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Abstract

Metal ions seem to play important roles in the pathogenesis of the novel coronavirus disease of 2019 (Covid-19) and are
under investigation as potential prognostic markers and supplements in therapeutic procedures. The present study was aimed
at assessing the relationship between the most abundant essential microelements (iron, zinc and copper) and their major
binding proteins in the circulation in the early stage of infection. The concentration of zinc ions was measured to be higher
in infected than in healthy persons, as well as ratios zinc/albumin and zinc/alpha-2-macroglobulin. Increased zinc levels
could be attributed to cellular redistribution of zinc ions or to a use of zinc supplementation (zinc concentration was above
the upper reference limit in one-third of infected individuals). Immunoblot analysis of protein molecular forms revealed
that infected persons had greater amounts of proteinase-bound alpha-2-macroglobulin tetramer and albumin monomer than
healthy individuals. The quantities of these forms were correlated with the concentration of zinc ions (r=0.42 and 0.55,
respectively) in healthy persons, but correlations were lost in infected individuals, most likely due to very high zinc con-
centrations in some participants which were not proportionally followed by changes in the distribution of protein species.
Although we still have to wait for a firm confirmation of the involvement of zinc in beneficial defense mechanisms in patients
with Covid-19, it seems that this ion may contribute to the existence of circulating protein forms which are the most optimal.
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Abbreviations
Covid-19 Corona virus disease of 2019
IL Interleukin

RNA Ribonucleic acid

SARS-CoV-2 Severe acute respiratory syndrome corona-
virus 2

SDS-PAGE Sodium-dodecyl-sulfate—polyacrylamide
electrophoresis

Introduction

The epidemic of the novel coronavirus disease of 2019
(Covid-19) was caused by a severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) whose primary targets
are tissues expressing angiotensin-converting enzyme 2
receptor, including lungs, heart, kidney and endothelium,
leading to systemic manifestations [1]. Since December
2019, Covid-19 has spread worldwide and turned into a
global pandemic [2]. A number of studies investigated poten-
tial roles of metal ions in the pathogenesis of this disease as
well as the possibility of the utilization of trace elements in
prognostic and therapeutic procedures and protocols [3-5].

Metal ions play vital roles in many physiological
processes [6]. Major trace elements in the circulation,
such as iron, zinc and copper, are present in similar pM
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concentrations [7]. Small quantities are present in a free
form, whereas the majority is bound to/associated with
different biomolecules, mostly proteins [8]. Some proteins
express their activity only in the presence of specific metal
ion(s), while others serve to transport or store them. All
three mentioned metal ions are recognized as essential for
the proper function of the immune system, respiration and
defense against free radicals. Their deficiency may be associ-
ated with more severe infection and inflammation, or dysbal-
ance in the production of cytokines and redox processes.

The most abundant protein whose function depends on
iron is hemoglobin, transferrin serves as its transporter and
ferritin as its major storage protein in cells. Adequate iron
intake is vital for the maintenance of the innate and adaptive
immune response, predominantly cell-meditated immunity,
since iron status is negatively correlated with levels of pro-
inflammatory cytokines [9-11].

The function of thousands of enzymes, transcription fac-
tors and other proteins depends on the presence of zinc ions
[7, 12]. It mediates molecular interactions, acts as a signaling
agent and is required to maintain the structure of almost 10%
of body proteins [13, 14]. Albumin and alpha-2-macroglobulin
are the principle zinc binding proteins in the circulation. Zinc
supplementation in patients with Covid-19 is recommended
as higher zinc levels correlate with less severe infection,
enhanced interferon type 1 response and lower interleukin 6
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(IL-6) concentration [15]. In vitro studies have shown viral
expansion in cells infected with SARS-CoV-2 virus when the
concentration of zinc is low [16]. Zinc ions inhibit SARS-
CoV-2 RNA polymerase and increase the efficiency of thera-
peutic agents which are zinc ionophores [17]. In some stud-
ies, non-surviving patients with Covid-19 were found to have
lower concentrations of zinc in serum than survivors [18, 19],
but in other, no difference was noted [20].

The presence of copper ions is essential for the function of
enzymes involved in an antioxidative defense system. Copper
in the circulation is transported bound to albumin, while ceru-
loplasmin mediates iron transportation inside cells. Sufficient
supply of copper in patients with Covid-19 is important for
the proliferation of T helper cells and regulation of cytotoxic-
ity of natural killer cells [5]. Copper ions can inactivate viral
nucleic acids, inhibit enzymes vital for viral replication, induce
autophagy and apoptosis, and possibly play role in coagulopa-
thy. In a study of Zeng et al. [20], severe cases of Covid-19
were measured to have higher levels of blood copper compared
to less severe cases.

Zinc and copper ions are competitively absorbed in the
gastro-intestinal tract. Iron and calcium can interfere with their
absorption [21]. The ratio of zinc and copper ions is crucial to
maintain cellular homeostasis [12], and so is the ratio of albu-
min and zinc [22]. The copper/zinc ratio is one of the sources
and an indicator of the oxidative stress. In some studies, the
copper/zinc ratio was reported to be higher than reference in
severe Covid-19 patients [23, 24], but in the study of Hackler
et al. [25], higher concentrations of copper and ceruloplasmin
were measured in the surviving than non-surviving patients.
Thus, additional investigations are needed to resolve these
inconsistencies.

Given the importance of metal ions for human health, as
well as the existence of contradicting data on their status
in patients with Covid-19, the present study was aimed at
assessing the relationship between the most abundant essen-
tial microelements and their major binding proteins in the cir-
culation, and specifically in the early stage of infection. This
assessment might assist in early risk stratification and decision
on the appropriate therapeutic approach. Serum concentrations
of iron, zinc and copper ions, albumin, alpha-2-macroglobulin,
transferrin, ceruloplasmin and ferritin, as well as the concen-
tration of hemoglobin in whole blood were determined. Ion/
protein ratios and possible differences in the distribution of
protein molecular forms were also investigated.

Materials and methods
Samples

Whole blood and serum samples from adult individuals
in the early stage of infection with SARS-CoV-2 (n=60,

31 males and 29 females, age 51.4 +12.6 years) were ana-
lyzed together with samples from age and gender matched
healthy persons (n =20, 9 males and 11 females, age
54.1 +14.3 years). Blood samples were collected after over-
night fasting in the Institute for the Application of Nuclear
Energy (INEP), which is included in the Public Health
Service in Serbia. Infected persons without serious disease
symptoms came to the laboratory with the intention to assess
possible infection by serology testing. The inclusion crite-
ria for the healthy group were: persons denying any health
problem, acute or chronic, non-pregnant, whose basic hema-
tological and biochemical parameters were within reference
ranges (total white blood cell count, lymphocytes, granu-
locytes, monocytes, red blood cells, platelets, hemoglobin,
hematocrit, MCHC, MCH, sedimentation, concentrations of
glucose, urea, creatinine, bilirubin, cholesterol, triglycerides,
electrolytes, total proteins, C-reactive protein, b-dimer and
activities of AST, ALT, ALP, LDH). The inclusion criteria
for the group of patients were: no pregnancy, the presence of
IgM class of anti-SARS-CoV-2 antibodies in serum (above
the index of 50, the reference limit being 33), concentra-
tions of C-reactive protein and p-dimer within reference
ranges, no previous knowledge of COVID-19 infection, no
temperature at the admission to the laboratory (checked in
the laboratory). The study conformed with the Helsinki Dec-
laration of 1975 (as revised in 2008). It was approved by the
Institutional Review Board (Approval no. 02-286/4) and oral
informed consent was obtained from participants regarding
the use of their blood leftovers for the research purpose.

Determination of metal ion and protein
concentrations

Iron concentration was measured by ferrozine method, zinc
by bromo-PAPS (Biosystems, Spain) and copper by batho-
cuproine assay (Sigma-Aldrich, USA). Albumin concentra-
tion was determined by bromocresol green method (BioSys-
tems, Spain), while other proteins in serum were measured
by immunochemical assays: transferrin and ceruloplasmin
by immunoturbidimetry (Abbott, USA), ferritin by IRMA
(INEP, Serbia) and alpha-2-macroglobulin by immunoneph-
elometry (Siemens, Germany). The concentration of hemo-
globin was assessed using hematological analyzer (Orphee
Mythic, Switzerland).

Analysis of protein forms by electrophoresis

Proteins in serum samples were resolved by non-reducing
SDS-PAGE (to retain oligomer forms) in a standard man-
ner on 6% (for the analysis of alpha-2-macroglobulin) or
8% gels (for albumin, transferrin and ceruloplasmin) and
electrotransferred to nitrocellulose membranes. In addition,
native electrophoresis was performed for the analysis of
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alpha-2-macroglobulin tetramers, using 5% gels and com-
mercial native alpha-2-macroglobulin (Bio-Rad, USA) as
a protein standard. Serum samples were diluted in 50 mM
phosphate buffer saline (PBS) pH 7.4. Optimal dilution was
determined for the analysis of each protein: 1:40 for alpha-
2-macroglobulin for SDS-PAGE and 1:50 for native electro-
phoresis, 1:50 for albumin and transferrin, and 1:20 for ceru-
loplasmin. Each protein transfer on nitrocellulose membrane
was checked by Ponceau S staining and the results obtained
were consistent with serum dilutions. Samples were assayed
in duplicate. Molecular forms were studied by immunoblot-
ting using optimized dilutions of commercial antibody prep-
arations: polyclonal sheep anti-human alpha-2-macroglobu-
lin antibody (AbD Serotec, UK, 1:10,000), polyclonal sheep
anti-human transferrin antibody (INEP, Serbia, 1:10,000),
monoclonal mouse anti-human albumin (1:500) and ceru-
loplasmin (1:3000) antibody (Santa Cruz, USA), followed
by the appropriate secondary antibody (Vector Laborato-
ries Inc, USA, 1:10,000) and enhanced chemiluminescence
substrate (ECL). Intensities of specific protein bands were
quantified by ChemiDoc MP imaging system (Bio-Rad
Laboratories Inc, USA), while signal detection and analysis
were performed using Image Lab v6.1 software (Bio-Rad
Laboratories Inc, USA). A set of molecular mass markers for
SDS-PAGE was Blue Wide Range Protein Ladder (Cleaver
Scientific Ltd, UK, range 10-245 kDa) and for native elec-
trophoresis a mixture of five individual markers provided by
SERVA Electrophoresis GmbH (Germany, of 45, 67, 160,
240 and 450 kDa) plus alpha-2-macroglobulin (Bio-Rad,
USA, 720 kDa) was prepared before electrophoresis.

Statistical analysis
The normality of the distribution of values was tested

using Kolmogorov—Smirnov test, and the obtained results
were expressed either as means + SD, in the case of

concentrations, or medians with 2.5-97.5th interval, in the
case of ratios (not Gaussian distribution), and compared
between groups using Student ¢ test or Mann—Whitney U
test, whereas p values were corrected for multiple test-
ing using False Discovery Rate (FDR) test. Correlations
between metal ions and their binding proteins were also
investigated. Data were additionally analyzed according to
gender and age.

Results

The results on metal ion and protein concentrations in two
groups of individuals exhibited statistically significant dif-
ferences only in the concentrations of hemoglobin and zinc
(Table 1). The measured hemoglobin levels were generally
lower in infected than in healthy individuals, and also lower
in women than in men. Zinc levels were, however, higher
and with three times greater SD in the group of infected per-
sons. The concentration of zinc was close to the lower refer-
ence limit in healthy persons and in 20 out of 60 infected
persons, it was above the upper reference limit. No differ-
ence was detected between males and females regarding zinc
concentration in either group of participants and there was
no correlation with age. When ratios of specific ions and
their binding proteins were examined, significant differences
between groups were found only for the ratios zinc/albumin
and zinc/alpha-2-macroglobulin (Table 2). No gender differ-
ence or correlation with age was recorded.

Relatively strong correlations (r>0.50) were found
between concentrations of zinc and albumin (r=0.50) and
copper and ceruloplasmin (r=0.53) in healthy individuals,
but they were lost in infected subjects. Concentrations of
iron and ferritin, however, were strongly correlated only in
infected persons (r=0.64).

Table 1 Concentrations of metal ions and binding proteins in the circulation of healthy and SARS-CoV-2-infected individuals (mean + SD)

Population group/concentration Reference values® Healthy individuals Infected individuals Significant dif- Significant
(n=20) (n=60) ference difference
T test FDR test
(P value) (P value)
Iron (UM) 9-31 19.0+7.7 18.2+6.6 - -
Zinc (uUM) 12-18 134+1.6 16.3+5.0 0.0004 0.0029
Copper (UM) 10-22 12.0+2.0 11.2+3.7 - -
Hemoglobin (g/L) 110-170 150+13 136 +15 0.0101 0.0327
Transferrin (g/L) 1.7-3.8 2.8+0.3 2.6+0.5 - -
Ferritin (ug/L) 4-280 85+75 121+115 - -
Albumin (g/L) 35-55 47.0+3.7 49.1+4.8 - -
Alpha-2-macroglobulin (g/L) 1.2-2.5 2.1+04 1.9+0.3 - -
Ceruloplasmin (g/L) 0.20-0.60 0.35+0.04 0.33+0.06 - -

*Reference values were taken from the reagent producer manuals
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Table 2 Relative ratios of metal
ions and their binding proteins
in the circulation of healthy

and SARS-CoV-2-infected
individuals (median, 2.5-97.5th

interval)

Population group/relative ratio  Healthy individuals  Infected individuals  Significant  Significant
(n=20) (n=60) difference difference
T test FDR test
(P value) (P value)
Zinc/albumin 0.28 (0.22-0.34) 0.33 (0.17-0.56) 0.0156 0.0160
Zinc/alpha-2-macroglobulin 5.3 (4.2-17.5) 8.7 (3.0-13.2) 0.0144 0.0160
Discussion

Since proteins can exist in more than one molecular
form (isoforms, dimers, oligomers, complexes), albumin,
transferrin, ceruloplasmin and alpha-2-macroglobulin
were further investigated by non-reducing SDS-PAGE
followed by immunoblotting. Representative results are
shown in Fig. 1. Transferrin and ceruloplasmin were
detected as one major band, whereas alpha-2-macroglob-
ulin and albumin were detected as several molecular spe-
cies. The dominant molecular form of alpha-2-macroglob-
ulin was dimer (360 kDa), monomer form (180 kDa) was
barely visible and there were several higher molecular
forms of varying intensities and proportions. A com-
parison of the major band intensities between two study
groups revealed no significant difference. As for albumin,
the relative abundance of dimer compared to monomer
forms was greater in healthy than in infected individuals
(P=0.0007). Higher molecular forms of alpha-2-mac-
roglobulin and albumin were not compared, as their iden-
tity was unknown (oligomers, complexes?). Gender and
age were not found to influence molecular distribution.

Since alpha-2-macroglobulin can bind proteinases
forming complexes with an increased electrophoretic
mobility compared to native tetramer [26, 27], the rela-
tive presence of two types of tetramers (the so-called
“slow” and “fast”) was investigated by native electro-
phoresis and immunoblotting. Representative results are
shown in Fig. 2. The ratio between “slow” and “fast”
forms was calculated for both groups of samples. Sta-
tistical analysis revealed that the ratio, expressed as Me
(2.5-97.5th interval), was 4.8 (3.0-9.5) in healthy persons
and 2.9 (1.4-7.6) in infected individuals, indicating a sig-
nificant increase of the “fast” tetramer due to infection
(P=0.0091). The ratio was lower in women than in men
in the infected group (P =0.0497), without correlation
with age.

When the distribution of molecular forms and the con-
centration of zinc were compared, a strong correlation
was found in the case of albumin (r=0.55) and mod-
erate in the case of alpha-2-macroglobulin (r=0.42) in
healthy individuals. However, correlations were lost in
the group of infected persons, most likely due to very high
zinc concentrations in some participants which were not
proportionally followed by changes in the distribution of
protein molecular species.

Persons in the early stage of Covid-19 infection included
in this study exhibited similar status in respect to iron,
copper and their major binding proteins in the circula-
tion as healthy individuals, except for hemoglobin whose
levels were found to be lower, but still within reference
limits. In addition, concentrations of iron and ferritin were
strongly correlated only in infected persons. Sonnweber
et al. [28] have reported that severity of Covid-19 disease
was accompanied by increased levels of serum ferritin
and soluble transferrin receptor, whereas the concentra-
tion of hemoglobin remained unaltered. According to
Biamonte et al. [29], the ratio of iron and ferritin seems
to have a potential to segregate Covid-19 survivors and
non-survivors.

An increased concentration of zinc and altered ratios
of zinc and its binding proteins were found in infected
persons. This change could be attributed to cellular redis-
tribution of zinc ions or to a prophylactic use of zinc
supplementation. As already mentioned in Introduction,
some reports connect zinc levels with the survival rate, but
others deny the relation. There is still no strong evidence
that zinc administration is beneficial in the prevention and
treatment of Covid-19 patients [17, 30] and zinc supple-
mentation trials did not confirm the correlation between
serum zinc concentration and its intake [22].

When protein molecular forms were examined, it was
found that infected persons had similar relative abundance
of alpha-2-macroglobulin dimer, as a dominant species
after SDS-PAGE. On the other hand, the relative ratio of
the native and proteinase-bound tetramers was lower in the
infected individuals, as assesses by native electrophoresis.
Thus, the portion of tetramers in complex with proteinases
was greater in infected persons, which can be possibly
explained by an increased presence of proteinases whose
synthesis and release is elevated at the onset of infection.

Alpha-2-macroglobulin is a universal proteinase inhibi-
tor and a mediator of the innate immune response [31]. It
is homotetramer with molecular mass of 720 kDa. Two
monomer units are connected covalently into dimers
which are assembled into tetramer via disulphide bonds
forming a so-called bait region responsible for covalent

@ Springer



JBIC Journal of Biological Inorganic Chemistry

(@) Wgo—urnqoj3oroew-z-eyde pue () JO—urwse[do[niad (q) J]—UuLojsuen

‘(¥) VSH—urunqpe :surajoid Surmor[oj oy} 10J (S[enpIarpul pajodjui—; ‘Ayyeay—rz) sordwes aanejuasaxdar oy jo sisaroydonosofe (o8 oprueiroedjod—gs 10jye sisATeue jojqounwwuy | ‘b4

I H
6T 8T LT OTSTHIETZT TTIOT6 8 L 9 S ¥ € C .Lzz_mw LE9NSETEE NH_

U —

€6 —

st —

59T —

o —

33-—-—.—3—"—- ..—i. | -

et

I H

6T8TLTOISTPTETCITTIOT 6 8 L 9 S ¥ mNﬁ_zz_mw L9SV €CT

w—

5 —

wL— Ty

€6 —
STT—
S9T—

o —

e
g

€ —

w —

65—

U=

€6 —

SuT—

S9T—
ey

e

I H

WWI6T 8TLTIT ST PTIETCITTION6 8 £ 9 S b € N._”__mw L9S bETT

—d

I H

6I8TLTOTSTHPTETCTTIOT6 8 £ 9 S ¥ mmﬁ_zz_mw L9SY MNH_

__Jowouow
VSH

_ uwp
YSH

pringer

As



JBIC Journal of Biological Inorganic Chemistry

Fig.2 Immunoblot analysis of
alpha-2-macroglobulin («2M)
after native electrophoresis

of the representative samples
(H—healthy, I—infected indi-
viduals); ST is the commercial
native o2M standard
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trapping of proteinases. Alpha-2-macroglobulin with
bound proteinase(s) is cleared from the circulation by
binding to low density lipoprotein receptor-related protein
which can be found in many tissues, specifically on cells
involved in endocytosis [32]. Oxidative conditions may
cause dissociation of a tetramer into dimers which can
non-covalently bind a number of molecules: cytokines,
growth factors, and misfolded proteins. Native tetramer,
proteinase-bound and dimer forms do not have the same
sensitivity and specificity for ligands. Dimers exhibit
increased binding of cytokines such as IL-2, IL-6 and
tumor necrosis factor alpha.

Although the pregnancy zone protein (PZP) has high
degree of sequence homology with alpha-2-macroglobulin
[33], its concentration is much lower in plasma of healthy
persons (0.03 g/L) compared to alpha-2-macroglobulin
(1.2-2.5 g/L, Table 1) [34]. An increase in PZP may occur
in inflammatory diseases, and in HIV-1-positive persons,
it was determined to be 125 +65 pg/mL, i.e., on average
up to 0.2 g/L [35]. Similar concentration was measured in
patients with hepatitis B [36]. On the other hand, in the work
of Tian et al. [37], immune suppression was reported in the
early stage in Covid-19 patients accompanied by down-reg-
ulation of a number of proteins, including PZP-like alpha-
2-macroglobulin domain-containing protein 8. Taking into
account the order of the magnitude of the concentrations
of alpha-2-macroglobulin and PZP, as well as the fact that
patients included in this study were not pregnant and in the
early phase of infection (not diagnosed before, C-reactive
protein within reference range), it may be expected that the
influence of the potential interference of PZP (if any) on
results was not significant.

Alpha-2-macroglobulin binds 30-40% of plasma zinc
with high affinity and zinc is essential for its function [22, 38,
39]. Cytokine IL-6 induces the expression of alpha-2-mac-
roglobulin and reduces zinc availability [40]. It is plausible

I

to hypothesize that inflammation, the predominant pathway
in the immune response, and zinc status affect distribution
of molecular forms of alpha-2-macroglobulin influencing
its capacity to preferentially bind proteinases or cytokines,
although not in a simple mathematical correlation.

An average relative abundance of albumin dimers in
infected persons was lower compared to healthy individuals,
suggesting an effective antioxidant activity in the circulation,
which may also be related to increased levels of zinc (i.e.,
in 20 out of 60 individuals above the upper reference limit).
Reduction of thiol groups and formation of disulfide bonds
initiates albumin dimerization. A thiol group originating
from Cys34 of human albumin is the major plasma antioxi-
dant and important factor regulating the binding capacity
for copper ions [41]. Formation of albumin dimers impairs
binding and sequestration of free copper ions from the circu-
lation. In the examined population of SARS-CoV-2 infected
individuals, an increased concentration of zinc coincided
with a reduced amount of albumin dimers.

Conclusion

Even in the early phase of Covid-19 infection, some pro-
teins start to exhibit changes, either in their concentration
(hemoglobin) or in the relative distribution of their molecu-
lar forms. Individuals infected with SARS-CoV-2 possess
greater amounts of proteinase-bound tetramer alpha-2-mac-
roglobulin and monomer albumin. This distribution corre-
lates with the concentration of zinc ions within the reference
range, but much higher zinc concentrations do not seem to
be related to additional effects. Although we still have to
wait for a firm confirmation of the involvement of zinc in
beneficial defence mechanisms in patients with Covid-19, it
seems that this ion may contribute to the existence of circu-
lating protein forms which are the most optimal.
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