
INTRODUCTION

The desire to discover the role of Ferrum in the human body
has been persistent among researchers for centuries. Thanks to
their efforts and commitment, we already know that iron is a key
component of many particles that are crucial for the functioning
of the whole organism. Not only does the iron build up the
molecules of hemoglobin and myoglobin supplying oxygen to
the tissues, but also it is an essential constituent of the wide
range of enzymes participating in oxidation-reduction reactions,
including those of the respiratory chain. Thus, iron is an
indispensable element in maintaining homeostasis, since apart
from transporting oxygen and carbon dioxide, it opens the way
for oxidative phosphorylation and the effective release of energy.
Furthermore, iron is also involved in the biosynthesis or
neutralization of numerous substances by occupying the active
sites of enzymes.

However, an excess of free iron in the body may have
pernicious consequences. Then the unbound iron becomes the
initiating factor for the production of reactive oxygen species

(ROS), which results in tissue damage and loss of their function
(1, 2). Hence, it is not surprising that blood iron concentration
and the saturation of its intracellular stores are tightly controlled.
This regulation is guided mainly by hepcidin, initially associated
only with its antimicrobial activity (3, 4).

The aim of our paper is to present a comprehensive review
of hepcidin functions. Starting from the hepcidin structure, we
provide the current knowledge on the physiologic role of
hepcidin, including the molecular level. Furthermore, we
describe the contribution of hepcidin alterations in the
pathophysiology, yielding a better understanding of
pathomechanisms. Emphasizing the changes in hepcidin upon
treatment of specific diseases and their influence on the
pathophysiologic background, we support clinicians with
practical aspects related to hepcidin. Our paper is addressed
primarily to internal medicine and infectious diseases specialists
as well as obstetricians. In addition, the presented role of
hepcidin in pathophysiology and its position in certain
pathomechanisms may indicate the targets of novel therapeutic
strategies and inspire further research.
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Normal iron metabolism is an inherent feature of maintaining homeostasis. There is a wide range of iron disorders,
which arise from iron deficiency or overload. In addition, disturbances in iron metabolism are observed in the course
of numerous chronic diseases. Since iron is an essential constituent of hemoglobin, different types of anemia are
clinical manifestations of both iron deficit or excess. This seemingly contradictory statement may be elucidated by
the presence of hepcidin. Hepcidin is a primary regulator of iron metabolism in the human body. By promoting
ferroportin degradation, hepcidin decreases the amount of iron in the circulation due to iron sequestration in the
tissues and reduced intestinal absorption. Altered hepcidin concentration is a compensatory mechanism aimed at
restoring iron homeostasis in various physiologic states, including pregnancy. However, hepcidin may also
participate in the pathophysiologic background of hereditary hemochromatosis, anemia of chronic disease,
myelodysplastic syndromes or β-thalassemia. Moreover, hepcidin is an acute-phase protein involved in innate
immunity reactions. In our paper, we provide a comprehensive review of the physiologic and pathophysiologic
functions of hepcidin. We present current knowledge on the structure, physiologic role and its expression control,
as well as demonstrate the contribution of hepcidin in a state of illness. We also summarize the significance of
hepcidin in normal and complicated pregnancy. Emphasizing the alterations in hepcidin upon treatment of specific
diseases and their position in certain pathomechanisms, we support clinicians with practical aspects related to
hepcidin.
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HEPCIDIN STRUCTURE

Hepcidin is a 25 amino acid peptide hormone produced by
the HAMP gene (19q13) (3, 4). It contains 8 disulfide residues,
which form 4 disulfide bridges, keeping the peptide molecule in
a hairpin tertiary structure (Fig. 1) (5). This structure is also
strengthened by hydrogen bonds of antiparallel peptide
fragments, which additionally results in its amphipathic nature
(6, 7). In addition, hepcidin is characterized by a high content of
arginine and lysine, with positively charged chains, which
enables it to bind negatively charged cell membranes of bacteria,
among others (3, 4).

Hepatocytes are the main source of hepcidin synthesis in
the human body, although its mRNA has also been found in
adipocytes, macrophages, small intestine, kidneys, pancreas,
placenta, heart and lungs (3, 6, 8-12). Hepcidin is transcribed
as an 84 amino acid preprohormone, of which 24 N-terminal
are the signal sequence targeting the prepropeptide to the
endoplasmic reticulum, and another 35 amino acids from the
N-terminal comprise the proregion responsible for the correct
folding of the exact peptide (3, 6). Thus, functional hepcidin
is constructed with 25 C-terminal amino acids. Nevertheless,
not all of them determine the biological activity of hepcidin -
only 9 amino acids located at the N-terminus of the peptide
play a key role (13). They are responsible for the binding of
hepcidin to ferroportin and are sufficient to achieve biological
effects identical to full-length hepcidin in regulating iron
metabolism.

Interestingly, in addition to the 25 amino acid hepcidin
molecule, shorter 20 or 22 amino acid particles were also
detected (7, 14). Due to their monomeric form, they could
potentially differ in biological activity from full-length hepcidin,
which in turn forms aggregates in solutions, especially in terms
of biocidal capacity.

PHYSIOLOGICAL ROLE OF HEPCIDIN IN IRON
METABOLISM

Hepcidin is the primary iron metabolism regulator in the
human body (1). It acts indirectly by binding to ferroportin, a
unique membrane protein functioning only as an exporter of
bivalent iron (15). Ferroportin expression occurs especially in
cells of the reticuloendothelial system, in the erythrocyte
precursors in the red bone marrow, in the basolateral membrane
of enterocytes, and, to a lesser extent, in hepatocytes (8, 15, 16).

After hepcidin binds to ferroportin, the resulting complex is
internalized and ferroportin undergoes lysosomal degradation (17).
Thus, hepcidin reduces the number of ferroportin molecules
exposed on cell membranes. As a result, a reduced outflow of iron
from cells and its increased intracellular storage are observed.
Despite the short biological half-life of hepcidin, this effect lasts up
to 48 hours due to the needed resynthesis of degraded ferroportin
molecules.

The other purpose of hepcidin is a reduction in dietary iron
absorption, which results both from the blocking of ferroportin
activity in enterocytes and the indirect influence of hepcidin on the
divalent metal transporter 1 (DMT1) (15, 17, 18). DMT1 is a
protein located in the apical enterocyte membrane that is
responsible, among others, for the absorption of FE2+ cations (19).
This is extremely important since there are no mechanisms in the
human body that could increase iron excretion in the case of its
excess (1). Physiological iron losses arise almost exclusively as a
result of microhemorrhages and desquamation of skin and small
intestine cells, mainly the duodenum (20). In women of
childbearing age, menstrual bleeding is also a significant source of
iron loss. The effect of hepcidin on enterocytes is, therefore, the
only mechanism that prevents iron overload.

So far, three mechanisms have been proposed by which
hepcidin could reduce the expression or accelerate the degradation
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Fig. 1. Hepcidin structure. Hepcidin has a hairpin tertiary structure. The crucial component in its formation corresponds to 8 cysteine
residues (orange), bound to each other with disulfide bridges (orange dashed lines). Amino acids with a positive side-chain charge, which
are particularly important in the hepcidin interaction with bacterial cell membranes, are marked in gray. The yellow polygon surrounds
the 9 N-terminal amino acids determining the biological activity of hepcidin in iron metabolism (hepcidin bound to ferroportin).
Arg, arginine; Asp, aspartic acid; Cys, cysteine; Gly, glycine; His, histidine; Ile, isoleucine; Lys, lysine; Met, methionine; 
Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine.



of DMT1 molecules in enterocytes. The first one concerns
increased concentration of Fe2+ ions in the cytoplasm of
enterocytes due to the inhibition of its outflow by ferroportin. Then
the excess iron ions are used by prolyl hydroxylases, leading to the
proteolysis of the hypoxia-inducible factor 2α (HIF2α), which is an
activator of DMT1 expression (21). Furthermore, some authors
claim that the binding of hepcidin to ferroportin inactivates the iron
regulatory proteins 1 and 2 (IRP1 and IRP2), involved in the
stabilization of DMT1 mRNA (19). Thus, hepcidin can reduce the
translation of this transporter molecule. Finally, the formation of
the hepcidin-ferroportin complex may be a signal for DMT1
ubiquitination and subsequent proteasomal degradation (22).

To summarize, hepcidin reduces blood iron by both,
inhibiting its absorption and promoting its sequestration in
macrophages, monocytes, red cell precursors and hepatocytes
(Fig. 2). Thus, hepcidin prevents the iron excess and, therefore,
restricts the occurrence of transferrin-unbound iron and
consequently the production of ROS (20).

THE ROLE OF HEPCIDIN IN INNATE IMMUNITY
MECHANISMS

In addition to regulating iron metabolism, another relevant
function of hepcidin is the modulation of the immune system.
Hepcidin has antibacterial, antifungal and antiparasitic activity
(3, 23). Its antimicrobial properties are tightly connected with
iron metabolism, as it is one of the key growth factors for

numerous microorganisms (23). Thus, hepcidin-induced
intracellular iron sequestration protects the human body against
the development of infections or their more severe course, by
limiting iron concentration in the circulation and the tissue fluid.

The beneficial effects of hepcidin are confirmed by the
results of studies conducted on murine models of sepsis, which
showed significantly higher mortality in mice with knockout
hepcidin gene than in wild-type (24, 25). Moreover, the
administration of exogenous hepcidin eliminated this difference
and equally protected against sepsis death in hepcidin-deficient
mice. Similarly, increased mortality with concomitant elevation
in serum iron levels was observed in mice with silenced
hepcidin transcription (26, 27). The above data correspond
adeptly to the results of a clinical trial, which evidenced a raised
hepcidin concentration in the course of sepsis and its decrease
in the recovery period (28).

Similar results apply to infections with siderophilic
bacteria, e.g., with certain species from the genera Vibrio and
Yersinia (29, 30). It has been shown that mice deficient of
hepcidin are more susceptible to infection due to the higher
concentration of iron in the extracellular fluid and the
bloodstream. Comparable conclusions can also be drawn from
studies on different species of Plasmodium. High hepcidin
concentrations determine a milder course of malaria and even
resistance to re-infection (31-33). However, increased
hemolysis in the course of P. falciparum disease may reduce
hepcidin expression (34), marginalizing its positive role (see
also next chapter). Promising effects of hepcidin have also been
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Fig. 2. The role of hepcidin in iron
metabolism. Dashed arrows with 
a sharp point indicate the stimulation
of the process, dashed arrows with 
a round tip indicate inhibition of the
process or surface protein expression.
Hepcidin inhibits iron absorption in
duodenal villi enterocytes and the
initial part of the jejunum, as well as
the release of iron accumulated in
hepatocytes, macrophages and bone
marrow cells by reducing the number
of active ferroportin molecules
anchored within cell membranes.
Hepcidin synthesis occurs in the liver
and is stimulated by excess iron and
inflammation. In turn, inhibition of
its synthesis is the result of iron
deficiency, hypoxia and
erythropoiesis.
Cp, ceruloplasmin; Dcytb, duodenal
cytochrome b; DMT1, divalent metal
transporter 1; FPN, ferroportin;
HEPH, hephaestin; TfR, transferrin
receptor.



described in fungal infections, including Candida albicans,
Aspergillus fumigatus and Aspergillus Niger (3).

However, the presence of hepcidin is not always beneficial
for the organism. Iron sequestration in macrophages promoted
by hepcidin encourages the development of intracellular bacteria
that occupy this niche after entering the human body. So far, this
relationship has been described for mycobacteria (35-37),
Salmonella enterica s. Typhimurium (38, 39), Chlamydia sp. and
Legionella sp. (40). Interestingly, similar results were obtained
for parasites penetrating macrophages, e.g., Leishmania
amazonensis (41).

Apart from limiting the availability of iron ions for the
development of pathogens, hepcidin may also be characterized
by its own antimicrobial activity, which results from the
structure of its molecule, resembling the structure of defensins
and protegrins, proteins involved in the mechanisms of innate
immunity (4). Nonetheless, there is no conclusive evidence
confirming the direct antimicrobial activity of hepcidin (42).

Summarizing, the participation of hepcidin in the regulation
of iron metabolism also increases the immune system’s
defensive capacity in bacterial (especially siderophilic bacteria),
fungal and parasitic infections, except for those with
intracellular bacteria inhabiting macrophages.

REGULATION OF HEPCIDIN SECRETION

Hepcidin production is controlled by complex regulatory
mechanisms, of which iron saturation status plays a key role.
The change in hepcidin secretion depends not only on the current

blood iron concentration and transferrin saturation but may also
be affected by fluctuations in intracellular iron levels (43). Since
the vast majority of synthesized hepcidin comes from the liver,
the iron concentration in hepatocytes has a pivotal impact on the
latter controlling mechanism.

The expression of hepcidin enhances with an increase in the
amount of transferrin bound to Fe3+ ions (holotransferrin) and
decreases as transferrin saturation declines (43). Thus, the blood
concentration of hepcidin negatively correlates with the total
iron binding capacity (TIBC) under the physiologic state.
Similarly, the synthesis of hepcidin elevates in the case of
intracellular iron excess and lowers upon its deficiency.

At the molecular level, the mechanism of stimulating
hepcidin secretion is based on the induction of the HAMP gene
expression through the SMAD signaling pathway, which is
dependent on activation of the bone morphogenetic protein
receptor (BMPR) by appropriate ligands (44). Bone
morphogenetic protein 6 (BMP6), mainly synthesized in
epithelial cells of the hepatic sinuses, appears to play a major role
in this interaction, although the participation of BMP2, 4, 5, 7 and
9 was also revealed in murine experimental models (44, 45).

In the state of iron excess, increased BMPR stimulation by
BMP6 promotes hepcidin expression (46). The higher
concentration of holotransferrin affects the transferrin receptors 1
and 2 (TfR1 and 2), leading to BMPR sensitization and facilitating
its binding with BMP6 (43, 47, 48). Two accessory proteins are
also involved in this process: human homeostatic iron regulator
(HFE), which is an adapter of transferrin receptors (48), and
hemojuvelin, a coreceptor of BMP6 (49). The presence of both
proteins is necessary for the signal transduction on the current iron
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Fig. 3. Regulation of hepcidin
expression (description in the text).
Dashed red arrows with a circular
end indicate the process is inhibited.
BMP6, bone morphogenetic protein
6; BMPR, bone morphogenetic
protein receptor; GDF15,
growth/differentiation factor 15;
HFE, human homeostatic iron
regulator protein; HIFs, hypoxia-
inducible factors; HJV, hemojuvelin;
IL-6, interleukin 6; IL-6R,
interleukin 6 receptor; JAK-STAT3,
the JAK-STAT3 pathway; MT-2,
matriptase 2; Neo, neogenin; sHJV,
soluble hemojuvelin; SMAD, the
SMAD pathway; TfR1, transferrin
receptor 1; TfR2, transferrin receptor
2; TWSG1, twisted gastrulation 1.



concentration in the blood and the extracellular fluid (48, 49).
Conversely, the decrease in transferrin saturation changes the
interplay between both transferrin receptors, reducing the activity
of the BMPR and the associated SMAD signaling pathway, which
results in diminished hepcidin expression (47, 48).

Moreover, the described mechanism can be additionally
modulated by neogenin as well as by transmembrane serine
protease 6 (TMPRSS6), also known as matriptase 2 (MT-2).
Neogenin stimulates the expression of hepcidin by stabilizing
hemojuvelin in the cell membrane (50). On the contrary,
TMPRSS6 reduces the formation of hepcidin, promoting the
detachment of hemojuvelin molecules from the cell membrane
and thus increasing the concentration of its soluble form, which
further disrupts the BMPR signaling (51, 52).

The regulatory mechanism of hepcidin expression in
response to the level of intracellular iron is slightly different,
although BMP6 still maintains its crucial role. Increasing
amounts of stored iron stimulate the synthesis of Bmp6 mRNA,
which directly enhances signal transmission via BMPR and
SMAD proteins, contributing to the induction of hepcidin
secretion (53). In the state of iron deficiency, the synthesis of
BMP6 decreases, thus decreasing downstream signaling in the
BMPR and the SMAD pathways, as well as the production of
hepcidin. Interestingly, the modulation of Bmp6 expression is
not the only link between intracellular iron concentration and
hepcidin transcription (43). It is postulated that iron-dependent
prolyl hydroxylases and ubiquitin ligases may also contribute
(54, 55), although this requires confirmation in future research.

Apart from the status of iron metabolism, the synthesis of
hepcidin is also affected by inflammation (1). Hepcidin
concentration increases significantly under inflammation, which
is related to its positive effect in limiting the growth of
microorganisms (56). Hepcidin is, therefore, an acute-phase
protein, just like C-reactive protein, fibrinogen, ferritin and
procalcitonin. Interleukin 6 (IL-6), one of the major pro-
inflammatory cytokines, is believed to be the main stimulator of
hepcidin synthesis (57). The binding of IL-6 to a specific
receptor (IL-6R) activates the JAK-STAT3 signaling pathway,
which induces the expression of hepcidin (58, 59). Once the
infection is controlled, the concentration of IL-6 steadily
declines, bringing hepcidin secretion back to earlier levels.

Hepcidin expression is also influenced by exaggerated
erythropoiesis, an essential component of the compensatory
responses to hypoxia or bleeding (1). This is due to the need to
ensure an adequate supply of iron for red blood cell production. In
the case of increased erythropoiesis, hepcidin synthesis is reduced,
which elevates the number of iron ions released from intracellular
stores and absorbed in the gastrointestinal tract (60). As a result, a
large pool of iron can be delivered as quickly as possible to the
forming erythrocyte precursors. The exact mechanism by which
erythropoiesis suppresses the production of hepcidin is unknown.
Nevertheless, it appears that this may be mediated by bone
marrow secreted growth factors, such as growth/differentiation
factor 15 (GDF15) or twisted gastrulation 1 (TWSG1) (61, 62), as
well as hypoxia-inducible factors (HIFs) (63).

In summary, the increase in iron saturation and inflammation
stimulate hepcidin expression, leading to a decline in serum iron
concentration, while augmented erythropoiesis and iron
deficiency reduce hepcidin production, raising the availability of
iron ions in the blood (Fig. 3).

HEPCIDIN IN PATHOPHYSIOLOGY

Alterations in hepcidin levels have already been observed in
the course of many diseases, especially hematological and
metabolic, among which myelodysplastic syndromes and

hereditary hemochromatosis should be acknowledged. There is
also ongoing research on the role of hepcidin in the pathogenesis
of endocrine diseases, such as acromegaly and Graves’ disease.
Moreover, since almost the entire pool of hepcidin is excreted by
the kidneys, hepcidin accumulates in patients with chronic
kidney disease, which is one of the mechanisms leading to
anemia (64). The role of hepcidin in particular nosological
entities is briefly described in the following sections.

HEREDITARY HEMOCHROMATOSIS

Hemochromatosis is a genetic disease of iron metabolism
that inevitably leads to an iron overload. The excess of iron ions
accumulates especially in the liver, endocrine glands and heart
muscle, which is closely related to the clinical manifestations of
the disease (65). Characteristic features include hepatomegaly,
gastroenterological symptoms, cardiac arrhythmias and
hormonal imbalances. The increased production of ROS
promoted by the surplus of iron is a mechanism of tissue damage
and organ dysfunction.

There are several types of hereditary hemochromatosis,
depending on different gene mutations. The utterly rare type 2b is
the consequence of a mutation in the HAMP gene, which results
in the production of a defective hepcidin molecule devoid of
biological activity (6). In the classic type of hereditary
hemochromatosis, in turn, a mutation of the HFE gene encoding
HFE protein precludes the regulation of hepcidin secretion in
response to the current iron level in the body, leading to hepcidin
deficiency (66, 67). The same transmission problem is also
caused by the transferrin receptor abnormalities (68). Likewise,
mutations in the hemojuvelin gene disrupt the BMP6-associated
pathway for promoting hepcidin expression (67). In this case,
however, the symptoms appear several decades earlier than in the
classic subtype. Interestingly, mutations in ferroportin may also
be responsible for the development of hemochromatosis, making
ferroportin resistant to the effects of hepcidin (69). Then, despite
the presence of correctly synthesized hepcidin, the membrane
ferroportin molecules do not internalize, and therefore hepcidin
cannot fulfill its physiological function (17, 69).

Regardless of the gene mutation, excess iron is accumulated
in the body due to dysfunction or deficiency of hepcidin, as a
result of its abnormal structure, disturbed signal transduction of
regulatory mechanisms or ferroportin resistance (6, 66-69). The
deficit of properly functioning hepcidin also affects the immune
system and increases susceptibility to infections (23).

It should be noted that bloodletting, which is one of the few
methods of hemochromatosis treatment, leads to hepcidin
suppression by secondary erythropoiesis stimulation (20). Thus,
a vicious circle is created, as enhanced hepcidin deficiency
results in an increasing accumulation of iron in the body, which
requires even more frequent phlebotomies to maintain a given
iron concentration and remission of disease symptoms.

ANEMIA OF CHRONIC DISEASE

Anemia of chronic disease, also known as anemia of
inflammation, arises from chronic inflammation accompanying
the underlying illness. As a result of the increased production of
pro-inflammatory cytokines, the proliferation of erythroid
lineage precursors in the bone marrow is disturbed, the secretion
of erythropoietin by the kidneys is reduced, and the survival time
of circulating erythrocytes is shortened (70). Moreover, the
presence of inflammation stimulates the expression of hepcidin,
which leads to iron sequestration in the cells and limits its
availability to erythropoiesis (56, 67, 71, 72). Impaired
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erythropoiesis and faster disintegration of mature erythrocytes
contribute to the development of anemia, mainly normocytic and
normochromic (71).

Thus, the rise in hepcidin concentration in response to the
inflammatory process is one of the mechanisms involved in the
pathogenesis of anemia of chronic disease (67, 72-74). Elevated
hepcidin concentration is accompanied by a decline in
transferrin saturation and the amount of iron in the blood, while
the concentration of ferritin, which is also an acute-phase
protein, increases.

A similar mechanism may also generate anemia in the course
of neoplastic diseases, especially in multiple myeloma and
Hodgkin's lymphoma (67, 75, 76).

CHRONIC KIDNEY DISEASE

Physiologically, the vast majority of hepcidin is filtered into
primary urine and excreted by the kidneys (8). As a result of the
loss of active nephrons in the course of chronic kidney disease
(CKD), the mechanism of hepcidin excretion becomes
ineffective (64). High blood hepcidin precludes the adequate
supply of iron for erythropoiesis and is one of the mechanisms
of anemia in CKD (64, 67), in addition to the reduced secretion
of erythropoietin and the effect of uremic toxins on circulating
erythrocytes. An additional factor that elevates hepcidin levels in
the course of CKD is the inflammatory component (77).

Importantly, the increase in hepcidin production in CKD
necessitates the use of high doses of erythropoiesis-stimulating
agents during the treatment of anemia (78).

Of note, iron-induced ROS production has been recently
linked with asymptomatic intraperitoneal inflammation in
peritoneal dialysis patients (79). Intravenous iron isomaltoside
supplementation resulted in raised dialysate IL-6 and monocyte
chemoattractant protein-1 (MCP1) as well as reduced fibrinolytic
activity of mesothelial cells. Interestingly, these changes were
attenuated by the simultaneous infusion of N-acetylcysteine. Since
IL-6 promotes hepcidin expression, intraperitoneal inflammation
may further enhance hepcidin concentration and complicate the
treatment of CKD-associated anemia.

MYELODYSPLASTIC SYNDROMES 
AND β-THALASSEMIA

The role of hepcidin has also been proven in the
pathogenesis of myelodysplastic syndromes (MDS) with
ineffective erythropoiesis, mainly in various types of refractory
anemia (80). Disturbances in the production of red blood cells
result in the development of anemia and, therefore, lead to the
stimulation of erythropoiesis, which is a signal for the inhibition
of hepcidin synthesis. The decrease in hepcidin secretion
contributes to the rise in serum iron concentration and the
overload of its intracellular stores (81). Nonetheless, the
elevation in the amount of available iron does not solve the
problem of ineffective erythropoiesis associated with increased
apoptosis of erythroid lineage precursors and their impaired
maturation (82). Thus, the treatment of anemia requires
transfusions of red blood cells, which additionally multiplies the
amount of iron in the body and enhances the hepcidin deficit.

A very similar mechanism is also observed in β-thalassemia,
a genetic disorder that partially or wholly disrupts the synthesis
of β-globin chains, which results in ineffective erythropoiesis
and the production of abnormal forms of erythrocytes (83).
These, in turn, are quickly captured by spleen macrophages and
removed. As a result, anemia develops, followed by stimulation
of erythropoiesis and secondary inhibition of hepcidin

production (61). Then the absorption of iron in the
gastrointestinal tract increases, gradually leading to iron
overload (83). As in MDS, symptomatic treatment of anemia
with red blood cell transfusions aggravates hepcidin deficiency.

To recapitulate, anemia can be associated with both
increased (CKD, anemia of chronic disease) and decreased
(MDS, β-thalassemia) levels of hepcidin. The explanation for
this phenomenon lies in the pathogenesis of individual disease
entities, as described in detail above.

THE ROLE OF HEPCIDIN IN PREGNANCY

Changes in hepcidin concentration are also observed in the
course of physiologic pregnancy, which is strongly associated
with the significantly elevated demand for iron. This is not only
due to the need to ensure an adequate pool of iron for the proper
development of the fetus but also to create iron stores in the
placenta and for the physiological increase in the number of
maternal erythrocytes (84). It is estimated that 1040 mg of iron is
consumed throughout pregnancy (85). Because of pregnancy-
related amenorrhea, the mother’s iron requirement in the first
trimester is lower than that of a non-pregnant. However, starting
from the second trimester, it rises gradually as a result of the ever-
increasing needs of the developing fetus, reaching the peak value
at the end of the third trimester. This means that during pregnancy,
the systemic iron reserves, estimated at 1 g, would be fully utilized
(20). However, this does not happen since the expanding needs of
the pregnant woman’s body are counterbalanced by increased iron
absorption and, most often, its higher supply. These adaptative
mechanisms are mediated by hepcidin (86).

With more advanced pregnancy, the concentration of
hepcidin in the blood decreases gradually (87), which reduces
the degradation of ferroportin, thereby increasing the number of
active iron exporter molecules bound to the cell membranes
(17). As a result, the amount of iron transported from enterocytes
into the bloodstream and tissues increases, and thus the amount
of iron absorbed in the intestines. Therefore, the declining
hepcidin concentration adapts the mother's body to the
increasing demand on iron during pregnancy (87). However, the
mechanism responsible for the decreased hepcidin expression in
pregnancy has not been identified yet (84). Nevertheless, most
likely due to the lack of this unknown factor, maternal hepcidin
levels elevate rapidly after delivery (87, 88).

Moreover, hepcidin influences placental iron transfer (Fig. 4),
as ferroportin is also expressed in syncytiotrophoblast (89).
Initially, maternal transferrin-bound iron integrates to TfR1
located in the apical membrane of the syncytiotrophoblast cells.
The complex is then internalized in the process of clathrin-
dependent endocytosis (90). After a while, the content of the
endocytic vesicle acidifies, resulting in the detachment of the Fe3+

ion from the holotransferrin-TfR1 complex (91). Subsequently,
Fe3+ is reduced to Fe2+ by ferroreductase (91) and removed from
the endosome into the syncytiotrophoblast cytoplasm with the
participation of DMT1 (92). Iron-depleted transferrin
(apotransferrin) as well as TfR1 return to the apical membrane and
can be reused (91). In turn, Fe2+ ions are further exported through
the basolateral syncytiotrophoblast membrane by ferroportin to
the connective tissue surrounding the endothelium of the fetal
blood vessels (92). After being oxidized to Fe3+, iron is transferred
to the fetal circulation in an unidentified way (92, 93).

Notably, both maternal and fetal hepcidin are involved in
placental iron transfer regulation (94-96). Despite the proximity
of the fetal circulation to the basolateral syncytiotrophoblast
membrane with incorporated ferroportin molecules, it seems that
maternal hepcidin plays a major role in this regulation. In the
physiologic state, it is produced in much higher amounts by the
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liver of the mother than that of the fetus. Isotope methods have
also shown a direct effect of the reduced maternal hepcidin
concentration on the increase in placental iron transfer (96).
Moreover, it has been shown that the iron status of the fetus
correlates with the level of both fetal (96) and maternal hepcidin
(97), albeit some studies have not proved the latter relationship
(98). On the other hand, hepcidin levels in maternal blood and
fetal circulation are not interrelated (96, 98). Nonetheless, lower
hepcidin concentrations are evidenced in the mother and higher
in the fetus (measurements from cord blood in the third stage of
labor) (96, 98, 99).

Thus, decreasing hepcidin expression in pregnant women
not only determines higher iron absorption from food but also
increases the amount of iron delivered to the fetus from maternal
circulation. Physiologically, both mechanisms are able to
provide the appropriate amount of iron for the proper growth of
the fetus. However, in the presence of iron deficiency in the
mother before pregnancy, as in iron-deficiency anemia, the
above adaptative mechanisms may transpire insufficient (100).

Fetal iron deficiency leads primarily to the birth defects of
the central nervous system, which may manifest in learning

difficulties, behavioral and hearing impairment, as well as
dysfunction of the hypothalamic-pituitary axis and its
subordinate endocrine glands (101, 102). Furthermore, the risk
of low birth weight and premature delivery increases
significantly (101). In murine experimental models, higher
mortality and incidence of cardiovascular diseases, type 2
diabetes and obesity in offspring of mothers with iron-deficiency
anemia have also been described (102).

Compared to healthy pregnant women, augmented levels of
maternal hepcidin have also been noted in the pathology of
pregnancy with an increased inflammatory component, e.g., in
preeclampsia or obese mothers (97, 103). The rise in hepcidin led
to a significant reduction in iron inflow to the fetus and emphasized
the role of inflammation as a hepcidin expression-inducing factor,
also in pregnancy. The elevated concentration of maternal hepcidin
is also explained by the higher concentration of pro-inflammatory
IL-6 in mothers delivering naturally or as a result of emergency
cesarean section, compared to elective cesarean section (98).
According to some researchers, this relationship is reversed as
early as three days after elective cesarean section, when the
maternal hepcidin concentration exceeds its level in mothers after
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Fig. 4. Placental transfer of iron
(description in the text).
DMT1, divalent metal transporter 1;
FPN, ferroportin; TfR1, transferrin
receptor 1.



vaginal delivery. Like abdominal surgeries, a cesarean section is
accompanied by an inflammatory response that lasts longer than
the temporary stress stimulus during vaginal delivery (104).

Iron deficiency was also observed in children of pregnant
smoking mothers (105). Hypoxia accompanying smoking
increased maternal erythropoiesis, thus inhibiting hepcidin
synthesis. However, despite the daily supplementation with iron
preparations by every woman and the best conditions of
placental iron transfer provided by utterly low concentrations of
maternal hepcidin, smoking led to a depletion of maternal iron
resources, as well as significantly lower birth weight, limited
height and head circumference of newborns. It appears that
smoking may limit the absorption of iron in the apical part of the
enterocytes or is associated with its utilization in ROS-
producing reactions. Interestingly, no increased inflammatory
parameters were found in the group of smoking mothers.

CONCLUSIONS

Hepcidin is a primary regulator of iron metabolism with
additional antimicrobial properties resulting not only from its
biological activity but also from the structure of the molecule. By
promoting the degradation of ferroportin, hepcidin reduces the
outflow of iron from the tissues and the intestinal iron absorption,
and hence the concentration of iron in the blood and extracellular
fluid. The expression of hepcidin is stimulated primarily by the
decreasing reserves of systemic iron and inflammation, and
inhibited in situations of excess iron or increased erythropoiesis,
as well as in pregnancy. Thanks to this regulation, changes in
hepcidin concentration are a compensatory mechanism aimed at
restoring iron homeostasis in the body, increasing its supply in
response to the growing needs of the developing fetus, or defense
against pathogens. However, in disease states associated with the
non-infectious stimulation of an inflammatory response, an
elevation in hepcidin production is undesirable as it leads to iron
deficiency and its numerous consequences.
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cysteine; Dcytb, duodenal cytochrome B; DMT1, divalent metal
transporter 1; FPN, ferroportin; GDF15, growth/differentiation
factor 15; Gly, glycine; HEPH, hephaestin; HFE, human
homeostatic iron regulator protein; HIFs, hypoxia-inducible
factors; HIF2α, hypoxia-inducible factor 2α; His, histidine; HJV,
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lysine; MCP1, monocyte chemoattractant protein-1; MDS,
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reactive oxygen species; Ser, serine; sHJV, soluble hemojuvelin;
SMAD, the SMAD pathway; TfR1, transferrin receptor 1; TfR2,
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capacity; TMPRSS6, transmembrane serine protease 6; TWSG1,
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