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In severe COVID-19, the levels of iron (Fe), copper (Cu), zinc (Zn) and selenium (Se), do not only regulate host
immune responses, but modify the viral genome, as well. While low serum Fe concentration is an independent
risk factor for the increased death rate, Zn controls oxidative stress, synthesis of inflammatory cytokines and viral
replication. Therefore, Zn deficiency associates with a worse prognosis. Although Cu exposure inactivates the
viral genome and exhibits spike protein dispersal, increase in Cu/Zn due to high serum Cu levels, are correlated
with enhanced risk of infections. Se levels are significantly higher in surviving COVID-19 patients. Meanwhile,
both Zn and Se suppress the replication of SARS-CoV-2. Since the balance between the deficiency and oversupply
of these metals due to a reciprocal relationship, has decisive effect on the prognosis of the SARS-CoV-2 infection,

monitoring their concentrations may facilitate improved outcomes for patients suffering from COVID-19.

1. Introduction

Bioinformatics has estimated about 50% of all enzymes depend on a
metal ion for catalysis. The body concentrations of metal ions are
controlled by their affinities for their ligands. Their levels in daily diet
are important in determining the success of the immune response
against invading pathogens due to their high reactivity and catalytic
potential (Maret, 2016). Metalloproteins can be implicated for the
attachment of the virus to the host and the severity of viral infections
(Chasapis, 2018). In fact, the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) genome consists of 10 open reading frames
(ORF), and recently, mutations in the nt28144 of ORF8, nucleocapsid
(N) region of SARS-CoV-2 were observed (Wang et al., 2020). Most of
the metalloproteins interact with the accessory protein SARS-CoV-2
ORF8, which is a region with high variability leading to the structural
alterations, closely associated with the virus’s ability to invade and
spread. The remaining small number of metalloproteins interact with
the SARS-CoV-2 membrane (M), SARS-CoV-2 nonstructural protein 12
(nsp12) and nspl3 (Chasapis et al., 2021). It is thought that the alter-
ation of trace metal metabolism, which have prominent role in innate
immunity, may have considerable effects on SARS-CoV-2 immune sur-
veillance mechanisms and the viral spread in patient with coronavirus

disease 2019 (COVID-19). Zinc (Zn) (Kumar et al., 2020), iron (Fe) (Liu
et al.,, 2020), and copper (Cu) (Andreou et al., 2020) are the most
prevalent metals that bind to proteins linked with viral infections,
whereas the maintenance of selenium (Se) levels has vital importance in
combating SARS-CoV-2 virulence for the survival of COVID-19 patients
(Moghaddam et al., 2020; Seale et al., 2020). The trace metals
mentioned above are mostly responsible for modulating the inflamma-
tory reaction and cytokine production in COVID-19 patients. The
proinflammatory environment that triggers the cytokine storm is
strongly associated with oxidative stress and severe tissue damage. In
this context, trace metal deficiencies appear to be responsible for the
increased risk of death among COVID-19 patients (Akhtar et al., 2021;
Delgado-Roche and Mesta, 2020). Therefore, four redox active trace
metals that are thought to be prognostically important in COVID-19
patients are discussed.

2. Inflammatory response and cytokine storm in COVID-19

In COVID-19 patients, bronchial epithelial cells respond to viral
infection by producing nuclear factor kappa B (NF-kB)-mediated cyto-
kines as the first barrier in defense against the virus. Rising in plasma
levels of several cytokines, interleukin-2 (IL-2), IL-6, IL-7, IL-10, tumor
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necrosis factor-alpha (TNF-a), monocyte chemoattractant protein 1
(MCP-1), granulocyte-colony stimulating factor (G-CSF), interferon-
gamma (IFN-y)-induced protein 10 (IP-10) and increased macrophage
inflammatory proteins are sign of a cytokine storm in severe COVID-19
patients, hospitalized in intensive care units (Y. Fu et al., 2020). Espe-
cially, IL-6 is a key player of the exacerbated inflammatory response in
COVID-19 (G. Chen et al., 2020). Increased expression of the IL-6 re-
ceptor (IL6R) gene that is induced by IL-6, reflects the activation of IL-6
signaling pathway. While IL-6 is not detected in peripheral blood at the
transcriptional level, TNF-a is up-regulated to a limited extend only. On
the other hand, both circulating IL-6 protein and TNF-a protein are
significantly increased (Hadjadj et al., 2020). Hyperinflammation, hy-
perpyrexia and organ failure that occur in the COVID-19 patients are the
indicators of a poor prognosis and become life-threatening clinical
manifestations that are associated with the severity of the infection (Y.
Fu et al., 2020). It has been observed that the complex of immuno-
globulin G (IgG) with SARS-CoV-2 spike (S) protein of COVID-19 pa-
tients triggers hyperinflammatory response in macrophages (Hoepel
et al., 2020). This severe COVID-19 associated cytokine profile is
described as macrophage activation syndrome (MAS). MAS is charac-
terized by cytokine storm, ultimately multiple organ failure, and is ev-
idence of an increased risk of mortality (C. Huang et al., 2020; Karakike
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and Giamarellos-Bourboulis, 2019; McGonagle et al., 2020; Mehta et al.,
2020; P. Xu et al., 2020). At the late stage of the infection, by the time
immune response augments and the adaptive response becomes domi-
nant over the innate response, cytokine storm emerges due to the
massive cytokine and chemokine release (Pal et al., 2021). Massive
release of cytokines contributes to the acute respiratory distress syn-
drome (ARDS) and leads to vascular hyperpermeability, diffuse coa-
gulopathy, multi-organ failure, and ultimately death (Nile et al., 2020;
Ye et al., 2020). In COVID-19 patients, innate immune and infected
tissue cells produce type-I IFNs, IFN-a and IFN-B enhancing leukocytes
recruitment into the infection site. Consecutively, chemokines and other
proinflammatory cytokines are released. Actually, the response to
SARS-CoV-2 is not properly balanced in terms of keeping the virus
replication under control versus activation of the adaptive immune
response. In these patients, low amounts of type I and type III IFNs are
simultaneously synthesized and released into the circulation with the
high levels of chemokines and IL-6 expressions (Blanco-Melo et al.,
2020). In COVID-19 patients, natural killer (NK) cell infiltration is
increased by C-X-C motif chemokine receptor 3 (CXCR3)-ligand-pro-
ducing monocytes in the lungs (Liao et al., 2020), whereas in the pe-
ripheral blood the number of cytotoxic NK cell is reduced (Wenjun et al.,
2020; Zheng et al., 2020). In fact, the immune response is dependent on
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Fig. 1. SARS-CoV-2 binds to ACE2 receptors on the respiratory epithelium and infiltrating macrophages, leads to activation of the inducible transcription factor, NF-
kB. Subsequently, it induces “cytokine storm” and eventually provokes ARDS. Labile iron in the cell that promotes MAS is characterized by cytokine storm and
contributes to the formation of ROS. In PI3K-Akt-mTOR pathway nuclear translocation of IRF7 leads to transcriptional activation of type I interferon (IFN) genes. The
key component of mTORC2, Rictor regulates IFN-a production. The produced IFN-a binds to IFN-a receptors (IFNAR1-IFNAR2) and provides immune protection
against SARS-CoV-2. Zn, Cu and Se target multiple pathways to hamper the functional and structural consequences of inflammatory response caused by SARS-CoV-2
and inactivates the viral genomes of SARS-CoV-2 and exhibits irreversible effects on virus morphology. Thus, envelope disintegration and dispersal of spike protein
occurs. Zinc and Se on the one hand suppress the life cycle of SARS-CoV-2 by inhibiting Mpro and PLpro of SARS-CoV-2, on the other hand strengthen the immune
defense and counteract to the complications of SARS-CoV-2 infection (Abbreviations. ACE2: the cell receptor angiotensin-converting enzyme II; AKT: protein kinase
B; Angll: angiotensin II; ARDS: acute respiratory distress syndrome; AT1R: angiotensin II receptor type 1; CHOP: CCAAT/enhancer-binding protein (C/EBP)-ho-
mologous protein; CoVS1: SARS-CoV-2 Spike protein; Cu: copper; ER: endoplasmic reticulum; Fe: iron; FoxP3: the transcription factor forkhead box P3; HAT:
CD25 + hyperactivated T-cells; IFNAR: IFN o receptor; IFNa: (type-1 interferon) interferon alpha; IKKp: IkB kinase f; IL-6: interleukin-6; IRE1: inositol-requiring
enzyme 1; IRF7: interferon regulatory factor 7; ISG: interferon-stimulated gene; JAK: janus kinase; JNK: c-Jun N-terminal kinase; KLF: Kriippel-like transcription
factor; MAPK: p38-mitogen-activated protein kinases; MAS: macrophage activation syndrome; Mpro: a key enzyme of SARS-CoV-2 and has a pivotal role in mediating
viral replication and transcription; mTORC1: mammalian target of rapamycin complex 1; mTORC2: mammalian target of rapamycin complex 2; NFkB: nuclear factor-
kB; NOX: nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; p: phosphorylation; PERK: protein kinase r-like endoplasmic reticulum kinase; PI3K:
phosphoinositide 3-kinase; PLpro: papain-like protease of SARS-CoV-2; RdRp: RNA dependent RNA polymerase; Rictor: The rictor-mTOR complex directly phos-
phorylated AKT; ROS: reactive oxygen species; S6K1: s6 kinase 1; Se: selenium; STAT: signal transducers and activators of transcription; TMPRSS2: the serine
protease of SARS-CoV receptor ACE2 in S protein priming for entry to target cell; UPR: unfolded protein response; Zn: zinc).
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the availability of sufficient trace metals in the medium. However, the
amount of T-helper 2 (Th2) cytokines is not affected from trace metal
deficiency, whereas T-helper 1 (Thl) cytokines are decreased. Thus,
shift of Th1 to Th2 function leads to the cell-mediated immune failure
and decrease in IL-2 production that leads to diminished activities of NK
cells and cytotoxic T cells (Prasad, 2007). Dramatic down-regulation of
IFN-stimulated genes (ISGs) is observed in critical SARS-CoV-2 patients
(Fig. 1). Lack of IFN-p mRNA and absence of circulating IFN-f are
characteristic features in all COVID-19 patients. Alteration of ISG and
plasma levels of IFN-a2 display that the low type I IFN response precedes
the clinical deterioration of patients to critical status (Hadjadj et al.,
2020). High blood viral load in addition to the excessive NF-kB-driven
inflammatory response-related elevated TNF-o and IL-6 with the lack of
type I IFN response is a marked clinical presentation of severe and
critical COVID-19 patients (Hadjadj et al., 2020). In these patients the
severity of the disease is closely associated with a cytokine storm with
strikingly elevated expression of IL-6 (Zhao, 2020). Interestingly, IL-6
can activate mammalian target of rapamycin (mTOR) (Pinno et al.,
2016). Activation of the Akt/mTOR signaling and suppression of
hypoxia-inducible factor 1-alpha (HIF-la) following SARS-CoV-2
infection increases viral replication (Appelberg et al., 2020). In princi-
ple, SARS-CoV-2 evades immune detection by suppressing human im-
mune responses. In this context, the presence of the imbalance between
pro-inflammatory cytokine and IFN expression is an important check-
point in SARS-CoV-2 infection (Engin et al., 2021).

3. COVID-19 and oxidative stress

SARS-CoV-2-induced oxidative stress is a novel insight into the eti-
ology and mechanism which are responsible for serious manifestations
of COVID-19. COVID-19 patients with moderate and severe disease have
decreased concentrations of glutathione, higher reactive oxygen species
(ROS) levels, in addition to the greater redox status (ROS/reduced
glutathione (GSH)) than the patients with mild illness. Endogenous GSH
deficiency seems to be one of the most potent key determinants for
augmenting the SARS-CoV-2-induced oxidative damage. Consequences
of this redox imbalance leads to serious events, such as ARDS, multi-
organ failure, and death in COVID-19 cases (Polonikov, 2020). In these
patients, increased SARS-CoV-2 S protein-induced selective activation of
reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase (NOX) (Fig. 1) decreases the levels of free NADPH that is essential
to diminish the oxidized glutathione (GSSG) to GSH. Deficient amounts
of GSH further increases the oxidative stress in the cell, which in turn
facilitates S protein- angiotensin-converting enzyme 2 (ACE2) in-
teractions and enhances the severity of infection. The affinity of
SARS-CoV-2-S for the ACE2 receptor is increased by the oxidation of
cysteine residues in both proteins. More viruses bind to receptors, and
this interaction reduces the steady state levels of free ACE2 (Suhail et al.,
2020; Youn et al., 2021). Increase in the concentration of angiotensin II
(Ang II) and decrease in the concentration of angiotensin 1-7 (Ang 1-7)
leads to the generation of oxidative stress and higher concomitant fa-
tality rate (Engin et al., 2020). The decline in ACE2 bioavailability
following SARS-CoV-2 binding enables Ang II to be available to interact
with angiotensin type 1 receptor (AT1R), which mediates signals to
activate NOX and induce oxidative stress, as well as inflammatory re-
sponses (Beltran-Garcia et al., 2020). When Ang II binds to AT1R, Ang II
markedly enhances NOX activation and consequent ROS generation.
Angiotensin II, high glucose, high fat, or hypoxia may lead to the
excessive production of mitochondrial ROS (mtROS), and these result in
the feed-forward redox stimulation of NOXs (Dikalov and Nazarewicz,
2013; Valente et al., 2012; Wei et al., 2006). Thus, NOX increases the
severity of COVID-19 via contributing to NF-kB overexpression. In this
case, endothelial cells can activate NOX proteins through immune
stimuli associated with SARS-CoV-2 infection, and the resultant local
oxidative stress causes endothelial dysfunction (Libby and Liischer,
2020). In connection with the endothelial dysfunction, autopsy findings
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confirmed the venous thrombosis and pulmonary embolism which are
not suspected before, are responsible for the death of more than half of
COVID-19 patients (Wichmann et al., 2020).

On the other hand, the change in mitochondrial dynamics caused by
SARS-CoV-2 after entering the cell results in oxidative stress, proin-
flammatory response and increased cytokine production that all
contribute to the enhanced death rate (de Las Heras et al., 2020). It was
demonstrated that the presence of oxidative stress and a high neutrophil
to lymphocyte ratio in patients suffering from COVID-19 help to identify
the individuals who are at high-risk in the early phases of the disease.
Therefore, the use of these parameters is indicated to be beneficial to
prevent the patients’ abrupt progression into a worse state. Thus, the
high neutrophil to lymphocyte ratio due to NOX activation in critically
ill patients with COVID-19 is another parameter enhancing in-hospital
mortality, if not treated at an early stage (de Las Heras et al., 2020; Fu
et al., 2020, 2020; Laforge et al., 2020). The cascade of events initiated
by the oxidative stress in SARS-CoV-2 infection are important factors
contributing to the severity of disease (Laforge et al., 2020). Respiratory
distress that can cause oxidative stress and ARDS in moderate to severe
COVID-19 patients can only be compensated by oxygen therapy (Mach
et al., 2011; Park et al., 2009). However, it was shown that hyperoxia
contrarily induces ROS generation in mitochondria (Turrens, 2003),
thus inhibits oxidative phosphorylation and decreases the adenosine
triphosphate (ATP) level (Das, 2013). Inflammatory reactions in mac-
rophages during COVID-19 is triggered by non-structural coronavirus 3a
(nsp3a) protein (Chen et al., 2019). Previously, it was presented that
SARS-CoV-1 3a protein activates NOD-, LRR- and pyrin
domain-containing protein 3 (NLRP3) inflammation in macrophages,
accompanied by IL-1p activation and increased mtROS (Chen et al.,
2019). Although it is not precisely known that the 3a protein of
SARS-CoV-2 activates NLRP3 inflammasome in macrophages, it is
anticipated that the SARS-CoV-2 3a protein may act similarly, as it
displays 72% similarity to its SARS-CoV-1 (J. Xu et al., 2020).

SARS-CoV-2 can infect monocytes and induce the synthesis of the
pro-inflammatory cytokines IL-1f, IL-6, and TNF. During macrophage
activation, succinate accumulates as a pro-inflammatory metabolite,
which affects HIF-1a activity. Since succinate accumulation drives HIF-
la stabilization (Tannahill et al., 2013), succinate oxidation is important
for SARS-CoV-2 replication. In the process of metabolic reprogramming,
the mitochondria are considerable sources of intracellular ROS . ROS is a
strong inducer of HIF-1a (Mills et al., 2016), which is essential for the
initiation of glycolysis and the resultant proinflammatory state of
SARS-CoV-2-infected monocytes. Stabilization of HIF-1u increases the
expression of ACE2, IL-1p, TNF-a, IL-6, and IFN-a, B, and A in
SARS-CoV-2-infected monocytes. High glucose concentrations directly
induce viral replication, as well as proinflammatory cytokine expres-
sion. Glycolytic flux is necessary for SARS-CoV-2 replication.
SARS-CoV-2-induced mtROS release stabilizes HIF-1a, which in turn
upregulates glycolytic genes and IL-1p expression. The mtROS/H-
IF-1a/glycolysis axis is an indicator for severity of COVID-19 disease
(Codo et al., 2020). As noted above, IL-6 induced activation of the
Akt/mTOR signaling and suppression of HIF-1a following SARS-CoV-2
infection increases viral replication (Appelberg et al., 2020). In brief,
SARS-CoV-2-infected monocytes increase mtROS production. These
metabolic adaptation results in mtROS-induced HIF-1a stabilization to
encourage SARS-CoV-2 replication and monocyte inflammatory
response. In high-risk individuals suffering from COVID-19, initial high
neutrophil/lymphocyte ratio and excessive ROS generation exacerbates
the host immunopathological response, leading to the more severe
clinical presentation. In addition to neutrophil infiltration and produc-
tion of ROS, a decrease in antioxidant defense worsens the clinical
course. In these patients, checking oxidative stress markers, and
neutrophil migration is of great importance in decreasing the risk of
mortality.



A.B. Engin et al.
4. Are serum iron levels friend or foe in patients with COVID-19?

Iron is an essential micronutrient for humans, as well as pathogens.
The innate immune response could restrain Fe availability in the case of
infections to limit the Fe consumption of pathogens, however, this may
also result in anemia in the host (Ganz, 2019). The available level of
hemoglobin is the major factor in defining the oxygen-carrying capacity
of the blood. Elevated concentrations of circulating ferritin in blood, in
addition to reflecting an acute-phase response, may present a decisive
role in inflammation by contributing to the progression to cytokine
storm (Kernan and Carcillo, 2017). It has been shown that SARS-CoV-2
RNAs, activate NF-kB, leading to the synthesis of pro-inflammatory
mediators. High serum ferritin levels in patients with MAS, may stim-
ulate these signaling pathways and contribute to cytokine storm in se-
vere COVID-19. Thus, a vicious cycle is induced by ferritin and
pro-inflammatory cytokines (Franco-Martinez et al., 2021; Pujani
et al., 2021; Ruscitti et al., 2020). In hospitalized patients, high serum
ferritin is significantly associated with death and hyperferritinemia is an
independent risk factor for ARDS in severe COVID-19 (Parimoo et al.,
2021). In this respect, serum Fe, ferritin, transferrin, and total
Fe-binding capacity are demonstrated to be associated with elevated risk
of ARDS, coagulopathy, and multi-organ damage, due to severity of
COVID-19 and elevated cytokine concentrations (Lv et al., 2021). While
low serum Fe level is an independent risk factor for the increased death
rate, elevated level of serum ferritin is an indicator of poor outcome in
COVID-19 patients (I. Huang et al., 2020; Zhao et al., 2020). In accor-
dance with the data from 189 studies and 57,563 COVID-19 patients, the
mean level of hemoglobin represents an important indicator for anemia
diagnosis in men as described by World Health Organization (WHO)
(Taneri et al., 2020). Low hemoglobin in COVID-19 patients, particu-
larly in populations with a high risk of complications and mortality,
decreases the capability of hemoglobin to meet the increased oxygen
starvation of the peripheral tissue (F. Zhou et al., 2020). Indeed,
decrease in the bioavailability of iron in COVID-19 patients results in the
activation of hepcidin, sequestration of Fe within cells, elevated con-
centrations of ferritin and diminished hemoglobin, culminating in
hypoxia (Taneri et al., 2020). It was demonstrated that the S, N, M
proteins, Nsp3, and Nsp7 of the SARS-CoV2 could interact with hemo-
globin and its metabolites, heme, hemin and protoporphyrin. Conse-
quently, the S protein receptor binding domain (RBD motifs) and
N-terminal domain (NTD) of SARS-CoV-2 bind hemoglobin (Lechuga
et al., 2021). Indeed, COVID-19 patients demonstrate impaired hemo-
globin biosynthesis, augmented generation of Zn-protoporphyrine IX,
heme-CO,, and CO-hemoglobin in addition to the degradation of
Fe-heme (Kronstein-Wiedemann et al., 2022). It is proposed that the
replication of SARS-CoV-2 depends on the Fe availability. Since the RNA
of the virus have porphyrin binding domains, it readily synthesizes
heme. In addition to SARS-CoV-2’s S protein, the accessory protein
ORF3a, an integral membrane protein that functions as an ion channel
and may promote virus release, can bind to hemoglobin. ORF3a has
heme-Fe binding sites and degrades trapped heme into Fe and
porphyrin. In that case, even if hemoglobin preserves its native struc-
ture, its oxygen delivery function is decreased (Courrol et al., 2021; Liu
and Li, 2022; Redondo et al., 2021). Furthermore, in COVID-19 patients,
SARS-CoV-2 may cause decomposition of the hemoglobin. Thereby, the
dissociation of porphyrins from Fe results in the release of Fe into the
circulation. As a result, these destructions lead to rapid multi-organ
failures (Liu and Li, 2022). The free Fe released into the circulation
may result in Fe overload, which causes oxidative damage, inflamma-
tion and immune dysfunction (Cassat and Skaar, 2013; Moreira et al.,
2020). Indeed, increased uptake and storage of Fe in Fe-binding proteins
causes elevation of ferritin concentrations in the circulation of
COVID-19 patients. Thus, concentrations of p-dimer, high-sensitivity
cardiac troponin 1, serum ferritin, lactate dehydrogenase, and IL-6 are
obviously increased in non-survivors in comparison to the survivors or
increased with illness deterioration (Ostro et al., 2015; F. Zhou et al.,
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2020). Therefore, Fe chelation may be a beneficial adjuvant therapy in
treating COVID-19 for not only with sequestering Fe but also binding to
receptors used by SARS-CoV-2, thereby blocking their entry into host
cells (Habib et al., 2021). Besides, as SARS-CoV-2 requires Fe for viral
replication and for its functions, Fe chelation therapy in COVID-19 may
be an alternative rational approach to arrest viral replication (Liu et al.,
2020).

Hepcidin as a hepatic peptide hormone, regulates systemic Fe
metabolism and moreover, it achieves the intestinal Fe absorption,
plasma Fe concentrations, and tissue Fe distribution by interacting with
ferroportin. This protein exports Fe into plasma from absorptive enter-
ocytes, from macrophages that recycle the Fe of senescent erythrocytes,
and from hepatocytes that store Fe (Ganz and Nemeth, 2012).
Hepcidin-like activity of SARS-CoV-2 can induce a significant Fe dys-
metabolism (Stockwell et al., 2017). The in-silico analysis showed that a
SARS-CoV-2 S protein fragment mimics hepcidin and this functional
peptide called Covidin, is resistant to the majority of human proteases.
The complex mechanism of Covidin binding and the following inter-
nalization of ferroportin results in altered Fe metabolism of host (Gupta
et al., 2022). Induction of the innate immune system during the infec-
tion, promotes the hepcidin production in host, while the bioavailability
of iron is diminished by this activation. Despite the decreased avail-
ability of free Fe outside of the cell, elevated intracellular Fe supports the
viral replication (Birlutiu et al., 2021; Gupta et al., 2022). Ferroptosis
has been described as an Fe-dependent version of regulated cell death,
which emerges via the lethal accumulation of lipid-based ROS in the
case of lipid peroxide repair systems are compromised due to GSH
deficiency (Stockwell et al., 2017). Ferroptotic cell death can be
inhibited by lipophilic antioxidants, Fe chelators and inhibitors of lipid
peroxidation (Kagan et al., 2017; Stockwell et al., 2017).

Hemoglobinopathies and Fe dysmetabolism may seriously compro-
mise the erythrocytes oxygen transport capacity, with hypoxia, while
inducing hyperferritinemia-related tissue alterations. Increased ferritin
level is an indicator of a strong inflammatory reaction in COVID-19 and
in conjunction with the simultaneous viral entry into the human body
and its impact on Fe metabolism (Kernan and Carcillo, 2017;
Wessling-Resnick, 2018). In the critical cases of COVID-19, in case of
MAS with high levels of ferritin (Fig. 1), H-chain of the ferritin has a
prominent role in activating macrophages to enhance the secretion of
inflammatory cytokines (Shoenfeld, 2020). Moreover, for viral replica-
tion, optimal Fe concentrations within host cells are essential (Drake-
smith and Prentice, 2008; Wessling-Resnick, 2018). Therefore, the
innate immune system will respond by diminishing the bioavailability of
Fe to restrict the replication of the virus throughout the acute phase of
infection. Cellular Fe can either be stored in ferritin or released into the
circulation by ferroportin. A novel gene, Hephaestin (Heph), encoding a
transmembrane-bound ceruloplasmin homolog, is a multicopper fer-
roxidase essential for Fe transport from enterocytes into the circulation.
Thus, Heph expression level constitutes an interesting connection be-
tween Fe and Cu metabolism (Vulpe et al., 1999). As a protective
mechanism, through IL-6 and Toll-like-receptor-4 (TLR-4) dependent
pathways, the concentrations of the hepcidin increases (Mazur et al.,
2003). Thereby hepcidin regulates the level of Fe in plasma by its ca-
pacity to bind with and promote the internalization and subsequent
degradation of ferroportin (Nemeth et al., 2004). Thus, the activity of
the ferroportin which carries Fe out of the cells, is blocked. The amount
of Fe absorbed from the diet decreases. High cellular Fe sequestration
leads to an increase of cytosolic ferritin, which stores Fe to prevent
Fe-mediated free radical damage (Drakesmith and Prentice, 2008).
Since serum ferritin is significantly increased in patients with COVID-19,
ferritin assay can still be applied as a screening biomarker for the
severity of the inflammatory state in these patients (Taneri et al., 2020).
Furthermore, hepcidin and serum ferritin parallel testing sensitivity to
predict the COVID-19 severity is 95.7% (C. Zhou et al., 2020).

The percentage of IFN-y-producing CD8 + T cells is high in both
severe and extremely severe patients in comparison to the mild cases,
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while the percentage of IFN-y-producing CD4 + T cells is elevated in the
extremely severe patients (F. Wang et al., 2020). Actually, activated
CD8 + T cells augment ferroptosis-specific lipid peroxidation (Wang
et al.,, 2019). Fe is a key factor for the IFN-y receptor 2 (IFN-yR2)
internalization thus it attenuates the activation of the IFN-y/signal
transducer and activator of transcription 1 (STAT1) pathway in human T
cells. Iron chelators up-regulate the expression of IFN- yR2 on the acti-
vated T-cell surface and reinstates IFN-y/STAT1 pathway in prolifer-
ating T lymphocytes (Regis et al., 2005). Thereby, T cell response to
SARS-CoV-2 infection via reconstituting the sensitivity of T lymphocytes
to IFN-yR2 may be restored by the stated chelators and thus the entry of
the SARS-CoV-2 into cell may be inhibited (Perricone et al., 2020).

5. Zinc is crucial for the survival of COVID-19 patients

Zinc, following Fe, is the second most prevalent trace metal in the
human body. Zn as a versatile element, can stabilize cell membranes in
addition to its anti-inflammatory and antioxidant properties (Prasad,
2009). Almost all Zn is available in the intracellular compartments, and
it is the constituent of more than 300 metalloenzymes (Vallee and Fal-
chuk, 1993). Although human cells require a constant Zn supply,
excessive free Zn ions may be toxic by binding at the active site of en-
zymes or via allosteric inhibition of enzymes. Thus, the inhibitory Zn
ions must be removed in order to activate some enzymes (Maret, 2013).
In this context, Zn?* cations restrict SARS-CoV replication by inhibiting
RNA polymerase (RNA dependent RNA polymerase, RdRp) activity (te
Velthuis et al., 2010). It is proposed that RARp (nsp12-nsp7-nsp8 com-
plex) of SARS-CoV-2 contains Zn ions that serves a structural role in
maintaining the integrity of the RdRp architecture (J. Chen et al., 2020;
Gao et al., 2020; Hillen et al., 2020; Kirchdoerfer and Ward, 2019). The
catalytic subunit of the RdRp, nspl2, ligates two Fe-sulfur metal co-
factors in sites designed as Zn centers. These metal binding sites are
necessary for replication as well as for interaction with the viral helicase
(Maio et al., 2021). Since Fe-sulfur clusters are inherently susceptible to
destabilization and degradation by oxidants, like oxygen, superoxide,
and nitric oxide, Zn is capable of replacing endogenous Fe-sulfur metal
cofactors (Imlay, 2006). However, Zn is not likely to be the physiological
cofactor in viral replicase activity and supplementation with Zn has been
reported to inhibit viral replication (Maio et al., 2021). Thus, Zn iono-
phores inhibit RARp and 3 C-like protease (3CLpro), which is necessary
for proper viral replication (Hsu et al., 2004; te Velthuis et al., 2010). In
this context, it is proposed that Zn-ligating compounds contribute to the
coordination of Zn in the catalytic site of 3CLpro, thus inhibiting pro-
teinase activity (Hsu et al., 2004; Lee et al., 2007). Bioinformatics and
molecular modeling analysis showed that Zn binds and regulates the
enzymatic activities of 3CLpro and RdRp of SARS-CoV-2 and thus in-
hibits viral replication (Pormohammad et al., 2021; Saakre et al., 2021).
In brief, like other RNA viruses, SARS-CoV-2 genome-encoded RdRp is
central to SARS-CoV-2 replicative cycle. The RdRp is integrated into a
membrane associated viral enzyme complex that regulates the synthesis
of negative-strand RNA (Fehr and Perlman, 2015). RdRp plays a crucial
role in SARS-CoV-2 replication (Parvez et al., 2020), however Zn**
directly inhibits the RdRp activity (Rahman and Idid, 2021). Thereby,
viral replication can be arrested in cells infected with SARS-CoV-2 if they
contain sufficient Zn>".

Recently, the positive feedback loop between IL-6/STATs and NF-kB
signaling called attention to COVID-19 associated mortality (Hojyo
et al, 2020). The SARS-CoV-2 spike protein S1 or RBD or
SARS-CoV-2-RBD alone induces a more marked production of
pro-inflammatory cytokines in addition to the factors associated with
epithelial damage. Furthermore, S1-ACE2-mitogen-activated protein
kinase (MAPK) signaling pathway induces high levels of NF-xB activa-
tion, thereby pro-inflammatory cytokines are produced in human
bronchial epithelial cells via activation of endoplasmic reticulum stress
(Hsu et al., 2020). When SARS-CoV-2 invades the cytoplasm, in the
canonical NF-kB pathway viral-activated inhibitor of kB kinase complex
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(IKK) is degraded by the proteasome-derived proteolysis. Transcription
of NF-kB-dependent proteins is induced following nuclear translocation
and by overexpression of NF-kB. Thereby, NF-xB driven virus replication
as well as cytokine syntheses, are expedited (Poppe et al., 2017).
Increased expression of NF-kB-driven cytokines causes increased risk of
multiorgan dysfunction and a worse prognosis of COVID-19 patients
(Kircheis et al., 2020). In this respect, Zn takes part in the modulation of
the proinflammatory response by targeting NF-kB, since Zn directly
binds to inhibitor of NF-kB kinase subunit beta (IKKp) (Fig. 1).

One mechanism suggested for the free Zn ion is the direct inhibition
of the IKK upstream of NF-kB. Zinc transporter ZIP8 (SLC39A8) is up-
regulated and transports Zn?" into monocytes, macrophages, and lung
epithelia during an infection to inhibit the NF-xB (Liu et al., 2013). ZIP8
elevates cytosolic Zn levels by promoting extracellular uptake or
discharge from subcellular organelles. Imported into the cell by ZIP8,
thiol-reactive Zn triggers NF-kB inhibition downstream from MAPKs by
blocking IKK complex (Galvez-Peralta et al., 2014; Liu et al., 2013).
Furthermore, Zn also affects the expression of Zn finger protein A20
which is the main negative regulator of NF-kB activation in the tumor
necrosis factor receptor- (TNFR) and TLR-initiated pathways (Jarosz
et al., 2017). Thus, Zn does not only inhibit the synthesis of inflamma-
tory cytokines, but also provides control of oxidative stress (Gammoh
and Rink, 2017; Liu et al., 2013). In this case, Zn inhibits NF-kB activity
driven by overexpression of adapter protein myeloid differentiation
primary response gene 88 (MyD88), TNF receptor associated factor 6
(TRAF6) and IKKp (Liu et al., 2013). Inhibition of NF-xB activation via
Zn also occurs at DNA nuclear binding levels through increased
expression of peroxisome proliferator-activated receptor alpha
(PPAR-a). Elevated PPAR-u expression leads to the downregulation of
inflammatory cytokines and adhesion molecules expression (von Biilow
etal., 2007). In the setting of severe SARS-CoV-2 infection, Zn deficiency
increases NF-kB signaling pathway activation, and proinflammatory
cytokine expression, causing worsening of COVID-19 patients’ prognosis
(Jarosz et al., 2017). As described above, the immunomodulatory
function of Zn can be clearly pronounced. In the present pandemic of
SARS-CoV-2, Zn supplementation could have a substantial function in
treating the COVID-19 patients through enhancing immunomodulatory
actions of anti-viral drugs and preventing the replication of SARS-CoV-2
in infected cells (Rahman and Idid, 2021).

Severe COVID-19 patients present with increased serum IL-2 and
soluble CD25 (IL-2 receptor a chain) levels (G. Chen et al., 2020). As IL-2
is a potent growth factor for CD25-expressing activated T-cells (Shimizu
et al., 1986), the increase in both IL-2 and CD25 shows that a positive
feedback loop for T-cell activation in severe patients is present (Kal-
faoglu et al., 2020). It is obvious that the number of CD4 + and CD8 + T
cells is decisive factor in anti-viral immunity (Jansen et al., 2019;
Whitmire and Ahmed, 2000). IFN regulatory factor (IRF)— 1 is a vital
negative regulator of CD4 4 CD25 + regulatory T (Treg) cells via direct
repression of forkhead box P3 (FoxP3) expression (Fragale et al., 2008).
SARS-CoV-2 triggers hyperactivation of CD4 + T-cells and immune pa-
ralysis. CD4 + T-cells are highly activated and opt unique differentia-
tion pathways in the lung of severe COVID-19 patients. Particularly,
those T-cells in severe COVID-19 cases highly express immunoregula-
tory receptors and CD25, however they are lacking the expression of
FoxP3. CD25-expressing hyperactivated T-cells synthesize the protease
Furin, that facilitates the viral entry of SARS-CoV-2. In severe COVID-19
patients, CD25 + T cells proliferate vigorously, transforming into
multifaceted effector T cells instead of maturing into FoxP3 + Tregs.
Therefore, it is suggested that CD25 +FoxP3- T-cells should be defined
as hyperactive T-cells. Since CD25 is expressed principally in
CD4 + T-cells, T-cells are mainly responsible for the elevated CD25 in
severe COVID-19 patients. Furthermore, CD25 + T-cells synthesize and
release Furin, which can further augment the entry of SARS-CoV-2 into
pulmonary epithelial cells (Kalfaoglu et al., 2020). Zinc binds to RBD in
an irreversible fashion and hinders viral entry to host cells (Podsiadlo
et al., 2004). Zn induces upregulation of FoxP3 and the Kriippel-like
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transcription factor (KLF-10) and downregulation of IRF-1 (Maywald
and Rink, 2017). IRFs control the kinetics and maintenance of the
interferon regulated gene (IRG) response and play essential roles in the
defense against viral infections. Overexpression of IRFs induces
low-level type I IFNs. The absence of IRF1 unexpectedly enhances p38
MAPK activity (Irving et al, 2020). As mentioned above,
SARS-CoV-2-S1-ACE2-MAPK signaling pathway induces high levels of
NF-kB activation and cytokine storm.

Dysfunctional humoral and cell-mediated immunity are known as
the consequences of Zn deficiency (Tuerk and Fazel, 2009). Conse-
quently, Zn deficiency leads to immunodeficiency accompanied by se-
vere lymphopenia. This status is characterized in part by a considerable
reduction in the developing B cell compartments in the bone marrow
(Bonaventura et al., 2015; Fukada et al., 2019). In non-hospitalized
COVID-19 patients, on the one hand, Zn deficiency increases IL-6 that
impairs immunity by producing lymphopenia, on the other hand,
inflammation reduces plasma Zn concentration. In fact, the hypo-
zincemia is an independent predictor of hospitalization and is proceeded
with a worse clinical outcome in severe COVID-19. In the context of
COVID-19 prognosis, detection of Zn deficiency in the early phase of
disease for Zn supplementation is important (Dubourg et al., 2021;
Fromonot et al., 2021). Moreover, SARS-CoV-2 deploys several mecha-
nisms by using structural and non-structural proteins to antagonize IFN
production and signaling. Zn treatment demonstrated to cause an
elevation in IFN-a production (Cakman et al., 1997; Skalny et al., 2020)
which can be utilized to overcome the IFN antagonism of SARS-CoV-2
proteins (Pal et al., 2021). The mTOR pathway is regulated by IFNs
through the course of viral infection as a component of the anti-viral
response. Enhanced mTOR expression levels and diminished p53
expression profiles facilitate the virus replication during the
SARS-CoV-2 infection. Additionally, viruses inactivate the IFN-a
pathway via impairing the IRF-7 mediated activation of IFN-a gene
transcription (Appelberg et al., 2020; Ramaiah, 2020).

mTOR is activated during SARS-CoV-2 infection and replication.
Whereas the key tumor-suppressor p53 protein is impaired by virus-
encoded E3 ubiquitin ligase ring-finger and CHY zinc-finger domain-
containing 1 (RCHY1), thus viral survival is increased in the host cells.
Therefore, mTOR inhibitors and p53 activators suppress the early stages
of viral infection and replication (Ramaiah, 2020). Cellular E3 ubiquitin
ligase RCHY1 is an interacting partner of the viral SARS-unique domain
(SUD) and papain-like protease (PLpro), both causes more intensive and
stronger p53 degradation. So, virus antagonizes the viral inhibitor p53
via stabilizing RCHY1 and promoting RCHY1-mediated p53 degradation
(Ma-Lauer et al., 2016). In fact, Zn fingers coordinate one or more Zn
ions with a combination of cysteine and histidine residues in order to
stabilize the folding. Zinc finger deficiency arrests cells both in the G1
and G2 phases of the cell cycle (Gangwani, 2006). Additionally, the Zn
finger of IKKy, which is a key element of the NF-xB pathway is needed
for NF-xB activation in a cell- and stimulus-specific manner (Shifera,
2010). As mentioned above, the NF-kB proteins regulate the expression
of large number of cytokines and acute phase proteins in COVID-19
patients. Severe COVID-19 patients show increased amounts of soluble
IL-2 receptor alpha (sIL-2Ra)/CD25, which could be released from cell
surfaces due to inflammation-induced enhanced proteolytic cleavage,
leading to lymphopenia. Moreover, particularly significant decrease in
the lymphocyte subsets, a decline in CD4 + and CD8 + T cell counts, in
addition to the suppressed IFN-y production by CD4 + T cells, excluding
B cells are often reported in severe COVID-19 pneumonia (G. Chen et al.,
2020; Quartuccio et al., 2021). Thus, Zn finger family of transcription
factors have critical functions in lymphocyte development, differentia-
tion (Swamynathan, 2010). On the other hand, KLFs are the members of
the Zn finger family of transcription factors. The reduced expression of
KLF2 in COVID-19 patients plays a prominent role in the development of
SARS-CoV-2-induced vascular disease (Maywald and Rink, 2017; Swa-
mynathan, 2010; Xu et al., 2021). Endothelial KLF is significantly
decreased in lung autopsy specimens from patients with COVID-19
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pneumonia, presenting the evidence that ARDS due to SARS-CoV-2 is
a vascular phenotype convincingly attributable to KLF downregulation
(D. Wu et al., 2021). Loss of KLF is the predominant molecular incidence
in the development of COVID-19-induced vascular disease. KLF activa-
tion has therapeutic potential in restricting the endothelial dysfunction
in COVID-19 (Xu et al., 2021). Endothelial KLF2 activation is associated
with decreased mortality of patients suffering from COVID-19 (X.-J.
Zhang et al., 2020). Zn most probably protects the patients against
vascular complications via upregulating the FoxP3 and the KLF, while
repressing the CD25 expression (Figure).

Since Zn deficiency induces IL-6 and IL-1p overproduction and
resultant SARS-CoV-2 replication, Zn supplementation reduces inflam-
matory cytokines, particularly IL-6 and IL-1f, and also slightly increases
the type I IFN response (Beck et al., 1997). Conversely, excess Zn inhibits
T cell activity and IL-1f-stimulated IFN-y expression (Wellinghausen
et al., 1997). Moreover, Th1l and Th2 responses are mutually inhibited
by their respective signature cytokines. During Zn deficiency, the
expression of Th1 cell products, IFN-y and IL-2, also decreases, while the
expression of Th2 cells’ products, IL-4, IL-6, and IL-10, remains un-
changed. This kind of imbalance between Thl and Th2 leads to dys-
functions in cell-mediated immune response (Honscheid et al., 2009;
Prasad, 2009). Zn is an essential element in the production of IL-2 and
IFN-y and stimulates the macrophages to synthesize IL-12. IL-12 acti-
vates the NK cells and cytotoxic T cells (Prasad, 2008). Zn deficiency
impairs adaptive immunity by inhibiting the function of B lymphocytes,
CD4-expressing Th cells and CD8-expressing cytotoxic T lymphocytes
(Whitmire et al., 2000). Thus, the cell lysis activity of NK cells decreases,
as well (Tapazoglou et al., 1985).

On the one hand, ACE2 facilitates viral entry of SARS-CoV-2 into
cells (Hoffmann et al., 2020), on the other hand, SARS-CoV-2 S induces
TNF-a converting enzyme (TACE)-dependent dissemination of ACE2
(Haga et al., 2008). In this context, upregulation of both ACE2 and
Zn-metalloprotease, a disintegrin and metalloprotease 17 (ADAM17)
constitute a positive feedback-loop triggered by SARS-CoV-2. Thus,
excessive systemic ACE2 activity results in the worst COVID-19 out-
comes. Zinc-chelating agent, ethylenediaminetetraacetic acid (EDTA)
alone protects from SARS-CoV-2 infection with inhibitory activity on
Zn-metalloproteases, at different levels (Zamai, 2021). Both Zn and
substrate are present in the (ACE2) catalytic site (Towler et al., 2004).
Therefore, chelation of Zn or its replacement by calcium (Ca) ions affects
both ACE2 conformation and ACE2-mediated viral binding/entry
(Fernandez et al., 2011).

The SARS-CoV-2 S glycoprotein RGD (Arg-Gly-Asp) lies in the RBD.
SARS-CoV-2 RGD is a motif that is present in none of the other previ-
ously known SARS-CoVs. The SARS-CoV-2 utilize integrins, that are
highly expressed in vital organs, for invading host cells via RGD.
Availability of a number of phosphorylation sites that regulates Ca%*
signaling, facilitate the virus binding to host cells via integrins in a Ca-
dependent manner (Dakal, 2021; Liu, 2009; Van Agthoven et al.,
2014). Therefore, RGD-integrin mediated virus attachment with the
host cells reduces the level of Ca and other divalent ions (Dakal, 2021). If
the amount of divalent ion is initially lowered, binding of virus-host cells
may be prevented. This also can be accomplished by EDTA (Berridge,
2012). Thus, pulmonary EDTA chelation therapy has been suggested to
counteract SARS-CoV-2 infection by hindering the RGD-integrin medi-
ated virus attachment to host cells (Dakal, 2021). Therefore, human
ACE2 is a Zn metalloprotease and can be inhibited by chelating EDTA
(Vickers et al., 2002). Albumin, as the main transporter/reservoir of Zn
in plasma, is found only at significantly low amounts in SARS-CoV-2
(Coverdale et al., 2019; Ramadori, 2020; Zamai, 2020). Thus, the free
Zn concentration increases, which indicates the bioavailability of func-
tional and toxic forms of plasma Zn%* (Asadzadeh et al., 2018; Briffa
et al., 2020). As the vast majority of Zn in plasma is sequestered by al-
bumin, the total amount of plasma Zn primarily depends on albumin
level. Therefore, yet the smallest alterations in albumin’s capacity for Zn
binding may result in significant consequences. In this context,
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decreased levels of plasma albumin is considered to rise the plasma
concentrations of free Zn, while decreasing the total plasma Zn levels,
which is observed in COVID-19 patients (Dubourg et al., 2021; Fromo-
notetal., 2021). However, it has been reported that an absolute majority
of hospitalized COVID-19 patients are Zn deficient, when 1513
non-COVID-19 patients compared with 139 COVID-19 confirmed cases
(Verschelden et al., 2021). Amidst COVID-19 patients at the time of
hospitalization, individuals with Zn deficiency had higher frequencies of
complications, ARDS, prolonged hospital stay and increased mortality,
compared to those without Zn deficiency (Jothimani et al., 2020). ARDS
develops in 42% of patients suffering from COVID-19 pneumonia, and
61-81% of those require intensive care. The typical ARDS-related
pathological changes are also detected in patients with COVID-19
ARDS, which causes diffuse alveolar damage in the lung. COVID-19
ARDS have worse outcomes than ARDS raised because of other causes.
The hospital mortality from typical ARDS is 40%. For COVID-19 ARDS,
mortality rate is between 26% and 61.5% in patients admitted into
critical care units. Among these who were supported by mechanical
ventilation, the mortality rate can reach to 65.7%-94% (Bellani et al.,
2016; Tian et al., 2020; Wu et al., 2020; Z. Xu et al., 2020). Elevated
plasma free Zn bioavailability as a result of the decreased albumin
concentrations induces Zn entry into cells and probably enhances the
cellular functions dependent on cellular Zn levels like ACE and ACE2
(Zamai, 2020). In fact, enzymatic activity of both enzymes is signifi-
cantly upregulated in ARDS patients. This can be defined by the deter-
mination of the plasma Ang peptide levels (Zamai, 2020). Low serum
albumin on admission in COVID-19 is associated with a higher incidence
of serious outcomes and mortality rate. Increase in the serum albumin
level reduces the mortality of COVID-19 ARDS (M. A. D. Wu et al., 2021;
M.A. Wu et al., 2021).

As mentioned above, SARS-CoV-2 is able to induce the Zn-
carboxypeptidase ACE2 by activating the Zn-metalloprotease
ADAM17, finally leading to systemic increase in ACE2 activity in
COVID-19 patients (Zamai, 2020).

Zn acts as the cofactor of the Cu/Zn-superoxide dismutase (SOD),
that catalyzes the dismutation of superoxide radical into the less detri-
mental molecules O, and HyO,. These ROS are further detoxified by
catalase (CAT) and glutathione peroxidase (GPx). Besides, Zn inhibits
NOXs, leading to the diminished production of ROS (Prasad, 2014).
Since Zn binds to the gap immediate alongside the sulfhydryl group in
the protein, the conformation of the protein changes which leads to the
diminished activity of sulfhydryls (Gibbs et al., 1985). Moreover, Zn
antagonizes redox-active transition metals such as Cu and Fe that
catalyze formation of free radicals, mainly via Fenton reactions. Indeed,
Zn is capable of replacing the Cu and Fe, thus prevents the severe tissue
damage, which raised due to oxidative DNA and protein damage
(Powell, 2000). However, Zn while inhibiting the SARS-CoV-2 main
protease (Mpro), also halts the viral replication (Hussein and Elkhair,
2021; Panchariya et al., 2021). Furthermore, Zn ions efficiently inhibit
the RNA-synthesizing process of the replication and transcription com-
plex of SARS-CoV (Nemeth et al., 2004) . Similarly, by inhibiting RdRps
of SARS-CoV-2, it blocks viral replication without severely affecting host
cellular functions (Pal et al. 2021).

6. Copper-zinc interactions and SARS-CoV-2

Copper is an essential trace dietary mineral and it is found practically
in all living organisms (Grass et al., 2011). Although SARS-CoV-2 on
stainless steel and plastic surfaces is detected for up to 72 h, the United
States National Institutes of Health (NIH) demonstrated that virus can
only survive up to 4 h on Cu surfaces (van Doremalen et al., 2020).
Indeed, the SARS-CoV-2 infectivity from the Cu oxide (CuO) film is
diminished by 99.8% in 30 min and 99.9% in 1 h compared to that from
glass (Hosseini et al., 2021). As an independent predictive parameter,
urinary creatinine-adjusted Cu of > 25.57 pg/g and > 99.32 ug/g are
associated with significantly elevated risk of severe illness and mortality
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in COVID-19, respectively (Zeng et al., 2021). Cu displays antiviral ef-
fect through different mechanisms. Although Cu ions inactivate both
enveloped or non-enveloped, single- or double-stranded DNA or RNA
viruses (Sagripanti et al., 1993), enveloped viruses are more sensitive to
Cu?* related inactivation than the non-enveloped ones (Sagripanti et al.,
1993). Exposure to Cu results in irreversible damage in virus envelope
and surface spikes and demolition of the viral genomes (Warnes et al.,
2015). Copper complexes bind selectively to a specific DNA sequence or
conformation and cause a permanent structural transition or confor-
mational change (Erxleben, 2018). Since, free Cu is toxic, its metal
complexes are of particular importance in biological applications.
Docking studies of Cu complex-SARS-CoV-2 interactions are rare and the
complexes could be used as potential corona virus inhibitors. Since the
docking orientation of Cu (II) complex is inside the active site of pro-
teins, the docking scores calculated by noncovalent three-dimensional
interactions between the ligand and the protein reflect that Cu (II)
complex can interact more efficiently with S and N proteins of
SARS-CoV-2. Indeed, the SARS-CoV-2, N protein C-terminal domain is
capable of binding to single-stranded RNA, single-stranded DNA as well
as double-stranded DNA. Therefore, N protein C-terminal domain
(N-CTD) may be a target with two active binding sites (monomer and
dimer) that take part in the specific RNA binding and stability (Viola
etal., 2022; R. Zhou et al., 2020). However, RNA synthesis steps are also
affected by Cu via RNA polymerase inhibition (Novello and Stirpe,
1969). This inhibitory effect is 60% more compared to other metals
(Novello and Stirpe, 1969). Viral infection results in exaggerated ROS
generation. Thereby, oxidant-susceptible pathways, p38 MAPKs and
NF-kB, are stimulated via these reactive species for the regulation of
virus replication and the proinflammatory response (Morgan and Liu,
2011). Under normal metabolic conditions, Cu is the other cofactor of
Zn/Cu SOD that removes ROS, a byproduct of inflammation (Rani et al.,
2021). Nuclear factor erythroid 2p45-related factor 2 (Nrf2)/antiox-
idant response element or a redox-sensitive transcription factor, acti-
vates the transcription of Cu-dependent SOD in response to
virus-induced oxidative stress. This activation further leads to the
disruption of the induction of the MAPK- and NF-kB related signaling
pathways, thus protects the cells against oxidative damage (Lee, 2018;
Lin et al., 2016; Rani et al., 2021). Preclinical studies demonstrated that
SARS-CoV-2 may cause severe inflammation and organ damages by both
directly upregulating p38 MAPK activity and downregulating a key p38
MAPK shut off mechanism by reducing ACE2 activity. Furthermore, it is
thought that p38 MAPK activation simultaneously supports the
SARS-CoV-2 viral life cycle (Grimes and Grimes, 2020). Indeed,
SARS-CoV-2-induced p38 MAPK activation has been found to facilitate
viral replication (Cheng et al., 2020).

In COVID-19 patients, the disruption of Cu ion homeostasis leads to
an uncontrolled production of ROS and reactive nitrogen species (RNS).
Generation of the ROS and RNS cause lipid peroxidation of cell mem-
brane, DNA damage and protein modifications (Valko et al., 2016). DNA
oxidation by Cu ions is enhanced by hydrogen peroxide, thereby,
ROS-mediated base modifications and breakage of the phosphodiester
backbone in DNA occur. Since SARS-CoV-2 N protein is an indispensable
factor in numerous stages of the viral life cycle, it represents a critical
drug target. Functions of N protein consist of, folded N-terminal
domain/CTD (NTD/CTD) depend on the capacity in binding various
viral/host-cell RNA/DNA of diverse sequences (Dang and Song, 2022).
In general, considering oxidative stress, Cu mediated inactivation of
DNA viruses may be a comparable example for SARS-CoV-2. Indeed,
studies of molecular dynamics on main protease SARS-CoV-2 (6M03)
and S glycoprotein chain A SARS-CoV-2 (6ZGG) demonstrated that Cu
nanoparticles embedded in the active site of SARS-CoV-2 S glycoprotein
have potent inactivation capacity. As SARS-CoV-2 protease and S
glycoprotein inhibitor, Cu nanoparticles could block the key enzyme
that helps viruses replicate (Aallaei et al., 2022). However, there is a
potential advantage of Cu-mediated viral killing; the host cell can repair
broad spectrum of molecular damage much rapidly for itself than for the
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virus (Sagripanti et al., 1997). Two hypotheses are valid considering the
inhibition of virus replication; either Cu binding to histidines can unfold
the Mpro or the protease could be disabled by Cu-sulfur bonding. Thus,
viral replication is interrupted (Garza-Lopez et al., 2020).

Cu is involved in the function and maintenance of Th cells, B cells,
neutrophils, NK cells and macrophages. Thus, host immune function
might have a positive impact from the dietary or therapeutic Cu sup-
plementations and the severe viral infection can be overcome (Fig. 1).
Therefore, supplementation of Cu and correction of mineral deficits may
have useful outcomes for COVID-19 patients (Raha et al., 2020). Cu
supplementation restores the secretion and activity of IL-2 in
Cu-deficient state. Elevated production of IL-2 is crucial for Th cell
proliferation and NK cell cytotoxicity (Hopkins and Failla, 1997).

In addition to Zn/Cu SOD, several Cu-containing enzymes, lysyl
oxidase, dopamine-f-hydroxylase, tyrosinase, cytochrome c-oxidase,
and particularly ceruloplasmin, are responsible for the regulation of
vital cellular functions (Rani et al., 2021). Among these, it acts as a
cofactor for ceruloplasmin, which is a key component of Fe metabolism
(Bost et al., 2016). Ceruloplasmin is a Cu-containing glycoprotein pro-
duced in the liver and binds about 95% of the Cu in serum. This
glycoprotein displays ferroxidase activity and catalyzes the conversion
of ferrous to ferric Fe which is then transferred to transferrin (Iakovidis
et al., 2011). Elevated IL-6 levels result in increased levels of cerulo-
plasmin, the major Cu-carrying protein in the blood (Di Bella et al.,
2017). Considering that increased IL-6-driven ferritin levels are indica-
tor of a strong inflammatory reaction in COVID-19, Cu ion chelation
affects the Fe metabolism at mRNA levels and thereby SARS-CoV-2
related inflammation.

A successful inactivation of virus is achieved with the synergistic
action of Cu ion attack, and free Cu ions induce oxidative damage
through the generation of ROS/RNS. Viral cellular membranes, nucleic
acids, and mitochondria are damaged by Cu-induced oxidative stress
(Gaetke and Chow, 2003). In addition to the inhibition of p38 MAPK
activation as a cofactor of SOD, Cu ion binds to the strands of genome
(Noyce et al., 2007). Pvsn et al. demonstrated that in a total of 150 in-
dividuals who were diagnosed with COVID-19, the serum Cu/Zn of
patients provides reliable information about the COVID-19 course and
survival. Therefore, it is emphasized that quantifying the serum Cu and
Zn together with their ratio calculation can be used as routine in-
vestigations in COVID-19 patients for profoundly identifying and man-
aging the severe cases of COVID-19 (Pvsn et al., 2022). Systemic
inflammation and infections induce decrease of serum Zn level during
the acute phase response like COVID-19 (Stafford et al., 2013; Ver-
schelden et al., 2021). Moreover, acute infections result in an elevated
level of serum Cu concentration. Both responses consequently give rise
to an elevated serum Cu/Zn. Increment of Cu/Zn, particularly high
serum Cu levels are correlated with augmented risk of infections (Laine
et al., 2020). Thus, Cu exposure inactivates the viral genomes of
SARS-CoV-2 and exhibits irreversible effects on virus morphology,
including envelope disintegration and S protein dispersal. Despite this,
the SARS-CoV-2 virus can remain active on Cu surfaces for up to 4 h
(Govind et al., 2021). The behavior of the Cu complexes used for inac-
tivation of the viral genome is controlled by their organic ligands
(Iakovidis et al., 2011). Also, when individuals who consume Zn sup-
plements on regular basis are infected with SARS-CoV-2, a severe Cu
deficiency is likely to occur. Since, ingesting a high Cu dose is toxic,
preventing cytotoxic doses of exogenous Zn intake is important in
maintaining the systemic homeostasis of Cu. On the other hand, Cu and
Zn can use different routes to evade viral infections. Despite, virus
replication and viral genomic RNA packaging dynamics comprising of N
proteins and their orthologs require adequate amounts of Zn, excess Cu
are unfavorable of virus morphology and infectivity (Monette and
Mouland, 2020). Since metal ions control and maintain the structure and
functions of viruses (Fernandez et al., 2011), modulations in cellular
Cu/Zn eventually influence the viral protein conformations and in-
teractions (Monette and Mouland, 2020). Imbalances in plasma Cu/Zn
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represent a common clinical assessment for Zn?" deficiencies associated
with a wide variety of disorders. In the early stage of disease, high Cu?*
levels may disrupt virus capsid integrity which leads to the premature
viral RNA exposure and its subsequent degradation. In late stages of
virus replication, high Cu* levels may interfere with the biogenesis of
Zn?*-mediated viral biomolecular condensates. Cellular metalloproteins
and metal-ion carrier proteins during the destruction of the viruses may
further cause altered Cu/Zn and the simultaneously promote
Cu?*-associated protein aggregates (Monette and Mouland, 2020).

7. Impact of selenium in COVID-19

Selenium is an essential trace element for mammalian redox balance,
and the human genome contains at least 25 genes that encode seleno-
proteins. Selenocysteine is localized in the catalytic centers of many
selenoproteins that counteract SARS-CoV-2 infection (Fairweather-Tait
et al., 2011; Zhang et al., 2020a). Thus, an association between the rate
of recovery of SARS-CoV-2-infected patients and Se status has been re-
ported in humans receiving adequate or insufficient Se (Zhang et al.,
2020b). Moghaddam et al. showed that Se concentrations were signifi-
cantly higher in surviving COVID-19 cases compared to the
non-survivors. The Se levels were 23.5% higher in samples from sur-
viving COVID-19 patients as compared with non-survivors. Se level re-
covers with time in survivors, while in non-survivors it remains low or
even significantly declined (Moghaddam et al., 2020). It is well known
that significantly increased circulating ferritin and IL-6 are critical
predictors for mortality in COVID-19 patients (Ruan et al., 2020). Thus,
IL-6 levels are remarkably higher in patients with severe COVID-19 than
in those with mild disease (Wan et al., 2020). Therefore, treatment plans
should be made considering the positive correlation between the
severity of the disease and IL-6 levels (Conti et al., 2020). In SARS-CoV-2
infected patients decreased selenoprotein synthesis is associated with
the increase of IL-6 concentrations (Han et al., 2020). Indeed,
SARS-CoV-2 suppresses mRNA expression of selenoproteins while
increasing gene expression of IL-6 (Wang et al., 2021). Furthermore,
presence of excessive ROS cause the release of Fe from the storage in
ferritin, especially under the conditions of stressful stimulation (Ismail,
2019; Sturm et al., 2006). Ebselen, a synthetic Se compound that mimics
GPx, is a potent inhibitor of the SARS-CoV-2 major protease. It has direct
antiviral activity on the SARS-CoV-2 because of its reactive
thiol-mediated and peroxiredoxin-like inhibitory effects. Therefore, it is
thought that ebselen will have a beneficial effect in inflammatory ARDS
occurring in COVID-19 patients (Sies and Parnham, 2020). In these
patients, treatment with ebselen not only restores the disturbances in Fe
homeostasis but also alleviates the resultant cytotoxicity, thus it could
be helpful in the treatment of hyperinflammation due to SARS-CoV-2
infection (Mehta et al., 2020).

The transcription of the genomic RNA in the cell results in the pro-
duction of a polypeptide which is proteolytically cleaved by the MPro.
MPro is recognized as 3CLPro or chymotrypsin-like protease. At 11
different sites, this enzyme is programmed to synthesize proteins that
are essential for the replication of the virus (Boopathi et al., 2020; X.-J.
Zhang et al., 2020; L. Zhang et al., 2020). Thus, the suppression of the
SARS-CoV-2 MPro is required for the blockage of the viral replication
(Das et al., 2021). It is proposed that SARS-CoV-2 targets GSH biosyn-
thesis as well as selenoprotein thioredoxin reductase 1 and GPx1. In
infected cells, deficiency of these crucial antioxidant molecules con-
tributes to the augmentation of the oxidative stress. Indeed, GPx is a
substrate of the Mpro, main cysteine protease of SARS-CoV-2, thereby
MPro interacts with the essential seleno-enzyme, GPx-1 (Fig. 1). Prote-
olysis of GPx-1 increases ROS and NF-kB activation. Since NF-kB acti-
vates numerous pro-inflammatory cytokines, this mechanism seems to
contribute to both enhancing virion production and cytokine storm in
COVID-19 (Taylor and Radding, 2020). As stated above, the increased
production of ROS in host cells by viral infection leads to oxidative
stress, if not balanced by antioxidant defense mechanisms. Excessive
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oxidative stress leads to the occurrence of mutation on the viral genome
which in turn promote the emergence of more virulent strains. There-
fore, the interaction between the GPx-1 detoxifying system and the MPro
of SARS-CoV-2 is thought to be a novel molecular target, which have
antiviral properties against COVID-19 (Seale et al., 2020). In this
context, ebselen suppresses the life cycle of SARS-CoV-2 by inhibiting
Mpro activity of SARS-CoV-2 (Jin et al., 2020). Similar to SARS-CoV-2
Mpro, the PLpro of SARS-CoV-2 is a cysteine protease, as well and this
enzyme has a key role in virus replication. SARS-CoV-2 antagonizes the
antiviral innate immune response of patients by using PLpro. Ebselen
significantly inhibits the PLpro of SARS-CoV-2 via covalent binding with
the sulfhydryl group of the Cys112 in the catalytic triad of the protease
(Weglarz-Tomczak et al., 2020). The redox-active Se compounds reduce
the replication, transcription, and life cycle of SARS-CoV-2 by reacting
with HS-Cys145-Mpro. This should be noted as an important therapeutic
target (Zhang et al., 2020a).

Se deficiency significantly increases the susceptibility to lung pa-
thology that is the consequence of the overexpression of pro-
inflammatory cytokines (Beck et al., 2001). Supplementing the pa-
tients who has suboptimal plasma Se levels (Se<100 pg/L), with
100-200 g Se/day, with or without cofactors would help them to attain
the rapid saturation of selenoproteins. This approach would be a bene-
ficial adjuvant treatment to prevent the aggressive progression of the
severe SARS-CoV-2 infection (Alexander et al., 2020). In this respect, Se
treatment has been demonstrated to up-regulate the expression of genes
for IFNs (IFN-a, IFN-B, and IFN-y) (Shojadoost et al., 2019). As a
Se-dependent antioxidant, the optimal function of the GPxs also depends
upon adequate intracellular concentrations of the cofactor GSH.
COVID-19 patients with low GSH and selenoprotein levels are more
vulnerable to the harmful effects of virus-induced proteolysis (Taylor
and Radding, 2020).

Pneumonia with bilateral interstitial infiltrates giving rise to the
serious alterations in ventilation-perfusion ratio and severe ARDS result
in severe hypoxemia in COVID-19 (Lazzeri et al., 2020). Vascular
endothelial growth factor (VEGF) is transcriptionally upregulated by
HIF-1a and accumulates during the hypoxic conditions. Accordingly,
hypoxia and HIF-la stabilization may initiate or enhance cytokine
storm. Thereby, endothelial cells contribute to the initiation and prop-
agation of severe COVID-19 (Teuwen et al., 2020). Lately, it was
exhibited that SARS-CoV-2 induces endotheliitis as a consequence of
direct infection of endothelial cells in various organs. The invasion of the
endothelial cells by SARS-CoV-2 and the resultant occurrence of the viral
components inside the cell, as well as the accumulation of inflammatory
cells are indicator of endotheliitis and endothelial dysfunction in
COVID-19 (Ackermann et al., 2020; Varga et al., 2020). Given that
optimal function of GPxs also depends on sufficient intracellular con-
centrations of the cofactor GSH, administration of GSH has been
demonstrated to relieve hypoxia associated with COVID-19 pneumonia
(Horowitz et al., 2020). Selenoenzymes such as GPx and thioredoxin
reductases (TrxR) have vital importance in the endothelial cell function
(Brigelius-Flohé et al., 2003). The destructive effects of the oxidative
stress can be diminished by selenite in human endothelial cells via the
TrxR and GPx of stimulation (Lewin et al., 2002; Miller et al., 2001).
Besides, ebselen hinders the augmentation in transendothelial electrical
resistance and IL-6 release induced in human endothelial cells in the
conditions of extended hypoxia (Ali et al., 1999). Optimizing Se status
relieves overactive inflammatory response in severe SARS-CoV-2 infec-
tion. Another cofactor of selenoenzymes appears to be coenzyme Q10
(CoQ10). CoQ10 supplements can exert an anti-inflammatory effect
even when given alone (Alehagen et al., 2016; Zhai et al.,, 2017).
However, SARS-CoV-2 induced excess oxidative stress causes mutation
in either one or more of the nine CoQ10 genes, eventuating primary
CoQ10 deficiency (Gvozdjakova et al., 2020). Thus, initiation of the use
of adequate supplementation of Se and its co-factors is recommended in
high-risk regions and/or as early as possible after the time of suspected
infection with SARS-CoV-2 (Alexander et al., 2020). Considering the
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stated available proofs, both selenoproteins and redox-active Se species
in the Se metabolic pool employ to alleviate virus-triggered oxidative
stress, excessive inflammatory response, and immune system dysfunc-
tion, thus may improve the consequences of SARS-CoV-2 infection.

8. Conclusion

Many inflammatory and metabolic changes that occur in the defense
mechanism of the host are effective for the continuation of the pandemic
by facilitating the replication and entry of the virus into the cells. The
antiviral activity of trace elements such as Fe, Zn, Cu and Se, is attrib-
uted to their inhibitory effect on viral entry, replication and on the life
cycle of SARS-CoV-2. These while regulating the host immune re-
sponses, also modify the viral genome due to their dual functions. This
process contributes significantly to the COVID-19 pandemic, thereby the
prevention of severe SARS-CoV-2 infection seems at least partly depend
on critical balances between the deficiency and oversupply of these trace
metals.
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