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Abstract: Background/Objectives: This study aimed to explore the influence of hypoxia, inflamma-
tion, and erythropoiesis on hepcidin and other iron status parameters in non-anaemic COVID-19 pa-
tients admitted to the emergency unit before the introduction of therapeutic interventions. Methods:
Ninety-six COVID-19 patients and 47 healthy subjects were recruited. Patients were subdivided into
hypoxic or normoxic groups and, after follow-up, into mild and moderate, severe or critical disease
severity groups. Iron, unsaturated iron-binding capacity (UIBC), ferritin, C-reactive protein (CRP),
and interleukin 6 (IL-6) were measured on automatic analysers. ELISA kits were used for hepcidin
and erythropoietin (EPO) determination. We calculated total iron-binding capacity (TIBC) and ratios
of hepcidin with parameters of iron metabolism (ferritin/hepcidin, hepcidin/iron), inflammation
(hepcidin/CRP, hepcidin/IL-6), and erythropoietic activity (hepcidin/EPO). Results: Hepcidin,
ferritin, EPO, CRP, IL-6, ferritin/hepcidin, and hepcidin/iron were increased, while UIBC, TIBC,
hepcidin/CRP, and hepcidin/IL-6 were decreased in hypoxic compared to normoxic patients as well
as in patients with severe or critical disease compared to those with mild and moderate COVID-19.
Regarding predictive parameters of critical COVID-19 occurrence, in multivariable logistic regression
analysis, a combination of EPO and ferritin/hepcidin showed very good diagnostic performances and
correctly classified 88% of cases, with an AUC of 0.838 (0.749–0.906). Conclusions: The hypoxic signal
in our group of patients was not strong enough to overcome the stimulating effect of inflammation
on hepcidin expression. EPO and ferritin/hepcidin might help to identify on-admission COVID-19
patients at risk of developing a critical form of the disease.
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1. Introduction

The liver hormone hepcidin is the master regulator of iron metabolism. Hepcidin
modulates iron homeostasis through interaction with ferroportin, the only known iron
exporter, resulting in internalisation, degradation, and permanent removal of ferroportin
from the cell membrane [1]. This leads to the retention of iron in the storage compartments
and decreased availability of iron in the extracellular milieu [2,3]. Thus, hepcidin regulates
intestinal iron absorption and release of iron from storage compartments. Iron is essential
for all living organisms, including microorganisms, which also need iron for survival,
replication, and virulence [4]. Consequently, the regulation of iron homeostasis during
infection is of crucial importance since both the host and pathogen compete for iron [5,6].
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Hepcidin production is regulated on a transcriptional level. Infection, inflammation, and
high iron stores stimulate hepcidin expression, and anaemia/hypoxia, low iron stores, and
erythropoietic activity downregulate hepcidin expression [7,8]. A rise in hepcidin level
leads to iron redistribution to protect the host cells from invading microorganisms through
a process called nutritional immunity [9].

Coronavirus disease-2019 (COVID-19) caused by Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2) predominantly impacts the respiratory system, though other
organs can also be affected. SARS-CoV-2 infection presents with a spectrum of symptoms,
ranging from asymptomatic infection to symptomatic disease of different severity [10].
Diverse symptoms can be observed in patients at the time of clinical presentation, with no
clear association with risk factors and SARS-CoV-2 genotypes noticed [11]. In severe cases,
pulmonary dysfunction occurs, leading to hypoxemia [12]. In patients with SARS-CoV-2
infection, the inflammatory response involves the secretion of various proinflammatory
cytokines [13], some of which may impact iron homeostasis. Given that iron availability
can influence viral replication [14], host immune effector mechanisms [5], contribute to
tissue damage, and worsen disease outcomes [15], potential therapeutic interventions
aimed at regulating iron homeostasis in infectious diseases are emerging as promising tools.
Therefore, a better understanding of iron homeostasis is necessary.

Studies investigating the parameters of iron homeostasis during the infection with
SARS-CoV-2 in COVID-19 found that iron metabolism is altered, and these disturbances
mainly manifest as hypoferremia and hyperferritinemia [16,17]. Some authors even propose
that iron metabolism changes could be involved in complications of COVID-19-induced
pathology [18]. However, it is not entirely clear whether these changes primarily reflect a
physiological response to infection or disturbances of iron metabolism actively contribute
to COVID-19 pathology [19]. During infection, an elevation in hepcidin level caused
primarily by the stimulatory effect of interleukin 6 (IL-6) leads to the development of
hypoferremia [20]. However, in some pathological conditions like COVID-19, different
factors which control hepcidin expression can be simultaneously present, generating op-
posing signals for hepcidin expression. It was shown that the final effect of signals that
regulate hepcidin expression is not determined only by the hierarchy between signalling
pathways but rather by the strength of the individual stimuli [21]. Studies that measured
hepcidin concentration in the circulation of COVID-19 patients gave conflicting results, with
most studies demonstrating elevated hepcidin concentrations [22–25], but its decreased
concentrations in critically ill patients compared to healthy controls were also reported [26].

While most studies have primarily focused on the prognostic value of iron status
biomarkers [16,22,23,27], insufficient studies regarding the mechanisms regulating iron
metabolism in SARS-CoV-2 infection are available. Hypoxia and inflammation are simulta-
neously present in COVID-19 as two opposing signals which influence hepcidin expression.
Studies on human models involving healthy volunteers have shown that hypoxia can
prevail over inflammatory stimuli on hepcidin expression [28,29]. Hypoxia might regulate
hepcidin expression through the induction of hypoxia-inducible transcription factors. Hy-
poxia also stimulates erythropoietin (EPO) production, which stimulates erythropoiesis and
leads to the expression of erythroferrone in erythroblasts [30,31], and erythroferrone proba-
bly directly inhibits hepcidin expression in response to increased erythropoietic demand
for iron [32].

Our hypothesis is that in COVID-19 patients, hypoxia, when present, might overcome
the inflammatory impact on hepcidin expression and cause a decrease in its concentration
in peripheral blood compared to COVID-19 patients with normal oxygen saturation. The
aim of this study was to explore the influence of hypoxia, inflammation, and erythropoiesis
on concentrations of hepcidin and other parameters of iron status in groups of non-anaemic
normoxic and hypoxic COVID-19 patients on admission into the emergency unit before
the introduction of therapeutic interventions. We applied rigorous exclusion criteria to
eliminate comorbidities and conditions that could influence hepcidin concentration. We
also examined the diagnostic potential of various iron metabolism-related parameters
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measured on admission to predict the risk of developing a critical form of the disease
later on.

Therefore, we have determined the concentrations of hepcidin as well as the parame-
ters of iron metabolism, inflammation, and erythropoiesis. We also calculated various ratios
of hepcidin with parameters of iron metabolism (ferritin-to-hepcidin ratio; hepcidin-to-iron
ratio) and parameters reflecting inflammation (hepcidin-to-CRP ratio; hepcidin-to-IL-6
ratio) or erythropoietic activity (hepcidin-to-EPO ratio).

2. Materials and Methods
2.1. Study Subjects

This study included 47 healthy volunteers as a control group, and 96 COVID-19
patients with COVID-19 symptoms were admitted to the emergency unit of the Infectious
Disease Department of the University Hospital of Split (Split, Croatia). SARS-CoV-2
positivity was confirmed by reverse transcription polymerase chain reaction (RT-PCR) from
a nasopharyngeal swab. The inclusion criterion was age between 20 and 75 years for both
groups. Exclusion criteria applied were as follows: anaemia (haemoglobin < 120 g/L for
women and <130 g/L for men); history of any haematological disease; liver disease; chronic
kidney disease; estimated glomerular filtration rate (eGFR) < 60 mL/min; inflammatory
bowel disease; systemic autoimmune disease; malignant disease; chronic obstructive
pulmonary disease; asthma; surgical procedure and blood transfusion in previous 3 months;
therapy with iron supplements; pregnancy; and breastfeeding.

Based on oxygen saturation levels measured on admission, COVID-19 patients were
classified into two groups: hypoxic (SpO2 < 94%); and normoxic (SpO2 ≥ 94%). A total of
47 hypoxic COVID-19 patients and 49 normoxic COVID-19 patients were matched by age
and sex. The control group was also matched by age and sex to the COVID-19 patients and
met the same criteria, except for SARS-CoV-2 positivity.

COVID-19 patients were categorised based on prospective follow-up into three groups,
according to the World Health Organization guidelines [33]: patients with mild and moder-
ate, severe and critical COVID-19. Symptomatic COVID-19 patients without viral pneumo-
nia or hypoxia were classified as mild cases. Moderate COVID-19 disease was determined
by the presence of mild pneumonia with SpO2 > 90% on room air, while severe disease was
indicated by severe pneumonia with SpO2 < 90% on room air. Critical COVID-19 disease
was identified by respiratory failure resulting from viral pneumonia and other critical
conditions requiring mechanical respiratory support and other life-sustaining therapies.

2.2. Study Design

This single-centre observational study was performed at the University Hospital of
Split between June 2021 and June 2022. This study was approved by the Ethics Committee of
the University Hospital of Split (Split, Croatia) and Ethics Committee for Experimentation of
the University of Zagreb Faculty of Pharmacy and Biochemistry (Zagreb, Croatia) (approval
protocol numbers: 2181-147/01/06/M.S.-21-02 and 251-62-03-23-58, respectively) and was
conducted according to the principles of the Declaration of Helsinki. Written informed
consent was obtained from all study participants.

For each patient demographic, clinical and anamnestic data were collected upon
arrival at the emergency unit and analysis of oxygen saturation (SpO2), complete blood
count, and routine biochemical tests were performed. Information on the course of the
disease was prospectively monitored by reviewing the medical documentation from the
hospital information system.

In addition to routine tests performed on admission, the concentrations of hepcidin,
iron, unsaturated iron-binding capacity (UIBC), ferritin, soluble transferrin receptors (sTfR),
reticulocyte haemoglobin equivalent (RET-He), reticulocyte number (RTC), immature retic-
ulocyte fraction (IRF), EPO, C-reactive protein (CRP), and IL-6 were also measured for all
subjects, and total iron-binding capacity (TIBC) and transferrin saturation (TSAT) were cal-
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culated, as well as various ratios that included hepcidin (ferritin/hepcidin, hepcidin/iron,
hepcidin/CRP, hepcidin/IL-6, and hepcidin/EPO).

2.3. Blood Sampling

Blood samples were taken immediately upon admission of the COVID-19 patients
to the emergency unit of the Department of Infectious Disease prior to the initiation of
therapeutic interventions. Blood sampling for the control group was performed at the
Medical Laboratory Diagnostic Division of the University Hospital of Split (Split, Croatia).

Two tubes of venous blood were sampled for all patients: a tube with
K3-ethylenediaminetetraacetic acid (K3EDTA); and a tube with lithium heparin (Beck-
ton Dickinson, Frankin Lakes, NJ, USA). Arterial blood samples for determination of SpO2
were taken from the radial artery.

Plasma sample for biochemical analyses was obtained by centrifugation of lithium
heparin anticoagulated sample at 1800× g for 10 min. All routine analyses were performed
within 1 h of receiving the samples at the laboratory, and the remaining plasma samples
were immediately aliquoted and stored at –80 ◦C until analyses.

2.4. Methods

Haemoglobin concentration, RTC number, IRF, and RET-He were measured on the
haematology analyser Sysmex XN-1000 (Sysmex Corporation, Kobe, Japan). Plasma con-
centration of CRP, creatinine, iron, UIBC, ferritin, and IL-6 was measured by standard
laboratory methods on a Roche Cobas 6000 analyser (Roche Diagnostics GmbH, Mannheim,
Germany). Since IL-6 concentration was below the reported range in some individuals, a
nominal level of half of the lower limit of quantification (LLQ) value (1.25 pg/mL) was used
in the analysis in these individuals [34]. TIBC and TSAT were calculated by the following
equations: TIBC = iron (µmol/L) + UIBC (µmol/L); TSAT (%) = iron (µmol/L)/TIBC
(µmol/L) × 100. eGFR was calculated according to the CKD-EPI (Chronic Kidney Disease
Epidemiology Collaboration) equation. sTfR concentration was measured nephelomet-
rically on a BN ProSpec analyser (Siemens Healthcare Diagnostics, Marburg, Germany).
All parameters were determined at the University Hospital of Split (Split, Croatia) except
hepcidin and EPO, which were measured at the University of Zagreb Faculty of Pharmacy
and Biochemistry (Zagreb, Croatia). Hepcidin and EPO concentrations were determined by
commercially available ELISA tests: Hepcidin 25 (bioactive) HS ELISA (DRG Diagnostics
GmbH, Marburg, Germany); and Quantikine® IVD® Human Erythropoietin ELISA (R&D
Systems Inc., Minneapolis, MN, USA) according to manufacturers’ instructions. SpO2
was measured by an oximetric method on an ABL90 analyser FLEX PLUS (Radiometer,
Copenhagen, Denmark).

2.5. Statistical Analysis

All data were tested for normality of distribution with Shapiro–Wilk test. Depending
on the data distribution, results were presented as mean ± standard deviation for data
showing normal distribution, otherwise as median with Q1–Q3 range. Age was shown as
median with minimum and maximum. Categorical variables were presented as an absolute
number N. A comparison of categorical variables between two groups was performed by
Fisher’s exact test and between three groups by Chi-squared test. The difference between
the two groups was tested using a t-test or Mann–Whitney test. Differences between more
than two groups were tested using a one-way ANOVA analysis of variance or the Kruskal–
Wallis test with post hoc testing. Univariate and multivariate logistic regression analyses
were performed. Data were considered significant if p < 0.05. Data analysis was performed
using the MedCalc statistical software version 20.013 (MedCalc Software, Ostend, Belgium).

3. Results

The research included 96 COVID-19 patients and 47 age- and sex-matched healthy
subjects. Patients with COVID-19 disease were classified as normoxic or hypoxic on
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admission to the emergency unit based on their SpO2 values. Baseline characteristics of
healthy volunteers and COVID-19 patients on admission are presented in Table 1.

Table 1. Baseline patient characteristics.

Healthy
Subjects
(n = 47)

Total
COVID-19

Patients
(n = 96)

Normoxic
COVID-19

Patients
(n = 49)

Hypoxic
COVID-19

Patients
(n = 47)

P1 P2 P3

age (years) 58
(39–70)

54
(36–73)

53
(36–73)

55
(37–72) 0.19 0.17 0.18

sex
male, n

female, n
31
16

64
32

31
18

33
14

1.00 0.77 0.52

SpO2 (%) / 96
(88–98)

97
(97–98)

87
(83–89) / / <0.001

creatinine (µmol/L) 77 ± 12 79 ± 14 80 ± 15 78 ± 14 0.29 0.46 0.48

eGFR (mL/min/1.73 m2)
91

(80–99)
87

(77–101)
86

(78–99)
88

(77–102) 0.52 0.70 0.61

symptoms duration on
admission (days), n / 8 ± 3 8 ± 3 9 ± 3 / / 0.001

SpO2, oxygen saturation. eGFR, estimated glomerular filtration rate. P1—statistical significance of differences
between healthy subjects and total COVID-19 patients. P2—statistical significance of differences between healthy
subjects, normoxic COVID-19 patients and hypoxic COVID-19 patients; post hoc analysis was performed.
P3—statistical significance of differences between normoxic and hypoxic COVID-19 patients. Age was pre-
sented as median with minimum and maximum, while sex was presented as absolute number n. SpO2 and eGFR
were presented as median with Q1–Q3 range and creatinine concentration and symptoms duration on admission
as mean ± standard deviation. Data were considered significant if p < 0.05.

Hypertension was the most common comorbidity in all study groups, occurring in
15/47 hypoxic COVID-19 patients, 7/49 normoxic COVID-19 patients, and 14/47 healthy
individuals. The incidence of diabetes mellitus was low in our study participants, with 2/47
in the hypoxic group, 4/49 in the normoxic group, and 6/47 in the control group. Out of a
total of 96 COVID-19 patients, 53 were hospitalised upon admission to the emergency unit.
Those included all hypoxic patients with a median hospitalisation duration of 9 (7–18) days
and six normoxic patients with a median hospitalisation duration of 4 (3–5) days. Nine-
teen hypoxic patients, all with critical disease severity, subsequently required mechanical
ventilation, and only six of them died. Additionally, there was no statistically significant
difference in the concentration of creatinine and eGFR among the studied groups (p = 0.46
and p = 0.70, respectively).

The clinical manifestation data of patients with COVID-19 on admission are presented
in Table 2.

In order to investigate a potential disturbance in hepcidin expression in COVID-19 pa-
tients and the influence of factors that might affect it, we measured hepcidin concentration
in peripheral blood as well as concentrations of iron metabolism parameters, parameters
reflecting erythropoietic activity, and parameters of systemic inflammation.

Hepcidin concentrations were significantly higher in both normoxic [44.50 (23.49–56.54) ng/mL]
and hypoxic [76.95 (54.14–91.28) ng/mL] groups of COVID-19 patients compared to healthy
controls [8.38 (5.74–12.06) ng/mL] (p < 0.001), with the highest values in the hypoxic
group (Figure 1a). Similarly, ferritin was also significantly increased in COVID-19 patients,
especially in those with hypoxia (Figure 1b).
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Table 2. The clinical manifestations of patients with COVID-19 on admission.

Clinical Manifestations
Normoxic

COVID-19 Patients
(n = 49)

Hypoxic
COVID-19 Patients

(n = 47)

fever before admission 47 (96) 46 (98)

fever on admission 28 (57) 35 (74)

cough 35 (71) 36 (77)

sore throat 9 (18) 8 (17)

dyspnea 0 (0) 35 (74)

fatigue 19 (39) 32 (68)

myalgia 18 (37) 17 (36)

pneumonia on X-ray imaging 16 (33) 47 (100)
The results are presented as absolute number n (percentage, %).

J. Clin. Med. 2024, 13, x FOR PEER REVIEW 6 of 17 
 

 

Table 2. The clinical manifestations of patients with COVID-19 on admission. 

Clinical Manifestations 
Normoxic 

COVID-19 Patients 
(n = 49) 

Hypoxic 
COVID-19 Patients 

(n = 47) 
fever before admission 47 (96) 46 (98) 

fever on admission 28 (57) 35 (74) 
cough 35 (71) 36 (77) 

sore throat 9 (18) 8 (17) 
dyspnea 0 (0) 35 (74) 
fatigue 19 (39) 32 (68) 
myalgia 18 (37) 17 (36) 

pneumonia on X-ray imaging 16 (33) 47 (100) 
The results are presented as absolute number n (percentage, %). 

In order to investigate a potential disturbance in hepcidin expression in COVID-19 
patients and the influence of factors that might affect it, we measured hepcidin concentra-
tion in peripheral blood as well as concentrations of iron metabolism parameters, param-
eters reflecting erythropoietic activity, and parameters of systemic inflammation. 

Hepcidin concentrations were significantly higher in both normoxic [44.50 (23.49–
56.54) ng/mL] and hypoxic [76.95 (54.14–91.28) ng/mL] groups of COVID-19 patients com-
pared to healthy controls [8.38 (5.74–12.06) ng/mL] (p < 0.001), with the highest values in 
the hypoxic group (Figure 1a). Similarly, ferritin was also significantly increased in 
COVID-19 patients, especially in those with hypoxia (Figure 1b). 

Iron, TIBC, TSAT, RET-He, RTC, and IRF were decreased, and sTfR was higher in 
both normoxic and hypoxic patients compared to healthy individuals, while UIBC and 
TIBC were lower, and IRF was higher in the hypoxic group compared to the normoxic 
group (Table 3). EPO was increased only in the hypoxic group compared to controls and 
normoxic patients (Figure 1c). 

(a) (b) 

J. Clin. Med. 2024, 13, x FOR PEER REVIEW 7 of 17 
 

 

 
(c) (d) 

Figure 1. Hepcidin (a), ferritin (b), EPO (c), and IL-6 (d) plasma concentrations in healthy subjects 
and in normoxic and hypoxic COVID-19 patients. Results are shown as the median with Q1–Q3 
range. The difference between groups was tested using the Kruskal–Wallis test with post hoc anal-
ysis (Conover). Connectors on the graphs show between which groups a statistically significant dif-
ference was observed in post hoc analysis with p < 0.05. EPO, erythropoietin; IL-6, interleukin 6. 

Table 3. Parameters of iron homeostasis, erythropoietic activity, and inflammation in total, 
normoxic and hypoxic COVID-19 patients, as well as in healthy subjects. 

Parameter 
Healthy  
Subjects 
(n = 47) 

Total  
COVID-19 

Patients 
(n = 96) 

Normoxic  
COVID-19 

Patients 
(n = 49) 

Hypoxic  
COVID-19 

Patients 
(n = 47) 

P1 P2 

haemoglobin 
(g/dL) 

15.0 
(13.7–15.4) 

14.5 
(13.5–15.4) 

14.4 
(13.5–15.6) 

14.6 
(13.6–15.4) 

0.48 0.75 

iron (µmol/L) 17.0 
(13.3–21.0) 

6.0 
(5.0–8.5) 

6.0 
(5.0–8.3) a 

5.0 
(4.3–8.8) a 

<0.001 <0.001 

UIBC (µmol/L) 42 
(35–49) 

39 
(32–45) 

44 
(37–47) 

33 
(29–40) a,b 

0.06 <0.001 

TIBC (µmol/L) 59 
(54–68) 

46 
(40–51) 

50 
(45–54) a 

42 
(37–46) a,b 

<0.001 <0.001 

TSAT (%) 28 
(23–36) 

13 
(10–18) 

12 
(10–16) a 

15 
(10–20) a 

<0.001 <0.001 

sTfR (mg/L) 1.09 
(1.00–1.25) 

1.26 
(1.07–1.45) 

1.30 
(1.12–1.49) a 

1.23 
(1.02–1.41) a 

0.002 0.002 

RET-He (pg) 
33.0 

(32.4–33.7) 
30.1 

(28.6–31.5) 
30.2 

(28.8–31.0) a 
30.1 

(28.4–31.9) a <0.001 <0.001 

RTC (‰) 
13.20 

(11.70–15.58) 
5.25 

(4.40–6.85) 
5.00 

(4.18–6.98) a 
5.30 

(4.43–6.80) a <0.001 <0.001 

RTC (x109/L) 
67.60 

(56.05–82.05) 
26.10 

(20.90–34.80) 
25.60 

(19.45–35.05) a 
26.20 

(21.80–34.63) a <0.001 <0.001 

IRF (%) 
8.9 

(7.5–10.3) 
4.6 

(3.4–7.9) 
3.6 

(3.0–4.9) a 
6.2 

(4.1–10.7) a,b <0.001 <0.001 

CRP (mg/L) 
1.2 

(0.7–2.3) 
37.1 

(12.7–100.0) 
13.1 

(5.2–33.2) a 
85.5 

(39.7–120.7) a,b <0.001 <0.001 

ferritin/hepcidin 
15.17 

(9.84–25.09) 
13.55 

(7.06–20.91) 
7.72 

(6.24–13.98) a 
19.02 

(12.98–29.64) b 0.10 <0.001 

hepcidin/iron 
0.49 

(0.34–0.84) 
10.24 

(5.04–14.05) 
7.37 

(3.44–12.00) a 
13.04 

(8.06–16.04) a,b <0.001 <0.001 

Figure 1. Hepcidin (a), ferritin (b), EPO (c), and IL-6 (d) plasma concentrations in healthy subjects
and in normoxic and hypoxic COVID-19 patients. Results are shown as the median with Q1–Q3
range. The difference between groups was tested using the Kruskal–Wallis test with post hoc analysis
(Conover). Connectors on the graphs show between which groups a statistically significant difference
was observed in post hoc analysis with p < 0.05. EPO, erythropoietin; IL-6, interleukin 6.

Iron, TIBC, TSAT, RET-He, RTC, and IRF were decreased, and sTfR was higher in both
normoxic and hypoxic patients compared to healthy individuals, while UIBC and TIBC
were lower, and IRF was higher in the hypoxic group compared to the normoxic group
(Table 3). EPO was increased only in the hypoxic group compared to controls and normoxic
patients (Figure 1c).
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Table 3. Parameters of iron homeostasis, erythropoietic activity, and inflammation in total, normoxic
and hypoxic COVID-19 patients, as well as in healthy subjects.

Parameter
Healthy
Subjects
(n = 47)

Total
COVID-19

Patients
(n = 96)

Normoxic
COVID-19

Patients
(n = 49)

Hypoxic
COVID-19

Patients
(n = 47)

P1 P2

haemoglobin
(g/dL)

15.0
(13.7–15.4)

14.5
(13.5–15.4)

14.4
(13.5–15.6)

14.6
(13.6–15.4) 0.48 0.75

iron (µmol/L) 17.0
(13.3–21.0)

6.0
(5.0–8.5)

6.0
(5.0–8.3) a

5.0
(4.3–8.8) a <0.001 <0.001

UIBC (µmol/L) 42
(35–49)

39
(32–45)

44
(37–47)

33
(29–40) a,b 0.06 <0.001

TIBC (µmol/L) 59
(54–68)

46
(40–51)

50
(45–54) a

42
(37–46) a,b <0.001 <0.001

TSAT (%) 28
(23–36)

13
(10–18)

12
(10–16) a

15
(10–20) a <0.001 <0.001

sTfR (mg/L) 1.09
(1.00–1.25)

1.26
(1.07–1.45)

1.30
(1.12–1.49) a

1.23
(1.02–1.41) a 0.002 0.002

RET-He (pg) 33.0
(32.4–33.7)

30.1
(28.6–31.5)

30.2
(28.8–31.0) a

30.1
(28.4–31.9) a <0.001 <0.001

RTC (‰) 13.20
(11.70–15.58)

5.25
(4.40–6.85)

5.00
(4.18–6.98) a

5.30
(4.43–6.80) a <0.001 <0.001

RTC (×109/L)
67.60

(56.05–82.05)
26.10

(20.90–34.80)
25.60

(19.45–35.05) a
26.20

(21.80–34.63) a <0.001 <0.001

IRF (%) 8.9
(7.5–10.3)

4.6
(3.4–7.9)

3.6
(3.0–4.9) a

6.2
(4.1–10.7) a,b <0.001 <0.001

CRP (mg/L) 1.2
(0.7–2.3)

37.1
(12.7–100.0)

13.1
(5.2–33.2) a

85.5
(39.7–120.7) a,b <0.001 <0.001

ferritin/hepcidin 15.17
(9.84–25.09)

13.55
(7.06–20.91)

7.72
(6.24–13.98) a

19.02
(12.98–29.64) b 0.10 <0.001

hepcidin/iron 0.49
(0.34–0.84)

10.24
(5.04–14.05)

7.37
(3.44–12.00) a

13.04
(8.06–16.04) a,b <0.001 <0.001

hepcidin /CRP 7.14
(2.70–12.16)

1.67
(0.77–3.25)

2.58
(1.39–6.42) a

0.93
(0.53–1.80) a,b <0.001 <0.001

hepcidin/IL-6 4.54
(2.50–7.02)

1.57
(1.00–2.45

1.94
(1.42–3.69) a

1.33
(0.61–1.92) a,b <0.001 <0.001

hepcidin/EPO 1.13
(0.57–2.14)

4.09
(2.32–7.60)

4.23
(2.36–7.81) a

4.08
(2.26–7.37) a <0.001 <0.001

UIBC, unsaturated iron-binding capacity; TIBC, total iron-binding capacity; TSAT, transferrin saturation; sTfR,
soluble transferrin receptors; RET-He, reticulocyte haemoglobin equivalent; RTC, reticulocytes; IRF, immature
reticulocyte fraction; CRP, C-reactive protein; IL-6, interleukin 6; EPO, erythropoietin. P1—statistical significance
of differences between healthy subjects and total COVID-19 patients. P2—statistical significance of differences
between healthy subjects, normoxic COVID-19 patients and hypoxic COVID-19 patients; afterwards, post hoc
analysis was performed. a statistically significant difference between normoxic or hypoxic COVID-19 patients and
healthy subjects. b statistically significant difference between normoxic and hypoxic COVID-19 patients. Results
are presented as median with Q1–Q3 range. Data were considered significant if p < 0.05.

Both CRP and IL-6 were higher in patients with COVID-19 disease, especially in
those with hypoxia (Table 3 and Figure 1d). Finally, values for ferritin/hepcidin and
hepcidin/iron ratios were elevated, while values for hepcidin/CRP and hepcidin/IL-6
ratios were lower in the hypoxic compared to the normoxic group (Table 3).

Later on, patients infected with SARS-CoV-2 were also classified by disease severity
based on following up their medical history. Only two patients with hypoxia were classified
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in the mild and moderate group (n = 49), while 26 of 28 patients in the severe group were
hypoxic, and all 19 patients in the critical group were hypoxic on admission.

Hepcidin concentrations were significantly increased in patients with mild and moder-
ate [44.25 (23.49–54.97) ng/mL], severe [75.95 (54.40–90.91) ng/mL], and critical
disease course compared to healthy subjects (p < 0.001) and were higher in severe and criti-
cal patients compared with patients in mild and moderate COVID-19 groups (Figure 2a).
Concentrations of ferritin were also the highest in severe and critical patients (Figure 2b),
as well as concentrations of EPO (Figure 2c), IL-6 (Figure 1d), and CRP (Table 4) compared
to patients with mild or moderate disease severities.
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IL-6, interleukin 6.

No significant differences between disease severity groups were observed for iron con-
centration, TSAT, sTfR, RET-He, and RTC. UIBC, TIBC, hepcidin/CRP, and hepcidin/IL-6
were lower, and IRF, ferritin/hepcidin, and hepcidin/iron were higher in severe and crit-
ical COVID-19 than in mild and moderate COVID-19 (Table 4). Only EPO, IL-6, and
hepcidin/EPO differentiated patients with critical COVID-19 from those with severe
disease course.
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Table 4. Parameters of iron homeostasis, erythropoietic activity and inflammation in healthy sub-
jects and COVID-19 patients subdivided prospectively by disease severity into groups of mild and
moderate, severe, and critical COVID-19 disease.

Parameter Healthy Subjects
(n = 47)

Mild and Moderate
COVID-19

(n = 49)

Severe
COVID-19

(n = 28)

Critical
COVID-19

(n = 19)
p

haemoglobin (g/dL) 15.0
(13.7–15.4)

14.3
(13.4–15.6)

14.5
(13.8–15.4)

14.7
(13.6–15.2) 0.87

iron (µmol/L) 17.0
(13.3–21.0)

6.0
(5.0–8.0) a

6.0
(5.0–9.0) a

5.0
(4.3–8.8) a <0.001

UIBC (µmol/L) 42
(35–49)

44
(36–47)

34
(29–39) a,b

33
(29–41) a,b <0.001

TIBC (µmol/L) 59
(54–68)

49
(44–53) a

43
(38–47) a,b

41
(37–47) a,b <0.001

TSAT (%) 28
(23–36)

12
(10–15) a

15
(11–19) a

16
(10–21) a <0.001

sTfR (mg/L) 1.09
(1.00–1.25)

1.29
(11.12–1.48) a

1.23
(1.06–1.45) a

1.23
(1.01–1.40) 0.010

RET-He (pg) 33.0
(32.4–33.7)

30.2
(28.6–31.0) a

30.1
(28.5–31.8) a

30.1
(28.7–31.6) a <0.001

RTC (‰) 13.20
(11.70–15.58)

5.20
(4.18–6.98) a

5.45
(4.50–6.80) a

4.90
(4.40–6.63) a <0.001

RTC (×109/L)
67.60

(56.05–82.05)
25.60

(19.45–35.58) a
26.75

(22.05–35.05) a
26.10

(20.90–33.38) a <0.001

IRF (%) 8.9
(7.5–10.3)

3.6
(3.1–5.4) a

6.5
(4.4.–11.0) a,b

4.9
(3.5–10.0) a,b <0.001

CRP (mg/L) 1.2
(0.7–2.3)

14.3
(5.2–35.2) a

84.0
(38.1–120.7) a,b

86.7
(42.1–129.9) a,b <0.001

ferritin/hepcidin 15.17
(9.84–25.09)

7.72
(6.26–14.19) a

16.78
(11.94–24.23) b

23.16
(13.83–33.23) b <0.001

hepcidin/iron 0.49
(0.34–0.84)

7.37
(3.44–12.00) a

12.40
(8.08–15.50) a,b

13.04
(9.86–16.92) a,b <0.001

hepcidin /CRP 7.14
(2.70–12.16)

2.49
(1.34–6.42) a

1.03
(0.61–1.76) a,b

0.87
(0.43–1.98) a,b <0.001

hepcidin/IL-6 4.54
(2.50–7.02)

1.85
(1.33–3.27) a

1.47
(0.75–2.07) a,b

1.39
(0.59–1.64) a,b <0.001

hepcidin/EPO 1.13
(0.57–2.14)

4.07
(2.13–6.89) a

5.40
(3.21–7.86) a

3.29
(1.51–6.42) a,c <0.001

UIBC, unsaturated iron-binding capacity; TIBC, total iron-binding capacity; TSAT, transferrin saturation; sTfR,
soluble transferrin receptors; RET-He, reticulocyte haemoglobin equivalent; RTC, reticulocytes; IRF, immature
reticulocyte fraction; CRP, C-reactive protein; IL-6, interleukin 6; EPO, erythropoietin. p—statistical significance
of differences between healthy subjects and COVID-19 patients with different disease severity; afterwards, post
hoc analysis was performed. a statistically significant difference between mild and moderate, severe, or critical
COVID-19 patients and healthy subjects. b statistically significant difference between severe or critical and mild
and moderate COVID-19 patients. c statistically significant difference between severe and critical COVID-19
patients. Results are presented as median with Q1–Q3 range. Data were considered significant if p < 0.05.

Next, predictive values of investigated parameters for critical COVID-19 disease were
assessed by univariate logistic regression analysis (Table 5). Hepcidin, ferritin, EPO, CRP,
IL-6, ferritin/hepcidin, and hepcidin/iron appear to be predictors of the risk for critical
disease severity, while UIBC and TIBC have reduced odds.
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Table 5. Univariate logistic regression analysis of parameters of iron homeostasis, erythropoietic
activity, and inflammation.

Odds for Critical COVID-19
Parameter OR 95% CI p

haemoglobin (g/L) 1.01 0.97–1.05 0.73

hepcidin (ng/mL) 1.03 1.01–1.05 0.004 *

iron (µmol/L) 0.96 0.83–1.11 0.58

UIBC (µmol/L) 0.92 0.86–0.99 0.028 *

TIBC (µmol/L) 0.91 0.85–0.98 0.013 *

TSAT (%) 1.01 0.95–1.08 0.69

ferritin (ng/mL) 1.00 1.00–1.00 <0.001 *

sTfR (mg/L) 0.93 0.16–5.50 0.94

RET-He (pg) 1.03 0.80–1.33 0.82

RTC (‰) 1.02 0.87–1.21 0.78

RTC (×109/L) 1.01 0.98–1.04 0.54

IRF (%) 1.07 0.97–1.18 0.16

EPO (mIU/mL) 1.10 1.04–1.16 <0.001 *

CRP (mg/L) 1.01 1.00–1.03 0.005 *

IL-6 (pg/mL) 1.02 1.01–1.03 0.001 *

ferritin/hepcidin 1.08 1.03–1.13 0.001 *

hepcidin/iron 1.07 1.00–1.15 0.037 *

hepcidin /CRP 0.80 0.61–1.06 0.12

hepcidin/IL-6 0.63 0.37–1.08 0.10

hepcidin/EPO 0.94 0.83–1.07 0.34
OR, odds ratio; CI, confidence interval; UIBC, unsaturated iron-binding capacity; TIBC, total iron-binding
capacity; TSAT, transferrin saturation; sTfR, soluble transferrin receptors; RET-He, reticulocyte haemoglobin
equivalent; RTC, reticulocytes; IRF, immature reticulocyte fraction; EPO, erythropoietin; CRP, C-reactive protein;
IL-6, interleukin 6. * statistically significant results.

Finally, we performed a multivariate logistic regression analysis, and we tested the
multiparameter model that included the best predictors of the risk for critical COVID-19
(Table 6).

Table 6. Multiparameter model assessed by multivariable logistic regression analysis.

Odds for Critical COVID-19
Parameter OR 95% CI p

EPO 1.10 1.04–1.16 <0.001
ferritin/hepcidin 1.08 1.02–1.14 0.004

The analysis gave results with 88% of correctly classified cases and AUC of 0.838 (0.749–0.905).
OR, odds ratio; CI, confidence interval; EPO, erythropoietin. Data were considered significant if p < 0.05.

4. Discussion

This study assessed the influence of hypoxia, inflammation, and erythropoietic activity
on hepcidin and other iron homeostasis-related parameters in COVID-19 patients. In
addition, in an attempt to identify representative surrogates that could detect dysregulation
of iron homeostasis as well as differentiate between various disease subgroups, we included
combinations of parameters (ratios) that might take advantage of the relationships between
different phenomena (iron status, inflammation, erythropoiesis).
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The ratio between hepcidin and ferritin was used in only two studies that com-
pared COVID-19 patients with patients with other infectious and non-infectious condi-
tions, and those studies recruited only 40 COVID-19 patients in total [35,36]. In addition,
ferritin-to-hepcidin or hepcidin-to-ferritin ratios were used to investigate other diseases as
well [37–39]. Regarding hepcidin/iron and hepcidin/EPO ratios, they have not been ex-
plored in COVID-19 so far but in some other diseases [39–42]. Hepcidin/CRP was applied
in only one study with subjects infected with SARS-CoV-2 [36]. We also introduced for the
first time hepcidin/IL-6, as IL-6 is the main cytokine inducer of hepcidin expression, and
we wanted to test this ratio and compare it to hepcidin/CRP in the context of normalisation
of hepcidin concentration with existing inflammation.

Our results show that hepcidin, as well as ferritin, IRF, EPO, CRP, IL-6, ferritin/hepcidin,
and hepcidin/iron, were significantly increased, while UIBC, TIBC, hepcidin/CRP, and
hepcidin/IL-6 were significantly decreased in hypoxic compared to normoxic patients as
well as in patients with severe or critical disease compared to those with mild and moderate
COVID-19. In addition, EPO, IL-6, and hepcidin/EPO ratio were able to differentiate
subjects with critical and severe disease courses.

Our results are in line with previously reported studies, which found elevated hep-
cidin concentration in COVID-19 patients. In the study of Zhou et al. [23], hepcidin and
ferritin concentrations were higher in severe than mild group, and authors suggested that
they could be, therefore, used as markers of disease severity. However, no information was
available on the degree of hypoxemia in these patient groups, and they did not measure
CRP or IL-6 inflammatory markers. In a prospective study by Chakurkar et al. [15], concen-
trations of hepcidin, ferritin, and CRP, yet not IL-6, were dependent on disease severity and
were the highest in severe compared to mild and moderate COVID-19 groups. In addition,
baseline levels of hepcidin and ferritin were found to be associated with negative outcomes
of disease, such as in-hospital mortality and the need for mechanical ventilation and kidney
replacement therapy. In the study of Nai et al. [22], hepcidin showed a positive correlation
with CRP and a negative correlation with the severity of respiratory failure as reflected
by the PaO2/FiO2 ratio, and hepcidin was proposed as a predictor of mortality of critical
patients in the intensive care unit. Similarly to our results, they also found that hepcidin
and CRP concentrations were higher in the hypoxemic group (PaO2/FiO2 ≤ 300 mm Hg)
compared to the normoxemic group (PaO2/FiO2 > 300 mm Hg); however, IL-6 level did
not differ between those two groups.

Lower hepcidin concentration was reported in critically ill COVID-19 patients than
in healthy controls [26]. In the same research, lower concentrations of EPO in critical
and deceased patients were found, and the critical patient group had significantly lower
haemoglobin values than other study groups. No information about inflammatory markers
was provided. The authors proposed that low hepcidin concentration could be explained
by the hepcidin mimetic action of the SARS-CoV-2 virus that could cause suppression of
hepcidin expression in the liver. This theory is based on sequence similarity between the
hepcidin molecule and the SARS-CoV-2 spike glycoprotein cytoplasmic tail, which was
found in structural models [43]. Contrary to our results, in a study by Maira et al. [44]
involving hospitalised COVID-19 patients, when patients were categorised by severity
of hypoxemia on admission (PaO2/FiO2 < 150 mmHg vs. PaO2/FiO2 ≥ 150 mmHg), no
difference in hepcidin and EPO was observed between groups at admission to the ward
or after 7 days of hospitalisation, although the hypoxemic group had a higher level of
inflammatory markers. The authors stated that the possible reason for the inadequate
rise in EPO could be due to the inflammatory inhibition of EPO production by kidneys.
In conclusion, the authors suggested that hypoxic stimuli suppressed the effect of the
inflammatory signal on hepcidin expression and led to lower hepcidin values in patients
with a higher disease burden. It is also worth mentioning that a large proportion of study
participants was anaemic.

The design of studies might have a significant effect on the results obtained. A possi-
ble reason for lower hepcidin levels could also be the presence of anaemia. In our study,
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all anaemic patients were excluded to eliminate the possible effect of pre-existing iron
deficiency and anaemia on hepcidin expression since our aim was to study only the simul-
taneous effects of inflammation and hypoxemia caused by respiratory failure. Therefore,
in the hypoxic group of patients, the effect of inflammation on hepcidin level might be
somewhat attenuated by the simultaneous presence of hypoxia as an opposing signal.

In that light, we aimed to express the hepcidin level relative to the level of inflamma-
tion by calculating the ratio of hepcidin with IL-6 as the main proinflammatory cytokine
involved in the direct stimulation of hepcidin expression. We suggest this ratio may be
applied in diseases and/or conditions where inflammation is present and not in those
without inflammation accompanied by synthesis of IL-6 (e.g., in healthy subjects). In our
study, the hepcidin/IL-6 ratio was lower in the hypoxic than in the normoxic group, as well
as in severe and critical COVID-19 (where all patients except two were hypoxic), which
could further indicate that hepcidin level was not proportional to the level of inflammation
in the hypoxic patient group probably due to downregulating effect of hypoxia. When IL-6
was replaced with CRP as a routinely measured inflammatory marker, the same result was
obtained with the hepcidin/CRP ratio.

In our hypoxic group of patients, a significantly higher concentration of EPO was
found, which reflects the normal response to hypoxia. Nevertheless, no simultaneous
reduction in hepcidin level was observed. Studies on animal models have shown that
erythropoiesis itself, rather than EPO alone, is needed to suppress hepcidin expression [45].
In our study groups, erythropoietic activity was equally suppressed in both hypoxic
and normoxic patients compared to healthy subjects, as shown by lower reticulocyte
numbers. More pronounced inflammation observed in the hypoxic group might have led
to an inadequate EPO response, consequently resulting in the absence of an increase in
reticulocyte count. Since we did not measure erythroferrone concentration, we cannot
speculate whether the rise in EPO concentration was followed by an adequate rise in the
concentration of this hormone. During maturation, reticulocytes gradually lose their RNA
and become RNA-free cells, while a small proportion of reticulocytes containing higher
levels of RNA represent IRF. IRF is proposed to be a marker of erythropoiesis acceleration
since immature reticulocytes become more prevalent when red cell production increases,
and an increase in IRF typically occurs several days before the rise in RTC count as a
quantitative measure of erythropoiesis [46]. In our study, we observed decreased IRF
values in COVID-19 patient groups compared to healthy controls. Interestingly, despite
this decrease, values were higher in hypoxic compared to normoxic COVID-19 patients.
This observation suggests a potential counteracting effect of EPO on erythropoietic activity
already compromised by the presence of severe inflammation.

Moreover, given the nature of our study, information regarding the duration of hypoxia
in our patients is unknown, which could be one of the reasons why suppression in hepcidin
level was not observed. The time delay in hepcidin suppression following exposure to hy-
poxia highlights the significance of indirect mechanisms in mediating hepcidin expression
under hypoxic conditions. In a study conducted on healthy volunteers exposed to acute
and chronic high-altitude conditions, a rapid increase in EPO concentration was noted.
However, suppression of hepcidin began a few hours after initial exposure to acute hypoxia
and reached its lowest points during the following week of high-altitude exposure [28].
Likewise, in a study on healthy volunteers, hepcidin suppression was observed 24 h after
EPO administration [47]. Studies on animal models with experimentally induced anaemia
have indicated that suppression of hepcidin expression is dependent on erythropoiesis and
not directly mediated by hypoxia, anaemia, or EPO [48].

In our study, high ferritin concentration was found in all COVID-19 patients, with
significantly higher values in the hypoxic compared to the normoxic group. High ferritin
concentration was also found in severe and critical COVID-19 compared to mild and
moderate COVID-19 groups. Higher ferritin concentration in more severe COVID-19
disease was confirmed in a number of studies [23,26,49]. High ferritin concentration is
considered to be not only a marker of disease but also a prognostic factor in COVID-19
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disease [15]. In a study by Sonnweber and colleagues [17], ferritin concentration was
elevated even 2 months after critical COVID-19 and was associated with persisting lung
pathologies and decreased physical performance. Ferritin concentration increases as a result
of cellular iron accumulation influenced by the effects of hepcidin [30]. In addition, both
hepcidin and ferritin are not only regulated by iron status but are significantly influenced
by inflammatory stimuli [2,5]. In our study, ferritin concentration positively correlated
with hepcidin concentration, as already observed in COVID-19 patients [35]. Therefore, we
applied the ferritin/hepcidin ratio to simultaneously follow their dynamics in different
COVID-19 contexts (regarding oxygen saturation and disease severity). This ratio was
increased in hypoxic compared to normoxic patients as well as in patients with severe and
critical compared to mild and moderate diseases.

In this research, in order to evaluate the predictive potential of examined parameters,
we performed univariate logistic regression analysis. This analysis indicated increased
odds for critical COVID-19 severity for hepcidin, ferritin, EPO, CRP, IL-6, ferritin/hepcidin,
and hepcidin/iron, while UIBC and TIBC had the OR of less than 1.

Next, we performed a multivariable logistic regression analysis that included only
parameters that showed to be the best predictors for the risk of developing critical dis-
ease. The combination of EPO and ferritin/hepcidin ratio showed very good diagnostic
performances and correctly classified 88% of cases, with an AUC of 0.838 (0.749–0.906).
Implementation of EPO and ferritin/hepcidin in clinical practice might help to identify
on-admission COVID-19 patients who are at risk of developing critical forms of disease.

The limitation of our study was the unstandardised time of blood withdrawal, which
was inevitable because samples were taken immediately upon admission to the emergency
unit, and this could influence concentrations of some parameters with diurnal variation.
However, we also consider this to be one of the strengths of our study because samples taken
on admission provide us with real concentrations of the investigated parameters before the
introduction of oxygen therapy and other interventions or in-hospital complications, which
could confound our results. Despite the majority of samples being collected during the
prevalence of the Delta genotype of the SARS-CoV-2 virus, we believe that this should not
impact the study results. Our focus was not on immune mechanisms but rather on using
COVID-19 as a model of disease where hypoxia and inflammation coexist as opposing
factors influencing hepcidin concentration.

5. Conclusions

To the best of our knowledge, this is the first study that investigated the simultaneous
presence of inflammation and hypoxia in non-anaemic COVID-19 patients selected based
on rigorous exclusion criteria in order to eliminate comorbidities and conditions that might
influence concentrations of the studied parameters. In addition, hepcidin/iron and hep-
cidin/EPO ratios have not been previously explored in patients with SARS-CoV-2 infection,
and we also introduced the hepcidin/IL-6 ratio to observe, at the same time, hepcidin
concentration normalised for the level of inflammation. We can conclude that the hypoxic
signal in our group of patients was not strong enough to overcome the stimulating effect of
inflammation on hepcidin expression. These results imply that hepcidin targeting could be
a promising therapeutic option worth exploring in order to affect the iron metabolism in
these patients.
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Mrkva, O.; Andrejčinová, I.; et al. Hepcidin and Ferritin Levels as Markers of Immune Cell Activation during Septic Shock,
Severe COVID-19 and Sterile Inflammation. Front. Immunol. 2023, 14, 1110540. [CrossRef] [PubMed]

36. Hegelund, M.H.; Glenthøj, A.; Ryrsø, C.K.; Ritz, C.; Dungu, A.M.; Sejdic, A.; List, K.C.K.; Krogh-Madsen, R.; Lindegaard, B.;
Kurtzhals, J.A.L.; et al. Biomarkers for Iron Metabolism among Patients Hospitalized with Community-Acquired Pneumonia
Caused by Infection with SARS-CoV-2, Bacteria, and Influenza. Acta Pathol. Microbiol. Immunol. Scand. 2022, 130, 590–596.
[CrossRef] [PubMed]

37. Elbostany, E.A.; Elghoroury, E.A.; Thabet, E.H.; Rashad, A.A.; Rasheed, E.A.; El-Saeed, G.S.M.; Abdelhalim, D.A.;
Abdelfattah, S.N.; Salama, I.I.; Salama, N. Oxidative Stress and Hepcidin Expression in Pediatric Sickle Cell Anemia
with Iron Overload. Hematol. Oncol. Stem Cell Ther. 2023, 16, 238–244. [CrossRef] [PubMed]

38. Luque-Ramírez, M.; Álvarez-Blasco, F.; Alpañés, M.; Escobar-Morreale, H.F. Role of Decreased Circulating Hepcidin Concentra-
tions in the Iron Excess of Women with the Polycystic Ovary Syndrome. J. Clin. Endocrinol. Metab. 2011, 96, 846–852. [CrossRef]
[PubMed]

39. Heeney, M.M.; Guo, D.; De Falco, L.; Campagna, D.R.; Olbina, G.; Kao, P.P.-C.; Schmitz-Abe, K.; Rahimov, F.; Gutschow, P.;
Westerman, K.; et al. Normalizing Hepcidin Predicts TMPRSS6 Mutation Status in Patients with Chronic Iron Deficiency. Blood
2018, 132, 448–452. [CrossRef] [PubMed]

40. Korenaga, M.; Nishina, S.; Korenaga, K.; Tomiyama, Y.; Yoshioka, N.; Hara, Y.; Sasaki, Y.; Shimonaka, Y.; Hino, K. Branched-Chain
Amino Acids Reduce Hepatic Iron Accumulation and Oxidative Stress in Hepatitis C Virus Polyprotein-Expressing Mice. Liver
Int. 2015, 35, 1303–1314. [CrossRef]

41. Evanchuk, J.L.; Kozyrskyj, A.; Hanas, N.; Goruk, S.; Vaghef-Mehrabani, E.; Archundia-Herrera, C.M.; O’Brien, K.O.;
Letourneau, N.L.z; Giesbrecht, G.F.; Bell, R.C.; et al. Maternal Iron Status Is Dynamic Throughout Pregnancy and Might Predict
Birth Outcomes in a Sex Dependent Manner: Results from the Alberta Pregnancy Outcomes and Nutrition (APrON) Cohort
Study. J. Nutr. 2023, 153, 2585–2597. [CrossRef]

42. Wei, S.; Liu, W.; Qi, Y.; Guo, Y.; Zhang, S.; Wang, L.; Zhuang, T.; Zhang, N.; Liu, S. Disordered Serum Erythroferrone and Hepcidin
Levels as Indicators of the Spontaneous Abortion Occurrence during Early Pregnancy in Humans. Br. J. Haematol. 2021, 192,
643–651. [CrossRef] [PubMed]

43. Ehsani, S. COVID-19 and Iron Dysregulation: Distant Sequence Similarity between Hepcidin and the Novel Coronavirus Spike
Glycoprotein. Biol. Direct 2020, 15, 19. [CrossRef] [PubMed]

https://doi.org/10.12659/MSM.926178
https://www.ncbi.nlm.nih.gov/pubmed/32978363
https://doi.org/10.36740/WLek202301109
https://www.ncbi.nlm.nih.gov/pubmed/36883492
https://doi.org/10.1007/s12011-022-03400-6
https://www.ncbi.nlm.nih.gov/pubmed/36001235
https://doi.org/10.1111/ijlh.13479
https://www.ncbi.nlm.nih.gov/pubmed/33554466
https://doi.org/10.3390/diagnostics12112665
https://doi.org/10.1182/blood-2010-08-299859
https://doi.org/10.1002/hep.26581
https://doi.org/10.1016/j.semnephrol.2016.02.001
https://doi.org/10.1002/hep4.1717
https://www.ncbi.nlm.nih.gov/pubmed/34027264
https://doi.org/10.1097/HS9.0000000000000035
https://www.ncbi.nlm.nih.gov/pubmed/31723763
https://www.who.int/publications-detail-redirect/WHO-2019-nCoV-clinical-2021-2
https://www.who.int/publications-detail-redirect/WHO-2019-nCoV-clinical-2021-2
https://doi.org/10.1371/journal.pone.0037483
https://www.ncbi.nlm.nih.gov/pubmed/22624038
https://doi.org/10.3389/fimmu.2023.1110540
https://www.ncbi.nlm.nih.gov/pubmed/36776891
https://doi.org/10.1111/apm.13259
https://www.ncbi.nlm.nih.gov/pubmed/35751642
https://doi.org/10.1016/j.hemonc.2021.11.003
https://www.ncbi.nlm.nih.gov/pubmed/34883086
https://doi.org/10.1210/jc.2010-2211
https://www.ncbi.nlm.nih.gov/pubmed/21209031
https://doi.org/10.1182/blood-2017-03-773028
https://www.ncbi.nlm.nih.gov/pubmed/29895660
https://doi.org/10.1111/liv.12675
https://doi.org/10.1016/j.tjnut.2023.06.042
https://doi.org/10.1111/bjh.17049
https://www.ncbi.nlm.nih.gov/pubmed/32866306
https://doi.org/10.1186/s13062-020-00275-2
https://www.ncbi.nlm.nih.gov/pubmed/33066821


J. Clin. Med. 2024, 13, 3201 16 of 16

44. Maira, D.; Duca, L.; Busti, F.; Consonni, D.; Salvatici, M.; Vianello, A.; Milani, A.; Guzzardella, A.; Di Pierro, E.; Aliberti, S.; et al.
The Role of Hypoxia and Inflammation in the Regulation of Iron Metabolism and Erythropoiesis in COVID-19: The IRONCOVID
Study. Am. J. Hematol. 2022, 97, 1404–1412. [CrossRef] [PubMed]

45. Pasricha, S.-R.; McHugh, K.; Drakesmith, H. Regulation of Hepcidin by Erythropoiesis: The Story So Far. Annu. Rev. Nutr. 2016,
36, 417–434. [CrossRef] [PubMed]

46. Buttarello, M. Laboratory Diagnosis of Anemia: Are the Old and New Red Cell Parameters Useful in Classification and Treatment,
How? Int. J. Lab. Hematol. 2016, 38 (Suppl. S1), 123–132. [CrossRef] [PubMed]

47. Ashby, D.R.; Gale, D.P.; Busbridge, M.; Murphy, K.G.; Duncan, N.D.; Cairns, T.D.; Taube, D.H.; Bloom, S.R.; Tam, F.W.K.;
Chapman, R.; et al. Erythropoietin Administration in Humans Causes a Marked and Prolonged Reduction in Circulating
Hepcidin. Haematologica 2010, 95, 505–508. [CrossRef] [PubMed]

48. Pak, M.; Lopez, M.A.; Gabayan, V.; Ganz, T.; Rivera, S. Suppression of Hepcidin during Anemia Requires Erythropoietic Activity.
Blood 2006, 108, 3730–3735. [CrossRef]

49. Ahmed, S.; Ahmed, Z.A.; Siddiqui, I.; Rashid, N.H.; Mansoor, M.; Jafri, L. Evaluation of Serum Ferritin for Prediction of Severity
and Mortality in COVID-19—A Cross Sectional Study. Ann. Med. Surg. 2021, 63, 102163. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/ajh.26679
https://www.ncbi.nlm.nih.gov/pubmed/36215667
https://doi.org/10.1146/annurev-nutr-071715-050731
https://www.ncbi.nlm.nih.gov/pubmed/27146013
https://doi.org/10.1111/ijlh.12500
https://www.ncbi.nlm.nih.gov/pubmed/27195903
https://doi.org/10.3324/haematol.2009.013136
https://www.ncbi.nlm.nih.gov/pubmed/19833632
https://doi.org/10.1182/blood-2006-06-028787
https://doi.org/10.1016/j.amsu.2021.02.009

	Introduction 
	Materials and Methods 
	Study Subjects 
	Study Design 
	Blood Sampling 
	Methods 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

