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Abstract

Background Due to the growing evidence of the importance of iron status in immune responses, the biomarkers of iron
metabolism are of interest in novel Coronavirus Disease 2019 (COVID-19). The present prospective study was carried out
to compare iron status indicated by levels of ferritin with the levels of two novel biomarkers related to iron homeostasis,
hephaestin and hypoxia-inducible factors-1 (HIF-1a) in the serum of patients with COVID-19 in comparison with a control
group.

Methods and results Blood samples from 34 COVID-19 patients and from 43 healthy volunteers were collected and the
levels of HEPH and HIF-1a were measured by ELISA and compared with levels of serum ferritin. COVID-19 patients had
higher serum levels of ferritin than those levels in control group (P <0.0001). Conversely levels of HIF-1a and HEPH in the
COVID-19 group were significantly lower than those of control group (P <0.0001 for both). An inverse correlation between
hephaestin and ferritin as well as between HIF-1a and ferritin was found among all subjects (P <0.0001), and among COVID-
19 patients, but not to statistical significance.

Conclusion Levels of hephaestin and HIF-1a were found to be inversely related levels of ferritin across all participants in the
study, and to our knowledge this is the first report of hephaestin and HIF-1« as potential markers of iron status. Further studies
are needed to corroborate the findings, utilizing a broader range of markers to monitor inflammatory as well as iron status.
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Introduction the functionality of cells of the immune system. Anemia due

to iron deficiency may cause the suppression of the immune

According to the report of World Health Organization
(WHO), approximately two billion people in the world,
more than 30% of the world population, have iron defi-
ciency. Impaired iron metabolism results in alterations of
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system and decreased resistance to viral infections, includ-
ing SARS-CoV-2 [1]. As the SARs-CoV-2 pandemic has
unfolded numerous studies have collectively established
the importance of a patient’s iron status in their response
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to COVID-19 [2]. A better understanding of biomarkers
of iron status may help to identify factors that account for
the wide heterogeneity of the clinical course and progno-
sis of COIVD-19 [2]. The iron-binding protein ferritin has
been extensively studied in COVID-19 as an inflammatory
biomarker, with marked hyperferritinemia being a nearly
constant finding in severe disease [3]. In clinical practice,
ferritin has been frequently included in routine evaluation of
COVID-19 at hospital admission [4].

Ferritin is an iron-storage protein found in most cell
types and is released into the serum from hepatocytes, mac-
rophages and Kupffer cells and possibly other cell types
[5]. Levels of serum ferritin are thought to reflect body
iron stores such that low levels are a good indicator of iron
deficiency anemia [5]. Inflammatory conditions can induce
higher levels of serum ferritin which could prevent identi-
fication of a low body iron status. The dual roles of serum
ferritin as a marker for both iron and status and inflamma-
tion can lead to ambiguity in interpretation, especially in
the absence of an accurate measure of total body iron [6].
There is a need to explore other biomarkers as indicators of
body iron status. Here we report the first analysis of serum
hephaestin and HIF-1a as potential markers of iron status.

Hephaestin is a multi-copper ferroxidase (MCF)
expressed in enterocytes that facilitates the absorption of
dietary iron from the intestine [7-9] by facilitating export
of iron through the basolateral membrane to the circulation.
Iron is exported from enterocytes as Fe>™ via the basolateral
transporter ferroportin and hephaestin converts Fe** to fer-
ric Fe>* for loading onto transferrin. It was discovered as
the protein mutated in the sla locus of the sex-linked ane-
mia (sla) mice. The microcytic anemia of the sla mouse was
attributed to defective export of iron from enterocytes, indi-
cating that decreased or defective hephaestin can lead to iron
deficiency [7-9]. Infection of enterocytes with SARS-CoV-2
can induce down-regulation of ferroportin and hephaes-
tin [10] and it was of interest to see if changes in serum
hephaestin could correlate with COVID-19.

Hypoxia-inducible factors-1 (HIF-1) are cellular oxygen
sensors that regulate metabolic changes due to hypoxia.
The HIF-1 gene is activated by hypoxic conditions and
the HIF-1 protein activates expression of genes involved
in iron metabolism, angiogenesis and glucose metabolism
[11]. The HIF-1 protein is unstable under normoxic condi-
tions and HIF-1 stabilizers are a new class of drugs to treat
anemia associated with chronic kidney disease, since they
can reduce the effects of hypoxia and promote erythro-
poiesis [12]. It has been suggested that HIF-1 could have a
protective role against COVID-19 [13], firstly by lowering
the angiotensin-converting enzyme 2 (ACE2) levels and
thereby limiting SARS-CoV-2 infection. Secondly, HIF-1
may be protective through its effects on promoting iron
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utilization and improving anemia [13]. Reduced levels of
HIF-1 could be a factor that influences the outcome of
SARS-CoV-2 infection.

The COVID-19 pandemic has led to a major worldwide
health crisis [14], boosting an unprecedented expansion of
research, in particular to understand the pathogenesis of
the widely variable clinical manifestations of COVID-19,
and the role of immune responses in these [15, 16]. Due
to the growing evidence of the importance of iron status
in immune responses, biomarkers of iron metabolism have
become important in assessing COVID-19 severity and
prognosis [2—4]. In the present study we compared lev-
els of ferritin, an established marker, and two other pro-
teins, hephaestin and HIF-1a as potential markers of iron
metabolism, in the serum of patients with COVID-19 and
to examine their response to SARS-CoV-2 infection.

Materials and methods
Selection criteria of patients

The study protocol was approved by the Ethical Commit-
tee of Non-interventional Clinical Research of Biruni Uni-
versity (Date: 30 Nov 2020, Number: 2020/45-31). Written
informed consent was given by all the participants in the
study, who were all volunteer patients. Also, none of the
participants were minors, as patient ages are not included.
All procedures were in accordance with the ethical stand-
ards of the Declaration of Helsinki.

Patients had applied to the emergency service and pan-
demic clinic of the Medical Faculty Research and Appli-
cation Hospital of Sivas Cumhuriyet University with a
COVID-19 pre-diagnosis between 1 June 2020-31 Dec
2020. A routine blood test was taken and a throat swab
was taken for a PCR test for SARS-CoV-2. 34 patient sam-
ples whose diagnosis of COVID-19 was confirmed were
randomly selected for this prospective study. Patients had
been transferred to different hospitals so that the course
and severity of their disease is not known. A control group
was designed from 43 healthy volunteers who did not have
any systemic disease and showed a similar distribution to
the patient group in terms of sex and age and who donated
venous blood samples for the tests.

Individuals with alcohol and substance abuse, those
with acute or chronic diseases (including Diabetes Mel-
litus, hypertension, chronic kidney failure, heart failure,
liver damage), those with autoimmune disorders and focus
of infection, as well as those with unusual dietary habits
(for instance eliminating certain food groups from the diet)
were excluded from the study.
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Collection and storage of samples

Approximately 3 mL of venous blood samples were col-
lected from the patient and control groups, into hemogram
tubes with EDTA and centrifuged for 5 min at 3000 rpm.
The plasma were stored at —20 °C until the tests were run.
Then, the samples were brought to the room temperature
and then the levels of hephaestin and HIF-1o were measured
by Enzyme-linked immunosorbent test (ELISA) method as
given below. The ferritin levels were collected from the rou-
tine blood testing from the patient record system.

Enzyme-linked immunosorbent test

To detect and quantify hephaestin and HIF-1a, ELISA pro-
tocols were applied according to the manufacturer’s instruc-
tions for the human hephaestin ELISA kit (AFG SCIENCE,
EK712630) and human HIF-1 ELISA kit (AFG SCIENCE,
EK710669). In brief, the diluted antibodies were added into
wells of a 96-well ELISA plate. The plate was sealed to
prevent evaporation and incubated for 15-18 h at 4°C to
immobilize the antibody. The diluted antibody was removed
and the plate washed with washing solution. Blocking buffer
was added to each well and incubated for 1 h at 37°C to
reduce non-specific binding of the target protein to the well.
Blocking buffer was removed and the plate washed with the
washing solution. Samples were diluted with sample dilution
buffer and 100 pL of each sample was added to each well.
For the calibration curve, a dilution series of the standard
was prepared on the same plate. The plate was incubated for
1 h at 37°C, samples and standards were removed and the
plate washed with washing solution. The detection antibody
was diluted in sample dilution buffer and 100 pL. added to
each well, then incubated for 1 h at 37 °C. After the reaction,
the detection antibody was removed and the plate washed
with the washing solution. Enzyme-labeled secondary anti-
body was diluted with sample dilution buffer and 100 uL.
was added to each well the incubated for 1 h at 37 °C. After
the reaction, the secondary antibody was removed and the
plate washed with washing solution. A substrate solution
was added and allowed to incubate until the color developed.
When the color has been developed sufficiently, a stop solu-
tion was added to stop the reaction. Then, the absorption was
measured at 450 nm with a plate reader (Biotek Synergy HT
Microplate Reader Multi-Mode).

Statistical analysis
The correct number of samples was determined by G¥*Power

software (latest ver. 3.1.9.7; Heinrich-Heine-Universitit
Diisseldorf, Diisseldorf, Germany; http://www.gpower.

hhu.de/). Considering a maximum difference of 0.20-unit
increase in the variables and a standard deviation of 0.20, the
power analysis gave an alpha value of 0.05, and the power of
study as 95% if there would be at least 16 subjects in each
group [17].

The data were tested by the Kolmogorov-Smirnov test for
normality. Non-normally distributed variables of two groups
were compared by a non-parametric Mann-Whitney test. All
statistical analysis was performed by using GraphPad InStat
program (Version 3.06, 2003).

Results

Of 34 patients with laboratory-confirmed SARS-CoV-2
infection, 21 patients were male (61.8%) and 13 were female
(38.2%). The median age of patients was 50 years (Range
19-74). Of 43 healthy individuals in the control group, 8
were male (18.6%) and 35 were female (81.4%). The median
age of these individuals was 45 years (Range 22—-68).

The comparison of laboratory data showed that the
COVID-19 patients had higher serum levels of ferritin than
those levels in control group (P <0.0001). However, the
serum levels of HIF-1a and hephaestin in the COVID-19
group were significantly lower than those of control group
(P <0.0001 for both) (Table 1).

The correlation analysis of the laboratory data of all sub-
jects indicated that there was a significant negative corre-
lation between ferritin vs. hephaestin levels (P =0.0007).
However, this significance was not observed in separate
groups (P> 0.05) (Table 2). The inverse correlation between
hephaestin and ferritin levels was more pronounced in all
subjects than those in each group (Fig. 1).

There was a significant positive correlation between
HIF-1a vs. hephaestin levels for total of subjects
(P<0.0001). This significance was also observed in each
group separately (P <0.0001) (Table 2). The linear correla-
tion between hephaestin and HIF-1a levels was pronounced
in all subjects, healthy controls and COVID-19 patients
(Fig. 2).

There was a significant negative correlation between
ferritin vs. HIF-1a levels (P=0.0016). However, this

Table 1 The laboratory data of control individuals and COVID-19
patients

Control group (n=43) COVID-
19 patients

P value

(n=34)
Ferritin (ug/L) 62.8+67.4 221.7+176.8 <0.0001
HIF-la (pg/mL)  895.8+954.6 264.3+150.5 <0.0001
HEPH (ng/L) 328.1+398.9 43.54+36.83 <0.0001
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Table 2 Correlation analysis of the laboratory data of control individuals and COVID-19 patients

Control group (n=43) COVID-19 patients (n=34) Total

Spearman r [95% CI] P value Spearman r [95% CI] P value Spearman r [95% CI] P value
Ferritin vs. HEPH 0.189 [-0.13-0.47] 0.225 —0.038 [-0.39-0.33] 0.839 —0.387 [-0.57 to —0.17] 0.0007
HIF-1a vs. HEPH 0.786 [0.63-0.88] <0.0001 0.770 [0.58-0.88] <0.0001 0.884 [0.82 to0 0.93] <0.0001
Ferritin vs. HIF-1a 0.132 [-0.18-0.42] 0.399 —0.031 [-0.39-0.34] 0.869 —0.36 [-0.55 to —0.14] 0.0016

significance was not observed in separate groups (P> 0.05)
(Table 2). The inverse correlation between HIF-1a and fer-
ritin levels was more pronounced in all subjects than in each

group (Fig. 3).

Discussion

Current understanding of the pathophysiology of COVID-19
suggests several pathways in which iron metabolism may be
involved [1, 2, 18]. Viral infection could induce hypoxia via
direct effects on the respiratory system, inducing an inflam-
matory response leading to anemia. Secondly, the bioavail-
ability of iron could be reduced by activation of the innate
immune system, which prevents the expansion of viral load
in the acute-phase of the infection. This leads to the activa-
tion of hepcidin, an iron-regulating peptide hormone, which
would increase retention of iron within cells such as mac-
rophages or enterocytes, when normally the iron would be
mobilised from these cells, primarily for erythropoiesis. The
increased storage of iron leads to higher levels of ferritin and
decreased erythropoiesis, resulting in hypoxia [2]. Finally,
there have been reports that SARS-CoV-2 can suppress
erythropoiesis by inducing an expansion of CD71 +eryth-
roid cells (CECs) which have immunosuppressive properties
[19, 20]. Expanded populations of CECs has been found
to be negatively correlated with levels of hemoglobin in
COVID-19 patients [20]. Erythroferrone is the iron regula-
tor hormone which stimulates iron mobilization for erythro-
poiesis via modulation of hepcidin [21]. The lower levels of
hemoglobin could be linked to lower levels of erythroferrone
very recently reported in Covid 19 patients [22].

Elevated serum ferritin is considered a marker of inflam-
matory, autoimmune, infectious or malignant conditions [5,
23, 24], and has been found to vary according to the severity
of COVID-19 as well as age, sex and presence of comorbid-
ity among COVID-19 patients [25]. Consistent with these
and other studies [22, 26-29] we found mean ferritin levels
of COVID-19 patients to be about three times higher than
in the control group (Table 1). Conversely the other two
potential markers we measured were both significantly lower
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in Covid-19 patients compared with the control group, by
87% (hephaestin) and 70% (HIF-1a). We assessed whether
there was an inverse correlation between ferritin and levels
of hephaestin or HIF-1a and found that there was a sig-
nificant correlation across all samples between ferritin and
either hephaestin or HIF-1a, but not within patient or con-
trol groups (Table 2). These data suggest that measurement
of serum hephaestin and HIF-1a may have potential use in
assessing iron status.

The observation that there are significantly decreased lev-
els of hephaestin in COVID-19 patients would be consistent
with hephaestin’s role in maintaining good iron status, which
would be compromised in COVID-19 patients. In normal
conditions, iron is taken up in the small intestine by diva-
lent metal transporter-1 and is either stored in ferritin inside
the mucosal cell or exported to the circulation by ferropor-
tin. After iron is released from ferroportin it is oxidized by
hephaestin and incorporated into transferrin (Fig. 4A). The
origin of serum hephaestin has not been identified but is
likely to be from enterocytes. The reduced levels of serum
hephaestin in COVID-19 (Fig. 4B) could therefore reflect
reduced activity in enterocytes and a reduced capacity for
iron absorption across the gut.

The importance of hephaestin is considered in extra-intes-
tinal tissues for maintaining whole-body iron metabolism,
and the lack of HEPH is suggested to result in increased
non-transferrin bound iron.

Levels of HIF-1a were also significantly lower in
COVID-19 patients compared with the control group.

During the condition of hypoxemia which can occur in
COVID-19 infection, the angiotensin converting enzyme 1
(ACE-1) is upregulated by HIF-1 while the expression of
ACE-2 is markedly decreased [30]. It has been suggested
that induced expression of ACE-2 is positively associated
with COVID-19 infection [25]. Thus, both hypoxemia and
related ACE-2 upregulation may reflect lower levels of
HIF-1 expression after infection with SARS-CoV-2.

In the present study, the serum levels of HIF-1a in
COVID-19 patients were directly proportional with the
levels of hephaestin but inversely proportional with the
levels of ferritin, although not at statistical significance
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HIF-1a vs Ferritin

HIF-1la vs Ferritin

HIF-1a vs Ferritin
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(Table 2). Changes in HIF-1, associated with reduction
in ACE-2 levels and hypoxia may be predictive factors
for the presence of the disease. Ultimately, an altered iron
metabolism response detected by elevated levels of ferritin
and reduced levels of hephaestin and or HIF-1a in SARS-
CoV-2 infection may be valuable for risk stratification and
for treatment options of COVID-19. In COVID-19 cases,
the increased levels of ferritin in severe disease might indi-
cate an underlying dysregulated iron metabolism response
against the infection (Fig. 4). Whether the ferritin com-
bined with measurement of hephaestin and HIF-1a can
be used for prognostic purposes, or have further implica-
tions for identifying novel treatment targets, needs further
investigation.

The relatively small numbers of patients is a limitation
of the study and the analysis needs to be repeated with
larger numbers across centers to confirm the correlation.
Moreover, it would be very helpful to carry out a lon-
gitudinal study to know the severity of the disease that
developed in each patient and to know how the disease was
resolved. This was not possible in the current study and is
another limitation. The cross-section design of the study
also precludes assessing causality. The differences in sex
ratio in the control and Covid-19 positive groups could
also be a confounding factor [19], with a high propor-
tion of males in the Covid group and a high proportion of
females in the control group, although in some studies dif-
ferences in ferritin levels between sexes was not assessed
[22, 27] or not found [28]. Finally, a further limitation of
the study was the lack data available for serum iron levels
and associated parameters levels of transferrin and % satu-
ration of serum transferrin. These measurements would
provide a more definitive assessment of iron status [22],
which should be addressed in future studies.

In conclusion, this report presents, for the first time,
measurements of serum hephaestin and HIF-1a in COVID-
19 patients, in which levels of both markers are signifi-
cantly lower in COVID-19 patients. In common with many
other studies levels of serum ferritin were significantly
higher in COVID-19 patients. It remains to be seen if and
how the two novel markers are linked to a patient’s iron
status, but the results suggest further investigation of these
markers may be useful.
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