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Abstract Viruses are known to cause a variety of diseases,

ranging from mild respiratory diseases, such as the com-

mon cold, to fatal illnesses. Although the development of

vaccines and targeted drugs have significantly improved

the mortality rate and disease severity against a number of

viral infections, there are still many viruses without proper

treatment/prevention options and newly emerging viruses

can pose serious health threats. For instance, the coron-

avirus disease 2019 (COVID-19) pandemic is producing

significant healthcare and socio-economic burden world-

wide, which may jeopardize the lives and livelihoods for

years to come. Studies have identified functional foods

with antiviral activity. Certain foods may target the viral

life cycle or modulate the host immune system to enhance

defense against viral infections. In this review, we will

discuss some of the food products reported to display

protective effects against viruses including the influenza

virus, human immunodeficiency virus, and severe acute

respiratory syndrome coronavirus 2.

Keywords Antiviral foods � Immunity � Influenza virus �
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Introduction

Viruses are small infectious agents which can reproduce

only in living cells. The virus attaches to the host cell,

penetrates into the cytoplasm, and releases its RNA or

DNA for viral genome replication/expression. Subse-

quently, the virion particles are assembled, and new viruses

exit the cell, which can go on to infect other cells. Most

viruses can infect only certain species and particular types

of cells within that host (Ryu, 2017). While respiratory

viral infections are the most common, other viruses can

target other parts of the body such as the gastrointestinal

tract, liver, skin, or the nervous system. Viral infection can

lead to various diseases in humans, ranging from the

common cold to the acquired immunodeficiency syndrome

(AIDS) (Wat, 2004). Based on the report from the world

health organization (WHO), seasonal influenza is expected

to cause 290,000–650,000 deaths each year due to respi-

ratory diseases. In addition, some viruses such as the

human immunodeficiency virus (HIV), hepatitis C virus

(HCV), and a number of herpes viruses can cause chronic

infections leading to potentially fatal illnesses (Rouse and

Sehrawat, 2010). While our body is equipped with immune

systems to defend against infections and remove patho-

gens, there are many cases where the host defense system is

insufficient for blocking the spread of viruses.

The development of vaccines, new diagnostic tools, and

targeted drugs have significantly improved the mortality

rate as well as reduced severe complications against viral

infections (Kaufmann et al., 2018). However, many viral
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diseases still lack proper vaccines or therapeutic drugs

(Mercorelli et al., 2018; Zumla et al., 2016). Moreover,

newly emerging viruses such as the Ebola virus, SARS-

coronavirus, and Middle East respiratory syndrome

(MERS)-coronavirus are posing serious health threats to

the public (Chafekar and Fielding, 2018; Jones et al., 2008;

Song et al., 2019). For example, since its emergence in late

2019, the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) epidemic has spread rapidly across the

world, reaching more than 220 countries. As of March

2022, more than 450 million confirmed cases and over

6,190,000 deaths have been reported (2020). SARS-CoV-2

infections can cause a broad range of symptoms, from mild

respiratory problems to severe and fatal complications,

including acute respiratory distress syndrome or multi-or-

gan failure (Guzik et al., 2020; Zhou et al., 2020). The

coronavirus disease 2019 (COVID-19) pandemic is placing

severe pressure on healthcare systems throughout the world

and its effects on the global economy are likely to be felt

for years to come (Shang et al., 2021). In this regard,

additional preventive measures and alternative therapeutic

strategies could help fight against viral infections.

Functional foods can provide health-benefits beyond its

nutritional value. Functional foods have shown preventive

and/or therapeutic effects against a variety of disorders

including cancer, diabetes, inflammatory diseases, neu-

rodegenerative diseases, and infectious diseases (Farrand

and Byun, 2017; Jang et al., 2019; Shin et al., 2020). And

some functional foods have been demonstrated to enhance

the host immune system against viral infections as well as

directly suppress the activity of viruses. Therefore, con-

suming these foods may help enhance the antiviral

response against invading viruses. In the current review, we

will discuss functional foods that have been reported to

display antiviral effects via modulating the host immune

function or targeting the viral life cycle. We focused on

commonly consumed functional food products with

reported immune-boosting and antiviral effects, such as red

ginseng, probiotics (L. plantarum), chlorella, cheongguk-

jang (Bacillus subtilis subsp. Chungkookjang), berries, and

licorice. In addition, several food-derived compounds with

anti-viral effects were selected for review.

Red ginseng

Ginseng (Panax ginseng C. A. Meyer) is a perennial root

that is widely studied as an herbal remedy for its

immunomodulatory effects (Wang et al., 2021; Yun, 2001).

Ginseng can be air-dried to produce white ginseng or

steamed and heat-processed into red ginseng for longer

preservation. Red ginseng is known to exhibit stronger

immune-stimulating effects and antiviral effects compared

to white ginseng (Wang et al., 2021; Yun, 2001). The

ginsenosides and polysaccharides have been reported to be

responsible for the antiviral effects observed from red

ginseng (Lee et al., 2010; Shibata, 2001).

The antiviral effects of red ginseng were studied on

influenza viruses including, influenza virus A/PR8, H1N1

virus, H3N2 virus, and H9N2 virus (Chan et al., 2011; Kim

et al., 2016; Kwok et al., 2016; Quan et al., 2007). The

effect of red ginseng extracts against H1N1 virus was

examined on CD3 ? T immune cells and natural killer

(NK) cells isolated from human peripheral blood

mononuclear cells (PBMCs) (Kim et al., 2016). The

treatment of red ginseng extracts significantly increased the

surface expression of CD69 and CD25, early and late

activation markers on CD3 ? T cells and NK cells,

respectively. These results suggest that red ginseng may

enhance the activation and proliferation of human NK and

CD3 ? T cells. In the same study, the administration of red

ginseng extracts was found to mitigate H1N1 virus-induced

lytic gene expression and increase survival rate of the

H1N1 virus-infected mice (Kim et al., 2016). The oral

administration of red ginseng extracts was also reported to

exhibit enhanced cross-protection against antigenically

distinct H1N1 and H3N2 influenza viruses (Yoo et al.,

2012). In this in vivo study, treatment of red ginseng

extracts significantly increased the expression of antiviral

cytokine interferon (IFN)-c, lowered levels of lung viral

titers, and moderately improved survival rates of both

H1N1 and H3N2 infected mice (Yoo et al., 2012). Red

ginseng extract also plays a role as a mucosal adjuvant

against influenza virus A/PR8 during viral infection (Quan

et al., 2007). The administration of red ginseng extracts to

influenza virus A/PR8 virus-infected mice showed signifi-

cant enhancement of influenza virus-specific IgA antibody

expression in lungs. Mice treated with red ginseng extracts

also exhibited enhanced production of serum IgA and IgG

subtypes and increased secretion of Th1 and Th2-type

cytokines in splenocytes upon challenge infection. This

adjuvant effect of red ginseng extracts was comparable to

that of conventional adjuvants such as aluminum hydroxide

and cholera toxin (Quan et al., 2007). Red ginseng extracts

were also studied to have antiviral effects against the

highly pathogenic H5N1 influenza virus (Park et al., 2014).

In vivo mice and ferret models were used to study the

effects of red ginseng against H5N1 influenza virus. The

oral administration of red ginseng over the duration of

60 days improved survival rates of both mice and ferrets

in vivo models infected with the lethal H5N1 virus.

Interferon-a and -c antiviral cytokines were significantly

induced in the lungs of mice fed red ginseng, compared to

mice fed an unsupplemented diet (Park et al., 2014). This

study suggests that immune-enhancing red ginseng may
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help to ameliorate the effects of the highly pathogenic

H5N1 influenza virus.

Red ginseng has been reported to show inhibitory effects

against human immunodeficiency virus (HIV). There are

two types of HIV that have been characterized, human

immunodeficiency virus type 1 (HIV-1) and human

immunodeficiency virus type 2 (HIV-2) (Im et al., 2016).

HIV-1 is the more prevalent HIV type virus that produces a

persistent and virulent latent infection compared to HIV-2

(Moore and Chaisson, 1999). HIV infection is associated

with the progressive depletion of CD4 ? T cells from

circulation and total body scores (McCune, 2001; Moore

and Chaisson, 1999). CD4 ? T cells are an essential

component of our immune system, it is responsible for

orchestrating immune response against viral pathogens by

recruiting lymphoid cells and induce the production of

cytotoxic and memory CD8 ? T cells (Sant and McMi-

chael, 2012). Although there is no cure to HIV infection,

there are antiretroviral therapies to slow-down the pro-

gression of different stages of infection: acute HIV infec-

tion, clinical latency, and acquired immunodeficiency

syndrome (AIDS) (Shrivastava et al., 2021). The combi-

nation antiretroviral therapy methods comes at a cost of

possible treatment failure following drug resistance, poor

compliance in 46% of people with HIV and adverse side-

effects in 83% of people with HIV (Shrivastava et al.,

2021). Red ginseng extracts have been shown to exhibit

antiviral effects by maintaining CD4 ? T cell counts and

delaying the occurrence of resistant mutations in HIV-1

patients (Kim et al., 2015a; Sung et al., 2009, 2005). Red

ginseng extract treatment also had anti-HIV effects char-

acterized by delaying disease progression in HIV-1-in-

fected patients (Sung et al., 2005). A clinical study was

conducted on sixty-eight HIV-1-positive patients who had

not received antiretroviral therapy for more than 5 years

prior to the study. These subjects took 4,082 ± 3,928 g of

red ginseng extracts over an average duration of two years

and found a significant correlation between red ginseng

extract intake and reduced serum-soluble CD8 antigen

levels (Sung et al., 2005). In addition to this, Sung et al.

reported that red ginseng extracts independently and sig-

nificantly inhibits CD4 ? T cell depletion in HIV-patients

(Sung et al., 2005). The antiviral effects of red ginseng

extracts in combination with highly active antiretroviral

therapy was studied on a total of forty-six HIV-patients

(Sung et al., 2009). In this clinical study, all patients

received antiretroviral therapies and half of the study

population additionally received red ginseng capsules for

consumption. Subjects taking red ginseng (2.7 g/day for

women and 5.4 g/day for men) had significantly increased

CD4 ? T cell count and reduced resistant-mutations

compared to the control group after 3 years of therapy

(Sung et al., 2009). The antiviral effects of red ginseng

extracts reported in these studies holds promise that red

ginseng may be used as a supplement for aiding the

treatment of viral diseases.

Chlorella

Chlorella (Chlorella), as a famous unicellular green algae

belonging to the division Chlorophyta, has been considered

as a functional food material due to their various physio-

logical activities. Some studies have also reported their

antiviral effects.

In an in vitro study, Chlorella sorokiniana has been

proven to have antiviral effects against rotavirus. In rota-

virus-infected HT-29 cells, treatment with C. sorokiniana

at a concentration of 1 9 109 cells/mL reduced focus

forming units compared to untreated infected cells. Also,

the treatment of C. sorokiniana affected viral infectivity

against rotavirus in HT-29 cells. When the rotavirus titer of

the untreated virus-infected cells was converted to 100%,

the C. sorokiniana-treated group showed about 4% virus

infectivity (Cantu-Bernal et al., 2020). In addition, pro-

tective effect of chlorella supplement against chronic

hepatitis C virus (HCV) infection has been identified in a

clinical trial model (Azocar and Diaz, 2013). This clinical

study was conducted in eighteen patients infected with

hepatitis C virus, and chlorella supplement was adminis-

tered for about 12 weeks. After intake of chlorella sup-

plement, alanine aminotransferase (ALT) levels were

decreased in the majority of patients ([ 85%) compared to

before intake of chlorella supplements. In addition, most

patients with improved ALT tended to have a decreased

HCV viral load. In particular, RNA levels of HCV

decreased in about 70% of patients without any adverse

side effects. Collectively, chlorella could be a promising

functional food material that could help in fighting against

virus infections.

Berries

Berries contain various phenolic compounds and have been

reported to exert various physiological activities (Szajdek

and Borowska, 2008). Among these, some types of berries

have also been shown to possess antiviral activities against

various strains.

Multiple methanol extracts of berries, including straw-

berry (Fragaria vesca L.), bilberry (Vaccinium myrtillis

L.), raspberry (Rubus idaeus L.), and lingonberry (Vac-

cinium vitis-idaea L), have been identified for their inhi-

bitory effect against the replication of both coxsackievirus

B1 virus and influenza A virus through the virus cytopathic

effect reduction assay in Hep-2 cells (Nikolaeva-Glomb
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et al., 2014). Another berry, blackcurrant (Ribes nigrum

L.), have been found to prevent influenza infection (Ikuta

et al., 2012). The extract of this berry inhibited the repli-

cation of various viruses including respiratory syncytial

virus, influenza virus, herpes simplex virus, and adenovirus

in Hep-2, MDCK, A549, or hTERT-BJ1 cells by more than

50% based on the plaque reduction assay. In addition, it

was demonstrated that blackcurrant not only inhibited virus

proliferation in host cells, but also directly inhibited virus

adsorption to host cells. The blackcurrant extract at a

concentration of approximately 10% inhibited the adsorp-

tion of viruses to the cell surface by more than 95%.

Another study also demonstrated the antiviral efficacy of

blackcurrant against both influenza virus types A and B

through the plaque formation assay in MDCK cells (Knox

et al., 2003). Blackcurrant extract at pH 2.8 inactivated

both influenza virus types A and B by about 99%, and

blackcurrant extract at pH 7.2 inhibited the activation of

these two types of influenza viruses by 95–98%. This

research team conducted a fractional analysis study to find

the active ingredient of blackcurrant against influenza virus

(Knox et al., 2001). As a result, it was suggested that the

anthocyanidin components contained in blackcurrant might

regulate viral uptake into cells and virus secretion from

infected cells. Elderberry (Sambucus nigra L.) has also

displayed antiviral effect against human influenza A virus

in a mouse model (Kinoshita et al., 2012). In influenza A

virus-infected mice, treatment with the elderberry fraction

suppressed viral replication in bronchoalveolar lavage. In

addition, the levels of neutralizing antibodies specific for

influenza A virus in serum and secreted IgA in feces were

increased by elderberry administration. Among various

berries, elderberry, in particular, has been reported in

clinical studies on influenza virus. In Norway, a clinical

study of elderberry for Influenza was conducted in sixty

patients of various ages suffering from influenza-like

symptoms (Zakay-Rones et al., 2004). These patients

consumed elderberry syrup 4 times a day for a total of

5 days. As a result, the patients who received the elder-

berry showed relief of symptoms an average of 4 days

earlier than the placebo-treated group.

Licorice

Licorice, the root of Glycyrrhiza glabra, is an herb that has

been used worldwide as a traditional medicine due to its

rich flavonoids and triterpenoids contents (Fu et al., 2005).

Among the major active components of licorice, gly-

cyrrhizin (GL) is the most studied compound concerning

the antiviral activity. GL has been found to exert antiviral

effects by various mechanisms. Several studies demon-

strated that GL can directly target the viruses at different

stages of their life cycles. Wolkerstorfer et al. revealed that

GL suppressed influenza A virus by inhibiting the entry of

virus into the host cell (Wolkerstorfer et al., 2009).

Researchers showed that the treatment of 2.5 mM of GL

reduced approximately 50% of fluorescence-labelled

influenza A in A594 and 94% in MDCK cells compared to

untreated cells. However, since the study used a concen-

tration of GL that is not physiologically relevant, it is

believed that further validation is required. Another

research assessed the antiviral potential against two clinical

isolates of coronavirus (FFM-1 and FFM-2) and found that

4000 lg/mL of GL completely inhibited the virus repli-

cation in Vero cells, especially showing high inhibitory

efficacy when treated during the adsorption and penetration

steps (Cinatl et al., 2003). In addition, Matsumoto et al.

confirmed that GL can interfere in the release step of HCV

(Matsumoto et al., 2013). In this study, the extracellular

infectivity titer of HCV-infected Huh7 cells was decreased

by 57% with the treatment of 500 lM of GL while the

intracellular infectivity titer was increased at the same

concentration of GL. In the same study, HCV core antigens

were accumulated on endoplasmic reticulum, known as the

platform for viral assembly, showing that GL inhibited the

release of HCV from infected cells. However, most of the

concentration used in these studies appear to be too high to

be achieved in actual human conditions.

GL also exhibited antiviral activity by regulating the

response of the host cell. The study by Michaelis et al.

reported that GL reduced influenza A virus (H5N1) repli-

cation in A549 cells at the concentration of 200 lg/mL by

inhibiting H5N1-induced reactive oxygen species and

activation of NF-jB, p38, and JNK, known to be relevant

in H5N1 virus replication (Michaelis et al., 2011). Sasaki

et al. also investigated the effect of GL on HIV replication

in cultures of PBMCs from HIV-infected patients (Sasaki

et al., 2002). 100 lg/mL of GL inhibited more than 90% of

HIV replication in cultures of 13 out of 42 PBMC samples.

GL dose-dependently increased the production of CCL4

and CCL5, indicating that GL inhibited HIV replication by

inducing the expression of beta-chemokines in PBMC

cultures. Another study showed that GL inhibited herpes

simplex virus type 1 (HSV1) activity by inducing autop-

hagy in host cells (Laconi et al., 2014). In this study,

pretreatment with 2 mM of GL induced Beclin1, an

autophagy promoter, in HeLa cells and reduced HSV1

infection by up to 98%. Licorice or its active compounds

GL has been examined in multiple studies for their antiviral

effect, however, due to the high concentration used, it

requires further evaluation to confirm their potential use as

an antiviral functional food agent.
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Bacillus subtilis chungkookjang (Poly-c-glutamate,
c-PGA)

Bacillus subtilis subsp. chungkookjang is a Bacillus mainly

found in Cheonggukjang, a traditional Korean food, and is

known to produce poly-gamma-glutamic acid (c-PGA),
which is known for its various bioactivities.

c-PGA produced by Bacillus subtilis subsp.

chungkookjang has been identified as having antiviral

function against norovirus (Lee et al., 2018). According to

the previous study, c-PGA was shown to stimulate the

production of IFN-b, inhibiting norovirus replication in

RAW 264.7 cells and increasing resistance to apoptosis

induced by norovirus infection. In addition, oral adminis-

tration of c-PGA in a mouse model increased the produc-

tion of IFN-b levels in the serum without any noticeable

effect on other inflammatory cytokines, whereas it reduced

norovirus loads in the ileum. Other studies have also shown

that high molecular weight c-PGA has been reported to

have antiviral function against Newcastle disease virus

(NDV) (Talactac et al., 2014). High molecular weight c-
PGA inhibited NDV replication and decreased apoptosis

mediated by virus infection in RAW264.7 cells. Also, high

molecular weight c-PGA treatment produced inflammatory

cytokines IFN-b, TNF-a, IL-6, and IL-12 in RAW 264.7

cells. In addition, c-PGA has been reported to have inhi-

bitory efficacy against influenza virus infection (Kim et al.,

2015b). In an influenza A virus infected mouse study, the

group administered intranasally with c-PGA for 5 days

showed higher survival rates and higher production of

antiviral cytokines (e.g., IFN-b and IL-12) compared to

control mice. c-PGA also stimulated NK cell and cytotoxic

T lymphocyte (CTL) activity against influenza A. The

effect of c-PGA on human papilloma virus (HPV) clear-

ance was observed in a short-term clinical study (Cho et al.,

2019). The HPV clearance was confirmed in 44% of

eighty-five high-risk HPV-infected patients by c-PGA
treatment once a day for 4 weeks, whereas the control

group showed only 27% of HPV clearance. Taken together,

c-PGA might be a promising functional material with

antiviral effects against various type of viruses, such as

norovirus, NDV, influenza virus, and HPV.

Epigallocatechin gallate (EGCG)

The antiviral potential of tea and its constituents have been

extensively researched. Tea including black tea and green

tea (Camellia sinensis) has been found to improve meta-

bolic conditions and protect against infectious diseases

(Khan and Mukhtar, 2018). Among the many constituents

commonly found in both black tea and green tea, studies

have suggested catechins to be majorly responsible for the

virus inactivating effects (Ide et al., 2016; Singh et al.,

2011). (–)-Epigallocatechin gallate (EGCG) is a represen-

tative tea catechin which exhibits significant antiviral

effects (Ide et al., 2016; Ohgitani et al., 2021; Singh et al.,

2011).

A recent study revealed that EGCG derived from green

tea significantly inactivated SARS-CoV-2 (Ohgitani et al.,

2021). To verify the antiviral effects of black tea and green

tea, SARS-CoV-2 were pretreated with tea extracts fol-

lowed by the propagation into VeroE6/TMPRSS2 cells.

Upon treatment with tea extracts, the viral titers were

reduced to undetectable levels and viral infectivity of

SARS-CoV-2 was significantly decreased. The active tea

constituent involved and responsible for this antiviral

activity was found to be EGCG. Pretreatment of 1 mM of

EGCG on SARS-CoV-2 reduced the infectious activity

with no effect on cell viability. Ohgitani et al. also reported

that 500 lM of EGCG inhibited the interaction between

the recombinant angiotensin converting enzyme 2 (ACE2)

and the receptor binding domain (RBD) of the SARS-CoV-

2 spike proteins and hence significantly suppressed viral

attachment onto cells (Ohgitani et al., 2021). As the

antiviral effects of EGCG were notable only at high con-

centrations, the clinical significance and applications

should be thoroughly examined in future studies. The

inactivation of SARS-CoV-2 by tea catechins suggests the

potential use of tea for the protection and prevention of

human-to-human transmission of the novel coronavirus.

An in vitro study revealed that EGCG inhibits the activity

of SARS-CoV-2 3CL-protease at a half inhibitory con-

centration (IC50) of 16.5 lM (Jang et al., 2020). Chy-

motrypsin-like protease (3CLpro) is an essential enzyme

for SARS-CoV-2 replication which is responsible for

cleaving 11 sites in the polyprotein to ensure the release of

individual proteins with a functional substrate-binding

pocket during the maturation stage of the virus (Hegyi

et al., 2002; Jang et al., 2020; Muramatsu et al., 2016). The

activity of SARS-CoV-2 3CL-pro was shown to be inhib-

ited dose-dependently in EGCG-treated-HEK293T human

embryonic kidney cells. The inhibition of 3CL-pro activity

and the increase in abnormal protein conformations may

alter RNA replication and transmission of SARS-CoV-2.

The results from these in vitro studies highlight the

antiviral potential of EGCG and suggest that EGCG may

be a useful natural compound for the treatment of SARS-

CoV-2 infections. Further studies are required to prove

whether the antiviral effects of EGCG is observed in ani-

mal models as well.

Influenza is a major cause of respiratory illness world-

wide. Among the four types of influenza viruses A, B, C

and D, influenza A virus is the most virulent and has been

the cause of global pandemics with persistent transmission.
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Since the 1918 global pandemic caused by a subtype H1N1

influenza A virus, antigenic evolution of the virus has

coincided with the circulating seasonal epidemics of

influenza A virus (Rambaut et al., 2008). EGCG derived

from green tea were also found to be potent inhibitors of

different subtypes of the influenza virus replication

including A/H1N1, A/H3N2 and B viruses in MDCK cells

(Song et al., 2005). EGCG was treated in MDCK cells prior

to infection by A/H1N1, A/H3N2 and B viruses indepen-

dently. The pre-treatment of EGCG was found to inhibit

plaque formation by influenza A and B viruses and sig-

nificantly suppressed virus replication in MDCK cells

within 8 h of exposure. With the understanding that influ-

enza A virus adsorbs onto chicken red blood cells and

result in hemagglutination, Song et al. confirmed that

EGCG also restricted adsorption of viruses on red blood

cells and inhibited hemagglutination with a minimum

inhibition concentration of 5–10 lM (Song et al., 2005).

Kim et al. investigated the molecular mechanism of EGCG

to better understand how EGCG inhibits viral activities.

The antiviral activities EGCG against human influenza A

(A/H1N1: TW, PR8, BB, and KR; A/H3N2: HK) and B

(PNM) viruses on MDCK cells were found to target the

disintegration of viral membrane integrity (Kim et al.,

2013). As a result, EGCG was responsible for the loss of

cell penetration capacity of influenza viruses and signifi-

cantly inhibited the hemifusion process between virus

particles and the cellular membrane of MDCK cells (Kim

et al., 2013). Oral administration of EGCG at 40 mg/

kg/day significantly reduced viral titers in influenza A virus

infected BALB/c mice without any visible changes in cell

morphology, cytopathic effect, or cell density (Ling et al.,

2012). The oral administration of EGCG also ameliorated

viral pneumonia in the lungs of the BALB/c mice model

with improved survival rates of the infected mice. The

antiviral effects of EGCG were comparable and almost

equal to the effects of the antiviral drug Oseltamivir (Ling

et al., 2012). In addition, co-administration of EGCG with

influenza hemagglutinin antigen enhanced the level of

neutralizing antibodies and improved protection against

influenza PR8 virus lethal challenge, showing promising

vaccine adjuvant effects in vivo (Cheong et al., 2021).

EGCG has also been found to interfere with the viral

attachment of HIV-1 by disassembling the HIV-1 virion

directly (Yamaguchi et al., 2002). Li et al. further inves-

tigated the mechanism of action of EGCG on HIV-1 and

HIV-2.(Li et al., 2011). In this study, EGCG was found to

significantly suppress HIV transmission by acting as an

allosteric inhibitor of the reverse transcriptase of HIV-1

and HIV-2 (Li et al., 2011). He et al. studied the antiviral

effects of EGCG using HepG2.117, an inducible HBC

replicating cell line (He et al., 2011). EGCG significantly

downregulated the mRNA levels of HBV and impaired the

expression of HBV replicative intermediates for DNA

synthesis. In another study, Xu et al. reveals that EGCG

displays anti-HBV effects by inhibiting the transcription of

HBV promoter by interacting with a nuclear receptor,

farnesoid X receptor alpha (FXRa) in HBV-infected HEK

293 cells (Xu et al., 2016). These studies indicate that the

antiviral mechanism of action of EGCG is to downregulate

the expression of HBV antigens and reduce the transcrip-

tional activation of HBV promoters. These results

encourage the application of EGCG as a potential agent for

inhibiting viral infections.

Quercetin

Quercetin, a naturally occurring flavonoid abundant in

many fruits and vegetables such as onion, asparagus, and

berries, has been widely studied for its diverse bioactivities

(Farrand and Byun, 2017; Shin et al., 2019), among which

include its therapeutic potential against viruses (Anand

David et al., 2016). The antiviral potential of quercetin has

been studied in vivo against various viruses including

HSV, canine distemper virus (CDV), HCV and dengue

virus (DENV) (Gonzalez-Burquez et al., 2018; Lyu et al.,

2005; Rojas et al., 2016; Zandi et al., 2011). In particular,

quercetin has shown antiviral effect against several respi-

ratory viruses. Kumar et al. revealed that quercetin has

antioxidant effects during influenza virus infection in ani-

mal study (Kumar et al., 2005). Researchers orally sup-

plemented quercetin at a concentration of 1 mg/day for 5

consecutive days to influenza virus A (H3N2)-infected

mice. Quercetin significantly restored the pulmonary con-

centrations of catalase, reduced glutathione, and superox-

ide dismutase that had been decreased after H3N2

infection. A similar in vivo study revealed that when

quercetin is orally administered to H3N2 infected-mouse at

a dose of 1 mg/day, it decreased both superoxide radicals

and lipid peroxidation (LPO) levels in lung macrophages

which are critical in the development of oxidative in the

early phase of influenza virus infection (Kumar et al.,

2003). Moreover, the number of infiltrating cells decreased,

and protective effect was observed in lung morphology,

indicating that quercetin may act as antioxidant during

H3N2 infection. Also, it has been reported that quercetin

treatment significantly inhibited rhinovirus (RV) load

in vivo (Ganesan et al., 2012). According to the study, viral

RNA levels in RV-infected mice significantly decreased at

both 1- and 4-days post-infection when 0.2 mg/day of

quercetin is orally administered. Quercetin also reduced

RV-stimulated chemokines and cytokines (CXCL-1,

CXCL-2, TNF- a, CCL2) in RV-infected mice, suggesting

that quercetin suppressed RV-induced inflammatory

responses. Recently, senescent cells were reported to
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amplify susceptibility to COVID-19, and pathogen-induced

inflammation. In this study, quercetin in combination with

Dasatinib was used as a senolytic agent and was able to

reduce the mortality of mouse infected with mouse hep-

atitis virus (Camell et al., 2021).

The antiviral effect of quercetin was also demonstrated

in clinical studies. The randomized, double-blinded, pla-

cebo-controlled clinical trial on 1002 subjects was per-

formed for 12 weeks to investigate the effect of quercetin

supplementation on upper respiratory tract infection

(URTI) (Nieman et al., 2010). In this study, URTI patients

were supplemented with 1000 mg/day of quercetin and

URTI severity and URTI total sick days decreased by 36%

and 31%, respectively in middle aged and older subjects

compared to placebo. In addition, a randomized, con-

trolled, and open-label clinical study of forty-two COVID-

19 outpatients revealed that daily uptake of 600 mg/day of

formulated quercetin for 1 week significantly reduced the

symptoms severity and negative predictors such as lactate

dehydrogenase (- 35.5%), Ferritin (- 40%), C-reactive

protein (- 54.8%) and D-dimer (- 11.9%) (Di Pierro

et al., 2021).

Quercetin also has been reported to exert antiviral

effects against ebola virus (EBOV) in vitro (Fanunza et al.,

2020). In HEK293T cells, quercetin reduced EBOV repli-

cation by blocking IFN-inhibitory function of viral protein

with a IC50 of 7.4 lM. In summary, quercetin, well known

as an antioxidant, has been shown to have a protective

effect against viruses.

Curcumin

Curcumin, a polyphenolic component of Curcuma longa L.

(turmeric), has been reported as a multifunctional natural

compound, positively regulating a variety of biological

activities including protection against viral infections

(Jennings and Parks, 2020; Mathew and Hsu, 2018;

Moghadamtousi et al., 2014). The antiviral capacity of

curcumin has been discovered to be effective against var-

ious types of viruses (Anggakusuma et al., 2014; Chen

et al., 2010; Li et al., 2020; Pacho et al., 2021; Praditya

et al., 2019; Wen et al., 2007). Curcumin appears to hinder

the viral infection process through several mechanisms.

First, curcumin might be able to disturb the initial steps of

the viral infection process. Pretreatment of 30 lM cur-

cumin to MDCK cells decreased the infectivity of influenza

A viruses by approximately 90% (Chen et al., 2010). This

study has shown that this antiviral effect occurs only in the

early stages of infection, but it has not been established

whether curcumin directly interacts with the virus (Chen

et al., 2010). Additionally, in another investigation related

to the HCV, 20 lM curcumin significantly reduced the

viral infectivity up to 90%, and the outcome was also

revealed to be the result from the inhibition of the viral

entrance, which was triggered by decreased membrane

fluidity (Anggakusuma et al., 2014). On the other hand,

curcumin might eliminate the viruses directly. A time- and

concentration-dependent virucidal activity was observed

when transmissible gastroenteritis viruses were exposed to

40 lM curcumin (Li et al., 2020). The a, b-unsaturated
ketone groups of curcumin were described to be majorly

responsible for the antiviral effects of the compound. The

impairment of the viral activity by curcumin was caused by

reduced membrane fluidity of the viruses (Anggakusuma

et al., 2014), which might modulate both the infectivity and

the integrity of the viruses. Abovementioned matters might

be assessed for the future antiviral food/supplement

development with curcumin.

Lactobacillus plantarum

With continuous scientific findings, probiotics have been

reported to have many antiviral properties (Cryan and

Dinan, 2012; Kalliomaki et al., 2001; Sivan et al., 2015;

Tremaroli and Backhed, 2012). Lactobacillus plantarum is

one of the most studies probiotic species. L. plantarum is a

lactic acid bacteria which exists in various types of food

(Arasu et al., 2016). Certain strains from this species

appear to exert antiviral effects against several types of

viruses (Arena et al., 2018; Huang et al., 2021; Kim et al.,

2018; Liu et al., 2020; Park et al., 2013; Rather et al., 2015;

Soloveva et al., 2021; Sunmola et al., 2019). According to

a report, intranasal or oral treatment of L. plantarum strain

DK119 (109 CFU per mouse), protected the mice from

influenza A virus infection, reducing lethality, weight loss,

and virion loads in the lungs (Park et al., 2013). Note-

worthily, in several research studies, the cell supernatant of

L. plantarum emerged as the key player of the suppressive

activity (Huang et al., 2021; Rather et al., 2015; Soloveva

et al., 2021). In one study, among the different fractions of

L. plantarum YML009 (e.g. cell-free supernatant, heat-

killed supernatant, and cell-mass), the cell-free supernatant

showed the most efficient anti-influenza A activity against

host cells (Rather et al., 2015). In other studies, the

supernatant obtained from L. plantarum 8 RA 3 suspension

displayed a significant inhibitory effect on viral reproduc-

tion in vitro (Soloveva et al., 2021), and the supernatant of

L. plantarum CQ2017RC suspension repressed the repli-

cation of porcine epidemic diarrhea virus (Huang et al.,

2021). Furthermore, the exopolysaccharides (EPS), one of

the major components in the supernatant, was revealed to

be the key active component, affecting the viral infectivity

and host immune response (Huang et al., 2021). Also, the

effect of EPS obtained from L. plantarum LRCC5310 on

antiviral and immune-relieving functions has been reported
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(Kim et al., 2018). EPS produced from L. plantarum

LRCC5310 was shown to inhibit replication of rotavirus in

MA104 cells. The oral administration of EPS produced

from L. plantarum LRCC5310 relieved diarrhea score in

mice inoculated with rotavirus, indicating that L. plan-

tarum EPS might act as an antiviral postbiotic factor.

Collectively, L. plantarum might be applied for the

development of a promising antiviral candidate.

Conclusion

In this review, we summarized food materials and food-

derived compounds reported to possess antiviral effects

against SARS-CoV-2, Influenza A viruses, HIV, or HCV

(Table 1). The consumption of functional foods such as red

ginseng, chlorella, L. plantarum, EGCG, quercetin, cur-

cumin, berries, and licorice appears to exhibit potential

inhibitory activities against viral infections by enhancing

host immunity, suppressing virus-host cell interaction, or/

and preventing the viral replication cycle. Further studies

on human applications and identifying their mechanism of

Table 1 Food components with antivirus function

Food

components

Type of virus Key mechanism of action Model References

Red Ginseng Influenza

A

H1N1 Increase activation and proliferation of NK and CD3 ? T cells In vitro Kim et al. (2016)

Mitigate H1N1 virus lytic gene expression In vitro Yoo et al. (2012)

H3N2 Increase expression of antiviral cytokine IFN-c Animal Yoo et al. (2012)

H5N1 Increase expression of antiviral cytokines IFN-a and IFN-c Animal Park et al. (2014)

PR8 Increase influenza virus-specific IgA antibody production

Increase Th1 and Th2- type cytokine expression

Animal Quan et al. (2007)

HIV-1 Increase CD4 ? T cell proliferation and delayed progression of

resistant HIV-1 mutations

Animal Sung et al. (2005,

2009)

Reduce CD8 antigen expression of cytotoxic T cells Human Sung et al. (2005)

Chlorella Rotavirus Reduce virus infectivity In vitro Cantu-Bernal et al.

(2020)

HCV ALT levels improved with decreased HCV viral load

Reduce HCV RNA levels

Human Azocar and Diaz

(2013)

Berries Coxsackievirus

B1

Inhibit replication and proliferation of virus In vitro Nikolaeva-Glomb

et al. (2014)

Influenza

A

PR8 Inhibit viral plaque formation and reduce viral uptake into host cells In vitro Knox et al. (2003)

Increase secretion of IgA and neutralizing antibodies Human Zakay-Rones et al.

(2004)

Licorice Influenza

A

H3N2 Inhibit entry of virus into host cells In vitro Wolkerstorfer et al.

(2009)

H5N1 Inhibit H5N1-induced reactive oxygen species and activation of NF-

jB, p38 and JNK pathway required for H5N1 virus replication

In vitro Michaelis et al. (2011)

SARS-CoV-2 Suppress virus replication and penetration In vitro Cinatl et al. (2003)

HCV Inhibit release of infectious HCV particles In vitro Matsumoto et al.

(2013)

HIV Increase CCL4 and CCL5 beta-chemokine production to inhibit virus

replication

In vitro Sasaki et al. (2002)

HSV1 Induce autophagy promoter Beclin 1 In vitro Laconi et al. (2014)

Bacillus
subtilis

chungkookjang

Norovirus Increase production of IFN-b to inhibit virus replication In vitro Lee et al. (2018)

NDV Increase expression of antiviral cytokines IFN-b, TNF-a, IL-6, IL-12 In vitro Talactac et al. (2014)

Influenza

A

H1N1

PR8

Increase production of antiviral cytokines

Induce NK cell and cytotoxic T lymphocyte proliferation

Animal Kim et al. (2015a, b)
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action could help improve personal and public health

against viral diseases.
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