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ABSTRACT Viruses invade cells to reproduce, and they require an
iron-filled cell for efficient reproduction. Together with other viruses,
the coronavirus disease-2019 (COVID-19) virus can alter the expres-
sion of proteins involved in iron homeostasis. For example, in COVID-
19 patients, an increase in pro-inflammatory cytokines such as
interleukin-6 may stimulate the synthesis of hepcidin, the regulatory
hormone of iron metabolism, thereby suppressing ferroportin-media-
ted cellular iron export. Increased serum levels of ferritin in COVID-
19 virus infection is associated with a poor prognosis and may be partly
due to the virus itself. Some viruses selectively infect iron acceptor cells
(e.g. macrophages) by binding to transferrin receptor 1during cell entry.
Moreover, human airway secretions in the major route of entry of
COVID-19 include transferrin and lactoferrin, and this glycoproteins
can bind iron and maintain a chemically inert form. Understanding
how iron metabolism and viral infection interact in the COVID-19 outb-
reak may suggest new ways to control the disease.

Keywords: SARS-CoV-2; COVID-19; iron;
ferritin; hepcidin

OZET Viriisler, cogalmak icin hiicreleri istila eder ve verimli tireme
icin demir dolu bir hiicreye ihtiyag¢ duyarlar. Diger viriislerle birlikte ko-
ronaviriis hastalig1-2019 [coronavirus disease-2019 (COVID-19)]
virlisii, demir homeostazina dahil olan proteinlerin ekspresyonunu
degistirebilir. Ornegin COVID-19 hastalarinda, interlokin-6 gibi proin-
flamatuar sitokinlerdeki bir artig, demir metabolizmasinin diizenleyici
hormonu olan hepsidin sentezini uyarabilir ve bdylece ferroportin aracili
hiicresel demir disa aktarimini baskilayabilir. COVID-19 viriis enfek-
siyonunda artan serum ferritin seviyeleri kotii prognozla iliskilidir ve
kismen viriisiin kendisinden kaynaklantyor olabilir. Baz1 viriisler, hiicre
girisi sirasinda transferin reseptorii 1°e baglanarak segici olarak demir
alict hiicreleri (6rnegin makrofajlar) enfekte eder. Dahasi, COVID-19'un
ana giris yolundaki insan hava yolu salgilar1 arasinda transferrin ve lak-
toferrin bulunur ve bu glikoproteinler demiri baglayabilir ve kimyasal
olarak inert bir formu koruyabilir COVID-19 salgininda demir
metabolizmasinin ve viral enfeksiyonun nasil etkilesime girdigini anla-
mak, hastalig1 kontrol etmenin yeni yollarmi 6nerebilir.

Anahtar Kelimeler: SARS-CoV-2; COVID-19; demir;
ferritin; hepsidin

Worldwide, coronavirus disease-2019 (COVID-
19) [severe acute respiratory syndrome-coronavirus-
2 (SARS-CoV-2)] is a new epidemic disease
characterized by pneumonia.' There are many studies
in the literature reporting the epidemiological and
clinical characteristics of patients with COVID-19,
but the pathophysiological characteristics of infected
individuals are very limited in these articles.” In re-
cent studies, hyper-inflammation, which may be en-

countered in COVID-19, may be associated with ox-
idative imbalance, impaired iron metabolism, and
hyper-activated immune response. '

Currently, the state of iron metabolism in the
genesis and prognosis of COVID-19 is still unclear.
For the first time in the literature, we have suggested
in our previous articles that increased serum ferritin
levels as a result of hyper-inflammation associated
with COVID-19 may indicate a vicious iron cycle
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and lead to increased tissue damage due to increased
ferroptosis.*® Recently, innovative pathophysiology
hypotheses regarding iron overload in tissue have
been supported by many scientists.® Indeed, hyper-
ferritinemia has been identified as a key feature pre-
dicting a high risk of death in several studies of
severe COVID-19 patients.*” Because of this strong
association with serum ferritin levels and mortality
in COVID-19 patients, the presence of hyper-fer-
ritinemia may be a systemic marker of pathogenesis
in COVID-19 patients.®’” It may also be thought that
hyper-ferritinemia is associated with a state of iron
toxicity that may result from increased ferritin leak-
age from damaged tissue.®*’ For example, the cogni-
tive impairment, ageusia and anosmia (loss of taste
and smell) that occur in COVID-19 disease may be
the result of ferroptosis.!” Of course, excessive cellu-
lar iron deposition and intracellular mitochondrial
dysfunction can be associated with many organ fail-
ures. !

Regardless, systemic changes in serum iron lev-
els can be detected in some patients but this finding
may not be general.*” Also, iron metabolism tests can
show serious changes in the presence of iron defi-
ciency in the patients.” Therefore, investigating cur-
rent iron parameters such as transferrin saturation
(TfSat), plasma iron levels, non-transferrin-binding
iron and hepcidin in COVID-19 patients may be more
important in the future.*!

The free form of cellular iron (Fel1?) can inter-
act with hydrogen peroxide to form reactive oxygen
species (ROS). The excess ROS produced by iron by
the Fenton, Haber-Weiss and other reactions can con-
tribute greatly to the oxidative damage of cellular
components of many organs. In addition, the com-
plex interaction between iron metabolism and reac-
tive nitrogen species (RNS) and reactive sulfur
species (RSS) are iron metabolism and newly de-
scribed interactions of reactive species.*!? It is known
that free oxidized iron in the cell accelerates coagu-
lation by interacting with proteins of coagulation fac-
For example, dysfunction of platelet
mitochondria by iron overload in the blood can trig-

tors.!?

ger thrombosis in COVID-19. Also, the coagulopa-
thy common in COVID-19 may be the result of
intracellular iron overload.®®!?
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I SARS-CoV-2 PROTEINS

SARS-CoV-2 has a positive single-stranded RNA,
protein spike (S), membrane (M), and envelope (E)
proteins, as well as the nucleocapsid (N) protein con-
taining structural amino acids.'*'* The angiotensin
converting enzyme 2 (ACE2) receptor, found in
many organs in humans, is the main receptor for
SARS-CoV-2.11415

I ANCIENT ORIGIN OF CORONAVIRUSES

According to molecular clock studies, the common
ancestors of corona viruses existed millions of years
ago." First of all, coronaviruses are enveloped, non-
segmented, positive sense RNA viruses; therefore
their stability is lower, but the mutation potential is
higher compared to DNA analogs. Due to the lack of
reread activity of RNA virus polymerases, RNA
viruses have a relatively high mutation tendency and
adaptive capacity. An oxygen-deprived iron rich habi-
tat, reminiscent of the atmosphere at the beginning of
life on Earth, is a situation that RNA viruses so desire
because simple RNA viruses such as SARS-CoV-2
and many other infectious agents can use free iron for
catalysis.!* May be the decrease in the oxygen satura-
tion in severe COVID-19, that is, the hypoxemic state,
provides an advantage to the viruses.'*'¢ Tron is also
required for processes such as viral replication, mito-
chondrial function, ATP production, and nucleic acid
synthesis. SARS-CoV-1 viral replication in the previ-
ous coronavirus outbreak requires large amounts of
ATP hydrolysis for the activity of RNA strands, and
this process requires plenty of iron in the environment
likely to happen.>!!”

I COVID-19 AND IRON METABOLISM

The first way; food (Fe*?) or ferric (Fe*?) iron is ab-
sorbed by intestinal enterocytes by the divalent metal
transporter (DMTT1). The iron absorbed into the in-
testinal cells is then released from the intestinal ente-
rocytes into the bloodstream via ferroportin-mediated
transferrin-bound iron (TBI). However, unlike the var-
ious pathways of cellular iron uptake, only two cellu-
lar iron release mechanisms are known (Figure 1).3418
In general, iron release from a cell occurs via ferro-
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FIGURE 1: Iron transfer metabolism-intracelluler iron transfer.
DMT1: Divalent metal transporter 1; NHE: Na+/H+ exchanger; TRF1: Transferrin receptor 1; TRF2: Transferrin receptor 2; ZIP14: Zinc transporter;
HO1: Heme oxygenase-1; NTBI: Non-transferrin bound iron.

portin (Fpn), a membrane bound iron exporter con-
trolled by hepcidin derived from hepatocytes.'®!"”

Fpn-releasing iron, which is exported from the
cell when needed or to maintain iron balance, is then
transferred directly to TBI in the blood with the help
of ferroxidase hephaestin and ceruloplasmin, which
contains of 6 copper atoms in its structure. '3

Because, as stated in the “Iron World Hypothe-
sis”, viruses have been using iron in their replication
for catalytic purposes since primitive times.'® For ex-
ample, the increased pro-inflammatory cytokines in
COVID-19 such as interleukin-6 (IL-6) protect the
cell against harmful reactions such as Fenton be-
cause cytokines, particularly IL-6, stimulate hep-
cidin production.?! Indeed, in COVID-19, hepcidin
and ferritin levels can be reduced with anti-IL6
treatment.’>?> When the Tf binding capacity is ex-
ceeded, it can release the iron in the environment
in ferric form (Fe*?) that can damage the organism.
In addition, Tf synthesis can be altered by inflam-
mation and hypoxia.!'$-2*?* Hyperferritinemia, one
of the laboratory findings of COVID-19, may be
valuable as it binds free iron and provides antioxi-
dant defense.?®* In COVID-19 and other inflam-
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matory events, the increased ferritin in serum can
bind to its own ferritin receptors or TfR and thus enter
the cell through endocytosis. #2026

Studies have also demonstrated the in vitro anti-
viral activity of iron oxide nanoparticles. Studies
show that Fe,O; and Fe;O, are effective against
SARS-CoV-2 glycoproteins.”’” Similarly, the benefi-
cial effect of recombinant human erythropoietin in
the treatment of COVID-19 disease may occur as a
result of free iron uptake from the lung tissue required
for erythropoiesis.”®

I COVID-19 DISEASE AND
ALVEOLAR OXIDATIVE STRESS

Broncho alveolar lavage fluid obtained from ARDS
patients has been shown to contain increased molec-
ular iron compared to normal healthy controls.?*-°

Free iron can often increase virulence and pro-
oxidant reactions and contribute to alveolar oxidative
damage. As a result, as with many viral infections,
SARS-CoV-2 can prefer to replicate in the lungs,
making the patient
macrophages, Nrf2 can regulate genes involved in

hypoxaemic/hypoxic. In

hemoglobin catabolism, iron storage and iron export.
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It has been shown that Nrf2 is activated by iron-de-
rived pro-oxidants and triggers bone morphogenetic
protein 6 expression in liver sinusoid endothelial
cells, which increases hepcidin synthesis in neigh-
boring hepatocytes. What’s more, Nrf2 directs the ac-
tivation of antioxidant defenses that are crucial for

protecting against iron toxicity.'”!

In addition, iron-related parafibrin formation can
occur through membrane lipid peroxides and protein
oxidation. Peroxidation and protein oxidation can be
triggered by the hydroxyl radicals produced by free
iron and trigger cell death through ferroptosis.>*2%-31-2

Hydroxyl radical formation by Fenton or Heiber-
Weiss reactions, which are critical for ferroptosis, can
induce lysosomal lipid peroxidation.*® Decreased
oxygen saturation leads to superoxide radical and
H,0, formation in the cell by mitochondria. As a re-
sult of the susceptibility of erythrocytes to oxidative
stress (OS), free hemoglobin can decompose and be
reduced by heme-oxygenase (HO-1), which may fur-
ther contribute to free iron production.’*** Therefore,
it is hypothesized that free heme contributes to most
of the inflammatory events seen in critically ill
COVID-19 patients, and that HO-1 induction or
heme use may provide protection.’%*

Moreover, excess intracellular iron enhances
NF-kappa B expression in mitochondria via inducible
iNOS and thus the generation of RNS that ultimately
cause OS.% Additionally, the SARS-CoV-2 virus can
reduce the body’s enzymatic antioxidant defense sys-
tem by strategically blocking Nrf2, an important
molecule in the defense system, thereby causing fur-
ther oxidant damage.''*° In addition, the increase in
alveolar iron can inhibit interferon synthesis by T
cells, leading to a significant weakness in combating
viral infection.**3” It creates a self-sustaining loop be-
tween impaired iron metabolism and increased ROS
production, and this can lead to multiple organ failure
in COVID-19 patients who eventually progress to
sepsis and shock.*?

I SARS-CoV-2 SPIKE (S) PROTEIN AND
HEPCIDIN

Inflammatory conditions that increase in COVID-19
disease stimulate the synthesis of ferritin and hep-
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cidin especially through pro-inflammatory cytokines
such as IL-6.°%" The primary task of hepcidin is to
limit the activity of ferroportin, the only known cel-
lular iron exporter. Circulating hepcidin can bind to
ferroprotin, cause internalization, and trap iron in
hepatocytes, macrophages, and absorbent enterocytes
in all patients (Figure 2).%%4! In this situation, using
plasma iron or ferritin tests alone to diagnose
COVID-19 patients may be problematic.**

Interestingly, a remarkable similarity was found
between the last amino acid sequence of the cyto-
plasmic tail of the SARS-CoV-2 (S) glycoprotein and
the amino acid sequence of hepcidin hormone. The
SARS-CoV-2 S protein and hepcidin are both rich
in cysteine amino acids.** The SARS-CoV-2-spe-
cific protein S can potentially act on alveolar
macrophages, similar to hepcidin, and promote iron
sequestration, thereby impairing the immunological
response of the host.>#

Glycosaminoglycan heparin, which has recently
been given to severe COVID-19 patients, is a form
of heparan sulfate, and this anticoagulant agent is also
a very potent hepcidin inhibitor.*® Zhang et al. have
shown that, the levels of hepcidin in the blood in-
crease with ARDS developing as a result of iron over-
load.*¢

I COVID-19 DISEASE AND
GASTROINTESTINAL IRON METABOLISM

Additionally, the presence of common gastrointesti-
nal symptoms has been identified in COVID-19 pa-
tients.*” There is a group of serine protease enzymes
in our cells that help the S protein binding to ACE2
receptors.*’*® The serine proteases are called Trans-
membrane serine protease 2 and transmembrane ser-
ine protease 4. They mainly act as enzymes that act
as degraders and allow fusion of the virus with the
host cell membrane by breaking down the S protein.
For example, Type-2 pneumocyte cells in the lungs,
enterocyte cells in the small intestine are suitable for
the entry of the virus.*® In addition, the “iron gate”
which iron uses to enter cells can be an important
site for the virus to invade cells through the in-
testines.**
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FIGURE 2: The role of hepcidin in iron methabolism.

DMT1: Divalent metal transporter 1; NHE: Na*/H* exchanger; TRF1: Transferrin receptor 1; ZIP14: Zinc transporter; HO1: Heme oxygenase-1;

NTBI: Non-transferrin bound iron.

I COVID-19 DISEASE AND
TRANSFERRIN RECEPTOR

The cell entrance gate of Tf is TfR and is homo-
dimeric in nature. Most importantly, viral attackers
can target the same gates as iron in intracellular acidic
compartments.’®! For example, in the case of OS that
occurs in inflammatory diseases such as COVID-19,
cells can increase the synthesis of apo-ferritin, where
iron is stored in the cell, thereby increasing ferritin
and decreasing TfR synthesis. Expression of these
iron metabolism proteins is regulated at the post-
transcriptional level by IRP-1 ve IRP-2.>? These
mechanisms are under the influence of ROS and in-
flammatory mediators.'®> At this point, it is useful to
remember the “cytokine storm” in severe COVID-19
patients. At least theoretically, there is a possibility
that COVID-19 disease may activate supportive
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molecular mechanisms for ferritin production in iron
metabolism (Figure 3).

Many cells such as alveoli abundantly express
the DMT1, ZRT -IRE-like protein 14 (ZIP14) and
ZIP8.>*% The abundance of these metal carrier pro-
teins may contribute to high systemic and / or local
iron overload in the lungs.*® It appears to have mea-
surable functional consequences such as iron over-
load, of the lungs,
hypoxemia.’>>” High hepcidin decreases the amount

increased stiffness and
of iron bound to Tf, or conversely, decreased hepcidin
may be associated with increased Tf saturation as free

iron in the environment decreases.***

Increased iron burden in lung alveoli could have
a significant impact on the development of COVID-
19 disease. Iron, which locks into alveoli and other
cells by this mechanism, can cause anemia and hy-
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poxia even in those without iron deficiency.***7 If
iron remains locked in the cell, it can contribute to
the increase of hypoxia in vital organs in COVID-19.
Macrophages can absorb iron from ion channels with
hemoglobin or ingestion of damaged and infected
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cells or by TfR endocytosis or with CD163 on them
(Figure 4).

Iron taken into macrophages is stored in the form
of ferritin complex. In diseases such as COVID-19,
higher levels of hepcidin due to increased levels of
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pro-inflammatory cytokines may occur with lower
levels of ferroportin, because usually the ultimate ef-
fect of pro-inflammatory cytokines is iron storage in
the cell of macrophages and hepatocytes.!'®*5° Pro-
cesses related to iron metabolism are always dynamic
processes during illnesses and can change rapidly.*>!
For example, in one study, TfSat was found to be very
low initially in severe COVID-19 intensive care pa-
tients, but it increased significantly after 3 days in all
patients tested. A similar pattern was seen in the
serum iron level. Serum iron level increased after the
3 day in the intensive care unit during the hospital
stay. Serum iron reached more than twice the value of
ICU admission. However, hyper-ferritinemia that oc-
curred in the same patients remained unchanged dur-
ing hospitalization.*

While macrophages have been reported to se-
crete ferritin, there is also evidence that serum fer-
ritin is caused by cell damage.®® Also, the
SARS-CoV-2 virus found in macrophages can take
advantage of increased iron stores and possibly in-
crease viral replication in macrophages.®! The proper
functioning of the lymphatic system can play an im-
portant role in the treatment of COVID-19. However,
the lymphatic system will need to release
macrophages back into the bloodstream. Conse-
quently, SARS-CoV-2 virus inhibits the recycling of
more iron from macrophages and may contribute to
inflammatory conditions. Age and aging-related lung
diseases, which are among the important risk factors
of COVID-19 disease, can be associated with im-
paired lung iron homeostasis leading to burden.*¢
In many chronic lung diseases, it has now been
shown that alveolar macrophages accumulate iron
and the percentage of iron-laden macrophages in-
creases with disease severity, ¢!

I COVID-19 DISEASE AND TRANSFERRIN

Many severe cases of COVID-19 are characterized
by increased blood clotting and thrombosis. As is
known, some studies on COVID-19 patients have
shown that Tf, a procoagulant molecule, increases
with age and is higher in men than in women, and Tf
in the glycoprotein structure may have an important
place in COVID-19 pathophysiology. It has even
been suggested that Tf can indicate the risk of
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COVID-19 disease, that is, it can be a biomarker.*>>
T1R protein levels in the lungs increase significantly
in ARDS due to viral infections.In the treatment of
viral infections, blocking TfR and antibody-mediated
neutralization against TfR may reduce virus patho-
genesis, perhaps the entry of SARS-CoV-2 into the
cell.®> As a result, the exact mechanism by which TfR
is involved in viral input in COVID-19 is still not de-
fined.®

I COVID-19 DISEASE AND FERRITIN

Pathogens, particularly RNA viruses such as primi-
tive coronaviruses, compete with the host for the iron
necessary to reproduce due to the limited availability
of iron in the human body and basic processes using
iron.'33%37 Because the nuclear export of the tran-
scribed viral RNA also depends on iron.!”*” Espe-
cially pro-inflammatory cytokines in COVID-19
increase the synthesis of ferritin and hepcidin for
protection purposes. Therefore, cytokines such as
IL-6 inhibit ferroportin mRNA expression to keep
iron export low and keep iron away from
pathogens.?!** This sequence of events ultimately
lead
macrophages and iron restriction in effective ery-

to iron accumulation in monocytes/
thropoiesis. This response to infection can cause
large amounts of iron to remain locked mainly
within cells and unavailable for other essential func-
tions such as blood oxygen transport.**** This can
lead to anemia and hypoxia even in those who are

not previously iron deficient (Figure 5).3¢¢!

The consistently high ferritin levels in COVID-
19 suggest that ferritin may be suitable for assessing

-Iron-restricted in
erythropoiesis

-Anemia

-Hypoxia

Iron

e
export l

Iron accumnulation in
monocytes/macrophages

Monocyte/Macrophage

FIGURE 5: The effect of cytokines on iron metabolism.
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COVID-19 severity, but not for monitoring the course
of the disease.**** Ferritin is a cellular defense
molecule that develops during the evolutionary pro-
cess of host protection from viral infections.>!*!¢ Sig-
nificantly higher ferritin characterizes the severity of
COVID-19 and the worse prognosis suggests that the
mortality rate may be due to viral-induced hyper-in-
flammation.® After viral infections, serum iron and
TfSat may decrease first, but with this method, the
pathogen can be prevented from reaching iron.!'”!®
Ferritin is essential for cell integrity, especially under
increased operating system conditions, as the pro-
duction of ferritin, which reduces excess free iron in
the cell, almost completely buffers the excess iron.’-!
In addition, it not only contributes to ferritin synthe-
sis, but also to antioxidant defense in the process of
ferritin iron release. Because in the release of iron
from ferritin, the reduction of mineralized Fe** and
direct iron release mechanisms are used.>**° The re-
lease of iron from ferrite contributes to the antioxi-
dant activity. Because, during the release of iron from
ferritin, small reducing molecules such as O,, ascor-
bate radical and NO are consumed. The antioxidant
property of iron release from its ferritin in the cell
may change according to the ferritin structure. In par-
ticular, H-chain expression of ferritin provides
stronger protection against OS in viral inflammatory
events. L-chain-rich isoforms of ferritin have no fer-

roxidase activity.?%*

Serum ferritin levels are generally considered as
a general indicator of inflammation and infection, and
all iron metabolism tests may vary in the presence of
iron deficiency. In this case, the use of iron
metabolism tests or ferritin to diagnose COVID-19
patients may be problematic in patients with COVID-
19. Iron homeostasis in COVID-19 may be a more
specific pathophysiological basis for this infection.
First, the levels of various serum markers for iron bi-
ology in the clinic can be measured and analyzed
more systematically and comprehensively. If iron
accumulates in the cell as a result of stimulation of
hepcidin with excessive synthesis of IL-6 and re-
striction of iron export of ferroportin by hepcidin, a
series of reactions leading to cell ferroptosis may
occur. This is because free iron deposited inside the
cell can interact with molecular oxygen to produce
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ROS. Excess ROS that iron will produce with Fen-
ton and other reactions can greatly contribute to the
oxidative damage of the cellular components of
many organs. In addition, the complex interaction
between iron metabolism and RNS and RSS are
newly described interactions of iron metabolism
and reactive species.

Therefore, ferritin synthesis and degradation
act as a protector at the cellular level. Of course,
the regulator of ferritin synthesis is the increase of
iron in the environment, but ferritin synthesis is
also caused by inflammatory cytokines such as IL-
1B, TNF-alpha and IL-6, which are increased in
COVID-19.35:42:33

Cellular ferritin levels are regulated at the trans-
lational level through the m-RNA binding proteins
IRP-1 and IRP-2. Intracellular excess iron can in-
crease the expression of proteins such as ferritin,
using the IRP1 and IRP2 pathways. Furthermore,
ferritin synthesis caused by the action of the NF-
kB / Nrf2 pathway may increase H chain synthesis
of ferritin. There is also increasing evidence that
ferritin has both immunosuppressive and proin-
flammatory effects through its specific recep-
tors.>*343859 Tt is still unclear whether the high
serum ferritin that can be measured in COVID-19 is
in the bloodstream by leaky cells or as a result of
ferroptosis, or whether ferritin serum is actively se-
creted from cells.®%¢ This observation may indicate
that serum ferritin may be suitable for assessing the
severity of COVID-19, but not for monitoring the
course of the disease.*>*

I COVID-19 DISEASE AND FERROPTOSIS

Ferroptosis is a newly recognized form of cell death,
unlike conventional necrosis, apoptosis, or au-
tophagic cell death. A viral agent entering the cell can
be a trigger for ferroptosis formation.!”** Ferroptosis,
which is actually a cellular defense mechanism, can
cause unwanted functional damage by releasing ex-
cess free iron. Ferritinophagia, which has gained im-
portance in understanding senescent cells, is a form
of selective autophagy mediated by nuclear receptor
coactivator 4 (NCOAA4) responsible for the degrada-
tion of intracellular ferritin. After all, ferroptosis, a
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unique pathway of cell death different from apopto-
sis, depends on the presence of iron released by fer-
ritinophagy.'*33
developed by the organism during evolution, viruses
and other pathogens are prevented from reaching

Thanks to this defense mechanism

iron. As a result of the reduced Fpn activity by hep-
cidin, cellular iron lock positively regulates expres-
sion of ferritin at both transcriptional and
translational levels to protect against unstable iron-
mediated oxidative stress. Its receptor promotes
NCOA4-mediated autophagic degradation, cellular
ROS accumulation, and thus ferroptotic cell
death.'®!3 Increasing ferroptosis can cause a dis-
proportionate increase in human immune response.
In fact, while trying to defend itself, the body can
harm itself with the disproportionate immune re-
sponse (cytokine storm) it can generate, whereas the

organism tries to clean the infected cells with ferrop-
tOSiS.17’33'63’67

I COVID-19 DISEASE AND PARAFIBRIN

It has been suggested that viral damage associated
with COVID-19 in the endothelial cell contributes to
coagulation disorders and vascular complications that
may be seen in severe patients.** In addition, au-
topsy results, which describe the irregular coagula-
tion affecting the lungs of COVID-19 patients who
died, are quite remarkable.

Oxidized iron interacts with proteins as the co-
agulation stage accelerates serum coagulation. In fact,
excess free Fe* in the medium can initiate the con-
version of fibrinogen to hydroxyl radical catalyzed
parafibrin, which is highly resistant to proteolytic dis-
solution, thereby further increasing intravascular ac-
cumulation.??

Recently, it has been suggested in some studies
that Fe™ can transform fibrinogen molecules into
harmful insoluble fibrin-like polymer parafibrin by
Fenton reaction. As a result, fibrin polymer parafib-
rin, which can be produced very densely in viral in-
fections such as COVID-19, takes on the properties
of a foreign body and can attract macrophages lead-
ing to a persistent inflammatory state.®®* Unfortu-
nately, there is no known molecule or known
biological process in the human body that can re-dis-

184

solve parafibrin. Although an article showing the for-
mation of parafibrin in COVID-19 is not included in
the literature, a theoretical relationship can be ex-
pected.]2’43’45'69

I COVID-19 DISEASE AND LACTOFERRIN

We previously published a presentation showing the
possible relationship between COVID-19 and lacto-
ferrin (LF), a highly conserved pleiotropic iron-bind-
ing immunomodulatory glycoprotein (80 kDa) of the
transferrin family found in most body fluids.”""!
Human LF is globular double lobed and consists of
691 amino acids. LF, which is found in breast milk as
a protector from natural neonatal infections, also func-
tions against infection in the respiratory tract. It has
60% amino acid sequence similar to Tf.”>’ However,
it has a very different function from Tf. LF has mainly
antifungal, antiviral, antiparasitic, anti-inflammatory
and immunomodulatory activities. However, an im-
portant production purpose of LF is to remove the iron
needed by viruses for replication and catalysis. Due
to its similarity to transferrin, the main iron transport
molecule in serum, a-LF has iron-binding abilities and
can chelate two ferric iron atoms (Fe™). The most im-
portant feature that distinguishes LF from transferrin
is that it does not release iron even at pH 3.5, indi-
cating that LF can be effective against oxidative stres-
sors such as COVID-19.70727

This information is important for the COVID-19
outbreak because LF can be a potential therapeutic
agent. LF has strong antiviral activity against a broad
spectrum of both naked and enveloped DNA and
RNA viruses. Generally, LF blocks the entry of viral
particles into the host. By attaching viral particles di-
rectly to viral particles or by blocking their cellular
receptors, LF can block S proteins from binding to
host cells, thus creating a host defense mechanism
against the virus.”>7*

Sepsis caused by serious infections can break
down erythrocytes. Erythrocytes can be broken down
due to viral infection or as a result of hemolysis,
hemoglobin or heme is released into the bloodstream
by hemolysis, hemoglobin haptoglobins and heme
are captured by circulating hemopexin.***? Circulat-
ing ceruloplasmin with serum ferroxidase activity is
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important for the smooth running of this process. In
addition, the direct transfer of ferric iron from ceru-
loplasmin to LF prevents both the formation of po-
tentially toxic hydroxyl radicals and the use of iron by
pathogenic bacteria. Besides these effects, the LF re-
ceptor is found in many tissues and organs. LF can
step in by binding to the input receptors of viruses and
can act as an important element in host defense mech-
anisms. Another important pathway for LF binding at
the cell surface is through heparan sulphate proteo-
glycans (HSPGs). In fact, HSPGs can play an impor-
tant role in the corona viruses cell entry process. LF
can prevent viral infections by interacting with
HSPGs cell receptors that allow binding to the first
anchorage site on the cell surface in viruses and par-
ticularly coronaviruses. Moreover, LF can help pre-
vent thrombocytopenia and hyper-coagulation, both
of which are hallmarks of COVID-19 infection.”>

In fact, LF can bind many metals, among which
zinc can stand out, as zinc is recommended as a sup-
plement in the treatment of COVID-19. Fortunately,
LF saturated with zinc apparently has a stronger an-
tiviral effect because LF saturated with zinc has been
observed to inhibit viral infection when incubated
with cells after viral binding, and the inhibition is di-
rectly related to the degree of zinc saturation. There
is no doubt that the pathophysiology of COVID-19
will be better understood over time, treatment options
such as LF administration may be involved in the reg-
ulation of iron metabolism in COVID-19 patients. At
least, LF, one of the natural defense molecules against
microbes and obtained during the evolution process,
can be among the treatment options for COVID-19.

I CONCLUSION

Infection in the body induces hepcidin, the main iron
regulator, to cause inflammatory anemia because
there is competition between the host and the
pathogen for iron, a nutrient that infectious virus or
bacteria need to survive and reproduce. Of course, re-
ducing the iron needed by pathogens in the body is a
critical part of innate immunity. Anemia, which can
be seen in COVID-19, can occur due to inflamma-
tion and a decrease in hemoglobin can be detected.
Moreover, the coronavirus is an RNA virus whose
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replication is based on an RNA duplex intermediate.
These types of viruses, unlike DNA or retroviruses,
may not need much iron to replicate their genomes.

Until there is evidence that cellular high iron lev-
els exist in COVID-19 and are related to COVID-19
disease, it is doubtful whether iron chelation will be
effective. Therefore, different treatment approaches,
such as hepcidin antagonists, cytokine antagonists or
spike-functionalized ferritin vaccines may be in-

cluded in supportive treatments.?>’>

MAIN POINTS

1. We had presentations in the literature sug-
gesting the possible relationship between iron
metabolism and COVID-19 disease.®>’! Today, the
number of articles showing the importance of iron
metabolism in the COVID-19 epidemic is increasing.

2. COVID-19 disease is characterized by cy-
tokine storm. As a result of the increase in pro-in-
flammatory cytokines, the production of hepcidin, the
main hormone that regulates iron metabolism, may
increase.

3. Many RNA viruses such as SARS-CoV-2 re-
quire the presence of iron in the environment for
replication. Alveoli macrophages may be the primary
cells in which iron is stored as ferritin in the cell. In-
creased intracellular iron may cause oxidative stress
and ferroptosis.

4. Parafibrin formation may contribute to the co-
agulation disorders that can be seen in COVID-19
disease.

5. Lactoferrin, which can bind iron strongly, may
be an option in the treatment of COVID-19 disease.
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