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Abstract. Iron is required for several vital biological processes in all human cells. In mammals, a
considerable number of proteins are involved in iron metabolism and utilize iron in many essential
cellular processes, such as oxygen transport, mitochondrial respiration, gene regulation, and DNA
synthesis or repair. Iron metabolism is a complex system finely regulated at both systemic and
cellular levels. It involves the development of specialized mechanisms for iron absorption,
transport, recycling, storage, and export, and protection against toxic compounds that can be
generated during iron redox cycling in the presence of oxygen.

The erythropoietic compartment consumes the majority of iron to support the high demand for
hemoglobin synthesis. A tightly regulated system enables efficient iron uptake by erythroid cells
and its subsequent processing for the synthesis of large amounts of heme, which is then
incorporated into hemoglobin. A bidirectional regulatory system between erythropoiesis and iron
metabolism ensures precise coordination between the two processes. This regulation is often

disrupted in various anemic conditions.
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Introduction. Iron is one of the most abundant elements
in the Earth’s crust. It is a transition metal with a
fundamental property essential for biological systems:
the ability to donate and accept electrons, thus allowing
it to participate in redox reactions that are critical to
many biological processes. Indeed, iron plays a key role
in virtually all forms of life as it catalyzes reactions
considered fundamental to the origin of life.X

In mammals iron is a constituent of many proteins,
either as iron sulfur clusters (such as in the respiratory
complexes I-111, mitochondrial aconitase, coenzyme Qo,
DNA primase) or as heme (such as in hemoglobin,
myoglobin, cytochrome proteins, myeloperoxidase,
nitric oxide synthetases) or as constituent of other
functional groups (such as hypoxia inducible prolyl
hydroxylases). These iron-containing proteins are
involved in cellular and organismal functions of vital

importance, such as oxygen transport, mitochondrial
respiration, DNA replication and repair, immunity, and
cell signaling. During evolution, the great oxygenation
event occurring 2.2-2.3 billion years ago caused
oxygenation of the Earth’s atmosphere; this event
elicited the oxidation of soluble Fe? to insoluble Fe3*.
This event rendered iron less available for biological
systems. It required the development of specialized
systems for iron uptake, transport, recycling, storage, and
export, and for protection from the toxic compounds that
can be generated during redox cycling of iron in the
presence of oxygen.? To prevent diseases related to iron
deficiency or overload, iron homeostasis must be
carefully regulated. Intracellular iron levels are
controlled by the Iron Regulatory Element-Iron
Regulatory Protein (IRE-IRP) system, while systemic
iron availability is primarily adjusted to the body's needs
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through the Hepcidin-Ferroportin (FPN) axis.®

Dietary Iron Absorption. Mammals require small
amounts of iron, which is essential for many biological
activities and particularly for oxygen transport.

The human body contains ~3-5 g of iron; most is
present as heme in hemoglobin of erythroid cells (>2g)
or myoglobin of muscles (~300 mg). The iron contained
in  hemoglobin is recycled in the process of

erythrophagocytosis by reticuloendothelial macrophages.

Macrophages in the spleen, liver, and bone marrow
maintain a transient fraction of iron (~600 mg), while
excess of the metal is stored in the liver parenchyma
within ferritin (~1000 mg). The circulating pool of iron
is small (2-4 mg) and is renewed every few hours to meet
a daily iron requirement of about 20-25 mg. All other
iron-containing proteins and enzymes contain only a
minority of total iron (~8mg of iron) (Figure 1)*.

Hl Hemoglobin (60-70%)
3 Storage iron (20-30%)
3 Myoglobin (10%)

3 Iron enzymes (1%)
B Transferrin (0.2%)

Figure 1. Distribution of iron content at the level of various body
compartments, with most of the iron being bound to hemoglobin, iron
storage compartments, and myoglobin at the level of muscle tissues.

Systemic iron homeostasis requires the coordinated
activity of different compartments involved in iron
absorption, transport, storage, recycling, and high-level
utilization.

The absorption of dietary iron is mediated by the
duodenum and involves the absorption of free iron and
iron contained in heme. The average daily requirement
of approximately 20-25 mg of iron derives from dietary
intake from heme iron present in meat and nonheme iron
present in vegetables (1-2 mg) and mainly from the
degradation of senescent RBCs (20-25 mg). The level of
iron absorbed by the small intestine is low under
physiological conditions but increases in conditions of
iron deprivation.*

Most of the iron contained in food is Fe** and must be
reduced to Fe?* before its absorption, a function mediated
by the ferric reductases Dcytb (duodenal cytochrome B).
Dcytb is an integral membrane protein localized in the
apical side of enterocytes that catalyzes the reduction of
nonheme Fe®* by electron transfer from ascorbate across
the membrane. The activity of Dcytb is essential for iron
absorption through divalent metal transporter-1 (DMT1)

(Figure 2).

Intestinal iron absorption involves three phases:
apical uptake, enterocytic intracellular phase, and
basolateral transfer.*® The apical uptake consists of iron
transport across the brush border and is mediated through
the transport of Fe* across the apical membrane of
enterocytes by DMT1. DMT1 activity in this process is
essential, and mice lacking intestinal DMT1 develop a
marked microcytic anemia and have reduced iron stores.®
DMT1 mutations represent a rare cause of hypochromic
anemias in humans.

In addition to facilitating ferrous iron absorption
through the apical membrane of enterocytes, DMT1 also
plays a role in recovering iron from urine via renal
tubules and in releasing iron into the cytosol from
acidified endosomes after diferric-transferrin-transferrin
receptor internalization. DMTL1 is regulated by iron
itself: the 3’ untranslated regions of DMT1 mRNA may
contain or lack an iron-responsive element (IRE),
resulting in two different isoforms; the DMT1-IRE
isoform is mainly expressed in enterocytes, and its
expression is influenced by iron levels, with iron
deficiency particularly causing an increase in DMT1
MRNA levels to promote stabilization.

Heme contained in foods rich in myoglobin or
hemoglobin is absorbed by the duodenum through a still
elusive membrane heme transporter. The mechanism of
intestinal heme-bound iron absorption was not fully
elucidated. Three heme transporters have been identified
and seem to play a relevant role in maintaining heme
homeostasis: protein-coupled folate transporter/heme
carrier protein 1 (HCP1), heme responsive gene 1
(HRG1) and FLVCR1 (Feline Leukemia Virus type C
Receptor 1) highly expressed in tissues that transport
heme (intestine or hepatic cells) or synthesize high levels
of heme such as erythroid cells (Figure 2)’.

The enterocyte intracellular phase involves the
transport of Fe?* internalized into enterocytes, involving
first the passage into the cytosolic labile iron pool (LIP),
followed by either the utilization of this iron or its
incorporation into ferritin or its exportation out of
enterocytes. The level of ferritin present in enterocytes is
regulated according to intracellular iron content through
the IRE-IRP system, being decreased by iron deprivation
and increased by iron excess.

The last step of intestinal iron absorption involves the
efflux of Fe?" at the basolateral membrane, which is
mediated by the membrane transporter ferroportin
(FPN1). Fpn is an electroneutral H*/Fe?* antiporter in
which the transport of each Fe®* is coupled to the
transport of two H* in the opposite direction.® The
essential role of FPN1 in dietary iron absorption is
supported by the phenotype of mice with FPN1 gene
deletion, showing the rapid onset of an anemic
condition.® A gradient of Fpn as well as of DMT1
expression is observed in the duodenum, with the highest

www.mjhid.org Mediterr J Hematol Infect Dis 2025; 17; 2025067

Pag. 2 /16


http://www.mjhid.org/

DIETARY IRON ABSORPTION

bsgd
Heme |

Heme

Transporter @

& " HO-1

& _ | Ferritin

Ferroportin Haephestin

_Fes. |

Transferrin

Figure 2. Dietary iron is found in food derived from both plants and animals and is mostly in the ferric (Fe3+) form, poorly absorbed. Heme
iron, primarily present in animal food sources like meat, is less abundant but more bioavailable. The first step of duodenal iron absorption is
the transport of ferrous (Fe2+) iron by DMT1 at the apical surface of enterocytes. Previous reduction of the predominant Fe3+ by Dcytb is
necessary. Iron bound to heme is internalized by a still unknown importer and iron is then released in the cytoplasm by the degradative action
of heme oxygenase (HO-1). Following the brush border transit, both the iron imported by DMT1 and that liberated from heme enter the labile
iron pool (LIP) and are either utilized, incorporated in ferritin shells, or exported by ferroportin. At the basolateral surface, following the efflux
of Fe2+ into the bloodstream by Ferroportin, the oxidative action of Hephaestion and ceruloplasmin is required for the binding of Fe3+ to
circulating transferrin (Adapted from Correnti et Al%).

levels observed in the proximal duodenum and the hepcidin/ferroportin axis; the IRE/IRP regulatory
lowest levels in the distal duodenum (Figure 2).%° system; and the hypoxia-regulated HIF system. Hepcidin

The regulation of intestinal iron absorption requires is a peptide hormone synthesized by liver cells that plays
the coordinated control of three distinct pathways: the a central and key role in the control of iron metabolism;
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hepcidin binds to ferroportin and induces its
internalization and consequent degradation, with an
inhibition of iron efflux from both enterocytes and
macrophages.’'? Under conditions of iron excess,
hepcidin levels increase and determine a downregulation
of ferroportin, in turn responsible for a rise of enterocyte
iron levels which in turn determine an enhanced
degradation of HIF and inactivation of IRPs; the reduced
HIF levels determine a decreased transcription of DMT1,
Dcyth, NCOA4 and FPN1, thus resulting in a global gene
expression/activity modulation aiming to reduce iron
absorption. Genetic mouse models and pharmacologic
studies using specific inhibitors support a main role of
DMT1 and FPN1 expression under iron deficiency
conditions.** Under conditions of low iron availability,
the decrease in hepcidin levels determines a maximal
activity of the iron efflux from enterocytes, with a
consequent activation of the IRE-IRP system, which in
turn determines an increase of DMT1 and Dcytb levels
and a decrease of ferritin levels, thus limiting the iron-
storing capacity of enterocytes. However, FPN1 mRNA
cannot be modulated by IRP because in the duodenum, a
Fpt transcript lacking IRE is expressed.’® In parallel, the
low enterocyte iron levels determine a stabilization of
HIF2a, which in turn stimulates the transcription of
DMT1, Dcyth, NCOA4, and ferroportin, thus
contributing to enhancing the rate of intestinal iron
absorption and the degradation of ferritin via a process
named ferritinophagy. Thus, all these mechanisms of
gene expression/activity control together contribute,
under conditions of iron deprivation, to increase apical
iron absorption, to decrease ferritin synthesis, and to
increase iron efflux.

Macrophages exert multiple important roles in iron
metabolism, particularly related to iron recycling, in that
they recycle large amounts of iron derived from
hemoglobin degradation, and iron storage, in that they
are able to store the iron that is toxic for other cell types.*®

Iron recycling in macrophages. Macrophages play a
crucial role in regulating heme-iron homeostasis, which
is based on two main functions. First, a unique
population of macrophages in the bone marrow, acting
as nurse cells, participates in forming erythroblastic
islands needed for erythropoiesis. They do this by
phagocytosing and digesting the nuclei of mature
erythroblasts while delivering the iron and heme
necessary for hemoglobin synthesis.t”  Second,
erythrophagocytic macrophages in the red pulp of the
spleen, bone marrow, and liver detect membrane changes
in aging RBCs and phagocytize them. This process
recycles iron back to erythroid progenitors for heme
synthesis and hemoglobin production.’
Erythrophagocytosis of senescent RBCs takes place in
the spleen's red pulp. It involves engulfing senescent
RBCs into the phagolysosome, where digestion breaks

down hemoglobin. Iron-containing heme is transported
into the cytosol through Heme Response Gene 1 (HRG1).
Inside the cytosol, iron bound to heme is processed by
heme oxygenase-1 (HO-1), releasing Fe2+, biliverdin,
and CO.

The iron export mechanism based on the activity of
the iron exporter ferroportin is well active in
macrophages.’® When FPN1 expression is upregulated
by iron treatment or erythrophagocytosis (iron
upregulates FPNL1 translation, heme upregulates FPN1
expression), FPN1 expression is markedly enhanced at
the plasma membrane of macrophages. FPN1 expression
in macrophages is required for macrophage iron release
in vivo and modulation of innate immune responses.®
The release of iron from macrophages after
erythrophagocytosis  is  increased by  FPN1
overexpression and is downregulated by hepcidin, which
markedly reduces FPN1 protein levels.'®

Circulating Iron. In normal conditions, transferrin-
bound iron represents the main form of iron found in
blood. Transferrin (Tf) binds up to two iron molecules
and maintains iron in a redox-inert state. About 20-40%
of iron-binding sites present in transferrin are normally
occupied by iron (coefficient of saturation).

The structure of Tf consists of two lobes (N-lobe and
C-lobe: each of these lobes can bind and release one iron
molecule. Under physiologic conditions, four circulating
forms of Tf are observed: diferric Tf with two iron atoms
bound, monoferric Tf bound to C-lobe, monoferric Tf
bound to N-lobe, and apotransferrin; monoferric Tf is the
Tf most frequently observed in serum.?

Tf delivers iron to tissues by the ubiquitously
expressed transferrin receptor 1 (TfR1). TfR1 is
overexpressed in erythroid cells that represent the main
cell type involved in the utilization of high amounts of
iron required for hemoglobin synthesis.?> A second
receptor able to bind Tf is TfR2. TfR2 is the homolog of
TfR1, has a lower affinity than TfR1 for Tf, and, under
physiological conditions, does not contribute to iron
uptake. The tissue distribution of this receptor is more
limited than that of TfR1, being restricted to the hepatic
and erythroid cells. TfR2 may function as a sensor of
transferrin-bound iron levels in the liver and erythroid
cells.??

Remarkable differences exist between TfR1 and
TfR2 in their capacity to interact with Tf and hereditary
hemochromatosis protein HFE: the affinity of TfR2 for
holo-Tf is about 25-fold lower than the affinity of TfR1;
no detectable binding of HFE to TfR2 was observed,
while TfR1 was able to bind HFE protein; in contrast to
TfR1, expression of TfR2 is not downmodulated by iron
overload, consistent with the lack of IRE in the 3’
untranslated sequence of TfR2 mRNA (Figure 3).2

However, the membrane levels of both TFR1 and
TFR2 are regulated by diferric Tf.
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Figure 3. Iron-sensing mechanisms through Tf-bound iron mediated
by interaction with TfR1 or TfR2. When Tf iron saturation is low,
HFE preferentially interacts with TfR1, and BMP/SMAD signaling
in hepatocytes is low as well as hepcidin synthesis; when Tf iron
saturation is high, HFE preferentially interacts with TfR2, and their
receptor activates BMP/SMAD signaling in hepatocytes with
consequent high hepcidin synthesis.

HFE (High Ferritin Expression) protein is like the
major histocompatibility complex I-type proteins and
associates with f2-microglobulin. It is thought that this
protein interacts with TfR1 and modulates its activity.
Studies in the HeLa cell line showed that HFE
overexpression determines a downregulation of iron
uptake mediated by TfR1.2* The interaction between
HFE and TfR1 seems to be important for hepcidin
regulation in hepatic cells. Mice with knockdown of
hepatocyte TfR1 have a moderate decrease of
hepatocellular iron, low plasma iron, and inappropriately
high hepcidin levels.®

In contrast, mice with hepatocellular TfR2 knockout
have hepatic iron overload, excess plasma iron, and
inappropriately low hepcidin.®® A more recent study
showed that the interaction between HFE and TfR1 is
required for the regulation of hepcidin production by
hepatic cells.?” The mutation of HFE is responsible for
type | hereditary hemochromatosis.

Uptake and Intracellular Trafficking of lIron in
Erythroid Cells. Erythroid cells represent the cells with
the highest level of iron uptake, and it was estimated that
they contain about 70% of all the iron in the body,
incorporated into hemoglobin. Tf-mediated uptake of
iron into erythroblasts is regulated by the extent of iron-
bound Tf, the number of TfR1, the rate of endocytosis,
and exocytosis of TfR1.2

Developing erythroid cells obtain the iron required
for heme and hemoglobin synthesis through binding of
diferric Tf mediated by TfR1. The Tf cycle involves
three major processes in Tf-TfR1 trafficking:
internalization into early endosomes, sorting into
recycling endosomes, and recycling to the cell surface.
The binding of 2Fe-Tf by TfR1 is followed by
endocytosis of the Tf-TfR1 complex; in the acidic
environment of the endosome, iron is released from Tf,
which remains bound to TfR1. Free ferric iron is then

reduced to ferrous iron by STEAP3, a metalloreductase
capable of converting iron from insoluble Fe** to Fe?*
form that is transported in the cytosol by the metal
transporter DMT1 (divalent metal transporter 1). The
Tf/TfR1 complex then returns to the cell surface, where
apo-Tf dissociates from TfR1.%2

Genetic evidence supports the essential role of TfR1
in normal erythropoiesis; the disruption of the TfR1 gene
in mice is embryonic lethal and determines a markedly
defective erythropoiesis;?® TfR1 gene deletion in HSCs
determines a markedly defective hematopoiesis with
cellular iron deficiency.?®

Iron taken up by receptor-mediated endocytosis
enters a cytosolic labile iron pool (LIP), a pool of
chelatable and redox-active iron, which is transitory and
serves as a crossroad in iron cell metabolism. A large part
of LIP traffics to the mitochondria, where it is utilized
for heme synthesis. In erythroid cells, a part of the iron
acquired through Tf-mediated endocytosis may be
directly transferred to mitochondria through a process of
contact between organelles, defined as a kiss-and-run
mechanism.*%-3! Alternatively, a part of LIP is transiently
captured into ferritin and then released into lysosomes in
contact with mitochondria.®? It is important to note that
the extent of LIP is determined by the balance between
cellular mechanisms that favor iron uptake, storage,
heme degradation, and ferritinophagy.

Heme biosynthesis is controlled by a complex
pathway consisting of 8 enzymatic reactions
predominantly occurring in mitochondria. Erythroid
cells synthesize elevated levels of heme during their
differentiation process; in these cells, the rate of heme
synthesis is tuned with iron uptake and globin synthesis
and is finalized to generate a high level of hemoglobin
synthesis. The first enzymatic reaction of the heme
biosynthetic pathway consists of the condensation of
succinyl-CoA and Glycine to form aminolevulinic acid
(ALA). It is catalyzed by the enzyme ALA synthase
(ALAS). This enzyme is present in two isoforms,
ALAS1 and ALAS2, encoded by two separate genes:
ALASLI is located on chromosome 3 and is ubiquitously
expressed, while ALAS? is located on chromosome X
and is exclusively expressed in erythroid tissue. ALAS2
expression strongly increases during late stages of
erythroid differentiation, and its deficient expression
causes markedly deficient heme and globin synthesis.*
The expression of ALAS is transcriptionally regulated by
the master erythroid transcription factor GATA-1,
interacting with an erythroid-specific enhancer, whose
loss-of-function mutation is associated with congenital
sideroblastic anemia.®*3 ALAS2 is controlled also at
post-transcriptional level by iron through the interaction
between IRP (lron Regulatory Protein) and IRE (Iron
Regulatory Element) present in 5’ untranslated region of
ALAS2 mRNA: under conditions of iron deficiency,
IRPs bind to the 5’ IRE sites of ALAS2 mRNA and
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inhibit its translation; under conditions of iron abundance,
IRPs are either inactivated or degraded and ALAS2
mRNA is translated.® There is a very important
difference in the regulation of ALAS1 and ALAS2.
While ALASI activity is negatively regulated by heme
levels through a transcriptional repressor via a heme-
responsive element, ALAS2 is not negatively regulated
by heme.®*® This remarkable difference in ALAS
regulation underlines the absolute need to maintain
elevated levels of heme synthesis in erythroid cells.
Another important property of erythroid cells consists
of the elevated expression and peculiar regulation of
ferrochelatase (FECH). The terminal enzyme of the
heme biosynthetic pathway catalyzes the conversion of
protoporphyrin 1X to heme through iron insertion, the
rate-limiting enzyme of the heme pathway. The FECH
gene is expressed in all tissues to provide heme for
essential heme-containing proteins and is upregulated
during erythropoiesis for the synthesis of Hb. The human
FECH gene promoter contains two GATA and NF-E2
binding sites, which bind their cognate transcription
factors and ensure elevated levels of expression of this
gene in erythroid cells. In erythroid cells, FECH interacts
with different proteins for enzyme stability and with
substrates and product transport: FECH forms a complex
with mitoferrin-1, a mitochondrial iron transporter and
ATP-binding cassette sub-family B member 10 (ABCB
10)to utilize iron imported into mitochondria towards
heme biosynthesis; FECH interacts with the erythroid-
specific form of ALAS (required for porphyrin precursor
production) and with protoporphyrinogen oxidase, the
penultimate enzyme in the heme biosynthetic pathway
(required for protoporphyrin IX transfer to FECH).*
These interactions ensure a high rate of heme synthesis
in erythroid cells and protect these cells from the
accumulation of potentially toxic metabolites, such as
protoporphyrin IX and iron.® After its synthesis,
mitochondrial heme is transferred to hemoproteins and
heme-regulated factors, and this process requires
chaperoning and trafficking of heme across cellular
organelles and compartments. Various iron transporters
have been identified. One of these molecules is the
mitochondrial and cell surface transporter feline
leukemia virus subgroup receptor 1 (FLVCR1). Genetic
studies have shown that FLVCR1 is involved in the
export of heme out of cells and represents a system to
avoid intracellular heme overload; gene inactivation of
FLVCR1 in mice causes a block of erythroid cell
differentiation at the proerythroblast stage, thus
suggesting that coordinate expression of heme and
globin is essential for effective erythropoiesis.® Two
FLVCR1 isoforms exist in erythroid cells. The FLVCla
isoform localizes to the plasma membrane and the
FLVCR1b isoform localizes to the mitochondria: the
former one is required for the expansion phase of
committed erythroid progenitors but cannot drive their

terminal differentiation, while the latter one contributes
to the expansion phase and is required for erythroid
differentiation (Figure 3).*°

Two different pathways have been suggested to
mediate the passage of iron from the cell membrane
uptake system to mitochondria: one pathway is ferritin-
independent, and the other is ferritin-dependent. The
trafficking of iron between various cell compartments
requires its binding to a protein that acts as an iron
chaperone. PCBPL1 acts as a chaperone in erythroid cells,
able to deliver iron to human ferritin within erythroid
cells; the nuclear receptor coactivator 4 (NCOA4)
induces autophagic turnover of ferritin. Genetic studies
carried out in mice showed that both the chaperone
activity of PCBP1 and the NCOA4-dependent transfer of
iron out of ferritin are processes required for efficient
iron utilization in erythropoiesis.***> NCOAA4 is a cargo
receptor that promotes selective autophagy of the iron
storage ferritin in conditions of iron deficiency,
facilitating iron recovery from cellular stores.*°

Iron Metabolism Control of Erythropoiesis: The
Central Role of Hepcidin/Ferroportin in Systemic
Iron Availability. Erythropoiesis is the main consumer
of iron in the body. Erythropoietic activity stimulates
iron absorption through the modulation of the expression
of the gene encoding the iron-regulatory hormone
hepcidin, which in turn regulates the release of iron from
recycling macrophages and from iron stores in
hepatocytes. Increased erythropoiesis is associated with
a marked alteration of iron homeostasis to meet the high
need for iron to sustain hemoglobin synthesis and
erythroid cell proliferation. The coordination between
erythropoietic activity and iron homeostasis is mediated
by hepcidin, a peptide produced by liver cells, which is a
master regulator of systemic iron metabolism. Hepcidin
expression is controlled by iron status, erythropoiesis,
and inflammation. Hepcidin is a major regulator of body
iron balance. Hepcidin controls the rate of iron entry into
circulation from intestinal absorption, from recycling
macrophages, and hepatocytes through the binding to the
iron exporter Ferroportin and inducing its internalization
and degradation into lysosomes.*

At the level of target cells, mainly represented by
enterocytes, hepatocytes, and macrophages, hepcidin
binds to the iron exporter ferroportin and induces its
internalization and degradation, thus inhibiting iron
efflux. Hepcidin expression is regulated by iron levels,
as well as by the rate of erythropoiesis. Stimulation of
erythropoiesis, either mediated by bleeding, hypoxia, or
erythropoietin (Epo) administration, markedly inhibits
hepcidin expression and, consequently, iron absorption
increases during the erythropoietic response to these
stimulations to face this increased request for iron. Under
these conditions of accelerated erythropoiesis, elevated
Epo levels are associated with reduced synthesis of
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Figure 4. Regulation of systemic iron homeostasis. Hepcidin is a master iron hormone regulating iron entry into circulation from enterocytes
and iron recycling by macrophages by inducing ferroportin degradation. Iron loading and inflammation stimulate hepcidin synthesis to prevent
iron accumulation and to limit iron for microbial pathogens. Iron deficiency and erythropoietic stimulation inhibit hepcidin synthesis to increase
iron absorption and recycling, thus contributing to providing adequate iron to sustain erythropoiesis.

hepcidin. Hepcidin expression is regulated by iron
levels: in fact, the transcription of HAMP, Hepcidin
Antimicrobial Peptide, the gene encoding hepcidin, is
upregulated by iron supply and downregulated by iron
deprivation. Stimulation of hepcidin expression inhibits
iron absorption from the diet and iron release from
recycling macrophages and other iron body stores. In
contrast, reducing hepcidin expression promotes iron
availability, increasing iron absorption and recycling
(Figure 4).1142

Bleeding or Epo administration reduced hepcidin
synthesis, and that was prevented by suppression of
erythropoiesis, thus suggesting that regulation of
hepcidin synthesis depends on erythropoietic activity.**
44 Epo itself could represent the mediator of the effects
of erythropoiesis on hepcidin expression. However,
studies performed on hepatoma cells and mice lacking
EpoR expression in liver cells support the conclusion
that hepcidin inhibition mediated by Epo does not
require the direct binding of Epo to its liver receptors.*

As mentioned above, conditions that resulted in
erythropoiesis stimulation, such as Epo administration or
phlebotomy, resulted in inhibition of hepcidin
expression; importantly, bone marrow ablation
prevented the hepcidin inhibition observed in response to
phlebotomy or Epo administration.®**  These
observations suggested that a mediator released by
erythroid cells and sensed by liver cells could be
responsible for the modulation of hepcidin synthesis
exerted by erythropoiesis.

The analysis of bone marrow cells after an acute
stimulation of erythropoiesis by phlebotomy led to the
identification of the transcript Fam132b mRNA, whose
levels markedly increased after phlebotomy (>30 fold 9
hours after phlebotomy); this MRNA encoded the protein
called Erythroferrone (ERFE).*” ERFE expression was
also increased after Epo treatment. Erythroid Fam132b
MRNA levels mirrored kidney Epo mRNA levels after
phlebotomy.*” Cloning of the gene encoding Fam132b
MRNA led to the identification of the Fam132 b gene;

this gene encodes a protein initially named FAM132b,
but later named ERFE after its role as a hepcidin inhibitor
was identified; the ERFE gene encodes in humans a
protein of 354 amino acids. ERFE protein is a member
of the C1g/TNF-Related Protein (CTPR) family and has
a 4-domain structure with a unique N-terminus.*®“° The
mechanism of action of ERFE consists of inhibiting the
expression of hepcidin in liver cells, with consequent
increased activity of the cellular iron export protein
ferroportin and then increased iron absorption from the
intestine and mobilization of iron from stores, which can
be used to sustain hemoglobin synthesis (Figure 5).4°

The bone morphogenetic protein (BMP)-SMAD
signaling is a major transcriptional regulator of hepcidin.
Many studies have provided evidence that ERFE inhibits
hepcidin production by intersecting with the BMP-
SMAD signaling pathway. The presence of SMAD1 or
SMADS in the liver is essential for maintaining iron
homeostasis, while the deficiency of both SMAD1 and
SMADS causes iron overload.>® The presence of SMAD1
and SMADS is necessary to maintain the response to Epo
and ERFE. In fact, both Epo and ERFE failed to suppress
hepcidin in mice with a conditional genetic ablation of
SMAD1 and SMADS5 in hepatocytes.® Subsequent
studies have analyzed in more detail the effect of ERFE
on the inhibition of BMP-mediated induction of hepcidin.
Thus, Arezes and coworkers showed that recombinant
ERFE suppresses the BMP/SMAD hepatic pathway;
particularly, ERFE specifically abrogated the induction
of hepcidin by BMP5, BMP6, and BMP8 but had little
or no effect on hepcidin induction by BMP2, BMP4, and
BMP9.5! ERFE binds BMP6 with a greater affinity than
BMP2 and BMP4; ERFE interacts with BMP proteins
through its N-terminal domain, and this interaction can
be inhibited by antibodies against this domain of
ERFE.®

Srole et al. mapped functionally regions of the ERFE
molecule: the hydrophobic helical segment between 81
and 86 and particularly tryptophan residue W82, are
essential for interaction with BMP2/BMP6 heterodimer
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Figure 5. Erythropoiesis controls iron metabolism through the release by bone marrow cells of ERFE and FGL1 that exert an inhibitory effect

on hepcidin synthesis.

and for ERFE bioactivity; cationic region 96-107 and
globular TNFa-like domain 186-354 are required for
ERFE multimerization.*

ERFE overexpression is expected to induce iron
overload, a condition observed in some pathological
disorders such as B-thalassemia and other disorders
characterized by ineffective erythropoiesis.

To examine the impact of ERFE overexpression,
Coffey et al. created transgenic mouse lines with varying
levels of ERFE overexpression in erythroid cells; as
expected, ERFE-transgenic mice develop relative
hepcidin deficiency and iron overload, with severity
depending on the level of ERFE overexpression.53
ERFE-overexpressing mice, especially those with high
levels, also show other effects at the liver and systemic
cell level >

Interestingly, a recent study showed that ERFE is also
expressed in osteoblasts, where its synthesis is
stimulated by Epo and hypoxia.>* Selective gene ablation
of ERFE in osteoblasts showed that this ERFE
contributes to red cell regeneration in response to stress
erythropoiesis.®

Studies carried out in normal and anemic rats showed
that ERFE levels after Epo administration exhibited a
two-wave increase, with an early peak occurring 2 hours
and a later peak occurring 8 hours after Epo
administration.®® The early ERFE peak predicted Hb
response and Epo responsiveness.*

Serum ERFE levels were explored in a large
population, including normal individuals and some

individuals with anemia. In normal individuals, ERFE,
serum ferritin, hepcidin, and soluble TfR (sTfR) levels in
males and females of different ages were explored: in
males, ferritin, hepcidin, and ERFE levels moderately
increased with age, while sTfR levels remained almost
constant with some fluctuations; in females, ferritin and
hepcidin levels markedly increased after 40 years of age,
associated with a significant rise of ERFE levels and
sTfR levels almost constant with some fluctuations.®’
ERFE levels were significantly higher in anemic subjects
and inversely correlated with Hb, Tf iron saturation,
ferritin, and hepcidin levels, and directly correlated with
sTfR levels.*® Finally, high ERFE levels were associated
with a significant reduction of hepcidin only in patients
with high sTfR levels, reflecting a condition of iron
deficiency.>” The tuning of hepcidin expression
according to iron levels implies the capacity of liver cells
to sense iron levels. In this context, hepcidin synthesis is
controlled by extracellular Tf-bound iron through a
mechanism involving TfR1 and TfR2 and by
intracellular liver iron content through a mechanism
involving BMP (Bone Morphogenetic Protein)/SMAD
signaling.

ERFE also plays an important role in fetal
erythropoiesis. In conditions of iron-deficient pregnancy,
ERFE plays an important role, favoring the redistribution
of iron within maternal/fetal compartments in the
embryo to support embryonic/fetal erythropoiesis.

However, ERFE plays a minor role during iron-
replete pregnancy.
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As discussed earlier, some observations suggest that
additional factors beyond ERFE may influence hepcidin
production after erythropoietic stress. Although ERFE is
critical for suppressing hepcidin within the first four
hours after such stress, ERFE-deficient mice still recover
from anemia caused by hemorrhage and chronic
inflammation.*” Moreover, in thalassemic mice,
removing or neutralizing ERFE increases hepcidin levels
and reduces Systemic overload; however, simply
restoring hepcidin does not completely resolve iron
overload. Supporting this idea, a recent study identified
hepatokine fibrinogen-like-1 (FGL1) as a hepcidin
suppressor that is induced in the liver during hypoxia in
the recovery phase after anemia.>® Similar to ERFE,
FGL1 works by binding to BMP6, thereby inhibiting the
BMP-SMAD signaling pathway.®

Iron-Mediated Control of Erythropoiesis: Role of
Transferrin 2. Several studies suggest that TfR2 may
act as a mediator of iron's regulation of erythropoiesis.
Its ability to sense iron is linked to its interaction with
differric Tf, leading to modulation of erythropoiesis by
affecting Epo sensitivity in erythroid cells. However,
these findings are complex, and it remains unclear how
TfR2 influences Epo sensitivity. In vitro studies on
TfR2-deficient erythroid cells have shown conflicting
results. For example, Forejtnikova and colleagues
demonstrated that erythroid progenitors from TfR2-/-
mice exhibit decreased Epo sensitivity and elevated
circulating Epo levels; in human erythroid progenitors,
TfR2  knockdown  delays terminal  erythroid
differentiation and maturation.®® Conversely, Fouquet et
al., using UT7 cells, found that TfR2 knockdown
increased EpoR levels due to receptor stabilization,
resulting in heightened Epo sensitivity as indicated by
increased signaling through ERK, AKT, and STAT5
pathways. The discrepancy between these studies may be
due to differences in the cellular systems.®

Several studies on TfR2 gene knockout supported that
TfR2 loss can cause an increased Epo sensitivity of
erythroid cells. Thus, Nai et al. have developed a TfR2
bone marrow knockout mouse (TfR2BMKO) py
transplanting bone marrow cells from TfR2” mice into
WT recipients; control chimeric mice were transplanted
with bone marrow from WT donors.?2 TfR28MKO mice
displayed increased RBC counts and Hb content,
reduced mean corpuscular volume of RBCs within 2-4
months after bone marrow transplantation.?? These
responses were associated with increased erythroid
maturation and normal Epo levels. Interestingly, under
conditions of mild dietary iron deprivation, determines
an increase of erythroblast number, reduces apoptosis
and enhances Epo levels in controls, but not in
TfR2(BM/KO) mice; under marked dietary iron
restriction, erythropoiesis of TfR2BMXO mice was not
further modified, as well as Epo levels and EpoR

downregulation occurring during erythroid cell
differentiation was delayed.?? These findings were
interpreted as supporting an enhanced sensitivity of
TfR2-deficient erythroid cells to Epo. In a subsequent
study, these authors showed that deletion of bone
marrow TfR2 ameliorates anemia and iron overload in a
murine  model of transfusion-independent beta-
thalassemia.®? These studies have originated the
development of a model on the role of TfR2 in the
control of systemic iron metabolism and erythropoiesis:
in an iron-replete condition, stabilized TfR2 induces iron
signaling to hepcidin in the liver and impairs Epo
sensitivity in erythroid cells; in iron-deficient conditions,
TfR2 destabilization prevents iron signaling to hepcidin
in the liver and allows enhanced Epo sensitivity in
erythroid cells.

Wortham et al. analyzed erythropoiesis in TfR2"
mice, showing that: BM erythroid populations of TFR2
" mice displayed decreased BFU-E, CFU-E, and
proerythroblasts and  increased  orthochromatic
erythroblasts, while the spleen of TfR2” mice had an
increase in both erythroid progenitor proliferation and
terminal stages of erythroid differentiation.®? Importantly,
these changes in BM and spleen persisted when liver
TfR2 expression was restored in TfR2-deficient mice.®?

In vitro studies have shown that, in addition to its
contribution to an iron sensing mechanism, erythroid
TfR2 may also contribute to iron uptake through a
mechanism involving transferrin internalization and
lysosomal delivery in erythroid progenitors; erythroid
mitochondria specifically associate with lysosomes and
are regulated by TfR2.%% A second in vitro study reported
the definition of a cellular iron-regulated vesicle
transport pathway showing the link between surface
TfR2 and EpoR on erythroid progenitors. The main
factors of this pathway involve several steps: (i) TfR2
undergoes lysosomal catabolism induced by iron
deprivation and this effect is blocked by isocitrate; (ii)
TfR2 surface trafficking requires the activity of iron-
dependent aconitase enzymes; (iii) TfR2 binds Scribble,
a master regulator of receptor trafficking and signaling,
and mediates its lysosomal catabolism with iron
deprivation, and isocitrate blocks this effect; (iv)
Scribble interacts with EpoR and promotes its surface
delivery; (v) Scribble downregulation decreases surface
EpoR expression, as observed in iron deprivation.®
Therefore, this pathway involves an upstream sensor
represented by TfR2, an intermediary transducing
element represented by xxxxx, and an effector target
represented by EpoR.%

Other studies showed the existence of an iron-
dependent mechanism regulating membrane expression
of TfR2: cultured human erythroid cells release a soluble
form of TfR2, a phenomenon enhanced by iron
deprivation and inhibited by diferric transferrin.

Finally, a recent study using conditional knockout of
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TfR2 in mice strains engineered to express either NPlocked
or Cblocked transferrin provided evidence that TfR2
expressed on erythroid cells coordinates iron availability
and EpoR sensitivity by only one specific isoform of
monoferric forms of Tf.%

The ensemble of these results suggests the existence
of a mutual crosstalk between iron and erythropoiesis: on
one side, erythropoiesis modulates the rate of iron
absorption through ERFE; on the other side, iron
modulates erythropoiesis through the iron sensor TfR2
which modulates Epo sensitivity of erythroid cells: when
is decreased in iron deficiency the Epo sensitivity is
increased because TfR2 is removed from the surface of
erythroid cells.%’

Regulation of Cellular Iron Homeostasis: Role of
IRE/IRP. As systemic iron availability is adjusted to
body iron needs chiefly by the hepcidin-ferroportin
(FPN) axis, intracellular iron content is regulated by the
Iron Regulatory Element-Iron Regulatory Protein (IRE-
IRP) system.®

This system is based on the presence of IREs (Iron
Regulatory Element), short conserved stem-loops,
recognized by IRPs (Iron Regulatory Protein). The IREs
are found in the untranslated regions of various mMRNASs
whose encoded proteins are involved in iron metabolism.
The IRE/IRP system is orchestrated by the interaction of
IRP1 (also known as ACO1) and IRP2 (also known as

IRP
3’UTRIRE

mMRNA Stability Control

IREB2) with cis-regulatory IREs present in the
untranslated regions (UTR) of mRNAs encoding iron
metabolism molecules (Figure 6). When iron level is
low, IRPs bind to the 5’UTR IRE of mRNAs encoding
the ferritin-H and ferritin-L iron storage proteins, the iron
exporter FPN1, ALAS?2 or the hypoxia-inducible factor
2 (HIF2A) and inhibit their translation (Figure 6). IRP
binding to 3’-UTR IREs in the TFR1 mRNA or DMT1
MRNA protect the transcripts from nuclease-mediated
degradation by Regnase-1 and Roquin-1 molecules®®-5°
(Figure 6). In iron-rich cells and oxygen-replete cells,
IRP2 is displaced from IRE RNA by F-box and leucine-
rich repeat protein 5 (FBXL); it is targeted for
degradation by proteasome-mediated proteolysis™ and
IRP1 assembles an iron-sulfur cluster and switches its
biologic activity to an aconitase.”

Genetic studies have supported the necessity of a
correct function of IRPs for normal iron homeostasis.
Defects in iron-sulfur cluster biogenesis determine
abnormal stimulation of IRP activity, with impairment of
heme synthesis in erythroid cells;’? aberrant gain of
function of IRP2 function in FBXL5-null mice was
found to be lethal.” Constitutive systemic IRP2 gene
deletion in mice resulted in the development of
microcytic  anemia, diabetes, and neurologic
symptoms.”"® IRP1 deficiency determines a transient
polycythemia during early life, related to derepression of
HIF2o translation in kidney cells and subsequent
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Figure 6. Regulation of cellular iron homeostasis by IRE/IRP system. Under iron-deficient conditions, IRPs bind to IREs in the 5’ untranslated
regions (UTRs) of iron homeostasis mRNAs such as ferritin to block their translation, whereas >IRP binding to the 3* UTR of TfR1 enhances
mRNA stability. These changes determine an increase of iron uptake and a decrease in iron storage and export. Under iron-replete conditions,
IRPs lose their IRE-binding capacity due either to molecular conversion to aconitase (IRP1) or to proteosomal degradation (IRP2).
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Figure 7. Molecular mechanisms through which HIF controls iron metabolism. A decreased oxygen availability, resulting from diseases or
from environmental exposures, determines the formation and stabilization of HIF1o or HIF2a heterodimers with the constitutively expressed
HIF-1pB subunit, which binds to target genes expressed in various tissues. Many of these genes are involved in iron metabolism and their
coordinated expression, together with increased Epo/EpoR expression, favor an erythropoiesis response to a hypoxic stimulation.

stimulation of Epo expression.” In contrast to single IRP
gene knockout studies, double IRP1 and IRP2 gene
inactivation studies resulted in early embryonic lethality,
thus supporting the absolute necessity of the IRE/IRP
pathway and the capacity of one IRP to compensate in
part for the loss of the other IRP.7

The difference observed between the phenotype
induced by IRP1 and IRP2 gene deletion can be
explained by the peculiarity of the IRE present in HIF2a
MRNA that binds with higher affinity to IRP1 than to
IRP2, a finding that helps to explain why IRP17 mice
exhibit elevated Epo levels and erythrocytosis, while
IRP2”- mice experience a refractory anemia.”
Furthermore, IRP2”- cells misregulate iron metabolism
when cultured in 3-6% oxygen, a physiological tissue
concentration, but not in 21% oxygen, a concentration
that activated IRP1.”® Thus, IRP2 is determinant in the
regulation of iron metabolism because it registers iron
concentrations and modulates its RNA-binding capacity
at physiological oxygen concentrations.

HIF and iron metabolism. Another mechanism of
regulation of iron metabolism is dependent upon the
hypoxia-inducible factor (HIF) system. Under conditions
of low iron and oxygen availability, the regulatory alpha
subunits (HIF-1a, HIF-2a, and HIF-30) form a
biologically active complex with subunit beta (HIF-1p or
ARNT) and translocate to the nucleus, where they target
several genes involved in iron homeostasis and
erythropoiesis.”8 (Figure 7). Under iron- and oxygen-
replete conditions, HIFo subunits are targeted for
proteolytic degradation mediated by the oxygen and
iron-dependent prolyl-hydroxylases.™

A fundamental function of HIF-2a consists of
regulating the production of Epo by a group of interstitial
fibroblasts in the kidney (Norm cells) that secrete Epo;
these cells sense O levels and increase the production of

Epo when they feel a decrease in O, availability.®* When
O is abundant, HIFs are degraded. Whereas when O is
low, HIFs accumulate, activate, bind to the Epo gene,
and increase the rate at which it is transcribed into
MRNA, leading to increased serum Epo levels.

The other two important targets of HIF-2a are
represented by DMT18 and ferroportin® in duodenal
enterocytes, where their expression is upregulated by
HIF-2a. under iron deficiency conditions. On the other
hand, HIF-2q itself is a target of IRP, which controls its
translation®. HIF activation is modulated by intracellular
iron levels also through another mechanism, related to
hydroxylase activation, requiring iron as a cofactor.

HIF activation determines an inhibition of hepcidin
synthesis by liver cells, but this effect is indirect, being
mediated by  stimulation of Epo-induced
erythropoiesis.® Furthermore, hypoxia also induces the
synthesis in liver cells of the hepatokine fibrinogen-like
1 (FGL1), a suppressor of hepcidin synthesis.%%
Therefore, under hypoxic conditions, there is a
coordinated series of events involving the kidney, the
liver, and the bone marrow. The Kidney increases the
production of Epo, while the liver upregulates the serine
protease TMPRSS6 to decrease BMP-SMAD signaling
and hepcidin synthesis by liver cells. At the level of bone
marrow, Epo signaling activation induces an increased
production of ERFE peaking at 24h after the hypoxic
stimulation, while the liver increases the synthesis and
release of FGL1, peaking at 24-72 hours after hypoxic
stimulation; both ERFE and FGL1 act inhibiting BMP-
SMAD signaling and increasing hepcidin production
(peaking at 6-7 days after hypoxic stimulation).®

Iron  Metabolism  During Infections and
Inflammation: Role of Hepcidin. Hepcidin synthesis
increases during infections and inflammatory conditions,
thus suggesting a possible role of hepcidin as a mediator
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of innate immunity. Hepcidin synthesis in the liver is
increased by interleukin-6 (IL-6), a cytokine involved in
inflammatory and immune responses; IL-6 acts through
the STAT3 signaling pathway and synergistically
cooperates with BMP signaling in the transcriptional
activation of HMAP gene expression.t”¢ Studies in
normal volunteers infused with bacterial
lipopolysaccharide showed that elevated hepcidin occurs
early during the inflammatory response and is
responsible for hypoferremia that develops early during
an acute inflammatory response.8®

Studies in murine experimental models of bacterial
infections suggest that the inflammatory hepcidin
response observed in infectious processes may mediate
the prevention of the generation of non-transferrin-
bound iron (NTBI) in a condition in which the risk of
iron overloading is high due to the suppression of
erythropoiesis.®>®! Iron sequestration into macrophages
and hypoferremia due to inflammation-induced hepcidin
significantly limit the availability of iron for
erythropoiesis and contribute to anemia associated with
chronic inflammatory disease.®?

It is noteworthy that hepcidin synthesis is suppressed
during pregnancy; this suppression is likely linked to the
production of a yet-unknown placental hormone. This
physiological suppression fulfills the need to supply
large amounts of iron necessary for fetal growth,
erythropoiesis, and the expansion of maternal erythroid
cell production. Studies in mouse models have shown
that suppressing maternal hepcidin was crucial for
ensuring enough iron transfer to the fetus, and the
increase in maternal red blood cell mass, along with a
placental-derived hepcidin suppressor, appears to play a

Abbreviations used in this article.

key role in this physiological adaptation.®*%* Other
factors that help reduce hepcidin production during
pregnancy include decreased maternal iron stores from
increased utilization and heightened erythropoietic
activity. Additionally, the protease TMPRSS6, which
inhibits BMP signaling and hepcidin expression, is also
involved in the suppression of hepcidin during
pregnancy.

Conclusions. In the past four decades, tremendous
progress in our understanding of iron metabolism has
been made. In this context, the molecular and functional
characterization of a set of molecules involved in iron
uptake, intracellular iron transport, export out of the cells,
transport in circulation, recycling, and intracellular
utilization allowed us to define a complex network of
iron-related genes. This network needs fine regulation at
both cellular and systemic levels. On the other hand, the
discovery of hepcidin as a central key regulator of iron
metabolism and of hypoxia-regulated pathways allowed
a better understanding of the systemic control of iron
metabolism through the coordination of iron absorption,
recycling, and utilization by erythroid cells.

The mechanisms underlying the high uptake of iron
by erythroid cells to sustain high heme and hemoglobin
synthesis have been in part elucidated and have
contributed to understanding the unique properties of
these cells and their regulatory role in the context of iron
metabolism.
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Dcytb: duodenal cytochrome B.
DMT1: divalent metal transporter-1.
IRE: iron-responsive element.

FLVCR1: Feline Leukemia Virus type C Receptor 1.
LIP: labile iron pool.

FPN: Ferroportin; FPN1: Ferroportin 1.

IRP: Iron regulatory protein IRE/IRP system.

HIF: hypoxia-inducible factor.

NCOAA4: Nuclear receptor coactivator 4.

Tf: Transferrin.

TfR1: Transferrin receptor 1; TfR2 is the homolog of TfR1.

HSC: Hematopoietic Stem Cell.

LIP: Labile iron pool.

ALA: Aminolevulinic acid.

ALAS: Aminolevulinic acid synthase.
GATA-1: Master erythroid transcription factor.

HEME TRANSPORTERS: HCP1: protein-coupled folate transporter/heme carrier protein 1, HRG1: Heme responsive gene 1, and

HFE: High ferritin expression, protein Genetic polymorphisms of the HFE gene (rs1800562, rs1799945 and rs1800730) also affect the
normal activity of another protein, hepcidin, a negative regulator of iron homeostasis. Hereditary hemochromatosis protein HFE.
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IRP: Iron Regulatory Protein.
IRE: Iron Regulatory Element.

FECH: Ferrochelatase. (catalyzes the conversion of protoporphyrin IX to heme through iron insertion).

NF-E2 (Nuclear Factor erythroid 2): Is a heterodimeric transcription factor, meaning it's composed of two different protein subunits. NF-E2
binding sites are critical DNA sequences that are recognized by the NF-E2 transcription factor, playing a vital role in regulating gene
expression during erythroid and megakaryocytic development.

Mitoferrin-1: A mitochondrial iron transporter.

FLVCRL1: Feline leukemia virus subgroup receptor 1 is a mitochondrial and cell surface transporter. FLVCR1a isoform localizes to the
plasma membrane, and the FLVCR1b isoform localizes to the mitochondria.

ERFE: Erythroferrone. It Is C1g/TNF-Related Protein (CTPR).
CTPR family: C1g/TNF-Related Protein.

BMP-SMAD: Bone morphogenetic protein signaling is a major transcriptional regulator of hepcidin.

SMAD: stands for Suppressor of Mothers Against Decapentaplegic. It refers to a family of proteins that are key signal transducers in
the transforming growth factor beta (TGF-pB) pathway. TGF-p superfamily of receptors.

HAMP: Hepcidin Antimicrobial Peptide. It is the gene encoding hepcidin.
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