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ABSTRACT: Viral pathologies encompass activation of pro-
oxidative pathways and inflammatory burst. Alleviating over-
production of reactive oxygen species and cytokine storm in
COVID-19 is essential to counteract the immunogenic damage in
endothelium and alveolar membranes. Antioxidants alleviate
oxidative stress, cytokine storm, hyperinflammation, and diminish
the risk of organ failure. Direct antiviral roles imply: impact on viral
spike protein, interference with the ACE2 receptor, inhibition of
dipeptidyl peptidase 4, transmembrane protease serine 2 or furin,
and impact on of helicase, papain-like protease, 3-chyomotrypsin
like protease, and RNA-dependent RNA polymerase. Prooxidative
environment favors conformational changes in the receptor binding domain, promoting the affinity of the spike protein for the host
receptor. Viral pathologies imply a vicious cycle, oxidative stress promoting inflammatory responses, and vice versa. The same was
noticed with respect to the relationship antioxidant impairment-viral replication. Timing, dosage, pro-oxidative activities, mutual
influences, and interference with other antioxidants should be carefully regarded. Deficiency is linked to illness severity.

■ INTRODUCTION: GENERAL ASPECTS
Increased oxidative stress, activation of pro-oxidative pathways,
and inflammatory burst are often encountered in COVID-19
severity, mainly when this pathology is associated with chronic
diseases encompassing lowered antioxidant defense. These
aspects sustain the importance of antioxidant intervention in
preventing and alleviating both oxidative stress and activation
of inflammatory cytokines.1−3

SARS-CoV-2 is a positive-stranded RNA virus, and its
genome encodes approximately 26 proteins responsibile for
virus survival and multiplication in the host. This pathology
involves lowering of the host immune response, oxidative
stress, and increased inflammation denoted as cytokine storm,
responsible for lung impairment, fibrosis, and pneumonia.4

The relationship between reactive oxygenated species and
the immune response has been extensively documented. Under
physiological conditions, mitochondrial reactive oxygen species
(ROS) are responsible for the regulation of immune signaling
pathways. Increased mitochondrial ROS generation takes place
in plasmacytoid dendritic cells. Type I interferon generation in
these cells synchronize antiviral immune response and is
important for the clearance of several acute viral infections.
The involvement of mitochondrial reactive oxygen species in
the antiviral signaling pathways is due to receptors present in
distinct cell compartments: endosomal toll-like receptors
located in plasmacytoid dendritic cells mediate the onset of

type I interferon production, while the late phase can be
promoted by cytosolic retinoic acid-inducible gene I
activation.5 It is important to stress upon the dual function
of mitochondrial ROS, to promote cell adaptation but also cell
damage. Under conditions of antioxidant−oxidant imbalance
and decrease of the cell’s redox buffering capacity, the
impairment in key biomolecules can lead to diabetes, cancer,
neurodegeneration, and inflammatory response.6,7

In viral infections such as COVID-19, antioxidant
intervention consists in blocking the reactive oxygen species
that are produced by activated immune cells.8 Particularly in
respiratory viral infections, the inhibition of NRF2 (nuclear
factor-erythroid factor 2-related factor 2)-mediated pathways,
and the triggering of NF-κB signaling are sources of both
oxidative damage and inflammatory response.9−11

The cytokine storm is a severe immune condition implying
swift proliferation and overactivation of T cells, natural killer
cells, macrophages, and enhanced production of inflammatory
cytokines and chemical mediators by immune cells.12−14
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SARS-CoV-2 pathology is associated with high plasma levels
of TNF-α, IL-2, IL-7, IL-10, granulocyte colony-stimulating
factor, interferon-gamma induced protein 10 (IP-10), mono-
cyte chemoattractant protein-1, macrophage inflammatory
protein-1 alpha and interferon alpha.15−17 Higher levels of
IL-1, IL-6, IL-12, IFN-γ, TGF-β, and chemokines (CCL2,
CXCL10, CXCL9, and IL-8) were noticed in severe pathology
compared to uncomplicated disease.17,18 Such hyperactivation
of pro-inflammatory factors results in epithelial and endothelial
cell apoptosis in lungs, which impairs the microvascular and
alveolar epithelial cell barrier, leading to vascular permeability,
alveolar edema, and hypoxia. Reactive oxygen species, pro-
inflammatory cytokines (IL-6, IL-8, IL-1β, granulocyte macro-
phage-colony stimulating factor), and chemokines (CCL2,
CCL-5, IP-10, and CCL3) are responsible for lung fibrosis,
severe acute respiratory syndrome, potentially associated with
fatality risk.14,19

The cytokine release syndrome is associated with the
occurrence of clinical symptoms. Chills, fever, and fatigue are
caused by IFN-γ; flu-like symptoms (as previously described)
are caused by TNF-α, to which vascular permeability,
cardiomyopathy, pulmonar injury, and acute-phase protein
synthesis can also be associated.20 IL-6 also leads to vascular
permeability, coagulation pathways activation, and diffuse
intravascular coagulation. It is a promoter of myocardial
dysfunction, resulting in cardiomyopathy, being associated
with particular severe symptoms of cytokine release
syndrome.14,21−23 The activation of other critical components
of the inborn immune system, linked to the oxidative burst, has
been associated with illness severity and organ dysfuynction.
The presence of reactive oxygenated species in the cytosol
promotes the activation of the NLRP3 inflammasome.24 The
latter is part of a complex that also includes caspase-1 and the
bipartite adaptor protein (apoptosis-associated speck-like
protein) that incorporates a caspase-recruitment domain.25

The NLRP3 inflammasome is the source of caspase-1
activation and IL-1β release in inflammatory processes. The
increase in IL-1β induces increased levels of IL-6 and TNF-α
in activated macrophages. The outcome is neutrophil boost in
the lung (fibrosis) and cytokine storm in elderly patients.11,26

So, hampering cytokine storm in COVID-19 essential to
counteract the immunogenic impairment in endothelium and
alveolar membranes.8

As it will be detailed in the sections of this review, viral
pathologies imply a vicious cycle-like mechanism, oxidative
stress promoting inflammatory responses by activating tran-
scription factors linked to inflammation. On the other hand,
cytokine storm itself triggers oxidative stress via inflammatory
mediators.8 In COVID-19, the increased antioxidant utilization
to couteract free radical damage results in decreased
antioxidant profile. The plasma levels of vitamins C, A, and
E, as well as the activities of glutathione, glutathione
peroxidase, superoxide dismutase, and catalase were much
lower in COVID-19 patients when compared to controls. The
same trend was noticed in the case of minerals like selenium,
zinc, magnesium, and copper, while for chromium, no
significant difference has been observed. With respect to
oxidative stress markers, 8-isoprostaglandin F2 alpha was
significantly more elevated, while malondialdehyde level was
smaller in COVID-19 subjects when compared to controls.
Other comorbidities such as hypertension, diabetes, or malaria
result in an increased risk of exposure to oxidative stress.17 The
role and intervention of natural compounds, including those

present in nutraceuticals, in COVID-19, encompass antiox-
idant, anti-inflammatory, immunomodulatory, and antiviral
potential.
As the general mechanisms of action of antioxidative

compounds has been largely described in previous reviews,
as well as of the role of vitamins in COVID-19, we will focus
on the role of nonvitamin antioxidants in couteracting
oxidative stress and inflammation in this viral infection.27−29

Alongside diminution of oxidative stress and associated
inflammation, antioxidants can impact pathways that are
crucial for virus survival and replication. Mechanisms of action
will be reviewed in each particular case: impact on viral spike
protein affecting binding to receptor and membrane fusion,
direct interference with the activity of the angiotensin-
converting enzyme II (ACE2) receptor that the virus uses to
entry the host cell, inhibition of DPP-4 (dipeptidyl peptidase 4,
that was identified as coreceptor for viral entry), TMPRSS2
(transmembrane protease serine 2) or furin that also enable
virus access in the host cell by promoting spike protein
cleavage, inhibition of helicase, impact on PLpro (papain-like
protease), 3CLpro (3-chyomotrypsin like protease), or RdRp
(RNA-dependent RNA polymerase) that promote viral
replication.

■ GLUTATHIONE AND ITS PRECURSORS
Glutathione. Glutathione is an antioxidant tripeptide

constituted of glutamic acid, cysteine, and glycine (Figure 1).

It is part of the endogenous defense against ROS. Glutathione
can be found in both reduced (thiol, GSH) and oxidized
(disulfide, GSSG) state. In healthy cells and tissues, an amount
greater than 90% of the total glutathione level is present in its
reduced form, the rest being found in the oxidized form. An
increased disulfide/thiol ratio points toward oxidative stress
occurrence. Through the global cell redox homeostasis,
noxious reactive oxygenated or nitrogenated species and
oxidized glutathione are maintained at small levels, whereas
reduced glutathione is kept at a high level.30

In the glutathione redox cycle, regeneration of glutathione
(thiol form) from its oxidized form (disulfide) is catalyzed by
glutathione reductase. This redox process takes place with the
contribution of NADPH, generated from glucose oxidation in
the pentose phosphate pathway.31 Glutathione can preserve
exogenous antioxidants to their reduced state: it can replenish
the vitamin C profile by regenerating ascorbic acid from
ascorbyl radical or dehydroascorbate.32,33 Also, vitamin E can
be regenerated from the corresponding chromanoyl radical by
glutathione intervention.32,33 It has been reported that the
glutathione−ascorbate redox cycle is a contributor to the cells’
detoxification from hydrogen peroxide.34

The anti-inflammatory and immunomodulatory roles of
glutathione represent a focus of research: it has been reported
that high intracellular glutathione levels lower pro-inflamma-
tory cytokine (IL-1, IL-17, TGF-β) generation and trigger the

Figure 1. Glutathione, key contributor to the endogenous antioxidant
profile.
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expression of enzymes responsible for glutathione synthesis in
vitro. The level of the pro-inflammatory cytokines like TNF-α,
IL-1, and IL-6 was lowered when the whole blood cultures
were treated with N-acetylcysteine, a glutathione precursor.30

The confirmed antioxidant abilities are complemented by the
anti-inflammatory and immunomodulatory potential: lowering
the level of reactive oxygenated species generation by
glutathione is linked to the inhibitory effect on NF-kB
activation, leading to limitation of the cytokine storm.31

The relationship between glutathione and other key
biocompounds has been investigated. Glutamate-cysteine
ligase activation by vitamin D and subsequent increase in
reduced glutathione amount, diminution of oxidative stress,
and proinflammatory cytokines level are other factors
preventing cytokine storm.35−38 Diminished levels of gluta-
thione, defective vitamin D responsive genes, and vitamin D
inadequacy have been noticed in obesity and diabetes,
intensifying COVID severity.39−41 Improved glutathione status
in a vitamin D deficient mouse model, after cosupplementation
with vitamin D and L-cysteine (as glutathione precursor), was
linked to a much greater increase in circulating 25(OH)D
amount, as well as with a lowering of the oxidative stress, TNF-
α and insulin resistance levels, compared with supplementation
with vitamin D only.39 Vitamin D and L-cysteine, in
cosupplementation, improved the levels of glutathione and
vitamin D regulatory genes at the cellular and tissue level,
reducing inflammation biomarkers in the blood, compared
with vitamin D only, as reported in animal studies.38

A novel experimental study proved that glutathione
deficiency and the accompanying increased oxidative stress
epigenetically modifies vitamin D regulatory genes.42 This
suppressed gene expression correlated to glutathione defi-
ciency impairs vitamin D biosynthesis, finally resulting in
secondary vitamin D deficiency. Restoring glutathione levels by
L-cysteine administration can positively alter the level of
methyltransferases and increase the expression of genes linked
to vitamin D metabolism. The role of glutathione in the
control of endogenous vitamin D level is important, and its
presence in treatment can attenuate vitamin D deficiency. So, it
was suggested that glutathione deficiency represents a major
cause underlying impaired vitamin D biosynthesis and can be
responsible for illness severity and death in COVID-19
patients.43

The relationship between vitamin D and glutathione has
received much attention in anti-SARS-CoV-2 therapy; due to
the relevance of their relationship, both deficiencies being
interconnected and strongly impairing immunity.38,39,43

Similarly to glutathione, vitamin D contributes to lowering
oxidative stress by triggering antioxidant pathways and by
inhibiting pro-oxidant pathways, and its deficiency is directly
related to oxidative stress. Vitamin D is involved in maintaining
the cellular redox status, triggers the expression of antioxidant
enzymes and low molecular thiol antioxidants, and modulates
both innate and adaptive immune responses.44−46

At physiological concentrations, vitamin D is involved in the
modulation of ROS-scavenging enzymes responsible for
preserving the redox homeostasis in the cellular environment,
such as superoxide dismutase, catalase, glutathione reductase,
glutathione peroxidase, and glucose 6-phosphate dehydrogen-
ase.46

Besides triggering antioxidant signaling pathways, vitamin D
also modulates the activity of Klotho, a regulator of phosphate
homeostasis,47 involved in the control of oxidative stress and

endowed with antiaging properties.48 Vitamin D is also an
activator of nuclear factor-erythroid factor 2-related factor 2, a
pivotal component in the control of oxidative stress;49 it
contributes to the induction of the expression of several
antioxidant response elements and exploits antioxidant
response element-related signaling pathways to achieve
depletion of reactive oxygen species.50,51 Vitamin D receptor
binding to retinoid X receptor and to vitamin D response
element leads to the activation of Nrf2,48 a transcription factor
also impacted by glutathione. Keap1 (Kelch-like ECH
associated protein 1), an essential modulator of the Nrf2
transcription factor, is also activated by vitamin D.46

Vitamin D impact on the renin−angiotensin−aldosterone
system was also investigated, as it is also essentially linked to
both oxidative and cytokine bursts. The presence of vitamin D
hampers the transcription of renin gene, impeding the
accumulation of angiotensin II, an activator of NAD(P)H
oxidase, involved in ROS accumulation.52 Vitamin D is
involved in inflammatory response pathways, acting as
modulator of T and B cells, main components of the adaptive
immune response.53 Vitamin D upregulates Th2 and T
regulatory lymphocytes but inhibits Th1 lymphocytes,
modulating inhibitory and inflammatory cytokines.54 Vitamin
D can lower the production of cytokines responsible for
enhanced inflammation-cytokine storm (IL-1, IL-2, IL-6, IFN-
γ, and TNF-α) and can enhance the release of anti-
inflammatory cytokines: IL-10, IL-4, IL-5, and TGF-β.46,55
Another key feature of vitamin D is its impact on

thioredoxin, consisting in the ability to promote the expression
of a thioredoxin inhibitor−thioredoxin interacting protein.56
This results in a diminished ability of thioredoxin to promote
angiogenesis, thereby curtailing the extent of SARS-CoV-2-
induced pulmonary inflammation.46

Combined supplementation, vitamin D and L-cysteine, has
the potential to correct not only vitamin D status but also to
increase glutathione level and, subsequently, antioxidant
capacity. So, boosting the intracellular glutathione redox status
and 25(OH)D level may constitute a novel therapeutic
alternative for overcoming impaired immunity and inflamma-
tion in COVID-19 subjects.38

By employing web-based predictive strategies that are
relative to molecular interactions and focused on protease
cleavage sites, it has been proved that the viral main protease
targets glutamate−cysteine ligase involved in the rate-limiting
step of glutathione synthesis, glutathione peroxidase (GPX1),
and other selenoproteins like selenoprotein F (SELENOF) or
thioredoxin reductase 1.57 These observations showed
consistency with the viral ability to interfere with DNA
synthesis and to promote RNA synthesis via increase in the
ribonucleotide profile by that enhancing multiplication.
Moreover, these findings are confirmatory for the correlation
between oxidative stress, associated inflammatory response,
and the impairment in glutathione precursors and dietary
selenium.43,57 Endogenous glutathione impairment can en-
hance the oxidative damage of the lungs induced by SARS-
CoV-2, leading to acute respiratory distress syndrome, organ
failure, and even death. With respect to the antiviral activity of
glutathione, individuals with low glutathione levels seem to
present a greater susceptibility for uncontrolled replication of
the virus and, therefore, increased viral load.43 The worsening
of clinical manifestations in COVID-19 patients was correlated
to the negatively affected redox homeostasis, assigned to low
level of reduced glutathione and high ROS generation.43
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COVID-19 subjects with moderate to severe symptoms
presented more elevated reactive oxygenated species levels and
smaller glutathione levels than those with mild symptoms.
Lowered glutathione in the alveolar fluid led to amplified lung
cell injury by oxidative stress, enhanced inflammation, and
acute respiratory distress syndrome, and it was asserted that
this could be amended by N-acetylcysteine administration.43

These reports suggest that the virus cannot effectively replicate
at higher cellular glutathione amounts, so lower viral loads are
noticed with milder clinical symptoms.43 It was concluded that
protection of host immune cells by glutathione is due to its
antioxidant potential and immunomodulatory activity. The
preventive activity is evidenced against both increased viral
loads and liberation of inflammatory cells into the lung-
cytokine storm.43

Various mechanisms underlying the immunomodulatory and
antiviral action of glutathione have been advanced. In antigen
presenting cells, decreased glutathione levels impair the
discrimination of T cells into Th1 or Th2 phenotypes.
Impaired levels of glutathione in antigen-presenting cells
impede the ability of macrophages to process antigens and
secrete IL-12, leading to a polarization of Th2 response.
Conversely, increased glutathione levels (thiol form) favor the
Th1 response. Tuning the intracellular GSH/GSSG balance
enables modulation of the amounts of IL-12 secreted by
macrophages. So, glutathione and its precursors can function as
immunomodulators to boost the Th1-related immune
response via IL-12 secretion. Moreover, such immunomodu-
latory compounds can directly impact the replication and
survival of viruses and bacteria.58

The variations in the antioxidant activities of glutathione S-
transferases, known for their ability to catalyze the reaction of
the reduced glutathione with xenobiotic substrates, were linked
to the susceptibility to develop clinical signs. Individuals
presenting variant GSTP1-Val allele had lower chances, but
those carrying variant GSTM3-CC genotype were more
susceptible toward COVID-19. Moreover, combined GSTP1
(rs1138272 and rs1695) and GSTM3 genotype resulted in a
risk concerning both COVID-19 occurrence and severity.
Further investigations are nonetheless required to thorougly
elucidate the implications of glutathione S-transferases in
SARS-CoV-2 infection.59

So, glutathione impairment interferes with the capacity to
sustain the immune responses. Conversely, adequate gluta-
thione amounts can contribute to hampering virus multi-
plication, and the resulted lowered viral loads can lead to
disease (symptom) alleviation. Adequate glutathione levels are
required mainly in subjects with severe inflammatory response,
to fight oxidative stress and prevent end-organ decay. This
observation is consistent with the reported increased fatality in
subjects with glutathione depletion.60 The suboptimal cell’s
functioning promoted by glutathione deficiency contributes to
disease progress.61 Glutathione deficiency amplifies viral load,
but also endogenous glutathione impairment has been
identified as possible repercussion of progression of COVID-
19 patients from mild to severe illness. Nevertheless, its short
half-life and lack of permeability to many biological
membranes make direct glutathione supplementation difficult.
N-Acetylcysteine. The use of glutathione precursor N-

acetylcysteine can improve its intracellular levels. Acetylcys-
teine (Figure 2) has mucolytic properties and acts as a thiol
reducing agent, depleting the disulfide bonds (S−S) to thiol
groups (−SH). It represents the supplement form of cysteine,

the amino acid present in the structure of glutathione
tripeptide, contributing to the improvement of the intracellular
−SH content and, consequently antioxidant pool.62

A series of studies were directed toward the antioxidant,
antiinflammatory, and immunomodulatory features of N-
acetylcysteine, as a precursor of glutathione, endowed with
the potential to replenish the antioxidant pool. It triggers
protein and mRNA expression of manganese superoxide
dismutase, but it does not exert the same effect on the
mRNA expression of other antioxidative enzymes such as
glutathione peroxidase 1, copper zinc superoxide dismutase,
and extracellular superoxide dismutase.63 N-Acetylcysteine
administration can reverse glutathione deficiency induced by
glucose 6-phosphate dehydrogenase impairment that facilitates
coronavirus infection and predisposes to hemolysis upon
coronavirus infection in cases of pro-oxidant therapy
administration.64 N-Acetylcysteine inhibits the pro-inflamma-
tory pathways linked to oxidative stress, as well as mTOR
(mammalian target of rapamycin)-dependent cytokine storm
that results from the immune response overactivation.64 N-
Acetylcysteine diminishes IL-1β, IL-6, IL-8, IL-10, IL-17, and
IBF-alpha in sepsis and alleviates cytokine storm that produces
organ failure.61 It inhibits the NF-κB activation mediated by
oxidative stress, as well as the biochemical pathways
upregulating pro-inflammatory genes.65 IL-6, a cytokine
impacted by N-acetylcysteine is mainly responsible for
inflammation and mitochondrial oxidative stress at complex I
of the electron transport chain. The resulted activation of
mTORC1, one of the multiprotein complexes constituting
mTOR, enhances inflammatory response.64

The benefits associated with glycine/N-acetylcysteine
supplementation consist in restoring the antioxidant pool by
correction of glutathione deficiency, resulting in lowered
oxidative stress and inflammation and counteracting mitochon-
drial and endothelial dysfunction.66 N-Acetylcysteine ability to
lower oxidative stress markers and inflammatory factors such as
TNF-α can lead to protective effect toward lung tissue.63 At
doses higher than 1.200 g, this thiol antioxidant hampers the
generation of pro-inflammatory cytokines, such as IL-9 and
TNF-α, and also exhibits vasodilating properties by raising
cyclic guanosine monophosphate levels and favoring the
regeneration of endothelial-derived relaxing factor.62

Anti-inflammatory and antioxidative actions were noticed in
an ex vivo model of chronic obstructive pulmonary disease
aggravation: N-acetylcysteine administration lowered pro-
oxidative markers (malondialdehyde, hydrogen peroxide,
peroxidase activity, nitric oxide) at doses higher than 1 μM,
as well as the release of IL-1β, IL-8, and TNF-α, induced by
lipopolysaccharide incubation, at doses higher than 300 μM.67
The reduction of the intracellular hydrogen peroxide
concentration, and the replenishment of the intracellular
thiol profile by N-acetylcysteine were assigned to the inhibition
of NF-κB translocation to the cell’s nucleus and to the
phosphorylation of p38 mitogen-activated protein kinase.68

Figure 2. N-Acetylcysteine, another thiol-containing antioxidant.
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It has been reported that spike protein binding to ACE2
results in lowered expression of the latter, producing
angiotensin II accumulation.65 Angiotensin II (a vaso-
constrictor that increases blood pressure) enhances reactive
oxygen species generation via activation of NADPH oxidase
and peroxynitrite anion production. On the contrary, the
angiotensin 1−7 peptide resulted from ACE2 activity and
downregulates pro-oxidative pathways, alleviating the cellular
impairment caused by oxidative stress.31 The attachment of
spike protein to ACE2 negatively impacts angiotensin II
degradation and the occurrence of angiotensin 1−7 (a
heptapeptide that functions as vasodilator), resulting in lung
injury; angiotensin II type-1 receptor overactivation generates
increased pulmonary vascularity, adding to illness severity.69

In the complex context of this viral pathology, the reductive
abilities of N-acetylcysteine are beneficial, as the binding
affinity of SARS-CoV/CoV-2 spike protein to the receptor
proved much lower when the disulfide bonds of both ACE2
and SARS-CoV/CoV-2 spike protein are reduced to thiol
groups by N-acetylcysteine contribution.70 These reports
proved consistency with the results of a molecular dynamics
study predicting that N-acetylcysteine can reduce disulfide
bonds on both spike protein and ACE2 receptor. This
reduction of disulfides to sulfhydryl groups thoroughly hinders
the binding of SARS-CoV/CoV-2 spike protein to ACE2
receptor via the receptor binding domain, confirming the
importance of investigating the link between oxidative stress,
reductive abilities, and molecular recognition in this viral
infection.71 Moreover, both animal and clinical studies
reported that supplementation with N-acetylcysteine, alters
the function of the renin/angiotensin system in vivo, activity
mediated via inhibition of angiotensin-converting enzyme
activity.72 In COVID-19, N-acetylcysteine can hinder over-
production of angiotensin II as it hampers ACE2 binding by S
protein, so angiotensin II can be converted to angiotensin 1−7.
In the absence of the thiol antioxidant, angiotensin II can
accumulate. By interfering with the angiotensin-converting
enzyme, N-acetylcysteine can impart protective effect from the
detrimental potential of angiotensin II, thus impacting an
activity that supports SARS-CoV-2 infection. This leads to a
decrease of lung impairment and illness severity.69 Apart from
impacting spike protein, N-acetylcysteine has the potential to
interfere with SARS-CoV-2 E (envelope) protein structure and
activity. N-Acetylcysteine hinders the ability of cysteine-
containing motifs belonging to spike protein and E protein
to interact through disulfide bridges, decreasing SARS-CoV-2
infective ability.69,73

As low molecular thiol antioxidants used in antiviral therapy
like N-acetylcysteine target disulfide bridges in the structure of
the receptor binding domain of both S protein and ACE2 host
receptor, a key aspect worthy of investigation is the impact of
reduction (antioxidant influence) on the affinity of the receptor
binding domain of CoV-2 spike protein for the corresponding
host receptor.74 The relationship between oxidative stress and
COVID-19 was investigated at the molecular level by
performing a detailed analysis of the interactions established
at the protein−protein binding interface. By applying
molecular dynamics simulations for 200 ns, the interaction
region characterizing the receptor binding domain−ACE2
complex was studied for various oxidized (−S−S− containing)
and reduced (−SH containing) states of the receptor binding
domain and ACE2. Under normal, nonpathological conditions,
ACE2 is responsible for oxidative stress containment, mainly

angiotensin-II-related oxidative stress. The binding of the viral
spike protein interferes with the role of ACE2 in lowering
oxidative stress. It gives rise to a vicious cycle, where oxidative
stress enhances infectivity and vice versa.74

It was proved that already existing oxidative stress leads to
the development of a docking-ready conformation in the viral
spike protein, enabling enhanced binding affinity to human
ACE2. The molecular docking-based investigations revealed
that the bending motion at the protein−protein interface
becomes highly altered when disulfide linkages are reduced to
thiols, whereas in the native complex, the disulfide bonds
maintain the structural complementarity between the protein
and the associated compounds, leading to the preservation of
the inner conformational dynamics.74

Also, it has been revealed that subsequent to receptor
binding domain attachment, the disulfide-to-thiol conversion
in its structure exerts only a restricted influence on the affinity
of the spike protein for the host cell receptor. The formation of
disulfide bonds, essentially occurring during oxidative stress,
induces in the receptor binding domain a conformation prone
to binding to the ACE2 receptor.74 The minutious conforma-
tional analysis of the two proteins’ interaction revealed that the
concave surface of the viral spike protein binds to two long
helix regions (corresponding to residues 19−53 and 55−84) of
ACE2, which present a hinge-like behavior. The study of the
interaction zones (viral receptor binding domain-bound
ACE2), showed that the interactions involving the central
ACE2 zone (being represented by a large α-helix comprising
residues 19−53) proved the most robust, enabling preservation
of the hinge motion noticed in the course of the simulated
dynamics. As noticed by the collective motion analysis, the
long helix behaves like an axle on which the concave surface of
SARS-CoV-2 spike protein can dock.74

Nevertheless, if disulfide to thiol reduction takes place
before spike protein binding to a host receptor, a significant
conformational alteration occurs in the receptor binding
domain of the spike protein that thoroughly impacts this
binding. These significant conformational alterations mainly
involve the binding motif: particularly the loop corresponding
to residues 470−505 is subject to an important conformational
change, leading to the loss of the concave surface, fundamental
for receptor binding domain affinity for ACE2.74

It was proved that the interaction of the two proteins is
mostly impaired when all of the seven disulfides linkages are
reduced to thiols. Essentially, upon reduction of disulfide
bridges to thiols, the Gibbs free energy associated with the
binding is affected by the loss of the interactions present at the
protein−protein interface.74
COVID-19 is associated with oxidative stress and

endogenous antioxidant impairment. The imbalance between
an enhanced reactive oxidative species generation and a
deficient antioxidant profile linked to low reduced glutathione
level is related to disease severity and longer hospitalization
periods. This impairment impacts the capacity to detoxify the
cellular environment, to fold proteins, to replenish the
endogenous antioxidant pool, and to ensure an immune
response and regulate apoptotic mechanisms. Nebulization
with glutathione and N-acetylcysteine as adjunctive therapy
could show benefits at the onset of the disease under
conditions of accurate diagnosis. Nevertheless, more con-
firmatory studies are necessary.61 Oral and intravenous
glutathione, as well as precursors like N-acetylcysteine and
alpha lipoic acid, constitute therapeutical alternatives to block
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NF-kB, hamper cytokine storm, and alleviate respiratory
symptoms in COVID-19 pneumonia.75

It has been reported that reduced glutathione amounts
diminish in COVID-19, given an impaired translocation of
Nrf2,76,77 a factor involved in the preservation of glutathione
level. It has been found that Nrf2 activation and NF-κB
inhibition represent the result of ACE2 activation and are
correlated to antioxidative response.78 Glutathione precursors
like lipoic acid and N-acetylcysteine represent phase II-
inductors that by activation of Nrf2 trigger the expression of
antioxidant enzymes, such as heme oxygenase-1 that
antagonizes NADPH oxidase and contributes to the anti-
oxidant pool by restoring intracellular bilirubin from biliverdin.
Nutraceuticals containing lipoic acid, N-acetylcysteine, and
other phase II-inductors like ferulic acid, berberine, melatonin,
broccoli sprout powder, biotin at high-dose, taurine, and soy
isoflavones, can downregulate TGF-β signaling and lower the
risk, or alleviate severity, in pro-fibrotic pathologies.79

Alpha Lipoic Acid. Alpha lipoic acid contributes to
maintaining endogenous elevated glutathione amounts (thiol
form) when compared to the oxidized form. Alpha lipoic acid
(Figure 3) has anti-inflammatory potential, lowering the
proinflammatory cytokine release and exerting a protective
effect against COVID-19 severity.77

Alpha lipoic acid promotes the activity of the enzymes
involved in reduced glutathione synthesis such as glutamate−
cysteine ligase, and functions as a cofactor of mitochondrial
antioxidant enzymes.77,80 It was asserted that alpha lipoic acid
is able to lower oxidative damage by functioning as a cofactor
of mitochondrial α-ketoglutarate dehydrogenase, essential for
maintaining redox status, being involved in the modulation of
cytochrome c synthesis and cell death.80 Alpha lipoic acid
restores endothelial nitric oxide synthase activity by this
promoting endothelial function. By sustaining mitochondrial
function, it is involved in the cells’ and tissues’ homeostasis in
critical conditions. The replenishment of reduced glutathione
level via increase in cysteine uptake indirectly contributes to
strengthening the immunity.76,77,81

Studies dealing with alpha lipoic acid supplementation in
COVID-19 reported a diminished SOFA score and a 2-fold
increased mortality in the control group by comparison to the
lipoic acid supplementation group.82 These influences can be
ascribed to alpha lipoic acid’s strong antioxidant features and
immunomodulatory role, encompassing control on T cell
activation and alleviation of cytokine storm.83 With respect to
the direct antiviral potential, it is thought that the virus access
in the cell can be impaired by incorporation of alpha lipoic acid
in therapy: as the affinity of the virus for the ACE2 receptor is
enhanced by the oxidation of the cysteine moieties present in
the receptor binding domain of S protein and in the peptidase
domain of ACE2, the disruptions in the redox homeostasis can
favor the infective ability of the virus. So, as in the case of N-
acetylcysteine, the reductive potential brought by alpha lipoic
acid can be exploited to hamper virus access in the cell.77,84

Like glutathione, alpha lipoic acid exerts antiviral potential
by lowering NF-kB activation and oxidative damage. Alpha
lipoic acid controls overexpression of ADAM17 that induces
oxidative stress. Moreover, this metalloprotease leads to ACE2
shedding, the proteolytic ACE2 dissociation that leads to the
loss of membrane-bound form and release of the soluble form,
catalytically active.85 The contribution of soluble ACE2
produced after shedding to the pathological picture is still
controversial. Recently, it has been confirmed that soluble
ACE2 can also act as receptor, enabling viral access in the cell
and then spread in the infective area. Soluble ACE2 at high
concentrations was particularly correlated to the disease: the
amounts of soluble ACE2 in serum and bronchoalveolar lavage
fluid showed positive correlation with disease severity.
Nevertheless, clinical-grade recombinant human ACE2, a
soluble, exogenous form of ACE2 can bind to SARS-COV-2
and is likely to inhibit viral infection, as shown by studies
performed on engineered human tissues. Modulation of
soluble ACE2 generation and supplementation with recombi-
nant human ACE2 represent novel therapeutic alternatives that
still require further investigation.86 Lipoic acid can also exert a
beneficial role by impacting TNF-α (that requires ADAM17
contribution to be proteolytically released from the surface of
the cell, in order to activate cell signaling) and EGFR
(epidermal growth factor receptor).85 It has been reported
that SARS-CoV lung fibrosis is caused by an overactivated host
response to pulmonary injury mediated by EGFR signaling.87

As the viral access in the cell was related to acidic pH, it was
suggested that alpha lipoic acid promotes host’s defense by an
increase of the cell’s pH via activation of ATP dependent K+
channels and increase in potassium ion levels. It also hampers
cell damage by lowering lactate release in COVID-19 patients.
In combination with insulin, it exhibits a synergistic effect,
showing benefits in COVID-19 patients with diabetes.88

■ SELENIUM
Selenium is part of the endogenous antioxidant pool, being
required for both inborn and acquired immunity.89 Gluta-
thione peroxidases and thioredoxin reductases, the most
important selenoproteins endowed with antioxidant potential,
are present in the cytoplasm, in organelles and in the
extracellular matrix, exerting a pivotal role in the endothelial
cell function.90,91 A series of studies describe the mechanism
underlying the antioxidant and immunoregulatory effect
exerted by selenium compounds. It has been asserted that
selenium boosts immunity through its role as cofactor of
enzymes that are responsible for critical post-translational
protein modification.92 Selenium exerts antioxidant role,
counteracting the increase in reactive oxygenated species
level in inflammatory processes and modulating immune
function. Deficiency results in lowered T cells count and
natural killer cell activity,93 enhancement of virus replication
rate, and genome mutation, mainly in the case of RNA
viruses.94 Higher mortality rate linked to COVID-19 pathology
was noticed in selenium deficient areas,95,96 including some
parts of China, New Zealand, and Europe and affecting 500
million to 1 billion people on a global scale.97

Selenoproteins trigger immune-cell function by up-regulat-
ing the IL-2 receptor, optimizing the ability of T and B
lymphocytes to respond to IL-2.98 These antioxidant enzymes
use arachidonic acid as aprecursor to synthesize lipid mediators
endowed with anti-inflammatory potential, protecting cells
from proinflammatory gene expression that is favored under

Figure 3. Alpha lipoic acid, an endogenous antioxidant presenting a
dithiolane ring.
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oxidative stress conditions.99−101 Glutathione peroxidase,
containing a selenocysteine residue at its active site, is
responsible for hydrogen peroxide depletion, protects integrity
of the cellular membrane, hampers DNA injury, and can
diminish mortality rate in sepsis.89 It has been reported that
selenium-containing enzymes, in combination with vitamin E,
exert a protective effect on cells and tissues, hampering the
generation of free radical species.102 Moreover, selenium
deficiency triggers expressions of oxidative stress and pro-
inflammatory markers like cyclooxygenase-2, prostaglandin E
synthase, TNF-α, and nuclear transfer factor B in the
gastrointestinal tract.103 Zeng et al. reported that pancreatic
mRNA expressions of proinflammatory cytokines TNF-α and
IL-1 were lowered as responses to selenium administration.104

In patients with respiratory distress syndrome, selenium
supplementation hampers oxidative decay, re-establishing
antioxidant profile of the lungs,91,105 lowers IL-1β and IL-6
levels,105 induces suppression of pathogen-activated NF-κB,
and, consequently, of pro-inflammatory cytokines.106 Also,
selenium supplementation results in improved selenoenzymes
level (including that of glutathione peroxidase), catalase
activities107 and CD+ T cell counts.108

Selenium supplementation improves immune response in
the elderly, increasing total T cells, namely CD4+ T cells,
boosting the number of natural killer cells, with subsequent
increase in their cytotoxicity.109 Also, it promotes the blood
level of antibodies30 and increases gamma-interferon, resulting
in an earlier maximum T-cell proliferation and a boost in T-
helper cells.110,111 Dietary selenium contributes to proliferation
and differentiation of CD4+ T cells in mice, following a
mechanism based on free thiol profile increase following
supplementation.112

An increase in IL-8, IL-10, and T-cell proliferation was
noticed at selenium supplementation in a dose-dependent
manner. Nevertheless, a lower granzyme B content of CD8
cells was noticed in a study focused on selenium influences on
immunity acquired by influenza vaccine in elderly.109 Along-
side the anti-inflammatory role, antiviral influences of selenium
supplementation have been detailed before SARS-CoV-2
pandemic.113,114 Lung selenoproteins lower the extent of
viral invasion and tissue impairment as they act as antioxidants
and immunomodulators.115,116 It has been reported that
selenium deficiency accelerates mutation, replication, and
hence virulence of RNA viruses. SARS-CoV, as single-stranded
RNA viruses, mobilize cellular selenium to synthesize their
own selenoproteins, impairing the host’s glutathione perox-
idase and thioredoxin reductase levels.115,117 Infection of Vero
E6 cells with SARS-CoV-2 markedly down-regulated the
expression of a number of selenoproteins, at the same time
triggering the expression of IL-6 inflammatory cytokine.101,118

SARS-CoV-2 interferes with the host’s selenoprotein system,
and it is thought that a deficient status might occur during the
acute phase of disease under conditions of enhanced viral
replication. It has been suggested that redox-active selenium
species resulted from high selenium intake are likely to lead to
SARS-CoV-2 protease inhibition.101,119

Ebselen is an organoselenium compound endowed with
antiviral potential, consisting in inhibition of main SARS-CoV-
2 protease and acts as glutathione peroxidase and peroxir-
edoxin mimetic.91,120 The ebselen-induced inhibition of SARS-
CoV-2 protease relies on the selenosulfide formed from
reaction between ebselen and protein thiols.101,121 This
inhibitory action of ebselen was assigned to its interaction

with Cys145 and His41 residues present in the active site of
main protease.122,123 Sodium selenite, another selenium-
containing compound endowed with antiviral potential,
oxidizes −SH groups in the viral disulfide isomerase, imparting
viral inaccessibility to healthy cells.124 Sodium selenite at
pharmacological doses can contribute to thioredoxin reductase
and glutathione peroxidase biosynthesis, replenishing the thiol
profile and, consequently improving antioxidant defense in
human endothelial cells.125,126 The ability to restore DNA
synthesis in the cell has also been reported.127,128 Selenite
downregulates intracellular caspase-3 by altering a key cysteine
residue located in the active site.101,129

Because of its significant role in boosting antioxidant status
and inborn immunity, as well as in alleviating inflammation, it
was inferred that selenium supplementing may be supportive in
the fight against COVID-19.4,114 In selenium deficiency, not all
of the tissues present equally diminished selenium stores, but it
is known that immune cells are among the first undergoing a
swift decrease of selenium level related to an impaired
selenoprotein synthesis.91 In China, selenium levels vary
between the smallest and the highest globally, as shown by
hair selenium levels, and a more increased mortality rate was
noticed in COVID-19 patients from low-selenium regions, as
reported by Zhang et al.95 Deficiency in selenium negatively
affects the host immune system but also facilitates swift
mutations of RNA virus benign variants to virulent ones.130

Hence, selenium supplementation, aiming at achieving an
appropriate level, mainly for COVID-19 patients in the
intensive care unit, was considered. Selenium supplementation
after sepsis in mechanically ventilated subjects could diminish
the risk of ventilator-associated pneumonia and increased the
activity of glutathione peroxidase in septic patients.131

Parenteral selenium administration lowered both frequency
of ventilator-associated pneumonia and disease severity in
critically ill patients suffering from systemic inflammatory
response syndrome.132 Another clinical trial concerning
critically ill patients showed that high selenium doses
ameliorated antioxidant profile illustrated by plasma gluta-
thione peroxidase (GPx3) level but had no positive effect on
the incidence of post-treatment ventilator-associated pneumo-
nia.133

It has been asserted that selenium role in COVID-19 also
requires investigation in selenium deficient countries other
than China.119,134 The result of a meta-analysis reveals that
high selenium doses as complementary therapy in critically ill
adult patients might lower 28-day mortality. The long-term
effect on mortality and the prevalence of respiratory or renal
complications should require confirmation in further re-
searches.134

Studies approaching selenium supplementation reported
that a selenium overload could exert a prejudicial effect on the
host’s immune response to anti-influenza vaccines in the
elderly.93 Nevertheless, in other studies, no correlation could
be identified between selenium status or supplement intake
and humoral immune response to mRNA vaccine against
SARS-CoV-2. In this case, one of the limitations was the lack
of assessment of cell-mediated vaccination response.135

Supranutritional selenium levels can modulate the Th1 to
Th2 balance, favoring the Th1 phenotype.136 The latter shows
benefits in boosting the cell’s immunity but is also linked to the
presence of pro-inflammatory cytokines.137 Nevertheless, Se
supplementation also shifts macrophage activation from a pro-
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inflammatory state toward an anti-inflammatory state, promot-
ing cell development after injury.138

So, several key aspects should be regarded concerning
selenium: selenoproteins are involved in endothelial homeo-
stasis and maintain nonprothrombotic platelet activation
status. Mainly when present in glutathione peroxidase,
thioredoxin reductases, selenoprotein S, methionine sulfoxide
reductase B1, and selenium are endowed with anti-inflamma-
tory, immunomodulatory, and antiviral features. Selenium
status influences the functions of leukocytes such as adherence,
migration, phagocytosis, and cytokine synthesis. Supplementa-
tion improves selenoprotein profile, alleviates viral-induced
oxidative stress, organ decay, and cytokine storm and hinders
the mutation to virulent variants of SARS-CoV-2.139

Perturbations induced by SARS-CoV-2 in selenium homeo-
stasis can potentially lead to coagulopathy.140

The impact of selenium deficiency on the viral genome leads
to an increase of SARS-CoV-2 virulence. The serum selenium
levels of COVID-19 subjects were analyzed comparatively to
that of healthy controls and was found to be significantly
smaller.141,142 So, diminished serum selenium levels may
constitute a risk for infection,141 and most reports relate
them to an impact on COVID-19 severity and fatal
outcomes.143 Low selenium and impaired selenoprotein P
amounts were related to illness severity, linked to increased
oxidative stress.144 Selenoenzymes (GPx-1, GPX, and
selenoprotein P) become depleted in infected cells. Moreover,
oxidative and nitrosative stress and antioxidant impairment
promote multiplication of the virus and viral RNA mutation,
resulting in severe tissue damage in the host.94,145 SELENOP
(selenoprotein P) activity was reported to decrease earlier than
GPX3 activity in sepsis and septic shock.146 Selenium status
determined at ICU admission is thought to represent a
predictor of survival in ICU.147 So, as for other antioxidants
like glutathione, a vicious cycle is observed in relation to the
infectious disease: the virus hijacks the host’s antioxidant
(including selenoprotein) profile, and the deficiency promotes
the infective potential. Avoiding severe selenium deficiency is
advisible during COVID-19 pandemic.135 Zinc and SELENOP
status, considered in the reference ranges, are viewed as viable
indicators in COVID-19 survival. It was asserted that
individualized supplementation of these micronutrients in-
volved in lowering the oxidative burst induced by the pathogen
may be beneficial during convalescence.139

Cautious supplementation is the most appropriate, as there
is a slight difference between proper and toxic amounts.148 The
daily recommended selenium intake is 1 μg/kg of body weight.
In conformity to the D-A-CH reference, the recommendation
is 70 μg of selenium per day for men and 60 μg per day for
women.141 Results reported in clinical studies and nonexper-
imental studies point that, at a broad range of exposure
amounts, selenium may enhance the risk of type 2 diabetes.
Selenium-containing chemical species, the overexpression of
selenoproteins and the interference with glucose metabolism
are topics of interest in diabetogenesis.149

More evidence on an adequate selenium status in COVID-
19 subjects, with and without illness severity, should occur
rapidly, as selenium supplementation is largely investigated
with respect to its capacity to decrease disease impact.91 The
importance of validation at the individual scale and the
necessity to avoid toxicity have been stressed upon. Using
nanoselenium may result in good biocompatibility and lowered
toxicity. Even though there are not sufficient experimental

results, it is thought as a viable future therapeutical alternative
against SARS-CoV-2.150

■ ZINC AND COPPER
Zinc, a transition metal, is the second most abundant trace
metal in the human body after iron, and it exerts a series of
significant functions in the cell: acts as membrane stabilizer,
antioxidant, anti-inflammatory agent, is involved in signaling
pathways, and triggers antiviral immunity.151 It is estimated
that Zn inadequacy and deficiency affect around 30% of the
world’s population, mainly the elderly; hence, it was inferred
that zinc supplementation may exert a protective role against
infection in elderly individuals.152

Zinc is part of the endogenous organism’s antioxidant
defense, being a cofactor of zinc copper superoxide dismutase,
that depletes superoxide anion radical, so low Zn levels impair
the antioxidant system and promote oxidative stress. Reactive
oxygen species generation at low zinc levels were related to a
diminished activity of Cu/Zn-specific superoxide dismutase, a
key component of the first line antioxidant defense.153,154 Zn
inhibits nicotinamide adenine dinucleotide phosphate oxidase,
a pro-oxidative enzyme and superoxide generator, and
promotes metallothionein synthesis.155 Metallothioneins, low
molecular weight cysteine-rich proteins that can bind divalent
metals such zinc or copper, determine the sequestration of the
reactive oxygen species generated under stress conditions and
can reduce hydroxyl radicals.156−158 The release of the divalent
zinc cation from its complex formed with metallothioneins or
with cysteine residues of other proteins can lower reactive
oxygenated species amounts, including those generated in viral
infections. So, in this manner, zinc acquires indirect redox
activity responsible for ensuring the endogenous antioxidant
profile and anti-inflammatory activity.159,160

Zinc regulates antiviral and antibacterial immune response,
controls the inflammatory response, inhibits SARS-CoV-2
RNA polymerase and NF-κB signaling, and tunes regulatory T-
cell functions, which can alleviate cytokine burst.161 Dis-
turbances in zinc signaling can result in immunodeficiency by
depression of both primary and secondary immune
responses.162 Zinc modulates oxidative stress and metal
homeostasis by controlling responsive metal transcription
factor 1 and boosts the expressions of both metallothioneins
and zinc transporter-1 genes. Responsive metal transcription
factor 1 triggers the expression of the selenoprotein 1 gene,
which encodes an antioxidant protein with glutathione-binding
and free-radical scavenging potential.155,163

Zn deficiency results in oxidative impairment to DNA,
proteins, and fats.164 Conversely, zinc supplementation can
notably lower malonyldialdehyde and improve total antiox-
idant capacity and glutathione level, so zinc supplementation
can prove useful in oxidative stress-related pathologies. No
effect was noticed on nitrogen monoxide levels.165 Moreover,
zinc also acts as an inhibitor of free radical reactions induced
by other transition metals like copper.166 Another mechanism
by which zinc acts as an antioxidant species is by triggering
glutamate−cysteine ligase expression, the enzyme that
promotes de novo glutathione synthesis.155 Furthermore,
oxidative stress is linked to an impairment in the synthesis of
endogenous first line of defense antioxidants superoxide
dismutase and glutathione peroxidase.167

Zinc is a key component of the immune response, involved
in the recruitment of neutrophils, enhancing chemotactic
activity and phagocytosis, promoting the number and activity
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of CD4+ and CD8+ T cells, and triggering IL-2 and soluble IL-
2 receptor expression.168 A large spectrum of responses
involving innate and adaptive immunity disturbances are
noticed in zinc deficiency. Zinc deficiency can result in
impaired polymorphonuclear cell chemotaxis and phagocyto-
sis, enhanced production of proinflammatory cytokines such as
IL-1β, IL-6, and TNF-α, and altered modulation of natural
killer cells’ activity.96 Zinc impairment negatively affects the
development of B and T lymphocytes as well as the antibody
synthesis (mainly in the case of immunoglobulin G) and
diminishes eosinophil count.169−171 The thymic atrophy
noticed in zinc deficiency was identified as a source of T-cell
lymphopenia and diminution of premature and immature B
cells, with subsequent lowered antibody synthesis.172 Zinc
insufficiency results in lymphopenia and lowered T-lympho-
cyte mediated immunity because thymulin activity, important
for the development and maturation of T cells for differ-
entiation and enhancement of the activities of T and NK cells,
depends on the presence of zinc in the molecule.58 The
immunodeficiency and severe lymphopenia observed at zinc
impairment was also assigned to a reduction in B cells
developing in the bone marrow. It was reported that zinc
gluconate supplementation inhibits the NF-kB-dependent
transcription of inflammatory genes, alleviates airway neu-
trophil infiltration, lowers TNF-α, IL-6, and IL-1β, and
promotes a protective type-I interferon effect.151,173 The
inhibitory effect on NF-κB signaling, as well as the modulation
of T-cell functions, can contribute to the hindrance of cytokine
storm.161

Studies performed on rat models reveal that zinc deficiency
enhances vascular cell adhesion molecule (VCAM)-1 ex-
pression, affecting lung tissue, a process that can be partly
reversed by zinc supplements administration.174 Zn impair-
ment led to apoptosis in lung epithelial cells175 and up-
regulation of the Janus kinase (JAK)-STAT signaling in lungs
during sepsis. The anti-inflammatory potential of zinc
encompasses downregulation of pro-inflammatory pathways,
among which is the IL-6-mediated triggering of STAT-3 in
sepsis.4,176,177 Zinc inhibits STAT-3 activation and the
production of acute phase proteins such as pro-inflammatory
amyloid A, that has IL-6 as key inductor.176 Conversely, Zn-
deficiency increases susceptibility to pathogens and illness
severity and contibutes to anosmia and ageusia, confirmed
symptoms in COVID-19.178,179 Low zinc plasma levels in
COVID-19 subjects were correlated to disease severity, as zinc
deficiency negatively affects function and lymphocyte counts.
An improved plasma zinc level can impede viral replication,
viral protein synthesis, and lower oxidative burst, representing
a therapeutic alternative against COVID-19.180,181 The
presence of zinc ionophores pyrithione or pyrrolidine-
dithiocarbamate promotes the capacity of zinc divalent cations
to inhibit RNA dependent RNA polymerase activity, so it
contributes to hampering viral replication.114,182−185

The ability of zinc to inhibit the synthesis, replication, and
transcription complex of coronaviruses, was proved by in vitro
studies performed on Vero-E6 cells.182,186 Lowering of
recombinant human angiotensin converting enzyme-2 activity
in rat lungs by exposure at zinc doses of 0.1 mM was also
reported.187

Given its immunomodulatory, anti-inflammatory, and direct
antiviral potential, zinc was included, alongside other
therapeutic agents in the treatment against COVID-
19,130,185,188 as long-lasting hypozincemia was confirmed as

risk factor for severe illness.189,190 Clinical studies showed that
oral zinc supplementation has the ability to lower the
occurrence of acute respiratory infections by 35%. Zinc also
reduces the period of flu-like symptoms by 2 days and
increases recovery rate.191 Doses recommended in different
reported studies are comprised between 20 and 92 mg weekly.4

According to the National Institutes of Health Treatment
Guidelines against Covid-19, “the doses used in registered
clinical trials for patients with COVID-19 vary between studies,
with a maximum dose of zinc sulfate of 220 mg (50 mg of
elemental zinc) twice daily”.192 A potential beneficial effect of
zinc sulfate on the incidence of ventilator-associated pneumo-
nia in ICU patients was reported.193,194 In combination with
melatonin and vitamin C, zinc reestablished the antioxidant
profile affected by oxidative stress, could counteract DNA
damage in lymphocytes, and restored immunological param-
eters. The antioxidant combination proved more efficient than
the use of a single antioxidant and had the potential to alleviate
the severity of the viral infection in human and animal subjects,
constituting a potential prophylactic strategy in SARS-CoV-
2.195

Nevertheless, up to now, not all of the data available on zinc
supplementation show consistency with respect to benefits.151

Zinc in combination with low-dose hydroxychloroquine
markedly diminished the number of hospitalizations, as
shown in a retrospective study encompassing 141 individu-
als.196 On the contrary, in a novel randomized clinical trial
including ambulatory COVID-19 patients, high-doses of zinc
gluconate, alone or in combination with ascorbic acid, could
not lead to a significant reduction in symptom persistence nor
in the number of hospitalizations and deaths.197

The beneficial role of zinc supplementation in promoting the
clinical efficacy of chloroquine/hydroxychloroquine against
COVID-19 has been discussed, as chloroquine behaves as a
zinc ionophore, mainly in lysosomes.96 It was considered that
the combination zinc−chloroquine (or hydroxychloroquine)
could potentially lead to a more efficacious inhibition of RNA
polymerase replication.198 Nevertheless, the concerns with
respect to chloroquine/hydroxychloroquine cardiotoxicity
should be seriously taken into consideration.199,200 Prolonged
administration at high doses can result in copper deficiency,
with serious effects like neurological complications.165,201

Moreover, zinc supplementation might be accompanied by
gastrointestinal problems and headaches.202 Too low or
excessive amounts can convert zinc into a pro-oxidant, with
pro-inflammatory and pro-apoptotic effects. The copper
deficiency induced by zinc excess may result in impaired
expression of copper-dependent enzymes, such as superoxide
dismutase and ceruloplasmin, components of the endogenous
antioxidant defense system.155,203,204

Hence, zinc inclusion in therapy sustains the antiviral and
antibacterial immune response and modulates the inflamma-
tory response. Zn inhibits NF-κB signaling and modulates Treg
cell functions through this hindering cytokine storm. In vitro
inhibition of COVID-19 RNA polymerase has been reported
that can boost the antiviral potential of zinc ionophores such as
chloroquine. Also, zinc lowers ACE2 receptor activity and
promotes interferon α production, boosting its antiviral
potential.205−207 The clinical benefits noticed in zinc
supplementation were also ascribed to the promotion of
gamma interferon production and to the ability to stimulate
macrophages to release IL-12 that enables activation of natural
killer cells and T cytotoxic cells. The anti-inflammatory role of
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zinc also encompasses lowering of IκB kinase response.208 In
vitro studies proved that zinc impairment promotes production
of IL-6 and IL-1β inflammatory cytokines and induces elevated
expression of ICAM-1 (intercellular adhesion molecule 1),
involved in extravasation of leukocytes. Also, it promotes the
expression of Cluster of Differentiation 86, a protein expressed
in dendritic cells involved in T cell activation, as well as of
human leukocyte antigen-DR isotype, in human cultured
monocytic cells.209,210 It has been reported that diminished
free seric zinc levels are linked to an increased fatality risk, so
free zinc levels may constitute an indicator of COVID severity.
Total seric zinc impairment assessment by total reflection X-
ray fluorescence showed that free serum zinc amounts in
COVID-19 subjects were significantly smaller than in control
subjects. Moreover, patients overcoming this disease exhibited
considerably higher free zinc amounts than nonsurvivors.211

Nevertheless, like for many supplements, Zn inclusion in
anti SARS-CoV-2 therapy is controversial, as the clinical
studies do not consistently converge toward a definite
conclusion with respect to benefits. Moreover, the results of
these studies can be biased by the occurrence of conflicts of
interest.207 Excessive intake of zinc, as in the case of other trace
elements like selenium, can have toxic effects at amounts
higher than the upper intake level, therefore inappropriate
supplementation can lead to undesired consequences.212 It has
been suggested that even levels close to the recommended
daily allowance (150 mg daily), can interfere with copper and
iron utilization and can negatively impact HDL levels.213

Moreover, it has been found that Zn2+ also participates as a
cofactor, ensuring the activity of viral proteins. Zn2+ can be
exploited as a second messenger in the cell and may result in
apoptosis or an impairment in protein synthesis at high
concentrations.214 Also, zinc represents an important mineral
element required for the development of fungi, including
pathological strains (Mucorales), causing mucormyco-
sis.215−217

Supplementation is mainly recommended as prophylaxis, as
well as adjunctive treatment in combination with classical
antiviral therapy. It is considered that Zn alone is not a
medication per se against COVID-19 but can be incorporated
in coadministration that is effective mainly at the onset of
infection. Adequate vitamin and mineral levels, mainly zinc, as
part of an appropriate antioxidant pool, exert an important role
in prophylaxis and during treatment with antivirals, potentiat-
ing the activity of chloroquine, hydroxychloroquine, or
ivermectin.207 It has been reported that zinc levels are
influenced by the presence of other antioxidant biocompounds,
dietary compounds, or drugs. Zinc absorption is promoted by
glutathione, citric acid, and in acidic medium and is lowered by
folate, phytic acid, gallic acid, or tannins. Angiotensin receptor
blockers and angiotensin-converting enzyme inhibitors in-
crease zinc excretion, an aspect relevant for zinc inclusion in
therapy.218

Copper exerts a significant role in the immune function, as it
is involved in production and differentiation of immune cells. It
promotes T-cell proliferation and natural killer cells’
activation.219,220 Copper is endowed with direct antimicrobial
potential exerted through its toxicity and promotes develop-
ment of neutrophils, monocytes, and macrophages.221 Copper
impairment leads to alterations in ceruloplasmin and
erythrocyte superoxide dismutase activities, weakening the
endogenous antioxidant pool.222 Also, a low copper diet has

been shown to result in diminished peripheral blood
mononuclear cell proliferation.223

With respect to its role in viral pathologies, copper can
interfere with RNA replication and protein synthesis, as proved
by its behavior against influenza virus A/WSN/33 (H1N1).224

So, copper can be efficacious in preventing respiratory viruses,
including those related to SARS and MERS.114,225 Copper ion
is able to inhibit papain-like protease-2, a protein that SARS-
CoV-1 uses to replicate, as proved in a cell-based study.226,227

Copper-deficient humans present an elevated susceptibility to
infections due to the associated diminished number and
function of immune cells. Enhancement of plasma copper
levels can trigger both the innate and adaptive immunity and
boosts the ability to fight against SARS-CoV-2.114,228 The
potential of copper for incorporation as auxiliary therapy
against COVID-19 can be exploited, encompassing supple-
mentation and mineral deficiency correction.96,114

Extracellular superoxide dismutase (enzyme presenting both
copper and zinc at its active site, vital for reactive oxygenated
species depletion) gene/protein therapy might be efficacious in
alleviating acute lung injury and acute respiratory distress
syndrome in COVID-19 infection.229 Serum copper amounts
were found to be smaller in subjects with severe disease, and
serum zinc amounts during parenteral nutrition were
conversely associated with the hospital stay duration but not
with fatal prognosis.230 These benefits were assigned to the
involvement of copper in supporting the function of cells
essential for the immune response such as T helper cells, B
cells, natural killer cells, and macrophages, in that sustaining
host cells’ immunity and the antibody synthesis. Adequate
plasma copper amounts promote the inborn and adaptive
immunity. In copper-deficient animals, copper supplementa-
tion boosts synthesis and activity of IL-2, which enhances
proliferation of T helper cells and the cytotoxicity of NK
cells.225,231,232

Humans presenting copper deficiency exhibit an elevated
susceptibility to infections, given the diminished number and
impaired function of immune cells. It was reported that copper
supplementation in COVID-19 can promote immune
response, mainly in the elderly, that may present pronounced
copper deficiency. Moreover, copper impairment can result in
neutrophil overactivation and build up in the liver, contributing
to inflammation.228

Interferences of copper with other micronutrients, mainly
zinc metabolism, were largely documented. In healthy
individuals, copper and zinc are competitively metabolized
via absorption from the jejunum due to the ability of
metallothioneins to bind both elements. High zinc amounts
(>150 mg daily) can lead to copper deficiency in healthy
subjects.228 Metallothioneins, whose expression is promoted by
zinc supplementation, exhibit a high affinity for copper, leading
to copper deficiency, that is likely to result in neutropenia,
anemia, and even myelopathy.233 It was suggested that
sustained zinc supplementation exceeding the recommended
daily allowance is likely to result in a risk of SARS-CoV-2
severe infection.228 Nevertheless, novel studies report that the
Cu:Zn ratio tends to increase during the acute phase of
COVID-19, which can be explained by copper and zinc
activation and redistribution, starting from the onset of the
infection. This process involves the utilization of these metal
elements from the liver deposits for activation of pro-
inflammatory cytokines and synthesis of acute phase reactants
induced by IL-1.234,235
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With respect to increased Cu:Zn ratio, it has been proved
that this can be linked to a severe disease status, and it has
been considered as a predictor of diminished oxygen
saturation.236 High levels of copper can enhance oxidative
stress by generating hydroxyl radicals in Fenton systems. The
Fenton reaction is also promoted by an excess of iron, which is
commonly encountered during infections. Ferritin concen-
trations become elevated to reduce excess Fe, which is
consistent with the observed high percentage of patients in
the acute phase, presenting ferritin levels superior to the upper
value.235 On the other hand, while too high amounts of copper
can be noxious, sites characterized by copper impairment can
determine a stress response from pathogens, so copper
amounts must be kept optimally (RDA is equal to 900 μg
daily).228 It has been reported that copper inactivates viral
genomes and irreversibly impacts the morphology of the virus,
encompassing envelope breakdown and surface spike protein
dispersion.237

Copper oxide nanoparticles and copper ions may inhibit viral
access and replication and degrade mRNA and capsid proteins
that ensure viral survival.228 Given the structural similarity of
corona viruses, it is thought that materials based on copper
alloys can be efficacious against all coronavirus strains. Copper-
based alloys and nanomaterials can constitute a preventative
strategy against Covid-19.237 The incorporation of copper-
based nanoparticles in antimicrobial polymers can lead to the
synthesis of novel biocidal materials (nanocomposites) with
enhanced antiviral effect.238

■ MELATONIN
Melatonin. Melatonin is a neuroendocrine hormone

responsible for the circadian rhythm, synthesized and released
primarily by the pineal gland. As a small molecule endowed
with amphiphilic character, structurally an indoleamine (Figure
4), it can cross biological membranes, enter cells with great
facility, and interact with subcellular organelles.239

The SARS-CoV-2 infection is prevalent, with more
pronounced clinical outcomes in individuals suffering from
diabetes and obesity, as well as in aged individuals. In these
categories of population, the diminution in the endogenous
antioxidants profile and enhanced oxidative stress are linked to
a weakness of the immune system.240 Impairment of the
immune response, enhanced inflammation (high levels of
proinflammatory markers), and cytokine overactivation
(cytokine storm) are common in diabetic and obese subjects
and can represent the source of severe clinical manifesta-
tions.241 A correlation has been established between the large
number of SARS-COV-2 cases and the small levels of blood
melatonin in elderly people and those with chronic metabolic
pathologies. The low levels of endogenous antioxidants,
including antioxidant enzymes and melatonin, accompanied
by a weak immune system, increases susceptibility to

inflammation. The potential of melatonin to diminish viral
infections in obese and diabetic subjects was assigned to its
features: antioxidant potential leading to improved endogenous
antioxidant profile and immunomodulatory and enhanced anti-
inflammatory abilities, as confirmed by data published in the
past 50 years. These characteristics prove melatonin is useful as
a therapeutic alternative in SARS-COV-2 for patients with or
without chronic metabolic diseases.240 The antiviral action of
melatonin has been previously reported against viruses other
than COVID-19.242,243 Results obtained on many experimental
models involving inflammation and/or oxidative stress proved
that both antioxidant and anti-inflammatory abilities of
melatonin protect from lung impairment.244

The immunomodulatory roles of melatonin involve a dual
aspect, with proinflammatory and anti-inflammatory actions.
The proinflammatory features enable this antioxidant to fight
pathogens, whereas the anti-inflammatory action is exerted in
advanced inflammation such as sepsis, organ decay, and
oxidative stress, but also in low-grade inflammation corrobo-
rated with neurodegeneration and aging. Melatonin can follow
several mechanisms: alongside its capacity to lower proin-
flammatory cytokine production and trigger anti-inflammatory
cytokine synthesis, melatonin has an antioxidant potential and
can lower the expression of inducible nitric oxide synthases,
inhibit neuronal nitric oxide synthases, attenuate cyclo-
oxygenase-2, inhibit high-mobility group box-1 signaling and
toll-like receptor-4 activation, prevent inflammasome NLRP3
activation, and hamper NF-κB activation.240,245
Melatonin attenuates the mitochondrial oxidative damage

that occurs as a consequence of enhanced inflammation during
sepsis; it scavenges reactive oxygenated species and hampers
the release of mitochondrial DNA to the cytosol, blocking the
activation of the NLRP3 inflammasome. The consequent
inactivation of caspase-1 hampers procytokine maturation,
including that of pro-IL-1β, suppressing the positive feedback
of IL-1β on the corresponding membrane receptor and the
subsequent NF-κB activation.246,247 By these effects, melatonin
counteracts the damages caused by an overactivated immune
response in SARS-CoV-2.246 The efficient immunomodulatory
effect of melatonin has been proved by both in vitro and in
vivo studies: melatonin is involved in maturation and
proliferation stages of natural killer cells, T and B lymphocytes,
monocytes, and granulocytes in bone marrow and other
tissues.248,249 With respect to the anti-inflammatory features, it
has been proved that melatonin lowers lipopolysaccharide-
stimulated expression of pro-inflammatory cytokines, chemo-
kines, and acute-phase proteins, targeting IL-1β, IL-6, TNF-α,
CCL2, CCL5, C-reactive protein, serum amyloid A,
aptoglobin, ceruloplasmin, granulocyte-monocyte colony-stim-
ulating factor, and α-1 antitrypsin. Moreover, melatonin
administration can promote the expression of the negative
acute phase protein fibrinogen and the anti-inflammatory
cytokine IL-1Rα.250 Melatonin is responsible for the manage-
ment of pro-inflammatory cytokines, lowering inflammatory
responses such as those related to IL-1β, TNF-α, and IL-6. It
alleviates T cell proliferation and lowers both IL-6 and IL-10
expression.251 Melatonin suppresses the generation of Toll-like
receptor 9 (TLR9)-activated proinflammatory cytokines in
macrophages. This activity, independent of melatonin
receptors, takes place via inhibition of ERK (extracellular
signal-regulated kinase) 1/2 and protein kinase B activation252

and by downregulation of inducible nitric oxide synthase
through NF-κB modulation.253

Figure 4. Melatonin, N-acetyl-5-methoxytryptamine.
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Hence, given its confirmed antioxidant and anti-inflamma-
tory properties, melatonin contributes to overcoming cell
injury and lung damage. In the absence of acetyl-coenzyme A
(cofactor of arylalkylamine N-acetyltransferase, the rate
limiting enzyme responsible for melatonin synthesis),
melatonin is no longer available in mitochondria to scavenge
reactive oxygen species and lower inflammatory responses. The
main damage occurs in the respiratory tract that leads to the
main signs of COVID-19 disease. Endogenous melatonin
synthesis significantly lowers with age especially in fragile,
elderly persons. So, the lowered melatonin profile, and
subsequently antioxidant pool, is consistent with the more
serious symptoms of COVID-19 in older individuals.254 The
promoted aerobic glycolysis, a characteristic of an enhanced
proinflammatory state linked with a deficiency of locally
produced melatonin, favors cytokine storm and the extended
tissue damage occurring in COVID-19. Supplementation
reverses aerobic glycolysis by suppressing both HIF1α
(hypoxia-inducible factor 1α) and mTOR and at the same
time promotes pyruvate dehydrogenase complex activity and
acetylcoenzyme A synthesis, which finally leads to melatonin
production.255 It has been reported that a combination
between mitochondria-produced melatonin and parenteral
melatonin reduces the cytokine storm and its negative
consequences, alleviating the severity of symptoms in
COVID-19.254

Although melatonin is not a confirmed direct virucide, it has
been stipulated that it possesses indirect antiviral actions due
to its antioxidant, anti-inflammatory, and immune promoting
attributes.243,256 Melatonin triggers the expression of Nrf2 and
antioxidant genes, promoting phase II protective genes, such as
those corresponding to heme oxygenase-1 or glutathione-S-
transferase.257

In novel in silico studies, it has been suggested that
melatonin directly controls the activity of proteins associated
with COVID-19 through modulation of calmodulin, calreticu-
lin, and myeloperoxidase, or indirectly, via control on G-
protein-coupled receptors (melatonin receptor 1A, encoded by
MTNR1A gene, and melatonin receptor 1B, encoded by
MTNR1B gene) signaling or on nuclear melatonin receptor
(ROR alpha, ROR beta) signaling.258−260 In vitro studies have
proved that melatonin binds to calmodulin, a regulator of
ACE2 expression, inhibiting it in a calcium ion-dependent
pocket. As a result of this ability, melatonin was considered an
indirect inhibitor of receptor−virus interaction during
membrane fusion.257,261 Inhibitory actions exerted on calm-
odulin and main protease could be exploited to further develop
the antiviral potential of melatonin.257,262 It has been asserted
that the potential of melatonin and mercaptopurine to target
ACE2, papain-like protease, or c-Jun signaling can be exploited
in the development of combinatorial, synergistic therapy
against SARS-CoV-2.259 Nevertheless, the mechanistic details
and levels at which melatonin lowers COVID-19 severity still
need being elucidated, and further confirmations would be
required by the results of clinical trials.258 The reported data
point out that melatonin could be effective as treatment against
COVID-19. It was characterized as having a good safety
profile, being inexpensive, nontoxic on a large dose range, and
having an extended shelf life.254

■ POLYPHENOLS
Polyphenols represent the richest class of plant-sourced
bioactive principles, being synthesized as secondary metabo-

lites, imparting protection against oxidative damage, the action
of UV radiation, or pathogen invasion. From the structural
point of view, the term polyphenol denotes compounds
presenting hydroxyl groups grafted on an aromatic structure
possessing one or more phenolic rings, with the basic structure
depicted below (Figure 5).

Relying on structural considerations, polyphenols can be
classed into nonflavonoid and flavonoids. Nonflavonoids
include phenolic acids (benzoic acid or cinnamic acid
derivatives), polyphenolic amides, and other polyphenol
compounds (including stilbene derivatives or lignans)
Flavonoids include flavonols, flavan-3-ols (that mainly refer
to catechins and protoanthocyanidins which are oligo- or
polymeric forms of monomeric flavan-3-ols), flavones (that
essentially differ from flavonols by the absence of a hydroxyl
group at position 3), isoflavones, flavanones, and anthocya-
nins.263,264 Complex structures such as tannins can derive from
gallic acid (hydrolizable tannins), from phloroglucinol
(phlorotannins), or from flavan-3-ol (condensed tannins).
Polyphenols are well-known for their major pleiotropic
activities, encompassing antioxidant, anti-inflammatory, and
immunomodulative potential as well as antiviral activity.265

Their health benefits have become the aim of numerous
research.266−269 The antiradical and antioxidant activity of
phenolics were related to the number and position of hydroxyl
groups on the aromatic ring. The presence of hydroxyl groups
in the ortho position was identified as the main imparting the
antioxidant and antiradical scavenging power. 3,4-Dihydrox-
ycinnamic (caffeic) acid, 3,4-dihydroxybenzoic (protocate-
chuic) acid, and 2,3-dihydroxybenzoic (o-pyrocatechuic) acid
are endowed with enhanced antioxidant and antiradical power.
Nevertheless, it was reported as smaller than the one
characterizing gallic acid.270

With respect to the mechanistic aspects underlying the
antioxidant activity, a study dealing with five flavanones widely
found in plants (ampelopsin, dihydro-orobol, eriodictyol,
hesperetin, and taxifolin) showed that in water phase, they
follow a consecutive proton loss (deprotonation suffered by all
the hydroxyl groups), yielding polyanionic forms. The multiple
proton loss reactions start with the hydroxyl group located at
position 7. The second proton-loss reaction preferentially
involve the −OH groups present on the B ring, given the better
delocalization of the negative charge, by conjugation on the
entire flavinic skeleton. Furthermore, the resulted polyanions
trap three free radical species in three successive electron
transfer reactions. In flavonoids, intramolecular hydrogen
bonds are encountered in all geometries characterized by
maximum stability. These can lower the antioxidant activity of
−OH groups that act as hydrogen-bond donors (like those
present in positions 3, 5, or 3′) but can promote the
antioxidant activity of −OH groups that act as hydrogen-bond
acceptors (like those present in position 4′).271

Figure 5. Representation of the flavinic skeleton
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Polyphenols trigger the activities of endogenous antiox-
idative enzymes, interfere with immune cell modulation, with
proinflammatory cytokine synthesis and gene expression, up-
regulating immune function.7 Polyphenols are the major
contributors to the antioxidant profile of the plant-sourced
diet, lack toxicity, are involved in disease prevention and
improve health status, nutrition representing one of the key
factors influencing the antioxidant/oxidant balance and
inflammation.272 Antitumor and prebiotic properties were
also linked to polyphenol intake. It has been shown that these
phytocompounds can be involved in preventing and treating a
series of chronic degenerative pathologies, including nutritional
diseases, such as metabolic syndrome, type 2 diabetes mellitus,
nonalcoholic fatty liver disease, insulin resistance, or
atherosclerosis. Their pharmacological potential was also
noticed in inflammatory lung diseases.273,274 Moreover,
polyphenols are endowed with inhibitory activity exhibited
against viral components and actions.264,275,276 Given the
restricted bioavailability of most polyphenols, the systemic
effects of these phytocompounds have been ascribed to the
gene-mediated antioxidative, anti-inflammatory, and immuno-
modulatory attributes that were exploited to defend host cells
and mitigate illness severity in COVID-19.3,277 It has been
found that the antioxidant and antiviral activities are exerted in
the gastrointestinal system where polyphenols are present in
high concentrations.277 The intake of fruits and vegetables can
support and maintain a positive health status by overcoming
oxidative stress, inflammation, as well as the associated
pathologies. Polyphenols inhibit the activity of particular
enzymes involved in reactive oxygen species generation
(NADPH oxidase, xanthine oxidase) and trigger endogenous
enzymes with antioxidative potential such superoxide dis-
mutase, catalase, and glutathione peroxidase. The immuno-
modulative potential is exerted through the ability to interfere
with proinflammatory cytokine synthesis and with the
expression of corresponding genes.278,279

Dietary polyphenols can impact dendritic cells, exert
immunomodulatory activity on macrophages, increasing
proliferation of B and T cells and suppressing Th1, Th2,
Th17, and Th9 cells.280 The counteraction of their diminished
bioavailability and subsequent increase in their active
concentration in the airways, as the main site of infection,
can be obtained by employing inhalers or nebulizers.265 The
inhibition of several key mediators of the inflammatory
response in macrophages by polyphenols has been reported.
It has been shown that extra virgin olive oil and olive
vegetation water enriched with polyphenols has the ability to
lower the expression of both IL-6 and C-reactive protein.
Catechins and quercetin modulate the synthesis of pro- and
anti-inflammatory cytokines: they promote IL-10 synthesis
while inhibiting TNF-α and IL-1β.281 The incorporation of
such compounds in the diet may hamper COVID-19-
associated inflammation by counteracting the activation of
TNF-α and pro-inflammatory interleukins like IL-1β, IL-6, and
IL-8.282 The intake of anthocyanins from red berry fruits
contributes to low levels of IL-6, IL-12, and high-sensitivity C-
reactive protein, so a diminished inflammation score in
blood.283,284 The anti-inflammatory potential of pomegranate
fruit extract was assigned to its inhibitory effect toward
inflammatory cytokines induced by PGE2 or nitric oxide.284

Methanol extracts obtained from green and red Kohlrabi
cultivars could inhibit lipopolysaccharide-induced NO gen-
eration in a dose-dependent mode. This effect was achieved by

suppression of inducible nitric oxide synthase and cyclo-
oxygenase-2.285 More specific investigations pointed toward
the relationship between the phenolic structure and the
mediators linked to pro-inflammation. It was asserted that the
main structural features influencing the nitric oxide inhibitory
potential of flavonoids are the C2−C3 double bond; the heavy
substituents can diminish or even annul the inhibitory effect
(in this case, aglycones exert better effect than glycosides); the
presence of hydroxyl groups in 7 or 4′ positions, but this
characteristic should be associated with one of those
mentioned before.286,287

In a double-blind, randomized, placebo-controlled clinical
trial involving healthy adults, polyphenol-rich green tea extract
could boost systemic immunity by promotion of gamma delta
T cell function, hampering upper respiratory tract infection,
and lowering flu-like symptoms.288 The benefits of polyphenol
intake in COVID-19 were ascribed to diverse mechanisms.
Alongside the strengthening of the body’s antioxidant and anti-
inflammatory responses, direct antiviral potential has been
investigated. Impacting viral proteins, hampering virus
replication (inhibiton of RdRp) or blocking cell receptors are
reported mechanisms by which phenolics prevent host cells’
invasion by the virus.265,289 Polyphenols behave as active
inhibitors of proteases involved in viral replication, as they are
prone to establish hydrogen bonds with proteins.290 The same
mechanism, advanced by molecular docking or in silico studies
describing the impact on S protein, should be reconfirmed by
results of preclinical and clinical studies.265 Nevertheless, the
viral S protein and the related host cell receptor ACE2 are
considered as therapeutic targets. By the attachment to either
S1 or S2 domain of the SARS-CoV-2 spike protein, it has been
asserted that phenolic compounds are able to interfere with
key steps of viral activity such as binding to ACE2 receptor or
internalization by fusion.291−294 Structurally, this glycoprotein
vital for attachment of virus, fusion, and access in the host cell,
is heterotrimeric, with three distinct polypeptide chains: A, B,
and C.294,295 The affinity of phenolics for chain A of SARS-
CoV-2 spike protein has been reported.296−299 For the virus to
affect the host cell, the spike glycoprotein has to be dissociated
in its subunits S1 and S2.294,299 S1 subunit includes the
receptor binding domain which enables direct attachment to
the receptor peptidase domain of ACE2, and the S2 subunit is
responsible for membrane fusion.296,299−302 So, after cleavage
of S1 domain, the fusion peptide region is exposed, and then
the dissociated S2 domain fuses the viral and cellular
membranes and releases the nucleocapsid of the virus into
the host cell.294

Numerous studies were directed toward the screening of
either the behavior of a series of phenolics in SARS-CoV-2 or
of their individual activities: benzoic acid derivatives (gallic
acid), stilbene derivatives (resveratrol), andother phenolic
nonflavonoids with particular structure (curcumin, a diphe-
nolic dienone, or ellagic acid, the dilactone of hexahydrox-
ydiphenic acid). Flavanols such as catechin, esters formed by
catechins and gallic acid (gallocatechin gallate or epigalloca-
techin gallate), theaflavins (formed from the condensation of
flavan-3-ols and abundant in tea leaves), along with their gallic
ester derivatives, flavones (quercetin, luteolin, baicalein, and
kaempferol), flavanones (naringenin), and flavonoid glycosides
(rutin, mearnsitrin, myricitrin, and hesperidin), are also
approached. A series of studies have proved polyphenols’
ability to interfere during different steps of coronavirus entry in
the host cell and replication. In-depth investigations of the
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antiviral potential describe impact on viral proteases
(interactions established between phenyl rings of polyphenols
and viral proteins), on the RNA strand, or the ability to control
mitogen activated protein kinase signaling, interfering with the
defense ability of the host cell.295

■ STUDIES DEALING WITH NONFLAVONOIDS
Resveratrol. The ability to promote ACE2 protein

expression and its consequences was critically debated and
investigated in case of resveratrol. Given this capacity, it might
be thought that this polyphenol would be able to promote the
occurrence of infection and associated symptoms, as it was first
asserted that ACE2 protein expression represents a prereq-
uisite for the virus entry in the host cell, the SARS spike
protein needing attachment to ACE2 receptor. Some studies
reported in the case of ACE2 knockout mice, which showed
resistance to infection, proved consistency with these
observations.303,304 Nevertheless, research focused on the
critical stages of the disease reported that ACE2 activity can
impart protection against acute lung injury and ARDS, which
proved to be more severe in mice with ACE2 receptor
inactivation.305 Following SARS-CoV-2 infection, ACE2
deficient animals were characterized by impaired vascular
permeability, lung edema, and dysfunction and increase in
neutrophil number, indicating acute inflammation. Admin-
istration of recombinant ACE2 protein, catalytically active, led
to an alleviation of the previously mentioned adverse
consequences.306,307

Supplementation with resveratrol can lower ACE-2 over-
expression at the level of the adipose tissue. This impact,
combined with a diminution in lepin, adipokine with pro-
inflammatory activity, can help in lowering the negative viral
impact and illness severity by resveratrol intervention.308,309

Moreover, resveratrol has the potential to act as antagonizer of
IL-6, IL-1β, TNF-α, and NF-κB signaling pathways as well as
to lower both cyclooxygenase-1 and cyclooxygenase-2
expression.310,311 Given its abilities in modulating the renin−
angiotensin system and ACE2 expression, as well as in
alleviating a cytokine storm, resveratrol can be employed in
anti-COVID-19 therapy by inclusion in combination with zinc
in nanoformulation-based drug delivery systems. Pterostilbene
(a resveratrol analogue) −zinc combinations can also be
administered in the absence of a nanocarrier. The ability to
block viral replication was proved in vitro for both stilbene
derivatives.310

Apart from spike protein, polyphenol intake can impair the
activity of other SARS-CoV-2 protein compounds (enzymes),
which are required for virus duplication and infective
potential.312 The viral genome exploits the host ribosomes
and is translated into a polypeptide chain, eventually
dissociated by papain like proteases and 3-chyomotrypsin
like protease, encoded by the viral genome, to form
nonstructural proteins involved in viral replication.313 Resver-
atrol and polydatin isolated from Polygonum cuspidatum can act
as specific inhibitors of 3-chymotrypsin-like protease and
papain-like protease, as proved by in vitro studies.314 In the
case of flavonoids, it was asserted that the hydroxyl group of at
7-position, confirmed as having the best reactivity in polar
solvents,271 is the one allowing binding to 3-chymotrypsin-like
protease and papain-like protease, important targets in
stopping virus replication.312

Hydroxytyrosol (3,4-dihydroxyphenylethanol), a benzenediol
derivative endowed with antioxidant properties, found in the

leaves and fruits of Olea europaea and metabolite of oleuropein,
possesses antiviral activity exerted against enveloped viruses
(influenza A). Hydroxytyrosol and oleuropein (a glycosylated
seco-iridoid) and can inhibit the fusion of viruses with cell
membranes.315 Docking studies reported that hydroxytyrosol
and α-cyclodextrin, present alone or in combination, impact
the viral spike glycoprotein and its receptor ACE2, in that they
are potential endocytosis inhibitors. Nevertheless, further
studies are necessary to confirm the antiviral potential.316

■ STUDIES DEALING WITH NONFLAVONOIDS AND
FLAVONOIDS

Curcumin (a diarylheptanoid that gives the yellow color of
turmeric), brazilin (isoflavonoid, organic heterotetracyclic
compound, a member of catechols and a tertiary alcohol),
and theaflavin-3,3′-digallate were investigated for their ability
to impact key mechanisms that are critical for virus entry in the
cell and internalization. Theaflavin-3,3′-digallate (at 25 μg/mL
concentration) and curcumin (above 10 μg/mL concentra-
tion), but not brazilin, can exert inhibition on ACE2 receptor
activity, lowering its activity in both cell-free and cell-based
assays. Nevertheless, none of these compounds could down-
regulate the expression of ACE2 receptor at the protein level in
A549 cells. Brazilin and theaflavin-3,3′-digallate, and to a larger
extent, curcumin, lower the activity of transmembrane serine
protease 2 in cell-free and cell-based assays. An analogous
pattern was noticed with cathepsin L that promotes shedding
of ACE2 ectodomain and access of SARS-CoV-2 into the host
cell. Theaflavin-3,3′-digallate proved a smaller ability to
diminish cathepsin L expression at the protein level. Never-
theless, because a pseudovirus and A549 cells that naturally
express diminished levels of ACE2 were employed in this
research, further validation using primary alveolar type II
epithelial cells and SARS-CoV-2 virus is required.317

Curcumin significantly impacts SARS-CoV-2 nucleocapsid
protein and nsp10 protein, as these are essential for the
detection and processing of viral RNA. This efficient binding
affinity to nucleocapsid and nsp10 proved close to that of
remdesivir, ivermectin, and azithromycin. Although the affinity
of curcumin for proteases or spike protein is not similar to the
affinity for nsp10 and nucleocapsid, it has still been noticed
that the inhibition constants recommend this phytocompound
as a therapeutical alternative against SARS-CoV-2. So,
curcumin can be considered for inclusion in combinatorial
administration of anti-SARS-CoV-2 therapeutic agents.318

Overall, given the confirmed anti-inflammatory and
immunomodulatory potential of curcumin, as well as the
pulmonoprotective and antifibrotic effects of this phytochem-
ical on the lung tissue, it can be included in the treatment of
COVID-19. Curcumin inhibits NF-κB and some pro-
inflammatory cytokines, contributing to reversing the detri-
mental impact of the cytokine storm. By intervention on the
NF-κB pathway, curcumin lowers the inflammatory response
by alleviating the cytokine/chemokine expression. Also,
curcumin lowers fibrotic response by attenuation of the
TGF-β signaling pathway in viral-induced acute respiratory
distress syndrome in a mouse model.319,320 Curcumin-based
nanoformulations can regulate both the secretion and
expression of pro-inflammatory cytokines such as TNF-α,
IFN-γ, IL-6, and IL-1β;321 by activation of the adenosine
monophosphate-activated protein kinase pathway, curcumin
can impact both oxidative burst and inflammatory response
related to COX-2, mTOR, p53, or p38.322 Through IL-10
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activation, curcumin boosts the heme oxygenase-1 expression
and modulates immune response.323 By activating transcription
factors like Nrf2, curcumin supports the antioxidant defense
and the activity of phase II enzymes.324 Moreover, curcumin
has the ability to interfere with key steps in the virus life cycle
such as genome replication or viral attachment.319,320 It
modulates signaling cascades, such as NF-κB and PI3K/Akt
signaling, that are exploited by the virus to achieve efficient
replication in the cell. It also impacts post-transcriptional and
post-translational modifications, hindering the multiplication of
the virus in the cell.320,325−328 It has been reported that
curcumin can alter the structure of the surface protein of
viruses by that blocking access in the host and multi-
plication.320

Catechin. The computational studies show that catechin
and curcumin, not only possess high binding afinity toward the
spike protein and ACE2 host receptor but also to the complex
formed between the receptor binding domain of the viral spike
protein and ACE2; the values obtained for the binding affinity
of catechin with the spike protein, ACE2 receptor, and
receptor binding domain of spike protein−ACE2 receptor
complex were −10.5, −7.8, and −9.1 kcal/mol, respectively.
Those calculated for curcumin were −7.9, −8.9, and −7.6
kcal/mol, respectively. Molecular computational simulations
performed for 100 ns confirmed that the direct interaction of
curcumin with the receptor binding domain site of the spike
protein takes place within 40−100 ns. Both compounds bind
to the interface between the receptor binding domain of the
viral spike protein and ACE2, resulting in fluctuations in the
alpha helices and beta strands of the protein complex.
Particularly catechin presents affinity for the amino acid
residues located near the receptor binding domain site of the
spike protein, causing alterations in the amino acid residues in
the receptor binding domain and its vicinity. The efficiency of
both phenolic compounds in impeding the formation of the
complex spike protein−ACE2 receptor was further confirmed
by protein−protein interaction assessment. The results of this
computational study represents a premise to use these
compunds as therapeutic alternative.329

Detailed computational approaches revealed that catechin
possesses enhanced the ability to target five viral proteins:
spike protein (at the receptor binding domain), cathepsin L,
nucleocapsid protein, 3-chymotrypsin-like protease, and non-
structural protein 6, that are vital for virus access in the host
cell and infectivity.330

Epicatechin Gallates and Epigallocatechin Gallates.
Hydrogen bonds have received much attention in inves-
tigation, given their ability to sustain the binding affinity of a
ligand by displacing the water molecules that are bound to the
protein. Computational studies have been applied to character-
ize intermolecular interactions underlying the formation of
complexes such as protein−ligand, protein−nucleic acid, and
protein−protein. Molecular docking and molecular dynamics
approaches aimed at describing the interaction of epicatechin
gallates, epigallocatechin gallates from tea, as well as antivirals
remdesivir and favipiravir with the RNA-dependent RNA
polymerase of SARS-CoV-2. Epicatechin-3,5-di-O-gallate
yielded the largest number of hydrogen bonds with the
residues of viral RdRp. Epigallocatechin-3,4-di-O-gallate,
epicatechin-3,5-di-O-gallate, and epigallocatechin-3,5-di-O-gal-
late generated a larger number of hydrogen bonds with the
viral RNA at the active site of RNA-dependent RNA
polymerase than remdesivir and favipiravir.331 Epigallocatechin

gallate from green tea has been also reported for its ability to
impact cell signaling and contributes to lowering the
endothelial cell inflammatory processes by a decrease in
cyclooxygenase-2 and caveolin-1 expressions and by suppress-
ing Akt kinase and ERK 1/2 kinases of the MAPK (mitogen-
activated protein kinase) signaling pathway.301,332

Theaflavins. Theaflavin, theaflavin-3-gallate, theaflavin-3′-
gallate, and theaflavin-3,3′-digallate from black tea have been
investigated for their bioactive virtues. Theaflavins, particularly
theaflavin-3′-gallate and theaflavin-3,3′-digallate, can impart
prophylactic potential, being able to attach to the receptor-
binding domain of spike protein. Epigallocatechin gallate and
its lipophilic derivatives can dock to the active sites of SARS-
CoV-2 and are also likely to impart prophylactic effect and act
as therapeutic alternatives. Hydrophobic interactions and
hydrogen bonds are formed by theaflavins with the viral
spike protein, impacting the receptor binding domain.
Inhibition of 3-chymotrypsin-like protease by theaflavins
takes place at a smaller concentration when compared to
other catechins, including epigallocatechin gallate, with a good
affinity of the investigated bioactive principles for the target.333

A comparative evaluation has been performed on the ability
of epicatechin gallate and gallocatechin-3-gallate to impact 3-
chymotrypsin-like protease. The affinity in the case of
gallocatechin-3-gallate proved the smallest, and that exhibited
by epigallocatechin gallate, the highest.334 The inhibitory
activity of high concentrations of epigallocatechin gallate
exerted on viral neuraminidase and genomic RNA synthesis,
better than that of epicatechin gallate and much higher than
that of epigallocatechin, was ascribed to the 3-galloyl moiety
belonging to catechin, while the 5′-OH group present on the
trihydroxybenzyl moiety at 2-position had not a significant
role.335,336

Theaflavin-3,3′-digallate possesses the best inhibitory
activity against viral neuraminidase among the three gallate
derivatives formed by theaflavin. Further comparative assess-
ment proved that dimeric molecules, such as theaflavin and
procyanidin B-2, generally displayed more enhanced antiviral
activity against influenza viruses than catechin monomers.337

Quercetin (3,3′,4′,5,7-pentahydroxyflavone occurring in large
amounts in fruits and vegetables: berries, grains, kale, onion) is
well-known for its antioxidant abilility that relies on its capacity
to neutralize free radical species by hydrogen donation.299 This
flavonol acts against COVID-19-associated inflammation by
modulating NF-kB activation.338,339 Quercetin and luteolin
(3′,4′,5,7-tetrahydroxyflavone) lower IL-6 expression in mast
cells340 and can be considered as a secure alternative to the
therapy based on corticosteroids. Results obtained on mouse
alveolar macrophages showed that luteolin inhibits lip-
opolysaccharide-induced inflammation, encompassing the
expressions of TNF-α, IL-6, cyclooxygenase-2, and inducible
nitric oxide synthase. The generation of reactive oxidative
species was hampered by lowering NF-κB and AP-1 (activator
protein 1) activation mechanisms. So, luteolin can be
incorporated in the therapy against lung inflammatory
diseases.58 Computational simulations aim to test such
molecules for their capacity to act as ACE2 receptor blockers,
hampering the ability of the virus to exploit cellular
mechanisms and subsequently replicate.299,341

In a study dealing with a comparison between flavonoids and
classical antivirals, it has been proved that polyphenolics are
able to bind to the C-terminus of either S1 or S2 domains of
SARS-CoV-2 spike protein, this interaction being stronger than
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that involving hydroxychloroquine. Flavonols like quercetin
and f isetin exhibited the smallest and equal binding energy of
−8.5 kcal/mol, pointing toward an identical and strong
predilection for binding to S2 domain of the spike protein.
In spite of this comparable propensity for the S2 domain, the
additional 5-OH group present on the chromone ring of
quercetin conferred a distinct manner of establishing hydrogen
bonding interactions when compared to fisetin, which
consisted of interaction with different residues of the S2
domain. In the case of kamferol, the lack of one −OH group at
the 3′-C position of the phenyl ring led to a reduction in the
binding affinity (−7.4 kcal/mol) and to a preference to bind to
S1 domain, rather than to S2 domain, noticed also in the case
of other investigated flavonols: quercetin, fisetin, and
isorhamnetin (3′-methoxylated derivative of quercetin).
Among other natural phenolics investigated in this research,
pterostilbene and curcumin, both bound to the C-terminal of
the S1 domain, with curcumin exhibiting better affinity.296

Clinical studies for which diminished risk of error is reported,
showed that oral quercetin can lower the prevalence and
period of respiratory tract infections in some populations;
nevertheless, further researches are needed to ascertain the
ability of quercetin to lower the frequency of occurrence and
duration of respiratory infections.342

In vitro and in silico studies proved that quercetin has the
ability to interfere with the activity of compounds responsible
for different steps of the coronavirus access to the target and
replication cycle such as 3-chymotrypsin like protease, papain-
like protease, and NTPase/helicase. Being characterized by a
pleiotropic activiity and the lack of toxic potential, quercetin
and its derivatives may be included in clinical trials to fight
against the coronavirus.339

Quercetin has confirmed its ability to interfere with a series
steps related to the viral capacity of the pathogen, virus access,
replication, or protein assembly, therapeutic features enhanced
in combination with vitamin C. Furthermore, given the
absence of side effects, the coadministration of these
unexpensive antioxidant compounds plays a role in the
prophylaxis and the early therapy of respiratory infections
like that caused by COVID-19. The reported synergetic
antiviral capacity was ascribed to a sum of immunomodulatory
and antiviral properties and to the ability of ascorbate of
recycling quercetin, boosting efficacy. These inexpensive and
secure alternatives should be considered for experimental use.
Populations at high risk should benefit from the inclusion of
quercetin and vitamin C, alongside convalescent plasma and
remdesivir.343

Kaempferol. Kaempferol (3,4′,5,7-tetrahydroxyflavone)
endowed with high bioavailability can inhibit the 3a ion
channel of the coronavirus. The interference of this flavonol
with the steps of the virus life cycle makes such a bioactive
principle a multitarget one.299 The presence of one −OH
group at the C-4′ position on the B ring of the flavinic
structure, the C2−C3 double bond, and the keto group at the
C-4 position promotes its activity as a neuraminidase
inhibitor.337 Baicalein (5,6,7-trihydroxyflavone) and more
actively baicalin (7-O-glucuronide of baicalein) inhibit the
RNA-dependent RNA polymerase of SARS-CoV-2. Given their
antiviral potential, these safe phytocompounds are recom-
mended for further studies, aiming at incorporation, either as
such or combined with remdesivir (classical antiviral nucleo-
side analogue of adenine), in anti-COVID-19 therapy.344 Also,
baicalein and baicalin, alongside terpenes and peptides, are

inhibitors of transmembrane serine protease 2. These
compounds interact with distinct binding sites of the virus,
and this leads to an increase of their bioactivity. Molecular
docking results show the ability of baicalein to act as ACE2
receptor inhibitor.289,345

Naringenin, a trihydroxy flavanone, suppresses mitogen
activated protein kinase phosphorylation by lowering both
NF-κB and activator protein 1 translocation as well as their
attachment to DNA, hindering the generation of pro-
inflammatory cytokines such as TNF-α, IL-1β, IL-6, or IL-
33.346 Naringenin confirmed its ability to suppress lung/
respiratory overexpression and eosinophilic inflammation of
airways in asthma. The counteraction of acute neutrophilic
inflammation of airways was also achieved by the previously
reported suppression of the NF-κB pathway.347
A recent study aimed at evaluating the activities of a series of

phenolics belonging to flavonoid and nonflavonoid classes and
alkaloids (benzoic acid, gallic acid, resveratrol, oleuropein,
ellagic acid, quercetin, naringenin, and caffeine) to act as
inhibitors of RNA-dependent RNA polymerase in severe acute
respiratory syndrome linked to SARS-CoV-2 pathology. These
activities were compared to those noted for nucleoside
analogues ribavirin or remdesivir. The docking studies resulted
in a ranking based on the values of the binding energy,
established with SARS-CoV-2 polymerase: remdesivir > gallic
acid > quercetin > caffeine > ribavirin > resveratrol >
naringenin > benzoic acid > oleuropein > ellagic acid.
Computational simulations by molecular docking showed
that all investigated polyphenols could establish hydrogen
bonds with some of the nucleotide triphosphate entry
channels, namely at ARG 553, ARG 555, or LYS 545, except
for oleuropein and caffeine. It was inferred that this may
impact the access of the substrate or of divalent cations to the
central active site cavity, resulting in inhibition of enzyme
activity. Gallic acid and quercetin proved to have higher affinity
than ribavirin for SARS-CoV-2 polymerase and exhibited drug-
like behavior and pharmacokinetic features. Moreover,
resveratrol, benzoic acid, ellagic acid, and naringenin also
showed some potential as polymerase inhibitors. Further
research is nonetheless necessary to explore the efficacy of
these phenolic compounds in treating COVID-19.348

■ STUDIES DEALING WITH NONFLAVONOIDS,
FLAVONOID, AND FLAVONOID-GLYCOSIDES

Other in vitro and in silico studies proved the ability of
phenolics to impede either coronavirus access or replication.
Gallocatechin gallate, epigallocatechin gallate, quercetin,
baicalin, hesperetin, luteolin, as well as more rarely investigated
flavonoids (amentoflavone, papyriflavonol A, scutellarein), as
plant-sourced secondary metabolites confirmed for their anti-
inflammatory and antioxidant activity can impact 3-chymo-
trypsin like protease, papain-like protease and NTPase, and
essential proteins for the infective potential of the coronavirus.
Recently, the ability of flavonoids to inhibit two promotors of
the infective potential of the virus that dissociate spike protein
in its subunits (transmembrane serine protease 2 and furin)
has been subject to investigation. Their pleitropic features are
also corroborated with the absence of systemic toxicity,
enabling further development of the therapeutic strategies
against the coronavirus.349

Molecular docking studies were applied to explore the
antiviral potential of rutin (quercetin-3-O-rutinoside), myrici-
trin (3,3′,4′,5,5′,7-hexahydroxyflavone 3-O-rhamnoside or
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myricetin 3-O-rhamnoside), and other members of flavonoid
glycosides group such as mearnsitrin (myricetin 4′-methyl
ether-3-O-rhamnoside) and quercetin 3-O-b-D-glucoside (iso-
quercitrin). Rutin, a flavonoid glycoside found mainly in citrus
fruits, berries, apple, peaches, grape seeds, and red pepper,
presented the best potential to inhibit main SARS-CoV-2
protease, followed by isoquercitrin, mearnsitrin, and myricitrin,
isolated from vegetables, fruits, nuts, and spices. The antiviral
activity of rutin is complemented by the anti-inflammatory
potential, so this compound is recommended for confirmatory
in vivo studies as a therapeutic agent.350

Methoxylated flavonoids (tangeretin, nobiletin, hesperetin)
and naringenin proved the ability to strongly bind to the three
essential receptors: receptor binding domain of spike
glycoprotein, the protease domain of ACE-2 receptor, and
SARS-CoV-2 protease. The interaction was more efficient
when compared to that established by the reference tested
ligands, namely protease inhibitors lopinavir and nafamostat
used in classical antiviral therapy. Considering the three main
proteic targets involved in the viral infection (the SARS-CoV-2
protease, the receptor binding domain of spike glycoprotein,
and the ACE2 receptor), hesperidin could bind the most
efficiently, as revealed by docking scores. This glycoside of
hesperetin (the methoxylated derivative of eriodictyol, a
flavanone) establishes with the SARS-CoV-2 protease a
stronger interaction than lopinavir (classical antiretroviral
behaving as protease inhibitor). Alongside hesperidin, other
flavonoids present in oranges in smaller a amount, naringenin
and tangeretin, also proved to have better affinity than
lopinavir and nafamostat for the three key aforementioned
targets, so it was suggested that these interactions can also
impart inhibitory activity against the viral infection.351

Other computational simulations independently performed
on hesperidin showed a small binding energy, both with the S
protein and the main protease (Mpro) that converts the early
viral proteins, pp1a and ppa1b, into the complex important for
viral replication.352 By targeting viral main protease, hesperidin
renders more difficult the processing of the early proteins that
are part of the viral genome (pp1a and pp1ab) into functional
proteins into the host cell. The obtained binding energy of
hesperidin is smaller than that proper to ritonavir, lopinavir,
and indinavir, proving high affinity. Also, by overlapping the
complex ACE2-receptor binding domain and the complex
hesperidin−receptor binding domain, a specific superposition
of hesperidin with the interface of ACE2 receptor could be
noticed, pointing out that hesperidin may obstruct the
interaction of the ACE2−receptor binding domain of the S
protein.353 Moreover, for both hesperidin and ascorbic acid,
the antiviral activity is potentiated by the anti-inflammatory
activity and by the ability to neutralize the impairment induced
by the reactive oxygenated species.352

A molecular docking-based investigation performed on 26
phenolic compounds showed that hesperidin also exhibited
one of the highest affinities for the crystallized form of the
main protease of SARS-CoV-2.352,354 This flavanone glycoside
impacts some of the amino acids of the protein by hydrogen
bonding. Hesperidin and rutin were more efficient in
impacting main protease than nelfinavir, with reported scores
of −178.59 and −176.27.354
Molecular docking determinations enabled establishing a

ranking by affinity: hesperidin > rutin > diosmin > apiin >
diacetylcurcumin. Moreover, these investigated flavonoids
were more efficient in impacting Mpro than the classical

antiretroviral drug nelfinavir. The potential to target key
proteins and the biologically secure profile recommend these
compounds for incorporation in anti-COVID-19 therapy.
Nevertheless, confirmation is required by studies performed
in vitro and in vivo to ascertain the medicinal viability.352,354

■ CAROTENOIDS
Astaxanthin. Astaxanthin (Figure 6) was a confirmed for

its safety in use, antioxidative, anti-inflammatory, and
immunomodulatory features.

Preclinical studies sustain the preventative potential in acute
lung injury and acute respiratory distress syndrome. The
protective influence is exerted by modulating the expression of
pro-inflammatory cytokines IL-6, IL-8, IL-1β, and TNF-α.
Also, astaxanthin modulates peroxisome proliferator-activated
receptors activity. Astaxanthin hampers oxidative impairment
and alleviates overexpression of inflammatory responses by
control over signaling pathways like NF-κB, NLRP3 inflam-
masome, as well as Janus kinase-signal transducer and activator
of transcription (JAK/STAT). So, given this potential to
alleviate inflammation, astaxanthin can be included in therapy
as adjunctive supplement. Nevertheless, its intervention in
COVID-19 would need further validation in clinical studies.355

A novel in silico study approached the interaction of
carotenoids commonly present in food with common
therapeutic targets of SARS-CoV-2: spike protein (including
mutant S proteins corresponding to the variants of concern),
main protease, helicase, replication complex of RNA-depend-
ent RNA polymerases, and ADP-ribose phosphatase. Molec-
ular docking investigations showed that some of the
compounds had high affinities toward target receptors. Crocin
especially binds robustly to the replication complex of RNA-
dependent RNA polymerases, with the lowest binding energy
of −10.5 kcal/mol. This interaction is established via van der
Waals forces, hydrogen bridges, carbon−hydrogen bonds, and
π-alkyl interactions. It was reported that the strong interaction
with the RNA-binding site of the replication complex is the
main underlying antiviral activity. Also, crocin proved to have
low binding energy values and high affinity for the other
aforementioned targets. The results were confirmed by
molecular dynamics simulations that revealed that crocin
binds to several key amino acid residues of the investigated
receptors. α-Carotene, capsanthin, and neoxanthin bound to
the ADP-ribose phosphatase were proved by the lowest values
of binding energies of −9.6, −9.4, and −9.4 kcal/mol,
respectively, indicating the high affinity of the discussed
carotenoids. Hence, crocin and other carotenoids can be
included in prophylaxis and therapy against SARS-CoV-2.356

Molecular docking simulations were applied to assess the
affinity of marine carotenoids for SARS-CoV-2 S glycoprotein.
The inhibitory activity against SARS-CoV-2 pseudovirus was
reported in studies on HEK293 cells, with overexpressed

Figure 6. Astaxanthin, a carotenoid̈ belonging to the class of
xanthophylls.
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angiotensin converting enzyme 2. Siphonaxanthin isolated
from Codium fragile exhibited an important inhibitory potential
against SARS-CoV-2 pseudovirus entry portal, proved by a
value of IC50 of 87.4 μM, whereas fucoxanthin isolated from
Undaria pinnatifida sporophyll did not. Although further
investigations would be required to enlighten the inhibitory
mechanisms followed by siphonaxanthin against SARS-CoV-2
infection and to thorougly describe the biological activities of
siphonaxanthin in vitro and in vivo in the presence of SARS-
CoV-2, this study points toward the benefits of the application
of marine carotenoids.357

■ OTHER PLANT SECONDARY METABOLITES
Glycyrrhizin. Glycyrrhizin (Figure 7) is known for its

pharmacological virtues, so the therapeutic potential of
glycyrrhizin in the treatment of COVID-19 was investigated.

Its actions encompass: inhibition of reactive oxygenated
species accumulation, inhibition of overproduction of airway
droplets, inhibition of thrombin, hampering of proinflamma-
tory cytokine release, induction of endogenous interferon,358

and disruption of the interaction between the receptor-binding
domain of SARS-COV2 and ACE2 through binding to
angiotensin converting enzyme II.358,359 Also, glycyrrhizin
strongly inhibits the viral main protease, as proved in
experiments using a fluorogenic 3-chymotrypsin like protease
activity kit based on infected Vero E6 cells.360

Alkaloids. Alkaloids inhibit targets that are necessary for
the virus life cycle and related to SARS-CoV infective potential
and pathogenicity. Alkaloids impact structural proteins of the
virus (spike glycoprotein and nucleocapsid protein), as well as
the ACE2 receptor. Moreover, inhibition of the enzymes
responsible for virus replication, such as RNA dependent RNA
polymerase and 3-chymotrypsin-like protease, was re-
ported.361−364 It has been suggested that alkaloids that interact
with DNA, such as berberine, berbamine, berberrubine,
chelerythrine, chelidonine, coptisine, dicentrine, jatrorrhizine,
palmatine, and sanguinarine, could also be exploited for their
anti-SARS-CoV-2 potential.362,364

■ CRITICAL CONCLUSIONS AND FUTURE
PROSPECTS

The overactivation of the immune response in viral pathologies
implies the release of reactive oxygen species and proin-
flammatory cytokines. Enhanced inflammation can activate
coagulation, increase the number of airway droplets, and
eventually is likely to give rise to multiple organ failure and

anoxia. So the anti-inflammatory and immunomodulatory role
of endogenous and exogenous are welcome in the complex
context of cytokine burst.8,11

Antioxidant impairment and illness severity are tightly
related, where antioxidant deficiency amplifies viral load but
also has been identified as possible repercussion of progression
of COVID-19 from mild to severe illness. Antioxidant
deficiency triggers oxidative burst and the expression of pro-
inflammatory markers. The interaction pathogen Toll-like
receptor triggers prooxidative pathways, giving rise to TNF-α-
induced activation of nicotinamide adenine dinucleotide
phosphate oxidase, a major ROS source in macrophages.
Viral pathologies imply a vicious cycle-like mechanism,
oxidative stress promoting inflammatory responses by
activating transcription factors linked to inflammation. On
the other hand, cytokine storm itself triggers oxidative stress
via inflammatory mediators.8

Antioxidant impairment accelerates viral mutation and
replication. Moreover, the virus hijacks the host’s antioxidant
profile, hence the importance in avoiding deficiency. The
immunomodulatory potential of antioxidants encompasses
suppression of pro-inflammatory cytokine release and control
on the release and function of T and B cells.280 Direct antiviral
mechanisms of action of antioxidants encompass interference
on virus access in the host cell and multiplication: impact on S
protein affecting binding to receptor and membrane fusion or
direct interference with the activity of the ACE2 receptor by
blocking its interface.69,291

In the last two years, efforts have been directed toward
determining the most efficacious antioxidant(s) in anti-SARS-
CoV-2 therapy. Low molecular weight thiol impairment
(mainly glutathione, key contributor to the endogenous
antioxidant profile) has been recognized as a source of illness
severity.38,39,43

Pro-oxidative effects in SARS-CoV-2 are linked to alterations
occurring in the cell’s metabolism and transmembranar fluxes
of glutathione and cysteine. It is considered that these
represent the repercussions of an enhanced cysteine utilization
in viral protein synthesis and endoplasmic reticulum stress
activation that impacts the expressions of both Nrf2 and NF-
kB, transcription factors responsible for the modulation of
oxidative stress and glutathione metabolism, with relevance for
the control of the pro-inflammatory impact of the virus.
Perturbations of the thiol−disulfide redox balance in the lung
tissue and lining fluids promotes the risk of infection and
lowers the host’s ability to react to pathogens and hamper
complications.365

As proved in the case of other viral pathologies,366,367 pro-
oxidative factors are promotors of the virus−host cell
interaction, enhancing the affinity of the spike protein for the
ACE2 receptor.74 It was stressed out that this binding is
impacted by the cell’s redox equilibrium, ensured by the low
molecular weight thiols present in the extracellular fluids and
by the cysteine residues present in the extracellular domains of
membrane proteins.365,368 A chronically lowered reduced
glutathione/oxidized glutathione ratio defines a high oxidative
stress level related to the occurrence of low-molecular
oxidation products such as lipid peroxides and cysteine
disulfides (present in protein or nonprotein conjugate forms)
in blood plasma.369

Glutathione levels diminish with age and become lower in
chronic medical conditions associated with both oxidative
stress and infectious disease severity such as diabetes,

Figure 7. Glycyrrhizin, a saponin with a triterpene skeleton as
aglycone.
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hypertension, and chronic obstructive pulmonary disease.370 It
was asserted that glutathione amounts in tissues other than
blood cells are likely to be more severely impacted by oxidative
stress because erythrocytes are lacking mitochondria that
represent the main ROS source. It was asserted that
glutathione amount should be corroborated with additional
biomarkers assessed in blood and urine to determine more
accurately discrepancies that may occur in the levels of
oxidative stress in subjects generally healthy: F2-isoprostanes,
malondialdehyde, and total cysteine disulfide.370 Glutathione
status was not correlated with malonyl dialdehyde levels nor
with total cysteine, the authors of the clinical study suggesting
that the glutathione buffering capacity does not necessarily
constitute a limiting protective factor against oxidative stress in
an analyzed cohort of healthy elderly.370 Nevertheless,
oxidative stress as an impairing condition provoked by reactive
oxygen species overproduction is counteracted by antioxidants,
glutathione being one of the most abounding.66

Post-hoc analyses of a randomized control trial370 showed
that administration of medium to high GlyNAC (glycine-N-
acetylcysteine) doses to subjects characterized by elevated
oxidative stress (revealed by higher than median values of
malonyl dialdehyde, as lipid peroxidation marker) and lowered
the glutathione profile (below the median level), resulted in
efficacious glutathione restoration, proving that glutathione
replenishment from dietary cysteine and glycine occurs on the
basis of cellular requirements. Importantly, comparable results
were noticed when total cysteine was considered as a high
oxidative stress marker.370

Glycine (present in the structure of glutathione tripeptide),
on the other hand, is a one-carbon metabolite and functions as
−CH3 donor, required for DNA synthesis, cellular reactions
and cartilage, brain, and cellular health. Moreover, methyl
group impairment was identified as an aspect responsible for
COVID-related complications.371 Glycine levels were found to
be significantly lower in older adults, when compared to those
of young subjects, and were inversely correlated with insulin
resistance.370 Glycine levels are also decreased in obesity, a
condition associated with illness severity.372 GlyNAC
supplementation proved safe, boosting glutathione levels in
older healthy adults with pronounced glutathione deficiency
and elevated oxidative stress. In subjects without enhanced
oxidative impairment, the circulating glutathione level was kept
stable.370

A pilot study focused on GlyNAC supplementation in
patients hospitalized for acute COVID-19 infection, and
having high oxidative stress and impaired glutathione levels
proved that cysteine (from N-acetylcysteine) supports
mitochondrial metabolism and is a sulfhydryl group donor,
required for maintaining redox homeostasis and for biosyn-
thesis of various metabolites.66 In the context of viral
pathology, mainly during the first stages, there is an increased
cysteine uptake to sustain viral replication, while the enhanced
viral protein synthesis leads to thiol depletion and oxidative
stress activation.365 The corresponding oxidized form, cysteine
disulfide, at concentrations higher than 300 μM in the elderly,
is associated with an increased cardiovascular risk,373 a
condition tightly linked to COVID-19 severity. Benefits
imparted by GlyNAC supplementation encompass: amelio-
ration of glutathione deficiency, of glycine and cysteine profile,
control on oxidative stress and inflammation, and correction of
mitochondrial, endothelial vascular dysfunction, and insulin
resistance, as proved in human clinical trials.66,374,375 Improve-

ment of T lymphocyte proliferative response, modulation of
the inflammatory pathway, blockage of NF-κB activation, and
alleviation of respiratory distress have also been reported.75,376

In a two-center cohort study dealing with moderate or
severe COVID-19 pneumonia, N-acetylcysteine administration
(1200 mg daily), lowered the risk for mechanical ventilation
and mortality.377 Poly(lactic-coglycolic acid) nanoparticles
encapsulating N-acetylcysteine have proved their efficiency in
hampering the damaging effects of reactive oxygen species,
inflammation, and acute lung injury. The nanoformulation
enables the targeted release of N-acetylcysteine to the lungs
with improved pulmonary deposition and increased pulmonary
concentrations at lower N-acetylcysteine dose.378

Maintaining the endogenous antioxidant profile is therefore
pivotal, as pre-existing oxidative stress is a strong promoter of
the affinity of the spike protein for the ACE2 receptor. If
already bound, the conversion of disulfides to thiols in the
receptor binding domain exerts a restricted influence on the
binding affinity of the spike protein for the ACE2 receptor.
Importantly, if the influence of reductive agents is exerted
before the binding, a remarkable conformational change occurs
in the receptor binding domain of the spike protein that
negatively impacts this binding.74

These findings enable the exploitation of novel therapeutic
targets and are in line with previous reports showing that
appropriate cellular redox status, preserved mainly via the
thiol−disulfide balance, impedes both viral fusion and entry
processes.379,380 Conversely, disulfides, formed during oxida-
tion of cysteine thiols, enable folding and conformational
alterations in the spike protein, prone to viral entry into host
cells.381,382

So, as the affinity of the virus for the ACE2 receptor is
promoted by the oxidation of the cysteine moieties present in
the receptor binding domain of the S protein and in the
peptidase domain of ACE2, the reductive ability imparted by
antioxidant molecules helps in hampering the infective
potential of the virus.77,84,382 The particular modulative
antioxidant intervention on the renin−angiotensin system,
and the control on ACE2 expression is controversially debated.
The capacity to promote ACE2 expression was first viewed as a
factor enabling virus entry in the host cell. Nevertheless, it has
also been found that ACE2 activity can impart protection in
critical stages of the disease, which is consistent with the results
of animal studies.305−307 In the particular case of the adipose
tissue, polyphenols like resveratrol can lower ACE-2 over-
expression. This effect, alongside a reduction in lepin, can
reduce pro-inflammatory activity and illness severity.308,309

Recent studies aiming at delineating and solving the above-
mentioned controversies focused on the largely debated impact
of ACE2 activation. When the spike protein of SARS-CoV-2
interacts with the ACE2 receptor, transmembrane serine
protease 2 proteolytically dissociates ACE2 and allows viral
particles to access the host cell, replicate, and undergo cell-to-
cell transmission. Moroever, as spike glycoprotein attaches to
the ACE2 receptor, this interaction impairs angiotensin II
conversion to angiotensin 1−7. The accumulation of
angiotensin II, a reactive oxygenated species promotor results
in lung injury and pneumonia.383 In vitro studies proved the
existence of a direct correlation between the ACE2 expression
and SARS-CoV-2 infectivity in the lungs and other tissues.383

Renin−angiotensin−aldosterone system inhibitors were devel-
oped, aiming at impeding ACE2 receptor attachment to S
protein and viral entry into the lungs and heart.383,384
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Nevertheless, it has been recently asserted that the renin−
angiotensin−aldosterone system inhibitors can induce a
feedback mechanism that results in ACE2 receptor activation,
promoting S protein binding and eventually favoring viral entry
in the lung and heart.46,383 Recently, ACE inhibitors have been
investigated for their ability to enhance disease severity due to
ACE2 expression activation. It was asserted that zinc
impairment provoked by chronic use of ACE inhibitors may
increase COVID-19 pathogenicity in susceptible subjects.218 A
multicenter study is nevertheless required to thoroughly
determine the real impact on zinc amounts in COVID-19
patients who are taking ACE inhibitors or other pharmaceut-
icals likely to result in low zinc amounts.218

Critical discussions were also directed toward the role of
soluble ACE2 results after shedding. It has been asserted that
ACE2 cleaved by transmembrane protease serine 2 allows
SARS-CoV-2 access in the host cell and damage, whereas
ACE2 cleaved by ADAM17 imparts rather protective effect,
mainly against detrimental influence of angiotensin II. Shedding
by transmembrane protease serine 2 is followed by membrane
fusion, RNA release into the cytoplasm, and replication.
Soluble ACE2 is able to bind the virus, but an intracellular
environment is required for virus replication. With the
contribution of transmembrane protease serine 2, ectodomain
shedding of ACE2 modulated by ADAM17 could promote
SARS-CoV cell access via endocytosis. Nevertheless, ADAM17
activity is not considered a prerequisite for viral entry through
fusion, which is a more effective way than endocytosis to
achive viral replication.385 Soluble ACE2 resulting after
shedding, at high concentrations, was particularly correlated
to disease severity. Nevertheless, clinical-grade recombinant
human ACE2, a soluble, exogenous form of ACE2 can bind to
SARS-COV-2 lowering the infective potential, as shown by
studies performed on engineered human tissues.86

Alongside the impact on the viral spike protein and the
ACE2 receptor, other reported mechanisms followed by
antioxidants are inhibition of dipeptidyl peptidase 4 (viral
coreceptor) of transmembrane protease serine 2 or furin that
also enable virus access by promoting S protein cleavage,
inhibition of helicase, impact on papain like protease, 3-
chyomotrypsin like protease, or RNA-dependent RNA
polymerase that promote viral replication.
Not all of the reports converge toward the same conclusions

with respect to the clinical benefits of nonvitamin antioxidants
as therapeutic agents. Appropriate timing and dosage, cautious
supplementation meant to avoid deficiency, impact of overload
and pro-oxidative activities, mutual influences of these
micronutrients, as well as their complex relationship with
other antioxidant species or other therapeutic agents, are
essential factors that should be considered.
Certain mutual influences are highly relevant in anti-SARS-

CoV-2 antioxidant/micronutrient administration. It was
asserted that glutathione biosynthesis is modulated similarly
to a rheostat system, developed to preserve adequate
antioxidant capacity, at the same time hampering an over-
generation of low molecular antioxidants that could negatively
impact on the significant roles of reactive oxygenated species as
signaling chemical species.386 Glutathione and vitamin D
contribute to the replenishment of each other’s level to
restoring the antioxidant profile, and both deficiencies lead to
illness severity.38,39,43 While glutathione boosts Th1-related
immune response,58 vitamin D triggers the activity of Th2 and
T regulatory lymphocytes but inhibits Th1 lymphocytes,

modulating inhibitory and inflammatory cytokines.54 Zinc
triggers glutamate−cysteine ligase expression, promoting de
novo glutathione synthesis.155 Moreover, zinc absorption is
promoted by glutathione.218,387 Excessive zinc amounts,
exceeding the recommended daily allowances, can convert
zinc into a pro-oxidant, with pro-inflammatory and pro-
apoptotic effects. The copper deficiency induced by zinc excess
may result in impaired expression of copper-dependent
enzymes.155,203,204 The consideration of the complex role of
antioxidants in anti-SARS-CoV-2 therapy enable the develop-
ment of strategic research directions and the exploitation of
novel therapeutic targets.
Antioxidant supplementation is not meant to replace

classical antiviral and anti-inflammatory treatment, but it can
be considered as auxiliary therapy, at least to prevent
deficiencies related to an impaired immune system. Nutrition
represents one of the key factors influencing the antioxidant/
oxidant balance and inflammation.
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■ ABBREVIATIONS USED
ACE, angiotensin-converting enzyme; 3CLpro, 3-chyomotryp-
sin like protease; CC, chemokine family; COX, cyclo-
oxygenase; CXC, chemokine (C-X-C motif) ligand; DPP-4,
dipeptidyl peptidase 4; EGFR, epidermal growth factor
receptor; ERK, extracellular signal-regulated kinase; GPx,
glutathione peroxidase; GlyNAC, glycine-N-acetylcysteine;
HIF1α, hypoxia-inducible factor 1 α; ICAM-1, intercellular
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adhesion molecule 1; IL, interleukin family; JAK/STAT, Janus
kinase-signal transducer and activator of transcription; MAPK,
mitogen-activated protein kinase; mTOR, mammalian target of
rapamycin; NRF2, nuclear factor-erythroid factor 2-related
factor 2; NF-κB, nuclear factor-κB; PLpro, papain-like
protease; RdRp, RNA-dependent RNA polymerase; RNA,
ribonucleic acid; ROS, reactive oxygen species; SELENOP,
selenoprotein P; SELENOF, selenoprotein F; TGF-β, trans-
forming growth factor β; TLR, toll-like receptor; TMPRSS2,
transmembrane protease serine 2; TNF, tumor necrosis factor;
VCAM-1, vascular cell adhesion molecule-1
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Bencǐna, M.; Govednik, T.; Orehek, S.; Plaper, T.; Jazbec, V.;
Bergant, V.; Grass, V.; Pichlmair, A.; Jerala, R. Disruption of disulfides
within RBD of SARS-CoV-2 spike protein prevents fusion and
represents a target for viral entry inhibition by registered drugs.
FASEB J. 2021, 35, No. e21651.
(383) Albashir, A. A. D. Renin-angiotensin-aldosterone system
(RAAS) inhibitors and coronavirus disease 2019 (COVID-19). South
Med. J. 2021, 114 (1), 51−56.
(384) Fountain, J. H.; Lappin, S. L. Physiology, Renin Angiotensin
System. In StatPearls StatPearls Publishing: Treasure Island, FL, 2021
https://www.ncbi.nlm.nih.gov/books/NBK470410/.
(385) Xiao, L.; Sakagami, H.; Miwa, N. ACE2: The key molecule for
understanding the pathophysiology of severe and critical conditions of
COVID-19: Demon or angel? Viruses. 2020, 12 (5), 491.
(386) Ristow, M. Unraveling the truth about antioxidants:
mitohormesis explains ROS-induced health benefits. Nat. Med.
2014, 20, 709−711.
(387) Cohen, N.; Golik, A. Zinc balance and medications commonly
used in the management of heart failure. Heart Fail Rev. 2006, 11 (1),
19−24.

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://doi.org/10.1021/acs.jmedchem.2c01134
J. Med. Chem. XXXX, XXX, XXX−XXX

AF

https://doi.org/10.1016/j.mehy.2020.109905
https://doi.org/10.1016/j.mehy.2020.109905
https://doi.org/10.1016/j.mehy.2020.109905
https://doi.org/10.1007/s13337-020-00598-8
https://doi.org/10.1007/s13337-020-00598-8
https://doi.org/10.1007/s13337-020-00598-8
https://doi.org/10.3390/antiox11071366
https://doi.org/10.3390/antiox11071366
https://doi.org/10.3390/antiox11071366
https://doi.org/10.3390/antiox11071366
https://doi.org/10.1089/ars.2007.1639
https://doi.org/10.1089/ars.2007.1639
https://doi.org/10.1089/ars.2007.1639
https://doi.org/10.1074/jbc.M512529200
https://doi.org/10.1074/jbc.M512529200
https://doi.org/10.1074/jbc.M512529200
https://doi.org/10.1016/j.redox.2021.101902
https://doi.org/10.1016/j.redox.2021.101902
https://doi.org/10.1038/s41598-018-35566-2
https://doi.org/10.1038/s41598-018-35566-2
https://doi.org/10.3389/fragi.2022.852569
https://doi.org/10.3389/fragi.2022.852569
https://doi.org/10.3389/fragi.2022.852569
https://doi.org/10.3389/fragi.2022.852569
https://doi.org/10.1016/j.mehy.2021.110543
https://doi.org/10.1016/j.mehy.2021.110543
https://doi.org/10.1016/j.cmet.2009.02.002
https://doi.org/10.1016/j.cmet.2009.02.002
https://doi.org/10.1016/j.cmet.2009.02.002
https://doi.org/10.1161/01.CIR.103.21.2544
https://doi.org/10.1161/01.CIR.103.21.2544
https://doi.org/10.1161/01.CIR.103.21.2544
https://doi.org/10.3390/biomedicines8100390
https://doi.org/10.3390/biomedicines8100390
https://doi.org/10.3390/biomedicines8100390
https://doi.org/10.3390/biomedicines8100390
https://doi.org/10.1093/jn/nxab309
https://doi.org/10.1093/jn/nxab309
https://doi.org/10.1093/jn/nxab309
https://doi.org/10.1093/jn/nxab309
https://doi.org/10.2147/JIR.S306849
https://doi.org/10.2147/JIR.S306849
https://doi.org/10.2147/JIR.S306849
https://doi.org/10.1080/23744235.2021.1945675
https://doi.org/10.1080/23744235.2021.1945675
https://doi.org/10.1080/23744235.2021.1945675
https://doi.org/10.1080/00914037.2016.1236339
https://doi.org/10.1080/00914037.2016.1236339
https://doi.org/10.1080/00914037.2016.1236339
https://doi.org/10.1089/ars.2007.1639
https://doi.org/10.1089/ars.2007.1639
https://doi.org/10.1089/ars.2007.1639
https://doi.org/10.1517/14728222.2015.1068760
https://doi.org/10.1517/14728222.2015.1068760
https://doi.org/10.1517/14728222.2015.1068760
https://doi.org/10.1093/bioinformatics/btaa744
https://doi.org/10.1093/bioinformatics/btaa744
https://doi.org/10.1096/fj.202100560R
https://doi.org/10.1096/fj.202100560R
https://doi.org/10.1096/fj.202100560R
https://doi.org/10.14423/SMJ.0000000000001200
https://doi.org/10.14423/SMJ.0000000000001200
https://www.ncbi.nlm.nih.gov/books/NBK470410/
https://doi.org/10.3390/v12050491
https://doi.org/10.3390/v12050491
https://doi.org/10.3390/v12050491
https://doi.org/10.1038/nm.3624
https://doi.org/10.1038/nm.3624
https://doi.org/10.1007/s10741-006-9189-1
https://doi.org/10.1007/s10741-006-9189-1
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

