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Abstract

Coronaviruses are responsible for an increasing economic, social and mortality burden, as the causative
agent of diseases such as the severe acute respiratory syndrome (SARS), the Middle East Respiratory
Syndrome (MERS) and recently the COVID-19. Existing natural compounds, especially those known for their
antiviral activity, may be useful as therapeutic agents against coronavirus infections. This study aims to
review the currently available scientific literature on natural substances of plant origin with promising
antiviral effects against coronaviruses. PubMed, Science Direct and Biomed Central databases were
searched for articles including the keywords "Coronavirus", "SARS-CoV-2" as well as "Alkaloids",
"Polyphenols", "Terpenes" and "Secondary metabolites". 145 research articles published between 2003 and
2020 were selected. The majority of the studies on natural substances acting against coronaviruses were
performed in the last two years: 2020 (31,72%) and 2021 (60,69%) coinciding with the emergence of the
new coronavirus SARS-CoV-2. Most studies were performed by in silico methods with a percentage of
66,67%, 25,45% by in vitro methods and only 7,88% by in vivo tests. Our research resulted in a list of 963
natural substances of plant origin tested against Coronavirus. Polyphenols represent the most tested
secondary metabolites against Coronavirus, followed by terpenes and then alkaloids. Quercetin, Catechin,
Glycyrrhizin, Kaempferol, Rutin, Curcumin, Myrecitin, Apigenin and Hesperidin were the most cited
substances. In the future, we hope that the active ingredients of medicinal plants can be used to treat SARS-
CoV-2 infection in humans.
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1. Introduction

Coronaviruses were first identified in
humans in the 1960s. They are viruses that
cause emerging diseases, i.e., new infections
due to changes or mutations in viruses.
Human coronaviruses mainly cause
respiratory infections, ranging from the
common cold to severe and sometimes lethal
pneumonia (Vabret, Dina, Brison, Brouard, &
Freymuth, 2009).

© CUPMAP. All rights reserved.

Three coronaviruses cause infections that
can be severe or even fatal: severe acute
respiratory syndrome (SARS-CoV) that
appeared in China and caused the 2003
epidemic, Middle East Respiratory Syndrome
(MERS) that caused the 2012 epidemic, and
severe acute respiratory  syndrome
coronavirus-2 (SARS-CoV-2) that causes
coronavirus-2019  (COVID-19)  disease
(Asrani, Hasan, Sohal, & Hassan, 2020).
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In late December 2019, China reported the
emergence of a new infectious disease,
caused by a virus named severe acute
respiratory syndrome coronavirus-2 (SARS-
CoV-2), initially transmitted from animals to
humans and then from humans to humans.
Within a short time, SARS-CoV-2 spread to
other countries, killing thousands of people.
As a result, the World Health Organization
(WHO) has declared the Coronavirus-2019
(COVID-19) disease a pandemic and
currently it is considered the second leading
cause of death after cardiovascular disease.
The WHO states that no effective therapy has
been approved to date for the prevention or
treatment of this disease. Although vaccines
have now been launched, evidence of their
safety and efficacy in the population is still
awaited. This suggests the need to broaden
the scope of research for effective treatments.
Among other therapeutic options, natural
products and derivatives constitute a vast
source of potential drug molecules. Nature
provides a huge well of active ingredients
that remain to be discovered to treat
diseases.

Historically, 80% of clinically important drug
developments are still inspired by these
nature-derived entities. Therefore, products
of natural origin or phytochemicals have
continuously served humanity as a noble
source  of therapeutically important
elements. And these products are of
considerable importance in the event of a
global health crisis and represent one of the
most practical and promising approaches to
reduce the intensity of pandemics through
their therapeutic potential.

The main objective of this study is to review
the currently available scientific literature on
natural substances of plant origin with
promising  antiviral  effects  against
Coronavirus.

2. Material and Methods

2.1. Bibliographic research of the data

The databases used were: PubMed, Science
Direct and Biomed Central. The bibliographic

search and the downloading of articles were
carried out during the period from January 1,
2003 to May 31, 2021.

2.2. Search strategy

First, the keywords of the search equation
were entered in the search engines of the
databases used. We used English keywords
related to the virus such as: "Coronavirus",
"SARS-CoV-2", and related to phytotherapy
and natural compounds sush as: "Alkaloids",
"Polyphenols", "Terpenes" and "Secondary
metabolites". Afterwards, we used the
following filters: between 2000 and 2020,
academic articles, in English. The articles we
included in the research project met the
following criteria:

e Any article design: in silico study, in
vitro trial, ex vivo trial, in vivo trial,
randomized controlled trials, clinical
trials and meta-analyses with full text
available in Open Access or
downloadable;

e Articles written in English or French;

e Articles published during the period
from January 1, 2003 to May 31, 2021.

2.3. Data analysis and exploitation

After downloading the considered articles, a

deep reading was necessary to classify the

articles and note the following informations:
e Year of publication;

Country;

Type of study;

Substance's name;

Substance's Chemical structure;

Substance's plant origin;

Plant's scientific name and botanical

family;

Substance's chemical class;

e Antiviral mechanism of action.

The data collected was then reported on
Excel® and Google Sheets® softwares to
convert the results into graphs and facilitate
the analysis task.
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3. Results and Discussion

A total of 5330 articles were identified by
electronic search on PubMed, Science
Direct, and BioMed Central. A summary of
the study selection process is shown in
Figure 1. 1881 articles were selected based
on title and abstract, and 1368 after

Publffed

%ﬁ ScienceDirect

duplicate removal. At this stage, full texts
were assessed and 1220 articles were
excluded for ineligibility. Finally, 145
studies were included in our study. The
search yielded a list of 963 natural
substances of plant origin tested against
Coronaviruses.
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Figure 1. Articles search and selection’s flowchart.
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Figure 2. Articles distribution by publication’s date.
3.1. Year of publication (31.72%) and 2021 (60.69%), 2004

The majority of the studies on natural
substances acting against Coronaviruses
were carried out in the last two years: 2020

represents the year of the first publication
and the number of articles published
between 2004 and 2020 did not change
significantly Figure 2.
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This finding can be clearly justified by the
emergence of the new coronavirus SARS-
CoV-2 and the universal scope and severity of
the pandemic caused by it compared to the
last two epidemics due to SARS-CoV-1 and
MERS-CoV.

3.2. Country

The states producing the most publications
are the Asian countries mainly India with a
percentage of 35.2% followed by China
(16.6%) then South Korea (9.7%). The other
countries: Egypt, Germany, Nigeria, USA,
Brazil, Taiwan published between 6 and 3
articles and the rest including Algeria
ublished less than 3 articles Figure 3.
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Figure 3. Articles distribution by country.

3.3. Type of study

Most of the studies on Coronaviruses and
natural substances were carried out by the in
silico method with a percentage of 66.67%,
25.45% by in vitro methods and only 7.88%
by in vivo tests Figure 4.

66,67%

A

25,45%
‘ 7,88%
J -
In silico In vitro In vivo

Figure 4. Articles distribution by study’s type.

In silico methods are virtual screening
approaches or methods based on algorithms
developed for screening a large number of
molecules in a shorter time and identifying a
potential drug candidate (Hariprasad
Puttaswamy et al., 2020). The use of these
approaches has increased in the last two
years, which is expected due to:

e The rapid result provided by these
methods;

e The possibility of anticipation and
prediction without the need for raw
materials, extraction or purification;

e The ethical approach that does not
require the use of animals;

e Thelower costs and risks compared to
traditional methods.

3.4. Substance's chemical classes

Of the 963 natural substances mentioned in
the articles studied, polyphenols represent
the most tested secondary metabolites
against Coronavirus with a percentage of
51%, followed by terpenes (29%) and then
alkaloids (18%). The other compounds such
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as some primary metabolites constitute only
2% of the studied substances Figure 5.

Alkaloids
18% ~ Polyphenols

51%

Terpenlas
29%

Figure 5. Molecules distribution by chemical classes.

Polyphenols are natural molecules known to
have antiviral activity against a wide range
of viruses, including HIV-1, HIV-2, HSV-1,
HSV-2, influenza virus, dengue virus, HBV,
HCV, infectious bronchitis virus (IBV),
Murbarg virus, Ebola virus, Newcastle
disease virus (NDV), polio virus-1, lentivirus
and coronavirus.

In the case of the latter, polyphenols act
against coronaviruses using various
mechanisms, including activation or
inhibition of cell signaling pathways or
arrest of the papain-like protease (PL pro)
and the enzyme 3-chymotripsin-like
protease (3CLpro)(Shin, Oh, & Jeong, 2021).

3.5. Botanical family

Of the 963 natural substances mentioned in
the articles studied, the Menispermaceae
represents the most studied botanical family
against Coronavirus with a percentage of
6.4% followed by the Asteraceae (6.3%) then
the Rosaceae (5.6%) and Lamiaceae (5.3%).
The other botanical families present a
percentage lower than 4.5% Figure 6.
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Figure 6. Molecules distribution by origin specie’s

botanical family.
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Table 1. The 10 most quoted natural substances.
Natural substance Chemical class Virus Action mechanism Study design References
Catechin and analogs Polyphenol SARS-CoV Mpro,PLpro. Helicase, protein N, In silico (Allam et al., 2020;
Camellia sinensis SARS-CoV-2 protein S, RBD, ACE2, RdRp, In vitro Arokiyaraj, Stalin, Kannan,
Carica papaya CTSL, Nsp6, Nsp15 and furin In vivo
Mangifera indica
Moringa oleifera

Acacia nilotica
Psidium guajava
Rosa hybrida

Curr. Pers. MAPs

inhibitor.Proteine S
interaction with GRP78 and
replication inhibitor
Reduce cytokine storm
Antioxidant agent

& Shin, 2020; Attia et al.,
2021; Du et al., 2021;
Elsbaey, Ibrahim, Bar, &
Elgazar, 2021; R. Ghosh,
Chakraborty, Biswas, &
Chowdhuri, 2020b; Gogoi
etal, 2021; Gupta et al,,
2020; Halder et al., 2021;
Hariyono, Patramurti,
Candrasari, & Hariono,
2021; Jangetal. 2021;
Jang et al,, 2020; Jena,
Kanungo, Nayak, Chainy, &
Dandapat, 2021; Kumar et
al.,, 2021; Liu,
Raghuvanshi, Ceylan, &
Bolling, 2020; Meyer-
Almes, 2020; Mhatre, Naik,
& Patravale, 2021; Mishra
etal,, 2021; Natesh et al.,
2021; Nguyen et al,, 2021;
Pitsillou, Liang, Hung, &
Karagiannis, 2021;
Pitsillou, Liang, Ververis,
Hung, & Karagiannis,
2021; Roh, 2012; Shin et
al,, 2021; Singh, Sk,
Sonawane, Kar, &
Sadhukhan, 2020; Umar et
al, 2021; Vardhan &
Sahoo, 2021; Yaiiez et al.,
2021; M. Zhao et al,, 2021)
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Quercetin and analogs Polyphenol SARS-CoV Inhibit SARS-CoV-2 cell entry In silico (Arokiyaraj et al., 2020;
Geranii Herba MERS-CoV via ACE2 receptor In vitro Attia et al,, 2021; Azim et
Ephedra sp SARS-CoV-2 Inhibit proteolytic process, In vivo al,, 2020; Du etal,, 2021;
Crocus sativus 3CLpro, PLpro, RdRp and Gao, Song, & Song, 2020;
Allium cepa interaction with HR2 domain Gheware etal,, 2021; K.
Broussonetia papyrifera Decrease inflammation Ghosh, Amin, Gayen, & Jha,
Moringa oleifera factors 2021; Ibrahim et al., 2020;
Psidium guajava Reduces cytokine storm Kumar Verma et al,, 2021;
Camellia sinensis Antioxidant agent Kushwaha et al.,, 2021; Liu
Rosa hybrida etal.,, 2020; Mesli, Ghalem,
Azadirachta indica Daoud, & Ghalem, 2021;
Mangifera indica Meyer-Almes, 2020;
Ginkgo biloba Nguyen et al., 2021; Niu et
Corchorus olitorius al, 2021; Parketal,, 2017;
Justicia adhatoda H. Puttaswamy et al,,
Psidium guyava 2020; Shaji etal,, 2021; P.
Lespedeza cuneata Sharma & Shanavas, 2020;
Polygonum aviculare Shin et al,, 2021; Singh et
Rhododendron aureum al.,, 2020; Umar et al,,
Taxillus kaempferi 2021; Xiong et al,, 2021;
Xu, Gao, Liang, & Chen,
2021; Yanez etal., 2021)
Glycyrrhizin and analogs Terpene SARS-CoV Inhibitor of the inflammatory In silico (F.Chen etal, 2004; L.
Glycyrrhiza uralensis MERS-CoV response / prevents the In vitro Chen et al,, 2020; Ding et
Glycyrrhiza glabra SARS-CoV-2 development of a cytokine In vivo al,, 2020; Diniz, Perez-

storm
Inhibitor of 3CLpro, PLpro,
RdRp, TMPRSS2, protein S,
RBD, ACE2, Nsp1, furin and
Endoribonuclease

Castillo, Elshabrawy, Filho,
& de Sousa, 2021; Gowda,
Patrick, Joshi, Kumawat, &
Sen, 2021; Gurung, Alj,
Lee, Farah, & Al-Anazi,
2021; Hejazi, Beg, Imam,
Athar, & Islam, 2021; Luo
etal, 2020; Muhseen,
Hameed, Al-Hasani, Tahir
ul Qamar, & Li, 2020; Patil
etal, 2021; H.
Puttaswamy et al., 2020; A.
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Kaempferol and analogs
Geranii Herba
Carica papaya

Ephedra sp
Crocus sativus
Senna alexandrina
Broussonetia papyrifera
Moringa oleifera
Mangifera indica
Ginkgo biloba

Justicia adhatoda

Rutin
Withania somnifera
Passiflora incarnata Theobroma cacao

Polyphenol SARS-CoV
MERS-CoV
SARS-CoV-2
Polyphenol SARS-CoV
SARS-CoV-2

Inhibits SARS-CoV-2 cell
entry via ACE2 receptor
Inhibits proteolytic process,
3CLpro, PLpro, RdRp, Nsp14,
Nsp16 and protein S

3CLpro, PLpro, protein E, Nsp
15, ACE2, Endoribonuclease

Reduce cytokines

Sharma, Tiwari, &
Sowdhamini, 2020; Toor,
Banerjee, Lipsa Rath, &
Dariji, 2021; van de Sand et
al,, 2021; Vardhan &
Sahoo, 2020, 2021; Yu et
al,, 2021; Z. Zhao et al,,
2021; Zigolo, Goytia,
Poma, Rajal, & Irazusta,
2021)
In silico (Arokiyaraj et al., 2020;
In vitro Duetal, 2021; Gao et al.,
2020; Gheware et al.,
2021; Hariyono et al,,
2021; Ibrahim et al., 2020;
Mehmood et al., 2021;
Natesh et al., 2021;
Nguyen et al,, 2021; Park
etal, 2017; H.
Puttaswamy et al., 2020;
Shaji et al,, 2021; Singh et
al,, 2020; Umar et al.,
2021; Xiong et al,, 2021;
Yafiez et al., 2021)

In silico

(Attia et al., 2021;
In vitro

Bhowmik et al., 2020; A.
Ghosh, Chakraborty,
Chandra, & Alam, 2021; K.
Ghosh et al., 2021; Kumar
etal,, 2021; Kushwaha et
al, 2021; Liu et al., 2020;
Meyer-Almes, 2020;
Nguyen et al,, 2021; Niu et
al,, 2021; Patil et al., 2021;
Pitsillou, Liang, Hung, et
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Curcumin and analogs
Curcuma longa

Myricetin and analogs
Citrus sinensis
Camellia sinensis
Withania somnifera
Mpyrica penssylvanica
Isatis indigotica
Torreya nucifera
Moringa oleifera

Apigenin and analogs
Carica papaya
Hypericum perforatum
Cocos nucifera

Polyphenol

Polyphenol

Polyphenol

SARS-CoV-2
SARS-CoV
MERS-CoV

SARS-CoV-2

SARS-CoV-2

Inhibitor of interaction of
protein S with GRP78, Mpro,
ACE2, proteinS, RdRp
Decrease inflammation
factors and cytokines
Increase the number of reg T
cells

Inhibitor of Mpro, Nsp 15,
TMPRSS2, RdRp
Reduce cytokines

3CLpro, PLpro, RdRp, Nsp 15,
ACE2, protein S inhibitor

In silico
In vitro
In vivo

In silico
In vitro

In silico
In vitro

Ververis, et al., 2021;
Yafiez et al., 2021; Zigolo
etal, 2021)

(Allam et al., 2020; L. Chen
etal, 2020; A. Ghosh et al,,
2021; Gupta et al., 2020;
Halder etal., 2021;
Ibrahim et al., 2020; Jena
etal, 2021; Kodchakorn,
Poovorawan,
Suwannakarn, &
Kongtawelert, 2020;
Kumar Verma et al.,, 2021;
Nguyen et al,, 2021; Singh
etal., 2020; Tahmasebi et
al,, 2021; Valizadeh et al.,,

2020; Wen et al,, 2007)

(Attia et al.,, 2021; A. Ghosh
etal,, 2021; K. Ghosh et al,,
2021; Gogoi et al.,, 2021;
Kumar et al., 2021;
Nguyen et al,, 2021; Niu et
al,, 2021; Patil et al., 2021;
H. Puttaswamy et al,,
2020; Singh et al., 2020;
Umar et al., 2021; Zigolo et
al, 2021)

(Elsbaey et al., 2021;
Fayed etal., 2021;
Gowrishankar et al., 2021;
Hariyono et al., 2021;
Kumar et al., 2021;
Messaoudi et al.,, 2021;
Natesh et al., 2021;

Nguyen et al.,, 2021; Ryu et
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al,, 2010; Singh et al,,
2020; Xiong et al,, 2021;
Yafiez et al., 2021)

(Duetal, 2021; Gao et al,,
2020; Gheware et al.,
2021; Kumar etal., 2021;
Liuetal, 2020; Nguyen et
al,, 2021; Niu et al., 2021;
Singh et al,, 2020; Xiong et
al,, 2021; Xu et al., 2021;
Yafiez et al., 2021)
(Attia et al.,, 2021; A. Ghosh
etal,, 2021; K. Ghosh et al,,
2021; R. Ghosh,
Chakraborty, Biswas, &
Chowdhuri, 2020a; Gupta
etal,, 2020; Kodchakorn et
al,, 2020; Nguyen et al.,
2021; Patil et al., 2021;
Singh et al., 2020; Vardhan
& Sahoo, 2021; Zigolo et
al,, 2021)
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Luteolin Polyphenol SARS-CoV-2 Inhibitor of 3CLpro, PL pro, In silico
Ephedra sp ACE2, protein S, Nsp14, In vitro
Ginkgo biloba Nsp15, RdRp, TMPRSS2
Justicia adhatoda Reduces cytokines
Hesperidin and analogs Polyphenol SARS-CoV-2 Mpro, Nsp 1, Insilico
Citrus sinensis Endoribonuclease, RdRp, In vitro
Withania somnifera TMPRSS2, S protein inhibitor
Isatis indigotica Blocks the 3a channel protein
Reduces ARDS
Curr. Pers. MAPs 137
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3.6. Antiviral mechanism of action

Most of the studies on natural substances
acting against coronaviruses showed that
several metabolites acted by inhibition of the
main protease (Mpro) with a percentage of
43.71%, others by inhibition of the viral
protein RNA-dependent RNA polymerase
(RdRp), the angiotensin converting enzyme
(ACE2), the surface protein (protein S) or by
the inhibition of the papain-like protein
(PLpro). Other studies do not show by which
mechanisms these secondary metabolites
acted against coronavirus.

13,50
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Mpro S protein
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Figure 7. Molecules distribution by action’s
mechanism.

3.7. Most cited substances

Taking into account the citation’s frequency
in the articles, we ranked the 10 most cited
substances (mentionned in more than 3
studies) in descending order (Table 1). Out of
these 963 substances, catechins are the most
cited compounds (29), followed by quercetin
(25), glycyrrhizin (19) and kaempferol (16).
The other substances had a lower mention’s
frequency.

3.7.1. Polyphenols
e Quercetin

Quercetin is a flavonoid widely present in the
plant kingdom, found in grapefruit, onions,
apples and black tea. A lesser amount exists
in green leafy vegetables and beans.
Quercetin has a range of pharmacological
activities as an antioxidant and anti-

inflammatory  agent. An  experiment
confirmed that quercetin could enhance
ligand-induced apoptosis of senescent
idiopathic pulmonary fibrosis fibroblasts and
reduce pulmonary fibrosis in vivo (Xu et al,,
2021).In 2017, an in vitro study showed that
quercetin and quercetin-B-galactoside can
inhibit the activity of viral proteases (3C-like
protease=3CL pro and PL pro) of SARS-CoV
and MERS-CoV (Parketal., 2017). In addition,
recent studies (in silico and in vitro) have
reported the potential inhibitory effects of
quercetin and these analogues on the main
protease of SARS-CoV-2 (Attia et al., 2021;
Kushwaha et al., 2021; Meyer-Almes, 2020;
Nguyen et al,, 2021; Umar et al., 2021; Xiong
etal, 2021).

Another docking technique was also used to
further define the inhibitory activity of the
glycosides of this flavonol. This technique
revealed that quercetin 3,5-digalactoside
recorded the lowest binding energy with
Mpro. It was observed that flavonols with two
glucose moieties recorded lower binding
energy (LE) than flavonols with one or three
glucose moieties (H. Puttaswamy et al,
2020).

Quercetagenin, another flavonol could
effectively inhibit SARS-CoV-2 replication in
vitro by 58% with an IC50 of 145 pM. It has
also been reported that quercetin and
quercetin  3-(6-malonylglucoside) could
reduce SARS-CoV-2 entry by blocking ACE2
activity (Mesli et al., 2021; Xu et al,, 2021).
Quercetin analogs can also bind to RdRp and
PL pro (Gheware et al, 2021; Singh et al,
2020).

e Rutin

Rutin flavonoid isolated from the extract of
different medicinal plants such as Withania
somnifera, Passion flower and Theobroma
cacao (A. Ghosh et al, 2021; Yafiez et al,
2021) has various biological activities,
including anti-inflammatory and antiviral
activities. Studies have shown that rutin has
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antimicrobial activity and, through in silico
studies, possible inhibitory activity of several
proteins essential for SARS-CoV-2 to
complete its viral cycle. However, its antiviral
spectrum is broader and it is experimentally
tested as an antiviral agent against
retroviruses, orthomyxoviruses, herpes
viruses, hepatitis B and C viruses and HIN1
influenza virus.

Other experiments performed by different
researchers mention that rutin can be used as
a potential inhibitor of Mpro and ACE2 of
COVID-19(Bhowmik et al., 2020; A. Ghosh et
al, 2021; Kumar et al.,, 2021; Meyer-Almes,
2020; Patil et al., 2021; Yanez et al.,, 2021). In
addition, in vitro enzyme inhibition assays
also showed that rutin had inhibitory activity
against SARS-CoV 3CLpro since the 3CLpro
sequence of SARS-CoV-2 is very similar to
that of SARS-CoV (Liu et al., 2020; Nguyen et
al,, 2021).

o Kaempferol

Kaempferol is a flavonol that can be extracted
from several plants namely Moringa oleifera,
Carica papaya and Ephedra sp (Gao et al,
2020; Hariyono et al, 2021; Umar et al,
2021). In an in vitro study, kaempferol
extracted from Broussonetia papyrifera was
identified as an inhibitor of viral proteases
(PL pro and 3CL pro) in both SARS-CoV and
MERS-CoV (86). Studies have recently begun
to focus on SARS-CoV-2 infection, kaempferol
and its analogues have been tested against
various coronavirus target proteins such as
3CL pro, RdRp, ACE2 and protein S both in
silico and in vitro (Du et al., 2021; Gao et al,,
2020; Ibrahim et al., 2020; Mehmood et al,,
2021; Natesh etal., 2021; Nguyen et al,, 2021;
Umar et al., 2021; Xiong et al., 2021).

e Myricetin

Myricetin is a flavonol that can be extracted
from Isatis indigotica, Torreya nucifera or
Moringa oleifera (M, Reddy, Hema, Dodoala,
& Koganti, 2021; Umar etal., 2021). Myricetin

and its analogues have been tested against
Mpro, RdRp, Transmembrane serine
protease 2 (TMPRSS2), endoribonuclease
and IL-6 both in silico and in vitro. They
showed good docking scores especially
against TMPRSS2 and RdRp (A. Ghosh et al,,
2021; Kumar et al,, 2021; M. Reddy et al,
2021; Nguyen et al., 2021; Niu et al,, 2021; H.
Puttaswamy et al., 2020; Singh et al., 2020;
Umar et al,, 2021). According to an in vitro
study, the absence of hydroxyl groups in the
C3 and C4 B-ring was the reason for the lower
inhibitory activity of kaempferol and
quercetin than myricetin (Nguyen et al,
2021).

e Naringenin

Naringenin is a flavonone extracted mainly
from Citrus fruits, Isatis indigotica. It has been
reported as an antiviral agent against Zika
virus (Attia etal., 2021; R. Ghosh et al., 2020a;
M. Reddy et al,, 2021). Naringenin showed no
inhibitory effect against Mpro of SARS-CoV
(R. Ghosh et al.,, 2020a). In contrast, it scored
good docking against Mpro, TMPRSS2 and
RdRp of SARS-CoV-2( M. Reddy et al,, 2021;
Singh et al, 2020; Yanez et al, 2021).
Naringin, a heteroside of naringenin, also
showed good scores with Mpro and non-
structural protein 15 (Nsp 15) (Kumar et al,,
2021; Yafiez et al., 2021).

e Hesperidin

Hesperidin and its aglycone hesperitin are
flavonones extracted mainly from Citrus
fruits. Hesperidin has antimicrobial, anti-
inflammatory, cardiovascular and
antidiabetic (Type II) effects (K. Ghosh et al,,
2021). Several studies have noted the
possible inhibitory activity of hesperidin and
hesperitin against various proteins target
namely Mpro, TMPRSS2 and RdRp (R. Ghosh
et al., 2020a; Kodchakorn et al., 2020; M.
Reddy et al., 2021; Nguyen et al., 2021; Singh
et al.,, 2020; Varghese et al., 2021).
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In the flavanones group, the order of M pro
inhibitory activity was naringin < hesperidin
< naringenin. Naringenin is glycosylated
naringin. However, its inhibitory activity was
3.2 times higher than that of naringin.
Hesperidin, which contained 7-OH
glycosylation at the A ring like naringenin
and the methoxy group at the 5’ position of
the B ring, was found to have higher
inhibitory activity than naringin but lower
inhibitory  activity = than  naringenin,
indicating that glycosylation at the C7
position enhanced the inhibitory effect of M
pro. In contrast, the methoxy group at C5' in
the B ring reduced its inhibitory activity
(Nguyen et al.,, 2021).

e Catechins and gallate catechins

Catechins are polyphenols, more precisely
they are part of the flavonoid family; the
subclass of flavanols, present in some foods,
including green tea (Camellia sinensis) and
Carica papaya. The effect of catechin and its
analogues in the inhibition of SARS-CoV-2
associated coronavirus replication has been
recently studied and various mechanisms of
action have been attributed to the antiviral
activities of catechin, such as inhibition of
protein S, RdRp, ACE2 and Mpro (R. Ghosh et
al., 2020b; Halder et al., 2021; Hariyono et al.,
2021; Jena et al,, 2021; Meyer-Almes, 2020;
Singh et al., 2020).

In an in silico study, catechins extracted from
Mangifera indica and Moringa oleifera were
identified as potent inhibitors of Mpro with a
very high docking score (Umar et al.,, 2021).
In addition, epicatechin is a structural
analogue of catechin that exhibits in addition
to other inhibitory effects, the ability to
inhibit furin, protein N and Nsp6 (Mishra et
al,, 2021; Vardhan & Sahoo, 2021).

Epigallocatechin gallate (EGCG), the main
catechin in green tea, is known to exert
antiviral activity against several types of
viruses including herpes virus, hepatitis virus
and influenza A virus. In silico studies to test

antiviral activity against SARS-CoV-2 showed
that epigallocatechin gallate bound well to
key targets including Spike, 3CLpro, PLpro
and RdRp (R. Ghosh et al., 2020b; Mhatre et
al, 2021). In addition, in vitro studies have
confirmed its efficacy in inhibiting replication
and reducing cytokine storm (Shin et al,
2021; M. Zhao et al., 2021).

e Curcumin

Curcumin and its analogues are the main
constituents of turmeric (Curcuma longa L.)
and other Curcuma spp. which are widely
used around the world as a culinary spice,
popular dietary supplement ingredient as
well as in traditional medicine due to its wide
range of health benefits including anti-
inflammatory, anti-cancer, cardiovascular,
respiratory and immune benefits. In addition,
the suppression of several cytokines by
curcumin has suggested that it may be a
useful approach in treating Ebola patients
against the cytokine storm. Curcumin has a
variety of antiviral activities against dengue
virus, herpes simplex virus, Zika virus and
chikungunya virus. CC also inhibits
aminopeptidase N (APN) which has been
identified as a cellular receptor for alpha CoV
(L. Chen et al., 2020; Halder et al., 2021).

Another study showed that curcumin could
effectively inhibit the major protease of
SARS-CoV in Vero E6 cells in vitro (Wen et al.,
2007). Recently numerous researches have
shown its potential inhibitory power against
SARS-CoV-2 Mpro both in silico and in vitro
(A. Ghosh et al., 2021; Halder et al., 2021). In
an in vitro study with curcumin and its
analogues, the order of inhibitory effects was
bisdemethoxycurcumin < curcumin <
dimethylcurcumin. In this group, curcumin
contained two methoxy groups (C2’ and C4")
and showed higher inhibitory activity on M
pro than did bisdemethoxycurcumin, which
did not have the methoxy group. However, its
inhibitory activity was lower than that of
dimethylcurcumin, which contained a C2’
methoxy group(Nguyen et al, 2021). Two
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double-blind randomized controlled trials
showed a significant increase in regulatory T
cells and a decrease in cytokine levels (IL-6,
IL-18) as well as an attenuation in the
mortality rate in severe patients. Curcumin
has major problems of water solubility, high
metabolism and rapid excretion from the
body. This is solved by the nanoscale
formulation namely nanocurcumin
(Tahmasebi et al., 2021; Valizadeh et al,
2020). Further molecular docking studies
revealed that curcumin can also bind to
RdRp, ACE2 and protein S (Jena et al,, 2021;
S. Singh et al,, 2020).

e Luteolin

Luteolin is a flavonoid and more specifically a
flavone. It has multiple biological activities,
including anti-inflammatory, anti-cancer,
anti-oxidant, antiviral and cardiac protective.
It has been reported that luteolin can
interfere with the virus at the beginning of its
life cycle, to some extent blocking the
absorption and internalization of the flu
virus. In addition, various studies have
confirmed that luteolin inhibits the
NS2B/NS3 protease activity of the dengue
virus. It was also documented that luteolin
has an anti-Epstein-Barr virus (EBV) effect.
An in silico study showed that luteolin
extracted from Ephedra sp and Ginkgo biloba
is an inhibitor of SARS-CoV-2 3CLpro. Other
studies have also shown that this compound
is a potent inhibitor of ACE2 and RdRp.
Overall, luteolin has a good antiviral effect,
suggesting that luteolin may be a potential
drug for the treatment of COVID-19 and their
actual effect in the treatment of this disease
needs to be verified by further studies (Du et
al.,, 2021; Gao et al.,, 2020; Kumar et al,, 2021;
Liu etal., 2020; Singh et al., 2020; Xiong et al.,
2021; Yafiez et al,, 2021).

Luteolin-7-glucoside (Yanez et al, 2021),
Luteolin-6-C-arabinosid, Luteolin-6-C-
glucoside, Luteolin-6C-glucoside-8C-
arabinoside and Luteolin-6-8-di-C-
arabinoside are luteolin analogues isolated

from Justicia adhatoda extract (Gheware et
al., 2021). They also exhibit antiviral activity
against SARS-CoV-2.

e Apigenin

Apigenin is a compound of the flavonoids
family, ~which has anti-inflammatory
properties. An in silico study done by
Indonesian researchers on Carica papaya
showed the antiviral activity of this natural
substance such as the inhbition of Mpro,
PLpro and RdRp. In addition, several studies
on different apigenin analogues such as
Apigeninidin 5-O-glucoside, apigenidin and
6,6'-biapigenin have shown their antiviral
efficacy against SARS-CoV-2 via inhibition of
Mpro and RdRp (Elsbaey et al., 2021; Ryu et
al,, 2010).

e (Caffeic acid

Caffeic acid is a polyphenol, naturally present
in all plants as it is a key intermediate in
lignin biosynthesis. An in silico study by
Indonesian researchers showed that caffeic
acid extracted from Carica papaya decreases
the inflammatory factors of SARS-CoV-2
(Hariyono et al,, 2021). Other in silico studies
have confirmed that this compound acts as an
inhibitor of Mpro and RdRp (Adem et al,
2021; Bhowmik et al.,, 2020; Kumar et al,,
2021; Nguyen et al., 2021; Singh et al., 2020;
Umar et al., 2021; Yafiez et al., 2021).
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3.7.2. Terpenes
e Glycyrrhizin

Glycyrrhizin also called glycyrrhizic acid is a
triterpene saponin extracted mainly from the
root of Glycyrrhiza glabra (licorice) and
Glycyrrhiza uralensis. A large number of
studies have shown that licorice and its
components have a protective effect on
inflammation and lung damage and it is a
promising medicinal plant for the treatment
of SARS infections. In addition, glycyrrhizin
was active against other viruses such as
varicella-zoster virus, herpes simplex virus
and dengue virus. It is an effective hepato-
protective substance in patients with chronic
hepatitis C and can protect against a variety
of liver diseases such as chronic viral
hepatitis, drug-induced and chemical-
induced liver damage, non-alcoholic fatty
liver, autoimmune hepatitis and
hepatocellular carcinoma. It is also used for
the treatment of skin inflammation.

The effect of glycyrrhizin in inhibiting the
replication of SARS-CoV-2 associated
coronavirus has been recently studied and
various mechanisms of action have been
attributed to the antiviral activities of
glycyrrhizin, such as inhibition of
endoribonuclease (Patil et al, 2021),
inhibition of Mpro, PLpro, RBD, RdRp and
ACE2, inhibition of protein S and accessory
protein Nspl and inhibition of TMPRSS2
(Muhseen et al., 2020; H. Puttaswamy et al,,
2020; A. Sharmaetal., 2020; Tooretal., 2021;
van de Sand et al.,, 2021; Vardhan & Sahoo,
2020; Yu et al, 2021). In addition,
glycyrrhyzin plays an important role in
inhibiting immune hyperactivation and the
development of cytokine storm factors (Yu et
al,, 2021).

18B-glycyrrhetinic acid is active against
SARS-CoV, SARS-CoV-2 and MERS-CoV by
acting on the inhibition of Mpro (Diniz et al.,
2021; Vardhan & Sahoo, 2021; Zigolo et al,,

2021). Glycyrrhetinic acid is the aglycone of
glycyrrhizin (Luo etal,, 2020).

e Andrographolide

Andrographolide is the major active
component isolated from the extract of the
herb Andrographis paniculata (Banerjee et
al,, 2021; Sa-Ngiamsuntorn et al,, 2021). This
labdane-type diterpene lactone possesses a
wide range of biological activities, including
antiviral, antibacterial, antiparasitic,
antitumor, and promotive antidiabetic
potential. Previous studies have shown that
andrographolide possesses a broad spectrum
of antiviral properties, which inhibits various
viral infections, including influenza A virus,
human immunodeficiency virus (HIV),
Chikungunya virus (CHIKV), dengue virus
(DENV) by acting on GRP78 and Enterovirus
D68 (EV-D68. Andrographolide induces
endoplasmic reticulum (ER) stress leading to
cancer cell death by apoptosis via induction
of increased levels of reactive oxygen species
(ROS) that can inhibit virus-induced
carcinogenesis (Shi et al., 2020). Additional
inhibitory effects of andrographolide include
those of cell migration, invasion, matrix
metalloproteinase expression, anti-
angiogenesis, autophagy, and pathway
dysregulation have been reported for
inflammatory disorders, including cancer.

In addition, in silico studies to test antiviral
activity against SARS-CoV-2 also showed that
andrographolide bound well to key targets,
including Spike protein, 3CLpro, and PLpro,
indicating that andrographolide has potential
efficacy against SARS-CoV-2 (Banerjee et al,,
2021; Kodchakorn et al, 2020; Sa-
Ngiamsuntorn et al., 2021; Shi et al.,, 2020;
Verma et al, 2021). Overall, as a plant-
derived compound, andrographolide is
widely distributed with low cytotoxicity, but
its potent antiviral activity against a variety
of viruses requires further investigation.
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e Artemisinin

Artemisinin is the main active component of
Artemisia annua. It is a sesquiterpenic
lactone. Artemisinin is an ancient
antimalarial drug, has saved millions of lives,
and has been reported to have multiple
pharmacological activities, including
anticancer, antiviral and immune
modulation.

In an in vitro study, artemisinin was chosen to
test their anti-SARS-CoV-2 potential using
African green monkey kidney Vero E6 cells.
Cytotoxicity assays were performed prior to
the antiviral assay to determine the
cytotoxicity of the selected compounds, and
viral RNA copies in the supernatants were
determined by quantitative real-time PCR
(gRT-PCR) to determine the antiviral effects
of the compounds. The results of this study
show that artemisinin and its derivatives:
Arteannuine B showed the highest anti-
SARS-CoV-2 potential with an EC50 of 10.28
+1.12 M.

Artesunate and dihydroartemisinin showed
similar EC50 values of 12.98 + 5.30 M and
13.31 + 1.24 M, respectively, which could be
achieved clinically in plasma after
intravenous administration. Further mode of
action analysis revealed that arteannuine B
and lumefantrine acted in the post-entry
stage of SARS-CoV-2 infection. This research
highlights the anti-SARS-CoV-2 potential of
artemisinin and provides leading candidates
for anti-SARS-CoV-2 drug research and
development (Cao et al., 2020). Other in silico
studies have shown that this chemical
compound is a potent inhibitor of BRD2 and
the accessory protein Nspl(Aydin, Altinel,
Erdogmus, & Son C, 2021; Gupta et al., 2020;
Lietal, 2021).

3.7.3. Alkaloids

Since the discovery of this class of natural
products, several biological activities
associated with alkaloids have been reported,

including analgesic, antibacterial, antifungal,
anti-inflammatory, anticancer and antiviral.
Among the alkaloids that have antiviral
activity is berberine (Fielding, da Silva Maia
Bezerra Filho, Ismail, & Sousa, 2020).

e Berberin

Berberin is an isoquinoline alkaloid derived
from the Chinese herb Coptis chinensis and
plants of the genus Berberis. Its broad
biological properties identified in preclinical
studies include anti-inflammatory, anti-
arrhythmic, antimicrobial and cholesterol-
lowering activity. Berberin has broad-
spectrum antiviral activity in vitro against
viruses from several different families,
including influenza A virus, enterovirus,
chikungunya virus, hepatitis B and C viruses,
HIV, respiratory syncytial virus, human
cytomegalovirus, herpes simplex virus, and
human papilloma virus (Varghese et al,
2021).

In one study, Berberin showed good binding
activities to the S1 subunit of SARS-CoV-2.
Then, to determine whether this compound
may be a candidate for broad-spectrum anti-
coronavirus activity, they performed further
evaluation on the S1 subunits of MERS-CoV
and SARS-CoV. The results showed similar
binding activity with the S1 subunit of MERS-
CoV but reduced affinity for SARS-CoV(Yu et
al,, 2021). In addition, Berberin showed good
docking scores against Mpro and Nsp 15
(Kumar et al.,, 2021; Zigolo et al.,, 2021).

Another  study  identified potential
therapeutic targets for berberine against
SARS-CoV and SARS-CoV-2 using computer
modeling. The most important targets for
berberine include NF-kB and MAPK, which
are cytokine storm-regulating proteins, and
CASP and BAX, which are relevant targets for
preventing tissue damage by suppressing cell
death signaling pathways. Thus, they
demonstrated for the first time that berberin
significantly reduces viral replication,
suppresses viral entry of the host receptor
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ACE2 and TMPRSS2, and decreases
inflammatory markers, including IL-6, IL-8,
IL-1a, and CCL2 in SARS-CoV-2-infected
Calu3 cells (Wang et al,, 2021). Berberin has
also shown efficacy against SARS-CoV-2 at
low micromolar concentrations in vitro in
Vero E6 cells (Varghese et al, 2021). In a
randomized  controlled trial of 39
hospitalized patients with severe COVID-19
grouped into 2 groups, the first received
berberin plus routine treatment within 14
days of admission and the control group
received only routine treatment. No
significant  differences were observed
between the 2 groups in the trend of IL-6,
TNF-a, CRP, procalcitonin, and white blood
cell levels within 14 days. In subgroup
analyses of patients with diarrhea, berberine
significantly improved changes in IL-6, TNF-
a, and CRP levels. They hypothesized that

berberin may reduce serum levels of
inflammatory  mediators through the
protection and maintenance of

gastrointestinal function (Zhang et al., 2021).

4. Conclusion

Natural products have long been used as a
treasure trove of drug discovery. These
structurally diverse molecules exert a wide
range of pharmacological activities, including
exceptional antiviral activity. Considerable
effort has been devoted to the development
of anti-coronavirus drugs from natural
products, particularly in the context of global
public health challenges such as the SARS-
CoV outbreaks in 2003 and the current SARS-
CoV-2. In order to provide a more systematic
understanding of the research on anti-
coronavirus activity of natural products, we
have reviewed the relevant studies to date,
and summarized the properties of many
natural bioactive molecules according to
their chemical family, mechanism of action...
Most of these natural products are listed as
inhibitors against SARS-CoV and SARS-CoV-2
and some molecules act on MERS-CoV.

This study compiled data on different types of
phytoconstituents with antiviral activity

against  coronaviruses as well as
phytoconstituents with affinities against
SARS-CoV-2 therapeutic targets such as
RdRP, 3CLpro, PLpro and host cell targets
such as ACE-2, mainly based on
computational screening methods. Among
these substances, polyphenols, terpenes and
alkaloids showed very encouraging anti-
coronavirus activity, which could provide a
large number of promising candidates for
anti-coronavirus drug development and offer
potential weapons against SARS-CoV-2 in the
current dilemma.

However, further in vivo and in vitro studies
are needed to confirm the bioactivity of these
compounds against COVID-19.

Overall, the development of
phytopharmaceuticals as an alternative
approach could be considered a viable
therapeutic option against SARS-CoV-2 in the
current COVID-19 pandemic.
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