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ARTICLE INFO ABSTRACT

Keywords: Caused by the new SARS-CoV-2 coronavirus, COVID-19 (coronavirus disease 2019) evolves with clinical
Trace elements symptoms that vary widely in severity, from mild symptoms to critical conditions, which can even result in the
Cu patient’s death. A critical aspect related to an individual response to SARS-CoV-2 infection is the competence of
Zg the immune system, and it is well known that several trace elements are essential for an adequate immune
Fe response and have anti-inflammatory and antioxidant properties that are of particular importance in fighting
I infection. Thus, it is widely accepted that adequate trace element status can reduce the risk of SARS-CoV-2
Mg infection and disease severity. In this study, we evaluated the serum levels of Cu, Zn, Se, Fe, I and Mg in pa-

SARS-CoV-2 infection
COVID-19 severity

tients (n = 210) with clinical conditions of different severity (“mild”, “moderate”, “severe” and “exitus letalis”, i.
e., patients who eventually died). The results showed significant differences between the four groups for Cu, Zn,
Se and Fe, in particular a significant trend of Zn and Se serum levels to be decreased and Cu to be increased with
the severity of symptoms. For Mg and I, no differences were observed, but I levels were shown to be increased in

all groups.

1. Introduction

The emergence of the new coronavirus SARS-CoV-2 in late 2019 put
the world under threat of a new pandemic. In humans, the virus causes
the so-called coronavirus disease (COVID-19), whose most common
symptoms are fever, chills, new or worsening cough, fatigue, myalgia,
headache, gastrointestinal symptoms (nausea, vomiting, diarrhea) and
loss of smell or taste [1,2]. The elderly population, due to the higher
prevalence of underlying diseases, is at increased risk of developing
severe forms of COVID-19 and higher mortality and fatality rates [3]. To
date, COVID-19 has caused the death of more than 5 million people
worldwide [4]. With the number of infections and deaths from
COVID-19 still growing exponentially in many regions of the world,
although several vaccines are already available, it is imperative to try to
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understand the effects of SARS-CoV-2 in the human body and to look for
potential non-pharmacological and pharmacological approaches to
prevent and treat this pandemic [5]. A very important aspect related to
the response to SARS-CoV-2 infection is the competence of the immune
system, whose main role is to protect the individual from pathogenic
microorganisms. The different interaction between the virus and the
individual’s immune system results in a much different clinical picture
in patients with COVID-19. Although adaptive immune responses are
essential for the neutralization of SARS-CoV-2, innate immune cells,
particularly NK cells, T lymphocytes and macrophages, innate, may also
play a role in disease progression [6-8]. Several minerals and trace el-
ements (e.g., magnesium, iron, zinc, copper, selenium) are essential for
an adequate immune response [9] and have anti-inflammatory and
antioxidant properties that may be of great importance for the
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competent response of patients to COVID-19 [10-12]. Thus, it is
assumed that an adequate physiological status of trace elements with a
significant role in the immune response reduces the potential risk of
SARS-CoV-2 infection and the disease severity [13]; and it is considered
of utmost importance to control the nutritional status of COVID-19 pa-
tients, in which possible deficiencies must be promptly corrected,
especially in the elderly and patients with comorbidities [14,15]. Pa-
tients with COVID-19 must therefore receive an adequate supply of trace
elements to prevent possible complications of the disease, which can
result in serious and even fatal consequences [16].

Thus, the assessment of trace element status in COVID-19 patients
with different degrees of disease severity can provide important infor-
mation. In particular, such studies can help to determine the real impact
of eventual trace element deficiencies on the susceptibility to the disease
and demonstrate their potential as an index to assess the severity of the
clinical picture and to predict clinical outcomes. Additionally, they can
provide scientific support for dietary supplementation interventions. In
this context, we conducted a study on the trace element status of COVID-
19 patients (n = 210) grouped according to the degree of disease
severity: “mild” (n = 51), “moderate” (n = 54), “severe” (n = 53) and
“exitus letalis” (n = 52), the latter corresponding to patients who ended
up dying from the disease. Using ICP-MS analytical methodologies,
concentrations of magnesium (Mg), iron (Fe), copper (Cu), zinc (Zn),
selenium (Se) and iodine (I) were determined in serum samples collected
at the time of hospital admission, after confirmation of SARS-CoV-2
infection through a real time reverse transcription-polymerase chain
reaction (RT-PCR) test.

2. Materials and methods
2.1. Study population

This study was conducted with SARS-CoV-2 positive patients (RT-
PCR positive test) recruited at the time of admission to the General
Hospital Tesanj, Bosnia and Herzegovina, between January and July
2021. Based on clinical signs and symptoms, laboratory and radiological
(imaging) findings, oxygen saturation values, and general condition
[17], patients (n = 210) were classified into four different groups:
“mild”, “moderate” and “severe” clinical picture, and “exitus letalis”
patients (i.e., patients whose disease led to death). The research was
carried out in accordance with the ethical principles outlined in the
Declaration of Helsinki — Ethical Principles for Medical Research
Involving Human Subjects. The study protocol was reviewed and
approved by the Ethics Committee of the General Hospital Tesanj
(01-4-18/21, 11th January 2021) and all participants gave their written
informed consent to take part in the study.

2.2. Samples collection

Blood specimens were collected from subjects by standard veni-
puncture. After coagulation at room temperature for ~30 min, serum
was separated by centrifugation at 3000 g for 15 min and stored at — 20
°C until analysis.

2.3. Samples analysis

Serum samples were analyzed at the Laboratory of Applied Chem-
istry (Trace Element Analysis Unit), Faculty of Pharmacy, University of
Porto, Portugal, using duly validated inductively coupled plasma mass-
spectrometry (ICP-MS) analytical procedures. The instrument was an
iCAP™ Q (Thermo Fisher Scientific, Bremen, Germany), equipped with
a Meinhard® (Golden, CO) TQ+ quartz concentric nebulizer, a Peltier
cooled, high purity quartz, baffled cyclonic spray chamber and a
demountable quartz torch with a 2.5 mm i.d. quartz injector. The
interface consisted of two (sampler and skimmer) Ni cones. High-purity
argon (99.9997%) supplied by Gasin (Leca da Palmeira, Portugal) was
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used as the nebulizer and plasma gas. Before each analytical run, the
instrument was tuned for maximum sensitivity and signal stability and
for minimal formation of oxides and double-charged ions. The main
parameters of ICP-MS operation were as follows: nebulizer gas flow,
1.17 L/min; auxiliary gas flow, 0.79 L/min; plasma gas flow, 14.0 L/
min; power of radio frequency generator, 1550 W; dwell time, 10 ms.

Ultrapure water (resistivity > 18.2 MQ.cm at 25 °C), obtained with
an Arium® pro water purification system (Sartorius, Gottingen, Ger-
many) and high purity reagents were always used. All laboratory ware
(tubes, volumetric flasks) was made of plastic and was properly
decontaminated by immersion for at least 24 h in a 10% (v/v) HNOs3
bath, followed by abundant rinsing with ultrapure water.

For the determination of Mg, Cu, Zn, Fe and Se a procedure based on
Goullé et al. was used [18]. Briefly, serum samples were diluted 1:10
with a diluent solution containing 0.65 % v/v HNOg3 (from Nitric Acid
67-69 %, Trace Metal™, Fisher Scientific, Leicestershire, UK), 0.01%
v/v Triton X-100 (Sigma-Aldrich, St. Louis, MO), 0.5% v/v butanol (>
99.0 %, Sigma-Aldrich, St. Louis, MO) and internal standards (IS) at 10
ug/L (added using TraceCERT® “Periodic table mix 3 for ICP”,
Sigma-Aldrich, Buchs, Switzerland). For Se, a 5-point calibration curve
(25, 50, 100, 250 and 500 pg/L) was generated with standard solutions
prepared by adequate dilution of “Periodic table mix 1” (TraceCERT®,
Sigma-Aldrich). For Cu, Zn, Fe and Mg, five-point calibration curves
(500, 1000, 1500, 2000 and 5000 pg/L for Cu, Zn and Fe; 5 times these
concentrations for Mg) were generated with mixed calibration solutions
prepared by adequate dilution of single-element standard stock solu-
tions (Certipur® Cu standard solution, Merck, Darmstadt, Germany; Zn
standard for AAS, SCP Science, Baie-D’Urfe, Quebec, Canada; Trace-
CERT® Fe standard for AAS, Fluka, Buchs, Switzerland; Mg standard for
AAS, Fluka) in 2% HNOs. These calibration solutions were then diluted
1:10 with the diluent solution, as for the samples. The elemental isotopes
25Mg, 57Fe, %5Cu, 0Zn and %2Se were measured for analytical de-
terminations and the elemental isotopes 43¢, 8%y, 141pr and 1>°Tb were
monitored as IS.

For the determination of iodine, a procedure based on CDC (Center
for Disease Control and Prevention) Laboratory Procedure Manual was
used [19]. Briefly, serum samples were diluted 1:10 with a diluent so-
lution containing 1% (v/v) tetramethylammonium hydroxide (TMAH;
25% m/m, Sigma-Aldrich, St. Louis, MO), 0.01% v/v Triton X-100, and
10 pg/L Te (IS) (Sigma-Aldrich). A five-point calibration curve (20, 50,
100, 200 and 500 ug/L) was generated with calibration standards pre-
pared by adequate dilution of an iodine standard stock solution
(TraceCERT®, Sigma-Aldrich) in water. These calibration solutions
were then diluted 1:10 with the diluent solution, as for the samples. The
elemental isotopes measured in the ICP-MS analysis were 12’ and '2°Te
as).

After thorough homogenization in a vortex mixer, diluted samples
and calibration standards were presented to ICP-MS instrument using a
CETAC ASX-520 autosampler (Teledyne CETAC Technologies, Omaha,
NE).

Samples were analyzed in random order to avoid sequence (series)
effects. For analytical quality assurance, repeated analysis (at the
beginning, middle and end of the analytical run) of Seronorm™ Trace
Elements Serum L-1 and L-2 (obtained from SERO AS, Billingstad,
Norway) was performed. As shown in S9 (Supplementary Materials), the
results obtained in the internal Quality Control were well within the
certified ranges.

2.4. Statistical analysis

Statistical analysis was performed using SPSS Statistics v.26.0 (IBM
Corporation, NY). The normality of data distribution was evaluated by
the Shapiro-Wilk and Kolmogorov-Smirnov tests. Variables not normally
distributed were Ln transformed, after which normally distributed data
were obtained. The significance of differences in trace elements con-
centrations between groups was estimated using the ANOVA (analysis of
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variance) test. Bonferroni test was performed for post hoc analysis.
Student’s t-test was used to assess the difference between genders, while
Spearman’s rho correlation was applied to assess monotonic relation-
ships between variables in each group. P-values less than 0.05 were
considered statistically significant. The results are presented as mean +
standard deviation (SD).

3. Results

Table 1 shows the descriptive statistics of demographic data of the
subjects included in the study, divided into 4 groups according to the
severity of the clinical picture.

The trace elements levels (ug/L) in serum samples from COVID-19
patients grouped according to severity of clinical picture are shown in
Table 2. Most of the trace elements determined differed significantly
between “mild”, “moderate”, “severe” and “ex. letalis” groups. Cu levels
were highest in the “moderate” group, while the lowest values were
found in the “mild” group, and the results showed a statistically signif-
icant difference between the “mild” and “moderate”, “mild” and “se-
vere”, and “mild” and “ex. letalis” groups. Zn levels were highest in the
“mild” group, while the lowest were found in the “ex. letalis” group. The
results showed a statistically significant difference between the “mild”
and “severe”, “mild” and “ex. letalis”, “moderate” and “ex. letalis”, and
“severe” and “ex. letalis” groups. Accordingly, the Cu/Zn ratio was
highest in the “ex. letalis” group, while the lowest value was found in
patients with “mild” clinical picture, and a statistically significant dif-
ference was observed in the Cu/Zn ratio between all groups, except
between the “moderate” and “severe” groups. For Se, the serum levels
were also highest in the “mild” group, while the lowest values were
observed in the “ex. letalis” group. A statistically significant difference
also existed between all groups, except between the “moderate” and
“severe” groups. Iron levels were highest in the “mild” group, and lowest
in the “ex. letalis” group. The difference in Fe levels was statistically
significant only between the “mild” and “ex. letalis” groups. Finally, no
statistically significant differences were found for I and Mg between all
disease severity groups.

Trace elements levels (ug/L) in the serum of COVID-19 patients,
grouped according to the severity of the clinical picture, were then
analyzed separately after partitioning by sex. The results for Cu, Zn, Cu/
Zn ratio and Se are graphically summarized in Fig. 1. After this sex
partitioning, the difference between some disease severity groups lost
statistical significance: a) In males, the difference between “mild” and
“severe” groups for Cu; between “severe” and “ex. letalis” groups for Zn;
between “mild” and “moderate”, “moderate” and “ex. letalis”, and “se-
vere” and “ex. letalis” groups for Cu/Zn ratio; and between “mild” and
“moderate”, and “severe” and “ex. letalis” groups for Se; b) In females,
the difference between “mild” and “severe”, and “mild” and “ex. letalis”
groups for Cu; between “mild” and “severe” groups for Zn; and between
“mild” and “moderate”, and “mild” and “severe” groups for both Cu/Zn
ratio and Se.

Table S1, S2, S3 and S4, included in Supplementary Materials, show

Table 1
Descriptive statistics of patients’ demographic data.
MILD MODERATE SEVERE EX.
LETALIS
TOTAL PATIENTS (N = 51 54 53 52
210)
Age (mean + SD) 45.2 + 62.8 £ 9.9 61.4 + 72.5 + 8.9
19.4 11.8
Men (N = 125) 31 25 35 34
Age (mean + SD) 46.2 + 61.1 +9.4 61.9 + 724 +79
18.8 11.0
Women (N = 85) 20 29 18 18
Age (mean + SD) 43.6 + 64.3 +10.3 60.5 + 72.6 =
20.7 13.5 10.8
Male/female ratio  1.55 0.86 1.94 1.89
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the comparison between the trace element levels in male and female
subjects of the different disease severity groups. There was no statisti-
cally significant difference in trace element levels between men and
women in the “mild” group (Table S1). Statistically significant differ-
ences between men and women were observed for Se and I levels in the
“moderate” group (Table S2), for Mg levels in the “severe” group
(Table S3), and for Zn, Se and I levels in the “ex. letalis” group
(Table S4). Tables S5, S6, S7 and S8, also presented in Supplementary
Materials, show the correlations between the determined trace elements
levels, age and C-reactive protein (CRP) in the different disease severity
groups.

4. Discussion
4.1. Age and gender

Since the onset of the COVID-19 pandemic, it has been known that
the risk of infection, hospitalization and death is strongly correlated
with age [20], and this is mainly due to the age-related increase in the
prevalence of comorbidities. Male sex has also been shown to be a risk
factor for severe disease and death [21]. Patients in our cohort followed
this pattern. The mean age was significantly higher in the “ex. letalis”
group (72.5 + 8.9 years) versus only 45.2 + 19.4 years in the “mild”
group (and approximately 62 years old in the “moderate” and “severe”
groups). And except in the “moderate” group (0.86), the proportion of
men was always higher, with a male/female (m/f) ratio of 1.55, 1.94
and 1.89 in “mild”, “severe” and “ex. letalis” groups, respectively.

4.2. Trace element status

As highlighted above, many trace elements are essential for main-
taining the integrity of human immune system functions and, conse-
quently, for an adequate host response to fight against infections,
particularly viral ones. Thus, its deficiency will increase the individual’s
susceptibility to the disease [15,22]. On the other hand, several trace
elements also play a key role in the infection process on the virus side,
either as components of metalloproteins responsible for the virus
attachment to host cells or participating in various genomic processes,
from reverse transcription and initial integration, to the protection of
newly synthesized DNA and genome maturation [22]. Furthermore,
through different mechanisms, viral infection can induce a dysregula-
tion of trace element homeostasis [23] in the patient’s body, which
makes the interpretation of plasma concentration data somewhat
complicated.

Magnesium is the fourth most abundant cation in the human body
(after Na, K and Ca), and the second most abundant cation within cells
(after K) [24]. It has many biological functions, from structural roles and
modulation of cell proliferation and differentiation to activation of
numerous enzymes (it is required for the functioning of more than 300
enzymes) [24,25]. The general evidence that Mg deficiency may confer
a greater predisposition to infectious diseases is mainly derived from
animal models, where Mg has been shown to be involved in the host’s
immune response in several ways, including immune cell adhesion, IgM
lymphocyte binding, antibody-dependent cytolysis, and as a cofactor for
immunoglobulin synthesis [25]. Thus, a depressed immune response
may be a clinical sign of an eventual Mg deficiency [24]. In humans, the
key role of Mg (as a free intracellular cation) in the immune system
response was highlighted by the discovery of XMEN (X-linked immu-
nodeficiency with magnesium defect, Epstein-Barr virus infection, and
neoplasia) disease, which is characterized by chronic Epstein-Barr virus
infection [26].

In blood plasma, Mg is present mainly as free ions, while approxi-
mately 30% is bound to albumin [25]. The reference range (i.e., the
range of expected values in healthy individuals) for total Mg in adult
serum is 17-23 mg/L, but deficiency symptoms usually do not appear
until values below 10 mg/L [27].
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Table 2

Trace element levels (ug/L; mean =+ SD) in serum samples from COVID-19 patients according to severity of disease.
Element MILD (N = 51) MODERATE (N = 54) SEVERE (N = 53) EX. LETALIS (N = 52) P1 P2 P3 P4 P5 P6
Cu 1186 + 283 1475 + 281 1383 + 308 1412 + 336 < 0.001 0.003 0.001 0.667 1.000 1.000
Zn 814 + 164 758 + 124 679 + 195 574 + 218 0.694 0.002 < 0.001 0.162 < 0.001 0.024
Cu/Zn ratio 1.55 + 0.56 1.99 + 0.66 2.28 +£1.23 3.09 £ 2.85 0.001 < 0.001 < 0.001 1.000 0.001 0.025
Se 85.9 £ 18.0 75.0 £16.1 74.7 £ 18.0 64.7 £ 19.8 0.033 0.022 < 0.001 1.000 0.006 0.015
Fe 1234 + 531 1156 + 492 1110 + 622 943 + 530 1.000 0.688 0.010 1.000 0.055 0.651
I 93.9 + 189 102.9 + 24.4 98.1 £+ 23.7 104.0 + 35.6 0.546 1.000 1.000 1.000 1.000 0.748
Mg 19771 £+ 1942 20151 + 3112 19078 + 2803 18890 + 3382 1.000 0.934 0.333 0.347 0.097 1.000

P1-P6 are the p-values for the differences in trace elements levels between groups. P1 - difference between “mild” and “moderate” groups; P2 - difference between
“mild” and “severe” groups; P3 - difference between “mild” and “ex. letalis” groups; P4 - difference between “moderate” and “severe” groups; P5 - difference between
“moderate” and “ex. letalis” groups; P6 - difference between “severe” and “ex. letalis” groups. Differences were tested using the ANOVA test. Bonferroni test was

performed for post hoc analysis.
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Male 0.910 0.001 <0.001 0.189 0.018 1.000 Male 0.854 0.003 <0.001 0.371 0.011 1.000
Female 1.000 1.000 <0.001 1.000 <0.001 <0.001 Female 0.402 1.000 0.001 1.000 0.044 0.00

Fig. 1. Trace element levels (ug/L; mean =+ SD) in serum samples from COVID-19 patients according to severity of disease. All patients - left bar; Male - center bar;
Female - right bar. P1-P6 are the p-values for the differences in trace elements levels between groups. P1 - difference between “mild” and “moderate” groups; P2 -
difference between “mild” and “severe” groups; P3 - difference between “mild” and “ex. letalis” groups; P4 - difference between “moderate” and “severe” groups; P5 -
difference between “moderate” and “ex. letalis” groups; P6 - difference between “severe” and “ex. letalis” groups. Differences were tested using the ANOVA test.
Bonferroni test was performed for post hoc analysis. Differences that lost statistical significance after sex partition are highlighted in italics.

In our study, serum Mg concentrations were well within this refer-
ence range in all groups, with values slightly higher in the “mild” and
“moderate” groups than in the “severe” and “ex. letalis” groups (mean
values of ca. 20 mg/L vs. 19 mg/L), but without reaching statistical
significance. This is in close agreement with a recent study by Skalny
et al., where no significant difference was observed between patients
(“mild”, “moderate” and “severe” groups) and controls, and also no
correlation between serum Mg levels and disease severity [28]. How-
ever, although serum Mg is the standard test for assessing Mg status, it
should be noted that serum Mg represents only approximately 0.3% of
total body content and serum concentrations are poor predictors of both
total body content and intracellular levels [29]. Low serum

concentrations reliably indicate deficiency, but normal values do not
exclude significant Mg tissue depletion.

Existing evidence from experimental and clinical studies on the
relevance of Mg homeostasis in COVID-19 has been recently reviewed.
Most evidence supports the importance of Mg levels, but the literature is
somewhat contradictory. Specifically, COVID-19 patients have shown
lower levels than controls and severe disease cases and mortality have
been associated with low Mg levels [30]. On the other hand, although
almost half of hospitalized patients had low Mg levels, hyper-
magnesemia was found more prevalent in patients who required ICU
admission, and pregnant women with COVID-19 showed higher Mg
levels than controls in the first and third trimesters. In another study,
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hypermagnesemia was found to be correlated with acute phase reactants
[31], which led the authors to hypothesize an eventual detrimental
impact of increased Mg levels on the course of the disease.

Overall, existing evidence indicates that, especially during the cur-
rent pandemic, it is important to monitor Mg status in the general
population (and correct it when necessary), as this can help prevent
SARS-CoV-2 infection, reduce the severity of COVID-19 symptoms and
improve recovery [30].

Iron, a transition metal, is essential for many cellular processes,
including ATP generation, nucleic acid synthesis, and various enzymatic
and non-enzymatic processes such as oxygen-binding and electron-
transfer reactions [32]. It plays a key role in immunity and Fe dysho-
meostasis influences the functioning of both the innate and adaptive
arms of the immune system [33]. Iron also plays a significant role in
viral infections. During virus replication, ATP is needed, and Fe is
required for ATP synthesis. In addition, expression of the Fe regulatory
hormone hepcidin is increased by several cytokines (e.g., IL-6, IL-1), and
increased hepcidin levels are known to be related to low plasma Fe levels
(a non-specific host defense mechanism based on Fe deprivation to
invading pathogens) [34]. Hepcidin exerts its effects by binding and
mediating the degradation of ferroportin, the only known cellular iron
exporter, present in the cell membrane of enterocytes and macrophages,
thus preventing the efflux of Fe into the plasma from those cells [33].
Recent research found a potential sequence similarity between the
cysteine-rich cytoplasmic tail of the coronavirus spike protein and
hepcidin [35]. As SARS-CoV-2 infection causes overproduction of cy-
tokines, it will cause overexpression of hepcidin and consequent accu-
mulation of Fe within enterocytes and macrophages and high Fe content
in cells may benefit virus replication [36].

The reference range for Fe in serum is sex-dependent: 500-1500 ng/
L in males and 350-1450 ug/L in females [37]. The results obtained in
our study were well within this interval, but a slight tendency towards a
decrease in the serum Fe concentration according to the disease severity
was observed. The difference reached statistical significance for “mild”
vs. “ex. letalis” groups (1233 + 531 vs. 943 + 530 mg/L).

Serum Fe deficiency has been found in COVID-19 patients, and dis-
ease severity and mortality have been shown to be closely correlated
with serum Fe levels (low serum Fe was shown to be an independent risk
factor for death in COVID-19 patients). In particular, Fe deficiency
showed to be valuable in predicting the transition from mild to severe
illness, with low serum Fe levels being an independent risk factor for
death in COVID-19 patients [38,39]. Furthermore, disturbances in Fe
homeostasis can persist for a few months after the onset of the disease
and are closely associated with non-resolving lung pathologies and
impaired physical performance [40]. In the recent study by Skalny et al.,
COVID-19 patients had significantly lower serum Fe (1.33 + 0.7 mg/L
in severe disease) compared with controls (1.87 + 0.66 mg/L), and
serum Fe (as well as Se and Zn to a lesser extent) was directly correlated
with SpO2 [28]. In another recent retrospective cohort study [41], low
Fe status was associated with an increased risk of severe disease and
adverse outcomes. In particular, decreased serum Fe was found to be
associated with acute respiratory distress syndrome (ARDS) and acute
organ injuries. Accordingly, the authors suggested that Fe status may be
indicative of a poor prognosis for COVID-19. As emphasized above,
upregulation of hepcidin by inflammatory stress response pathways
induces a decrease in serum Fe. In our study, serum Fe was inversely
correlated with the nonspecific inflammatory marker C-reactive protein
(CRP), but only in the “mild” and “moderate” disease severity groups
(Supplementary Materials, Tables S5 and S6).

Copper is an essential transition metal with a remarkable ability to
be involved in redox reactions. In particular, it plays a role as a cofactor
for specific enzymes involved in antioxidant metabolism, namely su-
peroxide dismutase (Cu,Zn-SOD), a key player in the defense against
oxidative stress, promoting the superoxide radical neutralization [42].
Copper also appears to be essential for the maintenance of immune
function, and increased susceptibility to infection, as well as an

Journal of Trace Elements in Medicine and Biology 74 (2022) 127055

inadequate immune response, with changes in several immunological
markers, have been associated with Cu deficiency [43]. In particular, Cu
exhibits strong virucidal effects, acting on the virus itself, and its role in
inhibiting SARS-CoV-2 cell entry and replication has been highlighted
[44], and it has even proposed as a potential adjunct therapy for criti-
cally ill COVID-19 patients [45].

In blood plasma, Cu mainly binds to ceruloplasmin, which serves as a
Cu transport protein and is an acute-phase reactive protein [46]. Women
tend to have higher serum Cu levels [47]. Commonly accepted reference
intervals are 700-1400 pg/L for men and 800-1550 ug/L for women
[48].

Our results showed serum Cu concentrations within the normal
range only in the “mild” disease severity group (1186 + 283 ug/L). The
other groups (“moderate”, “severe” and “ex. letalis”) had Cu levels
around 20% higher, already above the reference range, without signif-
icant differences between them. The slightly higher mean value in the
“moderate” group was related to the higher proportion of women in this
group. These findings confirm the close positive relationship of serum
concentrations of Cu (and ceruloplasmin) with infection and inflam-
mation, as part of the acute-phase response [49]. However, a significant
positive correlation between serum Cu and CRP was obtained only for
the “mild” and “moderate” severity groups, not existing in the higher
severity groups (Supplementary Materials, Tables S5-S8). This may be
related to the fact that during the inflammatory process serum CRP
levels seem to rise much earlier than ceruloplasmin and last for a much
shorter period of time [50]. Skalny et al. also reported increased serum
Cu levels in COVID-19 patients compared to controls, but no significant
differences between “mild”, “moderate” and “severe” groups [28]. In a
recent small study by Hackler et al., conflicting results were obtained,
with surviving patients showing higher mean serum Cu compared to
non-survivors (mean + SEM: 1475.9 + 22.7 vs. 1317.9 4+ 43.9 ug/L)
[46]. Furthermore, the authors found relatively stable levels of Cu over
the course of hospital stay and a complex disease-dependent relationship
between Cu and Se, a different finding than what would be expected
from severe inflammation alone, with a positive linear correlation of
serum Cu and Se, instead of an increase in Cu and a decrease in Se. The
relationship between Cu dyshomeostasis in COVID-19 patients and
clinical symptoms was studied by Skalny et al., who found serum Cu
(and especially the Cu/Zn ratio) closely associated with lung damage,
inflammation and fever, and inversely associated with blood oxygen
saturation (SpOy) [28].

Zinc is one of the most important essential trace elements, a struc-
tural component of numerous biologically relevant molecules and a
cofactor of hundreds of enzymes [51]. In particular, it is a key factor in
maintaining adequate innate and adaptive immune responses, and Zn
deficiency affects inflammatory processes, exacerbating the inflamma-
tory response and host tissue damage [52]. In vitro studies suggest that
free Zn may have potent antiviral effects, and dietary Zn supplementa-
tion has been shown to improve the immune response in Zn-deficient
patients [53] and specifically inhibit viral replication and
infection-related symptoms [54]. Thus, Zn has been proposed as one of
the most important components of strategies aimed at boosting the
immune system and treating COVID-19 patients [55-57].

Systemic and intracellular Zn is tightly regulated. In plasma, Zn
circulates mainly bound to albumin [54], a well-established negative
acute-phase reactant [49]. The decrease in serum Zn concentration is
mediated by interleukins (IL-1 and IL-6), which promote the uptake of
Zn by the liver, and as for Fe, this is considered a host defense mecha-
nism, since it deprives microorganisms of an essential trace element for
their growth and replication [49].

In our study, low serum Zn concentrations were obtained, on the
lower side of the commonly accepted reference interval (600-1200 pg/
L), or even clearly below [58]. There was also a steady and significant
trend of decreasing levels according to the disease severity (from 814
+ 164 in the “mild” group to 574 + 218 pg/L in the “ex. letalis” group),
with a significant negative correlation with CRP levels in all groups,
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except “ex. letalis” group (Supplementary Materials, Tables S5-S8). This
Zn behavior is a typical finding in infectious and inflammatory pro-
cesses. Decreasing serum Zn levels in association with COVID-19
severity, with levels lower than in healthy controls, has also been
recently reported [28].

Copper / Zinc ratio — The normal Cu/Zn ratio is close to 1:1 [59].
Due to the well-known antagonistic effect between these metals, the
Cu/Zn ratio is considered clinically more relevant than just the indi-
vidual concentration of each element [60]. As discussed above, Cu and
Zn levels followed opposite trends. Thus, the Cu/Zn ratio gradually
increased in association with COVID-19 severity, from 1.55 + 0.56 in
the “mild” to 3.09 + 2.85 in the “ex. letalis” group. That is, patients who
eventually died from the disease had a mean Cu/Zn ratio that was almost
double that observed in patients with mild symptoms. The Cu/Zn ratio
thus proved to be a very sensitive predictor of fatality. Interestingly,
much greater inter-individual variability was observed in this group,
higher in men, which may be due to the presence of important
co-morbidities. In the study by Skalny et al., a similar trend was
observed and the Cu/Zn ratio was shown to be inversely associated with
blood oxygen saturation [28].

Selenium is an essential non-metallic trace element. Most of its
biochemical actions are exerted through a group of essential proteins
(selenoproteins), where it is incorporated in the form of selenocysteine
(the 21st proteinogenic amino acid). Selenoproteins include glutathione
peroxidase (GPX) and thioredoxin reductases, essential components of
the human antioxidant defense [61]. Insufficient levels of Se in the
human body impair cellular immunity, and individuals with low plasma
concentrations of Se show increased oxidative stress, with increased
production of reactive oxygen species (ROS). In particular, this can
result in viral RNA mutations, which can result in more virulent and
pathogenic variants [62-64]. There is ample evidence of the antiviral
role of Se and specifically in relation to SARS-CoV-2. The association
between soil Se levels and the incidence of COVID-19 has been reported
[64], and a recent ecological study found an association between Se
deficiency (assessed from the Se content in crops and topsoil) and
increased COVID-19 case fatality rate [65]. On the other hand, in a
recent population-based retrospective analysis of patient data from
China, an association was also shown between reported COVID-19 cure
rates and Se status (assessed by hair Se levels) [63].

In blood plasma, selenoprotein P is the main Se-containing protein
and is a negative acute-phase reactant [66]. A widely accepted reference
range for serum Se is 70-150 pg/L [67]. In our study, the mean serum Se
concentration significantly decreased from “mild (85.9 &+ 18.0 pg/L) to
“ex. letalis” (64.7 + 19.8 ug/L) groups, with the “moderate” and “se-
vere” groups showing intermediate and similar Se levels. An inverse
correlation of Se levels with CRP in the four patient’s groups was also
observed (Supplementary Materials, Tables S5-5S8). In the recent study
by Skalny et al., decreased serum Se levels were also found (patients vs.
controls), with a decrease related to the severity of the disease [28]. In
addition, Se levels were shown to be an independent predictor of lung
damage. These are expected findings as oxidative stress and hyper-
inflammation are hallmarks of COVID-19 and Se deficiency has been
reported in COVID-19 patients [68], in association with disease severity
[69]. Dietary supplementation with sodium selenite (which can oxidize
thiol groups in the virus protein disulfide isomerase, rendering it unable
to penetrate the healthy cell membrane) [70] has been suggested as a
strategy to combat SARS-CoV-2 infection, especially in the context of
low dietary intake [71].

Iodine, an essential halogen, is crucial for the proper functioning of
virtually every system in the human body. Its effects are primarily
mediated by thyroid function, as iodine is a key component necessary for
the synthesis of thyroid hormones (T3 and T4) [72]. Thyroid hormones
can directly affect several aspects of innate and adaptive immune re-
sponses, namely B cell differentiation, phagocytosis, cytolytic activity of
natural killer cells against virus-infected targets and cytokine synthesis
[73,74]. In contrast, the direct effects of inorganic iodine (Iy) or iodide
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anion (I') on immune system activity have not yet been fully elucidated.
However, in vitro studies showed increased cytokine synthesis in leu-
kocytes treated with Nal or Lugol solution (iodine plus KI), and an
epidemiological study showed a decreased immune response in
iodine-deficient schoolchildren, despite normal thyroid hormone levels
[74]. Interestingly, in Japan, a country known for its high iodine intake
by the general population, relatively low mortality from COVID-19 has
been observed despite having the eldest population in the world and
having adopted relatively moderate lockdown measures [75]. However,
both iodine deficiency and excess iodine are associated with an
increased risk of thyroid disorders, and excessive iodine intake can
precipitate hyper- or hypothyroidism and thyroid autoimmunity in some
individuals [76].

Dietary iodine intake is usually assessed by measuring the urinary
iodine concentration (UIC). However, the large day-to-day variation of
UIC makes it difficult to quantify individual iodine intake [77]. Serum
iodine concentrations, the determination performed in the present
study, showed a strong nonlinear correlation with UIC and thyroid
function [78,79], and may be a better index of dietary iodine intake and
iodine overload. A serum iodine level higher than 100 pg/L has been
considered a risk factor for thyroid diseases [78]. The results obtained in
the present study were close to this risk threshold for thyroid diseases,
with no significant differences between groups (93.9 + 18.9 ug/L in the
“mild” group; 104.0 £ 35.6 ug/L in the “ex. letalis” group). There is a
strong rationale for suspecting that patients with hypo- or hyperthy-
roidism may have an increased susceptibility to infection and a worse
prognosis. However, a population-based case-control study using data
from the Danish COVID-19 cohort suggests that patients treated for
hypothyroidism or hyperthyroidism are not at increased risk of
SARS-CoV-2 infection and therapy does not influence the prognosis of
COVID-19 [80]. Another large retrospective cohort study conducted in
the US also showed that hypothyroidism is not associated with an
increased risk of COVID-19 related hospitalization or a worse outcome,
including death [81].

5. Conclusions

Significant imbalances in the serum levels of important trace ele-
ments related to the immune response were observed in this cohort of
COVID-19 patients. With the exception of Mg, which presented serum
levels well within the reference (normal) range and without significant
differences depending on the disease severity (“mild”, “moderate”,
“severe” and “exitus letalis” groups), it was possible to observe: i) for
iodine - relatively high levels (in all disease severity categories), with no
differences between groups; ii) for Cu — increased levels in all disease
severity categories (except in the “mild” group, which had normal
levels), without differences between them,; iii) for Se — significantly
decreasing serum levels according to the disease severity, reaching sub-
normal values in the groups of higher severity; iv) for Fe — serum levels
within the reference range, decreasing slightly with disease severity (not
reaching statistical significance.); v) for Zn - significantly decreasing
serum levels according to the disease severity, reaching sub-normal
values in the groups of higher severity. The Cu/Zn ratio proved to be
a very sensitive predictor of fatality. It gradually increased in association
with disease severity, from 1.55 + 0.56 in the “mild” group to 3.09
+ 2.85 in the “ex. letalis” group. In the separate analysis after sex par-
titioning, the main differences between sexes were observed in “ex.
letalis” group, with women having significantly lower Se and Zn levels
(and significantly higher Cu/Zn ratios).

Overall, our findings are in agreement with those of similar studies
and reinforce the importance of monitoring trace element levels in
COVID-19 patients and conducting relevant interventions, namely Zn
and Se supplementation. Further studies are needed to discriminate to
what extent the observed imbalances in trace element levels were
already present at the time of infection (and were responsible for an
increased susceptibility) or were triggered by the infection itself.
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Furthermore, it would be important to study how much of the differ-
ences observed between the four groups could simply be due to the
significantly different mean age of the individuals in each group using
strictly age-matched control groups (healthy individuals).
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