S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



NUTRITION RESEARCH 92 (2021) 109-128

=
Available online at www.sciencedirect.com
ScienceDirect
journal homepage: www.elsevier.com/locate/NTR
Review Article
Potential molecular mechanisms of zinc- and |

copper-mediated antiviral activity on COVID-19 e

Isha Rani®, Anmol Goyal®, Mini Bhatnagar®', Sunita Manhas®, Parul Goel*’,
Amit Pal%!, Rajendra Prasad “*

2 Department of Biochemistry, M.M. Institute of Medical Sciences and Research (MMIMSR), Maharishi Markandeshwar University (MMU),
Mullana, Ambala, Haryana, India

b Department of Community Medicine, Gian Sagar Medical College and Hospital, Banur, Patiala, Punjab, India

¢Department of General Medicine, M.M. Institute of Medical Sciences and Research (MMIMSR), Maharishi Markandeshwar University
(MMU), Mullana, Ambala, Haryana, India

d Department of Biochemistry, AIIMS Kalyani, West Bengal, India

ARTICLE INFO ABSTRACT

Article history: Novel coronavirus disease 2019 (COVID-19) has spread across the globe; and surprisingly, no
Received 8 September 2020 potentially protective or therapeutic antiviral molecules are available to treat severe acute
Revised 5 May 2021 respiratory syndrome coronavirus-2 (SARS-CoV-2) infection. However, zinc (Zn) and copper
Accepted 28 May 2021 (Cu) have been shown to exert protective effects due to their antioxidant, anti-inflammatory,

and antiviral properties. Therefore, it is hypothesized that supplementation with Zn and Cu
alone or as an adjuvant may be beneficial with promising efficacy and a favorable safety

Keywords: profile to mitigate symptoms, as well as halt progression of the severe form of SARS-CoV-
Zinc (Zn) 2 infection. The objective of this review is to discuss the proposed underlying molecular
Copper (Cu) mechanisms and their implications for combating SARS-CoV-2 infection in response to Zn
Severe acute respiratory syndrome and Cu administration. Several clinical trials have also included the use of Zn as an adju-
coronavirus 2 (SARS-CoV-2) vant therapy with dietary regimens/antiviral drugs against COVID-19 infection. Overall, this
Coronavirus disease 2019 review summarizes that nutritional intervention with Zn and Cu may offer an alternative
(COVID-19) treatment strategy by eliciting their virucidal effects through several fundamental molec-
Gastrointestinal system ular cascades, such as, modulation of immune responses, redox signaling, autophagy, and
Trace elements obstruction of viral entry and genome replication during SARS-CoV-2 infection.

© 2021 Elsevier Inc. All rights reserved.

Abbreviations: ACE2, angiotensin-converting enzyme-2; ARDS, acute respiratory distress syndrome; ATOX1, human antioxidant protein
1; ATP7A, copper-ATPase; Bax, bcl-2-like protein 4; Bcl-2, B-cell lymphoma 2; CCS, copper chaperone for superoxide dismutase; CTR1,
copper transporter protein; Cu, copper; IFN, interferons; IL, interleukin; MRE, metal-responsive element; MT, metallothionein; MTF-1,
metal-responsive transcription factor-1; NAD, dependent deacetylase sirtuin-1; NF-«B, nuclear factor-«B; NK cells, natural killer cells; Nrf
2, nuclear erythroid factor 2; RARP, RNA dependent RNA polymerase; ROS, reactive oxygen species; SARS-CoV-2, severe acute respiratory
syndrome coronavirus-2; SIRT1, NAD-dependent deacetylase sirtuin-1; SOD, superoxide dismutase; Th, T helper cell; ZIP, Zrt-/Irt-like
protein; Zn, zinc; ZnT, zinc transporter; Zo-1, zonula occludens-1.
* Corresponding author at: Department of Biochemistry, M.M. Institute of Medical Sciences and Research (MMIMSR), Maharishi Markan-
deshwar University (MMU), Mullana, Ambala, Haryana, India. Mobile: +91-9417401134.
E-mail address: fateh1977@yahoo.com (R. Prasad).
! The authors have contributed equally.

https://doi.org/10.1016/j.nutres.2021.05.008
0271-5317/© 2021 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/j.nutres.2021.05.008
http://www.sciencedirect.com/science/journal/99999994
http://www.elsevier.com/locate/NTR
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nutres.2021.05.008&domain=pdf
mailto:fateh1977@yahoo.com
https://doi.org/10.1016/j.nutres.2021.05.008

110 NUTRITION RESEARCH 92 (2021) 109-128

1. Introduction

The outbreak of coronavirus disease 2019 (COVID-19), a
newly emerged respiratory disease caused by a novel coro-
navirus, officially named severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), has been declared a global pan-
demic public health emergency of international concern
(PHEIC) by the World Health Organization (WHO). Accord-
ing to the WHO COVID-19 disease dashboard (available at
https://covid19.who.int/), there have been 110,609,979 con-
firmed cases of COVID-19, including 2,452,510 deaths globally
through February 21, 2021. SARS-CoV-2 can activate both in-
nate and adaptive immune responses. The transition phase
between innate and adaptive immune responses manifests
the clinical progression of COVID-19 infection either by aggra-
vated inflammation or a defensive immune response. Subse-
quently, an exaggerated inflammatory response results in the
activation of downstream transcription factors, including nu-
clear factor-«B (NF-«B), which induces other innate response
cells, such as polymorphonuclear leukocytes, monocytes, nat-
ural killer (NK) cells, and dendritic cells (DCs), for massive sys-
temic production of proinflammatory cytokines, also known
as a cytokine storm [1-3][1-3]. This cytokine storm is clini-
cally evident by acute respiratory distress syndrome (ARDS)
and other systemic effects [4,5][4,5].

Indeed, therapeutic strategies against SARS-CoV-2 are
mostly focused on its immunopathology and/or tailored to di-
rectly control viral replication by using off-label or conven-
tional pharmacological therapies. Generally, people with an
enfeebled immune system are at higher risk of infectious dis-
ease, and COVID-19 is no exception. Therefore, it is critical to
strengthen the body’s immune response to combat COVID-
19 disease. On the basis of the available literature, it is clear
that maintaining optimum levels of Zn and Cu may stimu-
late both innate and adaptive immune systems in the course
of a viral infection (readers are referred to seminal review ar-
ticles for details)[6,7] [6,]. Furthermore, both Zn and Cu may
be promising pharmaceutical prophylactic modalities against
COVID-19 infection due to their potent antiviral and antiox-
idant properties. It has been suggested that these essential
metal ions might target numerous mechanistic pathways to
battle against SARS-CoV-2 infection. Therefore, this review is
mainly focused on the potential underlying molecular mech-
anisms used by Zn and Cu to counteract the COVID-19 pan-
demic. We have also highlighted the globally ongoing clinical
trials of Zn interventions as an adjunct therapy in the treat-
ment of COVID-19 disease.

2. Implication of SARS-COV-2 infection in
enterocytes

SARS-CoV-2 infection not only clinically manifests with respi-
ratory symptoms but also exhibits gastrointestinal (GI) com-
plications[8] [8]. The cellular entry of SARS-CoV-2 is mediated
by membrane bound angiotensin-converting enzyme 2 (ACE)
receptors and host transmembrane serine protease 2 (TM-
PRSS2), which are highly expressed on GI epithelial cells com-
pared to lung alveolar cells[9,10] [9,10]. The molecular patho-
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Fig. 1 - Implications of SARS-CoV-2 virus in intestinal cells.
(a) Normal enterocyte: Zn and CGu homeostasis in healthy
enterocytes is maintained through their respective
transporters such as ZIP4, ZnT1, CTR1, and ATP7A. (b)
SARS-CoV-2 infected enterocyte: SARS-CoV-2 infection can
cause subsequent damage of intestinal enterocytes with
malabsorptions of micronutrients including Zn and Cu
which further aggravate viral toxicity.

genesis of the vulnerability of the digestive system to SARS-
CoV-2 is driven by direct cytotoxic consequences, which in-
cludes an increase in the permeability of the virus at the lu-
men apical membrane, resulting in enteric symptoms such
as diarrhea, followed by invaded enterocyte damage, malab-
sorptions, or distressed intestinal secretion (Fig. 1)[11] [11].
A pooled analysis showed that the overall diarrhea rate was
10.4% in patients with SARS-CoV-2 infection [12][12]. Diarrhea
is characterized by directloss of the villus as well as inflamma-
tion at the intestinal mucosa. The nutritional consequences
of diarrhea cause malabsorptions of nutrients, which are fur-
ther worsened by viral infection (Fig. 1). For instance, Zn and
Cu are known to be depleted due to malabsorptions, diarrheal
episodes, pathogen translocations, and celiac disease caused
by atrophic changes in intestinal epithelial cells due to com-
promised GI epithelial barrier function [13-16][13-16]. Remark-
ably, Zn and Cu supplementation is known to improve the du-
ration and frequency of diarrhea as well as celiac disease. It
therefore leads to the recovery of the absorption of water, nu-
trients, and electrolytes from the mucosa to the intestinal ep-
ithelium, which eventually causes quicker regeneration of the
intestinal epithelium [14-16][14-16]. Furthermore, marginal or
severe Zn and Cu deficiency may be attributable to several
acquired factors, such as geographical, socioeconomic, nutri-
tional, or certain pathological conditions, such as chronic viral
infections, and may be inherited [17][17]. Thus, it is critical to
maintain the balance between the absorption and excretion
of these metals, which is regulated by transporter proteins in
intestinal epithelial cells, such as Zrt-/Irt-like protein (ZIP4),
zinc transporters (ZnT1), copper transporter protein (CTR1)
and copper-ATPase (Cu-ATP7A). ZIP4 causes the import of Zn
ions from the lumen of the intestine into enterocytes, whereas
ZnT-1 exports them through the basolateral side of entero-
cytes into portal blood [18][18]. After transport, some Zn may
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bind to metallothionein (MT) and be transported to peripheral
tissues. On the other hand, copper is absorbed through CTR1
in enterocytes and further transferred to human antioxidant
protein 1 (ATOX1), a copper metallo chaperone protein that de-
livers Cu ions from the cytosol to ATP7A and ATP7B. Similarly,
cytochrome c oxidase (COX) and copper chaperone for super-
oxide dismutase (CCS) distribute Cu ions to cytochrome C ox-
idase and superoxide dismutase (SOD), respectively [19][19].
MT binds excess cytosolic copper, thereby conferring protec-
tion against Cu toxicity [20][20].

Any disruption in cellular homeostasis of Zn and Cu is as-
sociated with pathological disorders, including susceptibility
to infections. Therefore, we speculate that any dietary or ther-
apeutic modulation of Zn and Cu at their optimal concen-
trations will not only replenish the stores of enterocytes to
mitigate gastrointestinal symptoms exacerbated by COVID-19
infection but will also make the immune system competent
enough to curtail viral replication.

3. The molecular basis of zinc (Zn) in
biological systems

Data gleaned from animal and clinical studies have high-
lighted the prominent roles of Zn in various biological pro-
cesses as a cofactor, signaling molecule, and structural ele-
ment. Zn, an essential trace element, is a constituent of more
than 300 metalloenzymes that participate in several cellu-
lar and metabolic processes, such as cell proliferation, dif-
ferentiation, stabilization of cell membranes, redox signaling,
apoptosis, RNA/DNA synthesis, and metabolism of micro- and
macronutrients [21][21]. It acts as a cofactor for an antioxidant
enzyme (Zn/Cu SOD) that is responsible for the removal of re-
active oxygen species (ROS), a byproduct of inflammation. Zn
also inhibits the activity of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, which actively communicates
during host defense responses to viral infections. Likewise, Zn
induces the production of cysteine-rich MTs, which are excel-
lent scavengers of hydroxyl (‘OH) radicals [22][22]. The essen-
tial role of Zn has also been reported for the development and
integrity of both innate and adaptive immune systems at mul-
tiple molecular, cellular, and systemic levels [23][23] (Fig. 2).
Zn acts as a central regulator of all immunological mediators
by controlling their basic cellular functions, including DNA
replication, RNA transcription, cell division, and cell activa-
tion. In short, Zn is involved in the development and function
of cells regulating innate immunity, such as neutrophils, NK
cells, and macrophages, which are important as the first line
of defense against infections. Zn stimulates macrophages to
produce interleukin (IL)-12, which further sensitizes NK cells
and T cytotoxic cells. It also fosters the viral killing activity of
NK cells by upregulating perforin expression and IL-2 levels.
An in vivo study observed that Zn deficiency impairs NK cell
activity, cytokine production, generation of oxidative bursts,
and phagocytosis of macrophages and neutrophils. In addi-
tion, insufficient levels of Zn can accelerate the production of
proinflammatory cytokines, including IL-18, IL-6, and tumor
necrosis factor (TNF)-«, by subsequently activating canonical
NF-«B signaling, a precursor for the pathogenesis of inflam-
matory diseases, such as ARDS and sepsis syndrome. Zn has

been demonstrated to affect the activity of thymulin, a thymic
hormone required for the differentiation of immature T cells
in the thymus, as well as the functions of mature periph-
eral T cells, including cytotoxicity and IL-2 production. The
association of immune integrity with Zn status is clearly ev-
ident from observing the effects mediated by Zn deficiency,
including lymphopenia, thymic atrophy, and impaired cell-
and antibody-mediated immune responses, which occur due
to high losses of precursor T and B cells in the bone marrow
by activation of the apoptotic cascade. Thus, low levels of Zn
affect adaptive immunity by inhibiting the effects of B lym-
phocytes and immature and mature T cells (CD4-expressing
Th cells and CD8-expressing cytotoxic T lymphocytes). Zn de-
ficiency causes a reduction in the number of CD8/CD73 coex-
pressing T cells required for antigen recognition, proliferation,
and cytolytic processes [23][23]. Alternatively, impairment in
the polarization of mature Th cells can cause an imbalance
between Th1l and Th2 cells and thereby lead to unbalanced
cell-mediated immune responses. Zn deficiency also indicates
decreased interferon (IFN)-y production, a major component
of the Th1 cytokine panel that exacerbates the incidence of in-
fections [24,25][24,25]. Moreover, Zn exhibits antioxidant prop-
erties and maintains membrane architecture at the cytoskele-
tal level. Zn-mediated membrane stabilization may be related
to phagocytic depression, consumption of oxygen, and bac-
tericidal activity in phagocytic cells [26][26]. Remarkably, it is
also animportant constituent of nutritional immunity [25][25].
Importantly, older people, infants, and chronic alcoholics are
particularly susceptible to Zn deficiency, thereby increasing
their chances of acquiring life-complicating viral infections
[27][27].

3.1.  Antiviral role of Zn

Zn is known to exhibit a variety of direct and indirect antivi-
ral properties. Previous literature has demonstrated that Zn
homeostasis is interconnected with the emergence of infec-
tions related to coronaviridae [28][28], picornavirus [29][29],
papilloma virus [30][30], rhinovirus [31][31], herpes simplex
virus [32][32], varicella-zoster virus [33][33], respiratory syncy-
tial virus (RSV) [34][34], human immunodeficiency virus (HIV)
[35][35], and hepatitis C virus (HCV) [36][36]. Interestingly, Zn
displays antiviral properties by a number of physical pro-
cesses, including virus attachment, penetration, infection, un-
coating, and replication [37][37].

Zn regulates numerous biological processes, such as the
activity and expression of various cellular enzymes and tran-
scription factors. In addition, Zn is probably an important co-
factor for numerous viral proteins as well. Zn facilitates pro-
teolytic processing of viral polyproteins by misfolding, which
alters the architecture of the virus and its protease activity,
as observed in the picorna and polioviruses [29,38,39][29, 38,
39]. Moreover, Zn may potentially inhibit direct membrane
fusion of the semliki forest virus by binding to a particular
histidine residue present on the viral protein E1 at low en-
dosomal pH [40][40]. An in vitro study clearly demonstrated
that Zn can directly inactivate the free varicella-zoster virus
[33][33]. Zn salts facilitate viral destruction by abolishing vi-
ral entry, polyprotein processing, or viral RNA-dependent RNA
polymerase (RARP) activity in a number of other viruses, in-
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Fig. 2 - Zinc-mediated immunomodulatory responses during viral infection. Zn modulates both innate and adaptive
response systems by regulating functional aspects of their immune cells such as macrophages, neutrophils, NK cells, T and
B cells which eventually favors the establishment of antiviral states to perturb viral infection.

cluding SARS-CoV [28][28], rhinovirus [31][31], HSV [32][32],
HIV [35][35], and vaccinia virus [41][41]. Both Zn-sulfate and
Zn-acetate (10 uM) have been reported to hinder approxi-
mately 50% of viral sense and antisense RNA levels, thus ham-
pering viral replication in Huh7 cells transfected with the in
vitro-synthesized capped genomic RNA of the hepatitis E virus
(HEV) [42][42]. Zn acts as a membrane stabilizer that may di-
rectly prevent the entry of the virus into the cell [43][43]. Over-
expression of MTs and Zn-binding proteins involved in the
storage and transfer of Zn inhibited the replication of fla-
viviruses and alphaviruses. These effects of MTs can be ex-
plained by the fact that they may sequester Zn from viral MTs
directly or indirectly, promoting antiviral signaling by acting
as Zn chaperones [37][37]. The administration of Zn also ame-
liorates oxidative stress induced by the RSV and influenza
virus by triggering MTs to release Zn into the cytoplasm,
which maintains the cellular redox state [44]|[44]. Boudreault
et al. demonstrated that dietary Zn deficiency can also ag-
gravate ventilator-induced lung injury in a murine model. A
significant reduction in the levels of plasma Zn levels in pa-
tients with ARDS is suggestive of the remedial role of Zn for
lung-protective interventions in patients requiring mechani-
cal ventilation [45][45].

3.2.  The underlying molecular mechanism of
Zn-mediated antiviral activity against COVID-19 infection

There is scant information available on the role and effect of
Zn in COVID-19 disease. Much of the current knowledge about
the use of Zn as an immunomodulatory agent and antiviral
therapy has originated from studies performed with other vi-
ral diseases [37][37]. Based on these studies, the probable role
of Zn in the modulation of immune responses and other sig-
naling processes during COVID-19 infection is explained in
Figs. 2 and 3.

An imbalance in the immune response is one of the im-
portant hallmarks of COVID-19 infection. The cellular entry of
SARS-CoV-2 activates NF-«B, a main stimulator of proinflam-
matory cytokines also known as a cytokine storm, that is re-
sponsible for the progression of ARDS [2,3][2, 3]. Zn exerts anti-
inflammatory activity by subsequently suppressing inhibitory
kappa kinase (Ikk) activity and NF-«B signaling, which may ul-
timately downregulate the production of proinflammatory cy-
tokines [46,47][46,47]. Moreover, inhibition of NF-<B may en-
hance IFN-mediated antiviral effects. Thus, therapeutic ad-
ministration of Zn could be highly beneficial for attenuating
a cytokine storm mediated by COVID-19 infection.



NUTRITION RESEARCH 92 (2021) 109-128

113

ACE2
@\, s mh,b,,s scez, ”‘59"2 @ o . ——! Inhibition
disturb v; e —= o 3} : Cilliary architecture Activation
maintains 2 -
Tight = Respiratory
pnctons o, | 4 I Jeie s QL & T
,C|aUdln' & Ribosome
390 st SARS-CoV-2
S 7 entry activates w
M NF-xB and RNA genome (+ sense)
cytokine storm = RdRP
IFNs Inhibitio,,
.‘fffvare: ’FN
o L Inhibition of RNA replication
A @
o
F2% g A
§ 2 \.~_RNA genome
& -
NG \ ) (- sense)
3 AN :
8 > Genomic and
. M subgenomic
Cytokine storm RNA (+ sense)
(TNFaq, IL-1B, IL-6) Translation of viral Wiy
structural proteins r;'\' g

l

© ~m

Induction of MT expression

®

|

Damage to airways, epithelial and endothelial cells

Acute Respiratory Distress Syndrome (ARDS)

Endoplasmic
ticulum (ER)

Formation k %

mature virion
20,

Koy

Fig. 3 - The underlying molecular mechanism of defense against SARS-CoV-2 infection by Zn in the respiratory epithelium.
SARS-CoV-2 binds to ACE2 receptors on the respiratory epithelium and leads to activation of the inducible transcription
factor, NF-«B. Subsequently, it induces the expression of various proinflammatory genes and results in the production of a
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caused by SARS-CoV-2.

Insufficient levels of both type I and type II IFNs were re-
ported in COVID-19 patients. However, Zn may activate the
synthesis of IFN-« and IFN-y by modulating the expression
of MTs and eventually potentiating their antiviral potential.
Mechanistically, augmented intracellular Zn levels activate
metal-responsive transcription factor (MTF1), which binds to
the metal responsive element (MRE) in MT gene promoters to
stimulate their transcription [45,48][45, 48]. MTs are also de-
scribed as interferon stimulated genes (ISGs) that increase the
levels of immunostimulatory cytokines (IFNs) through Janus
kinase/signal transducer and activator of transcription pro-
teins (JAK/STAT) signaling from infected immune cells to in-
duce the expression of hundreds of antiviral genes [49][49].
This outcome can be used to mount the response of IFNs fol-
lowing SARS-CoV-2 infection. In vitro studies revealed that
SARS-CoV-2 replication can be inhibited by IFN-« and IFN-
B at concentrations that are clinically attainable in patients
[50][50].

Neutrophils are considered key players in lung edema and
endothelial and epithelial injury, which are responsible for
ARDS progression. The clinical condition of neutrophilia has
been observed in patients infected with SARS-CoV-2 [51][51].
In vitro administration of Zn gluconate reduces the infiltra-
tion of neutrophils within airways by inhibiting IkB kinase

B (IKKB) and NF-«B-dependent transcription of proinflamma-
tory genes [52,53][52,53].

SARS-CoV-2 infection can impair adaptive cell-mediated
immunity by directly infecting T and B cells, which has ex-
plains the effects of COVID-19 infection on major secondary
lymphoid tissues such as the human spleen and lymph nodes
[54][54]. However, Zn supplementation has improved the clin-
ical conditions of lymphopenia [55][55]. In fact, Zn enhances
the number of T helper cells at both peripheral and thymic
levels by activating antiapoptotic cascades, which is followed
by an augmentation in the B-cell lymphoma 2/bcl-2-like pro-
tein 4 (Bcl-2/Bax) ratio and inhibition of caspases-3, -6, and -9
[56,57][56,57]. Nevertheless, in vivo studies on the role of Zn
in the response to SARS-CoV-2-induced variations in T and B
cells are lacking. The major cause of death in COVID-19 pa-
tients has been associated with vascular complications, in-
cluding development of atherosclerosis, microangiopathic or-
gan failure, and venous thromboembolism [58,59][58,59]. On
the other hand, Zn acts as a platelet agonist and second mes-
senger and thereby can influence thrombocyte aggregation
and coagulation. In fact, a functional association exists be-
tween Zn and ROS production in platelets, which is sugges-
tive of decreased thrombus formation using Zn treatment
[60,61][60,61].
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An increased intracellular concentration of Zn ions in com-
bination with Zn ionophores such as pyrithione has been
reported to serve as an effective inhibitor of various RNA
viruses by blocking the activity of RdRP [28,62][28,62]. RARPs
catalyze the RNA template-dependent formation of phos-
phodiester bonds between ribonucleotides. Several cell-based
studies have also revealed that exposure to zinc in the pres-
ence of its cellular import stimulatory compounds, includ-
ing hinokitol (HK), pyrrolidine dithiocarbamate (PDTC), and
pyrithione, reduces the replication process of RNA viruses
[29,31,34,62,63][29, 31, 34, 62, 63]. An in vitro study verified that
the addition of Zn?* with pyrithione potentially suppresses
the replication of SARS-CoV-1 [28][28]. More specifically, Zn?*
hampers the SARS-CoV-1 RdRP elongation step along with
reduced template binding. Experts have corroborated these
findings by showing reversal of Zn?*-mediated RdRP inhibi-
tion with the addition of a Zn?* chelating agent (MgEDTA)
[31][31]. Similar to other RNA viruses, SARS-CoV-2 genome-
encoded RdARP is essential to the SARS-CoV-2 replication cy-
cle [64-66][64-66]. Thus, RARPs are key targets for antiviral re-
search due to their crucial function in the viral replication cy-
cle; hence, targeting RARP of SARS-CoV-2 may offer an appro-
priate therapeutic tool for antiviral drug development.

Another potential Zn related therapeutic strategy affects
the expression of ACE2 receptors, which are required by SARS-
CoV-2 for entry into target cells [9][9]. ACE2 is a zinc metalloen-
zyme expressed on type 2 pneumocytes and requires Zn for its
activity. Zn is crucial for stabilizing protein architectures and
affecting the affinity between substrate and metalloenzymes.
Thus, Zn homeostasis may influence ACE2 expression, as Zn
dependent activity has been reported for other zincmetalloen-
zymes and recombinant human ACE2 activity [67,68][67, 68].
In fact, Zn decreases the activity of NAD-dependent deacety-
lase sirtuin-1 (SIRT-1), which is essential for controlling ACE2
expression and thereby possibly blocks virus entry [69][69].

Coronavirus infection leads to an impairment in mucocil-
iary clearance with destruction of the ciliated epithelium
[70][70]. In vitro studies have reported that Zn treatment im-
proves ciliary length and beat frequency in the bronchial ep-
ithelium [71,72][71, 72]. Improvement in ciliary clearance will
not only alter the removal of virus particles but also amelio-
rate the risk of bacterial coinfections. This approach may be
beneficial to alleviate abnormal mucociliary clearance medi-
ated by COVID-19 infection.

Any disruption in the integrity of the respiratory tract ep-
ithelium promotes virus entry and leads to its entry into the
bloodstream. The positive effects of Zn on the maintenance of
lung architecture are explained by regulating the expression of
tight junction proteins [such as zonula occludens (ZO)-1 and
Claudin-1], which are responsible for increasing barrier func-
tions [73][73]. Any reduction in barrier functions aggravates
the viral inflammatory response and causes excess leakage
of high molecular weight proteins and water into the airways,
which eventually leads to alveolar edema and ARDS [73][73].In
addition, Zn exposure also perturbs the interaction of lympho-
cyte function-associated antigen 1 (LFA-1)/intercellular adhe-
sion molecule 1 (ICAM-1), which is responsible for triggering
inflammation in the respiratory tract [74][74].

3.3. Implementation of Zn interventions against
COVID-19 infection: a living database of clinical trials

The database of clinical trials on Zn interventions in COVID-
19 infection is given in Table 1 and has been studied to under-
stand the benefits and problems of distinct therapeutic regi-
mens. As of February 21, 2021, 4805 clinical trials have been
registered at various international and national clinical trial
registry sites (available at https://clinicaltrials.gov/ct2/home).
Of these, 30 interventional and 5 observational studies, includ-
ing 1, 2, 3, 34, and 35 series (Table 1), have investigated the
involvement of Zn against COVID-19 infection. Among these,
14 preventive (1-14 series) studies assessed the prophylactic
index of hydroxychloroquine and/or vitamin supplements in
combination with Zn (Table 1). The other 9 randomized (15-23
series) clinical studies used numerous amalgamations of an-
tiviral drugs/antiparasitic agents/antibiotics/other drugs and
dietary supplements with Zn. On the other hand, 11 (24-34
series) clinical studies are solely focused on using different
combinations of nutritional supplements, specifically Zn, as
an intervention against COVID-19 (Table 1). The outcomes of
these randomized controlled trials are highly anticipated due
to the high rate of mortality and morbidity caused by COVID-
19 worldwide.

4, The molecular basis of copper (Cu) in
biological systems

Copper (Cu), an indispensable trace element, is required for
a wide range of biological functions in all living systems.
Several Cu-containing enzymes, particularly superoxide dis-
mutase (SOD), lysyl oxidase, dopamine-8-hydroxylase, tyrosi-
nase, cytochromec-oxidase, and ceruloplasmin, are respon-
sible for the regulation of vital cellular functions. In fact,
Cu ions act as catalytic cofactors by adopting distinct redox
states, such as reduced Cu-(I) and oxidized Cu-(II), in the redox
chemistry of enzymes, mitochondrial respiration, iron absorp-
tion, neurotransmitter synthesis, and free radical scavenging
[75][75]. For instance, Cu/Zn SOD, an antioxidant enzyme, pro-
tects the body from free radical-induced damage. The redox
property of Cu is crucial for biological functions, but the free
unbound form of Cu is highly toxic. Free Cu induces oxidative
damage by generating free hydroxyl radicals (-OH), hydrogen
peroxide (H,0,), and hydroxyl ions (~OH) by Fenton reactions
Equations 1 and (2), which have been implicated in a number
of pathophysiological conditions. Hydrogen peroxide-derived
radicals can damage the cellular membrane, nucleic acids, and
mitochondria [76][76].

Cu2++ 0y — Cut + O, (1)
Cut+ H,0, — Cu?t 4+ “OH+ -OH 2

Importantly, Cu has also been reported to affect multiple
aspects of the immune system. It influences the development
and functions of neutrophils, NK cells, macrophages, T helper
cells, and B cells, which are involved in the killing of infec-
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Table 1 - Database of clinical trials on Zn interventions against Covid-19 infection

Series Study title Clinical Study Other factors along with Sample Zinc dose and duration  Actual Estimated Status
trials.Gov stage zinc during treatment size start study
identifier date completion
date
1 Proflaxis for Healthcare NCT04326725  NA* « Drug: hydroxychloroquine 80 No information about dose March 20,  September 1, Recruiting
Professionals Using (Plaquenil) of zinc but zinc given once 2020 2020
Hydroxychloroquine Plus « Dietary supplement: a day
Vitamin Combining vitamin C, zinc
Vitamins C, D and Zinc
During Covid-19 Pandemia:
An Observational Study
2 Prevalence of Diabetes NCT04412746 NA « Drugs: (first line 100 220 mg of zinc sulfate once  April 1, June 30, 2020 Recruiting
Among Hospitalized treatment) a day for 5 days 2020
Patients With Covid-19 in hydroxychloroquine,
West of Algeria. azithromyecin, zinc sulfate
Identification of (second line treatment)
Diabetes-related Associated lopinavir/ritonavir
Factors Severe Forms
3 Corona Virus (COVID-19) NCT04554979 » Drugs: 199 No information about dose ~ June 1, July 15, 2020
Disease Duration and Completed hydroxychloroquine, of zinc but zinc given for 6 2020 Completed
Gastrointestinal Tract (GIT) corticosteroids, days in mild cases and 10
Manifestations; Can be New anticoagulant, antibiotic, days in moderate cases
Disease Severity vitamin C, zinc
Classification. A Pilot
Egyptian Single National
Center Experience
4 A Study of NCTO04377646  Phase 3 « Drug: hydroxychloroquine, 660 15 mg of zinc daily up to 2 May 4, July 31, 2020 Not yet
Hydroxychloroquine zinc months 2020 recruiting
and Zinc in the Prevention
of Covid-19 Infection in
Military Healthcare
Workers (COVID-Milit)
5 A Randomized, NCT04335084  Phase 2 « Drug: hydroxychloroquine 600 No information available on  June 22, September, Recruiting
Double-Blind, zinc dose but zinc given for 2020 2021

Placebo-Controlled Phase
IIa Study of
Hydroxychloroquine,
Vitamin C, Vitamin D, and
Zinc for the Prevention of
COVID-19 Infection

« Dietary supplement:
vitamin C, vitamin D, zinc

12 weeks

(continued on next page)
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Table 1 (continued)

Series Study title Clinical Study Other factors along with  Sample Zinc dose and duration  Actual Estimated Status
trials.Gov stage zinc during treatment size start study
identifier date completion
date
6 Covid-19 Prophylaxis With NCT04384458 NA -Drug: hydroxychloroquine, 400 66 mg of zinc sulfate daily June, 2020  October, 2020 Not yet
Hydroxychloroquine zinc sulfate for 50 days recruiting
Associated With Zinc For
High-Risk Healthcare
Workers Involved in
Suspected, or Confirmed
Cases of COVID-19
7 A Randomized Study NCT04370782  Phase 4 -Drug: hydroxychloroquine, 18 220 mg of zinc sulfate once  April 28, September 30,
Evaluating the Safety and azithromycin, ainc sulfate, daily for 5 days 2020 2020 Completed
Efficacy of doxycycline
Hydroxychloroquine and
Zinc in Combination With
Either Azithromycin or
Doxycycline for the
Treatment of COVID-19 in
the Outpatient Setting
8 A Randomized, NCT04334512  Phase 2 -Drug: hydroxychloroquine, 600 No information available on  June 22, September, Recruiting
Double-Blind, azithromycin zinc dose 2020 2021
Placebo-Controlled Phase II
Study of Quintuple Therapy Dietary supplement:
to Treat Covid-19 Infection vitamin C, vitamin D, zinc
9 Therapies to Prevent NCT04395768  Phase 2 -Drug: hydroxychloroquine, 200 30 mg of zinc citrate daily December 31, Recruiting
Progression of COVID-19, azithromycin September 2021
Including 9, 2020
Hydroxychloroquine, -Dietary supplement: zinc
Azithromycin, Zinc, citrate, vitamin C, vitamin
Vitamin D, Vitamin B12 D, vitamin B12
With or Without Vitamin C,
a Multi-center,
International, Randomized
Trial: The International
ALLIANCE Study
10 Does Zinc Supplementation = NCT04447534  Phase 3 « Drug: chloroquine, zinc 200 No information available on  June 23, October 1,2030  Recruiting
Enhance the Clinical zinc dose 2020

Efficacy of Chloroquine/
Hydroxychloroquine in
Treatment of COVID-19?

(continued on next page)
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Table 1 (continued)

Series Study title Clinical Study Other factors along with Sample Zinc dose and duration  Actual Estimated Status
trials.Gov stage zinc during treatment size start study
identifier date completion
date
11 A Randomized Open-label NCT04446104 Phase 3 «Drug: hydroxychloroquine 4257 80 mg of zinc tablet daily May 13, August 31, 2020
Prophylaxis Trial Among sulfate, ivermectin, zinc, for 42 days 2020 Completed
Migrant Workers at povidone-iodine
High-risk of Covid-19
(DORM Trial) Dietary supplement:
vitamin C
12 Comparative Study of NCT04384458 NA -Drug: hydroxychloroquine, 400 - 20 mg twice on day of July 20, April, 2021 Recruiting
Hydroxychloroquine and ivermectin, zinc active zinc for 45 days 2020
Ivermectin in COVID-19 (during
Prophylaxis Hydroxychloroquine
treatment)
- 66 mg of zinc sulfate for
50 days (during Ivermectin
treatment)
13 Safety and Efficacy of NCT04590274  Phase 1 -Drug: hdroxychloroquine, 5000 No information available on December, 2021  Not yet
Hydroxychloroquine for the azithromycin zinc dose November, recruiting
Treatment & Prevention of +Dietary supplement: zinc, 2020
Coronavirus Disease vitamin C, vitamin D,
2019(COVID-19) Caused by N-acetylcysteine,
Severe acute respiratory Elderberry Quercetin
syndrome Coronavirus 2
(SARS-CoV-2).
14 Clearing the Fog: Is NCT04491994  Phase 3 -Drug: hydroxychloroquine 540 50 mg of zinc daily for 5 April 10, May 31, 2020
Hydroxychloroquine -Dietary supplement: days 2020 Completed
Effective in Reducing vitamin C, vitamin D, zinc
COVID-19 Progression- a
Ramdomized controlled
trial
15 Effect of a Combination of NCT04392427  Phase 3 + Drug: nitazoxanide, 100 No information available on  October, May, 2022 Not yet
Nitazoxanide, Ribavirin and ribavirin, ivermectin, and zinc dose 2020 recruiting
Ivermectin Plus Zinc zinc
Supplement on the
Clearance of COVID-19: a
Pilot Sequential Clinical
Trial
16 The Study of Quadruple NCTO04468139  Phase 4 +Drug: quercetin 60 50 mg of zinc given orally June 20, July 30, 2020 Recruiting
Therapy Zinc, Quercetin, Dietary supplement: daily 2020

Bromelain and Vitamin C
on the Clinical Outcomes of
Patients Infected With
Covid-19

bromelain, zinc, vitamin C

(continued on next page)
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Table 1 (continued)

Series Study title Clinical Study Other factors along with  Sample Zinc dose and duration  Actual Estimated Status
trials.Gov stage zinc during treatment size start study
identifier date completion
date
17 A Phase II Double-Blind NCT04482686  Phase 2 -Drug: ivermectin, 30 No information available on December July, 2021 Recruiting
Randomized doxycycline HCL zinc dose but given for 10 9, 2020
Placebo-Controlled Trial of days
Combination Therapy to Dietary supplement: zinc,
Treat COVID-19 Infection vitamin D, vitamin C
18 Efficacy and Safety of NCT04668469 NA Drugs: ivermectin, 600 50 mg of zinc once daily for  June 8, October 30,
Ivermectin for Treatment azithromyecin, paracetamol, 5 days 2020 2020 Completed
and Prophylaxis of vitamin C, zinc, lactoferrin,
COVID-19 Pandemic acetylcystein
19 Covid-19 Infection NCTO04584567  Phase 3 +Drug: doxycyclin *Dietary 1100 15 mg/day of zinc November March 1, 2021 Recruiting
Prophylaxis With Low Dose supplement: zinc 20, 2020
of Doxycycline and Zinc in
Health Care Workers
20 A Phase 2 Screening Study NCT04621149  Phase 2 «Dietary supplement: zinc 120 No information about dose November March 31, 2021 Recruiting
of Candidate acetate, lactoferrin, green of zinc but zinc given for 7 15, 2020
Non-prescription tea extract days
Treatments for COVID-19: A -Drug: famotidine
Patient-driven, «Other: chlorine dioxide
Randomized, Factorial
Study Evaluating
Patient-reported Outcomes
(PROFACT-01)
21 Sub-cutaneous Ivermectin NCTO04472585  Phase 2 +Drugs: Nigella sativa/black 40 20 mg of zinc sulfate given  July 14, September 30, Recruiting
in Combination With and cumin, ivermectin 3 times a day 2020 2020
Without Oral Zinc and injectable solution, zinc
Nigella Sativa: a Placebo +Other: placebo
Randomized Control Trial
on Mild to Moderate
Covid-19 Patients
22 Controlled Randomized NCT04591600  Phase 2 Drugs: ivermectin, 140 75-125 mg/day of Zinc July 1, October 14,
Clinical Trial on Using doxycyline, azithromycin 2020 2020 Completed
Ivermectin With Dietary supplement:
Doxycycline for Treating vitamin C, vitamin D, zinc
COVID-19 Patients in
Baghdad, Iraq.
23 Managing Endothelial NCT04631536  Early -Drugs: atorvastatin, 80 No information about dose November May 1, 2021 Not yet
Dysfunction in COVID-19: A Phase 1 nicorandil, L-arginine, folic of zinc 10, 2020 recruiting

Randomized Controlled
Trial at the Lebanese
American University
Medical Center- Rizk
Hospital

acid, nebivolol

Standard of care:
dexamethasone, vitamin C,
zinc, anticoagulant

(continued on next page)
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Table 1 (continued)

Series Study title Clinical Study Other factors along with  Sample Zinc dose and duration  Actual Estimated Status
trials.Gov stage zinc during treatment size start study
identifier date completion
date
24 Impact of Zinc and Vitamin = NCT04351490 NA Dietary supplement: zinc 3140 15 mg of zinc gluconate April, 2020  July, 2020 Not yet
D3 Supplementation on the gluconate, vitamin D given 2 times per day recruiting
Survival of Institutionalized during 2 months
Aged Patients Infected With
Covid-19
25 Coronavirus Disease 2019- NCT04342728 NA «Dietary supplement: 520 50 mg of zinc gluconate April 8, April 30, 2021 Enrolling
Using Ascorbic Acid and ascorbic acid, zinc given daily 2020 by
Zinc Supplementation gluconate invitation
(COVIDAtoZ) Research +Other: standard of care
Study A Randomized, Open
Label Single Center Study
26 Anti-inflammatory / NCTO04323228 Phase 3 +Dietary supplement: oral 40 oral nutrition supplement December 30, Recruiting
Antioxidant Oral Nutrition nutrition supplement (ons) (ONS) containing 5.7 mg September 2020
Supplementation on the enriched in zinc for 14 days 1, 2020
Cytokine Storm and eicosapentaenoic acid,
Progression of COVID-19: A gammalinolenic acid,
Randomized Controlled antioxidants including zinc,
Trial isocaloric/isonutrigenous
ons
27 Randomized, Double -Blind, NCT04558424 NA Dietary supplement: zinc 50 220 mg of zinc for 10 days October 1,  September 1, Not yet
Placebo Controlled, Trial to gluconate and ascorbic acid 2020 2021 recruiting
Evaluate the Effect of Zinc
and Ascorbic Acid
Supplementation in
COVID-19 Positive
Hospitalized Patients in
BSMMU
28 A Randomized Trial to NCT04641195  Phase 3 Dietary supplement: 700 40 mg of zinc gluconate December December 31, Not yet
Determine the Effect of vitamin D, zinc given once per day from 7,2020 2021 recruiting
Vitamin D and Zinc enrollment to 8 weeks
Supplementation for
Improving Treatment
Outcomes Among
COVID-19 Patients in India
29 Can SARS-CoV-2 Viral NCTO04542993  Phase 2 +Dietary supplement: 60 50 mg of zinc picolinate June, 2022 Recruiting
Shedding in COVID-19 resveratrol, zinc picolinate given 3 times a day for 5 September
Disease be Reduced by days 8, 2020

Resveratrol-assisted Zinc
Ingestion, a Direct Inhibitor
of SARS-CoV-2-RNA
Polymerase? A Single
Blinded Phase II Protocol
(Reszinate Trial)

(continued on next page)
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Table 1 (continued)

Series Study title Clinical Study Other factors along with  Sample Zinc dose and duration  Actual Estimated Status
trials.Gov stage zinc during treatment size start study
identifier date completion
date
30 A Randomized, NCT04621461  Phase 4 Dietary supplement: zinc 750 220 mg of zinc sulfate once  December  May, 2021 Not yet
Placebo-Controlled Study sulfate daily for 5 days 20, 2020 recruiting
Evaluating the Efficacy of
Zinc for the Treatment of
COVID-19 in the Outpatient
Setting
31 Zinc Versus Multivitamin NCT04551339 NA Dietary supplement: 4500 Two tabs of PreserVision May 14, 2021 Enrolling
Micronutrient preservision areds AREDS formulation gel September by
Supplementation to formulation gel tabs (high (high dose zinc) given daily 28, 2020 Invitation
Support Immune Health in dose zinc), copper, vitamin for 3 months
the Setting of COVID-19 C/E, and beta-carotene
Pandemic: A Randomized
Study
32 Changes in Viral Load in NCT04666116  NA Lactis and lactobacillus 96 No information available on  April 1, February, 2021 Recruiting
Patients With COVID-19 rhamnosus, vitamin D, zinc, zinc dose 2020
Disease After Dietary and selenium
Supplementation With
Probiotics: A Randomized
Clinical Trial
33 Effect of a Nutritional NCTO04507867 NA +Dietary supplement: 240 20 mg of zinc August, December, 2020  Not yet
Support System to Reduce nutritional support system 2020 recruiting
Complications in Patients (NSS) containing Spirulina
With COVID-19 and maxima, folic acid,
Comorbidities in Stage III glutamine, cyanomax ultra,
ascorbic acid, zinc,
selenium, vitamin D,
resveratrol, concentrated
omega 3 fatty acids,
l-arginine, magnesium
34 Retrospective Observational NCT04666753 NA «Dietary supplement: 40 60 mg of zinc orotate July 2, September 29,
Study to Describe the immunoformulation 2020 2020 Completed
Evolution of SARS-CoV-2
Disease and the Profile of
Patients Treated or Not
With Imuno TF and a
Combination of
Nutraceuticals and Who
Have Tested Positive for
COVID-19.
35 Zinc, Vitamin D and B12 NCT04407572 NA Vitamin D, vitamin B12, 44 No information available on  April 20, June 14, 2020
levels in the Covid-19 zinc zinc dose 2020 Completed

Positive Pregnant Women

*NA, not available.
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tious pathogens, activation of cell-mediated immunity, and
secretion of specific antibodies. Clinical signs of neutropenia
and lymphopenia have been observed in Cu deficient cases.
Accordingly, insufficient Cu status leads to immunosuppres-
sion and thereby increases susceptibility to infectious dis-
eases [77][77]. An elevation in serum Cu content occurs in
response to inflammation, causing Cu to accumulate at in-
flammatory sites. Cu may suppress the production of inflam-
matory cytokines, chemokines, and adhesion molecules by
downregulating the expression of NF-«B, which is generally
activated by virus-induced ROS [78-81][78-81].

During viral infection, Cu acts as an essential micronutri-
ent for both pathogens and animal hosts; however, high levels
of Cu can also be toxic due to its redox reactions. This phe-
nomenon can be explained by the fact that macrophages are
able to attack pathogens at high Cu load during an infection,
but at the same time, higher levels of Cu have been reported
at the sites of lung infection [82][82]. Thus, excess levels of Cu
and its deficiency may both lead to abnormal biological func-
tions or damage, which highlights its dominant role in host-
pathogen interactions [83][83].

4.1.  The antiviral role of Cu

Cu exhibits potent virucidal properties and is thereby known
to neutralize a wide range of infectious viruses, such as the
bronchitis virus, poliovirus, influenza virus, HIV type 1, and
other enveloped or nonenveloped, single- or double-stranded
DNA and RNA viruses [84,85][84,85]. The principal mecha-
nisms by which Cu causes inactivation of pathogens are still
elusive. However, several potential mechanisms have been
proposed for Cu related antiviral activity. First, it may lead to
irreversible damage to the viral membrane, envelopes, and ge-
nomic material of viruses [86-88][86-88]. For instance, gold/Cu
sulfide core-shell nanoparticles also cause inactivation of the
viral capsid protein in human norovirus [89][89]. Karlstrom
and Levine have shown that Cu-(II) ions inhibit HIV-1 viral
protease in a rapid and irreversible manner, which is impor-
tant for viral replication [90][90]. Cu inhibits more than 60% of
the activity of RNA polymerase compared to other metal ions
[91][91]. Consistently, Cu inhibits influenza virus replication by
blocking the activity of RARP or damaging its negative-sense
RNA [84,92][84, 92]. Computational studies have also depicted
that RdRP of norovirus can accept Cu with the highest bind-
ing energy compared to other metal ions [93][93]. Second, Cu
may exploit the mechanism of redox signaling by generating
ROS, which can destroy the virus. For example, Cu and its al-
loy surfaces ensure irreversible inactivation of human coron-
avirus 229E at 21°C by causing the generation of ROS, which
ultimately destroy viral genomes as well as their morphology,
such as by disintegration of envelopes and dispersal of surface
spikes [94,95][94,95]. Copper iodide induces the production of
free radicals, including +OH and 02—, which exhibit virucidal
effects by the subsequent degradation of viral proteins such
as hemagglutinin and neuraminidase [96][96]. The antiviral
effect of Cu is also boosted by the addition of peroxides in
mixtures of Cu-(II) ions [87][87]. Moreover, a range of Cu al-
loys have also been observed to rapidly inactivate the human
coronavirus by enhancing ROS generation [97][97]. Cu also in-
terferes with important proteins of the virus and therefore is

known to cause virus inactivation. In vitro studies have re-
ported that Cu intervention caused 99% inactivation of viruses
after 30 minutes, and the effect was observed to be more pro-
nounced in enveloped viruses [98,99][98, 99]. Oxidized Cu ox-
ide (CuO) nanoparticles are widely used as catalysts that cause
inactivation of viruses [100][100]. The killing of viruses on con-
tact with metallic Cu surfaces is well studied, and this antivir-
ulence effect is mediated by damaging the viral genome. For
instance, Cu surfaces pulverize genomic material of infectious
influenza A virus particles by binding to and cross-linking be-
tween and within the strands [84][84]. Likewise, nanosized
Cu iodide particles have also been reported to display the
inactivation of the HIN1 influenza virus. Therefore, Cu and
its alloys may be considered useful materials for protection
against viral attack, such as using Cu-coated filters, face masks
and protective clothing. Consistently, Borkow et al. have re-
ported that copper oxide confers biocidal properties against
influenza A virus after impregnation into respiratory protec-
tive face masks [101][101]. Thus, the development of protective
personal equipment (PPE) with biocidal characteristics may
perturb contamination and transmission of pathogens to the
environment. Furthermore, Cu exerts a stimulatory effect on
ceruloplasmin expression, a major copper-carrying protein in
the blood that boosts the immune response during inflam-
mation or infectious events. An elevation in ceruloplasmin
could be associated with the body’s physiological response
to evade inflammation. This idea has been validated by a re-
search study that reported that any defects in ceruloplasmin
expression remarkably elevate TNF-« and MCP-1 levels, which
eventually influence the onset or progression of inflammation
[102][102].

COVID-19-related hyperinflammation (cytokine storm) has
been suggested to cause dysregulation in systemic iron home-
ostasis. One of the important features of disturbances in iron
homeostasis is reflected by the high incidence of hyperfer-
ritinemia in COVID-19 patients [103][103]. During the inflam-
matory state, cytokines, particularly IL-6, enhance the syn-
thesis of ferritin and hepcidin. Mechanistically, hepcidin, a
key iron regulatory hormone, sequesters iron in enterocytes,
hepatocytes, and macrophages by promoting the degradation
of ferroportin (an iron transporter), which further facilitates
the intracellular accumulation of ferritin. The frequent emer-
gence of hyperferritinemia and hepcidin dysregulation has
been related to iron toxicity, which may contribute to end-
organ damage in COVID-19 infection [104][104]. In vitro and
in vivo evidence has shown that ceruloplasmin can balance
high levels of ferritin by iron trafficking across enterocytes
during inflammation and thereby participate in the host de-
fense system. Ceruloplasmin may also serve as a ferroxidase
enzyme that maintains both systemic and intracellular iron
levels by causing the oxidation of toxic Fe-(Il) to Fe-(IlI), fol-
lowed by loading onto transferrin for systemic distribution to
the other sites [97-106][97-106].

Another possible therapeutic method employed by Cu is
the activation of the antioxidant defensive system. It has been
demonstrated that viral infections can give rise to excess ROS
production, which is known to stimulate oxidant-sensitive
pathways such as p38 mitogen-activated protein kinases
(MAPKs) and NF-«B, accountable for the regulation of virus
replication and the proinflammatory response [107][107]. Nu-
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Fig. 4 - The detailed molecular mechanism followed by Cu in the respiratory epithelium to escape from COVID-19 infection.
The cellular entry of SARS-CoV-2 virus induces NF-¢B, an inducible transcription factor which is responsible for
inflammation by stimulating the proinflammatory genes. Conversely, Cu may prompt a number of mechanistic cascades to

obstruct SARS-CoV-2-induced inflammatory events.

clear factor erythroid 2p45-related factor 2 (Nrf2)/antioxidant
response element (ARE), a redox-sensitive transcription factor,
activates the transcription of Cu-dependent SOD in response
to virus-induced oxidative stress, which may further interrupt
the activation of MAPK- and NF-«B related signaling pathways
(Fig. 4) and thereby protect against oxidative cellular injury
[108,109][108,109].

Additionally, the antipathogenic effect of Cu has also been
clearly explained by a recent study describing that activated
macrophages accumulate Cu in the phagosome by increas-
ing the expression of the Cu ATP-7A protein [110][110]. Thus,
increased Cu content in the phagosome exerts harmful and
toxic effects on the pathogens, probably by lowering pH, gen-
erating ROS and reactive nitrogen species (RNS), amplifying
proteases and iron starvation in order to cope with invading
pathogens.

Strikingly, Cu may activate autophagy to maintain the cell’s
antiviral effect [111][111]. Autophagy is often initiated to elimi-
nate infection by delivering viral particles for lysosomal degra-
dation and further integrates with Toll-like receptor (TLR)-7,
an innate pattern recognition receptor, to mount typical type
I IFN-mediated viral clearance by activating JAK/STAT signal-
ing [112][112].

Taken together, these findings may support future studies
for using Cu as a potential antiviral regimen to combat the
COVID-19 pandemic.

4.2.  The underlying molecular mechanisms of
Cu-mediated antiviral activity against SARS-CoV-2 infection

The killing power of Cu against coronavirus infection is de-
tailed in Table 2. It has been speculated that any of the afore-
mentioned mechanistic approaches might be followed by Cu
to prevent COVID-19 infection (Fig. 4). According to a scien-
tific report, lower serum cholesterol levels have been reported
in 71 patients infected with COVID-19 with respect to healthy
subjects [113][113]. There was no information about the lower
levels of Cu in the same patients. Various reports revealed that
lower total cholesterol levels may be caused in part as a re-
sult of lower Cu levels in adults [114][114]. In fact, cholesterol
depletion causes disruption of lipid rafts, which favors the re-
lease of virus particles from infected cells and thus decreases
the infectivity of virus particles [115][115]. Therefore, it has
been inferred that plasma Cu may have a role in regulating the
above phenomena by affecting cholesterol levels. An in vivo
study showed that Cu ions block the activity of papain-like
protease-2, which is essential for the process of SARS-CoV-
1 replication [116,117][116,117]. Treatment with copper glu-
conate mitigates SARS-CoV-2 infection by more than 70% in
Vero E6 cells [118][118]. The phenomenon of ‘contact killing’ by
Cu has been known since ancient times. A recent study con-
ducted by the National Institute of Health (NIH) reported that
SARS-CoV-2 and SARS-CoV-1 could not survive on Cu surfaces
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Table 2 - Copper virucidal potential against coronavirus

Virus name

Outcome after Cu exposure

References

Pathogenic Human coronavirus

Inactivated on copper alloys <40 min, <120 min on

Infection was reduced by 71%, 77%, and 78% with 25, 50,

Inactivation was more than 99% in 2 h after exposure to
copper produced by Luminore CopperTouch technology

microparticles decreased SARS-CoV-2 infection by more

(HUCoV-22qE) Cu/Zn brasses

SARS-CoV-1 Copper ions blocked the activity
of papain-like protease-2, crucial
for viral replication

SARS-CoV-2 Survived not more than 4 h
on copper surfaces as compared
to other cardboard (24 h),
stainless steel (=48 h) and
plastic surfaces (=72 h)

SARS-CoV-1 Survived no more than 8 h on copper surfaces as
compared to plastic, cardboard, and stainless steel
surfaces

SARS-CoV Survived for 5-20 min on Cu/Al203 surfaces

SARS-CoV-2 The inactivation efficiency was 96% and 99.2% for the
as-deposited copper coating after a 2-hr and 5-hr
incubation time

SARS-CoV-2
and 100 M of copper gluconate in Vero-E6 cells

SARS-CoV-2

SARS-CoV-2 The masks impregnated with copper-oxide
than 99.9% within 1 min

SARS-CoV-2 Coating of cuprous oxide (Cu,0) particles bound with
polyurethane significantly reduced infectious titer by
about 99.9% in 1 h

SARS-CoV-2

Cu showed >99% viral inactivation at 1 and 10 min of

Warnes et al., 2015 [94][94]

Béez-Santos et al., 2015 [111][116]

Van Doremalen et al., 2020
[113][119]

Van Doremalen et al., 2020
[113][119]

Han et al., 2005 [114][117]
Hutasoit et al., 2020 [115][121]
Rodriguez et al., 2020 [116][118]
Mantlo et al., 2020 [117][122]

Borkow et al., 2020 [118][123]

Behzadinasab et al., 2020 [119][124]

exposure

Pezzotti et al., 2020 [120][125]

after more than 4 and 8 hours, respectively [119][119]. Simi-
larly, SARS-CoV-1 is exceptionally sensitive to Cu/Al,03 sur-
faces for 5 to 20 minutes [120][120]. Recently, the inactivation
efficiency of SARS-CoV-2 was observed to be 96% and 99.2% af-
ter 2 and 5 hours, respectively, when fabricating copper coat-
ings using cold-spray technology [121][121]. Cu produced by
Luminore CopperTouch technology also inactivates more than
99% of SARS-CoV-2 titers in 2 hours [122][122]. The coating
of cuprous oxide (Cu,0) particles bound with polyurethane
significantly reduces the SARS-CoV-2 titer by approximately
99.9% in 1 hour compared to the uncoated sample [123][123].
In addition, masks impregnated with copper oxide micropar-
ticles also reduce infectious titers of SARS-CoV-2 by more than
99.9% within 1 minute of contact [124][124]. Pezzotti et al. also
reported that Cu exhibits more than 99% SARS-CoV-2 inacti-
vation after 1 and 10 minutes of exposure [125][125]. Further-
more, the evaluation of the antiviral potential of copper alloy
surfaces may serve as a first-line defense measure to control
COVID-19 infection. Currently, there is no evidence or knowl-
edge available regarding the therapeutic effect of Cu supple-
mentation against COVID-19 infection. Therefore, more pre-
clinical studies and multicenter prospective clinical trials on
this subject are urgently required.

5. Zn and Cu interactions in viral infections

According to the NIH (available at https://ods.od.nih.gov/), the
current recommended dietary allowance (RDA) for Zn is 8 to
11 mg/day and Cu is 900 png/day for adult females and males.

Remarkably, Zn and Cu act antagonistically due to competi-
tive absorption relationships. In fact, excessive supplemental
or medicinal Zn intake over long periods of time can lead to Cu
deficiency and vice versa. Accordingly, this imbalance acts as
a contributing factor for disease pathogenesis; therefore, sup-
plementation should be at concentrations sufficient for an op-
timum response [126,127][126,127]. For instance, the intake of
Zn is highly recommended during Wilson disease in presymp-
tomatic conditions [128][128]. Moreover, there is a strong pos-
sibility of Cu deficiency in people infected with SARS-CoV-2
who consume Zn supplements regularly. Additionally, ingest-
ing high Cu levels is toxic, which emphasizes the importance
of maintaining systemic homeostasis and preventing cyto-
toxic doses of exogenous Zn intake. A recent study reported
that both Cu and Zn can also act differentially to evade vi-
ral infections. Zn is required not only for the biogenesis and
assembly of viral particles but also for competing with inter-
nal viral Zn to challenge the preformed virus capsid structure,
as evidenced by Zn chelator experiments [129][129]. Moreover,
Zn curtails viral infections by modulating the host immune
response [24,25][24, 25]. However, there are major gaps in un-
derstanding the influence of Zn against viruses. Exogenous Zn
can synergize with Cu ions and increase the efficacy of Cu/Zn
brass surfaces to undermine capsids for viral genome destruc-
tion [95,119][95,119]. Endogenous Cu acts through a number of
Cu-dependent proteins, including cytosolic SOD-1 and ceru-
loplasmin, to control viral infections [130,131][130, 131]. The
high concentration of Cu causes the premature disruption of
the preformed virus capsid integrity and its subsequent degra-
dation. Cu can also mediate virus inactivation by outcom-
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peting virus-internalized structure-lending Zn ions [129][129].
Environmental Cu is a well-established biocide that neutral-
izes several enveloped or nonenveloped and single- or double-
stranded DNA or RNA viruses [124,125][124,125]. However, a
detailed understanding of the mechanistic impact of Zn and
Cu interactions in regulating virus core assembly and the sus-
ceptibility of cell-free viruses to environmental metal ions or
their chelation needs to be elucidated, as it may be beneficial
to impede a wide range of infections.

6. Conclusion and future perspectives

We speculate that supplementing Zn and Cu could be an im-
portant protective or therapeutic strategy to combat SARS-
CoV-2 infection. This review highlights the in-depth explo-
ration of various fundamental molecular pathways that might
be utilized by these metal ions to curtail COVID-19 infection.
Zn supplementation may affect several downstream molec-
ular pathways, including modulation of the physiological im-
mune response, membrane stabilization, and blockage of viral
entry and replication. On the other hand, Cu may display its
virucidal powers by activating redox signaling, the immune
system, autophagy, and destruction of the viral genome. Sev-
eral clinical trials have included the use of Zn as an adjuvant
therapy against COVID-19 infection; however, there is still a
scarcity of knowledge concerning Cu. Therefore, we suggest
that there is an urgent requirement for preclinical studies ex-
ploring the role of Cu in COVID-19 patients. The main limi-
tation of this review is the lack of an experimental approach
to substantiate the role of Zn and Cu in mediating protective
mechanistic cascades during COVID-19 infection. Thus, exten-
sive research is required to investigate the aforementioned
ideas, which may further provide an alternative innovative
therapeutic advancement to keep future pandemics at bay.
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