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1 | INTRODUCTION
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An outbreak of a novel coronavirus (COVID-19 or 2019-CoV) infection has posed
significant threats to international health and the economy. Patients with COVID-19
are at risk of cytokine storm, acute respiratory distress syndrome (ARDS), reduced
blood oxygenation, mechanical ventilation, and a high death rate. Although recent
studies have shown remdesivir and dexamethasone as treatment options, there is an
urgent need to find a treatment to inhibit virus replication and to control the progres-
sion of the disease. Essential biometal zinc has generated a lot of excitement as one
of the promising candidates to reduce the severity of COVID-19 infection. Several
published observations outlined in the review are the reasons why there is a global
enthusiasm that zinc therapy could be a possible therapeutic option. However, the
biggest challenge in realising the therapeutic value of zinc is lack of optimal treatment
modalities such as dose, duration of zinc supplementation and the mode of delivery.
In this review, we discuss the regulatory mechanism that hinges upon the bioavail-
ability of zinc. Finally, we propose that intravenous zinc could circumvent the con-
founding factors affecting the bioavailability of zinc and allow zinc to achieve its
therapeutic potential. If successful, due to advantages such as lack of toxicity, low

cost and ease of availability, intravenous zinc could be rapidly implemented clinically.
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cornerstone of COVID-19 management is patient isolation and sup-

portive medical care where necessary, including pulmonary ventila-

The latest outbreak of coronavirus disease (COVID-19) is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This
enveloped virus with non-segmented, single-stranded, positive-strand
RNA virus belonging to a group of highly pathologic human cor-
onaviruses (Hcov) like SARS and MERS infects the lower respiratory
tract and causes severe pneumonia and acute respiratory distress syn-
drome (ARDS).! The symptoms of patients infected with SARS-CoV-2
range from minimal symptoms to severe respiratory failure with multi-
ple organ failure. Its high transmissibility and increased morbidity have
made COVID-19 a serious public health threat and burden. The

tion. There are limited treatment options or therapy for COVID-19
infection, although recent studies have shown remdesivir and dexa-
methasone as treatment options.2™*

Zinc is an essential biometal and the second most abundant trace
metal in the human body. Zinc deficiency is associated with a range of
pathological conditions, including retarded growth, and delayed
wound healing and tissue repair.>® Zinc is critical for cell proliferation,
cell cycle regulation, differentiation and apoptosis. It plays an essential
role for DNA and RNA synthesis, protein synthesis and a functional

role in regulating protein-DNA interactions of zinc-finger proteins,
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including many transcription factors and steroid hormone receptor.”®
Numerous studies have shown a correlation between zinc deficiency
and critical illness.”1©

Numerous studies have demonstrated zinc's ability to inhibit viral
replication. These viruses include the common cold (often a type of

),1* respiratory syncytial virus infections,'? cytomegalovi-

coronavirus
rus infections®® and herpes labialis.'* More importantly, zinc can pre-
vent the growth of SARS-coronavirus (SARS-CoV) and equine arteritis
virus (EAV) in cells grown in the lab.X® In the later stages of infection,
zinc could be beneficial by mitigating the impact of dysregulation of
the immune system, inflammation and hypoxia-induced oxidative
stress.*®~22 Numerous studies have demonstrated that zinc modulates
immune response, is anti-inflammatory, improves recovery of patients
with severe pneumonia and is protective against hypoxia-induced
ischaemia reperfusion injury. Therefore, this possibility that zinc can
target multiple pathways driving the complex pathogenesis of
COVID-19 infection has led to the hypothesis that zinc supplementa-
tion would be beneficial in COVID-19 patients.*¢~18

However, the biggest challenge in realising zinc's therapeutic
value is lack of optimal treatment modalities such as dose, duration of
zinc supplementation, and the mode of delivery. In this paper, we
review the current literature on zinc supplementation challenges and
highlight the importance of using an effective zinc delivery method to
achieve its potential as a therapeutic agent against COVID-19
infection.

2 | METHODS

We searched the Pubmed database for articles of relevance published
in the English language up until 22 July 2020. We searched for the
following keywords: “COVID-19”, “SARS-COV-2”, “zinc”, “cytokine
storm”, “immunity”, “oral” and “intravenous”. We performed a title
and abstract review of articles focusing on the pathophysiology of
COVID-19, potential therapies for COVID-19, reports on zinc and
COVID-19, articles on the mechanism of zinc absorption and articles
on the supplementation of zinc for a diverse range of acute illnesses.

3 | PATHOGENESIS OF COVID-19
INFECTION

Spike protein (S) on the SARS-COV-2 virus enables viral entry into
cells by binding to the angiotensin-converting enzyme 2 (ACE 2) mem-
brane protein, the host cell.?>2# Infection of the respiratory epithelial
cells triggers the macrophages and dendritic cells of the innate
immune system.>*® Pathology of COVID-19 involves an aggressive
inflammatory response with the release of a large amount of pro-
inflammatory cytokines including interleukin 6 (IL-6), interleukin
10 (IL-10), granulocyte-colony-stimulating factor (G-CSF), monocyte
chemoattractant protein 1 (MCP1), macrophage inflammatory protein
1 alpha (MIP1a), and tumour necrosis factor-alpha (TNFa) an event

known as “cytokine storm”.2>2¢ This exaggerated cytokine storm

induces apoptosis of airway and alveolar epithelial cells, endothelial
and epithelial cells of pulmonary microvasculature, causing alveolar
oedema and subsequent hypoxia.?”~2? The prolonged and excessive
cytokine/chemokine response leads to ARDS, multiple organ dysfunc-
tion and physiological deterioration.*

Extrapulmonary organ injuries are also associated with COVID-19
infection, as there is an increased incidence of cardiac injury in criti-
cally ill COVID-19 patients.2?4° Similarly, the incidence rate of acute
kidney injury (AKI) is between 3% and 23% in COVID-19 patients,
which increases to 20-40% in patients admitted to ICU.2°~32 The
mechanisms for these extrapulmonary complications are multifacto-
rial. Proposed mechanisms include damage to cardiac and renal cells
triggered by the virus's entry into the cells via ACE 2. The cytokine
storm mediates secondary damage to the cells within the tissue in the
later stages of infection. A recent study reported acute proximal
tubular injury and peritubular erythrocyte aggregation, the ischaemic
collapse of glomeruli with thrombi, endothelial damage, and inflamma-
tion in the kidneys of COVID-19 patients.>® In summary, COVID-19
has complex pathogenesis, which is not just limited to an episode of
respiratory infection but leads to dysfunction and failure of multiple
organs. To counter a disease with such complex pathogenesis will
require a therapeutic that can simultaneously target these multiple

pathological pathways.

4 | THERAPEUTIC PROPERTIES OF ZINC
Based on zinc's ability to inhibit viral replication, mitigate the impact
of dysregulation of the immune system, protect hypoxia-induced oxi-
dative stress, and its anti-inflammatory properties, it is hypothesised
that zinc supplementation would be beneficial in patients with
COVID-19 infection.*6~22

4.1 | Zinc and viral replication
Zinc and zinc ionophores (e.g. zinc-pyrithione) have been known to
inhibit virus entry, fusion, replication, protein translation and viral dis-
semination. Zinc has been shown to inhibit replication of many RNA
viruses in vitro, including influenza virus, respiratory syncytial viruses,
picornaviruses and some forms of coronavirus.”*+1534

When administered intranasally, zinc gluconate shortened the
common cold duration when administered within 24 hours of the
onset of symptoms.? Inhibitory effect of zinc salts on viral replication
was observed in vitro for several picornaviruses such as rhinoviruses,
foot-and-mouth disease virus, coxsackievirus, and mengovirus.15
Combination of Zn?* ions and pyrithione at low concentrations (2 pM
Zn?* and 2 pM PT) inhibited the replication of SARS-coronavirus
(SARS-CoV) and equine arteritis virus (EAV) in cell culture.*® In cor-
onaviruses, Zn?* inhibits both the proteolytic processing of replicase
polyproteins and the RNA-dependent RNA polymerase (RdRp) activ-
ity. Although mechanisms of action of Zn are unknown, several possi-

bilities exist. Firstly, DNA and RNA polymerases use divalent metal
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jons like Mg?* as a co-factor, and one possible mechanism is that Zn?*
displaces Mg?* and subsequently inhibits RdRp activity. In support is
the observation that various divalent metals ions (Cu®*, Ni?*, Mn?")
sustained the activity of poliovirus RdRp.3* In contrast, Zn?* is incapa-
ble of sustaining RdRp catalysed nucleotide incorporation.>* Secondly,
a Zn-binding pocket has been identified in the Dengue virus and
SARS-coronavirus RdRp. Therefore, there is a possibility that Zn bind-
ing may induce a structural change in the conformation of RdRp,
which no longer enables RdRp to catalyse nucleotide incorporation.
Finally, adding high concentrations of Zn?* to cells impairs viral poly-
protein processing integral to virus replication.3> A review concluded
that zinc supplementation was the most effective systemic treatment
for cutaneous viral warts compared to other available options.”

Antiviral properties of zinc can be used firstly to enhance the
body's endogenous antiviral response and systemic immunity in zinc-
deficient patients and, secondly, as a therapeutic agent to inhibit virus
replication directly. Although zinc's possible therapeutic use has been
shown in in vitro studies, reliable and convincing clinical data is lacking
for it to be used as a therapeutic against COVID-19.

4.2 | Zinc and its role in immunity and
inflammation

Zinc regulates innate and adaptive immunity by influencing the prolif-
eration and maturation of immune cells, and zinc acts as a modulator
of immune response and inflammation.3¢~8 The function of T cell and
balance between T cell subsets are susceptible to changes in zinc sta-
tus. Interestingly, patients with severe COVID-19 disease showed
lymphopenia, particularly a reduction in peripheral blood T cells.?®
Impaired zinc homeostasis increases the risk of an excessive inflam-
matory response.2%3”

During the acute phase of an infection, a decrease in plasma zinc
has been reported. Hence, decreased plasma zinc levels in the setting
of critical illness may not be a true zinc deficiency, but an inflamma-
tory response where hepatic metallothionein increases in response to
cytokine release associated with inflammation sequester zinc in the
liver.”374% Furthermore, the inflammatory response triggers increased
excretion of zinc, further lowering plasma zinc levels.”

Zinc supplementation can reverse the negative effects of zinc
deficiency, including impaired immune cell development, com-
promised T-cell-mediated immune response, and decreased oxidative
stress.®%%” Zinc supplementation decreases oxidative stress and
expression of inflammatory proteins in the elderly and reduces infec-
tion incidence.**2 When elderly subjects were supplemented with
45 mg elemental zinc for 6 months, it decreased plasma inflammatory
cytokines by inhibiting nuclear factor-kB (NF-kB) a transcription factor
critical in the expression of inflammatory cytokines.***?
Given that the COVID-19

extrapulmonary complications are driven mostly by pro-inflammatory

infection and associated
cytokines, some critically ill patients could become zinc deficient.
Therefore, increasing plasma zinc concentrations in these patients will

restore the zinc levels and help improve immunity and reduce
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inflammation in COVID-19 patients. At the same time, it is unclear if
increasing zinc plasma concentration in zinc-replete patients would

have a similar therapeutic effect.

4.3 | Zinc and acute respiratory distress syndrome

COVID-19 patients who develop acute respiratory distress syndrome
(ARDS) may require mechanical ventilation as a supportive treat-
ment.*34 Plasma zinc levels are reduced significantly more in patients
who develop ARDS than healthy controls and non-ARDS intensive
care unit (ICU) controls.*> Furthermore, although mechanical ventila-
tion is necessary to support ARDS patients, it exacerbates lung injury
through mechanical stress-activated signalling pathways.*> The study
showed that zinc and its downstream target protein metallothionein
(MT) play a critical role in enhancing tolerance against mechanical
ventilation-induced lung injury.*> In vivo studies in mice have shown

that zinc deficiency augments lung injury and decreases MT levels.*®

44 | Zinc and pneumonia

Inadequate plasma zinc levels have been postulated as a risk factor for
pneumonia, and several trials have shown that zinc can reduce the
duration of pneumonia. A double-blind placebo-controlled trial by
Brooks et al., in which 20 mg zinc was supplemented daily for 7 days
showed a reduction in the recovery time and improvement in symp-
toms in patients with severe pneumonia.*® Srinivasan et al. reported
that zinc supplementation significantly decreased the fatalities from
severe pneumonia, although it did not affect recovery time.*” A study
by Roscioli et al. investigated the impact of zinc and its regulatory
effect on airway epithelium, postulating that zinc is critical for airway
epithelium's functional integrity, and zinc deficiency promotes apo-
ptosis of airway epithelial cells.*® Overall, zinc could have a role in
minimising airway damage and the inflammation associated with
severe infection and mechanical ventilation, and zinc supplementation

may alleviate airway inflammation and cellular damage.

4.5 | Zinc and its protective role in hypoxia and
ischaemia reperfusion injury

In 2019, the Nobel prize in medicine was awarded for the discovery
of hypoxia-inducible transcription factors (HIFs). Under hypoxic condi-
tions, cells upregulate HIFs, which induces expression of over
200 diverse genes involved in cell survival; a key mechanism for cells
and tissue to adapt to hypoxia.**>°

Animal studies have shown that zinc protects against renal
ischaemia and AK1.2122 O'Kane et al., using a preclinical sheep animal
model, showed that intravenous zinc therapy reduced the ischaemic
burden, substantiated by a statistically significant reduction in serum
creatinine and urea, two markers of renal injury. In vitro experiments

showed that zinc increased the survival of normal human tubular
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kidney HK-2 cells and embryonic HEK293 cells subjected to cellular
stress, including hypoxia, hydrogen peroxide-induced oxidative stress,
and nutrient starvation.?* There is a strong basis that zinc could miti-
gate the effects of hypoxia and ischaemic injury on heart, kidney and
liver due to COVID-19.

Overall, this review provides a strong correlation between the
pathogenesis of COVID-19 infection and zinc's biochemical and bio-
logical properties. This leads to the hypothesis that zinc therapy could
be beneficial both in early and later stages of COVID-19 disease via
its inhibitory effect on viral entry and replication, its ability to enhance
immunity, mitigate inflammation, and its protective effects against
hypoxia. However, the treatment parameters required to establish
zinc's therapeutic value against COVID-19 such as dose and delivery
method (oral vs intravenous), and zinc supplementation duration are

lacking.

5 | CHALLENGES IN THE THERAPEUTIC
USE OF ZINC AGAINST COVID-19

To evaluate zinc's potential as a therapeutic agent against COVID-19,
it is necessary to increase the availability of free Zn?" ions at the site
of injury or infection. In this review, we have highlighted factors that
may affect such an undertaking.

5.1 | Effect of zinc deficiency on zinc uptake

A meta-analysis of seven trials by Hemild determined that zinc loz-
enges shortened the common cold duration by 33%.°! Therapeuti-
cally, oral zinc has been shown to be beneficial against a large
number of dermatological conditions.>? Oral zinc supplementation
has no effect on morbidity from falciparum malaria in children in rural
west Africa, but it did reduce morbidity associated with diarrhoea.”®
In contrast, a meta-analysis of five randomised controlled trials deter-
mined that oral zinc sulphate does not prevent or reduce the inci-
dence, severity or pain intensity of chemotherapy-induced oral
mucositis in cancer patients.>* Multiple trials using oral Zn supple-
mentation have failed to demonstrate improvement against either

5556 or ulcer resolu-

diarrhoea, infection rates or related mortality
tion.>” Currently lack of appropriately blinded randomised control tri-
als does not favour zinc's use despite many studies showing its
positive effect. More importantly, meta-analysis of 80 randomised
controlled trials with 205 401 eligible participants determined that
the benefits of oral zinc supplementation is dependent on the preva-
lence of underlying zinc deficiency.’® A placebo-controlled trial by
Chang et al. showed that there was no clinical benefit of zinc supple-
mentation (40 mg zinc sulphate orally for 5 days) in terms of time to
resolution of fever, tachypnoea and duration of hospitalisation in the
management of acute lower respiratory tract infection among indige-
nous Australian children.>® The study determined that at baseline,
zinc levels were in the normal reference range (10-18 umol/L), and

zinc supplementation had no significant effect on serum zinc levels

(median, 16.5 pumol/L zinc supplementation vs 14 pmol/L placebo;
P =.31).57 The authors suggest that zinc supplements may not be
useful, and their effect may depend on the prevalence of underlying
zinc deficiency in a particular population.” Therefore, reduced bio-
availability following oral delivery may be the reason some trials of
oral zinc supplementation have failed to demonstrate improvement
against either diarrhoea, infection rates or mortality.>>*® We postu-
late that it may be that the beneficial effect of zinc supplementation
seen in previous trials*® conducted in developing countries stems
from the correction of zinc deficiency.

There are reports of the prevalence of zinc deficiency in the west-
ern and developed world. For example, in an Australian cohort, while
15% of all men had low serum Zn, none aged less than 40 had serum
zinc below the cut-off value for zinc deficiency (10.7 umoL/L).60 We
know that Australians with an average age of 70.6 + 7 yrs are zinc suf-
ficient as their serum zinc levels are 12.7 + 2.5 pmol/L.%* A German
study demonstrated an 18.7% prevalence of zinc deficiency in an
older population ranging from 60 to 84 years.®? Older adults are at
greater risk of requiring hospitalisation or dying if diagnosed with
COVID-19, and oral zinc supplementation may increase serum zinc
levels and prove beneficial. However, in light of published evidence
that the majority of the population (>80%) in the older age group
(over 60 yrs) are zinc sufficient in the developed world, any trial inves-
tigating oral zinc's therapeutic value against COVID-19 may be nega-
tive due to reduced or no zinc uptake in the absence of underlying

zinc deficiency.

5.2 | Factors that affect zinc bioavailability

In this review, we discuss various regulatory mechanisms that influ-
ence zinc bioavailability. As shown in Figure 1, the regulatory mecha-
nisms that affect zinc bioavailability are divided into four steps. Step
1: Dietary factors that affect zinc bioavailability; Step 2: Factors
affecting intestinal zinc absorption; Step 3: Binding of zinc to blood
albumin and red blood cells; Step 4: Cytosolic zinc buffering and

muffling.
521 | Step 1: Dietary factors that affect zinc
bioavailability

Zinc absorption is affected by several factors such as luminal amino
acids, ligands secreted by the pancreas, phosphates, phytates, iron,
copper, calcium, endotoxins, and corticosteroids affect oral and sys-
temic zinc absorption.®® %> Phytates are the most significant dietary
factor that impairs oral zinc bioavailability due to its chelating effect
on zinc in the small intestine. Dietary phytate resulted in more than
80% of the variance in zinc absorption from oral supplements.®® In
summary, dietary zinc in the intestinal lumen is mainly complexed
by food components influencing the actual available and absorbable
zinc concentration. These factors make oral zinc an unpredictable

delivery method.
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FIGURE 1 Regulatory mechanisms governing zinc absorption, transport and distributionZinc absorption, transport and distribution is

regulated at four steps as described here. Step 1: The oral absorption of zinc at the intestinal lumen is influenced by several dietary factors,

e.g. phytates, iron (Fe?*) and copper (Cu?*). Factors like phytate has a chelating effect on zinc impairing the bioavailability of oral zinc. Step 2: The
absorbed Zn?* ions are transported from the intestinal lumen into the enterocyte. Zn?* ion uptake into the enterocyte is controlled by zinc-
dependent protein metallothionein (MT). The zinc-dependent MT controls zinc absorption within the enterocyte. As zinc regulates MT gene
expression, when body zinc is replete, or a high dose of zinc is taken orally, there is a stimulation of metallothionein synthesis. Metallothionein
then sequesters excess zinc and ultimately excretes back into the intestinal lumen. This rate-limiting step at the enterocytes is the first regulatory
mechanism that regulates zinc uptake. Excess zinc may also be sequestered into cellular organelles such as mitochondria, endoplasmic reticulum
and the Golgi apparatus. Step 3: Once the enterocytes release the absorbed Zn?* ions into the blood vessel lumen, they bind to blood albumin.
This regulatory mechanism, involving albumin, helps distribute Zn?* ion around the body and regulates the availability of free Zn?* ions for uptake
by cells within the tissue. Furthermore, red blood cells (RBCs) are highly permeable to zinc, and reversible binding of zinc to RBC membranes
plays a vital role in regulating the availability of free Zn?* ions. Step 4: Finally, the regulatory mechanism that governs the availability of
intracellular free Zn?* ions within tissue cells is the cytosolic zinc buffering and muffling by various cytoplasmic proteins, including MT and cellular
organelles. As seen in the figure, when zinc ions are delivered orally, it has to overcome all four regulatory mechanisms before they can reach cells
within a tissue. When zinc is administered, intravenously directly into the vessel lumen, it bypasses the two intestinal regulatory steps 1 and

2. We reason that serum zinc and intracellular zinc within the cells affected by the virus or injury will be higher following administration of

intravenous zinc than oral zinc

522 |
absorption

Step 2: Factors affecting intestinal zinc

If zinc was to be supplemented orally, then zinc absorption becomes a
key factor. An elegant review by Maares and Haase provides an over-
view of the current knowledge on human intestinal zinc absorption,
including the major cellular processes and nutritional aspects.®”
Briefly, zinc uptake takes place at the intestinal brush border mem-
brane, where it is transported from the lumen into the enterocytes. It
is subsequently released from the enterocytes into the portal blood,
where it is predominantly bound to albumin, which distributes the
metal in the body.

Zinc absorption is a saturable process, whereby zinc uptake by
the enterocytes is a rate-limiting step, and the body's zinc status regu-
lates its net absorption. Such that dietary zinc absorption in zinc-
replete humans is typically in the range of 16-50%; in contrast, in
zinc-deficient humans, the dietary zinc absorption is as high as 92%.%”
The zinc-dependent protein metallothionein (MT) controls zinc
absorption within the enterocyte. As zinc regulates MT gene

expression,’® when body zinc is replete, there is a stimulation of

metallothionein synthesis, which in turn inhibits zinc absorption.®*
Secondary to the regulation by MT, cellular organelles such as mito-
chondria, endoplasmic reticulum and the Golgi apparatus have been
shown to sequester excess zinc. These zinc-storing organelles help
maintain a low steady-state level of free Zn?* ions and play a vital role
in cellular zinc homeostasis.®” Most currently registered zinc trials
against COVID-19 use oral delivery. The idea in some of those trials is
that a high oral dose of zinc may overcome the rate-limiting step
within the enterocyte. However, high oral zinc causes a rapid and sig-
nificant increase in intracellular zinc, which then upregulates expres-
sion of metallothioneins which ultimately decreases subsequent gut
zinc absorption.®”-7°

It is known that ionophores such as chloroquine (CQ), its ana-
logue hydroxychloroquine (HCQ) and pyrithione increase zinc uptake.
For example, in the presence of pyrithione, zinc crosses the plasma
membrane in greater amounts compared with zinc alone,”* and zinc
uptake is increased nearly 10-fold.”? The rapid accumulation of intra-
cellular zinc within the enterocyte in the presence of ionophores may
lead to an immediate and significant upregulation of intestinal meta-

llothioneins which will subsequently decrease gut zinc absorption and
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increases zinc excretion.®”””%73 Therefore, it may be that ionophores
may increase intracellular zinc within the enterocyte. Still, the robust
activation of the MT regulatory mechanism may prevent the
enterocyte from releasing the excess zinc into the blood. Previously,
for children infected with Plasmodium falciparum when supplemented
orally with 25 mg elemental zinc combined with chloroquine
(10 mg/kg/d) for 3 days, their plasma zinc increased from a baseline
of 8.54 + 3.93 to 10.95 + 3.63 pmol/L compared to chloroquine-only
treatment, which increased the plasma zinc from a baseline of 8.34
+3.25 t0 10.16 + 3.25 pmol/L.”* Such a small and biologically ineffec-
tive’* increase in the plasma zinc in the presence of ionophores such
as CQ could be due to the MT-based zinc regulatory mechanism pre-
sent in the human intestine.

5.2.3 | Step 3: Zinc binding to blood albumin and
red blood cells

The second regulatory mechanism involves blood protein albumin.
Various in vitro studies have shown that serum not only reduced
intracellular uptake of zinc but has convincingly demonstrated that
serum reduces the zinc-mediated biological effects.”>~”” The reduced
zinc uptake has been attributed to serum albumin.”” Serum albumin
effectively acts as an extracellular “zinc buffer” that controls the
unwarranted increase in intracellular free Zn" ions within tissue-
specific cells, blood cells and the endothelial cells lining the blood
vessels. Albumin acts as a defence mechanism against a sudden
increase in blood zinc levels.

Furthermore, high albumin in the range of 600 uM in the human
blood and at least six zinc-binding sites per each albumin molecule
specifies a large zinc buffering capacity in the human blood.”® Addi-
tionally, the plasma/serum pharmacokinetics of zinc is complicated by
the fact that human erythrocytes are highly permeable to zinc. It has
been shown that red blood cells (RBCs) sequester more than 90% of
the extracellular zinc and once zinc is inside the RBCs, the zinc efflux
rate is less than 2% of that of the influx rate.”’ Such a regulatory
mechanism within the blood will counter any attempt to increase free

Zn?* jons inside the tissue cells at the site of injury.

5.2.4 | Step 4: Cytosolic zinc buffering and muffling
Finally, even if we increase plasma zinc to a level that can increase
free intracellular Zn?* ions within the cells at the site of injury, the
third regulatory mechanism that poses a significant barrier is the intra-
cellular zinc homeostasis mechanism termed “cytosolic zinc buffering
and muffling”, details of which are reviewed elsewhere.®° Briefly,
under steady-state conditions, the cell's repertoire of homeostatic zinc
molecules includes cytosolic zinc-binding proteins, transporters
localised to cytoplasmic and organellar membranes, and sensors of
cytoplasmic free zinc ion maintain the concentration of free Zn?* ions
in the picomolar range. Furthermore, when cells are challenged by a

high concentration of extracellular zinc, the resultant influx of Zn?*

ions is dampened by muffling reactions ultimately restoring the
cytosolic Zn?* ion concentration to its original value by either
shuttling Zn?* ions into subcellular stores or by removing Zn?* ions
from the cell.

The biological significance of such a regulatory mechanism has

21,75 For

been demonstrated using various biological readouts.
example, zinc concentrations starting from 1 pmol/L up to 25 pmol/L
did not induce gastrin gene expression in SW480 colon cancer cells.
In contrast, 50 pmol/L zinc caused a sudden increase in the expression
of gastrin by nearly 20-fold. Further increase in zinc to 100 pmol/L
had only a marginal effect on gastrin expression.”> A similar
dose-dependent effect of zinc was observed in HK-2 cells undergoing
glucose oxygen deprivation such that no effect was observed until a
level of 25 pmol/L zinc was reached. However, 50 umol/L increased
survival by nearly 200% and a further increase in zinc to 75 pmol/L

1.2* These results suggest that low doses of

led to diminished surviva
extracellular zinc (i.e. < 25 pmol/L) raise the level of intracellular
free Zn?* ions that can be quickly reversed by the cytosolic zinc
buffering and muffling mechanisms. However, when extracellular
zinc concentration increases to greater than 25 pmol/L, the
cytosolic regulatory mechanisms are overwhelmed, leading to a
biologically meaningful and non-hazardous increase in intracellular
free Zn?* ions.

To have a beneficial effect against COVID-19, the aim is to
develop a zinc treatment modality that can increase the free intracel-
lular Zn2* ions at the infection or injury site. All the registered trials
assessing the beneficial effect of zinc supplementation against COVID
use oral delivery. Here we have reviewed the published knowledge
regarding the robust regulatory mechanisms that control zinc bioavail-
ability. We believe that if zinc was supplemented orally, it would have
to overcome all the four regulatory mechanisms, as shown in Figure 1.
In contrast, IV zinc administration will bypass Steps 1 and 2, resulting
in higher bioavailability and may allow us to achieve optimal serum
zinc levels. Further IV zinc delivery will enable precise control on the
dosage and timing of administration. In summary, variability in
the absorption of oral zinc and the published knowledge regarding the
robust intestinal zinc regulatory mechanisms suggest that compared
to oral zinc, IV zinc delivery has a better prospect at increasing plasma
zinc to therapeutic levels required to achieve meaningful clinical

outcomes. However, further studies are warranted.

6 | VARIATIONIN ZINC BIOAVAILABILITY
Zinc has been given intranasally in cases of influenza infection.!!
Interestingly, localised intranasal delivery of zinc led to anosmia or loss
of smell.®* No doubt when the threshold of cells of various origin to
resist the toxic effect of zinc is in the low pmol/L range, the adverse
anosmia manifestation may have been eventuated due to very high
concentration of zinc, in the range of 30 mmol/L, used in those nasal
sprays.

Zinc is primarily supplemented orally. Solomons et al. demon-
strated that different formulations of oral zinc had different
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bioavailability; for example, consumption of 30 mg of zinc as Nutriset
tablet (ZinCfant®) resulted in lower plasma zinc when compared to an
aqueous solution of zinc sulphate which contained the same amount
of elemental zinc.8?2 When 30 mg of elemental zinc was given orally to
humans, it resulted in an only 1.8-fold peak increase in plasma zinc to
27 + 12 pmol/L from a baseline of 15 £ 5.1 pmol/L over 4 hours.??
Feillet-Coudray et al. showed oral supplementation of 30 mg zinc per
day over 6 months resulted in a marginal increase in the plasma zinc
from 14 + 1.7 pmol/L in the placebo group to 17 + 3.5 pmol/L in the
zinc group.®®

Using a preclinical large animal model of sheep, which closely
resemble the pathophysiology observed in humans, a study by O'Kane
et al. showed that plasma zinc levels needed to be raised by 7-fold
from a baseline concentration of 11 + 0.4 umol/L to 70 + 5.8 pmol/L
to protect the sheep against renal ischaemia reperfusion injury.>° A
study by Castro et al. determined that such an increase in plasma zinc
in humans can only be achieved using intravenous zinc delivery. The
study determined that when 37 mg of zinc was administered orally, it
raised the peak serum zinc levels to only 25.5 + 0.4 pmol/L from a
baseline of 13 + 1.5 pmol/L over 300 minutes.®® In contrast, when a
lower 20 mg dose of zinc was administered intravenously, it raised
the serum zinc levels by nearly 6-fold from a baseline of 13
+ 1.5 pmol/L to 101 + 18.6 pmol/L over 100 minutes.®®

Based on pharmacokinetic modelling, a study by Cvijanovich et al.
showed that 500 pg/kg/d intravenous zinc supplementation restored
the plasma zinc levels within the normal range in zinc-deficient
children in intensive care without inducing a prolonged period of zinc
accumulation and related toxicity.’

In summary, various regulatory mechanisms affect the uptake of
zinc as shown in Figure 1; different formulations of zinc, different
route of administration and zinc status of the trial cohorts, can all

influence zinc bioavailability.

7 | THERAPEUTIC USE OF ZINCIN
COVID-19

Hydroxychloroquine (HCQ) has been shown to act as a zinc iono-
phore, increasing zinc uptake and inducing apoptosis in malignant
cells.*®84 Therefore, increased zinc uptake was one of the possible
mechanisms based on which hydroxychloroquine was theorised to be
a potential treatment of COVID-19. However, a recent trial by
Boulware et al. showed that hydroxychloroquine was ineffective for
prevention of COVID-19.84 Further, it may be that for HCQ to be
effective, it needed to be administered in combination with zinc.
However, the trial determined that zinc, in combination with HCQ,
was ineffective as there was no evidence that HCQ, in combination
with zinc, reduced the incidence of COVID-19 after a high-risk expo-
sure.®* However, the study cannot be considered conclusive as it was
limited by the small sample size of the zinc cohort exacerbated by lack
of details regarding zinc formulation, dose and treatment duration.
Further data showing whether HCQ, in combination with zinc, did

indeed increase plasma zinc concentration is also lacking. There is an
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urgent need for well-conducted clinical trials to investigate the effects
of zinc as a therapeutic agent in patients hospitalised with COVID-19
infection.

8 | SAFETY OF INTRAVENOUS ZINC IN
HUMANS

Zinc toxicity is characterised non objectively by vomiting, diarrhoea,

fever, lethargy, muscle pain and stiffness®>8¢

and objectively by
anaemia, copper deficiency’ and kidney injury.?! The lethal dose is
unknown for intravenous zinc in humans.®®> The upper safe daily oral
intake limit for elemental zinc is 40 mg/d as defined by the National
Institute of Health (USA) and a lower 25 mg/d as defined by the
European Food Safety Authority. However, no such recommendation
exists for intravenous zinc. Previously in the treatment of burns, when
elemental zinc was administered intravenously at doses ranging from
26.4 to 37.5 mg/d for eight consecutive days, it did not produce any
side effects in humans.8”8? Moreover, zinc at doses ranging from
5 to 22 mg/d has been administered routinely as a parenteral nutrition
component without any reported side effects.”®

Furthermore, a published phase | clinical trial in critically ill
children with suspected zinc deficiency administered zinc
intravenously at an elemental dose of 0.75 mg/kg/d for 7 days
without producing any adverse effects.” Therefore, safety concerns
for a clinical trial using intravenous zinc within the dose ranges
mentioned above can be assuaged.”®” 87

An analysis by Hambidge et al. indicated that the maximal absorp-

d.%® This low

tion (Amax) for zinc via oral delivery is only ~7 mg zinc/
Anax is due to the molecular complexities of oral zinc absorption into
and across the enterocyte and basolateral membrane, as discussed in
the current review. In summary, we suggest that intravenous zinc may
overcome low A, of oral zinc supplementation and will have a better
prospect of increasing the levels of free Zn?* ions inside the tissue

cells at the injury site.

9 | RANDOMISED, PLACEBO-
CONTROLLED TRIAL OF HIGH DOSE
INTRAVENOUS ZINC IN SARS-COV-
2-POSITIVE PATIENTS

Cheap, safe and easily administered interventions to improve
outcomes associated with COVID-19 infection remain an important
goal. Zinc and its salts inhibit viral infections in clinical and

experimental 11-15,34,35,91-93

settings, including replication  of
SARS-coronavirus (SARS-CoV).*®> Thus, zinc supplementation might
be beneficial in patients with COVID-19.24"?2 Clinical trials have
been registered to test the efficacy of zinc against COVID, mostly
with oral zinc supplementation.’* However, the bioavailability of
enterally administered zinc is low.2° Thus, logically, intravenous zinc
should be the preferred mode of administration.?® Unfortunately, no

studies have assessed the feasibility, safety and impact on serum
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zinc levels of high-dose intravenous zinc (HDIVZn). We have
initiated a phase lla pilot double-blind randomised controlled
trial (RCT) to determine the feasibility, safety and biological
efficacy of HDIVZn in subjects with COVID-19 (Trial registration
No. ACTRN12620000454976). A detailed clinical trial protocol has
been published previously.”® Briefly, we will randomise consenting
COVID-19 confirmed hospitalised adults with oxygen saturation
(SpO,) of 94% or less while on ambient air to either daily HDIVZn
or saline placebo. Colourless pharmaceutical grade zinc chloride
(ZnCl,) stock solution will be diluted in 250 mL of normal saline and
infused via peripheral intravenous access over 3 hours at a dose
of 0.5 mg/kg/d (elemental zinc concentration 0.24 mg/kg/d) for a
maximum of 7 days, or until hospital discharge or death.

10 | CONCLUSION

No doubt, there is much published data on the potential use of zinc as
a therapeutic against COVID-19.1%7 For zinc to have its intended
therapeutic effect, one of the requisites is to increase the intracellular
concentration of free zinc in the cells and tissue impacted by COVID
pathology. To date, there is no definitive knowledge regarding the
amount of zinc that may be required to have a therapeutic effect on
COVID-19 patients. Factors such as the presence of pre-existent zinc
deficiency, the variance in zinc bioavailability caused by different for-
mulation, dose and delivery methods, especially the issues affecting
oral zinc absorption, may all influence the clinical outcomes.

Recently published studies using the large animal model have
shown that intravenous zinc is effective at reducing ischaemia reper-
fusion injury (IRl) and permanent organ dysfunction.2! The scientific
basis behind the effectiveness of intravenous zinc is its ability to
deliver a pharmacologic zinc dose and eliminate the factors that limit
the bioavailability of zinc when given orally. Further, the fact that the
drug dose correction factor (K,,) for humans (K., = 37) and sheep
(K = 36) is almost identical suggests a direct carryover of human
equivalent elemental zinc dosage from sheep to humans.”® Concerns
regarding the safety of intravenous zinc can be assuaged based on
published reports where humans were treated with higher doses of
zinc”®7-8? than would eventuate from the sheep study.

Based on the scientific knowledge discussed in this review, we
have initiated a clinical trial that uses intravenous zinc supplemen-
tation (Trial registration No. ACTRN12620000454976). We believe
that intravenous zinc could circumvent the confounding factors
affecting the bioavailability of zinc and allow zinc to achieve its
therapeutic potential. A positive outcome of our trial will have
an enormous impact on the health outcomes of patients with
COVID-19 infection and at high risk of developing ARDS. If suc-
cessful, due to advantages such as lack of toxicity, low cost and
ease of availability, intravenous zinc could be rapidly implemented

clinically.
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