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ARTICLE INFO ABSTRACT

Keywords: Host nutrition is an important factor affecting disease progression. Selenium (Se) is an essential trace element for
Selenium the human body with anti-inflammatory, antioxidant, and immune effects, and Se deficiency increases RNA-virus
RNA virus replication and virulent mutations, which lead to more severe tissue damage and symptoms. Low Se status in the
SARS-CoV-2 . oo . .

COVID-19 host may be an important cause of health complications induced by severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2). In this article, we describe the metabolic mechanisms by which Se is involved in anti-
inflammatory, antioxidant, and immune effects, and review the role and clinical effects of Se in viral infection.
We then discuss the potential relationship between Se and coronavirus disease 2019 (COVID-19). The association
between soil Se level and the incidence of COVID-19 was observed in different cities of Hubei Province. The
incidence of COVID-19 was more than 10 times lower in Se-enriched cities (Enshi, Shiyan, and Xiangyang) than
in Se-deficient cities (Suizhou and Xiaogan). Although the relationship between soil Se levels and the incidence of
COVID-19 in Hubei still needs further study, these findings provide baseline information demonstrating the effect

Human health

of Se levels on SARS-CoV-2, which could contribute to the prevention and management of COVID-19.

1. Introduction

The ongoing pandemic of coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) in over 200 countries has led to a global health emergency
(Khursheed et e al., 2020; Zhang et al., 2020a). As the outbreak spreads,
mass use of antiviral drugs is imminent (Kumar et al., 2020, 2021).
However, due to increased antiviral-drug resistance and the mutation
rate of the virus, the treatment of COVID-19 is facing new challenges.
Thus, new antiviral strategies like antiviral nanotherapeutics and
nutritional therapy have been proposed (Mukherjee et al., 2020). Some
essential trace elements, such as zinc, selenium (Se), and iron, are
thought to be helpful in immune-system regulation (Moghaddam et al.,
2020). Since severe alveolar epithelial-cell damage with nonspecific
innate immune response, swelling, hyperplasia, and necrosis have been
found in COVID-19 patients (Zhang et al., 2020a), nutritional therapy
has been suggested for some COVID-19 patients (Bae et al., 2020;
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Méplan and Hughes, 2020).

Se is an important and essential trace element in mammalian redox
biology (Zhang et al., 2020a), and its positive effects on viral diseases
(including Ebola and hantavirus disease) have been reported in both
experimental and clinical applications (Fang et al., 2015; Eimoemen
et al., 2016; Guillin et al., 2019). Dietary Se deficiency can affect host
immunity and alter virus virulence (Hiffler et al., 2020). Hence, we
hypothesized that the incidence of COVID-19 in Hubei might be related
to Se levels in the local environment. Here, we review the relationship
between Se in the environment and human health, explore the mecha-
nism and efficacy of Se in different viral diseases, and discuss the posi-
tive role of Se in the recovery and treatment of SARS-CoV-2 by
statistically analyzing cases in Hubei Province as an example. The goal
was to provide suggestions for the prevention and treatment of
COVID-19.
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2. Relationship of Se status with diseases and the immune
system

2.1. Se intake and endemic diseases

Se is widely found in rocks, soils, and plants. In the natural envi-
ronment, Se is distributed unevenly on the earth’s surface, which leads
to large differences in Se content among geological regions (Tan et al.,
2002). The average Se content in the earth’s crust is about 0.05 mg/kg,
although levels up to 0.5 mg/kg have been recorded, while the global
average soil Se content is 0.4 mg/kg (range: 0.1-2.0 mg/kg) (Kumar
et al., 2014). Soil Se content is closely related to the geological parent
materials (Dinh et al., 2018). Atmospheric deposition and anthropo-
genic emissions also contribute to Se accumulation in soil (Blazina et al.,
2014).

Most Se intake by humans is derived from food; the major sources of
Se in the food chain are soil, water, and livestock (Dinh et al., 2018).
Therefore, local Se deficiency can affect dietary Se intake and cause
endemic diseases (Fang et al., 2015). According to a World Health Or-
ganization (WHO) report, more than 40 countries are Se deficient, with
the lowest levels observed in Finland, Slovakia, New Zealand,
sub-Saharan Africa (SSA), and a long belt extending from northeastern
to south-central China (Harthill, 2011). Daily dietary Se intake in China
and SSA is as low as 10-17 pg, which is far lower than the recommend
consumption of 55 pg Se per day in the US. Blood Se levels can be
substantially lower than 1 pmol/L in Se-poor regions of China, SSA, and
some eastern European countries (Fig. 1). The most typical diseases
related to Se deficiency are Keshan disease and Kashin-Beck disease (Shi
et al., 2017). The epidemics of Ebola fever and acquired immunodefi-
ciency syndrome (AIDS) in West Africa are also thought to be linked to
Se deficiency (Melse et al., 2007; Steinbrenner et al., 2015). In addition,
Se deficiency affects the physical development of children’s immune
systems, which has led to immune impairment of adolescents in Africa
(Ramanathan and Taylor 1997; Matson et al., 2020). Given that Se is
apparently strongly linked to diseases, how exactly does it affect them?
That is what we will discuss next.
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2.2. The role of Se in the immune system

Se is an essential component of several major metabolic pathways,
including antioxidant, anti-inflammatory, and immune functions
(Guillin et al., 2019). It is an important component of selenocysteine
(SeCys) and selenomethionine (SeMet). SeMet translates to SeCys by
trans-selenation, and the SeCys is lysed into HSe™ by p-lyase; part of the
HSe™ is converted into methylated metabolites, while the other part is
used for selenoprotein and selenoenzyme synthesis (Fig. 2). Many sele-
noenzymes are antioxidants, such as glutathione peroxidases (GPxs) and
thioredoxin reductases (TrxRs) (Steinbrenner et al., 2015). GPx is an
important catalyst for the mutual conversion of glutathione (GSH) and
glutathione disulfide (GSSG) (Fig. 3). The GSH and GSSH redox system
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Fig. 2. Metabolism of Se and process involved in the synthesis of selenoprotein
(based on Melse et al., 2007). Part of the SeMet is involved in the selenoproteins
through selenation translation and p-lyase. Other part of SeMet is excreted by
methylation after cracking.
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Fig. 1. Se concentrations in serum or plasma of healthy adults worldwide (See supplemental table for details).
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promotes the reduction of harmful reactive oxygen (ROS) (Manzanares
et al., 2021). Once GPx status been compromised, ROS and free radicals
cannot be reduced and subsequently upregulate nuclear factor kappa-B
(NF-kB). The activation of NF-kB plays an important role in controlling
the production of various pro-inflammatory cytokines and chemokines.
Overproduced cytokines can induce a “cytokine storm”, which then
causes an inflammatory response in patients (Song et al., 2020). Thus,
the above process explains how viral infection is related to oxidative
stress, which may be also explain the pathophysiological mechanisms
potentially underlying low Se status in severe COVID-19.

Se not only contributes to the function of the host immune system but
also has direct effects on viral pathogens. (Reilly, 2006). Since GPx is a
virus homologue (Fig. S1), RNA viruses target cellular selenoprotein
mRNA via antisense interactions to hijack the selenocysteine insertion
sequence (“SECIS” element) of the host cellular mRNA to express the
viral selenoprotein and increase virus adaptability (Taylor et al., 2016).
The mRNA subtypes of TrxR seem to be targeted in these processes. This
condition will also lead to the decrease of host TrxR, thus affecting the
antioxidant capacity of host cells (Guillin et al., 2019). Supplementation
of selenite can restore the biosynthesis of TrxR in host cells, thereby
rebuilding the DNA-synthesis and antioxidant capacities of cells (Hiffler
et al., 2020; Kieliszek et al., 2020).

3. Overview of the relationship between Se and RNA viruses

Studies increasingly demonstrate that Se is essential to human health
and plays key roles in the treatment of viral diseases (Taylor et al., 2016;
Kieliszek and Lipinski, 2020). We further explored the mechanism of Se
in the treatment of viral diseases caused by human immunodeficiency
virus (HIV), Ebola virus, coxsackievirus, influenza, and hantavirus.

3.1. HIV

HIV is the etiologic agent of human AIDS, and is an enveloped, linear,
positive-sense, single-stranded RNA virus (Guillin et al., 2019). As a
zoonotic disease, HIV-1 is more infective and has spread worldwide,
whereas HIV-2 is mainly confined to western Africa. More than 35
million people are infected with HIV and around 1.5 million people die
annually from AIDS and related disease worldwide (WHO, 2003). The
HIV-1 positive rate in the population has been used as a surrogate in-
dicator of Se deficiency in Africa (Taylor et al., 1997) since HIV-1
infection rates are significantly higher in Se-poor areas of Africa. It
was reported that Se deficiency was significantly associated with mor-
tality in 125 HIV-1-seropositive drug-using men and women (Baum
et al., 1997).

Supplementation with 200 pg Se per day can suppress the
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Fig. 3. Potential inflammation mechanism underly-

ing different Se status. Viral infection induces an in-
& crease in ROS, and generally, GPx catalyzed GSSG
reduction to decrease ROS in host cell; when the host
is in Se-deficient, the GPx status will be destroyed.
The ROS and free radicals cannot be reduced, thus
stimulating the production of various pro-
inflammatory cytokines and chemokines by upregu-
lating the NF-kB and further causes the inflammatory
response. The above process explains how viral
infection is related to oxidative stress.
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progression of the HIV-1 viral burden and indirectly improve CD4 T cell
counts (Hurwitz et al., 2007). A clinical trial showed that long-term Se
supplementation can safely delay the progression of HIV in the early
stages of infection (Baum et al., 2013). This is because Se deficiency can
damage GPx status, which leads to immune damage to host cells and
humors, thereby resulting in an inflammatory response (Manzanares
et al., 2021). Furthermore, HIV-1 completes its own selenoprotein
expression by hijacking host Se and enhancing viral adaptability (Taylor
et al., 2016). These mechanisms may also explain the relationship be-
tween Se and SARS-Cov-2, which is also an RNA virus.

3.2. Ebola virus

The Ebola virus is a filamentous, unsegmented, negative-sense RNA
virus of the family Filoviridae and can cause hemorrhagic fever (Matson
et al., 2020). It has attracted worldwide attention due to its multiple
outbreaks in Africa. Eimoemen et al. (2016) examined the relationship
between Se and Ebola in Africa and found that Ebola infection was
closely linked to seriously low Se blood levels. A previous study sug-
gested the involvement of Se in manifestations of hemorrhagic viral
diseases because it plays an important role in regulating blood coagu-
lation by influencing the ratio of thrombin to prostacyclin (Ramanathan
and Taylor, 1997). Therefore, it suggests that Se levels affects clinical
symptoms in patients through thrombin. It is reported that blood
coagulation may increase mortality in patients with COVID-19 (Zhou
et al., 2020).

In another study, the Ebola virus was compared to HIV-1 virus,
which tethers the mRNAs of host selenoproteins by antisense tethering
interactions to express virally encoded selenoprotein modules (Taylor
et al., 2016). Since a potential viral selenoprotein may contain multiple
Se atoms per molecule, the demand for Se in the host increases
dramatically, leading to severe lipid peroxidation and cell-membrane
destruction, as well as bleeding symptoms (Harthill, 2011). However,
Se** can oxidize the sulfhydryl groups at the active site of virus protein
disulfide isomerase (PDI) to inactive disulfide, thus rendering it unable
to penetrate the healthy cell membrane (Kieliszek and Lipinski, 2020),
as follows:

PDI — (SH), + Se*" — PDI — S — S — PDI + Se**

A clinical study found that the death rate of viral hemorrhagic fever
in very severe and less severe cases fell from 100% to 37% and from 22%
to zero, respectively, with oral sodium selenite treatment (Hou, 1997).
Thus, sodium selenite inhibition of protein disulfide exchange can pre-
vent thrombo-hemorrhagic events, suggesting selenite may be an in-
hibitor of Ebola (Lipinski, 2015). The mechanism might be also used to
relieve thrombo in COVID-19 patients.
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3.3. Coxsackievirus

Coxsackievirus is an RNA virus classified into A and B types. Cox-
sackievirus type A infects mucous membranes and causes hand, foot,
and mouth disease, whereas coxsackievirus B (CVB) tends to infect in-
ternal organs, causing systemic inflammation (Germano et al., 2019).
Although both viruses typically cause mild, self-limiting symptoms such
as fever, rash, and upper respiratory illness, severe CVB infections can
cause more life-threatening and endemic diseases like Keshan disease,
which occurs in a well-known area with Se deficiency in China (Fang
et al., 2015). The degree of myocardial injury in patients with Keshan
disease is correlated with oxidative stress, and selenoenzymes are also
considered to be involved in its pathogenesis (Pei et al., 2013; Hiffler
et al., 2020). Severe oxidative stress responses were found in patients
with COVID-19 (Manzanares et al., 2021). As shown in Fig. 3, sele-
noenzyme is an important participant in the process of oxidative stress in
patients with viral diseases, therefore, it is believed that Se may be one
of the important factors affecting oxidative stress in COVID-19 patients.

A mouse-model study in China showed that lower levels of Se in mice
infected with CVB4 were associated with more severe heart damage
(Cao et al., 2003). Beck et al. (1995) showed that CVB3 infection in mice
causes myocarditis similar to that found in humans. The inoculation of
non-cardio-virulent CVB3 (Figs. S2 A-B) into mice showed that the virus
mutated and was found at higher levels in Se-deficient mice, whereas it
showed no genetic variation in mice with adequate Se levels (Guillin
et al., 2019). Inoculation of CVB3 (Figs. S2 B-C) recovered from the
hearts of Se-deficient mice into Se-adequate mice causes severe
myocardial damage, suggesting that Se deficiency initiates changes in
the viral genome, making the virus more virulent (Beck et al., 1995;
Guillin et al., 2019). It appears that adequate levels of Se in the host may
prevent the virus from mutating. For example, Se supplementation
among residents of the Chinese Keshan area greatly decreased the
number of deaths (Li et al., 2013). Moghaddam et al. (2020) proposed
that individuals with low baseline Se status y spread the SARS-CoV-2
efficiently and allow viral replication and rapid evolution of particular
pathogenic viral species. Thus, the Se levels in host might influence
SARS-CoV-2 mutation.

3.4. Influenza viruses

The influenza A virus is classified into 16 hemagglutinin (HA) sub-
types and nine neuraminidase (NA) subtypes according to antigenicity
(Neumann et al., 2009). Influenza viruses have yearly outbreaks,
sometimes killing millions of people. Influenza pandemics occurred in
1918, 1957, 1968, and 2009 due to the introduction of novel influenza
viruses from poultry and swine hosts (Yewdell et al., 2013). Point mu-
tations and recombination of influenza viral genomes have led to the
emergence of new variants or strains with pandemic or pandemic po-
tential (Neumann et al., 2009). Beck et al. (2001) reported that the
pathogenicity of the influenza virus changes rapidly in Se-deficient
hosts. Host Se deficiency promotes rapid genomic evolution of viruses
in HA and NA genes compared to Se-rich animals (Beck et al., 2001). Se
deficiency can cause significant changes to the morphology of respira-
tory epithelial cells, altering their response and increasing their sus-
ceptibility to viral infection (Jaspers et al., 2007).

Se supplementation provide immune benefits to influenza vaccine
(Jayawardena et al., 2020). Tests of Se supplementation and Se defi-
ciency in mice infected with HIN1 virus resulted in 25% and 75%
mortality, respectively (Yu et al., 2011). In addition, in Se-deficient
mice, viral mutations of influenza virus H3N2 increased and more se-
vere lung tissue damage was seen (Nelson et al., 2001). Similarly, clin-
ical trials have also demonstrated the positive effect of Se on influenza
immune response. Patients with influenza (HIN1) pneumonia had
greater Se deficiency than the control group, and patients with HIN1
whose blood Se levels were best for GPx activity recovered more easily
and had a higher survival rate than patients with low Se levels (Hiffler
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et al.,, 2020). Based on the above response between Se and influenza
virus, nanomaterials containing Se have been developed to fight HIN1
virus, and these drugs have shown positive effects in inhibiting
virus-induced apoptosis and preventing viral infection in Madin-Darby
Canine Kidney cells (Li and Lin, 2018; Wang et al., 2020). Considering
that the Se might affect the survival rate of influenza virus hosts through
regulating of GPx, the similar mechanism might be applied to the
COVID-19.

3.5. Hantavirus

Hantavirus is a single-stranded RNA virus of the bunyavirus family
(Vaheri et al., 2013). Hantavirus infection causes hemorrhagic fever
with renal syndrome (HFRS), a zoonotic disease characterized by fever
and renal failure, which are accompanied by bleeding and shock
(Goeijenbier et al., 2013). HFRS is common in Se-deficient areas; a
previous study found that in vitro Se supplementation reduced viral
replication in endothelial cell models with low-level multiple infection,
and areas with severe (<0.02 ppm) and moderate (0.03-0.05 ppm) Se
deficiency had HFRS incidence about 6-fold and 2-fold higher, respec-
tively, than regions with adequate Se levels (Fang et al., 2015). Kieliszek
et al. (2020) reported that sodium selenite inhibits the entrance of vi-
ruses into healthy cells and abolishes their infectivity. There is a close
relationship between the incidence of HFRS and soil Se distribution in
China (Fang et al., 2015). Recent research has also shown that the cure
rate and death rate of COVID-19 are significantly related to human Se
levels (which reflect Se intake and distribution) in China (Zhang et al.,
2020b).

In addition, Kieliszek et al. (2020) reported that sodium selenite
inhibits the entrance of viruses into healthy cells and abolishes their
infectivity. And the mortality of patients with severe cases of hantavirus
infection decreased by nearly 60% with oral sodium selenite supple-
mentation (Hou, 1997). Therefore, the SARS-CoV-2 might be inhibited
as well by supplementation of sodium selenite.

3.6. SARS-CoV

Severe acute respiratory syndrome (SARS) is a viral respiratory
illness caused by the coronavirus SARS-CoV (Kuiken et al., 2003;
Drosten et al., 2003). SARS virulence in humans begins with the entry of
the novel coronavirus into pulmonary cells; infection severely impairs
respiratory function by affecting epithelial cells in the lower respiratory
tract (Kuiken et al., 2003). SARS spread from Asia, where the first
outbreak occurred in 2003, to Europe and America, infecting 8437
people and causing 813 deaths worldwide (WHO, 2003).

Suboptimal health related to deficiency of the trace element Se is one
of the main causes of atypical pneumonia (Lin, 2003). Raymond et al.
(2004) also suggested that dietary supplementation with nutrients like
Se can improve immunity against potential SARS infections. Studies
have shown that the activation of NF-kB in cells infected with SARS-CoV
nucleocapsid protein contributes, at least partly, to severe lung inflam-
mation and lesions in SARS (Liao et al., 2005). DeDiego et al. (2014)
reported that in a SARS-CoV-induced mouse experiment, the survival
rate of mice was higher when inhibiting NF-kB. Se can inhibit NF-kB
activation, which may help to reduce virus-induced apoptosis and alle-
viate inflammation and lesions (Hiffler et al., 2020). Therefore, it is
particularly important to take the host’s nutrition levels into account
when new infectious diseases emerge or old diseases reappear with new
pathogenic properties, such as with SARS (Beck et al., 2004) and
SARS-CoV-2.

4. Implications of Se for SARS-CoV-2
SARS-CoV-2 is an enveloped, single-stranded, positive-sense RNA

virus (Chan et al., 2020). People infected with SARS-CoV-2 may expe-
rience severe pneumonia and acute respiratory failure (Zhou et al.,
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2020). Like other RNA virus, SARS-CoV-2 infection is thought to induce
oxidative stress by producing ROSs and altering the cell’s antioxidant
defenses, including GPx and TrxR (Mahmoodpoor et al, 2019).
SARS-CoV-2 induces endotheliitis, which leads to endothelial-cell
infection in different organs and host inflammation directly (Varga
et al., 2020). GPx and TrxR are important to endothelial-cell function.
Supplementation of selenite can enhance the activity of GPX and TrxR,
thereby reducing the oxidative damage to human endothelial cells
(Hiffler et al., 2020; Bae et al., 2020). In addition, up to 20% of
COVID-19 cases develop severe disease with fever and pneumonia,
thereby inducing acute respiratory distress syndrome (ARDS) (Moore &
June 2020), which is a sepsis-related process caused by a cytokine storm
due to NF-kB activation by the virus (Manzanares et al., 2021). Sup-
plementation of Se, especially selenite, in ARDS cases modulated GPx
and NF-kB, which are important for restoring the antioxidant capacity of
lungs, alleviating inflammatory responses, and improving respiratory
mechanics (Mahmoodpoor et al., 2019; Hiffler et al., 2020). Therefore,
Se deficiency may be a risk factor for incidence, mortality, and cure rate
of COVID-19.

Zhang et al. (2020b) found a significant positive relationship be-
tween Se levels in human hair and the cure rate for COVID-19 in China.
Another study reported that COVID-19 patients in Germany who sur-
vived had higher Se serum levels than patients who died (Moghaddam
et al., 2020). In another report, COVID-19 patients in Korea with and
without pneumonia were significantly deficient in Se (Im et al., 2020).
Supplementation of Se may improve host immunity and prevent
host-cell oxidative stress by regulating GPx and TrxR in the human body
(Hiffler et al., 2020). Kieliszek et al. (2020) also proposed that sodium
selenite can be a potential chemical compound used in the battle against
COVID-19. Thus, we suggest that host Se status should be taken into
account in clinical treatment of COVID-19, especially in regions exhib-
iting soil Se deficiency.

To explore whether there is a relationship between the incidence of
COVID-19 and local Se levels, we collected data of diagnosed COVID-19
cases from different cities of Hubei from the website of the Health
Commission of Hubei Province (2020), which updated the COVID-19
dynamics in real time (Table S2). The data were collected by April 30,
2020, when the city of Wuhan was unsealed. The incidence rate of
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COVID-19 was calculated for different cities in Hubei. The incidence rate
was 6.3 per 100,000 inhabitants in Enshi city, which is famous for Se
enrichment, while in other cities and counties except Wuhan, the inci-
dence was between 14 per 100,000 inhabitants and 140 per 100,000
inhabitants (Fig. 4). Shiyan Xiangyang, Jingzhou, and Yichang cities
also had a relatively low incidence, ranging from 14.4 per 100,000 in-
habitants to 23.8 per 100,000 inhabitants. Surface Se-enriched soil in
Hubei province is divided into two belts and three zones: the
Shiyan-Danjiangkou (Shiyan city)-Zhongxiang (Jinmen city) belt and
Badong (Enshi city)-Zigui (Yichang city)-Yichang belt; and the Enshi
zone, Hanjiang plain zone and the zone southeast of Hubei (Xu et al.,
2018). Among them, the Enshi area is extremely enriched in Se. Suizhou
and Xiaogan are Se-deficient areas in Hubei, and the incidence in these
two cities was also the highest apart from that in Wuhan city (Fig. 5).
Therefore, we speculate that there is a relationship between the soil Se
level and the incidence of COVID-19 in different areas of Hubei Prov-
ince. The relatively high dietary Se intake in Se-rich areas can enhance
human immunity, which may contribute to resisting SARS-CoV-2
infection.

5. Conclusion

Soil Se distribution may be an important risk factor affecting the
occurrence of COVID-19 in Hubei province, and human Se levels may
contribute to antioxidant, anti-inflammatory, and immune effects in
COVID-19. Therefore, we suggest that serum Se levels in patients with
COVID-19 and clinical selenite drug therapy should be considered to
support disease treatment and management. In addition, the mutation of
coxsackievirus in a mouse model showed that the synthesis of antioxi-
dant selenoenzymes and selenoprotein P in infected cells decreases due
to host Se deficiency, which enhances viral replication and mutation,
thereby causing more severe tissue damage. Thus, it is important to pay
attention to the effect of dietary Se deficiency in the development of
COVID-19 in Se-deficient areas, especially in light of the recent occur-
rence of SARS-CoV-2 mutation (Greaney et al., 2021). Finally, the
observed association of incidence rate in Se-deficient and Se-enrichment
area, as well as the potential mechanism of Se on SARS-CoV-2 provide a
basis for high quality intervention research, while, further studies are

Tianmen Huangshi Huanggang Xiantao  Suizhou  Xiaogan  Ezhou

I The ratio of diagnosed people and total population (10,000°")

Fig. 4. The incidence of COVID-19 cases in different cities of Hubei province (data were collected by April 30th, 2020).
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needed to elucidate the mechanism of Se on SARS-CoV-2 and the rela-
tionship between SARS-CoV-2 mutation and host Se status.
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