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Abstract

Emerging viruses are known to pose a threat to humans in the world. COVID-19, a

newly emerging viral respiratory disease, can spread quickly from people to people via

respiratory droplets, cough, sneeze, or exhale. Up to now, there are no specific thera-

pies found for the treatment ofCOVID-19. In this sense, the risingdemand for effective

antiviral drugs is stressed. The main goal of the present study is to cover the current

literature about bioactive compounds (e.g., polyphenols, glucosinolates, carotenoids,

minerals, vitamins, oligosaccharides, bioactive peptides, essential oils, and probiotics)

with potential efficiency against COVID-19, showing antiviral activities via the inhibi-

tion of coronavirus entry into the host cell, coronavirus enzymes, as well as the virus

replication in human cells. In turn, these compounds can boost the immune system,

helping fight against COVID-19. Overall, it can be concluded that bioactives and the

functional foods containing these compounds can be natural alternatives for boosting

the immune system and defeating coronavirus.
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1 INTRODUCTION

Epidemiologically, natural bioactive compounds provide protection

and decrease the risk of various chronic diseases such as cardiovas-

cular disease, cancer, diabetes, and obesity (Gonzalez, 2020). On the

other hand, viral infections are the most fatal forms of diseases and

some of their forms still cannot be completely treated (e.g., hepatitis

andhuman immunodeficiency virus (HIV)). At present, the novel coron-

avirus severe acute respiratory syndromecoronavirus 2 (SARS-CoV-2),

a newly emerging viral respiratory disease, is known to cause COVID-

19, which is terribly spreading around the globe and there is no stop-

page (Duda-Chodak et al., 2020). SARS-CoV-2 is an enveloped virus

with a positive-sense, single-stranded RNA genome of ∼30 kb. SARS-

CoV-2 belongs to the genus betacoronavirus, together with SARS-CoV

and Middle East respiratory syndrome coronavirus (MERS-CoV) (Jo

et al., 2020). Person-to-person spread of SARS-CoV, MERS-CoV, and

SARS-CoV-2 mainly occurs via respiratory droplets produced when an

infected person coughs or sneezes (Yan et al., 2020). By September 12,

2021, about 239 million COVID-19 infection cases and more than 4.8

million associated deaths have been reported in the world (University,

2020). The disease is easily transmitted from person to person via res-

piratory droplets, cough, sneeze, or exhale, and the incubation period

ranges from 2 to 14 days. The symptoms of COVID-19, which appear

approximately five days after infection, are usually cough, loss of taste

or smell, high fever, fatigue, breathlessness, and others (Singhal, 2020).

However, no specific vaccine or therapy has yet been approved for

humans against COVID-19. Virus replication takes place within the

cell, and to enter the cell, the virus first attaches to the host cellular

receptor angiotensin-converting enzyme 2 (ACE2), assisted by a pro-

tein spike (S). Afterward, it releases the virus genomematerial into the

host cell (Muchtaridi et al., 2020).

In case of drug use, it should also be considered that people may

suffer from drug-related adverse effects, including gastric irritation,

ulceration, angioedema, hepatic headache failure, hemolytic anemia,

hyperglycemia, and immunodeficiency-related problems, as well as

others (Shahzad et al., 2020). Therefore, scientists are looking for new

antiviral formulations. Today, various bioactive compounds with def-

inite regulating effect on the immune system called immunomodula-

tors have been identified. Many bioactives have been applied in the

therapy of bacterial and viral infections (Labro, 2012). In this sense,

natural compounds with high bioavailability and low cytotoxicity are

the most efficient candidates (Muchtaridi et al., 2020). These com-

pounds can prevent viral attachment and cell penetration effectively

at the early stages of coronavirus infection, inhibiting the enzymes

3-chymotrypsin-like protease (3CLpro), papain-like protease (PLpro),

and ACE2 (Paraiso et al., 2020). Jo et al. (2020), for instance, showed

that herbacetin, rhoifolin, andpectolinarin efficiently blocked theenzy-

matic activity of SARS-CoV 3CLpro. Naringenin could also exert ther-

apeutic effects against COVID-19, preventing CoV-encoded proteins,

and ACE2 activity (Tutunchi et al., 2020). This review aims to report

recent discoveries on the efficiency of bioactive compounds including

polyphenols, glucosinolates, carotenoids, minerals, vitamins, oligosac-

charides, bioactive peptides, essential oils, and probiotics as antiviral

agents and recent findings on the effect of these compounds against

coronaviruses aswell as theirmechanismof actionhavebeen compiled.

2 AN OVERVIEW OF CORONAVIRUS

The SARS-CoV and theMERS-CoV cases have confirmed that the coro-

naviruses are significant causesof severe respiratorydisease, andmore

recently, COVID-19 caused high levels of mortality (Figure 1). All types

of coronaviruses are explained below in terms of their characteristics,

mechanism, symptoms, and others.

2.1 MERS-CoV (Middle East respiratory
syndrome coronavirus)

Although the MERS-CoV was diagnosed as the human respiratory

pathogen in June 2012 in Saudi Arabia, as of April 15, 2020, globally

a total of 2468MERS-CoV confirmed cases were reported (Khan et al.,

2020). TheMERS-CoV, which is a betacoronavirus belonging to lineage

C, is an enveloped virus with a single-stranded RNA genome with a

size of about 30 kb. The RNA genome acts as messenger RNA (mRNA),

whichplays thedetermining rolesduring thehost cell cycle bybeing the

initial RNAmolecule for the infection cycle, the template for replication

and transcription processes, and the substrate to be attached to the

assembled viral particles (Bleibtreu et al., 2019). The genome ofMERS-

CoV is organized like other species of coronavirus inwhich the first two

thirds contains two overlapping reading frames that translate into the

replication–transcription complex including 16 nonstructural proteins.

The remaining one-third genome is encoded to the four structural pro-

teins and five accessory proteins that are not needed for the genome

replication but may involve in virulence properties (Menachery et al.,

2017).

The infectionwithMERS-CoV is associatedwith the absence of spe-

cific clinical properties for differentiating it fromother viral respiratory

diseases (Degnah et al., 2020). An extreme variation for the clinical fea-

tures of MERS-CoV infection is observed; while 14%–80% of cases do

not showany symptoms, othersmay present a flu-like syndrome, pneu-

monia, and acute respiratory distress syndrome (ARDS). Fever (77%),

cough (90%), and dyspnea (68%) are reported as the three most com-

mon symptoms, but several other secondary symptoms such as sputum
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F IGURE 1 Overview of outbreaks associated with the important coronaviruses

production (40%), odynophagia (39%), andmyalgia havebeenobserved

for the infection with MERS-CoV (Baharoon & Memish, 2019). Also,

the infection with MERS-CoV has been significantly more associated

with diarrhea compared with other acute respiratory conditions (Gar-

bati et al., 2016). The average of crude fatality rate for the MERS-CoV

is 35% and 20% among primary cases and secondary cases, respec-

tively (Alfaraj et al., 2019). The age of above 60 years, male gender, dia-

betesmellitus, chronic lung and chronic renal diseases, and progressive

lymphocytopenia are amongmajor contributing factors in poor results

regardingMERS-CoV infection (Degnah et al., 2020).

In high-risk courtiers, healthcare facility transmission has been the

major cause of MERS-CoV infection, which is associated with the chal-

lenges in measuring the infection control as well as the late and nonef-

ficient isolation of suspected cases. The control of infection in camels

and the prevention of transmission from camel to human are the main

preventive measures for controlling MERS-CoV (Baharoon & Mem-

ish, 2019). The dromedary camels are the only confirmed animals that

have been acting as the intermediate host for infection of human with

MERS-CoV. The close contact with camel (in terms of their respiratory

droplets, saliva, organs during slaughtering), as well as the consump-

tion of their products (such as milk and unprocessed meat), can lead to

the infection (Kandeil et al., 2019). MERS-CoV can poorly be transmit-

ted from human to human, and that is why the new MERS-CoV cases

are predominantly restricted to the Arabian Peninsula and outbreaks

outside that region are generally limited (Baharoon &Memish, 2019).

2.2 SARS-CoV (severe acute respiratory
syndrome)

SARS-CoV is the causative agent of a sudden respiratory outbreak

that occurred during 2002–2003, which belongs to the genus beta-

coronavirus of the family Coronaviridae. The first SARS-CoV case was

detected in late 2002 in Guangdong Province, China, followed by the

rapid spreadofdisease, resulting in aSARS-CoVoutbreak inHongKong

(in mid-February 2003), and other outbreaks in 19 different countries,

in which a total of 8,605 individuals became infected and 774 deaths

were reported (Chow et al., 2003).

The palm civets, raccoon dogs, and horseshoe bats have been

announced as the hosts of SARS-like CoVs. However, it is demon-

strated that the horseshoe bats can be considered as the only reser-

voir hosts because they are widely distributed and are very mobile
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mammals with the previously proven role as the hosts of emergent

RNAviruses (García-Salido et al., 2020a, 2020b). In studying the poten-

tial relationship betweenSARS-CoV isolated fromanimals andhumans,

a 29-nucleotide deletion was observed for the SARS-CoV strain iso-

lated from humans (rather than the isolate from civet) which indicated

the one-way transmission of virus from animals to humans (Giannis

et al., 2020). Later, the genomic comparisons demonstrated that the

recombination of SARS-CoV between viruses isolated fromhuman and

animal or between various animal viruses was unlikely, which ruled out

natural or laboratory chimerism and indicated that the SARS-CoV was

probably a zoonotic virus (da Silva et al., 2020).

The transmission through mucosal surfaces (with virus-laden body

fluids), which are the primary respiratory secretions, is demonstrated

for the transmission of the SARS-CoV from human to human. Large

droplets of coughing and sneezing by a projection range of 1.0 m may

have contributed into the airborne transmission of SARS-CoV (Tong,

2005).

The clinical features of SARS-CoV are associated with three

phases—phase 1: the upper respiratory viral replication and viremia;

phases 2 and 3: the lower respiratory tract viral replication; and phase

3: critical pulmonary injury (due to virus alone or in conjunction with

immunological damage). SARS-CoV could cause a high incidence of

ARDS and respiratory syndrome, resulting in a high rate of death, even

in healthy young individuals (Lin et al., 2005).

The rate of fatality for 138 hospitalized infected individuals with

SARS-CoV was 4.3% (Wang et al., 2020). However, the fatality rate for

the large number of undetectedmild infection cases could be below1%

(or even below 0.1%) (Wu et al., 2020).

Clinically, SARS-CoV infection is characterized by fever, followed by

respiratory symptoms that can potentially lead to progressive respi-

ratory failure (Achak et al., 2020). In most cases, for a specific coron-

avirus, only the cells of natural host species and a few closely related

species can be infected, but the SARS-CoV has shown a high capac-

ity in infecting diverse cell cultures (Giannis et al., 2020). The cell line

of human colorectal adenocarcinoma, African green monkey, and kid-

ney cells could be infected only after 2–3 days with SARS-CoV, which

clearly indicates itsmassive cytopathic effect (CPE) (Wang et al., 2020).

2.3 COVID-19 (coronavirus disease)

The coronavirus disease (Covid-19) is a pathogenic viral infection

caused by SARS-CoV-2, and rapidly spread around the world. The

World Health Organization declared the outbreak a Public Health

Emergency of International Concern on January 30, 2020, followed by

raising its global risk assessment to “Very High” on February 28, 2020.

Also, later, on March 11, 2020, Covid-19 outbreak was labeled a “pan-

demic,” which shows the “alarming levels of spread and severity” for

this crisis.

As of November 24, 2020, over 58.9 million cases have been

reported in more than 200 countries and territories, resulting in more

than 1.3 million deaths, a death toll that is far beyond any other health

crisis in modern history. The severity of public-health crisis associ-

ated with the Covid-19, such as the draconian containment efforts—

quarantines, lockdowns, transportation bans, and restrictions on pub-

lic assembly—has been producing a significant shock affecting the

lifestyle of people and economy of many countries around the globe,

which undoubtedlywould be considered to be one of the biggest disas-

ters facing humankind inmodern history.

The biggest crisis associatedwith this coronavirus is its highly trans-

mittable capacities, which challenged the majority of countries signifi-

cantly. SARS-CoV-2 has shown the basic reproduction number (R0) of

spread from person to person of about 2.6, indicating the existence of

an exponential rate in its infection growth (Runfeng et al., 2020).

Although COVID-19 is related to the SARS-CoV and MERS-CoV,

COVID-19 presents several specific pathogenetic, clinical, and epi-

demiological characteristics that havenot been completely understood

to date (Zhao et al., 2020). The genomic analysis revealing the phylo-

genetically relatedness of SARS-CoV-2 to SARS-like bat viruses (88%

identity) indicates that most probably bats have been the primary

reservoir (Hamid et al., 2020). Although the intermediate source of

origin and transfer from bats to humans is not known for now, the

rapid transmission from human to human has been confirmed exten-

sively (Shereen et al., 2020). The reproduction number for COVID-19

is estimated to be in the range of 2.24 to 3.58 (Zhao et al., 2020). The

direct contact or droplets from coughing or sneezing fromCOVID-19–

infected persons are the main causes of person-to-person transmis-

sion of COVID-19. Also, there is no confirmed information regarding

the potential transmission of this virus frommother to child (Rothan &

Byrareddy, 2020).

The incubation period of infection with COVID-19 is about 5.2

days. Although COVID-19 has some similarities in its symptoms with

other betacoronavirus—fever, dry cough, dyspnea, and ground-glass

opacities on chest CT scans—it presents several unique clinical fea-

tures (Zhao et al., 2020). TheCOVID-19 infection can be differentiated

through targeting the lower airway, which can be clear through trac-

ing the upper respiratory symptoms (such as rhinorrhea, sneezing, and

sore throat) (Mulangu et al., 2019). Also, COVID-19 develops intestinal

symptoms like diarrhea, but low percentage of patients infected with

MERS-CoV or SARS-CoV had diarrhea (Huang et al., 2020; Rothan &

Byrareddy, 2020). Pneumonia in lungs and multiorgan failure are the

severe complications for the COVID-19.

2.4 Immune dysregulation/responses to
coronavirus

The immune system plays an important factor in the severity of the

pathogenesis of COVID-19. Immune response is crucial to control

and defense coronavirus infections. Dysregulation in the immune

system can lead to an unappropriated local and systemic immune

responses and subsequently the rapid spread of the virus (Tahaghoghi-

Hajghorbani et al., 2020). SARS-CoV-2 infection impaired cellular

immunity by reducing the activated T-cell markers, increasing expres-

sion of late activation markers including CD25 and PD-1 in both

CD4+ and CD8+ T cells, reduction in the lymphocyte number, and
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enhancing proinflammatory cytokines and even cytokine storm

(Tahaghoghi-Hajghorbani et al., 2020; Yang et al., 2020a). Moreover,

it is believed that dysregulated host immune response and cytokine

storm are correlated with disease severity and poor prognosis during

SARS-CoV and MERS-CoV infection (Vafaeinezhad et al., 2021). Blot

et al. (2020) investigated the immune response and results between

non-COVID-19 and COVID-19 patients with severe pneumonia. They

reported that COVID-19 patients had higher plasma granulocyte–

macrophage colony-stimulating factor (GM-CSF) and C–X–C motif

chemokine ligand 10 (CXCL10). These cytokines could represent

the dysregulated immune response in severe COVID-19, as well as

promising therapeutic targets. In another study, Qin et al. (2020)

observed that severe cases had lower lymphocyte counts, higher

leukocyte counts and neutrophil–lymphocyte ratio, as well as lower

percentages of monocytes, eosinophils, and basophils.

3 ANTIVIRAL ACTIVITY OF DIFFERENT
BIOACTIVES

In recent times, extensive investigations have been carried out to

explore the antiviral activity of different bioactive compounds from

natural products, such as plants, fruits, vegetables, grains, fish, and

meat, as a prospective source of different bioactives. Moreover, many

of the natural products have polypharmacology or a promiscuous

mechanism of action. The polypharmacology of natural productsmight

enable them to surpass the use of the traditional single-target drugs

in terms of efficiency (Ho et al., 2018). In addition, the antiviral effect

could be affected by the synergistic or additive effect from multi-

ple components. For example, carrageenan and griffithsin combina-

tions showed synergistic activity against SARS-CoV-1 and 2, including

against recent SARS-CoV-2 mutations (Alsaidi et al., 2021). In this sec-

tion,wediscuss awide range of bioactiveswith antiviral actions against

coronavirus (COVID-19), as well as their potent potential for further

application in clinical practices.

3.1 Polyphenols

3.1.1 Foods rich in polyphenols

Polyphenols are themain compoundswith antioxidant activity present

in plants (up to 90% of total dietary antioxidant capacity) (Saura-

Calixtoet al., 2010).Mostplant foods, including fruits, vegetables, cere-

als, legumes, nuts, and cocoa, as well as beverages originating from

plants (e.g., tea, coffee, herbal infusions), contain an abundant and

near-ubiquitous number of various polyphenols. Fruits such as grapes,

plums, blueberries, blackberries, cranberries, red raspberries, apricots,

blackcurrants, cherries, apples, pears, nectarines, and citrus are rich

sources of flavanols (Arts et al., 2000; Nile & Park, 2014; Zhou et al.,

2020). Cruciferous vegetables, leafy green vegetables, and allium veg-

etables haveall beenknownas rich sourcesof polyphenolic compounds

(Steinmetz & Potter, 1996).

The type of phenolic compounds found in each plant or a variety of

plants is also different. For example, catechin and epicatechin are the

major potent flavanols found in fruits, whereas epigallocatechin and

epigallocatechin gallate (EGCG) exist predominantly in tea (specifically,

green tea), grapes, and some seeds of leguminous plants (Arts et al.,

2000; Rashidinejad et al., 2016, 2017). Nevertheless, only a minor part

of dietary polyphenols are absorbable in the human’s small intestine,

and the rest pass to the colon and interact with colonic microbiota and

are converted to fermentable substrates and a nondigestible fraction

(Saura-Calixto, 1998; Scalbert &Williamson, 2000).

3.1.2 Antiviral activity of polyphenols

So far, numerous epidemiological studies have confirmed the health-

promoting effects of polyphenols, originating from their antioxidant

properties and the prevention of the impairment caused by oxidative

stress in certain biomolecules (e.g., nucleic acids and proteins) (Chang

et al., 2016; Fraga et al., 2019; Liu et al., 2008; Wichansawakun &

Buttar, 2019). Oxidative stress is the result of the elevated intracel-

lular levels of reactive oxygen species (ROS), which are by-products

of aerobic metabolism and include the superoxide anion (O2
−), hydro-

gen peroxide (H2O2), and hydroxyl radicals (OH⋅), and can damage

lipids, proteins, and DNA. Some specific mechanisms for the reaction

of polyphenols in the body include their interaction with transcrip-

tion factors, enzymes, and some receptors. Interactions with proteins,

which depend upon themodification of enzymatic activities, transcrip-

tion factors binding to the particular sites in DNA, and receptor–ligand

binding that result in a biological effect (depending upon the pro-

tein function), are examples of the specific effective mechanisms of

polyphenols (Ramassamy, 2006).

Although several studies have already shown that protease

inhibitors such as polyphenolic compounds can be very effective in

controlling virus-induced infections (Liu et al., 2008, 2020b; Moham-

madi & Shaghaghi, 2020; Shaghaghi, 2020; Yang et al., 2020b), so far,

there is not enough evidence from in vivo studies reporting the associ-

ations between polyphenols and downregulation of ACE2 expression

related to COVID-19. Nevertheless, it has recently been reported

that polyphenols may interact with SARS-CoV-2 viral proteins and the

corresponding cellular targets (Paraiso et al., 2020). Therefore, the

possible modulation of immune response by these natural bioactive

compounds can be considered as a beneficial aspect toward protection

of human body against COVID-19. Paraiso et al. (2020) showed the

effect of polyphenols on various steps of the life cycle of SARS-CoV-2.

Based on this theory, phenolic compounds such as resveratrol, cur-

cumin, and emodin can potentially inhibit binding of SARS-CoV-2 spike

protein to ACE2 receptor, by which the viral entry into the host cell

is prevented. This, in turn, can inhibit the viral RNA replication and

protein processing (Paraiso et al., 2020).

The use of polyphenolic compounds for the prophylaxis and

treatment of COVID-19 has also been reported in a recent study

(Mhatre et al., 2021) that reviewed antiviral activities of major

polyphenols in both green and black tea. Catechins from green tea,
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especially EGCG, and theaflavins from black tea, especially theaflavin-

3,3′-digallate (TF3), have shown a strong binding with receptors

responsible for COVID-19 (Mhatre et al., 2021). Turmeric and its most

active bioactive (i.e., curcumin) have been suggested to be feasibly

tested as preventive and/or treatment options for COVID-19 patients

(Verma, 2020). This is supported by the evidence related to the action

of curcumin at an early step in SARS-CoV-2 infection via the inhibition

of its entry into the host cell, besides the effect on the inhibition of the

virus replication in human cells. In addition, phenolic compounds such

as curcumin with high antioxidant activity are known as potent anti-

inflammatory agents (Chainani-Wu, 2003), meaning that this can be a

promising approach toward the relief of COVID-19 symptoms.

Antiviral activity of the polyphenols from both green and black teas

in prophylaxis and treatment of COVID-19 has been reviewed very

recently (Mhatre et al., 2021).

Other polyphenols such as those extracted from Isatis indigotica,

Houttuynia cordata, Chinese rhubarb, litchi seeds, Scutellaria baicalen-

sis, Galla chinensis, and Veronicalina riifolia are also suggested to show

inhibition of SARS-3CLpro activity, the cellular entry of SARS-CoV, and

the 3a ion channel of Coronavirus SARS-CoV and HCoV-OC43, as well

as the prevention of the early stage of HCoV‑22E9 infection (Yang

et al., 2020). The antiviral activity of polyphenolic compounds such

as flavonoids against other viruses has also been reported. For exam-

ple, anti-influenza virus activity of flavonoids from the medicinal plant

Elsholtzia rugulosa has been investigated (Liu et al., 2008). The in vitro

antiviral assay using a CPE reduction method showed that five active

polyphenolic compounds in Elsholtzia rugulosa, including apigenin, lute-

olin, apiin, galuteolin, and luteolin 3′-glucuronyl acid methyl ester, pre-

sented anti-influenza virus activity. Among these active compounds,

apigenin and luteolin were reported as the most potent flavonoids

against influenza virus (H3N2) (IC50 values of 1.43 and 2.06μg/mL,

respectively) (Liu et al., 2008). This confirms that systematic research

toward the identification of effective natural/herbal formulations con-

taining polyphenolic compounds that could reduce the ACE2 expres-

sion on epithelial cells may result in discovering novel preventive

measures for COVID-19. In addition, Shikonin is the root extract of

Lithospermum erythrorhizon Sieb. et Zucc. (Boraginaceae), widely used

in traditional Chinese medicine for its antioxidant, anti-inflammatory,

antithrombotic, antimicrobial, and wound-healing effects (Andújar

et al., 2013). The crystal structure of main protease in complex with

Shikonin structure highlights a new mode of binding, and may serve as

an invaluable resource to improve the design of novel antiviral drugs (Li

et al., 2021).

El-Missiry et al. () reported that polyphenols could be potential

nutritional adjuvants for targeting COVID-19. They stated that health-

promoting effect of these natural compounds on COVID-19 might

mostly be due to strengthening the body’s anti-inflammatory and

antioxidant defenses against viral infection. However, some other

mechanisms such as targeting virus proteins and/or blocking cellular

receptors can also be effective in preventing the entry of the virus in

the host cells and its replication (El-Missiry et al., 2021).

Therefore, although it is still too early to have robust in vivo evi-

dence for the efficacy of polyphenols against COVID-19 pandemic,

the primary investigations so far can pave the way for systematic and

advanced experimental research for the investigation of the efficacy

of polyphenolic compounds from natural sources for the prevention

and/or treatment of COVID-19. Nevertheless, it should be noted that

numerous factors can affect the antioxidant properties of polyphenols,

which should also be considered when studying their antiviral activ-

ity. These include the subsequent metabolism and absorption in the

digestive tract, which governs their biological characteristics (Tarko

et al., 2013). Food polyphenols (in their native form) mainly exist in

forms of polymers, esters, and glycosides. These compounds cannot

be absorbed as such, meaning that they need to be hydrolyzed by

endogenous enzymes and/or microflora enzymes in the digestive tract

(Williamson & Clifford, 2010). The nature of the food matrix, pH,

the gastrointestinal environment, and the presence of bile salts can

also significantly affect the metabolism and bioefficacy of polyphe-

nols (Manach et al., 2004), so delivery/encapsulation systems can be an

effective strategy.

3.2 Glucosinolates

Glucosinolates are a large group of sulfur-containing glucosides

synthesized as secondary metabolites in plants. Glucosinolates are

anionic, nonvolatile, water-soluble and thermostable compounds.

These compounds are found in cruciferous plants mainly Brassicaceae

families such as broccoli, Brussels sprout, cabbages, and cauliflower.

The main glucosinolates that are presented in Brassica vegetables

include sinigrin, gluconapin, glucobrassicanapin, glucoiberverin, glu-

coiberin, glucoraphanin, glucoerucin, progoitrin, napoleiferin, glu-

cotropaeolin, gluconasturtin, glucobrassicin, 4-methoxyglucobrassicin,

and neoglucobrassicin (Horbowicz, 2003).

Glucosinolates and their breakdown products are responsible for

thepungent flavor in these vegetables.When these vegetables are con-

sumed without processing, the myrosinase enzyme (also known as β-
thioglucosidase) that is present in these vegetables can hydrolyze glu-

cosinolates in the small intestine to different compounds such as isoth-

iocyanates, indole-3-carbinols, nitriles, oxazolidine-2-thiones, and sul-

foraphane. After processing the vegetables, such as by cooking, the

myrosinase enzyme is inactivated and glucosinolates are broken down

by the enzyme of microbiota in the colon to other compounds such as

isothiocyanates and glucose. Isothiocyanates are absorbed from the

colon and small bowel and can hinder apoptosis and mitosis in human

cancer cells especially lung cancers and the alimentary tract (Barba

et al., 2016; Horbowicz, 2003; Johnson, 2002; Saladino et al., 2017).

Verhoeven et al. (1996) concluded from a meta-analysis study that

brassica vegetables can protect against different cancers such as lung,

rectum, stomach, and colon.

Glucosinolates have antioxidant, anticarcinogenic, and antimicro-

bial properties and can also be used as natural agents for food preser-

vation (Saavedra et al., 2010). The antimicrobial activity of glucosino-

lates and their derivatives hasbeenproved inmany studies. These com-

pounds have high antimicrobial activity against different bacterial and

fungal species (Borges et al., 2015; Dias et al., 2012; Saladino et al.,
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TABLE 1 Selected studies about the antiviral activity of the glucosinolates

Bioactive

compound

Antiviral activity

against Model Key outcomes References

Isatidis Radix (a
traditional

Chinese

medicine)

Influenza A virus

(H1N1)

In vitro (on

Madin–Darby

canine kidney

(MDCK) cells) and

in ovo (on

embryonated eggs)

- Isatidis Radix–derived glucosinolate isomers (epiprogoitrin and

progoitrin) and their breakdown products (epigoitrin and goitrin)

indicated antiviral activity against influenza A virus (H1N1) without

toxicity.

(Nie et al.,

2020)

Broccoli seeds

with high

sulforaphane

content

influenza

A/WSN/33(H1N1)

virus

In vitro (onMDCK

cells)

- Sulforaphane is an isothiocyanate that produced by hydrolyzing the

glucoraphanin-rich broccoli.

- Extracted sulforaphane from broccoli seeds showed antiviral activity

against influenza A.

(Z. Li et al.,

2019)

Isatis indigotica Influenza A virus

(H1N1)

In vitro (MDCK cells

and human alveolar

epithelial cell line

(A549)

In vivo (on themouse)

- Epigoitrin as a natural alkaloid from Isatis indigotica canmake a

protection against influenza virus.

- Epigoitrin can decrease viral duplications in the lungs.

- Epigoitin can increasemitochondria antiviral signaling.

(Luo et al.,

2019)

Brassica juncea
(also known as

brownmustard)

extract

Influenza H1N1

virus

A/NWS/33

In vitro (onMDCK

cells)

Ethanol extract of Brassica juncea reduced nearly 3 Log of tissue
culture infective dose at 50%/25 μL.

(Bae et al.,

2019)

Brassica juncea
extract

Influenza A virus

(H1N1)

In vitro (onMDCK

cells)

- The glucosinolate compounds of Brassica juncea extract are sinigrin,
gluconapin, and glucobrassicin

- Subcritical water extract (SWE) of Brassica juncea can be used as a
food supplement for prevention of influenza viral infection.

- 0.28mg/mL of Brassica juncea SWEwas added to nonfat milk and

indicated 39.62% antiviral activity.

- The viability ofMDCK cells that were infectedwith influenza virus

was decreased up to 50% by the addition of 0.5mg/mL of Brassica
juncea SWE to culturemedium.

(N.-K. Lee

et al., 2014)

Maca (Lepidium
meyenii)

Influenza A virus

(H1N1) and

influenza B

virus

In vitro (onMDCK

cells)

- Themethanol extract of maca showed antiviral activity against

influenza A and B.

- The antiviral activity may be attributed to glucosinolates, active

isothiocyanatesm, alkaloids, flavonoids and saponins, essential fatty

acids and benzoyl derivatives.

(Del Valle

Mendoza

et al., 2014)

Isatis indigotica
root (Isatidis
Radix)

SARS coronavirus In vitro (using

cell-free and

cell-based cleavage

assay)

- Isatis indigotica root-derived compounds and the water extract of

Isatis indigotica showed inhibitory effect on the SARS coronavirus
3C-like protease

- Sinigrin as a glucosinolate compound in Isatis indigotica root showed
high efficacy with IC50= 217 μM in blocking the cleavage

processing of 3C-like protease

(Lin et al.,

2005)

2017). Some of the studies have also confirmed the antiviral activity of

glucosinolates (Table 1).

Other sources such as Isatidis Radix (a traditional Chinese medicine

belonging to the family Cruciferae) as an herbal remedy has glucosino-

late in its structure and have shown antiviral activity (Xie et al., 2011;

Zhang et al., 2013). There are three main active ingredients in Isatidis

Radix, alkaloid compounds that mainly consist of epigoitrin (one of the

degradation products of glucosinolate isomers), organic acids such as

salicylic acid, and total lignans represented by clemastanin (Zuo et al.,

2007). It is reported that Isatidis Radix has high efficacy against res-

piratory syncytial virus (RSV)-induced pneumonia; however, its mech-

anism is not clear. Xu et al. (2019) reported that active ingredients

of Isatidis Radix can show antiviral activity alone or in combination

synergistically.

3.3 Carotenoids

Carotenoids, a wide range of organic pigments (including lycopene, α-
carotene, β-cryptoxanthin, β-carotene, zeaxanthin, and lutein), are pre-
sented broadly in nature (Rehman et al., 2020b). Their wide-ranging

bioactivities, including antiviral, antidiabetic, anti-inflammatory, anti-

aging, cardioprotective, anticancer, have gained much acceptance and

extremely supported via a number of studies (Ashraf et al., 2020; Giuf-

frida et al., 2020). Carotenoids belong to the diverse family of organic

pigments, including red, orange, and yellow, that have the capability to

absorb the light around 500 nm. They are not synthesized by humans;

however, their needs are only fulfilled by consuming diets. The most

abundant sources of more than 40 carotenoids are plants, photosyn-

thetic organisms, flowers, fruits, algae, and few yeasts. Because of
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having diverse structural arrangements, they retain plenty of numer-

ous biological functions that can maintain human health (Britton,

2020). The defensive properties of carotenoids against several viruses

that can cause cancer, eye diseases, heart disease, and microbial infec-

tion have successfully been proposed in recent studies. More inter-

estingly, the leading role of carotenoids being antiviral, antioxidant,

and potent regulators of the immune response system has been doc-

umented (Mozaffarieh et al., 2003; Sesso et al., 2003). Lycopene is

known to be one of the major carotenoids in the diet that offers red

color mostly to the vegetables and fruits. Dietary intake of toma-

toes, containing massive amount of lycopene, is considered the fore-

most tool to reduce the risks of chronic diseases (Ashraf et al., 2020).

Therapeutically, antioxidant attributes of lycopene can provide pro-

tection to the cells from antagonistic results caused by any kinds of

inflammation. As an example, it has been reported that lycopene plays

a vital role in defeating airway inflammation caused by rhinovirus

through decreasing the emancipate of interleukin-6 and interferon-

gamma-induced protein (Saedisomeolia et al., 2009). β-Carotene is a

carotenoid found in many red and orange fresh fruits and vegetables

and has strong antioxidant property. Vitamin A–rich foods include car-

rots, onions, peas, squash, and spinach. Various studies have shown

that β-carotene decreases hepatosteatosis induced by HCV by inhibit-

ing viral RNA replication. Provitamin A has a strong role in decreasing

ROS and preventing the development of carcinoma hepatocellular pro-

gression caused by the hepatitis viruses HBV and HCV (Yadav et al.,

2002). In another study, the powerful therapeutic antiviral activity of

the extracted carotenoids was explored in contradiction of HBV and

HCV by preventing HBV DNA-dependent DNA polymerase and HCV

NS5B polymerase, which ultimately overwhelms HBV and HCV repli-

cation (Hegazy et al., 2020).

Lutein is one of two major carotenoids found in dark-green vegeta-

bles, such as kale, spinach, and broccoli. Foods such as egg yolk, pep-

pers, and grapes are also good sources of lutein. Antiviral activity of

lutein against hepatitis B has also been reported, as it inhibits tran-

scription of the virus (Pang et al., 2010). The main active compound

of turmeric is curcumin. Curcumin has strong anti-inflammatory prop-

erties, and various animal studies confirmed that it has the potential

to improve immune function (Rehman et al., 2019). Astaxanthin has

well-documented anti-inflammatory and immune-stimulating effects

(Rehman et al., 2020a). Dietary supplementation with astaxanthin sig-

nificantly increased levels of antioxidant enzymes such as glutathione

peroxidase and catalase superoxide dismutase in rats (Ambati et al.,

2014; Rao et al., 2013).

Astaxanthin also improved antibody production, as testified in older

animals, signifying that this carotenoid supplementation could bemore

useful in restoring humoral immune response (Okai & HigashiOkai,

1996). Now it is clear that many carotenoids found in foods promote

the immune system and have strong antioxidant activity; some have

even shown direct antiviral activity. The mechanisms of action and

molecular targets are still unidentified, so comprehensive studies of

these compounds are required to develop them as future therapeutic

drugs for the treatment of COVID-19.

3.4 Minerals

Human diet consists of a wide brand of minerals (micronutrients) such

as Fe, Zn, and Ca, and they have therapeutic potential; however, they

are playing a crucial role in boosting the immune system and prevent-

ing the viral infections, as well as preserving the homeostasis pro-

cess in human body. Additionally, the abovementioned micronutrients

have successfully been investigated by numerous scientists in order

to explore their pharmacological attributes, including antiviral, anti-

inflammatory, anticancer, antioxidant, and antidiabetic characteristics

(Gharibzahedi & Jafari, 2017).

Collectively, all micronutrients are considered very necessary for

several reasons, specifically owing to their and antiviral and anti-

inflammatory properties. Zinc is a trace element essential, aids in

boosting the immune system, supporting the body growth, and heal-

ing the wounds. To date, it is reported that deficiency of Zn leads

toward severe immune dysfunctions (Wessels & Rink, 2020). Interest-

ingly, numerous studies have recently reported a great loss in human

senses, such as smelling and tasting senses in the start of COVID-19–

infected patients (Keyhan et al., 2020; Lechien et al., 2020). Accord-

ing to the previous literatures based on zinc deficiency, it has proved

that loss in taste could be due to zinc COVID-19–infected patients,

and supplementationof zinc has displayedoutstanding results in curing

the loss of taste (Doty, 2019; Yagi et al., 2013). Collectively, the loss in

taste and smell of COVID-19–infected patientsmay be associatedwith

zinc deficiency. Obviously, zinc is an effective inhibitor of several RNA

viruses like SARS-CoV (Velthuis et al., 2010). Such inhibiting approach

of zinc in the repetition of COVID-19, it is proposed that zincmay have

a lot of positive consequences for COVID-19–infected patients mean-

while zinc supplements are easily existing in the worldmarkets.

Zinc deficiency significantly affected the ability of our immune sys-

tem to work properly, which resulted in an increased risk of infection,

including pneumonia (Shah et al., 2016; Wang et al., 2020). Various

studies have revealed that supplements of zincmayprotect against res-

piratory tract infections, such as the common cold (Read et al., 2019).

Around 2 billion people worldwide are affected by zinc deficiency,

which is very common in older adults (Wessels et al., 2017). In a recent

study, children with acute lower respiratory tract infections in various

hospitals were given 30 mg of zinc per day that resulted in decreased

total duration of infection and hospital stay duration by an average of

two days in comparison with a placebo group (Rerksuppaphol & Rerk-

suppaphol, 2019). Although supplements of zinc exist in themarket, the

best way to get the benefits of this mineral is by including it in your

daily diet. Experts recommend 11 mg of zinc per day for men and 8

mg for women during the flu and cold seasons. Dietary sources of zinc

include meat, shellfish, chickpeas, lentils, beans, nuts, dairy, eggs, and

whole grains. Selenium is an essential mineral for immune health. Sele-

nium has been identified as a protective factor against some types of

viruses, such as HIV (Baum et al., 2000).The best source of selenium is

whole grains, yogurt, milk, meat, fish, shellfish, eggs, etc. Consumption

of functional foods rich in zinc and selenium could contribute in reduc-

ing the COVID-19 risks.
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Copper, an imperative mineral, is equally important for both host

and pathogen during viral infections. Copper has the capability in

involving the bioactivities of following blood cells, including B cells,

macrophages, and neutrophils natural killer (NK) cells (Raha et al.,

2020). These blood cells have potent potential in terms of killing infec-

tious microbes as well as have ability to produce specific antibodies

in contradiction of pathogens (Iakovidis et al., 2011). Copper-deficient

individuals’ medical reports had showed an extraordinary vulnerability

to infections accredited to the reduced quantity and imperfect activi-

ties of blood cell lines.

In addition, copper has the ability of destroying several viruses,

including SARS-CoV-2 (Wazir &Ghobrial, 2017). Considering the rapid

spread of COVID-19 and since no drugs or vaccines provide 100%

protection, it is important to boost the immune system to be able to

fight against the COVID-19. Based on accessible facts and figures, we

assume that copper-enriched foods can boost up immunity of humans.

3.5 Vitamins

Among all micronutrients in fruits and vegetables, vitamins, mainly

vitamins A, B, C, D, and E, are responsible for immune reactions and

have shown significant antiviral effects against the novel coronavirus

(Calder et al., 2020). It has been proposed that the use of these vita-

mins could be sufficient to prevent and also treat the viral infections

caused by SARS-CoV-2 (Gasmi et al., 2020). The water-soluble and fat-

soluble vitamins with proven antiviral effects will be highlighted in the

following subsections (Table 2).

3.5.1 Water-soluble vitamins

B vitamins are water-soluble vitamins commonly found in poultry, fish,

meat, potatoes, meat, egg, nuts, legumes, whole grains, seaweed, etc.

(Chowdhury, 2020). B vitamins work as a part of coenzymes in the

human body. Each B vitamin has its own special functions. For instance,

vitamin B1 or thiamine can modulate the immune system function and

is able to decrease the risk of type 2 diabetes, aging-related disor-

ders, cardiovascular diseases, mental disorders, kidney disease, cancer,

andneurodegenerative disorders (Mikkelsen&Apostolopoulos, 2019).

Because the antibodies, mainly T cells, are necessary to suppress the

SARS-CoV-2 virus, vitamin B1 deficiency can potentially lead to insuf-

ficient antibody responses, which can subsequently result in severe

symptoms. Therefore, adequate thiamine levels would be a critical fac-

tor to achieve the proper immune responses during the coronavirus

infection (Shakoor et al., 2021). Additionally, the symptoms of altitude

sickness andpulmonary edema,which are commonlypreventedbypre-

scription of acetazolamide through the inhibition of carbonic anhy-

drase isoenzymes, and further elevation of oxygen levels have been

observed in COVID-19 patients. Thiamine also acts as an inhibitor of

carbonic anhydrase isoenzyme. Therefore, giving high doses of thi-

amine at early stages of COVID-19 could decrease hospitalization and

limit hypoxia (Shakoor et al., 2021). Vitamin B2 or riboflavin is neces-

sary for the energymetabolism of cells (Zhang & Liu, 2020). It has been

reported that vitamin B2 alongwith UV light decreased the concentra-

tion of MERS-CoV in human plasma (Keil et al., 2016). Riboflavin and

UV light result in an irreversible damage to DNA and RNA, disabling

microbial pathogens to replicate (Shakoor et al., 2021).

Vitamin B3 or niacin/nicotinamide is one of the components of

nicotinamide adenine dinucleotide (NAD) and NAD-phosphate, which

are vital through chronic systemic inflammation. NAD+ is released as

a coenzyme at the early stages of inflammation in different metabolic

pathways, and its enhanced levels are required to treat a broad range

of pathophysiological states. The immunomodulatory properties of

NAD+ may result in decreased proinflammatory cytokines, TNF-α, IL-
1β, and IL-6 (Boergeling & Ludwig, 2017). According to the recent

evidence, targeting IL-6 in patients with COVID-19 might be help-

ful to control the inflammatory storm (Liu et al., 2020a). Addition-

ally, nicotinamide can decrease viral replication and strengthen the

body’s immune system. So, niacin would be a good adjunct treatment

for COVID-19 patients (Shakoor et al., 2021). Moreover, vitamin B3

can significantly inhibit the neutrophil infiltration into the injured lungs

with a considerable anti-inflammatory effect. Nevertheless, this treat-

ment resulted in the development of hypoxemia (Jones et al., 2015).

There are limited studies on vitamin B5 or pantothenic acid on the

immune system. However, it has been reported that vitamin B5 may

decrease inflammation (Mikkelsen & Apostolopoulos, 2019). Further-

more, vitamin B6 or pyridoxine is required for protein metabolism and

participates in more than 100 reactions in different tissues as well as

immune responses to viral infections, and its deficiency may lead to

immune dysregulation. So, vitamin B6 is an ideal supplement for virus-

infected patients to improve their immune system and could be con-

sidered as a basic option for the treatment of the novel coronavirus

(Zhang & Liu, 2020). A recent preprint has suggested that vitamin B6

supplementation relieves the symptoms of COVID-19 by regulation

of immune responses, reduction of proinflammatory cytokines, main-

tenance of endothelial integrity, and prevention of hypercoagulability

(Desbarats, 2020). Due to the approved effect of vitamin B6 on the

upregulation of IL-10 as an immunosuppressive and anti-inflammatory

cytokine, it may dampen the inflammation and cytokine storm caused

by the COVID-19 virus (Shakoor et al., 2021).

Vitamin B9 or folic acid/folate is a vital vitamin for protein andDNA

synthesis and immune responses. It has recently been noted that vita-

min B9 can prevent SARS-CoV-2 cell entry and viral turnover. So, it

could be a beneficial agent to suppress the viral infection (Sheybani

et al., 2020). VitaminB12or cobalamin is vital for red blood cell synthe-

sis, cellular growth, DNA synthesis, and nervous system health. How-

ever, the symptoms of vitamin B12 deficiency are similar to the infec-

tion of SARS-CoV-2 such as hyperhomocysteinemia, increased oxida-

tive stress, coagulation cascade activation, and pulmonary vasculopa-

thy (Sabry et al., 2020). Recently, some clinical studies have reported

the effect of vitamin B12 supplements on the decrement of lung dam-

age, severe symptoms, and the need for intensive care support (dos

Santos, 2020; Tan et al., 2020a). Vitamin B12 is also vital to support a

healthy gut microflora, which has an essential role in the function and

development of both adaptive and innate immune systems. This could
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TABLE 2 Selected studies about the antiviral activity of vitamins

Bioactive

compound

Antiviral activity

against Model Key outcomes. References

Vitamin C Common cold viruses In vivo (clinical) The subjects who received vitamin C had a 0.80-fold

lower risk of getting a common cold comparedwith

the placebo group.

(Kim et al.,

2020)

Enterovirus/rhinovirus

In vivo (Clinical) High dose of vitamin C caused a rapid resolution of lung

injury in patients with virus-induced ARDS.

(Fowler Iii

et al., 2017)

SARS-CoV-2

(COVID-19)

In vivo (clinical) Coadministration of vitamin C and quercetin may exert

a synergistic antiviral effect in COVID-19 patients.

(Biancatelli

et al., 2020)

Vitamin B2 MERS-CoV In vivo (clinical) Riboflavin and UV light significantly diminished the

titer ofMERS-CoV to below the limit of detection in

human plasma products which revealed the role of

the vitamin in reducing the risk of transfusion and

transmission ofMERS-CoV.

(Keil et al.,

2016)

Vitamin B6 SARS-CoV-2

(COVID-19)

In vivo (clinical) Vitamin B6 supplementationmaymitigate the

symptoms of COVID-19 via alleviating both the

immune suppression and bolstering the endothelial

integrity as well as preventing hypercoagulability.

(Desbarats,

2020)

Vitamin B9 SARS-CoV-2

(COVID-19)

In silico (Molegro

virtual docker

version 6.0

software)

Results showed that folic acid could be utilized to

inhibit the furin as an effective enzyme in proteolytic

pathways could be useful in themanagement or

prevention of COVID-19 at the early stages of the

respiratory disease.

(Sheybani

et al., 2020)

Vitamin D Rotavirus In vitro (IPEC-J2); in

vivo (pig)

Vitamin D alleviated rotavirus infection through the

TBK1/IRF3 signaling pathway via directly targeting

TBK1.

(Y. Zhao et al.,

2019)

Influenza A virus In vivo (clinical) Vitamin D3 supplements reduced the incidence of

influenza A in schoolchildren.

(Zhou et al.,

2018)

Influenza A and B

virus

In vivo (clinical) Vitamin D significantly reduced respiratory viral

infection and the incidence of influenza by about

25%.

(Loeb et al.,

2019)

Vitamin A Bovine coronavirus In vivo (calves) Deficiency of vitamin A increases susceptibility to

infectious disease in calves and low vitamin A diets

may interfere the effectiveness of viral vaccines.

(Jee et al.,

2013)

IBV and reovirus (RV) In vitro (chicken) Infectionwith IBV and RV led to the acute respiratory

disease in chickens and the infectionwasmore

serious in vitamin A–deficient chickens. This group

showed a higher severity and frequency of the

symptoms.

(West et al.,

1992)

Vitamin E Common cold viruses In vivo (clinical) Protective effect of vitamin E supplementation was

observed on upper respiratory tract infections,

especially the common cold.

(Meydani

et al., 2004)

be fundamental in COVID-19 cases with gut microflora dysbiosis (Zuo

et al., 2020). A combination of vitamin B12/magnesium/vitamin D in

olderCOVID-19 patientswas significantly associatedwith a decreased

clinical deterioration implicating oxygen support or intensive care.

However, further randomized controlled trials are needed to find novel

combinationswithmore efficient effects in ameliorating the severity of

symptoms in COVID-19 patients (Tan et al., 2020b).

Vitamin C or ascorbic acid is another water-soluble vitamin, and its

commontan sources are citrus fruits, kiwi, yams, broccoli, strawber-

ries, and melons. The recommended intake dosage of vitamin C for

adults is 60–90 mg/day (Chowdhury, 2020). Vitamin C is known for

its essential role as an antioxidant and in immune functions, which

can provide protection against coronavirus infection (Hemila, 2017).

For instance, it has been reported that vitamin C enhanced the resis-

tance of chick-embryo ciliated tracheal organ cultures to infection

by an avian coronavirus (Atherton et al., 1978). Another role of vita-

min C is acting as an antihistamine agent to improve flu-like symp-

toms, such as a running nose, sneezing, and swollen sinuses (Zhang

& Liu, 2020). Additionally, human trials have revealed that vitamin C-

supplemented groups showed a lower incidence of pneumonia, which

confirms that vitamin C may inhibit the susceptibility to respiratory

tract infections (Hemila, 1997). Vitamin C exerts its antiviral charac-

teristics via supporting the lymphocyte activity, enhancing the produc-

tion of interferon-α, decreasing inflammation, modulating cytokines,
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restoring mitochondrial function, and improving endothelial dysfunc-

tion. It has also been suggested that vitamin C might be directly viri-

cidal (Biancatelli et al., 2020). High dose of vitamin C has also been

successfully applied in the treatment of moderate to severe SARS-

Cov-2 patients in China. Using 10–20 g of vitamin C per day led to

a better oxygenation index in real time, and all of the patients were

cured and discharged. Considering that high dosage of vitamin C is

safe, researchers and healthcare professionals would better take this

opportunity for its potential use in the treatment of Covid-19 (Cheng,

2020).

3.5.2 Fat-soluble vitamins

Vitamin A with three active forms, such as retinal, retinol, and retinoic

acid, is commonly found in liver, eggs, oily fish, carrots, orange fruits,

fortifiedmargarine, dairy products, tomato juice, green and yellowveg-

etables, and its recommended daily intake is 3000–5000 international

unit (IU) for adults. Vitamin A has also been called an “anti-infective”

vitamin because its deficiency leads to an impaired immune system.

Vitamin A supplementation decreased the symptoms and mortality

of various infectious diseases (Zhang & Liu, 2020). It has also been

reported that deficiency of vitamin A in diets might endanger the effi-

ciency of vaccines made by an inactivated bovine coronavirus (Jee

et al., 2013). Vitamin A and its derivatives can facilitate the modula-

tion of innate immunity, barrier function, and enhancing the matura-

tion andmaintaining of NK cells such as dendritic cell and T helper 1 or

2 lymphocytes (Chowdhury, 2020).Many systematic reviews have sup-

ported that vitamin A could improve the symptoms of acute pneumo-

nia and also enhanced the clinical responses and decreased the length

of hospital stay (Hu et al., 2018). Overall, vitamin A could be a promis-

ing choice for the prevention of lung injuries and the treatment of novel

coronavirus (Zhang & Liu, 2020).

Vitamin D is commonly supplied by sunlight, liver, eggs, fortified

margarine anddairy products, andoily fish, and the recommendeddaily

intake is 400–1000 IU for adults. The active form of this vitamin is

1,25-dihydroxyvitamin D3 with approved immune-regulatory proper-

ties. The involved mechanisms of immunomodulatory effects are com-

plex. However, deficiency of vitamin D was associated with respira-

tory tract infections (Chowdhury, 2020). In a systematic review, it has

been reported that the risk of pneumonia could be elevatedwith a defi-

ciency of vitamin D (Zhou et al., 2018). Furthermore, several inves-

tigations and systematic reviews have exhibited that vitamin D can

decrease the risk of infections in the respiratory tract (Autier et al.,

2017; Bergman et al., 2013;Martineau et al., 2017, 2019). Threemech-

anisms have been proposed for this effect of vitamin D involving main-

tenance of tight junctions, induction of cathelicidins and defensins,

which candecrease the rate of viral replication and reduce the cytokine

concentration, whichmay produce inflammation and injures in the res-

piratory tract (Grant et al., 2020). VitaminD impacts both adaptive and

cellular immunity. However, 1,25(OH)2D3 can diminish the responses

resulting from T helper type 1 (Th1) and can downregulate the activ-

ities of T cells, which may lead to lower inflammatory activities (Jef-

fery et al., 2009). Furthermore, vitamin D can increase cellular immu-

nity by reducing the cytokine storm caused by viral infections. For this

purpose, high concentrations of the active form of vitamin D (100–

150nmol/L)werepreferred to get themost efficient result (Grant et al.,

2020). Cytokine storm can be induced by the innate immune system

causing the inflammatory and anti-inflammatory responses in COVID-

19 cases. So, there is a direct relation between the function of vitamin

D and the level of immunity in patients (Huang et al., 2020). As a pre-

ventive measure, it is proposed that people at risk of COVID-19 take

10,000 IU/d of vitamin D3 for a few weeks to swiftly raise concentra-

tion of 25(OH)D, followed by a dose of 5000 IU/d. The target should

be to elevate 25(OH)D concentrations up to 40–60 ng/mL. As a thera-

peutic measure, higher vitamin D3 dosage might be beneficial. How-

ever, large population investigations and randomized controlled tri-

als should be organized to study these recommendations (Grant et al.,

2020).

Vitamin E, including tocopherols and tocotrienols, is commonly

found in plant oils (e.g., corn, soy, olive), seeds, nuts, and wheat germ.

The recommended daily intake of vitamin E is 15–20 mg per day for

adults (Chowdhury, 2020). Vitamin E is also significantly effective in

the reduction of oxidative stress via blocking the free radicals because

of its antioxidant characteristics (Galmes et al., 2018). It has been

announced that there is a positive correlation between vitamin E and

cellular immunity and vitamin E supplements can also improve the

activity of helper T lymphocyte and enhance the vaccine responses (De

la Fuente et al., 2008).Moreover, studies have confirmed that vitamin E

supplements may help to decrease the risk and duration of respiratory

tract infections (Chowdhury, 2020; Meydani et al., 2004; Zhang et al.,

2019). Overall, it can be concluded that vitamins can be ideal supple-

ments due to their immune-augmenting roles for the prevention and

treatment of coronavirus infections.

3.6 Polysaccharides and oligosaccharides

A clinical study in Wuhan, China, involving 41 patients with coro-

navirus infection revealed that intensive care patients had higher

plasma levels of proinflammatory cytokines such as MCP1, MIP1A, IL-

2, IL-7, IL-10, IP10, GSCF, and TNF-α than the other patients, which

could be associated with Th1 cell responses (Suwannarach et al., ).

Among all bioactives, various oligosaccharides and polysaccharides

with proven health-promoting and therapeutic effects have been intro-

duced. Immunomodulatory properties and antiviral effect of poly- and

oligosaccharides have been widely investigated. Poly- and oligosac-

charides are valuable compounds with confirmed antiviral activity by

stopping viral proliferation, binding to the receptors of the host cell,

controlling adsorption of the virus, inhibiting the virus fusion to the

host cell membrane, and regulating intracellular signals as well (Farshi

et al., 2020). It has been proven that many mammalian viruses have

developed to utilize glycans as a candidate for host cell receptors,

and the probable association between coronavirus and glycans, which

have been expressed on the surface of host cells, cannot be ignored.

These phenomena can be used to design the glycans and specially
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oligo/polysaccharides with potent behavior as decoy receptors for the

coronavirus (Walsh et al., 2020).

Polysaccharides are high-molecular-weight compounds extracted

mostly from plants, algae, or animals. There are various bioactive

polysaccharides with different sources, including cellulose, hemicellu-

loses (e.g., xylans, galactomannans and glucomannans), chitin, and chi-

tosan, alginate, carrageenan, and lentinan (Bhatia et al., 2019). Some

known polysaccharides such as chitosan, carrageenan, β-glucan, astra-
galus polysaccharide, and fucoidan, have shown considerable antivi-

ral activity (Bhatia et al., 2019; Chen et al., 2020; Huang et al., 2016).

Particularly, sulfated polysaccharides can block the positively charged

receptors on the surface of viruses and subsequently prevent the bind-

ing process to heparan sulfate proteoglycan that is placed on the cell

surface,whichmay lead to inhibition of the entry process of the virus to

the host cell. Nevertheless, the antiviral characteristics of polysaccha-

rides not only depend on their charge density but also on their precise

structural properties that are critical (Chen et al., 2020). Further, some

of known antiviral polysaccharides are highlighted (Table 3).

Chitosan is a linear, alkaline, positive-charged polysaccharide made

by repeated glucosamine and N-acetylglucosamine units derived from

the fungal cell walls or the shells of shrimps and crustacean. Chi-

tosan and its derivatives have shown a good inhibitory effect against

different viruses that open new windows for further coronavirus

research. The cationic derivative of chitosan (N-(2-hydroxypropyl)−3-

trimethylammonium chitosan chloride (HTCC)) exhibited an inhibitory

impact on various human coronaviruses, such as HCoV-OC43, HCoV-

229E, HCoV-HKU1, and HCoV-NL63. On the other hand, a hydropho-

bic derivative of chitosan (HTCC) has shown a considerable inhibitory

effect against HCoV-NL63, which reveals that HTCC-based deriva-

tives of chitosan are potent inhibitors against pathogenic human

coronaviruses (Milewska et al., 2016). It has been shown that

10–100 μg/mL of N-palmitoyl-N-monomethyl-N,N-dimethyl-N,N,N-

trimethyl-6-O-glycolchitosan can decrease the rate of Covid-19 infec-

tion in human lung cells by 3–4 log values. This finding might be due

to electrostatic binding to the coronavirus, which can inhibit the viral

entry into the cells (Pyrć et al., 2020). Chitosan can promote the

antigen-specific immune responses triggered by the RSV via elevating

the induction of lung T cells, regulatory T cells, and neutralization of

antibodies as well as stimulation of cytotoxic and proliferative func-

tion of splenic leukocytes (Ghendon et al., 2009). The effect of chi-

tosan as a stimulator of cell-mediated and humoral immune responses

with a proven safety record in animal models and human volunteers

led to introduction of this polysaccharide as a promising adjuvant can-

didate for enhancing vaccine efficacy against the novel coronavirus

(Chen et al., 2020). The potential of chitosan as an antiviral agent and a

vaccine adjuvantmakes it a criticalmolecule in formulating both antivi-

ral agents and vaccines. However, various physical and chemical proce-

dures in the preparation of chitosan from chitin have been developed,

which significantly affect the final quality. The variation in source and

preparation process of chitosan has resulted in production of a broad

range of chitosan polymers with different physicochemical effects that

may lead to contradictory reports regarding their performance (Jaber

et al., 2021).

Carrageenan as sulfated linear polysaccharides extracted

from red algae and made of repeating disaccharide units of β-D-
galactopyranose, α-galactopyranose, and 3,6-anhydro-α- galactopyra-
nose. Carrageenan antiviral effect is due to its primary prevention of

the entry or the binding of virions into the host cells (Chen et al., 2020).

In a recent study, some marine sulfated polysaccharides were evalu-

ated regarding their inhibitory activity against coronavirus, and among

them fucoidan, and iota-carrageenan, and sea cucumber sulfated

polysaccharide exhibited a significant antiviral effect at concentrations

of 3.90–500 μg/mL. The polysaccharides could be applied to prevent

and treat COVID-19 (Song et al., 2020).

Alginate, a linear and acidic polysaccharide derived from brown

algae, is composed of α-L-guluronic acid and β-D-mannuronic acid.

Alginate is a natural polysaccharide with approved immune activator

property that has recently been proposed as a therapeutic regime for

COVID-19 patients. Alginate could successfully suppress the cytokine

storm initiated by the coronavirus (El-Sekaily et al., 2020). Further-

more, a sulfated derivative of alginate (polyguluronate sulfate) can

appropriately inactivate the hepatitis B virus by Raf/MEK/ERK and

NF-κB signaling pathways to trigger the interferon system (Wu et al.,

2016).

Fucoidan is a sulfated and fucose-enriched polysaccharide obtained

from different sources of brown algae mainly composed of sul-

fate groups, L-fucose, and a small ratio of D-mannose, D-xylose, D-

glucuronic acid, and D-galactose (Chen et al., 2020). Sulfated polysac-

charides such as fucoidan can inhibit or interfere with the activation

andexpressionof epidermal growth factor receptor (EGFR) as themain

pathway causing pulmonary fibrosis. Prevention of the EGFR signaling

pathway can inhibit the excessive fibrotic responses to respiratory viral

infections such as SARS-CoV (Venkataraman & Frieman, 2017).

Astragalus polysaccharide extracted from aChinese herbalmedicine

called Astragalus membranaceus is a bioactive component consisting of

mannose, D-galactose, and D-glucose. Astragalus polysaccharide at a

concentration of 30 μg/mL, which is nontoxic, can significantly prevent

the expressions of Zta and Rta viral proteins in the gammaherpesvirus

4 lytic cycle and possess antiviral activity (Guo et al., 2014).

β-Glucan can be derived from different sources, such as algae, fungi,

yeast, and plant, and has been well documented regarding immunos-

timulatory properties. The activation of β-glucan–specific receptors on
neutrophils,macrophages, andNKcells is responsible for the enhanced

activities of the innate and specific immune system (Murphy et al.,

2008). Both in vitro and in vivo studies revealed that the immunostim-

ulatory effect of β-glucan depends on the molecular weight, structure,

and the number of branches (Khan et al., 2018). Lentinan in Lentinus

edodes as a widely edible mushroom composed of a β-glucan back-

bone and glucosyl-branching units ended by galactosyl or mannosyl

residues. Typically, mushrooms are known as an essential source of

polysaccharides with immunomodulatory effects (Suwannarach et al.,

2020). Lentinan, an extensively investigated polysaccharide with

approved immunomodulatory processes, has been widely applied as a

dietary supplement or alternative medicine (Chen et al., 2020; Zhang

et al., 2011). Lentinan can downregulate the expression of IL-2, IL-11,

and TNF-α and upregulate the expression of IFN-γ and IFN-1 after
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TABLE 3 Selected studies about the antiviral activity of the oligo/polysaccharides

Bioactive compound

Antiviral activity

against Model Key outcomes References

N-(2-hydroxypropyl)-

3-

trimethylammonium

chitosan chloride

Human coronaviruses

(HCoV-NL63,

HCoV-KU1,

HCoV-OC43, and

HCoV-229E)

In vitro (LLC-Mk2

cells)

The chitosan derivative inhibited the interaction of studied

coronaviruses with their receptor and thus blocked their

entry into the cells.

(Milewska

et al., 2016)

Chitosan Avian influenza virus

A (H5N2, H5N1,

H5N2, H5N3)

In vivo (mice) Chitosan can be a promising adjuvant candidate for

inactivated influenza vaccines.

(Ghendon

et al., 2009)

Lentinan HIV In vivo (HIV patients) Lentinan qualifies as an ideal antiviral due to the

stimulation of significant increase in CD4 levels in

HIV-infected patients.

(Gordon et al.,

1995)

Astragalus

membranaceus

polysacharide

Gamma-herpesvirus

4

In vitro (Raji cells) The polysaccharide significantly enhanced the EBV lytic

cycle in a concentration of 30 μg/mL, which indicated its

potential usage as an antiviral drug.

(Guo et al.,

2014)

Iota-carrageenan Human rhinovirus,

human coronavirus,

and influenza A

virus

In vivo (clinical trials) Use of carrageenan nasal spray in patients suffering from

viral common cold decreased the duration and relapses

of symptoms of disease and improved the viral clearance.

(Koenighofer

et al., 2014)

Milk oligosaccharides Human rotavirus

strains

In vitro (MA104 cells) Milk oligosaccharides diminished the infectivity of human

rotaviruses in vitro with confirmed antiviral effect.

(Laucirica

et al., 2017)

Fructan from

Chikuyo—Sekko–

To

Herpes simplex virus

type 2HSV-2

influenza A virus

(H1N1)

In vitro (RAW264.7

cells); in vivo (mice)

The extracted polysaccharide hadmodulatory effects on

nitric oxide production and also induction of several

cytokinemRNA expression, including IL-1β, IL-6, IL-10,
and TNF-α.

(Lee et al.,

2012)

Fructan fromWelsh

onion (Allium
fistulosum L.)

Influenza A virus

(H1N1)

In vitro (MDCK cells);

in vivo (mice)

The polysaccharide improved the level of neutralizing

antibodies against infection by influenza A virus.

(Lee et al.,

2012)

Oat fiber β-glucan Herpes simplex virus

type 1

In vivo (mice) Macrophages are partially responsible for the antiviral

effects of oat β-glucan.
(Murphy et al.,

2008)

Fucoidan from brown

algae Kjellmaniella

crassifolia

Influenza A virus In vitro (MDCK cells)

and in vivo (mice)

Fucoidan possessed antiviral activities both in vitro and in

vivo, and could block the viral invasion and release

through the cellular EGFR pathway.

(W.Wang

et al., 2017)

Humanmilk

oligosaccharides

Rotavirus In vitro (MA-104

cells); in vivo

(piglets)

Humanmilk oligosaccharides inhibited the rotavirus

infectivity in vitro and also decreased NSP4 replication

through the acute rotavirus infection in vivo.

(Hester et al.,

2013)

Milk oligosaccharides Human rotavirus

strains

In vitro (MA104 cells) Milk oligosaccharides decreased the infectivity inMA104

cells by human rotaviruses. So, the addition of the

oligosaccharidesmay be beneficial in infant formula.

(Laucirica

et al., 2017)

κ-carrageenan
oligosaccharides

Influenza A virus In vitro (MDCK cells)

and in vivo (mice)

Carrageenan oligosaccharides and their sulfated

derivatives had an ideal inhibitory impact on replication

of influenza A virus both in vitro and in vivo.

(Wang et al.,

2017)

exposure to the hematopoietic necrosis virus, which could be

attributed to its ability in regulating the specific immunity and innate

immune responses (Ren et al., 2018). The polysaccharides may react

directly via preventing the adsorption and uptake of the viruses into

the cells or inhibiting the viral enzymes (Khan et al., 2018).

Fructans are water-soluble compounds naturally found in flowering

plants, e.g., tomato, onion, garlic, rye, banana, chicory, barley, dragon

fruit, asparagus, and honey. Both long-chain fructans (inulin: DP > 10)

and short-chainones (fructooligosaccharides:DP<10) arewell-known

prebiotic compounds exerting overall health effects by stimulation of

theproliferation andgrowthof beneficial intestinal bacteria (Dobrange

et al., 2019). Their immunomodulatory function is dependent on Toll-

like receptors (TLR 2, 4, 5, 7, 8). After binding to the receptors, some

signaling pathways might be triggered, which is dependent on the

nuclear factor NF-κB, peptidoglycan recognition protein 3 (PGlyRP3),

and peroxisome proliferator-activated receptors (Peshev & Van den

Ende, 2014). Fructans isolated from Chikuyo–Sekko–To, a traditional

Japanese herbal medicine, have shown antiviral effects against herpes

simplex virus type 2 in vivo and in vitro via enhancement of the pro-

duction of nitric oxide as a viral replication inhibitor as well as other

immunostimulatory factors such as IL-1β, IL-10, IL-6, TNF, and IFN

(Lee et al., 2012). Other investigations on both long- and short-chain
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fructans from fresh and aged garlic have demonstrated the capacity to

activate the macrophages and then phagocytosis in combination with

the release of nitric oxide (Dobrange et al., 2019).

Oligosaccharides as low-molecular-weight carbohydrates between

mono- and polysaccharides can be obtained from natural sources or

chemically synthesized from disaccharides as well as the hydrolyza-

tion of polysaccharides. The special properties of oligosaccharides

including low-viscosity and high-solvency at neutral pH, nonaller-

genic, nontoxic, disease-preventing, and health-promoting charac-

teristics improved their potential to be used as pharmaceuticals

and drugs (Ji et al., 2011). Some important bioactive oligosaccha-

rides include xylooligosaccharides, fructooligosaccharides, β-glucan
oligosaccharides, galactooligosaccharides, mannan oligosaccharides,

pectic oligosaccharides, iso-maltooligosaccharides, arabinooligosac-

charides, chitosan oligosaccharides, algae-derivedmarine oligosaccha-

rides, and human milk oligosaccharides, etc. These oligosaccharides

are naturally present in milk, fruits, honey, lentils, sugarcane juice, and

vegetables (Bhatia et al., 2019). Subsequently, some potentially known

antiviral oligosaccharides are discussed.

Xylooligosaccharides have a critical role in the development of the

oligosaccharides market. Its cost is quite variable, which could be due

to the diverse purity. Different hemicellulosic sources such as Ben-

gal gram husk, corn stalks, corn cob, wheat bran and straw, pigeon

pea stalks, barley hulls, sugarcane bagasse, green coconut husks, and

algal sources have been identified for the production of xylooligosac-

charides. The structure is composed of 2–20 units of xylose joint by

β-1,4-xylosidic linkage (Belorkar & Gupta, 2016; Bhatia et al., 2019).

Themain bioactive roles related to the xylooligosaccharides have been

reported as antioxidant, prebiotic, gelling agent, treatment of diabetes,

antitumor, and antiviral agent (Suwannarach et al., 2020). Sulfated

xylooligosaccharides extracted fromRed seaweedNothogenia fastigiata

were found to show antiviral activity against types 1 and 2 of herpes

simplex virus (Gupta et al., 2016).

The antiviral effect of chitosanoligosaccharides involves the activity

of macrophages, which can enhance the production of active oxygen

species and subsequent viral destruction. Another suggested mecha-

nism is related to the interactions between blood leucocytes and viral

coat receptors. The positive relationship between the antiviral activ-

ity of chitosan oligosaccharides and their positively charged groups has

also been proven (Ji et al., 2011).

Carrageenan oligosaccharide with exclusive properties, such as

abundance, nontoxicity, and biodegradability, can be used as biocom-

patible reductants for green synthesis of gold nanoparticles (Chen

et al., 2019). The oligosaccharide capped gold nanoparticles can be

loaded by S or N protein obtained from coronavirus and be applied for

vaccine designation (Chen et al., 2020).

Human milk oligosaccharides found in breast milk have a unique

structural variety composed of five monosaccharides, including

D-glucose, D-galactose, N-acetylglucosamine, L-fucose, and N-

acetylneuraminic acid bonded by glycosidic linkages. These oligosac-

charides can provide an indirect nutritional value to the infant via

promoting the growth of beneficial intestinal microflora and subse-

quently the generation of short-chain fatty acids. They can also directly

modulate immune responses and decrease selectively the binding of

pathogenic bacteria and viruses to epithelial cells (Walsh et al., 2020).

Further, in vivo studies by Hester et al. (2013) exhibited that both

neutral and acidic fractions significantly diminished the infectivity

of rotavirus. Laucirica et al. (2017) also revealed the strain-specific

effect of human milk oligosaccharides on infectivity reduction of two

dominant rotavirus strains in MA104 cells (monkey kidney epithelial

cells). So, it is plausible to speculate that human milk oligosaccharides

may act as antiviral agents against SARS-CoV-2. The potential of

these oligosaccharides to behave as soluble decoy receptors for the

coronavirus could be of great interest in further investigations (Walsh

et al., 2020).

3.7 Bioactive peptides and bioactive protein
fractions

Bioactive peptides (consisting of 3–20 amino acid residues) and pro-

teins (generally consisting of more than 20 amino acids) are func-

tional food ingredients that offer several advantageous bioactivi-

ties, such as antioxidant, antihypertensive, antimicrobial, antidiabetic,

immunomodulatory, antiobesity, cytomodulatory, and antithrombotic

properties (Goudarzi &Madadlou, 2013; Sarmadi& Ismail, 2010). Rely-

ing on the fractionated sequence, bioactive peptides are classified into

the ingredients effective inhumannervous, gastrointestinal, cardiovas-

cular, and immune systems (Sánchez & Vázquez, 2017). Bioactive pep-

tides remain inactive as long as their relevant sequences are entrapped

by long chains of proteins (Goudarzi et al., 2012). The release of bioac-

tive peptide sequences from the protein matrix is facilitated through

the fermentation process, enzymatic hydrolysis, and gastrointestinal

digestion of protein-containing foods. Most of the bioactive peptides

and protein fractions are originated from milk and dairy products,

meat, egg, fish, poultry, algae, nuts, and seeds (Mohanty et al., 2016).

The sideeffects of synthetic antiviral drugs togetherwithhighmuta-

bility of coronaviruses have encouraged scientists to use natural antivi-

rals as a sustainable long-term strategy for remediation of coronavirus

infections (Real et al., 2004). In this regard, the antimicrobial pro-

tein fractions and bioactive compounds are developed as the body ini-

tial shield against various pathogens mainly through their immune-

boosting functions. Impediment in virus reproduction capacity, inter-

ruption in the attachment of virus-cell membrane surface by block-

ing cell receptors, and direct destruction of virus integrity are pointed

out as further antiviral mechanisms of bioactive peptides and bioactive

protein fractions (daMata et al., 2017).

The protein griffithsin, which is a lectin of 121 amino acids derived

from the red algae Griffithsia, has shown potential to prevent and

treat a wide range of viral infections (Decker et al., 2020). Grif-

fithsin is a homodimeric complex where each monomer harbors three

carbohydrate-binding domains (Lee, 2019). The ability of griffithsin

to bind to oligo-saccharides makes it a promising candidate to block

spike protein, the highly glycosylated surface protein of coronaviruses,

which in turn inhibits the virus infusion into the host cell (O’Keefe

et al., 2010). Ziółkowska et al. (2006) reported that all three crystal
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forms of griffithsin including un-liganded trigonal SeMet, un-liganded

orthorhombic, and N-glucosamine complex could significantly inhibit

SARS-CoV even at nanomolar concentrations, either by interfering

with virus replication or by their CPEs on virus integrity. Similarly,

O’Keefe et al. (2010) studied the in vivo and in vitro antiviral effects

of griffithsin protein on SARS-CoV (O’Keefe et al., 2010). They dis-

closed that the main antiviral mechanism of griffithsin is the inter-

action between griffithsin active sites and SARS-CoV spike glycopro-

teins. They also indicated the antiviral effects of griffithsin against

other coronaviruses infecting mammals and birds. The in vivo exper-

iment on mice confirmed the Griffithsin-treated SARS-CoV–infected

cases experienced positive responses and lower mortality rates. In line

with these results, Barton et al. (2014) reported potent antiviral activ-

ity for griffithsin against various viral infections including SARS-CoV

diseases.

Lactoferrin, owing to its broad-spectrumantiviral activity, is another

protein that is attracting broad research interest as a natural weapon

for fighting epidemic and pandemic viral infections. Lactoferrin is a

glycosylated protein consisting of a single chain of approximately 700

amino acids. It is folded into two symmetrical lobes (N-terminal and C-

terminal), each of which possesses an iron-binding site (Miotto et al.,

2021). Lactoferrin is present inmucosal secretions such as saliva, tears,

nasal secretions, gastrointestinal fluids, urine, seminal and vaginal flu-

ids, and most of all in milk (González-Chávez et al., 2009). Lang et al.

(2011) reported that lactoferrin inhibited SRAS pseudovirus cell entry

through blocking cell-surface heparan sulfate proteoglycans (HSPGs).

Widely distributed on the mammalian cell membranes, HSPGs are

thought as the initial docking site for a range of viruses invading human

cells including HIV type 1, hepatitis B and C viruses, human papillo-

mavirus, herpes virus, foot, and mouth disease virus, dengue virus, and

most importantly SARS-COV (Lang et al., 2011). In fact, before binding

to ACE2 receptor and subsequent internalization into host cells, SARS-

COVmost probably attaches toHSPGs via spike protein, althoughwith

lower affinity comparedwith attachment to ACE2. It was deduced that

the positively charged N-terminal glycosaminoglycan-binding domain

of lactoferrin binds to negatively charged HSPGs via electrostatic

attraction, which in turn interferes the virus initial attachment to host

cells (Lang et al., 2011). The findings of this study, along with the well-

known antiviral activities of lactoferrin, have recently inspired sev-

eral researchers into exploring the possible inhibitory effect of lacto-

ferrin on SARS-COV-2. In an in vitro study, de Carvalho et al. (2020)

reported that bovine lactoferrin potently interfered with SARS-CoV-

2 replication in a dose-dependent manner (0.2–1.0 mg/mL). In fact,

based on RNA level, SARS-CoV-2 yields were reduced by approxi-

mately84.6%and68.6% inAfricangreenmonkeykidneyepithelial cells

and in adenocarcinomic human alveolar basal epithelial cells, respec-

tively, at 1 mg/mL lactoferrin concentration. Later, Hu et al. (2021)

showed that both bovine lactoferrin and human lactoferrin inhibited

SARS-COV-2 replication in multiple cell lines, implying the cell type

independency of antiviral effect of lactoferrin and that they may pro-

vide protection against the coronavirus infection in different organs.

It was also found that lactoferrin exerted its inhibitory effect on viral

replication through blocking cell-surface HSPG receptors at the viral

attachment stage, whereas no noticeable antiviral effect was observed

when lactoferrin was included during viral entry or post-viral entry

stages (Hu et al., 2021). Note that the combined use of lactoferrin with

the FDA-approved SARS-CoV-2 antiviral remdesivir showed synergis-

tic antiviral activity in cell culture (Hu et al., 2021). Similarly, Cegolon

et al. (2021) reported higher in vitro virucidal activity of hypothiocyan-

ite against SARS-CoV-2 when it was applied in combination with lacto-

ferrin.

The preventive and soothing effects of lactoferrin on SARS-COV-2

infection have also been demonstrated in clinical trials. Serrano et al.

(2020) reported that the COVID-19 patients with typical symptoms

who were orally administrated with a liposomal bovine lactoferrin

nutritional syrup food supplement recovered completely in the first 4–

5 days of the trial. Moreover, the same treatment but at lower doses

prevented the infection of healthy individuals who were directly in

contact with patients. A similar study found that oral and intranasal

treatment of mild-to-moderate and asymptomatic COVID-19 patients

with liposomal bovine lactoferrin significantly reduced the mean time

length of rRT-PCR SARS-COV-2 RNA-negative conversion in compar-

ison with the standard-of-care (SOC)-treated and nontreated patients

(Campione et al., 2020). Lactoferrin supplementation also caused sig-

nificant decreases of inflammatory biomarkers, namely, ferritin, IL-6,

and D-dimer, which in turn resulted in faster clinical symptoms recov-

ery of the patients (Campione et al., 2020). The downregulating impact

of lactoferrin on inflammatory blood parameters of SARS-COV-2–

infected individuals was also reported by Serrano et al. (2020). The

anti-inflammatory of lactoferrin is believed to be due to its capability

to chelate iron and thus restore iron homeostasis, which is disturbed

by viral infection (Campione et al., 2020).

There is a dearth of experimental data on the potential of food

protein-derived bioactive peptides for preventing or treating the epi-

demic infections caused by coronaviruses MERS-CoV, SARS-COV, and

SARS-COV-2. However, food proteins are thought as potential sources

for mining cathepsin L-inhibitory peptides to combat such diseases

(Madadlou, 2020). Cathepsin L is a host cell protease that plays a criti-

cal role in endocytosis of SARS-COVandSARS-COV-2by cleaving their

protein S (Salaris et al., 2021). Therefore, inhibition of cathepsin L pro-

tease could be a promising strategy to block or substantially reduce

the entry of the viruses into the host cells. The peptides with cathep-

sin L-inhibitory activity have already been identified in rice (Hellinger

& Gruber, 2019) and pineapple stem (Polya, 2003). Furthermore, milk

proteins and in particular lactoferrin, which itself has shown cathep-

sin L-inhibitory activity (Sano et al., 2005), hold great promise for gen-

erating such antiviral peptides (Madadlou, 2020). Bioactive peptides

of food origins might also have implications on endocytosis and pul-

monary function of SARS-CoV-2 in affected patients through influ-

encing the renin–angiotensin system (Madadlou, 2020). The presumed

mechanisms of action of such peptides have been outlined elsewhere

(Goudarzi et al., 2020). Notwithstanding, whether food-derived bioac-

tive peptides can prevent and/or treat coronavirus infections remains

to be explored.
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3.8 Essential oils

Ethereal or volatile oils are aromatic compounds (> 17,000) produced

as secondary metabolites in many parts (fruits, buds, flowers, leaves,

stems, twigs, bark, roots, seeds, and wood) of numerous higher plants,

namely, angiospermic families Lamiaceae, Asteraceae, Zingiberaceae,Myr-

taceae, and Rutaceae, called by the term “essential oils” (EOs; Burt,

2004; Regnault-Roger et al., 2012). Usually, antimicrobial effects of

EOs are affected by both concentrations of EO and their molecular

structure (El Hadi et al., 2013). In fact, EOs consist of more than 100

bioactive components, including hydrocarbons such as terpenes and

sesquiterpenes, andoxygenated compounds like phenols, amongwhich

twoor three components haveusually amajor shareof EOconstituents

varied from 20% to 70%, determining their biological activities and

characteristics (Islam et al., 2016; Pandit et al., 2016). Although some

components of EOs (mostly terpenes, phenolics, and aldehydes) are

considered as key agents against viruses, molds, microbial toxins syn-

thesis, bacteria, and insects (Shahidi & Hossain, 2018; Swamy et al.,

2016), it is believed that the biological activities of EOs are frequently

attributed toa combinedeffect of their constituents (Bekut et al., 2018;

Tariq et al., 2019). As an example, Schnitzler et al. (2008) claimed that

the application of original EOs was biologically better than individual

components, as different compounds present in lemon balm EO influ-

enced different phases in the life cycle of type 1 and 2 herpes sim-

plex viruses (HSV-1 andHSV-2) via differentmechanisms.On theother

hand, Astani et al. (2010) reported that the single monoterpenes and

EOs from eucalyptus, thyme, and tea treewere able to inhibit HSV-1 in

vitro by more than 80% and 96%, respectively, indicating both signifi-

cance of individual components and the synergistic effect of EO com-

ponents as antiviral agents.

Ex vivo, in vivo, and in vitro studies suggested that antiviral activity

of EOs can be indirect, through promoting the immunity of human or

synergistic effects on conventional drugs, or maybe a direct effect at

which EO components target the outer structures of viruses (primar-

ily viral envelop), disabling the attachment ability of virus when it is

close to the target cell (Astani et al., 2011; Bekut et al., 2018; Gilling

et al., 2014). Moreover, based on time-of-addition studies dealing with

antiviral activities of EOs extracted from ginger, hyssop, anise, thyme,

sandalwood, chamomile (Koch et al., 2008), Santolina insularis (De Logu

et al., 2000), and data presented in Table 4, it is claimed that the activity

of the EOs ismostly noticeablewhen cells or viruses are treated before

the challenge.

Some studies investigating the antiviral activity of various plant-

derived EOs, especially against coronaviruses, have been listed in

Table 4. In 1995, 100 medicinal plants grown in British Colombia

(Canada) were introduced to have antiviral effects, 12 of which had

significant antiviral activity against parainfluenza virus type 3 (PI-3),

coronaviruses, RSV, rotavirus, andHSV-1 (McCutcheon et al., 1995). In

2005, antiviral influences of many common Chinese herbal medicines

(> 200) on SARS-CoV were evaluated, four of which exhibited strong

activities (Li et al., 2005).

Loizzo et al. (2008) tried to inhibit SARS-associated coronavirus

(SARS-CoV) byEOs from Laurus nobilis leaves.Despite a strong antiviral

activity with IC50 value of 120 μg/mL, they suggested ignoring the EOs

for therapeutic application due to its relatively low selectivity index

(SI, 4.6), as it is generally accepted that a drug with SI value more

than 10 has a good safety profile (Tamargo et al., 2015). Jackwood

et al. (2010) examined the activity of a synergistic mixture of botanical

oleoresins and EOs, designated QR448(a) from Quigley Pharma, Inc.

(Pennsylvania, USA), on a coronavirus named avian infectious bronchi-

tis virus (IBV) in vivo and in vitro. The anti-coronaviral agent was suc-

cessful to inhibit different serotypes of IBV in both procedures, as viral

load reduced in laboratory host systems, and a significant decrease

recorded for both viral RNA load in the trachea and the severity of clin-

ical symptoms and lesions in chickens. Moreover, in vivo study showed

that treatment of the birds with QR448(a) was most effective 2 h

before encountering coronavirus IBV (indicating the virucidal effect

of QR448(a) before virus attachment and entry), and protected chick-

ens from disease clinical signs for up to 4 days and diminished IBV

transmission for up to 14 days. In a similar study (Yin et al., 2011), a

commercial Houttuynia cordata (HC) solution, mostly containing EOs

(Table 4) used to inhibit the coronavirus IBV infection in vitro, in vitro

(in the egg), and in vivo. They confirmed that IBV, similar to other coro-

naviruses,may induce the apoptosis of cells, which can be inhibited due

to the direct virucidal effect ofHCon IBV.HC showed a protection rate

of> 90% against IBV infection in kidney cells of specific pathogen-free

(SPF) chicken embryos andVero cells, whereas its inhibition rate in SPF

chickens was more than 50%. However, HC did not protect the cells

infectedwith IBVandhadno full protection for virus-infected chickens.

Therefore, they recommended applying HC along with other anti-IBV

drugs or vaccines to have a better outcome.

Duijker et al. (2015) used a randomized placebo-controlled, double-

blind, parallel-group design to study the effectiveness of EO (15 mL of

EO per L of olive oil) from Cretan aromatic plants on upper respiratory

tract infections (induced by human parainfluenza virus 1–4 (hPiv) RNA,

HKUI human coronavirus (hCov) RNA, etc.) in patients aged≥ 18 years

(placebo and treated groups with 51 and 54 persons, respectively) as

they treated for 7 days with two 0.5 mL capsules daily (Table 4). They

observed no significant differences in symptom severity or duration

between the groups. However, using an analysis restricted within each

group, they observed a significant reduction for both proportion and

number of patients with constantly increased CRP (C-reactive protein)

level—a sign of infection improvement—only within the intervention

group.Moreover, on the sixthdayof treatment, 91%of the treatedpop-

ulation versus 70%of the placebo participants had no symptoms of dis-

easewhen the analysiswas restricted to virus-positive patients. Finally,

they called for additional studieswith a greater number of patients and

a higher dose of EOs.

Therefore, EOs are promising candidates for the treatment of infec-

tions induced by coronaviruses like new coronavirus (SARS-CoV-2),

and further research is required to evaluate the single and combined

effects of constituents of many potential plant-derived EOs, as well as

their safety and recommended daily intake to be used alone, together

or in combination with other preventive or therapeutic drugs because

antiviral effects could be significantly enhanced using various compo-

nents acting via different mechanisms.
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TABLE 4 Effect of different plant-derived essential oils (EOs) on selected viruses, especially coronaviruses

EO properties

Virus Trial type Treatment Major component(s) IC50 SI Effect(s) References

Human

coronavirus

strain NL63,

hRv, H1N1

influenza,

and hMpv

Clinical examination

as a double-blind

randomized

controlled trial

Capsules containing

olive oil and a blend

of EOs from (1)

Thyme

(Coridothymus
capitatus (L.)), (2)
Cretan dittany

(Origanum
dictamnus L.), and
(3) Sage (Salvia
fruticosaMill.)

(1) Carvacrol

(2) Carvacrol and

p-cymene

(3) Eucalyptol

– – - Reduction in upper

respiratory tract infection

only within the

intervention group.

- Relatively high cessation of

symptoms in virus-positive

patients.

(Duijker

et al.,

2015)

Influenza A

virus strains

(H1N1 and

H3N2),

influenza B,

hRv14 and,

HRSV

In vitro (MDCK and

HeLa cells)

CAPeo containing

olive oil and a blend

of EOs from (1)

Thyme

(Coridothymus
capitatus (L.)), (2)
Cretan dittany

(Origanum
dictamnus L.), and
(3) Sage (Salvia
fruticosaMill.)

(1) Carvacrol

(2) Carvacrol and

p-cymene

(3) Eucalyptol

– – - Low cytotoxicity of CAPeo

in vitro.

- Highly inhibition of H1N1

strains by CAPeo, but

inactive for H3N2.

- CAPeo targeted H1N1 or

hRv14 after entry in host

cells and affected HRSV

before the entry.

- A nucleoprotein in influenza

Awas target site for

antiviral agent.

(Tseliou

et al.,

2019)

Two serotypes

of

coronavirus

avian IBV

In vitro (Vero E6 cells

and embryonating

eggs) and in vivo

(chickens)

QR448(a) containing

amixture of

botanical

oleoresins and EOs

– – – - Inhibition of IBV in both

trials.

- QR448(a) was themost

effective 2 h prior to

encounter with IBV.

- Direct virucidal effect of

QR448(a) on IBV.

(Jackwood

et al.,

2010)

Coronavirus

IBV

In vitro (Vero cells

fromAfrican green

monkey kidney), in

ovo (chicken

embryos), and in

vivo (chickens)

Solution ofHouttuynia
cordata. (HC),
mostly containing

EOs

Methyl-nonyl-ketone

(2-undecanone)

– – - A protection rate of

50%–90% against IBV

infection by treatment

before challenge in vitro

and in vivo.

- Direct virucidal effect of HC

on IBV.

-Weak protection for

virus-infected subjects.

(Yin et al.,

2011)

SARS-CoV

andHSV-1

In vitro (Vero cells) EOs:

(1) Laurus nobilis
(2) Juniperus

oxycedrus ssp.

oxycedrus

(1) β-Ocimene,

1,8-Cineole,

α-Pinene, and
β-Pinene

(2) α-Pinene and
β-myrcene

(1) 120 μg/mL

(2) 200 μg/mL

(1) 4.16

(2) 5

(1) Strong antiviral activity of

EO against SARS-CoV.

(2) Antiviral activity of EO

against HSV-1.

(Loizzo

et al.,

2008)

SARS-CoV In vitro (Vero E6 cell) Ethyl acetate extracts

from heartwood of

Chamaecyparis

obtusa

var. formosana and

Juniperus

formosana

(I) Terpenoids:

(1) Ferruginol; (2)

[8β-hydroxyabieta-
9(11),13-dien-12-

one]; (3) 7β-
Hydroxydeoxy-

cryptojaponol); (4)

3β,12-
Diacetoxyabieta-

6,8,11,13-tetraene;

(5) Betulonic acid

(II) Lignoids:

(6) Savinin

(1) 1.39

(2) 1.47

(3) 1.15

(4) 1.57

(5) 0.63

(6) 1.13

(1) 58

(2)> 510

(3) 111

(4) 193

(5) 180

(6)> 667

- Strong antiviral activity of

abietane- and lupine-type

terpenoids, and lignoids

against SARS-CoV.

(Wen

et al.,

2007)

(Continues)



TOMAS ET AL. 113

TABLE 4 (Continued)

EO properties

Virus Trial type Treatment Major component(s) IC50 SI Effect(s) References

HSV-1,

DENV-2,

and JUNV

In vitro (Vero (cells

fromAfrican green

monkey kidney)

EOs:

(1) Romerillo

(Heterothalamus

alienus)

(2) Salvia blanca

(Buddleja

cordobensis)

(1) β-Pinene,
sphatulenol, and

GermacreneD

(2) Caryophylene

oxide,

β-caryophylene,
and α-copaene

(1) HSV-1:

148.4,

DENV-2:

122.3 and

JUNV: 44.2

(2) HSV-1:

54.1,

DENV-2:

86.4 and

JUNV: 39.0

(1) HSV-1:

0.99,

DENV-2:

1.21 and

JUNV: 3.34

(2) HSV-1:

2.91,

DENV-2:

1.82 and

JUNV: 4.03

- Antiviral agents directly

interactedwith virions.

- JUNVwas themost

inhibited virus.

- EO-inactivated virions

maintained their ability to

bind to the host cell.

(Duschatzky

et al.,

2005)

ACVR-HSV-1,

HSV-1,

HRSV,

BoHV types

-1, -2, and

-5, BVDV,

and human

RV

In vitro (MDBK cells,

MA104 cells, and

HEp-2 cells)

EO addition:

(I) Before and after

viral inoculation.

(II) Only after viral

inoculation

(1) EO ofMexican

oregano (Lippia
graveolens) rich in
carvacrol

(2) Single carvacrol

Carvacrol (1)

(I) ACVR-

HSV-1: 55.9

(I) HSV-1: 99.6

(I) HRSV: 68

(II) BoHV-2:

58.4

(II) BVDV: 78

(2)

(II) RV: 27.9

(1) ACVR-

HSV-1: 13.1

HSV-1: 7.4

HRSV: 10.8

BoHV-2: 9.7

BVDV: 7.2

(2) RV: 33

- Unlike the single

component, EO inhibited

different human and

animal viruses in vitro,

likely due to synergistic

effect of components.

- EO inhibited viruses before

and after inoculation,

whereas carvacrol was

effective after virus

inoculation.

(Pilau

et al.,

2011)

CV-B4 In vitro (HEp-2 cells) EO of wildDaucus
virgatus (Poir.)
Maire

Methyl eugenol and

β-bisabolene
– – -Moderate antimicrobial

activities andweakDPPH

radical scavenging ability.

- No antiviral activity.

(Snene

et al.,

2017)

CV-B4 In vitro (HEp-2 cells) EO ofOsmunda regalisDiterpenoid
hexahydrofarnesyl

acetone,

2,4-di-tbutylphenol

and phytol

2.24 789.66 - Strong antiviral activity

against CV-B4

(Bouazzi

et al.,

2018)

HSV-1 In vitro (Vero cells

fromAfrican green

monkey kidney)

EOs:

(1) Zataria multiflora
Boiss

(2) Rosmarinus
officinalis

(3) Artemisia
kermanensis

(4) Satureja hotensis L
(5) Eucalyptus caesia

(1) Thymol and

carvacrol

(2) α-Pinene and
verbenon

(3) α-Thujone,
camphor, and

β-thujone
(4) Carvacrol,

γ-terpinene
(5) 1,8-Cineol,

p-cymene,

γ-terpinene

(1) 30

(2) 60

(3) 40

(4) 80

(5) 60

(1) 55.44

(2) 46.12

(3) 66.37

(4) 32.16

(5) 38.81

- Significant inhibition of

HSV-1.

- Increased concentration of

EOs inhibited virus plaque

formation.

(Gavanji

et al.,

2015)

MNV strain

S7-PP3

In vitro (RAW264.7

cell linemonolayer)

Oregano EO-rich in

carvacrol and

purified carvacrol

Carvacrol – – - Both ingredients appeared

to act directly the viral

capsid and subsequently

the RNA.

- Virus adsorption did not

appear to be affected by

ingredients.

- Carvacrol wasmore

effective than oregano oil

with very higher

concentrations at all

exposure time intervals.

(Gilling

et al.,

2014)

(Continues)
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TABLE 4 (Continued)

EO properties

Virus Trial type Treatment Major component(s) IC50 SI Effect(s) References

HSV-1 In vitro (RC-37 cells

fromAfrican green

monkey kidney)

(I) EO of star anise

rich in

trans-anethole

(II) Individual

phenylpropanoids

and sesquiterpenes

(1) Trans-anethole

(2) Eugenol

(3) β-Eudesmo

(4) Farnesol

(5) β-Caryophyllene
(6) β-Caryophyllene
oxide

(I) 1

(1) 20

(2) 35

(3) 6

(4) 3.5

(5) 0.25

(6) 0.7

(I) 160

(1) 5

(2) 2.4

(3) 5.8

(4) 11.4

(5) 140

(6) 25.7

- (I) and (5) were themost

potent antivirals against

HSV-1.

- Ingredients directly

inactivatedHSV-1,

affecting the virion

envelope structures or

masking the structures

necessary for adsorption

or entry into host cells.

- Antiviral activity occurred

through different

mechanisms.

(Astani

et al.,

2011)

SI: selectivity index (CC50/IC50); IC50: 50% inhibitory concentration (μg/mL); CC50: 50% cytotoxic concentration (μg/mL); MDBK: Mardin–Darby bovine kid-

ney; HEp-2: human epithelial cell line type 2; HSV-1: herpes simplex virus type 1; ACVR-HSV-1: acyclovir-resistant herpes simplex virus type 1; hMpv: human

metapneumovirus; hRv: human rhinovirus; IBV: infectious bronchitis virus; HRSV: human respiratory syncytial virus; BoHV-1, -2, and -5: bovine herpesvirus

types 1, 2, and 5; BVDV: bovine viral diarrhea virus; SARS-CoV: severe acute respiratory syndrome-associated coronavirus; DENV-2: dengue virus type 2;

JUNV: Junin virus; CV-B4: coxsackievirus B4;MNV:murine norovirus.

3.9 Probiotics and their metabolites

Probiotics are naturally occurring alive microorganisms possess-

ing innumerable health-supporting attributes, acting as immune-

modulators, allergen alleviators, mental health promoters, gastroin-

testinal regulators, antihypertensive factors, and antimicrobials

(Moghaddam et al., 2018; Sarlak et al., 2017). The superhealthy natural

food products containing probiotic lactic acid bacteria (LAB) strains

consist of fermented dairy products (e.g., yogurt, kefir, and cheeses),

Tempe, Natto, Kombucha, Kimichi, Miso, etc. It has been stated that

the market of probiotic-enriched food products and supplements is

progressively growing in the era of a pandemic due to their potential

immune-boosting features. As proven in clinical studies, probiotics

can exert antiviral activities either due to the formation of virus-

probiotic interconnections or reinforcement of body immune system

through stimulating specific immune-signaling responses to physio-

logical feedbacks (Lehtoranta et al., 2014). However, their meticulous

mode of action at odds with the current SARS-CoV-2 virus is still

ambiguous.

In the past few years, numerous in vivo and in vitro attempts

have been engaged in animal models to inhibit or at least control

various viral and bacterial infections. For instance, Gabryszewski

et al. (2011) reported the protecting effects of activated (alive)

and inactivated probiotic-mediated (Lb. plantarum and Lb. reurei)

priming of the respiratory mucosa against pneumonia viruses

in mice. They pointed out that the activated bacilli-treated

respiratory mucosa eventuated in subsiding the expression of

proinflammatory cytokines and eventually interrupting virus retrieval

potency. Seo et al. (2010) investigated the antiviral effects ofmore than

300 strains of gut-isolated bacteria upon transmissible gastroenteritis

coronavirus in porcine and found the results of interest in two probi-

otic strains (Lb. plantarum and Lb. salivarius). The oral administration of

these probiotic strains indicated the applicable antibiotic resistance

in both in vivo and in vitro studies, candidate them as ideal alterna-

tives instead of commonly used coronavirus-treating antibiotics. In

another study, the mucosal delivery of the Lb. casei-mediated dendritic

cell-chaffing oral vaccine was scrutinized against porcine epidemic

diarrhea coronavirus (PEDC;Wang et al., 2017). The in vivo oral admin-

istration of this probiotic-mediated vaccine could effectively prompt

the secretion of humoral, cellular, and mucosal immune responses

against the studied coronavirus, introducing a propitious genetically

fashioned vaccine.

Similarly, the antiviral effects of live and inactive (cell-free super-

natant) pig-derived probiotic LAB strains on PEDC-infected piglets

were examined by Sirichokchatchawan et al. (2018). Among the stud-

ied LABs, the live active Lb. plantarum together with Pediococcus pen-

toseceus and all inactivated supernatants of LABs could significantly

treat the PEDC-infected piglets through stimulating the secretion of

immune responses. In addition, the suitability of probiotic-enriched

feeds containing active bacteria of Bacillus mesentericus, Streptococcus

faecalis, and Clostridium butyricum was investigated in the treatment

of PEDC-infected pregnant sows (Tsukahara et al., 2018). Rather than

improvement in reproduction capability, the probiotic-supplemented

sows were more resistant upon PEDCs compared with the commonly

fed ones, most likely due to their boosted immune system as a result

of probiotic supplementation. In a unique study on using inactivated

yogurt-derived metabolites, it has been shown that the employed

probiotic metabolites, especially those screened from Lb. plantarum,

have antiviral activities against various RNA coronaviruses (Choi et al.,

2009).

The clinical human approaches also confirmed the antiviral effects

of probiotic bacteria against coronaviruses. In this regard, Olivares

et al. (2007) designed a trial consisting of 30 human cases to diag-

nose the synergic influences of Lb. fermentum on efficiency of influenza
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vaccine. The results indicated that the oral administration of probi-

otic bacteria (dosage: 1 × 1010 CFU/day), 2 weeks earlier than and

2 weeks after vaccination, intensified the virus-nullifying antibodies,

and immune Th1 response, consequent to the improvement of vaccine

efficiency compared with methylcellulose administration as placebo.

In addition, the protective role of Lb. reuteri against upper respira-

tory tract symptoms and gastrointestinal disorders, and a decrease

in diarrhea occurrence, has been proven through the in vivo trials on

cases aged younger than six years (Agustina et al., 2012; Gutierrez-

Castrellon et al., 2014;Weizman et al., 2005).

Coadministration of probiotics strains and prebiotics (probiotic

nourishments) has been demonstrated to be an effectual strategy

in improving the immunogenicity of the influenza vaccine by affect-

ing seroprotection and seroconversion amounts, more specifically in

robust adults (Lei et al., 2017). The increase in the effectiveness of vac-

cines and body immunologic responses have been promoted by con-

junct loading of probiotic bacteria and vitamin D supplements in func-

tional foods (Aranow, 2011).

Taken as a whole, proper administration of probiotics via food

and food supplements, in addition to all beneficial health-promoting

aspects, resulted in a safe and highly credited strategy to modulate

the immune system and increase the vaccine effectiveness against var-

ious coronaviruses. However, further clinical and mechanistic studies

should be addressed to understand their exact antiviral mechanisms in

the treatmentof coronavirus-mediated respiratorydisorders, in partic-

ular those infected by SARS-CoV-2.

4 CONCLUSION

The COVID-19 pandemic has turned the public health upside down,

with significant mortality and morbidity. No effective specific thera-

pies are available to date. In addition, the mutagenic nature of coro-

naviruses has forced researchers to intend alternative approaches to

treat coronavirus infections. Therapies with bioactives can be mainly

divided into four groups: bioactive compounds inhibiting the virus

enzymes, replication, and infection; bioactive compounds decreas-

ing the ACE2 receptor activity; bioactive compounds suppressing the

host inflammatory responses; and bioactive compounds boosting the

human immune system against COVID-19. Our review shows that

several polyphenols, carotenoids, minerals, vitamins, oligosaccharides,

bioactive peptides, and probiotics may inhibit COVID-19 enzymes

(3CLpro, PLpro, and RdRp), ACE2 receptor activity, and attenuated

inflammatory responses. Moreover, these compounds can improve the

immune systemand, consequently, contribute to combatCOVID-19. In

addition to the potent healing effect of these compounds, their low tox-

icity and low cost make them good antiviral candidates for use during

such a pandemic. A strong immune system also plays a key role against

coronavirus. Diets rich in bioactive compounds, fiber, vitamins, miner-

als, protein, minerals, oils, probiotics, etc., help fight virus infection and

improve the immune system. However, the effects of these bioactive

compounds against COVID-19 are yet to be investigated further and

confirmed in clinical trials andmechanistic studies.
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