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Abstract: Background: Coronavirus Disease 2019 (COVID-19), one of the greatest challenges facing
humanity, continues to affect millions of people worldwide. Vaccines approved and authorized for use are
effective against COVID-19, but viral variants of concern may emerge in the near future. The discovery
of novel antiviral agents will help humanity overcome COVID-19 and aid in any future viral pandemics.

Objective: This review aimed to evaluate evidence from the plant- and seaweed-derived secondary com-
pound-based interventions for viral diseases caused by coronaviruses.

Methods: A comprehensive search of several databases, including Cochrane Library, Web of Science and
PubMed was conducted to identify available studies evaluating the outcomes of plant- and seaweed sec-
ondary metabolites in viral diseases such as Severe Acute Respiratory Syndrome, Middle East Respirato-
ry Syndrome and COVID-19.
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Results: The volume of existing reports is irrefutable evidence that some plant- and seaweed-derived
secondary compounds (e.g., mannose-specific lectins, griffithsin, cyanovirin-N, gallate, curcumin, luteo-
lin, quercetin and betulinic acid) possess a potential antiviral ability against coronaviruses, including
SARS-CoV-2.
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Conclusion: Plant and seaweed secondary metabolites with antiviral activity show their activity in differ-
ent metabolic pathways. Besides reducing and preventing the metabolic damage caused by proinflamma-
tory cytokines and oxidative stress, several plants and seaweed secondary metabolites can also be effec-
tive in improving some clinical indexes specific to COVID-19. Despite their effectiveness in preclinical
studies, plant and seaweed-derived secondary compounds need more pharmacokinetic studies and safety
measures concerning their mitogenic and allergenic properties.

Keywords: COVID-19, SARS-CoV-2, phytochemicals, griffithsin, cyanovirin-N, lectins.

1. INTRODUCTION people worldwide in a very short time. Due to the COVID-
19 outbreak caused by SARS-CoV-2, the World Health Or-
ganization (WHO) declared the outbreak of COVID-19 to be
a Public Health Emergency of International Concern. Over
250 million confirmed COVID-19 cases had caused over 5

million deaths worldwide as of 10 November 2021, and the-

Coronaviruses (CoVs) are the largest family of viruses
that cause diseases in animals and humans [1]. The history of
CoVs began in the 1940s, but the identification of the first
human CoVs was reported in the 1960s as causative agents
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for mild respiratory infections [2]. Severe Acute Respiratory
Syndrome (SARS) and Middle East Respiratory Syndrome
(MERS) caused by the SARS-CoV-1 and MERS-CoV virus-
es revealed the lethal effect of coronaviruses for the first
time in 2003 and 2012 [3]. However, in 2020, the world
faced the lethal effect of coronaviruses so clearly for the first
time. The novel and deadly coronavirus strain, named Severe
Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2),
has infected millions and killed hundreds of thousands of
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se numbers are growing daily [4].

Effective and safe COVID-19 vaccines were developed,
but the vaccination rate in low-income countries is still very
low. The virus is moving faster than the global distribution
of vaccines. In addition, the effectiveness of vaccines against
viral variants will always be a matter of concern, although
not currently. Thus, it is essential to fight against COVID-19
not only with the vaccine but in all possible ways. Specific
nutritional compounds, such as plant and seaweed secondary
metabolites, can be essential agents in the fight against
COVID-19. As a result, identifying nutritional compounds
that can be effective against COVID-19 is of considerable
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importance for global health. In light of this, this review
aimed to evaluate evidence from previous research that stud-
ied plant and seaweed secondary metabolites-based interven-
tions for viral diseases (especially SARS, MERS and
COVID-19) and summarised our observations.

2. PLANT-DERIVED SECONDARY COMPOUNDS

Plant chemicals are generally divided into primary and
secondary metabolites. Primary metabolites, such as pro-
teins, carbohydrates, fats and vitamins, are involved in vital
activities (growth, metabolism activity, and reproduction) in
human metabolism. Secondary metabolites (phenolic com-
pounds, terpenes steroids, alkaloids, and organosulfur com-
pounds) are produced from primary metabolites by biosyn-
thetic means and are involved in important biological pro-
cesses like primary metabolites [5]. Plant secondary metabo-
lites (PSMs) have an important role in preventing chronic
diseases and acute viral, and bacterial diseases and are of
crucial pharmacological importance. Some PSMs may also
effectively reduce and prevent the metabolic damage caused
by proinflammatory cytokines and oxidative stress, which
are increased in viral diseases such as COVID-19.

The experiences in the treatment of SARS or MERS dis-
ease, by both conventional medicine and plant-based medi-
cine, also have considerable significance in the treatment of
patients infected with SARS-CoV-2. In this context, Tradi-
tional Chinese Medicine has an important place in plant-
based therapy. In the literature, there are studies in which
different plant extracts were tested against MERS, SARS-
CoV-1 and SARS-CoV-2 (Table 1). In one of these studies
[6], more than 200 extracts from Chinese medicinal herbs
were evaluated for anti-SARS-CoV-1 activity using a cell-
based assay, and the findings suggested that six herbal ex-
tracts (Dioscoreae Rhizoma, the tuber of Dioscorea batatas;
Loranthi Ramus, the dried stem, with the leaf of Taxillus
chinensis; Gentianae Radix, the dried rhizome of Gentiana
scabra; Cassiae Semen, the dried seed of Cassia tora; and
two forms of Rhizoma Cibotii, the dried rhizome of Cibotium
barometz) may have a potential as candidates for the future
development of anti-SARS therapeutics. On the other hand,
extracts from Lycoris radiata, Lindera aggregate, Artemisia
annua, Pyrrosia lingua (7], Isatis indigotica [8], Houttuynia
cordata [9], Laurus nobilis [10], Rheum palmatum [11], Al-
nus japonica [12], Cinnamomi Cortex [13] and Psoralea
corylifolia [14] have been identified to show antiviral activi-
ty against SARS-CoV-1 in different studies. However, de-
spite all evidence, it is not currently possible to recommend
any herbs and nutraceuticals for therapeutic purposes due to
the methodological deficiencies in the studies examined (un-
certain composition/combination of herbal products, un-
standardized duration of use, shortcomings in the evaluation
of measurable laboratory parameters, combined and un-
known plant content). However, it should not be ignored that
some nutraceuticals or herbs may effectively prevent com-
plications from the cytokine storm caused by COVID-19. In
a meta-analysis [15], the effectiveness of Traditional Chinese
Medicine administered in addition to pharmacological treat-
ment (e.g., lopinavir, alpha-interferon, ribavirin and arbidol)
against COVID-19 was evaluated. According to this meta-
analysis [15], Traditional Chinese Medicine that is applied in
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addition to pharmacological treatment has positive effects on
COVID-19 symptoms, such as fever, cough, sputum remov-
al, fatigue, chest tightness and anorexia.

As with herbs and nutraceuticals, PSMs that are effective
against SARS-CoV-1 and MERS-CoV may have potential
effects against SARS-CoV-2. To date, the effectiveness of
PSMs against SARS, MERS, and COVID-19 has been tested
with different experimental methods. Wen et al. [16] evaluat-
ed 221 PSMs for activity against SARS-CoV-1 activity using
a cell-based assay measuring SARS-CoV-1 induced cytopath-
ogenic effect on Vero E6 cells. According to this study, betu-
linic acid, curcumin, savinin, specific abietane-type diterpe-
noids, and lignoids exhibited strong anti-SARS-CoV-1 effects.
In another study, the antiviral activity of resveratrol was as-
sessed in MERS-infected Vero E6 cells, and the findings
showed that resveratrol significantly inhibited MERS-CoV
infection and prolonged cellular survival after virus infection.
It was also found that the expression of nucleocapsid protein
essential for MERS-CoV replication decreased after resvera-
trol treatment, and resveratrol downregulated the apoptosis
induced by MERS-CoV in vitro [17]. In addition to these
compounds, Glycyrrhizin derivatives [18-20] and emodin [21]
have also been reported to have antiviral activity against coro-
naviruses in studies that used Vero E6 cells.

Due to the high cost in time and money of clinical and
laboratory trials, as well as the possibility of error, different
bioinformatics techniques, such as chemical stability, molec-
ular docking, target point determination, and simulation, are
nowadays used in testing the effectiveness of PSMs against
viruses and for the design of new drugs. In a bioinformatic
study designed by Mohammadi and Shaghaghi [22], the ef-
fectiveness of eight different plant-derived secondary metab-
olites (diallyl Sulfide/garlic, curcumin/turmeric, capsai-
cin/spicy pepper, limonene/cardamom, thymol/pennyroyal,
coumarin/liquorice, verbascoside/hedge nettle, and glucuron-
ic acid/tragacanth) against COVID-19 was evaluated using
the molecular docking technique. It was stated that all tested
compounds could interact with important amino acids in the
enzyme flap to inhibit the novel coronavirus (SARS-CoV-2)
protease enzyme. Among these secondary metabolites, cur-
cumin has the strongest interaction with the protease enzyme
of SARS-CoV-2. In another similar study [23], 18 dietary
molecules, namely, epigallocatechin gallate (EGCG), piper-
ine, beta-glucan, curcumin, phycocyanobilin, apigenin, gin-
gerol-a [6], resveratrol, myricetin, ferulic acid, quercetin,
alliin, allicin, genistein, daidzein, sulforaphane , and alpha-
lipoic acid, were evaluated by molecular docking, and the
effectiveness of the 18 compounds were compared with
Food and Drug Administration (FDA) approved drugs
(Remdesivir and Chloroquine) that are currently being used
in COVID-19. EGCG, quercetin, curcumin, genistein, beta-
glucan, myricetin, and daidzein were found as active agents
against COVID-19. Among these dietary molecules, epigal-
locatechin gallate was found as the most active agent against
COVID-19, and the computed activity of EGCG was also
found to be higher than that of both reference drugs,
Remdesivir and chloroquine. Based on these results, a diet
consisting of green tea (ECGGQG), turmeric (curcumin), cham-
omile tea (apigenin), parsley (apigenin), grain oats, and grain
barley (beta-glucan) can provide functional protection
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Table 1. Potential plant secondary metabolites for preventing coronaviruses including SARS-CoV-2 and their effectiveness.
References Virus PSM Experimental Model Main Results
The compounds extracted from L. radiata, L. aggregata, A.
Lietal SARS Artemisia annua, Lindera annua and P. lingua have been identified to show antiviral activ-
etal. -
2005 [7] CoV-1 aggregata, Lycoris radiata and Vero E6 ity against SARS-CoV in Vero cell-based CPE/MTS screening.
Pyrrosia lingua. In addition, Lycoris radiata was the most potent among the four
compounds.
Isatis indigotica, five major
compounds of the /. indigoti
pou . ”’f lg.o e The results have demonstrated significantly inhibitory effects on
root (beta-sitosterol, indican, T .
e . SARS-CoV-1 3CLpro by 1. indigotica root extract, aloeemodin,
. indirubin, indigo and sinigrin) .. . S . .
Lin et al. SARS- . indigo, hesperetin and sinigrin in the micromolar range. Particu-
and several phenolic com- Vero cells o
2005 [8] CoV-1 ounds (aloeemodin larly, the cell-based assay demonstrated that sinigrin and hes-
pou L peretin could be potential inhibitors of SARS-CoV-1 3C-like
chrysophanol, daidzein,
. . . protease.
emodin, hesperetin, quercetin
and naringenin)
Lau et al. SARS- ‘ Balb/c mice, lympho- Houttuynia cordatfz exhibited significant inhibitory effects on
Houttuynia cordata extract SARS-CoV-1 3C-like protease and RNA-dependent RNA pol-
2008 [9] CoV-1 cytes
ymerase.
C ] .
“p ress'us s'emp er'vzrens 5P L. nobilis oil exerted an interesting activity against SARS CoV-
pyramidalis, Juniperus ox- .
. 1 with an IC50 value of 120 pg/mL. It was also reported that
Loizzo et al. SARS- yeedrus ssp. oxycedrus, Laurus . . ..
. ; Vero cells anti-herpetic activity of S. thymbra and J. oxycedrus ssp. Ox-
2008 [10] CoV-1 nobilis Satureja thymbra, Sal- . . . .
L . . . yeedrus oils providing a potential use of these oils for treatment
via officinalis, Thuja orientalis . . .
. . . of viral infectious diseases.
and Pistacia palaestina.
Extracts from RA Imatum L. h; high level of inhibito-
Luo et al. SARS- Compounds derived from * rac's' rom . eum parmatimn avea e .eve o mibroe
FRET ry activity (inhibition rate was up to 96%) against SARS coro-
2009 [11] CoV-1 Rheum palmatum L. R .
navirus 3C-like protease.
Of the isolated diarylheptanoids, hirsutenone showed the most
tent in-lik t inhibit tivity. The findi
Park et al. SARS- Diarylheptanoids (isolated potent papain-tike protease iniibiiony activity. The fncings
) ) FRET demonstrated that the catechol and o, f-unsaturated carbonyl
2012 [12] CoV-1 from Alnus japonica) T . .. .
moieties in diarylheptanoid are critical factors affecting SARS-
CoV-1 papain-like protease inhibition activity.
Zhuang ef Butanol fraction of Cinnamomi Cortex contains inhibitors of
lu ) 0% 9e SARS- Procyanidins and butanol ex- Vero E6 cells SARS virus infection. Among the compounds fractionated from
al.
[13] CoV-1 tract of Cinnamomi Cortex Cinnamomi Cortex, procyanidin B1 and procyanidin A2 showed
moderate anti-SARS-CoV-1 activity.
B hini lifol, iso-
Avaciinin, coryrio . 5 All isolated flavonoids and extract of the seeds of Psoralea
bavachalcone, neobavaisofla- e e L .
. s corylifolia inhibited papain-like protease in a dose-dependent
Kim et al. SARS- vone, 4’ -O- . .
FRET manner with IC50 ranging between 4.2 and 38.4 uM. Two com-
2014 [14] CoV-1 methylbavachalcone and psora- . . L.
e pounds, psoralidin, and isobavachalcone were the principal
lidin (isolated from Psoralea . L e
o contributors to the papain-like protease inhibition.
corylifolia)
20 phytocompounds, including the lupane-type triterpenes,
Wen et al. SARS- 221 different PSMs Vero E6 cells ébietanetype and' lat.)d'ane—type diterpenf':s, curcumin and ligan-
2007 [16] CoV-1 oids were potent inhibitors at concentrations between 3.3 and 10
uM.
Resveratrol significantly inhibited MERS-CoV infection and
prolonged cellular survival after virus infection. In addition,
Lin et al. MERS- Resveratrol Vero E6 cells resve‘:ratr‘ol down-regulated Fhe apoptosis mdu.ced by MERS—
2017 [17] CoV CoV in vitro and the expression of nucleocapsid protein essen-

tial for MERS-CoV replication was decreased after resveratrol
treatment.

(Table 1) Contd....
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References Virus PSM Experimental Model Main Results
Cinatl et al. SARS- L. Glycyrrhizin was active in inhibiting replication of the SARS-
Gl h Vi 11
2003[18] | CoV-1 yeyrmizin ero cetls associated virus.
Chen et al. SARS- Artesunate, baicalin, chloro- Vero E6 cells, . .. .. ..
L. . Baicalin and glycyrrhizin showed antiviral activity.
2004 [19] CoV-1 genic acid and glycyrrhizin. FRhK-4 cells
Of the 15 glycyrrhizin derivatives tested for anti-SARS-CoV-1
H y activity, seven derivatives were found to inhibit SARS-CoV
a(;.e;/ggse SARS- Glyeyrrhizin derivatives Vero cells repli(':ation at Fower concentra.tions compared to glycyrrhiz'in.
[20] CoV-1 The introduction of 2-acetamido-  -D-glucopyranosylamine
into the glycoside chain of glycyrrhizin resulted in 10-fold in-
creased anti-SARS-CoV-1 activity compared to glycyrrhizin.
. . . Emodin, an anthraquinone compound derived from Rheum
Emodin, promazine, rhein, - . .
chrysin, 1.4-bis<(1 officinale and Polygonum multiflorumThunb., significantly
Ho et al. SARS- s, s ) blocked the SARS-CoV-1 spike protein and angiotensin-
anthraquinonylamino)- Vero E6 cells . . L.
2007 [21] CoV-1 . . converting enzyme 2 interaction in a dose-dependent manner. It
anthraquinone and anthraqui- s . . . .
none also inhibited the infectivity of SARS-CoV-1 spike protein-
pseudotyped retro virus to Vero E6 cells.
Moh di Capsaicin, in, - . . s .
chammact . ap§a1c1n f:urcumln couma' The compounds studied can effectively inhibit the virus protease
and SARS- rin, diallyl disulfide, glucuronic . . . . .
. I Molecular docking enzyme. Curcumin has a stronger bond and high affinity with
Shaghaghi CoV-2 acid limonene, thymol and SARS-CoV-2 protease amone the commounds
E - unds.
2020 [22] verbascoside. P g P
Allicin, alliin, apigenin, beta
glucan, curcumin, diadzein, Beta-glucan, curcumin, diadzein, epigallocatechin gallate,
epigallocatechin gallate, ferulic genistein, myricetin and quercetin were found as active agents
Khan et al. SARS- acid, genistein, gingerol-(6), . against COVID-19. Epigallocatechin gallate exhibited the
. L Molecular docking . . . . .
2020 [23] CoV-2 glucosamine, myricetin, quer- strongest molecular interactions within pockets at active sites of
cetin, lipoic acid, piperine, all the proteins of SARS-CoV-2 including 6vwl, 6y2e, 6ixt,
phycocyanobillin, resveratrol 6vww, 6lu7, 6vsb and 6lvn.
and sulforaphane.
Extracts from puer and black tea were more potent than that
Extracts from several different from green or oolong teas in their inhibitory activities against
Chen et al. SARS- types of teas, including oolong HPLC assa 3C-like protease. Catechin, epicatechin, caffeine, epigallocate-
2005 [25] CoV-1 tea, green tea, black tea and Y chin, epicatechin gallate, epigallocatechin gallate and theophyl-
puer tea. line did not inhibit 3C-like protease. Only theaflavin-3,3’-
digallate was found to be a 3C-like protease inhibitor.
Allicin, apigenin-7- glucoside,
catechin, curcumin, demethox- Kaempferol, luteolin-7- glucoside, epicatechin-gallate, querce-
Khaerunnisa SARS ycurcumin, epicatechingallate, tin, naringenin, curcumin, demethoxycurcumin, oleuropein,
et al. 2020 CoV 2_ gingerol, quercetin, Molecular docking apigenin-7-glucoside and catechin appeared to have the best
[26] kaempferol, luteolin-7- gluco- potential to act as COVID-19 chymotrypsin-like protease inhibi-
side, oleuropein, naringenin tors.
and zingerol.
Abdel- Eriodictyol, menthol, thymo- Raspbeny—ketone is of c'ompara.lb.le binding strength to ivermec-
Mottaleb SARS inone. raspberry-ketone tin and hydroxychloroquine antiviral drugs. Moreover, raspberry
- u > - 5 . . . .
and Abdel- N P y Molecular docking ketone seems to block or at least disturb S protein - ACE2 inter-
CoV-2 resveratrol, quercetin and cur- . . . .
Mottaleb cumin actions. Other natural drugs did not show affinity to bind to
u
[27] either S protein or ACE2.
Apiin, diacetylcurcumin, diosmin, hesperidin, rutin, (E)-1-(2-
Hydroxy-4-methoxyphenyl)-3-[3-[(E)-3-(2-hydroxy-4- methox-
Adem et al. SARS- . . yphenyl)-3-oxoprop-1-enyl]phenyl]prop-2-en-1-one, and be-
26 different PSM Molecular dock
2020[28] | Cov-2 tierent BN olecular docking ta,beta’-(4-Methoxy-1,3- phenylene)bis(2-hydroxy-4',6'-
dimethoxyacrylophenone have been found as more effective on
COVID-19 than nelfinavir.

(Table 1) Contd....
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References Virus PSM Experimental Model Main Results
17 organosulfur compounds, accounting for 99.4% contents of
the garlic essential oil, have strong interactions with the amino
Thuy et al. SARS- 18 secondary metanolites Molecular docking acids of the ACE2 protein and the main protease PDB6LU7 of
2020 [29] CoV-2 found in garlic essential oil SARS-CoV2. The strongest anticoronavirus activity is expressed
in allyl disulfide and allyl trisulfide, which account for the high-
est content in the garlic essential oil (51.3%).
Chalcones exhibited competitive inhibition of the SARS-CoV-1
chymotrypsin-like protease, whereas noncompetitive inhibition
was observed with SARS-CoV papain-like protease. Alkylated
9 alkylated chalcones and 4 . .
Park et al. SARS- coumarins (isolated FRET chalcone substituted with a perhydroxyl group (xanthoangelol
2016 [30] CoV-1 . . E) showed the most potent chymotrypsin-like protease and
from Angelica keiskei) - S s .
papain-like protease inhibitory activities. This compound has
also specific inhibitory activity against cysteine protease specifi-
cally.
The results showed that hesperidin, one of the compounds in
Citrus sp., has the lowest docking score for all three protein
receptors (receptor binding domain of spike glycoprotein; PDB
Curcuminoids, methoxy flavo- ID:6LXT, receptor at the protease domain Angiotensin Convert-
Utomo et al. SARS- noids, phenylpropanoid com- ing Enzyme-2; PDB ID: 6VW1 and SARS-CoV-2 protease;
2020 [31] CoV-2 pounds (isolated from Alpinia Molecular docking PDB ID:6LU7) representing the highest affinity to bind the
galanga, Citrus sp., Caesalpin- receptors. The results of this study indicated that Citrus sp.
ia sappan and Curcuma sp.) exhibited the best potential as an inhibitor to the development of
the SARS-CoV2, followed by galangal, sappan wood, and Cur-
cuma sp. that can be consumed in daily life as prophylaxis of
COVID-19
Yuetal. SARS- 64 purified natural compounds FRET Scutellar'ein and m}/ri?etir} and potentl)'l inhibited the SAR.S._
2012 [32] CoV-1 CoV-1 helicase protein in vitro by affecting the ATPase activity.
Joetal. SARS- Sixty four flavonoid com- FRET Rhoifolin, herbacetin, and pectolinarin were found to efficiently
(2020) [36] CoV-1 pounds block the enzymatic activity of SARS-CoV 3C-like protease.
Nguyen et Ampelopém, dz.ndzem, eplgal— Gallocatechin gallate, epigallocatechin gallate and quercetin
al. 2012 SARS- locatechin, eplgallf)catechm Molecular docking displayed good inhibition toward the 3C-like protease with IC50
CoV-1 gallate, gallocatechin gallate, .
[37] . . values of 47, 73 and 73 uM, respectively.
quercetin and puerarin.
The ethanol extract of 7. nucifera leaves exhibited good SARS-
Torreya nucifera extract, eight CoV-1 chymotrypsin-like protease proinhibitory activity (62%
Ryu et al. SARS- diterpenoids and four biflavo- FRET at 100 pg/mL). Luteolin, quercetin and apigenin inhibited
2010 [38] CoV-1 noids (isolated from Torreya 3CLproactivity with IC50values of 20.2, 23.8 and 280.8 uM,
nucifera) respectively. The biflavone amentoflavone (IC50= 8.3 uM)
showed most potent 3CLproinhibitory effect.
Schwarz ef Kaempferol, afzelin, juglanine, Glycoside juglanin was most the effective one with an IC50
al 2014 SARS- tiliroside, tiliroside derivatives, Xenopus oocyte value of 2.3 uM for inhibition of the 3a-mediated current.
[39] CoV-1 kaempferol triglycoside, quer- Kaempferol derivatives with rhamnose residue was also effec-
cetin, naringenin and genistein tive.
Chen et al. SARS- Quercetin-3-beta-galactoside Molecular docking Quercetin-3-beta-galactoside was id.entiﬁed as an inhibitor of
2006 [40] CoV-1 the SARS-CoV-1 3C-like protease.
All of the isolated tanshinones (cryptotanshinone, dihydro-
tanshinone I, tanshinone I, tanshinone Ila, tanshinone IIb, me-
thyl tanshinonate and rosmariquinone) are good inhibitors of
Park ef al. SARS- Tanshinones FRET both cysteine proteases (3CL™ and PL"). Additionally, the
2012 [41] CoV-1 ’

inhibition was selective because these compounds didn’t exert
significant inhibitory effects against other proteases including
chymotrysin, papain, and HIV protease.

(Table 1) Contd....
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References Virus PSM

Experimental Model

Main Results

Herbacetin, iso-

Isobavachalcone, herbacetin, helichrysetin and quercetin 3-p-D-

2004 [44] CoV-1 and luteolin

Jo et al. MERS- bavachalcone, quercetin 3-
) 001; [Z 3] CoV B-D-glucoside FRET glucoside were found to block .the enzymatic activity of MERS-
CoV 3C-like protease.
and helichrysetin
The results showed that Tetra-O-galloyl-p-D-glucose and luteo-
Yietal. SARS- Tetra-O-galloyl-B-D-gl
tera etra-O-galloyl-p-D-glucose FRET lin could inhibit SARS-CoV-1 activity, in a dose-dependent

fashion.

Celastrol, iguesterin, pri-

Ryu et al. SARS- L. ) .
stimerin and tingenone (isolat-

2010 [45 CoV-1
(43] © ed from Triterygium regelii)

Molecular docking

Celastrol, iguesterin, tingenone and pristimerin showed potent
SARS-CoV-1 chymotrypsin-like protease inhibitory activities .

Cho et al. SARS.- Flavonoid derivatives and

2013 [46] CoV-1
tomentosa

compounds derived from P. FRET

Most compounds inhibited SARS-CoV-1 papain-like proteas in
a dose dependent manner with IC50’s raging between 5.0 and
14.4 pM.

Abbreviations: FRET; Fluorescence resonance energy transfer, FRhK-4 cells; Fetal Rhesus Kidney-4 cells, Vero cells; African green monkey kidney epithelial cells, HPLC; High

performance liquid chromatography.

against COVID-19. Theaflavins, found in abundance in
black tea, can also be potential candidates in prophylaxis and
treatment of COVID-19 [24, 25]. In addition, it was also
stated that molecules having hydroxyl (-OH) and carbonyl
(C=0) functionalities (curcumin, piperineare, beta-glucan,
flavonoids, such as apigenin, myricetin, and quercetin and
isoflavonoids, such as genistein and daidzein) show strong
intermolecular interactions with amino acid residues at active
sites of proteins through physical forces, such as hydrogen
bonds and hydrophobic bonds [23]. Therefore, it may be
beneficial to consume vegetables and fruits that are rich in
these secondary compounds against COVID-19.

In another molecular docking study, Khaerunnisa et al.
[26] evaluated several bioactive compounds (epicatechin
gallate, zingerol, gingerol, catechin, allicin, quercetin,
kaempferol, naringenin, luteolin-7-glucoside, demethoxycur-
cumin, apigenin-7-glucoside, oleuropein, and curcumin) as
potential COVID-19 main protease inhibitors, and they
found that curcumin, catechin, epicatechin-gallate, luteolin-
7-glucoside, apigenin-7-glucoside, demethoxycurcumin, and
oleuropein appeared to have the best potential to act as
COVID-19 main protease inhibitors. Abdel-Mottaleb and
Abdel-Mottaleb [27] investigated the simulated interactions
between several PSMs (raspberry ketone, thymoquinone,
eriodictyol, resveratrol, quercetin, and curcumin), the ACE2
enzyme, and specific peptide sequences of the coronavirus
spike protein, and they found that raspberry-ketone, eriodic-
tyol, and thymoquinone potentially bind to spike proteins. In
addition, it was emphasized that raspberry ketone is of com-
parable binding strength to hydroxychloroquine and iver-
mectin antiviral drugs. In another molecular docking study
[28], it was found that flavonoids, such as hesperidin and
rutin, have a better binding affinity to SARS-CoV-2 main
protease than nelfinavir which is used in the treatment of the
human immunodeficiency virus. Additionally, organosulfur
compounds [29], chalcones [30], hesperidin [31], and myri-
cetin [32] have also been reported to have antiviral activity
against coronaviruses in different molecular docking studies.

PSMs with antiviral activity show their activity in differ-
ent metabolic ways. Glycyrrhizin derivatives show their an-

tiviral activity by inhibiting the replication of SARS-CoV-1.
On the other hand, lipophilic terpenoids, which are found in
the essential oils of many plants, nonspecifically intercalate
into the lipid double layer and disrupt the lipid envelope of
viruses [33]. As a result, the fluidity of the membrane is
changed, and, at a higher concentration, the membrane is
even lysed. On the other hand, phenols and polyphenols
(tannins, flavonoids, luteolin, and rosmarinic acid) can bind
to viral proteins in the envelope, and, thanks to this effect,
these secondary compounds prevent the docking of a virus to
its host cell [34]. Additionally, some alkaloids (e.g., berber-
ine, B-carboline, sanguinarine, emetine, dictamine, quinine,
skimmianine and cinchonine) are characterized as DNA in-
tercalators, directly target DNA and RNA, stabilize double-
stranded nucleic acids, and inhibit the replication, transcrip-
tion, and translation of genetic material. Chloroquine, one of
the alkaloids in this group, has an important role in the
pharmacological treatment currently applied against COVID-
19. It is assumed that other DNA intercalator alkaloids or the
medicinal plants producing them may be important candi-
dates for the development of new antiviral drugs [33]. How-
ever, several alkaloids, such as pyrrolizidine alkaloids, aris-
tolochic acid, cycasin, macrozamin, furanocoumarins, and
PSMs with aldehyde or epoxide functional groups, are
known as DNA-alkylating agents [35], and these compounds
can lead to mutations and cell death. Therefore, alkylated
PSMs are not used in phytotherapy, even if they may be ac-
tive against viruses. In addition, the antiviral activity of some
flavonoids against coronaviruses is presumed to be directly
caused by inhibiting 3C-like protease (3CLpro). Jo et al. [36]
stated that flavonoids, such as herbacetin, rhoifolin, and pec-
tolinarin can efficiently block the enzymatic activity of
SARS-CoV-1 3CLpro. Specifically, epigallocatechin, gallo-
catechin gallate, epigallocatechin gallate, quercetin, puerarin,
daidzein [37], amentoflavone, apigenin, Iluteolin [38],
kaempferol [39], Quercetin-3-beta-galactoside [40] and
tanshinones [41] were reported to inhibit the proteolytic ac-
tivity of SARS-CoV-1 3CLpro.

As a result, the current literature carries strong evidence
in support of PSMs as potential effective antivirals against
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coronavirus species, such as SARS-CoV-1, MERS-CoV and
SARS-CoV-2. Besides reducing and preventing the metabol-
ic damage caused by proinflammatory cytokines and oxida-
tive stress, PSMs can also be effective in improving some
clinical indexes specific to COVID-19 (oxyhemoglobin satu-
ration, lymphocyte percentage, and lactate dehydrogenase),
enhancing immunity, alleviating the adverse drug reactions
induced by anti-virus drugs and corticosteroids, shortening
the rehabilitation period, and decreasing the transfer rate
from mild to severe or critical cases [42]. Studies evaluating
the effectiveness of plant secondary metabolites against
COVID-19 are ongoing. The activities of PSMs and herbal
products that can potentially affect COVID-19 need to be
tested in clinical studies with different methodological fea-
tures. After extensive studies with PSMs regarding their ac-
tivity, bioavailability, specificity and safety, there should be
consideration concerning their use in the treatment of
COVID-19 [43-46].

3. PLANT AND SEAWEED LECTINS

Lectins comprise a unique and heterologous class of pro-
teins sharing the ability to recognize specific types of carbo-
hydrate residues [47]. Lectins are found in many organisms,
such as plants, bacteria, animals, viruses, and single-cell or-
ganisms. All plant proteins possessing at least one noncata-
lytic domain that binds reversibly to a specific mono- or oli-
gosaccharide are considered lectins. Proteins, which are
structurally and evolutionarily related to lectins but lack ac-
tive carbohydrate-binding sites, do not meet this criterion
and hence are not regarded as lectins but as lectin-related
proteins [48]. The sugar content in lectin varies from 0% to
18%, and the carbohydrate specificity could be simple sugars
or glycoprotein [49]. Raw legumes (beans, peas, lentils, pea-
nuts, and soybeans) and whole grains like wheat contain the
highest amounts of plant lectins. To date, more than 500 dif-
ferent plant lectins have been isolated and characterized [50].
Apart from plant sources, different types of lectins have also
been isolated from different microorganisms (Acinetobacter
baumannii, Escherichia coli, Microcystic aeruginosa, Photo-
rhabdus asymbiotica) [51] and animals (Marsupenaeus ja-
ponicas, Branchiostoma japonicum, Ictalurus punctatus,
Marsupenaeus japonicas, Eriocheir sinensis, Homo sapiens,
Mus musculus) [52]. Around 800 marine algae produce anti-
viral lectins [53], and some of the lectins isolated from sea-
weed are known to be effective against viruses.

Lectins have diverse potencies, such as potent antiviral,
antimicrobial, antimitogenic, antiproliferative, and antioxi-
dant effects. The significant differences in molecular and
physiological characteristics, molecular size/structure and
carbohydrate specificity lead to varied therapeutic uses and
applications. Thanks to their potential activities, plant and
seaweed lectins can act as immunologic receptors and de-
fence proteins. Lectins also have important biological func-
tions in the corresponding organisms, including cell-cell in-
teractions, protection from pathogens, cell adhesion, and
intracellular translocation of glycoproteins, also acting as
storage proteins [54]. Among the natural substances that
have antiviral activities, plant and seaweed lectins are
thought to have the ability to bind to several virus species,
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including coronaviruses, through a sugar-lectin binding
model.

The envelope of SARS-CoV-2 exhibits glycoproteins,
such as spikes and membrane proteins, and these structural
proteins have been identified as important targets for vaccine
drug design and neutralizing antibodies [47]. The SARS-
CoV-2 infectivity can be inhibited by lectins like other car-
bohydrate-binding agents that are specific to glycans. Be-
cause the sugar content of glycoproteins is critical for the
effective replication of the virus, viral protein glycosylation
plays an important role during virus infection, replication,
and virus-host interactions [55]. Many lectins inhibit the
replication of viruses by interacting with viral envelope gly-
coproteins [56]. The lectins interfere with the glycans on the
spike protein like other carbohydrate-binding agents during
virus entry and virus release.

To date, the antiviral effects of several lectins isolated
from different plants, microorganisms, and animals have
been investigated (Table 2). Among plant-based lectins, Ur-
tica dioica agglutinin (UDA) has an important place, as this
monomeric lectin has been reported to have significant activ-
ity against Nidovirales. Kumaki et al. [57] stated that UDA
reduced SARS-related mortality and weight loss. Keyaerts et
al. [58] also emphasized the importance of mannose-specific
lectins against coronaviruses. In the study by Keyaerts et al.
[58], the antiviral activities of 33 plant lectins with different
specificities were evaluated against SARS-CoV-1 and feline
infectious peritonitis virus (FIPV) using Vero E6 cells. They
found that mannose-binding lectins showed the strongest
anti-coronavirus activity. In addition, it was also stated that
many galactose-, N-acetylgalactosamine-, glucose-, and N-
acetylglucosamine-specific plant agglutinins exhibited anti-
coronaviral activity. In another study [59], it was reported
that a glucose/mannose lectin isolated from hyacinth beans
(Lablab purpureus) effectively neutralized SARS-CoV-2,
preventing viral protein production and cytopathic effects in
host cells, and this lectin has been reported as an antiviral
agent against SARS-CoV-2. It was also stated that the solu-
ble serum protein mannose-binding lectins, which decline
with age, could be involved in recognition of oligomannose-
type glycans exposed to the SARS-CoV-2 spike protein,
representing a susceptibility factor for the acquisition of this
viral infection [60, 61]. Reduced soluble serum protein man-
nose-binding lectin concentrations in elders coincide with
higher SARS CoV-2 susceptibility, suggesting a protagonist
role in antiviral defense [60]. A different study has similarly
stated that mannose-binding lectins contribute to the first-
line host defense against SARS-CoV-1 and that serum man-
nose-binding lectin deficiency is a susceptibility factor for
the acquisition of SARS [62].

Different mechanisms for the effectiveness of lectins
against coronaviruses have also been determined. Lectins,
such as Maackia amurensis seed lectin target the Angioten-
sin-converting enzyme 2 (ACE2), established as the func-
tional host receptor for SARS-CoV-2. Sheehan et al. [63]
reported that Maackia amurensis seed lectin inhibits SARS-
CoV-2 spike binding and decreases the expression of ACE2,
sialic acid glycosylase, furin, and inflammatory cytokines in
human oral squamous cell carcinoma cells. These agents
with similar effects may benefit SARS-CoV-2 infection and
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Table 2. Potential plant and seaweed lectins for preventing coronaviruses including SARS-CoV-2 and their effectiveness.
. Experimental .
References Virus PSM Main Results
Model
UDA inhibited virus replication in a dose-dependent manner and reduced virus yields
Kumaki ef by 90% at Vero 76 cells. UDA treatment of SARS infection in mice leads to a substan-
al 2011 SARS- UDA Vero 76 cells, tial therapeutic effect that protects mice against death and weight loss. UDA likely
[57] CoV-1 Balb/c mice inhibits SARS-CoV-1 infection by targeting early stages of the replication cycle, name-
ly, adsorption or penetration. UDA neutralizes the virus infectivity, presumably by
binding to the SARS-CoV-1 spike glycoprotein.
Plant lectins . . . .
Keyaerts et SARS- (Collection of The strongest anti-coronavirus activity was found predominantly among the mannose-
al. 2007 CoV-1 33 plant lec- Vero E6 cells binding lectins. In addition, a number of galactose-, glucose-, N-acetylgalactosamine-,
[58] tins) and N-acetylglucosamine-specific plant agglutinines exhibited anti-coronaviral activity.
Liu et al. SARS- Lablab pur- . A glucose/mannose lf':ctin .isolated f.rom Lablcfb purpureus effe'ctively geutralized
. Balb/c mice SARS-CoV-2, preventing viral protein production and cytopathic effect in host cells
2020 [59] CoV-2 pureus lectin . . .. .
and this lectin has been reported as an antiviral agent against SARS-CoV-2.
Maackia amurensis seed lectin targets the ACE2 receptor, inhibits SARS-CoV-2 spike
Sheehan et SARS- Maackia binding, and decreases the expression of ACE2, sialic acid glycosylases, furin, and
al. 2021 CoV-2 amurensis seed HSC-2 cells inflammatory cytokines in human oral squamous cell carcinoma cell lines. In addition,
[63] lectin Maackia amurensis seed lectin also inhibited SARS-CoV-2 infection of mammalian
kidney epithelial cells.
Griffithsin binds to the SARS-CoV-1 spike glycoprotein and inhibits viral entry. Grif-
O’Keefe et SARS- Griffithsin Vero 76 cells, fithsin treatment specifically inhibits deleterious aspects of the host immunological
al. [64] CoV-1 Balb/c mice response to SARS infection in mammals and has a positive effect on mortality and
morbidity in a lethal infection model using a mouse-adapted SARS-CoV.
Millet ef MERS- Griffithsin inhibits entry into host cells of particles pseudotyped with the MERS-CoV
al. [65] CoV Griffithsin Vero-81 cells spike protein, suggesting that griffithsin inhibits spike protein function during entry.
Griffithsin can be a potent inhibitor of MERS-CoV infection at the entry step.
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Abbreviations: Vero-E6; African green monkey, Cercopithecus aethiops, kidney epithelial cells, UDA; Urtica dioica agglutinin, HSC-2 cells; human oral squamous cell carcino-

ma cells, Vero cells; African green monkey kidney epithelial cells.

COVID-19 progression when administered orally to epitheli-
al cells.

There are studies suggesting that lectins isolated from
sources other than plants may also be effective against coro-
naviruses. Griffithsin and cyanovirin-N, are lectins isolated
from red algae and cyanobacterium [49], and have antiviral
activity against coronaviruses, including SARS-CoV-1 [64]
and MERS-CoV [65]. Griffithsin reduced the mortality and
the severity of lethal pulmonary infection induced by SARS-
CoV-1 in mice by decreasing the proinflammatory cytokines
in infected lung tissue [64]. It is not yet clear whether grif-
fithsin or cyanovirin-N inactivates SARS-CoV-2, but the
surface-exposed spike proteins of SARS-CoV-1 and SARS
CoV-2 are highly conserved, with some conserved and some
unique glycan positions [66]. In other words, among sea-
weed lectins, griffithsin and cyanovirin-N can have potent
antiviral activity against SARS-CoV-2. On the other hand, it
was suggested that galectin-3, an animal lectin, may be bene-
ficial in treating COVID-19 by suppressing the host inflam-
matory response and impeding viral attachment to host cells
[67].

Consequently, coronaviruses, including SARS-CoV-2,
carry glycoproteins on their surface. These glycoproteins are
mainly responsible for the infection processes [53]. Many
studies have claimed that this novel coronavirus infection
can be prevented by lectins specific to glycans. Lectins could

inhibit the SARS-CoV-2 activity through binding to the virus
surface glycoprotein, blocking the host receptor, or inhibit-
ing the viral polymerase enzyme by binding to its active site.
Based on previous studies on coronaviruses, mannose-
specific plant lectins, griffithsin, and cyanovirin-N have po-
tential effects on coronaviruses, including SARS-CoV-2.
However, it is currently not possible to recommend the ther-
apeutic use of these natural compounds against COVID-19
in nutraceutical and drug forms. On the other hand, it should
not be ignored that, for lectins to be used as nutraceuticals or
drugs, they must comply with three main physiological con-
ditions. Firstly, they must not be toxic or cause immunogen-
icity. Secondly, they must not be degraded by proteolytic
enzymes [68]. Finally, many lectins are still waiting for new
discoveries, and further studies are needed on this topic.

CONCLUSION

In the light of the recent pandemic, an important question
was raised concerning which therapeutic agents can prevent
or kill SARS-CoV-2. For the answer, we have reviewed the
literature and evaluated all nutritional components that may
potentially affect this virus. According to the results obtained
from the literature, many PSMs and plant lectins have poten-
tial effects against coronaviruses, including SARS-CoV-2.
These PSMs may have potential as candidates for future de-
velopment of anti-SARS-CoV-2 therapeutics. However, fur-
ther studies should be conducted to validate these PSMs,
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using in vitro and in vivo models to pave the way for these
compounds in drug discovery. Last of all, the findings sug-
gest that plants provide an ultimate, natural source of en-
zymes and viral propagation inhibitors to be explored as
treatment methods for disorders caused by SARS-CoV-2.
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