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Abstract

Introduction The high mortality rate in severe cases of COVID-19 is mainly due to the strong upregulation of cytokines,
called a cytokine storm. Hyperinflammation and multiple organ failure comprise the main clinical features of a cytokine
storm. Nrf2 is a transcription factor which regulates the expression of genes involved in immune and inflammatory pro-
cesses. Furthermore, Nrf2, as a master regulator, controls the activity of NF-xB which binds to the promoter of many
pro-inflammatory genes inducible of various inflammatory factors. Inhibition of Nrf2 response was recently demonstrated
in biopsies from patients with COVID-19, and Nrf2 agonists inhibited SARS-CoV-2 replication across cell lines in vitro.
Glucosinolates and their hydrolysis products have excellent anti-inflammatory and antioxidant effects via the Nrf2 activation
pathway, reduction in the NF-kB activation, and subsequent reduced cytokines levels.

Conclusion Accordingly, these compounds can be helpful in combating the cytokine storm associated with COVID-19.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the causative agent of a viral infectious disease
called COVID-19, which was first identified in late 2019
in Wuhan, China and has now spread to all over the world
[1]. The upper respiratory tract is the main location of
primary infection after which the virus may infect other
organs such as the kidneys, liver, and heart [2]. Evidence

< Mahdieh Eftekhari
Mahdieh.eftekhari @ gmail.com;
mahdieh.eftekhari @kums.ac.ir

Student Research Committee, Kermanshah University
of Medical Sciences, Kermanshah, Iran

Ric Scalzo Institute for Botanical Research, Southwest
College of Naturopathic Medicine, Tempe, AZ 85282, USA

Pharmaceutical Sciences Research Center, Kermanshah
University of Medical Sciences, 6715847141 Kermanshah,
Iran

Department of Pharmacognosy and Pharmaceutical
Biotechnology, Faculty of Pharmacy, Kermanshah University
of Medical Sciences, P.O.BOX.6714415153, Kermanshah,
Iran

suggests that overproduction of reactive oxygen species
(ROS) and depletion of antioxidant power are crucial for
the progression of SARS-CoV-2 infection [3]. Research
has also indicated that the main cause of pathogenicity
and mortality in critically ill patients with COVID-19 is
the elevated inflammatory response triggered by the virus
[1]. At the onset of the disease, the immune system fights
the virus and controls inflammation by releasing a moder-
ate amount of cytokines, but over time, the immune sys-
tem may damage host cells by over-releasing cytokines.
Thus, pathological complications arise due to an imbal-
ance between the ‘good’ and the ‘bad’ immune systems
[4]. Excessive production of cytokines by the overactive
immune system leads to a condition called a cytokine
storm; this is the main cause of health deterioration in
patients with COVID-19 presenting with main clinical
features of hyperinflammation, hyperferritinemia, and
multiple organ failure [1]. During a cytokine storm, we
see an excessive increase in the activity of immune system
cells, especially macrophages and monocytes, followed by
a significant increase in the release of cytokines such as
interleukin (IL)-6, IL-17, IL-7, IL-1f, IL-9, IL-2, IL-10
and tumor necrosis factor (TNF)-a [1, 5, 6]
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Conventional therapy for COVID-19

Since the beginning of the COVID-19 epidemic, many
antiviral drugs have been tested and developed against
SARS-CoV-2, but no specific drug has yet been found.
In addition, some drugs have been used to stop COVID-
19-associated cytokine storm [3, 5]. Monoclonal anti-
bodies have been shown to be useful in managing the
cytokine storm induced by COVID-19, for example, the
drug tocilizumab, an IL-6 inhibitor. Tocilizumab is FDA-
approved for the treatment of autoimmune diseases such
as rheumatoid arthritis. Among monoclonal antibodies,
clazakizumab is another candidate for COVID-19-related
cytokine management, however this drug has not been
approved by the FDA for use in treatment [6]. Corticoster-
oids including dexamethasone inhibit the cytokine levels
and have anti-inflammatory effects; therefore, they may
be helpful in combating the cytokine storm in COVID-19
patients [5].

Nrf2 pathway & COVID-19

Recently, in biopsies of COVID-19 patients, the suppres-
sion of the nuclear factor-erythroid 2-related factor-2
(Nrf2) response has been demonstrated while the Nrf2
agonists inhibited SARS-CoV-2 replication across cell
lines in vitro [7]. There is also evidence of the antiviral
effect of Nrf2 on respiratory infections caused by SARS-
CoV-2 [8]. Findings from several studies suggest that
activation of Nrf2 may modulate the immune system.
Nrf2 exerts its effects by regulating the transcription of
various genes [9]. Nrf2 plays a central role in protect-
ing cells against oxidative damage [10]. Nrf2 normally
binds to its inhibitor in the cytoplasm, but under condi-
tions of oxidative stress and in the presence of ROS, it
separates from its inhibitor and migrates into the nucleus
to control the expression of genes involved in the inflam-
matory process. Thus, Nrf2 increases the breakdown
of pro-inflammatory factors and levels of anti-inflam-
matory agents, and thereby reduces ROS production,
leading to protection against oxidative stress. Other
benefits include reducing the severity of inflammation
and increasing the production of antioxidant enzymes
[11]. Concurrently, Nrf2 controls the activity of nuclear
factor kappa-light-chain-enhancer of activated B cells
(NF-kB) [10]. NF-xB is a major transcription factor that
binds to promoters of many pro-inflammatory induc-
ible genes including TNF-«, IL-6, IL-8, IL-1p, nitric
oxide synthase (NOS), and cyclooxygenase-2 (COX2)
[10, 12—-14]. Based on clinical trials, Nrf2-activator
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molecules could be useful in combating the COVID-19
pandemic through prevention, diagnosis and treatment
[15].

Glucosinolates (GSs) and glucosinolate
hydrolysis products (GSHPs)

Mortality rate caused by COVID-19 has been low in East-
ern Asia. One of the factors that contribute to the low
mortality rate is the higher consumption of cruciferous
vegetables, such as cabbage or radish, which are rich in
GSs [16]. Brassica or cruciferous vegetables are rich in
glucosinolates. These plants contain an enzyme called
myrosinase, which hydrolyzes glucosinolates during tis-
sue damage. Isothiocyanates (ITC) is one of the prod-
ucts of this reaction. ITC are responsible for the strong
flavor of cruciferous vegetables such as broccoli sprouts
or radishes [17]. Additionally, ITCs are well-known for
their cancer-preventive effects and immune modulatory
potential [18]. The various types of ITCs produced by
the hydrolysis of GSs are depicted in Table 1 [17, 19].
GSs and GSHPs have shown great anti-inflammatory and
antioxidant effects via activation Nrf2 pathway and reduc-
tion in the NF-kB activation and subsequent reduction in
TNF-a, IL-6 levels [10, 19].

Sulforaphane (SFN) and Erucin (ER)

SFN is the most studied ITC. A number of clinical
studies have shown the beneficial effects of SFN in
the prevention and treatment of cancers including
lung cancer, liver cancer, leukemia, and breast cancer
as well as others, It is also useful for the treatment
of autoimmune diseases such as rheumatoid arthritis
and colitis via suppressing the immune system [20].
In acute inflammatory lung injury, supplementation
with SFN and oxygen therapy can be helpful [21].
Moreover, the beneficial effects of SFN in the pre-
vention of asthma and chronic obstructive pulmonary
disease (COPD) have been demonstrated [22]. For
viral infections such as hepatitis C, Acquired immune
deficiency syndrome (AIDS) and the influenza, SFN
can also effectively treat diseases through the Nrf2
pathway by inhibiting pro-inflammatory cytokines and
activating antioxidant enzymes in monocytes and mac-
rophages [20]. Furthermore, there is evidence that SFN
reduces the transition of NF-xB to the nucleus and
directly inactivates NF-kB subunits that can suppress
the production of major pro-inflammatory mediators,
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Table 1 The structure of glucosinolates and their hydrolysis products

Glucosinolates
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Table 1 (continued)

5 Gluconasturtin Phenethyl isothiocyanate (PEITC)
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cytokines, and oxidative markers [10, 23]. Another in bronchial epithelial IB3-1 cells [24]. Other ITC,
study has revealed that SFN, as a Nrf2 activator, can = ER derived from glucoerucin is generally found in
inhibit the expression of IL-6 and IL-8, which are  broccoli sprouts and arugula and can also be formed
induced by exposure to spike protein of SARS-CoV-2 by reduction of SFN in vivo. ER, like SFN, inhibits
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Table 1 (continued)
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the NF-kB signaling pathway as an anti-inflammatory
agent and decreases the transcription of pro-inflam-
matory molecules (TNF-a, IL-1f and IL-12) [12, 25].

Iberin and Iberverin

Glucoiberin and glucoiberverin are other GSs found in the
plants of family Cruciferae, such as kale, brussels sprouts,
broccoli seeds, and savoy cabbage. ITCs generated by
myrosinase-catalyzed hydrolysis of these GSs are iberin

and iberverin. They are homologues of sulforaphane and
have similar potency to SFN in inducing Nrf2-dependent
gene expression [26, 27].

Phenethyl isothiocyanate (PEITC)

PEITC results from myrosinase-catalyzed hydrolysis of
gluconasturtin and is found predominantly in crucifer-
ous plants such as horseradish [25]. PEITC like SFN has
anticancer properties through various mechanisms [14,
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25]. PEITC was reported to influence the expression and
nuclear translocation of Nrf2. Furthermore, PEITC inhib-
its NF-kB transcriptional activity that results in reducing
inducible NOS (iNOS) and COX-2 protein expression lev-
els leading to reduced secretion of both pro-inflammatory
mediators, and in this way, it shows its anti-inflammatory
properties [12, 14, 25]. Additionally, a recent study sug-
gests PEITC and SFN can be useful in treating AIDS-
related heart dysfunction by reducing iNOS expression
and the NF-xB signaling pathway [28]

Benzyl isothiocyanate (BITC)

One of the hydrolyzed products of glucotropaeolin is BITC
which is commonly found in garden cress, and Indian
cress. The compound depicted a preventive effect on vari-
ous cancers such as brain tumors by suppressing NF-kB
[10]. Also, BITC possesses anti-inflammatory effects via
downregulation of NF-kB signaling [13].

Allyl isothiocyanate (AITC)

Allyl ITC (AITC) is an ITC derived from sinigrin, a
type of GS found in horseradish, brussels sprout, cab-
bage, cauliflower, black mustard, and wasabi. According
to reports, sinigrin has different therapeutic activities
such as anticancer, anti-inflammatory, antibacterial,
antifungal, antioxidant, and wound healing effects [29,
30]. AITC is known to be involved in the regulation
of the NF-kB-mediated inflammatory cascade in cancer
pathology. Also, according to a research, anti-neuroin-
flammatory effects of AITC occurs through the inhibi-
tion of TNF-a and IL-6 producing by a reduction of
NF-kB-mediated transcription [29]. Other studies have
described that AITC reduces cerebral infarction in two
ways, one by decreasing the levels of pro-inflammatory
molecules including IL-1p, IL-6 through the downregu-
lation of NF-kB, and in another way, by upregulating the
Nrf2 pathway and subsequently increasing antioxidative
mechanisms [13, 31].

6-(Methylsulfinyl) hexyl isothiocyanate
(6-MSITC)

6-MSITC is produced through enzymatic hydrolysis of
glucohesperin, which is usually abundant in crucifer-
ous vegetables such as wasabi [25, 32]. Several stud-
ies demonstrated that 6-MSITC has anti-inflammatory,
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antimicrobial, antiplatelet, and anticancer effects.
6-MSITC plays an anti-inflammatory effect in a variety
of ways, directly or indirectly regulating the transcrip-
tion of inflammatory genes, such as COX-2, iNOS, TNF-
a, IL-1B, and IL-6 [32]. The modulation of Nrf2 activity
within the nucleus is an important way for 6-MSITC to
inhibit the production of inflammatory factors [25].

Moringin

4-(a-1-rhamnosyloxy) benzyl ITC, is a type of ITC called
moringin, which is produced by myrosinase-catalyzed
hydrolysis of glucomoringin (GMG) found in the Morin-
gaceae family. It shows that moringin has a wide range of
biological activities such as anti-inflammatory, antioxidant,
antimicrobial and antitumor. Besides, this compound clearly
can be helpful to counteract the inflammatory cascade that
leads to severe multiple sclerosis (MS) [33]. Other cancer
studies have shown that moringin not only inhibits oxida-
tive stress by expressing Nrf2, but is more effective than
sulforaphane in inhibiting NF-kB activity [34].

Goitrin

Isatidis Radix (dried root of Isatis indigotica) is an important
traditional Chinese medicine for the prevention and treat-
ment of a wide range of viral infectious diseases. For exam-
ple, Isatidis Radix and its preparations have been used in
prevention and treatment against SARS in 2003 and HIN1
influenza outbreaks in 2009. This plant belongs to Brassi-
caceae family and contains GSs such as epiprogoitrin and
progoitrin [18, 35-37]. Recent study showed epiprogoitrin,
progoitrin and their enzymatic hydrolysis products derived
from Isatidis Radix exhibit dose-dependent inhibitory effect
against Influenza A virus (HIN1) without toxicity [37].
Meanwhile another study showed that enzymatic degrada-
tion product of progoitrin and goitrin selectively elicit an
anti-inflammatory response by reducing TNF-a secretion in
human peripheral mononuclear blood cells [18].

COVID-19 and GSs, GSHPs

Clinical evidences show that sulforaphane, in addition to its
inhibitory effect on NF-kB and activating effect on Nrf2,
downregulates inducible proinflammatory enzymes such as
cyclooxygenase (COX-2) and NO synthase (iNOS) and thus
modulates many cancer-related events [38]. Another study
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of 40 healthy overweight subjects has demonstrated the
consumption of broccoli sprouts containing glucoraphanin
during 10 weeks significantly reduces IL-6 and C-reactive
protein levels [39]. A recent case study has shown that oral
administration of capsule containing broccoli seeds and
glucoraphanin as a (Nrf2)-interacting nutrient from the
onset of COVID-19 symptoms was effective in improv-
ing many symptoms such as cough, nasal, congestion and
fatigue. High doses of this capsule were always effective
within minutes, even during the cytokine storm caused by
COVID-19. These experimental clinical cases support the
hypothesis that glucoraphanin is efficient against COVID-
19 [16]. Besides, evidences suggest that Isatidis Radix as a
traditional Chinese medicine is effective in counteracting the
inflammation and immune response induced by COVID-19
by affecting the IL-17 signaling pathway and the TNF sign-
aling pathway [40].

Conclusion

According to this review, GSs and GSHPs, as valuable
nutraceuticals, may be useful in prevention and treatment
of COVID-19-related cytokine storms via their anti-inflam-
matory and antioxidant activities. Definite confirmation of
their effectiveness requires further studies.
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