactions with SARS-CoV2 proteins and, therefore, possibly inhibiting
their activity (Table 1a) (Zhang, Wu, et al., 2020). Independently, the
authors reported the 26 herbs from the Traditional Chinese Medicine
Systems Pharmacology database (http://www.tcmspw.com/browse.ph
p?qc=herbs), the Encyclopedia of Traditional Chinese Medicine (htt
p://www.nrc.ac.cn:9090/ETCM/) and SymMap (https://www.sy
mmap.org/) that contained at least two of the natural compounds
among those predicted with an antiviral activity, therefore identifying
potential effective antiviral active herbs (Table 1b). The authors also
evaluated the absorption, distribution, metabolism and excretion of the
compounds, after boiling in water and oral assumption, based on the
traditional chinese medical treatments (Zhang, Wu, et al., 2020). Since
the authors did not list the specific compounds per herb in their work,
we re-analyzed the different databases to identify the exact correspon-
dence (Table 1b), so that we could report the complete list also in
Table S1. Specifically, starting from the list of the 13 natural compounds
identified by the authors we cross-searched for these compounds in the
three databases they indicated in their work, i.e. the Traditional Chinese
Medicine Systems Pharmacology database (http://www.tcmspw.
com/browse.php?qc=herbs), the Encyclopedia of Traditional Chinese
Medicine (http://www.nrc.ac.cn:9090/ETCM/) and SymMap (http
s://www.symmap.org/) that list bioactive compounds per herb. Then
we re-associated the compounds to each of the 26 herbal plants

Table 1
Compounds per plant source from Zhang, Lin et al. (2020). a. List of the 13
compounds and their role against hCoVs infection. b. List of the 13 compounds
associated to the respective plant sources.
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a) Molecular name Targets or inhibition
Betulinic acid Replication, 3CLpro
Coumaroyltyramine PLpro and 3CLpro
Cryptotanshinone PLpro and 3CLpro
Harmonil Replication, 3CLpro, and entry
Dihomo-y-linolenic acid 3CLpro
Dihydrotanshinone Entry, and spike protein
Kaempferol PLpro and 3CLpro
Lignan Replication, 3CLpro
Moupinamide PLpro
N-cis-feruloyltyramine PLpro and 3CLpro
Quercetin PLpro and 3CLpro
Sugiol Replication, 3CLpro
Tanshinone Ila PLpro and 3CLpro
b)  Molecular name Targets or Plants
inhibition
Betulinic acid Replication, Peucedani radix - Licorice-
3CLpro Eriobotryae folium - Forsythiae
Fructus - Hedysarum multijugum
maxim. - Cortex mori - Tamaricis
cacumen
Coumaroyltyramine PLpro and Anemarrhenae rhizoma -
3CLpro Rhizoma fagopyri cymosi
Cryptotanshinone PLpro and Herbal plants
3CLpro
Harmonil Replication, Fortunes bossfern rhizome
3CLpro, and
entry
Dihomo-y-linolenic 3CLpro Lepidii semen descurainiae semen
acid
Dihydrotanshinone Entry, and spike Herbal plants
protein
Kaempferol PLpro and Cortex mori - Tamaricis cacumen
3CLpro - Asteris radix et rhizoma -
Ardisiae japonicae herba-
Anemarrhenae rhizoma - Radix
bupleuri - Licorice - Lepidii
semen descurainiae semen -
Lonicerae japonicae flos - Inulae
flos - Hoveniae dulcis semen -
Houttuyniae herba - Ginkgo
semen - Forsythiae fructus -
Chrysanthemi flos - Floium mori
- Farfarae flos - Euphorbiae
helioscopiae herba - Eriobotryae
folium - Epimrdii herba -
Hedysarum multijugum maxim. -
Erigeron breviscapus - Fortunes
bossfern rhizome - Mori follum
Lignan Replication, Licorice
3CLpro
Moupinamide PLpro Coptidis rhizoma
N-cis- PLpro and Peucedani radix
feruloyltyramine 3CLpro
Quercetin PLpro and Cortex mori - Coptidis rhizoma -
3CLpro Tamaricis cacumen - Asteris

radix et rhizoma - Ardisiae
japonicae herba - Rhizoma
fagopyri cymosi - Radix bupleuri
- Peucedani radix - Licorice -
Lepidii semen descurainiae
semen - Lonicerae japonicae flos
- Inulae flos - Hoveniae dulcis
semen - Houttuyniae herba -
Ginkgo semen - Forsythiae
fructus - Chrysanthemi flos -
Floium mori - Farfarae flos -
Euphorbiae helioscopiae herba -
Eriobotryae folium - Epimrdii
herba - Hedysarum multijugum
maxim. - Erigeron breviscapus -
Mori follum

(continued on next page)
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Table 1 (continued)

b)  Molecular name Targets or Plants
inhibition
Sugiol Replication, Herbal plants
3CLpro
Tanshinone ITa PLpro and Peucedani radix
3CLpro

identified in the work by Zhang, Wu, et al. (2020), and, therefore, we
could report the compound and the corresponding herbal plants
(Table 1b).

Moreover, in 2020, Wu et al. (Wu et al., 2020) analyzed all the
proteins encoded by SARS-CoV2 genes, and predicted their structures by
homology modeling. They identified a total of 21 targets (19 viral and 2
human targets) that were screened against an in house built database of
1066 natural products from traditional chinese herbs. In particular, they
focused on 3CLpro, Spike, RNA-dependent RNA polymerase (RdRp) and
PLpro, and identified 89 natural compounds potentially useful against
SARS-CoV2 (Wu et al., 2020).

Last, in 2020, Islam et al. (Islam et al., 2020) provided a list of 123
natural compounds useful against CoVs infections. Thanks to a massive
research with proper keywords in articles from public literature data-
bases, they considered studies on crude extracts, fractions or prepara-
tions from plants, microorganisms or marine species, that demonstrated
an action against CoVs. They excluded data duplication and titles or
contents that did not meet the criteria of showing anti-viral activities
against CoVs (Islam et al., 2020). From their list we selected the 78
natural compounds that act on the virus absorption and replication,
among which 64 were new in our collection (Table S1).

1.10. Safety and clinical trials

Although it is not the main aim of this work, it is worthy to underline
in this context that also for NPs the development of a new treatment,
medicine, or any employment in food industry requires assessments of
compounds safety, which is an important issue to be addressed in drug
development and the cause of drug candidate attrition in the biophar-
maceutical industry. Decision of any employment can only be made if
both benefits and risks are addressed. The aim of safety tests, indeed, is
to improve risk-benefit assessment at all stages of drug development
(Roberts, 2018). Internationally accepted guidelines were developed to
monitor drugs, foods and also environmental contaminants for adverse
reactions and toxicity and to ensure their safety.

A drug’s disposition depends upon the absorption process from a
dosing site, the distribution to target and other systemic and peripheral
tissues, and the elimination of unchanged drug by metabolism or
excretion. These processes interact to characterize a drug by its phar-
macokinetic profile and any alteration will have an impact on the drug
safety and efficacy. Therefore, methods were developed by pharma-
ceutical chemists to predict drug absorption, distribution, metabolism,
interaction and also the excretion of unchanged drug and the effect with
potential adverse outcomes, thus compromising a drug’s safety profile
(Roberts, 2018).

The current preclinical tests used were determined 30 years ago by
OECD and the International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH) that indicated
the guidelines for toxicity testing of pharmaceutical compounds to
ensuring human drug safety (Guideline & others, 2009).

Over the past decades, efforts have been done by the pharmaceutical
industry to the development, evaluation, and implementation of in vitro
alternatives to animal testing in the hazard identification and risk
assessment of preclinical drug candidates (Goh et al., 2015).

The safety assessment of drugs requires first testing in toxicology
species prior to human studies (Guideline & others, 2009). Toxicological
assessment and translational of toxicity data from animal species to
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human are often challenged since it was suggested that 70% of
human-relevant toxicities are identified in toxicology species (Olson
et al., 2000).

Although the detection of toxicity is dependent by organ and species,
its absence in two different species is strongly predictive of the absence
of toxicity in humans. In general, human adverse drug reaction (ADR) is
associated mainly to hepatic, cardiovascular and neurological toxicities
(Olson et al., 2000).

Drug-drug interaction (DDI) constitutes one of the potential mech-
anisms leading to often preventable ADR and health damage. In fact,
multiple drug therapies are very common for the treatment of various
medical illnesses thus being a potential source of DDI and of drug failure
(Edwards & Aronson, 2000).

Thus, the understanding of the on-and off-target mechanisms that are
responsible of ADR give the opportunity to evaluate target organ toxicity
earlier in drug discovery and with a greater specificity.

Safety is also inherent the use of NP from raw materials for food
formulation regarding their origin and synergy among ingredients
(Abdel-Rahman et al., 2011). In the past years, the food industry has
been involved in monitoring the NP safety on the market, supported by
the US Food and Drug Administration (FDA) and the European Food
Safety Authority (EFSA). Such organizations act as a scientific guarantor
in deciding what NPs are safe to be used as food.

Drug safety assessments in clinical trials involve experiments on
humans, where a selected group of individuals is given the investiga-
tional product, generating crucial safety and efficacy data.

Among the compounds listed in Table S1, 19 are already included in
the clinical trials database, ClinicalTrials.gov, for their exploitation as
antiviral compounds (https://clinicaltrials.gov/) (Table S1). Among
these, only the tannic acid, the curcumin and the aescin have been
selected to undergo clinical trials for testing their efficacy in patients
affected by human coronaviruses. In particular, they are all being tested
for their efficacy against SARS-CoV2. In the randomized controlled trial
on tannin specific natural extract (NCT04403646), the molecular com-
plex ARBOX, composed by quebracho, Vit B12 and chestnut tannins
extracts, is being tested as a dietary supplement in patient infected by
SARS-CoV2 in addition to the conventional standard therapy (including
antipyretics or lopinavir/ritonavir, azithromycin and
hydroxychloroquine).

As for the tannin extracts, another ongoing trial using the compound
aescin (NCT04322344) aims to evaluate its efficacy and safety as an
adjuvant to conventional antiviral drugs in COVID-19 patients.

Another clinical trial started on May 8, 2020 exploiting a medical
spray containing curcumin (20 mg/ml), artemisinin (6 mg/ml), frank-
incense (15 mg/ml) -and vitamin C (60 mg/ml) in micellar formulation
against SARS-CoV2 infections (Table S1).

Moreover, on May 19th a clinical trails (NCT04394182) on patients
affected by COVID-19 has started. In this trial, an experimental group
with a poor or no response to standard medical treatment and without
invasive mechanical ventilation are planned to receive an ultra low-dose
lung radiotherapy (0.8 Gy single dose) in addiction with different drugs
(including Piperacillin/tazobactam).

Furthermore, a clinical trial started on March 5 (NCT04308317),
planned to combine the use of the tetrandrine (60 mg once a day), in
tablets form, with the standard treatment of mild and severe neo-
coronary pneumonia. The aim is the slowing down the progress of the
disease and therefore the improvement of patients’ prognosis. All the
information on these ongoing efforts is crosslinked with our collection in
Table S1.

2. Discussion

Despite advances in prevention, immunotherapy and drug develop-
ment, some infectious diseases still require effective vaccines or efficient
antiviral therapies. As an example, coronaviruses, including SARS-CoV2
(Zhou et al., 2020), that is causing the current pandemic disease,
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COVID19, as well as the other two epidemic coronaviruses, SARS (Rota
et al., 2003) and MERS (Zaki et al., 2012), together with other corona-
viruses, do not have suitable therapies or preventive treatments yet
(Sanders et al., 2020). Therefore, the identification of appropriate
antiviral effectors for drugs and food design is of fundamental impor-
tance to fight the COVID19 disease and all its side effects, to be ready for
possible future challenges that can be determined by coronaviruses at-
tacks (Osterholm, 2005).

Natural products (NPs) are compounds found in nature and synthe-
sized by living organisms, that can be revealed to be potential bioactive
compounds useful in drug discovery and food sciences (Kaplan et al.,
1986; Noroozi et al., 1998; Rahman & Chung, 2010). According to their
biological or pharmacological activities, they can act at intracellular
(Harvey & Cree, 2010), as well as at extracellular levels (Orlikova et al.,
2014), providing useful tools for treatments of infectious disease
(Balunas & Kinghorn, 2005). NPs can target pathogen-host interaction
or pathogen life cycle, inhibiting the infection, or behave as natural
effectors that could ameliorate host health and, eventually, host resis-
tance to the pathogen attack.

We performed a desk research and identified all natural compounds
that appeared to inhibit human coronaviruses infections, as revealed by
in vitro experiments, or predicted by in silico analyses (Table S1). Col-
lecting information from several different reports, we selected the
compounds that met the criteria of being natural, not chemically
modified substances, and of being effective on one or more phases
determining viral absorption and replication (Fig. 1) (de Wit et al.,
2016), being therefore useful for the development of targeted pharma-
cological treatments or the identification of useful ingredients and ad-
ditives that could favour proper food selection or its design.

We merged all the compounds from different species, or eventually
active on different phases, or selected from different scientific efforts,
into a unique list of 174 natural products, indicating all the relevant
information and annotating the specific targets according to the viral
replication cycle, when known, as well as the compound chemical
classification (Table S1).

The compounds resulted to be all from plants, with the exception of
framycetin and sinefungin from Streptomyces. All compounds were
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classified to be secondary metabolites, with major classes being repre-
sented by Flavonoids (48 compounds), Terpenes (32 compounds),
Xanthenes (13 compounds), Alkaloids (9 compounds), Quinones (2
compounds).

In Fig. 2, we summarized the total amount of different classes per
viral life cycle phase, also highlighting the classes representing the
compounds acting on multiple phases (Fig. 2). It is evident that no active
compounds were revealed for phases 2 (release of viral genome) and 3
(translation of polyproteins). All the details on specific compounds can
be derived from Table S1 or consulting the website we organized to
share the data in a user friendly accessible resource (https://bigdatainhe
alth.org/letsbe/anti-HCoV.php).

Among the different phases, as an example, phase 1 (receptor bind-
ing and viral entry) is the most critical for the overall infective process
(Fig. 1). Among the different events that occur in this phase, we could
find compounds that inhibit the Spike protein on the virus coat from
interacting with the host receptor on the human cell membrane. Most
representative classes acting against this phase are: Terpenes (3), Qui-
nones (2) and Flavonoids (1) (Fig. 2 and Table S1). Chrysin (Islam et al.,
2020) Cosmosiin (Wu et al., 2020) Luteolin (Islam et al., 2020) Neo-
hesperidin (Wu et al., 2020), all belonging to the flavonoid class, were
detected to be active in this phase but also on the autoproteolytic acti-
vation (phase 4) (Table S1).

Harmonyl, an alkaloid, appeared to be the only compound that could
act on phase 1 and also on other two phases: the autoproteolytic acti-
vation and the genomic RNA replication. This action was revealed by an
in silico prediction (Zhang, Lin et al., 2020) and, therefore, further
experiment could reveal the effective multi target action of harmonyl
against viral replication.

All the remaining compounds and target phases can be further
investigated considering Table S1, in which we also indicated links to
the ClinicalTrial.gov (https://clinicaltrials.gov/), to provide informa-
tion on compounds under clinical trials. For a friendly consulting and
further investigations, all the compounds here described, endowed with
the respective accessory information, are available also through anti-
HCoVS, a dedicated web based resource, available at https://bigdatai
nhealth.org/letsbe/anti-HCoV.php. This resource was designed to offer
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Fig. 2. Number of chemical classes per viral life cycle phases.
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a comprehensive collection of natural compounds that resulted effective
against human coronaviruses. The goal was to define a collection of
natural compounds documented to be effective in coronaviruses ab-
sorption and replication. All data can be friendly searchable and all
references are also crosslinked to the respective journal website. More-
over, compounds that can have multiple purposes can be easily identi-
fied, supporting validation of possible efficacy on multiple targets, but
also to proof specificity of action.

3. Conclusion and future perspectives

We launched antiHCoV as a reference collection of natural com-
pounds to be exploited against coronaviruses epidemics.

While expanding the collection to consider the host side perspective,
the current resource aimed to collect all known compounds effective for
natural treatments and proper food selection and design because of their
action against viral absorption and replication. We annotated those that
were in vitro tested and those predicted by computational analysis. We
highlighted the action in the different viral life cycle phases also to
identify compounds that could inhibit the absorption, since this is one of
the major target that could help to fight the current and prevent the
possible future coronaviral infections.

We aim to expand this collection with additional information on
future results from novel testing and trials, enriching the dataset with
more upcoming compounds, also relying on a possible community based
support.
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Coronavirus invasion starts with the interaction of the spike glyco-
protein (S) on the viral coat with the receptor on the host cell membrane.
The virus entry occurs through fusion with the host cell plasma mem-
brane or by endocytosis (Phase 1: receptor binding and viral entry).

The viral RNA genome is released into the cytoplasm (Phase 2:
release of viral RNA genome).

Translation of the viral genomic RNA produces two large poly-
proteins (Phase 3: translation of polyproteins) that undergo autopro-
teolytic processing performed by papain-like protease (PLPro) and 3C-
like protease (3CLPro) to generate the constituents of the replication/
transcription complex (RTC) (Phase 4: autoprotoeolytic activation). The
RNA-dependent RNA polymerase, the key enzyme in the RTC, tran-
scribes a newly synthesized full-length RNA genome (Phase 5a: genomic
RNA replication) and subgenome RNAs (Phase 5b: subgenomic RNAs
transcription). Translation of subgenomic RNAs gives rise to structural
viral proteins (N, S, M and E) (Phase 6: translation of N, S, M, E proteins).
The newly produced genomic RNA is encapsidated with the N proteins
to form the nucleocapsid (N). The S, membrane (M) and envelope (E)
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proteins are inserted into the membrane of the rough endoplasmic re-
ticulum (RER), transported to the ER-Golgi intermediate compartment
(ERGIC) from where they combine with the RNA-encapsidated N pro-
teins for the production of mature virions (Phase 7: formation of mature
virion). Virus assembly occurs within Golgi vesicles, followed by virus
release by fusion of virion-containing vesicles with the plasma mem-
brane (Phase 8: exocytosis).

Image adapted from (de Wit et al., 2016).

Number of compounds per main chemical classes of natural com-
pounds are indicated per phase of viral life cycle.

Compound name, their chemical Classification, their Source, their
Phase of action according to Fig. 1, their target and methods of identi-
fication (In silico or In vitro) and, in case, Cell lines, Clinical trial number
are indicated.

Note: the classification was obtained using PubChem (https://p
ubchem.ncbi.nlm.nih.gov/).

All compounds not present in PubChem are indicated with an index
referring to the bibliographics reference necessary for the classification:

(Buckingham & Munasinghe, 2015; Chang et al., 2012; Chen et al.,
2005; Dai et al., 2015; Gonzalez, 2015; Lipson et al., 2015; Mao et al.,
2016; Rana & Rawat, 2005; Song et al., 2019; Torres et al., 2010; Ullah
et al., 2018; Wan et al., 2013; Xu et al., 2015), website: https://www.
medchemexpress.com.
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Glossary

HCoVs: human coronaviruses

3CLPro: 3C-like protease

PLPro: papain-like protease

RTC: Replication/transcription complex
N7-Mtase: N7 methyltransferase

RER: rough endoplasmic reticulum
ERGIC: ER-Golgi intermediate compartment
N, S M and E: structural proteins

N: nucleocapsid

S: spike

M: membrane

E: envelope
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