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Abstract

Purpose of Review Coronavirus disease 2019 (COVID-19) is a rapidly emerging disease caused by a highly contagious virus
called severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and this disease has affected millions of people across
the world and led to hundreds of thousands of deaths worldwide. Nutrition is a key factor related to this disease, and nutritional
status may determine the risk and outcomes of SARS-CoV-2 infection. Selenium is one of the major trace elements required for
redox functions and has significant roles in viral infections. The purpose of this review was to examine the current evidence on
the role of selenium in COVID-19. We reviewed studies on selenium and COVID-19, and other relevant studies to understand
how selenium status can modify the risk of SARS-CoV-2 infection, and how selenium status might affect a person post-infection.
Recent Findings We found that oxidative stress is a characteristic feature of COVID-19 disease, which is linked with the
immunopathological disorder observed in individuals with severe COVID-19. Selenium plays a key role in strengthening
immunity, reducing oxidative stress, preventing viral infections and supporting critical illness. Moreover, selenium deficiency
is related to oxidative stress and hyperinflammation seen in critical illness, and selenium deficiency is found to be associated with
the severity of COVID-19 disease.

Summary Selenium supplementation at an appropriate dose may act as supportive therapy in COVID-19. Future studies in large
cohorts of COVID-19 are warranted to verify the benefits of selenium supplementation for reducing risk and severity of COVID-
19.

Keywords Antioxidants - Coronavirus disease (COVID-19) - Immunity - Micronutrients - Selenium - Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2)

Introduction

Selenium is an essential trace element required for the func-
tioning of all organisms. The primary source of human body
selenium is diet from plant and animal origin, which largely
depends on the soil selenium content, and the bioavailability
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of'soil selenium to crops [1, 2]. Globally, selenium deficiency
is thought to affect 500 million to 1 billion people, and the
deficiency is widespread in some parts of China, New Zealand
and Europe [3]. The common diseases resulting from its defi-
ciency include Keshan disease and Kashin-Beck disease [2].
Selenium has an important role in maintaining redox balance
in cells, and its antioxidant and anti-inflammatory activity is
attributed to its role in immunity [4e, 5]. Therefore, selenium is
of significance in viral infections, and it can play a vital role in
supporting coronavirus disease 2019 (COVID-19).
COVID-19 is a rapidly emerging disease that began in
December 2019 and has already affected millions of people
worldwide and led to hundreds of thousands of deaths [6].
This disease is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), a highly contagious virus,
which is transmitted primarily through respiratory droplets
[7¢]. Coronaviruses are a large family of viruses that infect
humans and/or animals. The coronavirus subfamily is further
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classified into four genera: alpha, beta, gamma and delta
coronaviruses. Other major coronaviruses that were responsi-
ble for human outbreaks with life-threatening infection in-
clude the Middle East respiratory syndrome coronavirus
(MERS-CoV causes MERS) and severe acute respiratory syn-
drome coronavirus (SARS-CoV causes SARS) [8].

The uprising number of COVID-19 cases with many pa-
tients advancing to severe illness followed by strict lockdown
across many countries has crippled the global economy [9].
Interestingly, the rate of COVID-19 infection and disease se-
verity has been found to differ among countries, and many of
the contributing factors for such differences remains unex-
plored [6]. Factors such as age, body physiological status,
immunity, nutritional status, genetic factors, variation in gut
and lung microbiota population, and environmental factors
may be involved in determining the susceptibility to SARS-
CoV-2 infection and the outcomes of its infection [10-15].
Elderly people and adults with certain medical conditions
are found to be at increased risk of severe illness from
COVID-19 than others [16, 17]. Common medical conditions
that predispose to severe illness in individuals with COVID-
19 include cancer, chronic kidney disease, chronic obstructive
pulmonary disease, immunocompromised state, obesity, heart
diseases, sickle cell disease and type 2 diabetes mellitus [17].

In this review, we briefly discuss COVID-19, including
the mechanism of SARS-CoV-2 infection. We describe
how oxidative stress in COVID-19 is linked with the
immunopathogenic state observed in individuals with
COVID-19. We overview the potential explanations for
the low impact of COVID-19 in children. Following the
discussion on COVID-19, we briefly discuss the relation-
ship between nutrition and particularly micronutrients and
COVID-19. After that, we talk about selenium and its me-
tabolism in brief. Following this, we critically investigated
the available information on the link between selenium and
COVID-19 and discuss the critical roles of selenium in
preventing viral infections, immune response, redox bal-
ance and immunopathogenesis. Finally, we discuss the im-
pact of selenium supplementation on viral infections with
reference to COVID-19, and on patients with a critical
illness. In all of these discussions, we focused on how
selenium can minimise oxidative stress, cytokine immuno-
pathology and severity of the disease, and enhance immu-
nity. The goal was to seek an answer if selenium deficiency
increases the risk and severity of COVID-19 infection and
if selenium supplementation can minimise such trends. We
conducted a search of the major databases, PubMed and
Scopus, for the keywords “coronavirus disease 20197,
“COVID-19”, “SARS-CoV-2” and “selenium” and includ-
ed the relevant studies. All the available original articles
reporting nutrient and selenium status in individuals with
COVID-19 were incorporated for review. Based on the
critical review of literature, selenium appears to be a
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promising nutrient for defending viral infections, with
some potential benefits for COVID-19, and this nutrient
has a potentiality to support COVID-19 management.
Further studies are necessary to ascertain if selenium sup-
plementation can reduce SARS-CoV-2 infection and se-
verity of this disease.

The COVID-19 Disease

COVID-19 is commonly characterised by fever, dry cough
and tiredness. Other symptoms may include aches and pains,
nasal congestion, anosmia, sore throat and diarrhoea [18, 19].
The clinical presentation of this disease varies among individ-
uals, and more than 80% of the infected person can remain
asymptomatic or display mild symptoms, and such cases act
as a silent carrier of this disease [18]. Moreover, the SARS-
CoV-2 is highly resilient in the external environment and can
remain viable for up to 3 days on steel and plastic surfaces,
which increases the likelihood of infecting several people
from a single source [20]. Although COVID-19 is a disease
of the respiratory system that particularly invades lungs which
can progress to pneumonia and acute respiratory distress syn-
drome (ARDS), emerging studies have found that SARS-
CoV-2 also infects extrapulmonary tissues and organs and
can lead to multiple-organ injury [21]. Extrapulmonary man-
ifestations of this disease include thromboembolism, myocar-
dial dysfunction and arrhythmia, acute coronary syndromes,
acute kidney injury, gastrointestinal symptoms, hepatocellular
injury, hyperglycaemia and ketosis, neurologic symptoms, oc-
ular symptoms and dermatologic complications [18, 21].

Mechanism of SARS-CoV-2 Infection

Coronaviruses are enveloped positive-stranded RNA virus-
es, which contain crown-like spike proteins on their sur-
face [7¢]. The spike protein facilitates attachment of the
virus to respiratory cell surface. The epithelium of the hu-
man nose, mouth and lungs has an angiotensin-converting
enzyme 2 (ACE2) receptor which the virus utilises as a
receptor for attachment. Once inside the cells, the virus
releases its RNA and starts the replication process. The
virus uses host cell machinery to make its components
for multiplication, after which the newly formed virions
are released from damaged cells [7¢, 18]. The viral multi-
plication causes cell death, and new cells are invaded by
the newly released virions. The mechanism of viral entry
and multiplication is shown in Fig. 1. The extent of tissue
damage depends on the host immunity and the ability of a
virus to escape from host defences.
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Oxidative Stress in COVID-19

Oxidative stress is a condition of imbalance between free rad-
ical generation and antioxidant defences. Overload of free
radicals such as hydroxyl radical (OH"), superoxide anion rad-
ical (0,7), hydrogen peroxide (H>O,) and peroxyl (ROO") is
toxic because of their ability to react and damage biological
molecules such as DNA, RNA, protein, carbohydrate and lip-
id. Excess of free radical damages cells and tissues initiating
inflammation. Activation of inflammatory pathways further
adds to intensifying oxidative stress [22]. While reactive ox-
ygen species (ROS) such as superoxide is an integral compo-
nent of immune defence mechanisms and cell signalling, ex-
cessive ROS production is detrimental to health.

The entry of SARS-CoV-2 virus into lung cells can initiate
cellular oxidative stress because the virus utilises host cell
machinery and impedes with cell-intrinsic metabolic and
physiologic process. Such viral activities will induce a cellular
stress response. The budding of the virion from host cells
further disrupts the cell membrane and can cause cell lysis.
Thus, in COVID-19, there is an imbalance in cell redox state
with excessive free radicals particularly ROS production, and
activation of inflammatory signalling pathways which will
further evoke free radical generation causing tissue damage
[23]. Hence, the markers of cellular and systemic oxidative
stress are estimated to rise in individuals with COVID-19.
Accordingly, the blood level of inflammatory molecules in-
cluding C-reactive protein (CRP) and serum Nox2 derived
peptides which contribute to oxidative stress have been found
to rise in individuals with COVID-19 [19, 24, 25e°].

(e Endoplasmic reticulum

There are opinions that the degree of oxidative stress in
COVID-19 may be linked with the severity of COVID-19
disease, including the extent of tissue damage and
hyperinflammation [26]. In a study, circulating levels of in-
flammatory markers, Nox2, high-sensitivity (hs)-CRP and D-
dimer were higher in COVID-19 patients admitted to inten-
sive care units (ICU) than non-admitted patients, and in pa-
tients with thrombotic events than those without thrombotic
events. This finding, in particular, shows the prospect of in-
flammatory blood markers to differentiate the severity of
COVID-19 disease [25¢°].

Immunopathological Response to COVID-19

In about 5% of individuals with COVID-19, the disease pro-
gresses into a critical illness characterised by respiratory fail-
ure requiring mechanical ventilation and ICU support, system-
ic sepsis and multiorgan dysfunction [18, 27]. The lungs of
such COVID-19 patients undergo pathological changes
depicted as ground-glass opacity [19, 27]. Excessive genera-
tion of free radicals in the lungs leads to oxidative stress, and
this is a critical factor for pulmonary tissue damage [28¢]. The
oxidative stress and lesions in the lungs which often evolve to
ARDS are believed to be one of the most important causes of
immunopathologic response, and this is one of the most com-
mon causes of death in COVID-19 [29].

While a protective immune response is initiated after all
COVID-19 infections, in some patients, the immune response
is pathologic and life-threatening, which is termed as cytokine

@ Springer



128

Curr Nutr Rep (2021) 10:125-136

storm [30]. Cytokine storm is an acute hyperinflammatory
response characterised by an increased level of multiple cyto-
kines including interleukin (IL)-6, IL-1b and tumour necrosis
factor-alpha (TNF-cc) which result in endothelial dysfunction,
vascular damage and metabolic dysregulation, all of which
contribute to damage of multiple organs [14, 30]. The magni-
tude of pathologic immune response correlates with factors
such as the extent of tissue damage, multiorgan failure and
host characteristics [31]. Taking into account cytokine storm
and concurrent oxidative stress in severe COVID-19 cases,
diminishing the production of cytokines and oxidative stress
appears to have a positive impact in critically ill COVID-19
patients.

Low Susceptibility and Severity of COVID-19
in Children

COVID-19 is largely found to be mild in the children (except
infants) with fatality rate being very low as compared to adults
[32-34]. This finding conflicts with the previous concept that
children have an immature immune system and have a higher
proneness to microbial infections with subsequent develop-
ment of severe symptoms. In fact, children seem to have a
stronger resistance to SARS-CoV-2 infection and have a good
prognosis of this disease. Multiple factors contribute to the
superior defence against SARS-CoV-2 infection, and low dis-
ease severity in children [33, 35]. One of the main factors is
efficient humoral immunity leading to antibody formation
against virus spike specific protein and memory B cells [36].
Many respiratory viral infections are quite common in chil-
dren, and therefore, the prevalent immune response against
previous viral infections may act to protect from SARS-
CoV-2 infection. Children have a lesser expression of ACE2
receptor in the lungs than adults, and therefore virus has less
chance to invade their lungs [35]. Once infected, children
develop less intense immunopathological reactions which
are probably due to an immature immune system not trained
to cause hyperinflammation, and therefore, there is a less
chance of developing ARDS [37]. Other supporting factors
include better repair power (of damaged respiratory tissues),
and low occurrence of comorbid conditions.

Several questions remain unanswered as to why COVID-
19 is less infective in children than compared to adults who
have a robust immune system. Some argue that children have
a high metabolic rate and a strong antioxidant system that can
well tolerate the oxidative stress induced by a viral infection.
In contrast, elderly have a low metabolic rate coupled with a
weak antioxidant system which is unable to bear viral
infection—induced oxidative stress and inflammation [26].
This highlights the importance of strong antioxidant capacity
and emphasises the necessity of boosting antioxidant status in
vulnerable people. Accompanying this, another critical factor

@ Springer

implicated for the augmenting pathogenicity of a virus is host
nutritional status. Host nutritional status determines cellular
and physiological conditions that are linked to the emergence
of pathogenic viruses with genetic modifications [38].

The Link Between Nutrition and COVID-19

There has been a steady rise in the rate of chronic diseases and
a fall in infectious diseases across the world in the past de-
cades [39]. COVID-19 is the first infectious disease of pan-
demic scale in the twenty-first century in the context of a high
rate of chronic diseases. This increases the odds of having
chronic diseases in COVID-19 cases, and therefore, the pos-
sible influence of chronic diseases on increasing COVID-19
infection, disease severity and mortality should not be
underestimated. A systematic review and meta-analysis found
that underlying chronic diseases such as hypertension, diabe-
tes, cardiovascular disease and respiratory disease are signifi-
cantly more common in critical/mortal patients compared to
the non-critical COVID-19 patients [17].

Nutrition has a critical role in determining health and
disease. A healthy diet and adequate exercise decrease
the risk of several chronic diseases. Consumption of
energy-dense diets and inadequate exercise results in
weight gain and obesity, which can lead to diseases such
as diabetes, metabolic syndrome, cardiovascular disease
and chronic kidney diseases [40]. To date, there is no direct
evidence if consumption of high-energy diet around
SARS-CoV-2 exposure can increase the risk of COVID-
19 infection and disease severity. Still, it can be speculated
that consumption of unhealthy diets rich in energy but poor
in micronutrients over the period can increase risk and
severity of COVID-19 disease. Conversely, low-energy di-
et and inadequate micronutrient consumption called under-
nutrition reduce immunity, and therefore predisposes to
COVID-19 infection [41]. Thus, optimal nutrition is essen-
tial for developing competent immunity to fight against
viral infections, including COVID-19 [42, 43].

Individuals with COVID-19, particularly those with severe
disease and admitted to ICU, are highly vulnerable to nutri-
tional deficiencies. The plasma albumin concentration, a
marker of nutritional status, was found to be lower in non-
survivors of COVID-19 as compared to survivors [44]. A
study in Wuhan reported that a large proportion (61%) of
critically ill COVID-19 patients had high nutritional risk,
and patients with high nutritional risk at ICU admission dem-
onstrated significantly higher mortality of ICU 28-day. Such
patients exhibited significantly higher incidences of ARDS,
acute myocardial injury, secondary infection and shock [45].
Overall, maintaining optimum nutrition is essential in individ-
uals with COVID-19.
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Role of Micronutrients in Viral Infection
Including SARS-CoV-2 Infection

Micronutrients are the substances required in small amount in
diet and essential for biochemical reactions. Even though they
do not directly provide energy, they participate in metabolic
processes that release energy, support immune functions and
acts as antioxidants. The major micronutrients involved in
protecting against viral infections include vitamins A, C, D,
E, B6 and B12, folate, iron, zinc, copper, selenium and mag-
nesium [46]. Some of these micronutrients (vitamin A, C and
D) help to maintain intact epithelium by promoting epithelial
growth and differentiation, which will prevent viral entry.
Others act as potent antioxidants inside membrane lipid (vita-
min E) and cytoplasm (vitamin C, vitamin A, copper, zinc,
selenium) protecting membrane and organelles, and facilitate
innate and adaptive immunity [46, 47]. Deficiency of one of
these micronutrients can decline immune function and in-
crease susceptibility to viral infections and slow down the
recovery after infection [43, 48].

Currently, one of the key things to understand is whether
micronutrient status can determine the propensity to COVID-
19 infection and severity of the disease. There are also con-
cerns about the high rate of suboptimal micronutrient deficien-
cies in communities which remain unidentified, and such
unrecognised deficiencies can have an important role in the
current pandemic. In a small study in South Korea, vitamin D
and selenium deficiency were seen in 76% and 42% of
COVID-19 patients, with higher deficiency rate in patients
with severe disease. In the same study, pyridoxine and folate
deficiency were seen in 6.1%, and 4.0% respectively [49¢].
Another study in Switzerland found lower plasma vitamin D
in COVID-19 patients than healthy controls [50¢]. Perhaps
based on the emerging evidence about micronutrient require-
ment in COVID-19, a consensus statement from Shanghai
medical panel was released which advised the use of a high
dose of intravenous ascorbate for the treatment of ARDS,
along with other supportive therapies, including vitamin D
and zinc [51]. One recent meta-analysis showed that vitamin
C supplementation in hospitalised patients could reduce the
length of mechanical ventilation required by 18% and the
length of ICU stay by 8% [52]. Currently, several clinical
trials on vitamin D, vitamin C, zinc and selenium supplemen-
tation are underway for their benefits in COVID-19 disease. In
this review, we only highlight the role of selenium, and other
similarly acting micronutrients are out of the scope of this
review.

Selenium Chemistry and Metabolism

The atomic number and weight of selenium are 34 and 78.971
respectively, and the daily dietary recommended intake is 55

pg/day in adults [53]. Selenium is a component of several
enzymes and proteins. In the human body, selenium occurs
mainly as a part of amino acid, selenocysteine, which is found
in at least 25 selenocysteine-containing proteins called
selenoproteins [4¢, 53]. The major selenoproteins in human
include five selenium-containing glutathione peroxidases
(GPx1-4 and GPx6), three thioredoxin reductases (TrxR1-3),
three iodothyronine deiodinases, one methionine sulfoxide re-
ductase B1, selenoprotein P, H, K, M, N, R, S, and W, 15 kD
selenoprotein, mitochondrial capsular selenoprotein and
selenophosphate synthetase-2 [53-55].

The major dietary sources of selenium are Brazil nuts,
seeds, mushrooms, fish, selenium yeast, seafood, beef and
poultry [3]. In diet, most of the selenium occurs in the form
of selenomethionine, selenocysteine, selenite and selenate, all
of which have excellent bioavailability, and absorbed well
without regulation [56]. In the intestine, selenomethionine is
absorbed via intestinal methionine transporters. Once, inside
the cell, selenomethionine directly participates in protein syn-
thesis or get metabolised to release selenocysteine which can
be further catabolised to selenide. Selenocysteine uptake oc-
curs mainly through dibasic amino acid transporters in the
intestine, where they can be converted to selenides and enter
selenium pool. Inorganic forms of selenium, selenite and sel-
enate, are absorbed through a simple diffusion process [2, 56].
The liver is the principal organ supplying selenium to other
tissues by secreting selenoprotein P into systemic circulation.
The peripheral cells then take selenoprotein P through
receptor-mediated endocytosis, where selenium is utilised or
recycled [2]. At higher selenium intake, it can be toxic and the
excess body selenium gets excreted through urine and faeces.

Link Between Selenium and COVID-19

Selenium deficiency seems to be common in COVID-19, as
shown by a study in South Korea, where a high rate of sele-
nium deficiency based on the measurement of blood selenium
was found [49¢]. In one of the first study of its kind, selenium
deficiency was associated with higher mortality in COVID-19
patients [57]. In hospitalised patients, deficiency of nutrients is
very common, and therefore in the severe form of COVID-19,
selenium deficiency can be quite common. The inadequate
selenium intake persists in a large proportion of world popu-
lation across several countries, and this can have a consider-
able impact on COVID-19 infection and outcomes. Such no-
tion is supported by a finding from China, where selenium
status was associated with cure rates of COVID-19 [58¢].
Moreover, infectious viral diseases such as HIV, influenza
and Ebola are more likely to evolve and spread in areas where
soils are deficient in selenium [59]. This is because selenium
deficiency promotes viral mutations, replication and the emer-
gence of a more pathogenic form of RNA viruses.
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The high risk of oxidative damage of the lungs in COVID-
19 is partly counteracted by selenium and selenoproteins in
the lungs. Further evidence on selenium status in COVID-19
patients, including those with and without disease severity, is
expected to emerge rapidly as many researchers are investi-
gating if selenium supplementation can lower the impact of
this disease. Some of the principal functions of selenium in
COVID-19 disease include preventing viral infection, lower-
ing viral pathogenicity, boosting immunity, lowering oxida-
tive stress, inflammation and pathogenesis of the disease. We
discuss these functions in detail below.

Role of Selenium in Viral Infections Including
SARS-CoV-2

The first evidence for the role of selenium in viral infections
came from Keshan disease, where Coxsackie virus and low
selenium intake were the aetiology factors [60]. For a virus to
infect the host cell, it must find an appropriate receptor to bind.
In the case of SARS-CoV-2 virus, the primary receptor is the
ACE2 receptor. Following the binding, the virus is taken in-
side the host cell via endocytosis, where viral multiplication
occurs. Selenium and selenoproteins indirectly affect those
viral activities by contributing to several defensive mecha-
nisms. Selenium supports structural integrity and intactness
of respiratory epithelial barrier, which will lower viral entry
to respiratory cells. In a similar type of RNA virus, influenza,
selenium nanoparticles functionalised with antiviral agent
amantadine were shown to inhibit the binding of HIN1 virus
with the host cell by suppressing neuraminidase activity [61].
Therefore, selenium has the potential to modify the binding
affinity of a virus with human receptor and decrease the infec-
tion rate.

Emerging evidence on selenium status in viral diseases
reveals the link between selenium and viral infections. A study
in China showed that selenium deficiency increases hantavi-
rus infection in both rodents and humans [62]. Furthermore,
under selenium-deficient conditions, viruses are found to mu-
tate rapidly to become more virulent, and upon selenium suf-
ficiency, the mutagenesis of virus decreases followed by
dumping of virulence [60, 63, 64]. Thus, selenium plays a
vital role in reducing viral pathogenicity and infection rate.

Selenium Is a Potent Immunonutrient
Against SARS-CoV-2

Immunity is a body defence against infections and includes
innate and adaptive immunity, both of which comprise multi-
ple components. The first line of innate defence against virus
includes nonspecific defence mechanism such as mechanical
and chemical barriers which are made up of intact epithelial
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cells on the skin and mucosal surfaces that will not allow easy
viral access to the body. On the mucosal surfaces of the respi-
ratory tract, the epithelial cells are bathed by fluids and mu-
cous, which minimises direct attachment of viruses.
Furthermore, the fluid is composed of defensive peptides
and enzymes that can kill common invading agents [65].
Selenium enhances the synthesis of defensive proteins and
antioxidant enzymes present on the mucosal surface [66].

Selenium is required for the activities of phagocytic cells.
Phagocytic cells are a major component of the innate immu-
nity system. Insufficient selenium intake reduces phagocytic
selenium level, which can reduce oxidative burst as seen in the
neutrophils from selenium-deficient rats [67]. In a swine
study, the neutrophils from selenium-deficient animals exhib-
ited decreased phagocytic activity as compared to control an-
imals [68]. In mice peritoneal macrophage, selenium
deficiency-induced excess oxygen free radicals, decreased
phagocytic capacity, weakened antioxidant capacity and in-
creased the expression of inflammation markers including in-
ducible nitric oxide synthase (iNOS), IL-1f3, IL-12, IL-10,
prostaglandin E synthase (PTGE) and nuclear factor kappa
beta (NF-«kB) [69]. Thus, it appears that under selenium-
deficient conditions, cells have reduced ability to phagocytose
and eliminate the invading virus.

In individuals with COVID-19, total lymphocytes, CD4+ T
cells, CD8+ T cells, B cells and natural killer (NK) cells are
found to decrease, and severe cases had a lower number of
these cells than mild cases [70]. Selenium status may influ-
ence some of these parameters, such as B cell function and T
cell differentiation and function [67]. Selenium intake is found
to modulate free thiol levels and T cell activation. In mice,
selenium deficiency was found to reduce T cell proliferation
while selenium supplementation increased T cell activation
and differentiation [71]. In a healthy human study, selenium-
supplemented group produced high titre of antibody against
diphtheria inoculation than compared to non-supplemented
group [72]. It is understood that during selenium deficiency,
not all the tissues are equivalently supplied with low selenium
stores, and immune cells are one of the first tissues to face a
rapid decline which will result in less selenoprotein synthesis.
This will increase the risk of being infected by SARS-CoV-2
in selenium-deficient people with adverse outcomes.

Role of Selenium in Redox Homeostasis

Selenoproteins have a crucial role in maintaining redox bal-
ance virtually in all tissues. COVID-19 is characterised by
increased oxidative stress; therefore, selenium seems benefi-
cial. Excessive production of ROS and other free radicals
contributes to lung injury with a propensity to develop critical
illness in COVID-19. In selenium-deficient conditions, blood
and tissue oxidative stress is found to increase in animals [68,
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73]. Among the H1N1-infected children of 2009-2010 pan-
demic, an increase in C-reactive protein and lipid peroxidation
levels and a marked decrease in both plasma and erythrocyte
selenium levels and GPx1, GPx3 and TrxR activities were
seen [74]. Conversely, selenium supplementation has been
shown to reduce oxidative stress and support the management
of critically ill patients in ICU [75-77¢].

Broadly, selenoproteins with antioxidant functions fall un-
der one of the two antioxidant systems: the thioredoxin system
which consists of thioredoxin, thioredoxin peroxidase and
TrxRs and the thiol redox system which consists of glutathi-
one (GSH), GSH reductase, glutaredoxin and GPxs [55].
These selenoproteins are located at different locations within
cells such as organelles, cytoplasm and in the extracellular
space. The most prominent GPxs with antioxidant function
include GPx1, GPx2, GPx3 and GPx4, whereas the most im-
portant TrxR are TrxR1, TrxR2 and TrxR3. Other prominent
antioxidant selenoproteins are methionine sulfoxide reductase
B1, selenoprotein P and selenoprotein W [76¢]. The GPx en-
zymes use glutathione as a cofactor, which is reduced back by
glutathione reductase, and GPx catalyse reduction of oxidants
like hydrogen peroxide and various other organic hydroper-
oxides such as phospholipids and cholesterol hydroperoxides
[2]. The TrxR catalyse conversion of oxidised thioredoxin to
reduced form by using NADPH as a cofactor molecule [55].
Overall, the principal function of selenoproteins is to protect
the cell from oxidative stress and balance redox state.

Some evidence suggests that selenium species have redox
activity, and this activity has the potential to react with SARS-
CoV-2 main protease MP™ [76¢]. Zhang et al. put forward that
low molecular selenium compounds such as methyl selenol,
dimethyl selenides and selenium nanoparticles, which are
mostly achieved in human body by high intake of selenium,
can modify cysteine 145 residues of SARS-CoV-2 M protein.
This modification can stop viral replication by truncating the
viral life cycle [76¢]. In a related RNA virus, influenza, sele-
nium nanoparticles functionalised in amantadine reduced the
generation of ROS in kidney cell line while they were infected
with influenza virus [61].

Administration of substances that can reduce oxidative
stress seems quite promising in individuals with COVID-19.
To this end, apart from selenium, several other compounds
with antioxidant function are being tested currently. A report
from a phase I trial among critically ill COVID-19 patients
showed that administration of methylene blue dye, along with
antioxidants: vitamin C and N-acetyl cysteine, significantly
improves the markers of oxidative stress [78]. In a recent
review, several actions of N-acetyl cysteine during viral infec-
tion were discussed. It suggested that N-acetyl cysteine has
inherent antioxidant activity, and it helps to minimise viral
multiplication and lowers the severity of influenza virus dis-
ease [79]. Moreover, a molecular dynamics study predicted
that N-acetyl cysteine could reduce disulphide bonds on spike

protein of SARS-CoV-2 and ACE2 receptor to thiol groups,
thereby hindering the binding between ACE2 receptor and
SARS-CoV-2 virus [80]. If proven successful by in vivo stud-
ies, this proposed mechanism can attenuate COVID-19 infec-
tions. In a case study of two COVID-19 patients developing
pneumonia, high-dose oral and/or intravenous glutathione im-
proved dyspnoea within an hour of treatment with further
improvement of respiratory symptoms over repeated use
[81]. Glutathione is a major antioxidant molecule in the lungs,
and therefore, promoting its synthesis seems quite beneficial
in COVID-19 patients [79]. Boosting endogenous glutathione
production by using the supplement can be developed as a key
therapeutic approach for reducing COVID-19-related compli-
cations. Overall, several types of antioxidant treatment appear
to be useful in individuals with COVID-19.

Relationship Between Selenium
and Immunopathogenesis of COVID-19

Lung tissue damage can initiate a pathological immune re-
sponse, termed as cytokine storm, in individuals with
COVID-19. This state is characterised by increased produc-
tion of free radicals, inflammation and exaggerated release of
cytokines, all of which provokes inflammation and organ
damage [30]. To date, there is no direct evidence from
COVID-19 patients if selenium status mediates cytokine
storm; however, evidence from other studies in animal and
human supports the role of selenium in the
immunopathogenesis of COVID-19 [82—84]. Furthermore,
low lung selenium, if existing, may impede with its repair
and healing process.

In immunopathological condition, there is a risk of seleni-
um deficiency, and accordingly, the blood selenium is likely
to drop than normal patients. Conversely, in selenium-
deficient conditions, blood inflammatory cytokine levels are
shown to rise. In a study among elderly people, people with a
higher level of inflammatory cytokine, IL-6, had higher odds
of having selenium deficiency, and serum selenium was in-
versely associated with IL-6 [82]. In chickens, selenium defi-
ciency reduced the expression of selenoprotein genes in the
spleen and increased the inflammatory cytokine levels [83]. In
human bronchial epithelial cell lines infected with influenza
virus, selenium-deficient cells produced more amount of IL-6
than selenium sufficient cells [84]. Further evidence showed
that polymorphism (105G/A) in one of the important
selenoproteins, selenoprotein S, is strongly linked with the
circulating level of inflammatory cytokines, IL-1[3, IL-6 and
TNF-oc [85]. This study further suggests the contribution of
selenoprotein genetics to the inflammatory response.

Sepsis is one of the common immunopathological condi-
tions characterised by cytokine storm, and severe inflamma-
tion and oxidative stress are initiated commonly by antigens
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released from microorganisms after infection. Selenium defi-
ciency is quite common in sepsis patients, and the degree of
deficiency is often related to the severity of the disease [67,
86]. In a human study, low plasma selenium concentrations
were found in critically ill patients, with further deterioration
of plasma selenium concentrations in patients with sepsis than
those without infection. As compared to the patient without
sepsis, sepsis patients had increased oxidative stress as indi-
cated by lower plasma GPx3 but higher lipid hydroperoxides
and myeloperoxidase, and a higher level of inflammatory
markers, CRP and soluble urokinase-type plasminogen acti-
vator receptor [87].

Evidence from animal and human studies suggests that
optimal selenium status or administration of selenium can pre-
vent excessive cytokine production. In critically ill patients
with ARDS, intravenous selenium supplementation
replenished blood selenium level, the antioxidant capacity of
lungs, and lung functions. Moreover, the serum concentration
of IL-1 and IL-6 correlated inversely with serum selenium
[77¢]. In a mice study, the oxidative stress and inflammation
induced by applying toxic levels of aluminium were moder-
ated by selenium supplementation [88]. In view of these find-
ings, it appears that SARS-CoV-2 infection—induced
immunopathogenesis can be influenced by selenium status,
and therefore, maintaining optimal selenium intake is vital.
This notion is supported by recent findings where selenium
status was associated with mortality and cure rate of COVID-
19 patients [57, 58¢].

Selenium Supplementation in COVID-19

Low selenium status is quite common among critically ill
patients [86, 87]. Similarly, among COVID-19 patients, low
selenium status is more common in those with severe disease
[57, 58¢]. Selenium supplementation boosts immune response
and lowers oxidative stress and inflammation and virulence
behaviour of viruses [53, 60, 75]. In addition, there is a pros-
pect that selenium and selenium-containing compounds sup-
plementation can lower the ability of SARS-CoV-2 virus to
infect humans [76¢].

Selenium supplement has shown dramatic benefits in the
immune functions of the elderly. Selenium supplement in-
creased total T cells, particularly CD4+ T cell and percentage
increase in NK cells followed by an increase in NK cell cyto-
toxicity [89]. In mice infected with influenza virus, selenium
supplementation decreased mice mortality in a dose-
dependent manner, and this was partly through an increase
in TNF-« and interferon (IFN)-y in selenium-supplemented
mice [90]. In chicken, dietary selenium supplementation en-
hanced antiviral immune response against low pathogenic avi-
an influenza virus strain subtype HON2 as demonstrated by
higher transcription of antiviral response genes: IFN-«, 3 and
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v in the tissues as compared to controls. This antiviral re-
sponse was related to the decreased viral shedding from the
animals [91]. In the hepatoma cell models, sodium selenite
was found to suppress transcription and replication of hepatitis
B virus in a dose-dependent manner [92].

There are several other benefits of selenium and its com-
pounds. An organoselenium compound, ebselen, has received
attention recently because of its ability to inhibit main protease
of SARS-CoV-2, its antiviral activity and role as glutathione
peroxidase and peroxiredoxin mimetic [93¢]. In mice studies,
selenium was found to provoke a stronger immune response
when used as an adjuvant in addition to ginseng stem-leaf
saponins for the pseudorabies vaccine [94, 95]. Some
hypothesise that a compound of selenium, selenite used in
supplementation, reacts with the sulphhydryl group of viral
protein disulphide isomerase and convert to inactive di-
sulphide form, thereby preventing viral entry to cells [96].
The prospect of using such selenium compounds is worthful
because they add additional benefits aside from supporting
selenoprotein synthesis.

Selenium Supplementation in Critically IlI
COVID-19 Patients

Preliminary evidence has shown selenium to be very im-
portant in critically ill COVID-19 patients [57, 58°].
Moreover, the degree of selenium deficiency may be
linked with mortality risk in critically ill patients. In a clin-
ical trial, high doses of selenium were found to reduce
mortality from septic shock [97]. Respiratory problems
are the critical problems in critically ill COVID-19 patients
[18]. Lungs selenoproteins can help to mitigate such prob-
lems by reducing the impact of viral invasion and tissue
injury by acting as antioxidants and modulating several
immune response pathways [4+, 98]. In mice infected with
porcine circovirus, selenium supplementation decreased
the lung lesions and reduced markers of inflammation
[99]. This finding suggests that selenium therapy may be
able to decrease lung lesions and reduce inflammation.

A number of studies have tested if selenium supplement
can lower the death rate and outcome of pneumonia in venti-
lated patients and there are mixed results with some studies
showing positive or no benefits [77¢, 100—102¢¢]. Selenium
supplementation in mechanically ventilated patients following
sepsis was found to reduce the occurrence of ventilator-
associated pneumonia in a RCT [100¢]. In another clinical
trial, parenteral selenium supplementation reduced the inci-
dence of ventilator-associated pneumonia and severity of ill-
ness in critically ill patients with systemic inflammatory re-
sponse syndrome [101¢¢]. A high dose of selenium in critical-
ly ill patients improved antioxidant status measured as plasma
GPx3 but did not improve the incidence of ventilator-
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associated pneumonia after treatment [102¢¢]. Overall, seleni-
um supplementation seems to be promising, and therefore,
maintaining adequate selenium intake, particularly among
COVID-19 patients in the ICU, should be encouraged.
While supplementing selenium, it is also important to adhere
to the appropriate dose, and the blood levels need to be mon-
itored carefully to minimise potential toxicity.

Conclusions

COVID-19 is a rapidly emerging disease that can lead to
critical illness with serious respiratory distress and cyto-
kine storm. Increased oxidative stress and excessive pro-
duction of inflammatory cytokines is a critical component
of severe COVID-19 disease. Therefore, maintaining opti-
mal micronutrient intake, particularly those with antioxi-
dant activities, is essential to counteract developing oxida-
tive stress and inflammation, and to boost the immune sys-
tem. Selenium, an essential trace element, strengthens the
immune system, lowers viral infection and reduces oxida-
tive stress and inflammation. Because of those functions,
selenium is an essential nutrient in COVID-19 disease.
Furthermore, selenium is essential for critically ill patients,
and its deficiency is often associated with severity and
mortality rate of critical illness. Moreover, a link between
selenium deficiency and severity of COVID-19 disease
suggests the importance of this nutrient in COVID-19.
The results of selenium supplementation in critically ill
patients are promising; therefore, selenium supplementa-
tion may be an additional strategy to manage COVID-19
disease. Future studies in large cohorts are necessary to
validate the benefits of selenium supplementation in
COVID-19 disease.
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