
lable at ScienceDirect

Journal of Pharmaceutical Analysis 12 (2022) 29e34
Contents lists avai
Journal of Pharmaceutical Analysis

journal homepage: www.elsevier .com/locate/ jpa
Review paper
Antiviral, immunomodulatory, and anticoagulant effects of quercetin
and its derivatives: Potential role in prevention and management of
COVID-19

Souparnika H. Manjunath, Rajesh K. Thimmulappa*

Department of Biochemistry, Jagadguru Sri Shivarathreeshwara Medical College, Jagadguru Sri Shivarathreeshwara Academy of Higher Education &
Research (JSSAHER), Mysore, 570015, India
a r t i c l e i n f o

Article history:
Received 19 April 2021
Received in revised form
8 September 2021
Accepted 16 September 2021
Available online 20 September 2021

Keywords:
COVID-19
Quercetin
Immunomodulation
Cytokine response syndrome
NRF2
Antiviral
Peer review under responsibility of Xi'an Jiaotong
* Corresponding author.

E-mail address: rajeshkt@jssuni.edu.in (R.K. Thimm

https://doi.org/10.1016/j.jpha.2021.09.009
2095-1779/© 2021 Xi'an Jiaotong University. Producti
org/licenses/by-nc-nd/4.0/).
a b s t r a c t

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection has caused a devastating health crisis worldwide. In this review,
we have discussed that prophylactic phytochemical quercetin supplementation in the form of foods or
nutraceuticals may help manage the COVID-19 pandemic. The following evidence supports our argu-
ment. First, nuclear factor erythroid-derived 2-like 2 (NRF2) agonists abrogate replication of SARS-CoV-2
in lung cells, and quercetin is a potent NRF2 agonist. Second, quercetin exerts antiviral activity against
several zoonotic coronaviruses, including SARS-CoV-2, mainly by inhibiting the entry of virions into host
cells. Third, inflammatory pathways activated by nuclear factor kappa B, inflammasome, and interleukin-
6 signals elicit cytokine release syndrome that promotes acute respiratory distress syndrome in patients
with COVID-19, and quercetin inhibits these pro-inflammatory signals. Fourth, patients with COVID-19
develop thrombosis, and quercetin mitigates coagulation abnormalities by inhibiting plasma protein
disulfide isomerase. This review provides a strong rationale for testing quercetin for the management of
COVID-19.
© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coronavirus disease 2019 (COVID-19) caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has
caused an unprecedented global health crisis and economic loss. As
of August 7, 2021, over 201 million people were infected with SARS-
CoV-2, and 4.2 million people died worldwide [1]. The common
symptoms recorded among patients with non-severe COVID-19
include fever, fatigue, dry cough, sputum production, headache,
and dyspnea associated with mild unilateral or bilateral pneu-
monia. Meanwhile, patients with severe COVID-19 disease are
associated with pneumonia, acute respiratory distress syndrome
(ARDS), metabolic acidosis, thromboembolism, multiple organ
failure, and acute cardiac injury [2,3], which are common factors
contributing to death. Although SARS-CoV-2 has affected every age
group, from newborns to children to adults, severe morbidity and
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mortality are commonly observed in the elderly population aged
>60 years and people with comorbidities, such as hypertension,
diabetes, cardiovascular disease, and renal disease.

Currently, the treatment modalities for hospitalized patients
with COVID-19 involve supportive care, such as supplemental ox-
ygen therapy and mechanical ventilation, and there are no Food
and Drug Administration (FDA)-approved drugs for COVID-19
treatment. Nonetheless, few FDA-approved drugs are being repur-
posed for COVID-19 management and the outcomes have been
mixed. During the early phase of the pandemic, the antimalarial
drug hydroxychloroquine and anti-human immunodeficiency virus
(HIV) drug lopinavir/ritonavir were repurposed for the treatment of
COVID-19; however, the trials were discontinued by the World
Health Organization as there were no significant clinical benefits
between the repurposed drug and standard of care. Remdesivir, a
small molecule inhibitor of viral RNA-dependent RNA polymerase
used initially against the Ebola virus, has been administered at the
bedside for the management of patients with COVID-19, and the
results were promising. Remdesivir did not lower the mortality of
hospitalized patients with COVID-19; however, it shortened the
recovery time of severely ill patients compared to patients who
s is an open access article under the CC BY-NC-ND license (http://creativecommons.
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were receiving standard care of treatment [4]. A more recent suc-
cess story was from the clinical trials of dexamethasone, a gluco-
corticoid drug, which dampens host inflammatory responses.
Dexamethasone treatment significantly lowered 28-day mortality
among mechanically ventilated patients with COVID-19 compared
to the placebo [5]. Based on the knowledge gained from a mecha-
nistic understanding of COVID-19 pathogenesis and big-data anal-
ysis using artificial intelligence, several approved drugs are being
repositioned for COVID-19 treatment [6]. In addition, intense ef-
forts are in progress to develop an effective vaccine. Fortunately, a
number of vaccines have been effective in eliciting immune
response against SARS-CoV-2. Mass vaccination is the most effec-
tive way of preventing transmission; however, it is premature to
assume that the first-generation of the vaccine will be effective in
reducing the infection and transmission of COVID-19. First, the ef-
ficacy of the currently available COVID-19 vaccines ranges from 50%
to 90% [7]. Second, SARS-CoV-2 has been mutating. Whether the
first-generation vaccine, especially those designed against the viral
spike protein, will be effective against new variants of SARS-CoV-2,
such as B.1.1.7 (United Kingdom), B.1.351 (South Africa), and B.1.617
(India) remains unclear. Third, there is an insufficient supply of
vaccines and inadequate resources to vaccinate a large population
in low-/middle-income countries. Therefore, it may take at least
two to three years before a large percentage of the global popula-
tion is vaccinated to achieve complete protection from SARS-CoV-2
infections. Fourth, the adverse events in first-generation vaccines,
especially in people older than 80 years, have dampened the pub-
lic's motivation for vaccination. Hence, it is imperative to continue
searching for chemoprotective agent(s) to protect the general
population and high-risk groups from SARS-CoV-2 infection.

Although no systematic randomized control trials have been
conducted to elucidate the benefits of herbal medicine on patients
with COVID-19, several studies emanated mainly from China have
reported intake of herbal medicine by patients with COVID-19 with
the standard of care [8,9]. Furthermore, researchers have carried
out in silico analysis of natural product libraries to identify poten-
tial antiviral phytochemical(s) against SARS-CoV-2 [10]. Quercetin,
a flavonoid present in many fruits and vegetables, has been iden-
tified as a promising candidate that exhibits a broad-spectrum
antiviral activity. In silico data suggest that quercetin interacts
with SARS-CoV-2 spike protein and main proteases and may be
useful in inactivating or killing SARS-CoV-2 [11,12]. In this review,
we have integrated the latest and established evidence on quer-
cetin and postulated that it confers prophylactic and therapeutic
benefits in the management of COVID-19. We have built a strong
case for the plausible use of quercetin or its derivatives as che-
moprotective nutraceutical agents for the protection of the general
public from SARS-CoV-2 infection and management of patients
with COVID-19.
2. Structure and forms of quercetin

Quercetin is a pentahydroxyflavone with hydroxy groups at the
3-, 30-, 40-, 4-, and 7- positions (Fig. 1), and it belongs to the flavonol
subclass of flavonoids. Quercetin is an aglycone; however, it is
usually conjugated to simple sugars (i.e., glucose, xylose, rhamnose,
arabinose, or galactose) or disaccharide (e.g., rutinose) at the 3-
position in plants (Fig. 1). In onions, quercetin is attached to the
glucose moiety and forms quercetin-3-O-glucoside (isoquercetin)
[13], whereas in apples and tea, quercetin is conjugated to rutinose
to form quercetin-3-O-rutinoside (rutin) [14]. Either aglycones or
the O-glycoside form of quercetin can be used to assess its bio-
logical activity.
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3. Anti-viral effects of quercetin against zoonotic
coronaviruses, including SARS-CoV-2, and the underlying
mechanisms

By integrating established evidence derived from experimental
model systems using Middle East respiratory syndrome coronavi-
rus (MERS-CoV), SARS-CoV, and the new knowledge related to the
immunopathogenesis of COVID-19, we have highlighted threemain
antiviral mechanisms by which quercetin may inhibit SARS-CoV-2
infection.

3.1. Quercetin may repress SARS-CoV-2 replication by activating
nuclear factor erythroid-derived 2-like 2 (NRF2)

NRF2 transcriptionally upregulates a network of cytoprotective
genes, including antioxidant genes, such as genes encoding for
glutathione biosynthesis, heme oxygenase-1, and several other
antioxidant proteins. In normal cells, NRF2 is held in the cytoplasm
by an adaptor protein, Kelch-like ECH-associated protein 1 (KEAP1),
which is in turn associated with Cullin3 containing E3 (Cul3-E3)-
ubiquitin ligase. The KEAP1-Cul3-E3-ubiquitin ligase complex
ubiquitinates and targets NRF2 for proteasomal degradation. Dur-
ing oxidative stress, reactive oxygen species or electrophiles modify
critical cysteine residues in the BTB and kelch domain of KEAP1,
which results in the dislocation of NRF2 from the KEAP1/Cul3-E3-
ubiquitin ligase complex and translocation into the nucleus. In-
side the nucleus, NRF2 binds to a conserved motif called “antioxi-
dant responses element” and transactivates target gene expression.
Most small-molecule inducers stabilize NRF2 by disrupting the
NRF2-KEAP1 interaction [15]. Olagnier et al. [16] reported that the
NRF2 agonist, 4-octyl-itaconate, inhibited SARS-CoV-2 replication
in a variety of human lung epithelial cells, such as Calu3 (cancer cell
line), Nuli (immortalized human airway epithelial cells), and pri-
mary human airway epithelial cells. To further confirm this obser-
vation, they used dimethylfumarate, another NRF2 agonist and an
FDA-approved drug for the treatment of multiple sclerosis, and
demonstrated that dimethylfumarate also terminated SARS-CoV-2
replication. This antiviral response against SARS-CoV-2 elicited by
NRF2 activation was not restricted to only chemical inducers;
activation of NRF2 by ablating KEAP1 using KEAP1 siRNA was also
effective in limiting viral replication. The same researchers [16]
analyzed the publicly available transcriptomic profile of lung biopsy
samples of patients with COVID-19 and discovered that the NRF2
pathway was repressed. The study concluded that NRF2 activation
elicits antiviral responses against SARS-CoV-2 and is independent
of the chemical nature of pharmacological inducers. Several studies
have reported quercetin to be a potent NRF2 agonist [16,17].
Quercetin treatment stabilizes NRF2 by modifying KEAP1, thereby
inhibiting NRF2 ubiquitination and proteasomal degradation [18].
Dietary feeding of quercetin in mouse models activated the NRF2
pathway in the lungs, as indicated by the expression of NRF2
regulated genes [19], and protected from bleomycin-induced lung
fibrosis. Quercetin supplementation also protected against other
organ injuries, such as kidney injury, in an NRF2-dependent
manner [20]. Considering this new evidence, we argue that quer-
cetin supplementation may attenuate SARS-CoV-2 replication
through the activation of NRF2 (Fig. 2).

3.2. Quercetin inhibits 3C-like proteases (3CLpro)

The 3CLpro (also referred to as the main protease) and papain-
like protease (PLpro) are highly conserved among human corona-
viruses and are attractive drug targets. Following coronavirus
infection, 3CLpro and PLpro are translated and activated, which then
cleave the polyproteins pp1a and pp1ab into various non-structural



Fig. 1. Structure of quercetin and its natural derivatives.
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proteins, including RNA-dependent RNA polymerase, which is
essential for viral replication. Computational and experimental
studies have revealed that quercetin-3-b-D-glucoside inhibits
MERS-CoV 3CLpro activity [21]. Nguyen et al. [22] demonstrated
that quercetin inhibits the activity of recombinant SARS-CoV 3CLpro

by up to 80%. More recently, Abian et al. [23] reported that quer-
cetin inhibits SARS-CoV-2 3CLpro activity by destabilizing its
structure. Studies on the structure-activity relationship revealed
that quercetin inhibitory activity against 3CLpro is related to carbon
30-substituted with hydroxide [24]. In summary, the accumulated
evidence suggests that quercetin or its analogs inhibit 3CLpro ac-
tivity, which is vital in the replication of coronaviruses, including
SARS-CoV-2.

3.3. Quercetin interacts with viral and host cell surface proteins and
may block coronavirus entry into host cells

Yi et al. [25] designed HIV-luciferase/SARS-CoV pseudotyped
virus that expresses luciferase and used it as a tool for detecting the
entry and replication of the virus in Vero cells. By measuring
luciferase expression in Vero cells post-infection, the authors
demonstrated that incubation of HIV-luciferase/SARS pseudotyped
virus with quercetin inhibited its entry into Vero cells and
concluded that quercetin might hinder the entry of SARS-CoV into
host cells, possibly by altering surface proteins. There is a high
Fig. 2. Schematics depicting plausible underlying mechanisms of how quercetin may
abrogate SARS-CoV-2 infection and mitigate pathogenesis of COVID-19. SARS-CoV-2:
severe acute respiratory syndrome coronavirus 2; ACE-2: angiotensin converting
enzyme-2; 3CLpro: 3C-like proteases; NF-kB: nuclear factor kappa B; IL: interleukin;
NLRP: nucleotide-binding oligomerization domain leucine rich repeat and pyrin
domain-containing protein; NRF2: nuclear factor erythroid-derived 2-like 2.
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degree of similarity (74%) in the protein sequences of the spike
proteins between SARS-CoV and SARS-CoV-2 [26]. Molecular
docking studies indicated that quercetin could potentially interact
with the Asp38 residue of the angiotensin-converting enzyme 2
(ACE2) receptor and prevent the attachment of SARS-CoV-2 to the
host cell membrane [27]. Hence, it is likely that quercetin may
inhibit SARS-COV-2 infection by blocking its entry into lung cells by
altering the viral spike protein or host ACE2.

4. Quercetin exerts broad-spectrum antiviral activity against
common respiratory viruses by blocking viral infectivity

To further strengthen the concept of quercetin as a promising
antiviral agent for managing COVID-19, we expanded our review on
the antiviral effects of quercetin on common respiratory viruses.
The evidence suggests that quercetin exerts antiviral activity pri-
marily by preventing viral entry into target host cells by modifying
the virion surface proteins.

4.1. Influenza A virus (IAV)

The antiviral activity of quercetin and its derivatives against IAV
is driven by direct and indirect mechanisms. Glycoprotein hemag-
glutinin (HA) is the IAV envelope protein that helps with viral entry,
by binding to the target host cell first and then helping with
endosomal fusion. Quercetin binds to HA and inhibits IAV entry into
host cells by disrupting HA-mediated membrane fusion events
[28]. The quercetin-3-glucoside has also been reported to block IAV
replication by inhibiting polymerase protein-2 [29]. Choi et al. [30]
also reported the antiviral activity of quercetin-3-rhamnoside
against IAV and subsequently demonstrated that prophylactic oral
administration of quercetin-3-rhamnoside markedly decreased the
viral titer in the lungs and significantly reduced the illness and
mortality in IAV-infected mice [31].

4.2. Respiratory syncytial virus (RSV)

A large body of evidence has confirmed the antiviral effects of
quercetin and its derivatives against RSV. The two glycoproteins,
attachment (G) and fusion (F) present on the surface of RSV lipid
envelope, mediate adhesion, fusion, and entry of virions into the
host cells. Lopes et al. [32] reported the viricidal activity of quer-
cetin pentaacetate against RSV and demonstrated that the com-
pound interacts with RSV surface glycoprotein F, which prevents
viral adhesion to the host cells. More recently, Machado et al. [33]
reported that quercetin binds to RSV glycoprotein G and blocks RSV
entry into the host cells. Together, these evidences suggest that
quercetin blocks RSV infectivity.

4.3. Rhinovirus (RV)

RV infection is frequently associated with common cold and,
more importantly, viral exacerbations in patients with asthma and
chronic obstructive pulmonary disease (COPD). Quercetin 7-
glucoside inhibits viral replication by affecting the early stages of
human rhinovirus 2 (RV-2) infection in HeLa cells [34]. Ganesan
et al. [35] reported that quercetin treatment suppressed RV repli-
cation in cultured airway epithelial cells by inhibiting endocytosis.
The same study reported that oral quercetin supplementation in
mice 2-h post RV infection markedly decreased viral load in the
lungs, which was correlated with lower pro-inflammatory cytokine
and interferon levels. Quercetin treatment also reduces airway
hyperresponsiveness induced by RV-2 infection in a mouse model.
In another study, Farazuddin et al. [36] demonstrated that sup-
plementation of 0.1% quercetin mixed in the diet of a cigarette
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smoke-exposed mouse model of COPD reduced exacerbation of
lung inflammation and expression of pro-inflammatory cytokines
caused by RV infection.

5. Quercetin functions as an immunomodulator and may
dampen the progression of ARDS in patients with COVID-19

5.1. Quercetin inhibits nuclear factor kappa B (NF-kB),
inflammasome, and interleukin (IL)-6-driven cytokine release
syndrome

The host immune response to SARS-CoV-2 is a critical deter-
minant of the clinical symptoms, morbidity, and severity of COVID-
19. Long et al. [37] analyzed a panel of circulating inflammatory
markers in patients with or without COVID-19 symptoms and re-
ported that asymptomatic patients were associated with markedly
lower levels of cytokines, namely, TRAIL, M-CSF, IL-6, IL-2, IL-10,
MCP-1, IL-8, IL-18, IFN-g, and G-CSF, compared to symptomatic
patients. Similarly, Lucas et al. [38] observed that moderately ill
patients with COVID-19 showed lower inflammatory responses
than severely ill patients, as indicated by lower circulating levels of
inflammatory mediators (IL-6, IL-1a, IL1-b, TNF-a, IL-18, IFN-g, and
C-C motif chemokine ligand 1. Elevated levels of these inflamma-
tory mediators during early infection are positively correlated with
poor survival in patients with COVID-19 [38]. In contrast, viral RNA
load levels are comparable between mildly and severely ill patients
with COVID-19 during the first 10 days after infection. However, it
steadily declines in moderately ill patients but not in severely ill
patients [38]. The insights from the inflammatory cytokine profile
data in patients with COVID-19 suggest that the cytokine response
syndrome (CRS) is largely driven by activation of NF-kB, inflam-
masome, and IL-6 signals [39e42].

A large body of evidence suggests that quercetin is effective in
diminishing NF-kB, inflammasome, and IL-6 signaling. Quercetin
pretreatment dampens NF-kB-mediated expression of cytokines,
including IL-6, in various cell types [43e45]. In a mouse model of
acute lung injury (ALI), quercetin administration significantly
attenuated lipopolysaccharide (LPS)-induced pulmonary inflam-
mation, as indicated by lower levels of neutrophil and lymphocyte
infiltrates, decreased cytokine levels in the lungs, and improved
survival [46] compared to the placebo group. Similarly, quercetin
administration significantly suppresses ALI in an IAV-infected
mouse model [47]. It also inhibits the activation of the NLRP3
inflammasome and secretion of IL-1a and IL-18 [48]. Quercetin
pretreatment inhibits LPS-induced IL-6 secretion in neutrophils
[49] and dendritic cells [50], as well as ameliorates IL-6 activated
signal transducer and activator of transcriptions 3 (STAT3) signals
[51e53]. As depicted in Fig. 2, the accumulated data suggest that
quercetin is a promising immunomodulator that may dampen
inflammation in patients with COVID-19 and prevent the devel-
opment of ARDS.

5.2. Quercetin activates NRF2 pathway that mitigates cytokine
release syndrome and attenuates acute lung injury/ARDS

Previously, using a mouse model of sepsis, we reported that
deficiency of the NRF2 pathway promotes CRS and worsens sur-
vival, whereas activation of the NRF2 pathway dampens CRS and
improves survival [54,55]. Mechanistic evidence suggests that
NRF2 downregulates inflammation by abolishing the transcrip-
tional expression of pro-inflammatory cytokines regulated by NF-
kB [54e56]. Hence, NRF2 inducers could be potent immunomod-
ulators for the mitigation of SARS-CoV-2 pathogenesis (Fig. 2). It is
conceivable that prophylactic supplementation of quercetin may
protect against SARS-CoV-2 infection and help with the
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management of COVID-19 treatment through activation of the
NRF2 pathway.

6. Quercetin inhibits protein disulfide isomerase (PDI) and
may mitigate coagulation abnormalities associated with
patients with COVID-19

It is postulated that in hospitalized patients with COVID-19, CRS
induced by SARS-CoV-2 infection triggers systemic inflammatory
responses, which cause vascular injury and abnormal coagulation,
recapitulating the characteristic features of sepsis-associated
disseminated intravascular coagulation [57]. Many studies have
reported thrombotic events in hospitalized patients with COVID-19
[58]. The mortality rate is higher in COVID-19 patients with
thrombotic events [59], and the circulating levels of D-dimer are
positively correlated with the severity of illness [60]. This emerging
evidence has led to a consensus that therapeutics to prevent the
development of coagulation abnormalities may improve the out-
comes of patients with COVID-19 [61]. Quercetin is a potent in-
hibitor of PDI [62], an enzyme implicated in platelet-mediated
thrombin formation at the site of vascular injury. In a multicenter
phase II trial, administration of isoquercetin with 1 g/day for 56
days to cancer patients caused a significant decrease in D-dimer, P-
selectin, and platelet-dependent fibrin generation compared to
placebo [63], indicating that isoquercetin supplementation protects
against hypercoagulability in cancer patients. It is plausible that
quercetin supplementation in high-risk patients with morbidities,
such as diabetes or cardiovascular diseases, may help reduce
coagulation abnormalities following SARS-CoV-2 infection.

7. Clinical trials of quercetin for disease intervention

Most of the clinical trials carried out on quercetin have been
shown to be safe, and the FDA has categorized quercetin as
“generally recognized as safe.” According to a database [64], 12
clinical trials on quercetin or its derivatives have been conducted in
patients with COVID-19. The interim results from one of the ran-
domized clinical trials (RCT) revealed that quercetin supplemen-
tation enhanced viral clearance and partially reduced the clinical
symptoms post-treatment [65]. In a phase I clinical trial, 30 patients
with hepatitis C virus infection were supplemented with various
quercetin doses ranging from 250 mg/day to 5 g/day for 28 days in
juice or water [66]. Quercetin was well-tolerated by the partici-
pants even at the highest dose of 5 g/day, and the median plasma
concentration was 2.25mg/L at week 4. Although there was no
correlation between plasma quercetin levels and viral load, the
viral load was decreased in at least a few patients [67]. In another
pilot study, quercetin was found to decrease upper respiratory tract
infection (URTI) among cyclists. The study found that intake of
quercetin with 1 g/day for two weeks reduced self-reported URTI
among cyclists. Later, in a 12-week RCT involving 1,002 partici-
pants, quercetin intake showed no significant effects on the inci-
dence of URTI, although the study reported a reduction in the
number of sick days and severity associated with URTI among cy-
clists aged >40 years [67]. More recently, a randomized safety trial
was conducted in COPD patients and concluded that quercetin
doses up to 2000mg/day for 1 weekwerewell tolerated by patients
with no adverse events [68]. Isoquercitrin, a water-soluble form of
quercetin, was found to improve endothelial function in high-risk
adult participants with cardiovascular disease [69].

8. Conclusions

We have highlighted the plausible mechanisms underlying how
quercetin may help in the management of COVID-19. The
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mechanisms include: 1) protection from SARS-CoV-2 infection by
impeding viral entry into host cells bymodifying viral spike protein
or ACE2, repressing replication inside the cells by inhibiting 3CLpro,
or activating the NRF2 pathway; 2) protection from the develop-
ment of ARDS by diminishing CRS elicited by NF-kB, inflamma-
some, or IL-6 signals; and 3) mitigation of thrombotic events by
inhibiting PDI. We have also discussed that frequent consumption
of quercetin-rich foods (such as onion) could elevate plasma
quercetin levels to the desired minimal effective concentrations for
attaining the clinical benefits of quercetin. Based on the evidence
discussed, further studies are warranted to evaluate whether con-
sumption of quercetin-rich foods or nutraceuticals protects the
high-risk population from SARS-CoV-2 infection and manages
COVID-19.
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