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Quercetin, widely distributed in fruits and vegetables, is a flavonoid known for its
antioxidant, antiviral, antimicrobial, and antiinflammatory properties. Several studies
highlight the potential use of quercetin as an antiviral, due to its ability to inhibit the
initial stages of virus infection, to be able to interact with proteases important for
viral replication, and to reduce inflammation caused by infection. Quercetin could
also be useful in combination with other drugs to potentially enhance the effects or
synergistically interact with them, in order to reduce their side effects and related
toxicity. Since there is no comprehensive compilation about antiviral activities of
quercetin and derivates, the aim of this review is providing a summary of their ant-
iviral activities on a set of human viral infections along with mechanisms of action.

Thus, the following family of viruses are examined: Flaviviridae, Herpesviridae,
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1 | INTRODUCTION

Quercetin (3,3',4',5,7-pentahydroxy-2-phenylchromen-4-one) is the
major representative of the flavonoid subclass of flavonols. It is found
in many fruits and vegetables and, among vegetables, the highest
levels of quercetin have been found in onions (Allium cepa L.), aspara-
gus (Asparagus officinalis L.), and red leaf lettuce (Lactuca sativa L.),
while lower levels in broccoli, green peppers, peas, and tomatoes.
Apples are the fruits with the highest quercetin content, together with
cherries and various berries (Nishimuro et al., 2015).

The quercetin in foods is not present as aglycone (i.e., without
sugar groups), but as quercetin glycosides (Kawabata et al., 2015).
Once ingested, quercetin glycosides are hydrolyzed and the released
aglycone is absorbed and metabolized, giving rise to glucuronidated,
methylated, and sulfated derivatives.

The dietary intake of all flavonoids has been estimated to over
200 mg/day, while intake of flavonols is about 20 mg/day, of which
quercetin is more than 50%, with a daily intake of approximately

10 mg/day (Kawabata et al., 2015). A study carried out in Japan

Orthomyxoviridae, Coronaviridae, Hepadnaviridae, Retroviridae, Picornaviridae,

Pneumoviridae, and Filoviridae.

antiviral, coronavirus, HCV, HIV, influenza virus HIN1, quercetin

supported these estimates, as daily intake of quercetin was deter-
mined to be 16 mg/day (Guo & Bruno, 2015).

Quercetin  supplementation may promote antioxidant (Xu
et al., 2019), antiinflammatory, immunoprotective effects (Saeedi-
Boroujeni & Mahmoudian-Sani, 2021), anticarcinogenic, antidiabetic
activities (Carrasco-Pozo et al, 2016; Carullo et al., 2017; Rauf
et al, 2018) and can prevent many chronic diseases (Zeng
et al., 2020), added to the ability to inhibit lipid peroxidation, platelet
aggregation, capillary permeability, and to stimulate mitochondrial bio-
genesis (Aguirre et al., 2011). Due to its high solubility and bioavail-
ability, quercetin is being used, increasingly, in new preparations for
human health care (Aytac et al., 2016). Furthermore, quercetin has
been studied in various types and models of viral infection due to its
promising antiviral effects in inhibiting polymerases, reverse transcrip-
tase, proteases, suppressing DNA gyrase, and binding viral capsid pro-
teins (Bachmetov et al., 2012; Debiaggi et al., 1990; Shinozuka
et al., 1988; Spedding et al., 1989). A large number of small molecules
extracted from plants are known for their antiviral effects (di Petrillo
et al,, 2017; Singh et al., 2020), while no antiviral drugs coming from
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plant constituents have been approved so far. The reason could be
the problematic assessing of the safety and effectiveness of herbal
medicines, due to herbal adverse events and herb-drug interactions
(Izzo et al., 2016).

A strategy could be to enhance people's antiviral immune
response through a nutritious diet including pure quercetin, isolated
from natural extracts, in order to minimize the risk of infections.

Recently, quercetin has been used as adjuvant therapy in COVID-19
symptomatic patients and the result was an improvement in clinical
symptoms and a reduction in length of hospitalization (di Pierro
etal., 2021).

This review aims to collect and present the current knowledge of
the antiviral property of quercetin and its mechanisms of action,
focusing the attention on the major human viruses belonging to fami-
lies of Flaviviridae, Herpesviridae, Orthomyxoviridae, Coronaviridae,
Hepadnaviridae, Retroviridae, Picornaviridae, Pneumoviridae, and

Filoviridae.

2 | ANTIVIRAL ACTIVITY OF QUERCETIN

21 | Flaviviridae
Flaviviridae is a family of enveloped positive-strand RNA viruses. The
family includes the genera of Flavivirus, Pestivirus, Hepacivirus, and
Pegivirus. Hepatitis C virus belongs to the Hepacivirus genus and is the
major cause of viral hepatitis, with an estimated 71.1 million individ-
uals chronically infected worldwide (Roudot-Thoraval, 2021). Treat-
ment with direct-acting antivirals drugs has dramatically changed
outcomes of hepatitis C. Indeed, the sustained viral response rates
have reached unprecedented levels (>95%) without relevant adverse
events (Kowdley et al., 2014; Webster et al., 2015). However, the
price is still one of the major barriers to achieve hepatitis C eradica-
tion mainly in low- and middle-income countries.

Several studies, summarized in Table 1, show the role of querce-
tin as an antiviral against HCV, in which it was reported that quercetin
acts at different levels.

TABLE 1 Anti-HCV activities of quercetin and derivates
Compound Mechanism
Quercetin

IRES translation
Quercetin
Quercetin

Reduces HSP70 and NS5A levels demonstrating its effect on

Inhibits the cleavage of the engineered NS3
Inhibits HCV-induced ROS and RNS formation in HCV-

Recently, in vitro studies performed on cells have identified the

possible interaction with  HCV's nonstructural

(NS) protein.

Khachatoorian et al. (2012), tested the flavonoid for their antiviral

of quercetin

activity using the HCV cell culture system treating it 3 h after infec-
tion. The study showed how quercetin markedly blocks viral transla-
tion, completely blocks NS5A-augmented Internal Ribosome Entry
Site (IRES)-mediated translation in an IRES reporter assay and inhibits
HSP70 induction, assuming that the antiviral activity of quercetin is
mediated through different mechanisms (Khachatoorian et al., 2012).
Moreover, the inhibitory effect of quercetin was also obtained using a
model system in which NS3 engineered substrates were introduced in
NS3-expressing cells, providing evidence that inhibition could be
directed to the NS3. In particular, these cells expressed only NS3 pro-
tease and did not carry additional HCV sequences, neither NS5A
activities nor IRES translation (Bachmetov et al., 2012). In another
study, quercetin showed a marked anti-HCV activity in replicon con-
taining cells when combined with interferon (IFN)a. Quercetin
decreased HCV-induced reactive oxygen and nitrogen species
(ROS/RNS) generation and lipoperoxidation in replicating cells. Quer-
cetin also inhibited liver X receptor (LXR) a-induced lipid accumulation
in LXRa-overexpressing and replicon-containing Huh7 cells. This
activity might contribute to the inhibitory effect of quercetin on HCV
replication (Pisonero-Vaquero et al., 2014). The effect of quercetin on
the expression of key genes involved in lipid metabolism was con-
firmed by other studies. In particular, quercetin appears to reduce
diglyceride acyltransferase 1 (DGAT1) mRNA expression increased by
viral infection. Since HCV particle formation requires DGAT1, this
could be another quercetin mechanism of action (Rojas et al., 2016).
Molecular docking, increasingly used for the research of new
drugs, provides that quercetin and its derivates can establish key coor-
dination with NS5B, an RNA-dependent RNA polymerase, by two
magnesium ions as well as interactions with residues at the active site
(Zhong et al., 2015), this gives further evidence to previous studies in
which N5 was the protagonist of a possible mechanism of action on
HCV inhibition. Meanwhile, another molecular docking study showed
that quercetin is a potential inhibitor of NS2 protease (Sajitha Lulu

References

Khachatoorian et al. (2012)

Bachmetov et al. (2012)
Pisonero-Vaquero et al. (2014)

replicating cells through its antioxidant activity

Quercetin-7-0-arylmethylquercetins
Quercetin-3-0-benzoic acid esters

Quercetin
protease of HCV

Compounds are capable of establish key coordination with the
two magnesium ions as well as interactions with residues at
the active site of HCV NS5B

Docking results provide that Que is a potent inhibitor of NS2

Zhong et al. (2015)

Sajitha Lulu et al. (2016)

Note: HCV, hepatitis C virus; HSP70, heat shock protein 70; IRES, internal ribosome entry site; Que, Quercetin; RNS, reactive nitrogen species; ROS,

reactive oxygen species.
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et al, 2016), as they possess minimum binding energy of consecu-
tively —7.97 and —7.95 kcal/mol—which is even lower than the three
drugs used as control, including ribavirin (—5.89 kcal/mol) and
telbivudine (—6.39 kcal/mol) (Lu et al., 2016).

The high inhibition efficiency of viral production could be due to
its ability to block virus replication by interacting on different prote-
ases and its ability to reduce HCV-induced ROS/RNS. Quercetin could
be used as a support in conventional therapies, considering it has

excellent tolerability.

2.2 | Herpesviridae

Herpesviridae comprises a large, enveloped family of double-stranded
DNA viruses. Herpesviruses are divided into three subfamilies, alpha
(), beta (B), and gamma (y) herpesviridae based on biological proper-
ties. The a herpesviruses, herpes simplex virus types 1 and 2 (HSV-1,
HSV-2), and varicella-zoster virus (VZV), have a short replicative cycle,
induce cytopathology in monolayer cell cultures, and have a broad
host range; p herpesviruses, cytomegalovirus (CMV), and human her-
pesviruses 6 and 7, with a long replicative cycle and restricted host
range; and y herpesviruses, Epstein-Barr virus (EBV) and human her-
pesvirus 8, with a very restricted host range.

The herpesviruses that infect humans characteristically establish
a latent infection that may be reactivated later. The consequences of
reactivation range from asymptomatic shedding to severe dissemi-
nated infection (Whitley, 1996). Therapies that can target the latent
phase of these viral infections could potentially result in eradication.

It has long been known that quercetin and derivates show ant-
iviral effect on Herpesviridae, particularly HSV-1 and HSV-2 (Table 2).

In vitro studies showed the reduction of intracellular replication
of HSV1-2 and human cytomegalovirus (HCMV) when cell mono-
layers were infected and subsequently cultured in medium containing
quercetin, instead preincubation of tissue culture cell monolayers with
quercetin did not affect the ability of the viruses to infect or replicate
in the tissue culture monolayers.

Quercetin showed antiviral activity toward HCMV infected cells
in a concentration of 4.8 pM. It was found that quercetin partially
inhibited the production of Immediate Early Protein and strongly
inhibited Early Protein production, suggesting that the flavonol
operates at a time point between immediate early and early protein
expression (Cotin et al., 2012).

To evaluate the anti-HSV-1 effect of quercetin, Raw 264.7 cells
were infected with HSV-1 at 0.1 multiplicity of infection (MOI) in
presence or absence of quercetin. In another set of experiment cells
were first infected with HSV-1 at 0.1 MOI and, 2 h later, quercetin
was added. In both cases a similar decrease in plague formation was
found (50% decrease for 10 pg/ml). In order to find the molecular
mechanism responsible for the anti-HSV-1 effect, western blotting
and real time PCR were performed on several proteins and HSV
genes. Interestingly, quercetin specifically inhibited the expressions of
HSV proteins: glycoprotein D (gD) and Infected Cell Protein O (ICPO)
gD is essential for successful viral entry and ICPO is encoded after

TABLE 2 Anti Herpesviridae activities of quercetin and derivates

Compound Mechanism References
Quercetin Inhibits production of IEG and Cotin et al.
IEP with ICsp 145 uM for (2012)
HSV and 2.89 uM for HCMV
Quercetin Inhibits HSV entry and inhibit Hung et al.
Isoquercetin NF-xB activation (2015)
Quercetin Suppresses the activations of Lee et al.
IRF3 and NF-jB induced by (2017)
HSV-1 infection in a
TLR3-dependent manner,
and this resulted in reduced
TNF-a production in raw
264.7 cells
Quercetin Counteracts EBV-driven Granato et al.
immortalization of B cells and (2019)
LCL outgrowth. This effect
seems to occur interrupting
the crosstalk between IL-6
and STATS3, promoted
autophagy, and reduced ROS
levels and p62 accumulation
Quercetin Inhibit viral lytic gene Kim et al.
expression and replication (2020)

Isoquercetin
through the downregulation

of IEG of VZV and HCMV
(IE2)

Note: EBV, Epstein-Barr virus; ICs, half-maximal inhibitory concentration;
|IEG, immediate early genes; IEP, immediate early protein; HCMV, human
cytomegalovirus; HSV-1, Herpes Simplex Virus type-1; IL-6, interleukin-6
virus; LCL, lymphoblastoid cell line; TLR, toll-like receptor, TNF, tumor
necrosis factor; VZV, Varicella Zoster virus.

infection. These results suggest that quercetin affects both viral entry
and viral replication. Moreover, quercetin suppressed the expression
of TLR-3, member of the toll-like receptor (TLR) family which plays a
fundamental role in pathogen recognition, and this led to the inhibi-
tion of inflammatory transcriptional factors (NF-xB and IRF3). These
findings suggest that the anti-HSV-1 effects of quercetin are related
to the suppression of TLR-3 dependent inflammatory responses in
infected cells (Lee et al., 2017).

Quercetin and isoquercitrin displayed potent antiviral activities
against both VZV and HCMV. Both compounds strongly suppressed
the expression of lytic immediate-early genes (IEG) (Kim et al., 2020).

Nevertheless, Hung et al., (2015), have shown how Houttuynia
cordata water extract, which has quercetin and isoquercetin among
the major components, has an antiviral activity against HSV-1 and
HSV-2 and is HSV aciclovir resistant (HSV-AR). To elucidate the
mechanism of action, cells infected with 100 pfu of the viruses were
co-treated or pretreated with the extract. Pretreatment showed that
plaque formation was largely inhibited, assuming that the anti-HSV
effects of the extract might target virus particles directly and inhibit
further stages of HSV infection. In the co-treatment, on the other
hand, the extract inhibited HSV-1, HSV-2, and HSV-AR binding ability
in a dose-dependent manner. By analyzing the major components, it

was found, that quercetin and isoquercetin targeted virus particles



DI PETRILLO ET AL.

WILEY_L 2

directly and inhibited viral entry. Furthermore, it was identified that
both isoquercitin and quercetin inhibited NF-xB activation in HSV
infection (Hung et al., 2015).

Regarding EBV, latent EBV infection can lead to serious malignan-
cies, such as, Burkitt's lymphoma, Hodgkin's disease, and gastric carci-
noma, and EBV associated gastric carcinoma is one of the most
common EBV-associated cancers.

In vitro study performed on EBV-driven B cell immortalization
showed that quercetin inhibits the activation of signal transducer and
activator of transcription 3 (STAT3) induced by EBV infection and
reduce molecules such as interleukin-6 (IL-6) and ROS known to be
essential for the immortalization process. Moreover, it was found that
quercetin promoted autophagy and counteracted the accumulation of
sequestosomel/p62, ultimately leading to the prevention of B cell
immortalization. These findings suggest that quercetin may have the
potential to be used to counteract EBV-driven lymphomagenesis,
especially if its stability is improved (Granato et al., 2019).

These results indicate that quercetin could be a promising candi-
date anti-HSV and HSV-AR since its mechanism of action seems to be

able to bind the virus in the early stages and prevent its entry.

2.3 | Orthomyxoviridae

The Orthomyxoviridae is a family of viruses that possesses seg-
mented, single-stranded, and negative-sense RNA genome. It com-
prises the genera Influenzavirus A, Influenzavirus B, Influenzavirus C,
Influenzavirus D Thogotovirus, Quaranjavirus, and Isavirus (Noda, 2012).
Influenza A virus is one of the most important pathogens to our public
health, causing worldwide outbreaks and seasonal pandemics, seri-
ously impacting public health, as well as the economy.

Currently, two classes of anti-influenza drugs are available, one
targeting the matrix 2 (M2) ion channel and the other targeting neur-
aminidase (NA) expressed on the virus envelope, and important for
virus entry. Along with the determination of the NA structure and the
discovery of Structure-Activity Relationship (SAR) in recent years, the
basis of rational design for novel, potent NA inhibitors (NAls) is valid.
Unfortunately, the resistance against current anti-influenza drugs and
the emerging mutations of influenza virus itself limits their develop-
ment and effectiveness (McKimm-Breschkin, 2000; Sheu et al., 2011;
Spanakis et al., 2014). Thus, there is a strong need to explore new ant-
iviral drugs against influenza virus. The new approaches consist in
finding new active small molecular inhibitors such as metal ion chela-
tor that inhibit the RNA-dependent RNA polymerase and immuno-
modulators (Wu et al., 2017).

Natural products appear to be a major source of anti-influenza
drug discovery and offer new prospects for influenza management.

Several in vitro studies performed on cells showed anti-influenza
A activity of quercetin and derivates (Table 3), particularly they seem
to have effect in the initial stage of infection. In a study, influenza
virus was inoculated to the cells at a MOI of 0.05 or 5, and the virus-
infected cells were incubated in the presence of quercetin and

isoquercetin in different concentration and different stage of

TABLE 3 Anti-influenza activities of quercetin and derivates

Compound Mechanism References
Quercetin Shows strong binding Liu et al.
abilities to NA from (2016)
H1N1 (A/PR/8/34)
comparable with
zanamivir

Quercetin-7-0-
glucoside

Gansukh et al.
(2016)

Blocks RNA polymerase
of influenza viruses A
and B and completely
inhibits or reduces
AVO formation

Decreases the HIN1 viral
titer by 6 logs
(p < 0.01) in MDCK
cells with IC5q 25
pg/ml, decreases NP
and M2 genes copy
numbers and the
expression of
cytokines

Mehrbod
et al. (2018)

Quercetin-3-0-a-L-
rhamnopyranoside

Sadati et al.
(2019)

Quercetin Molecular docking exhibit
relatively high potential
for binding quercetin
to the active site of

neuraminidase N1

Show high binding
activity on cap-binding
site of the PB2 of
influenza viral RNA
polymerase

Gansukh et al.
(2021)

Quercetin derivates

Note: AVO, acidic vesicular organelles; ICsp, half-maximal inhibitory
concentration; M2, matrix 2 ion channel; MDCK, Madin-Darby canine
kidney; NA, neuroamminidase; PB2, polymerase basic 2.

infection. Isoquercetin showed the highest antiviral activity and the
incubation of cells with isoquercetin prior to viral infection followed
by extensive washing significantly inhibited viral replication, with an
effective dose for 50% reduction on viral replication of 1.2 pM. The
addition of isoquercetin to cells up to 4 h following viral infection
reduced virus replication in a time-dependent manner. These results
suggest that the antiviral mechanism of isoquercetin may involve early
stages of viral replication (Kim et al., 2010). The antiviral activity of
quercetin and isoquercetin was also confirmed by a subsequent study
by the same authors (Thapa et al., 2012).

A quercetin derivative, quercetin-3-O-a-L-rhamnopyranoside
(Q8R), isolated from Rapanea melanophloeos, was able to significantly
decrease copy numbers of M2 and NP genes in co-penetration treat-
ment, which confirms the blockage of the viral particle receptors from
penetration inside the cell. Thus, fewer viral particles propagated inside
the cell. No significant effect in pre- and post-penetration treatments
verified the inability of the compound to influence the cellular receptors
and probably the cellular pathways. Moreover, the study revealed that
Q3R, especially in the co-penetration treatment, alters the status of
cytokine production, increasing the IL-27 production significantly,
which has antiinflammatory properties, and decreasing the TNF-a pro-

duction, a pro-inflammatory substance (Mehrbod et al., 2018).
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In vivo study on mouse model of influenza virus, showed how
quercetin derivatives significant decreased mortality, reduced the
levels of IFN-y, iNOS, and RANTES in the lungs compared to
the untreated group and histological evaluation showed that delayed the
development and progression of pulmonary lesions (Choi et al., 2012;
Kim et al., 2010; Liu et al., 2016).

Molecular docking studies showed the potential target of querce-
tin. In a study, quercetin appears to have a high binding potential to
NA comparable with oseltamivir and zanamivir. In a first study, (Liu
et al., 2015) it was showed how a R294K mutation in NA could
remarkably decrease the binding energies for oseltamivir, while other
small molecules, like quercetin, showed stable binding abilities with
mutated NA. In a second study, it was observed that there were
21 H-bonds between zanamvir and 11 residues of NA and that there
were 17 H-bonds between quercetin and NA. Abundant H-bonds
indicated that the H-bonds were important for the binding between
small molecules and NA, so quercetin could serve as a leading mole-
cule as NAI (Liu et al., 2015; Liu et al., 2016; Sadati et al., 2019).

Another potential target of quercetin could be M2 protein: dock-
ing simulations predicted that the binding affinity of quercetin
(—5.35 kcal/mol) for the M2 proton channel protein is stronger than
amantadine (—4.52 kcal/mol) (Moorthy et al., 2014).

Quercetin derivatives have shown the ability to block viral RNA
polymerase, in particular quercetin-7-O-glucoside (Q7G) showed
strong inhibition activity (Gansukh et al., 2016). A recent study was
conducted to confirm this inhibitory activity: 410 quercetin deriva-
tives were screened using molecular docking on cap-binding site of
the polymerase basic 2 (PB2) subunit of influenza viral RNA polymer-
ase; all quercetin derivatives showed high binding affinity, with quer-
cetin 3’-glucuronide (Q3G) that showed strongest binding affinity
toward cap-binding site of the PB2 subunit with —9.6 kcal of binding
affinity and 0.00054 mM of Ki value (Gansukh et al., 2021).

As already mentioned, quercetin seems to block virus entry, the
initial step of the viral replication cycle, through the interaction with
influenza NA protein. Moreover, other mechanisms of action could be
the interaction with M2 and NA genes, RNA polymerase, and reduc-
tion of cytokines expression.

24 | Coronaviridae

Coronaviridae is a family of enveloped and positive-strand RNA
which

Torovirinae (Payne, 2017). Human coronaviruses, such as HCoV-229E

viruses, includes two subfamilies: Coronavirinae and
and HCoV-0C43, have long been known to circulate in the population
and they, together with the more recently identified HCoV- NL63 and
HCoV- HKU1, cause seasonal and usually mild respiratory tract infec-
tions associated with symptoms of the “common cold.” In strong con-
trast, severe acute respiratory syndrome coronavirus (SARS-CoV) and
Middle East Respiratory Syndrome coronavirus (MERS-CoV) are
highly pathogenic (van den Brand et al., 2015). The global pandemic of
the new human coronavirus called SARS-CoV-2 causes respiratory

tract disease COVID-19. Currently, there are several safe and

effective vaccines against SARS-CoV-2 but there is just one treatment
authorized in the European Union (EU) to treat COVID-19, consisting
in remdesivir (“COVID-19 treatments: authorised | European Medi-
cines Agency,” 2020).

Recently several articles have been published on quercetin and its
ability to protect against coronaviruses (Table 4). One of the most stud-
ied targets are main protease (Mpro), such as 3-chymotrypsin-like prote-
ase (3CLpro) and papain-like protease (PLpro). The Mpro are responsible
for the processing of the viral polyproteins synthesized from the viral
RNA after infection, rendering the individual viral proteins active and
functional and genes are highly conserved (Helmy et al., 2020). These
characteristics making Mpro a good target for developing effective
drugs against SARS-CoV-2 and other future coronavirus variants.

Molecular docking showed that quercetin inhibits 3CLpro and
PLpro, with a docking binding energy corresponding to —6.25
and —4.62 kcal/mol, respectively (Derosa et al., 2021). So, quercetin
has a theoretical, but significant, capability to interfere with SARS-
CoV-2 replication (Abian et al., 2020). Previously quercetin inhibitory
activity was tested on 3CLpro showing an inhibition rate of 82% at
200 pM (Nguyen et al., 2012).

Quercetin-3-$-galactoside was also found as a potent binder to
the catalytic pocket of SARS-CoV 3CLpro. The predicted binding free
energy, inhibitory constant, and the predicted LogP are —9.24 kcal/
mol, 1.70 x 1077, and 0.43, respectively. This compound showed inhib-
itory activity against SARS-CoV 3CLpro with ICsq of 42.79 + 497 uM
in a competitive mode. Molecular modeling strongly suggested
that the residue Q189 plays a key role in the binding between
quercetin-3-p-galactoside and SARS-CoV 3CLpro (Chen et al., 2006;
Jo et al.,, 2020). These studies show that quercetin have a good
potential to act as COVID-19 Mpro inhibitors (Agrawal et al., 2020;
Derosa et al., 2021).

Another coronavirus target is viral the spike protein (S protein). In
fact, a reasonable target for structure-based drug discovery was identi-
fied to be the disruption of the viral S protein- angiotensin-converting

enzyme 2 (ACE2) receptor interface. A computational model of the

TABLE 4  Anti-coronavirus activities of quercetin and derivates

References

Jo et al. (2020)

Compound Mechanism

Quercetin-3-4- Binds to the catalytic pocket

galactoside of SARS-CoV 3CLpro

Quercetin Top scoring ligand for the S Smith and
protein: ACE2 receptor Smith (2020)
interface

Quercetin Inhibits 3CLpro and PLpro, di Pierro
with a docking binding et al. (2021)
energy corresponding to
—6.25 and —4.62 kcal/mol

Quercetin Interacts with furin with a Milanovi¢
docking score of et al. (2021)

—7.77 kcal/mol at 2.02 uM

Note: ACE2, angiotensin-converting enzyme II; HIV, human
immunodeficiency virus; ICsq, Half-maximal inhibitory concentration;
SARS-CoV, severe acute respiratory syndrome coronavirus.
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S-protein of SARS-CoV-2 interacting with the human ACE2 receptor
was used to identify small molecules to potentially limit viral recognition
of host cells and/or to disrupt host-virus interactions (Smith &
Smith, 2020). A recent article assayed molecular docking between quer-
cetin and two proteins: S protein and another protein, furin. Furin is a
host-cell enzyme responsible for the nonclathoin mediated fusion of
membranes, which increases the probability of the entanglement of S
protein with ACE2. The specific inhibitors of furin could prevent the
cleavage of spikes and syncytium, therefore suppressing the virus repro-
duction. The results suggests that quercetin could interacts with furin
since showed a high binding affinity for the neutral form of quercetin
(=7.77 kcal/mol, 2.02 uM). In contrast the reactivity of quercetin on S
protein is lower than for the investigated drugs, this was proved by the
lower number of hydrogen and carbon-hydrogen bonds (Milanovi¢
et al,, 2021). In Figure 1 we have schematized the interaction between
quercetin-3-p-galactoside and the COVID protease most represented in
the works, 3CLpro. Quercetin, as well as other flavonoids, interact with
target amino acids located around the catalytic site of each 3CLpro
protomer. Quercetin-3-$-galactoside forms hydrogen bonds specifically
with GIn189 and Glul166 amino acids located inside a specific pocket
hollowed in the protein surface (Waterhouse et al., 2018).

A clinical study evaluated the possible role of quercetin on pro-
phylaxis and treatment of COVID-19 since the immunomodulatory
activity of quercetin could benefit patients with SARS-CoV2.

In this study, quercetin supplement statistically shortens the
timing of molecular test conversion from positive to negative and

reducing at the same time symptoms severity (di Pierro et al., 2021).

~—t
Catalytic \ g
domain

SARS-CoV-2 3 -chymotrypsin-like protease

FIGURE 1

In conclusion, quercetin seems to protect against coronavirus
through different mechanisms of action: the most important studies
regard the inhibition of proteins S, furin, and Mpro, important for cell rec-
ognition and viral replication. In addition, quercetin supplements could
help to decrease symptoms and to reduce the time of positive molecular
test. On this basis it would be interesting to carry out new clinical studies.

2.5 | Hepadnaviridae

Hepadnaviridae is a family of small, enveloped viruses with partially
double-stranded DNA. It contains two genera: hepatitis viruses, specific
for man and other mammals, are grouped in the genus Orthohepadnavirus,
while those of birds are placed into the genus Avihepadnavirus.

Hepatitis B virus (HBV), the hepadnavirus infecting humans, is
classified into eight genotypes today and numerous subgenotypes
(Schaefer, 2007).

Nearly 350 million people are chronically infected with HBV in
the world, which is one of major global health problems. It is esti-
mated that about 780,000 people die each year due to consequences
of hepatitis B (HB), such as liver cirrhosis and liver cancer (“Hepatitis
B,” 2021). Current treatments include nucleoside/nucleotide analog
therapy and interferon therapy. Long-term, nucleoside/nucleotide
analog therapy often leads to drug resistance, and interferon therapy
can be used only for a limited duration due to its many side effects
(Zoulim & Locarnini, 2009). B can be prevented by vaccines that are
safe, available, and effective (“Hepatitis B,” 2021).

ProtomerB

GIn189 Glu166

Molecular interactions between Quercetin-3--galactoside and SARS-CoV-2 3CLpro. Note: Quercetin-3-p-galactoside forms

hydrogen bonds specifically with GIn189 and Glu166 amino acids located inside a specific pocket hollowed in 3CLpro surface. The three-
dimensional (3D) protein structures were created by using SWISS MODEL program
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Several in vitro studies shown how quercetin inhibits HBV
antigen, Hepatitis B surface antigen (HBsAg) and Hepatitis B e
antigen (HBeAg), secretion and genome replication in human hepa-
toma cell lines (Table 5), which suggests that quercetin may be a
potentially effective anti-HBV agent (Alam et al., 2017; Cheng
et al,, 2015).

Furthermore, quercetin extracted from Guiera senegalensis has
demonstrated the high anti-HBV potential inhibiting HBsAg and
HBeAg synthesis by 68% and 73%, respectively in cultured
HepG2.2.2.15. In order to find the mechanism of action molecular
docking was performed against HBV Polymerase (Pol/RT). Data
shown that quercetin binds the active site of HBV Pol by forming nine
hydrogen bonds that stabilized the quercetin-pol complex with an
estimated free energy of —7.4 kcal/mol (Parvez et al., 2019). The anti-
HBYV modes of action and the molecular interaction patterns of quer-
cetin with viral Pol/RT and Core proteins were determined as well as
a host-encoded receptor sodium taurocholate co-transporting poly-
peptide. Quercetin shown better affinity toward Pol/RT as compared
to lamivudine. The HBV-Core protein is considered as a promising
viral target for drug development because of its multiple roles in the
viral life cycle (Parvez et al., 2020).

These in vitro studies show how quercetin can block HBV replica-

tion by acting on HBsAg, HBeAg, HBV polymerase, and Core protein.

2.6 | Retroviridae
The family Retroviridae is a large family of RNA viruses that replicate
through a DNA intermediate. It is divided into two subfamilies
(Orthoretrovirinae and Spumaretrovirinae) and seven genera
(Ryu, 2017). Since the mid 1980s, retroviruses have been the focus of
an intensive research effort, due primarily to the causative association
between the human immunodeficiency virus (HIV) and the acquired
immunodeficiency syndrome (AIDS).

Highly active antiretroviral therapy (HAART) is a medication regi-
men used in the management and treatment of human immunodefi-

ciency virus type 1 (HIV-1). However, the treatment is required to be

TABLE 5 Anti-HBV activities of quercetin

Compound  Mechanism References

Quercetin Reduces HBsAg, HBeAg and the Cheng
secretion of HBV genomic DNA et al. (2015)
levels.

Quercetin Anti-HBV potential, inhibiting Parvez
HBsAg and HBeAg synthesis. et al. (2019)
Molecular docking shows that
quercetin forms very stable
complexes with HBV polymerase.

Quercetin Has higher binding affinity toward Parvez
Pol/RT than lamivudine. et al. (2020)

Note: HBeAg, HBV secretory protein “e” antigen; HBsAg, Hepatitis B
surface antigen; HBV, Hepatitis B virus; ICsq, half-maximal inhibitory
concentration; Pol/RT, polymerase/reverse-transcriptase.

administered for the remainder of an individual's lifetime due to latent
HIV-1 reservoirs. The “shock and kill” strategy, which involves using
agents to reactivate latent HIV-1 and subsequently killing latently
infected cells in the presence of HAART, was recently proposed.
Unfortunately, the agents used showed a high toxicity. Therefore, the
identification of novel
etal, 2018).

In vitro enzyme inhibitory properties showed a quercetin inhibi-

latency activators is required (Yang

tion power against HIV-1 integrase (HIV-1 IN) and topoisomerase Il
with ICs0 11.0 and 19.4 uM respectively (Fesen et al., 1993).

Compounds isolated from Dioscorea bulbifera, such as, quercetin-
3-O-p-p-glucopyranoside and quercetin-3-O-p-bp-galactopyranoside,
showed inhibitory activity against HIV-1 IN inhibitors with ICso
value19.39 and 21.80 uM respectively. The docking results showed
that all compounds bound to the IN with similar patterns (Chaniad
et al, 2016). This result confirms the inhibitory activity against
integrase, established in the previous study.

Quercetin reactivated latent HIV-1 gene expression. In addition,
there is evidence that quercetin may reactivate HIV-1 expression by
inducing nuclear factor x¥B nuclear translocation and that the toxicity
of quercetin is lower when compared with various additional activa-
tors of HIV-1 (Yang et al., 2018).

In conclusion, as shown in Table 6, quercetin seems to inhibit
in vitro HIV-1 replication acting on integrase and topoisomerase ll;
however, these results need to be confirmed in other studies to fully
demonstrate its inhibitory potential.

2.7 | Picornaviridae

Picornaviruses are small, nonenveloped, icosahedral RNA viruses with
positive-strand polarity. Although many of picornavirus infections
remain asymptomatic, some are important human and animal patho-
gens and cause diseases that affect different tissues. Genera associ-
ated with Picornaviridae include erbovirus, teschovirus, kobuvirus,
aphthovirus, cardiovirus, enterovirus, coxsackievirus, hepatovirus, par-

echovirus, and rhinovirus (Zell, 2018).

TABLE 6 Anti-HIV activities of quercetin and derivates

Compound Mechanism References
Quercetin Strong inhibitory activity Fesen
on HIV-1 IN with IC5q et al. (1993)
11.0 uM and TOP2, ICso
19.4 M
Quercetin-3-0O-4-d- Compounds inhibit HIV-1 Chaniad et al.
glucopyranoside; IN with ICs0 19.4 and (2016)
Quercetin-3-0-4-d- 21.8 uM, respectively
galactopyranoside
Quercetin Reactivates latent HIV-1 Yang
gene expression and et al. (2018)

induces nuclear factor kB
nuclear translocation

Note: HIV-1, human immunodeficiency virus type 1; IC50, half-maximal
inhibitory concentration; IN, integrase; TOP2, topoisomerase 2.
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Enteroviruses are implicated in many diseases, including
undifferentiated febrile illnesses, upper and lower respiratory tract
infections, gastrointestinal disturbances, conjunctivitis, skin and
mucous membrane lesions, and diseases of the central nervous sys-
tem, muscles, heart, and liver. There is no established specific therapy.
Treatment is symptomatic and supportive. Clinical studies show that
ribavirin shortens respiratory illnesses and interferon nasal sprays
have prophylactic value for common colds.

In in vitro studies, quercetin was demonstrated to possess
concentration-dependent anti-enteroviral activities with the I1Cso
values of 39.63 pg/ml for Enterovirus 71 (EV71) and 59.53 pg/ml for
Coxsackievirus Al6 (CVA16). Cells were infected with EV71 or
CVA16 at a titer of 100 a plaque-forming unit (pfu) and simulta-
neously treated with quercetin (Wang et al., 2012). Further investiga-
tion determined that quercetin acts on EV71 with different
mechanism of action: inducing apoptosis and cell damage, inhibiting
viral RNA and protein synthesis, and inhibiting the protease 3Cpro
(Yao et al., 2018).

Dihydroquercetin (DHQ) showed antiviral properties against
Coxsackievirus B4 (CVB4) reducing viral titers at 100 pg/ml. The
highest efficacy of the antiviral therapy was reached when DHQ is
added 1-3 h postinfection demonstrating, even in this case, that it
acts in the early stages of virus reproduction. Moreover, the effect
of DHQ on the course of pancreatitis of white mice caused by CVB4
was analyzed. Mice were infected with CVB4 and infectious titer
reached 6.0 + 0.7 TCIDso (Median Tissue Culture Infectious Dose)
per 20 mg tissue by day 5 and then gradually decreased. Based on
these results, the effect of DHQ on the peak of virus titer was mea-
sured, applying it intraperitoneally at doses of 75 or 150 mg/kg/day.
The compounds decreased the virus titer in dose-dependent manner
and the maximal effect was achieved at the highest dose of DHQ
with a result comparable with the reference compound ribavirin
(Galochkina et al., 2016).

Rhinovirus (RV), an Enterovirus, is responsible for majority of
common colds. There are no approved drugs are available to treat rhi-
novirus infection. Quercetin shown, both in vitro and in vivo an anti-
rhinovirus activity. Quercetin pretreatment significantly decreased
endocytosis of both RV1B and RV39 by BEAS-2B cells with a MOI of
1.0. The cells treated with quercetin 8 h prior to infection there were
no antiviral effects instead addition of quercetin during or immedi-
ately after viral infection may be necessary to effectively limit viral
infection. In vivo, quercetin treatment decreased viral replication,
expression of pro-inflammatory cytokines and chemokines, and air-
ways hyperresponsiveness to methacholine challenge. (Ganesan
et al., 2012).

Quercetin and derivatives seem to inhibit Picornaviridae family by
acting on early stage of virus replication, even in this case the maxi-
mum antiviral activity was found by treating the cells with quercetin
after they were infected or during the infection. Furthermore, the abil-
ity to inhibit pro-inflammatory cytokines, hence the ability of querce-
tin to act on the immune system, was observed also in this case.

In Table 7 the summary of the antiviral activity against picornavi-

rus is reported.

TABLE 7 Anti picornavirus activities of quercetin and derivates

Compound Mechanism References
Quercetin Inhibits viral infection at Ganesan et al.
multiple stages, including (2012)
endocytosis, transcription
of the viral genome and
viral protein synthesis.
Dihydroquercetin ~ Shows antiviral properties Galochkina
against CVB4 et al. (2016)

Quercetin Inhibits EV71 replication in Yao
RD cells with ICsp 12.1 pM et al. (2018)
and Vero cells with IC5q
8.8 uM. Moreover, Que
acts inhibiting 3Cpro with
IC50 30.3 pM.

Note: 3Cpro, 3C protease; CVA16, coxsackievirus A16; EV71, Enterovirus
71; CVB4, coxsackievirus B4; ICsq, half-maximal inhibitory concentration;
RD cells, rhabdomyosarcoma cells; Que, Quercetin.

TABLE 8 Anti Pneumoviridae activities of quercetin and derivates

Compound Mechanisms References

Quercetin Protects cells form MPV Komaravelli
infection and reduces et al. (2015)
cytokine and chemokine
secretion.

Quercetin Interacts with NS1 protein, Gomes
the enthalpy and entropy et al. (2016)
balanced forces indicated
that the NS1-quercetin
interaction presented both
hydrophobic and
electrostatic contributions.

Quercetin Interacts with M2-1 protein Guimaraes
and that hydrogen bonds et al. (2018);
and stacking interactions Teixeira
are important et al. (2017)

contributions for
stabilization of the
complexes.

Acetylated derivatives Lopes et al. (2020)
protect HEp-2 cells

infected with RSV and

interact with F-protein

showing

AG = —14.22 kcal/mol

Quercetin and
acetylated
derivatives

Note: HEp-2 cells, human epithelial type 2 cells; MPV, metapneumovirus;
NS1, nonstructural protein 1; RSV, respiratory syncytial virus.

2.8 | Pneumoviridae
The family Pneumoviridae comprises large enveloped negative-sense
RNA viruses. This family has two genera, Orthopneumovirus and
Metapneumovirus. Some viruses are specific and pathogenic for
humans, such as human respiratory syncytial virus (RSV) and human
metapneumovirus (Rima et al., 2017).

HumanRSV causes a globally prevalent respiratory infection,

which can cause life-threatening illness, particularly in the young,
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elderly, and immunocompromised. The mainstay of treatment for
patients with RSV is supportive care.

Several studies investigated the quercetin mechanism of action
by molecular docking (Table 8). A research analyzed Non-Structural
Protein 1 (NS1)-quercetin interaction. NS1 is an RSV non-structural
protein plays an important role in the modulation of the host response
to infection, antagonizing the interferon-mediated antiviral state
(Atreya et al., 1998). Experimental and in silico approaches showed
that the interaction between RSV-NS1 and quercetin is stable, with a
dissociation constant of the order of 107 M. Thus, NS1 could be a
quercetin potential target (Gomes et al., 2016).

Other research suggest that quercetin and its derivatives exert
their action by interacting with the M2-1 protein, involved in genome
replication and transcription by form the complex RNA-dependent
RNA polymerase. Molecular docking showed that these compounds
could interact with M2-1 in important domains for its activity
(Guimaraes et al., 2018; Teixeira et al., 2017).

TABLE 9 Anti Ebolavirus activities of quercetin and derivates

Compound Mechanisms References
Quercetin 3-4-O- Could inhibit the first stage of  Qiu et al.
p-glucoside infection by a mechanism (2016)
glycoprotein mediate
Quercetin Interacts with VP24 and Fanunza et al.

significantly suppresses (2020)

anti-IFN function

Note: IFN, interferon; VP24, viral protein 24.

NS2, NS3,
NS5A and
NS5B activity

|

expression

HCV
replication

HSV-1 entry

Lopes et al., showed alternative anti-RSV strategy, quercetin, and
acetylated derivatives may interact with F-protein on RSV surface in
an important region to adhesion and viral infection. Through molecu-
lar docking quercetin acetylated interacted with F-protein showing
AG = —14.22 kcal/mol and it was more stable than quercetin (Lopes
et al,, 2020).

Regarding human metapneumovirus (MPV), a major cause of
respiratory tract infections in children, elderly, and immunocompro-
mised hosts, no vaccine or treatment are currently available. There
was explored the potential protective role of dietary antioxidants in
MPV infection using in vitro model. MPV infection was associated
with a significant increase in pro-inflammatory cytokines, such as IL-1,
IL-6, and TNF-a, and the chemokines CXCL10 (IP-10) and CCL4
(MIP-1). Quercetin treatment significantly reduced these cytokine and
chemokine secretion from infected cells. Moreover, quercetin treatment
was associated with a much lower viral titer, compared to untreated
infected cells. This study suggest that antioxidant diet interferes with
viral assembly and formation of mature virus and can reduce oxidative
damage and inflammatory responses (Komaravelli et al., 2015).

In conclusion quercetin could experts its antiviral action inter-
acting with structural and non-structural protein and reducing pro-

inflammatory cytokines.

29 | Filoviridae

Filoviridae family comprise large enveloped negative-sense RNA

viruses. Among genus, Ebolavirus (EBOV) and Marburgvirus represent

HIV-1 IN
activity

l 3CLpro
activity

ng to

' Bim:\il

HIV-1
replication

SARS-CoV2
replication

H1IN1 entry

FIGURE 2 Highlight on different antiviral mechanisms of action of quercetin and derivates. Note: Quercetin blocks virus entry or virus

replication through interaction with viral proteins
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major threats to human health worldwide because they have
extremely high death rates and antiviral therapies or vaccines against
them are not available (He et al., 2015).

Like showed in Table 9, in vitro and in vivo study demonstrated
that a flavonoid derivative called quercetin 3--O-p-glucoside (Q3G)
had the ability to protect from EBOV. In vitro Q3G reduced viral titer,
in vivo the mice were protected from EBOV even when Q3G was
given as little as 30 min prior to infection showing a survival of 10/10.
In contrast, only 3/10 mice that received Q3G at 24 h post challenge
survived. To test the mechanism of the effect of Q3G on EBOV repli-
cation, they utilized wild-type vesicular stomatitis virus (VSV) and
VSV-Ebola virus constructs in which the outer glycoprotein of VSV
was replaced with the glycoprotein of EBOV. While the entry of wild-
type VSV was not inhibited by Q3G, entry of the VSV-Ebola virus
construct was strongly inhibited, suggesting that Q3G affects a
glycoprotein-mediated step in the viral life cycle, that is, viral entry
(Qiu et al., 2016).

Recently, a study hypothesized the use of flavonoids against
EBOV proteins that cause a protective immune response, such as
VP40, VP35, VP24, and VP30 proteins. The docking studies indicated
that flavonoid compounds have strong hydrogen binding interactions
and high docking score with Ebola proteins (Raj & Varadwaj, 2016).
Based on this study, a recent in vitro study tested the effect of quer-
cetin on VP24, one of the main determinants of virulence by virtue of
its inhibition of the IFN signaling cascade. Results showed how quer-
cetin significantly suppressed the anti-IFN function of VP24, restoring
IFN stimulation. In order to test if quercetin was also able to inhibit
EBOV replication, wild-type EBOV Makona-infected cells were
treated with quercetin and Q3G. Quercetin inhibited viral replication
in HEK293T cells, while it was not able to inhibit EBOV in Vero E6
cells (Fanunza et al., 2020). This confirms the effect of quercetin on
evasion of the IFN pathway, since inhibited EBOV only in IFN-
competent HEK293T cells and not in IFN-incompetent Vero cells. In
contrast, Q3G was able to block EBOV replication in both cell lines. It
has been previously demonstrated that Q3G targets the viral entry
process by Qiu et al. The fact that Q3G is more active in HEK293T
cells than in Vero cells might suggest a dual mechanism of action:
impairing the IFN antagonism of VP24 and blocking virus entry
(Fanunza et al., 2020).

Quercetin could inhibit the first stage of infection interacting with
structural protein and reducing anti-IFN function of VP24. However,

furthers and in vivo studies are needed.

3 | CONCLUSIONS

Quercetin and its derivatives are naturally occurring phytochemicals
with promising bioactive effects such as immunoprotective,
antiinflammatory, and antiviral effects. In this review the antiviral
activity of quercetin and its derivates against potential human
viruses was collected. Quercetin showed a potent antiviral activity
in vitro and the different mechanisms of action are reported in

Figure 2.

Particularly, quercetin seems to block virus entry by interacting
with membrane glycoproteins such as gD of HSV and NA of HIN1.
Moreover, molecular docking studies have shown that quercetin and
its derivatives could interact with specific proteases essential for viral
replication, such as NS2, NS3, and NS5A of HCV, integrase and TOP2
of HIV, Mpro of Coronaviridae, and 3Cpro of Enterovirus.

All these studies shown how the quercetin and its derivates have
a wide spectrum of antiviral activities and a better understanding of
quercetin's mechanistic properties could help in the rational design of
more potent or bioavailable flavonol-type compounds.

Despite many in vitro studies, there are very low studies with
human subjects. It would be of extreme importance to pay attention
to the use of quercetin for preventive purposes, as well as in combina-
tion with drugs, in order to enhance or synergistically interact with
these chemical agents and consequently reduce their side effects,

related toxicity, and increase their overall efficacy and safety.
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