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Abstract: Iron is an essential element in our daily diet. Most iron is required for the
de novo synthesis of red blood cells, where it plays a critical role in oxygen binding to
hemoglobin. Thus, iron deficiency causes anemia, a major public health burden worldwide.
On the other extreme, iron accumulation in critical organs such as liver, heart, and pancreas
causes organ dysfunction due to the generation of oxidative stress. Therefore, systemic iron
levels must be tightly balanced. Here we focus on the regulatory role of the
hepcidin/ferroportin circuitry as the major regulator of systemic iron homeostasis. We
discuss how regulatory cues (e.g., iron, inflammation, or hypoxia) affect the hepcidin
response and how impairment of the hepcidin/ferroportin regulatory system causes
disorders of iron metabolism.
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1. Introduction

Iron is an essential nutrient and a potential toxin, and therefore its availability must be tightly
controlled. It is a critical component of heme groups, iron-sulfur cluster-containing proteins, and of
enzymes involved in mitochondrial respiration and DNA synthesis and thus, plays an important role in
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cellular metabolism, survival and proliferation. Iron deficiency causes anemia, a major public health
concern affecting up to a billion people worldwide [1]. However, iron is also potentially toxic. It reacts
with oxygen to generate reactive oxygen species (ROS), which trigger cell damage. Iron metabolism in
mammals is balanced by three regulatory systems: one predominantly controls cellular iron
metabolism through iron regulatory proteins (IRPs) that bind iron responsive elements (IREs) in
regulated mRNAs [2] (Figure 1). The other regulatory system functions systemically and relies on the
hormone hepcidin and the cellular iron exporter ferroportin (FPN1). In addition, the hypoxia inducible
factors (HIFs) control transcription of numerous genes that maintain iron metabolism [3]. This review
will focus on the regulation of systemic iron homeostasis by the hepcidin/ferroportin regulatory
circuitry and its impairment in disease.

Figure 1. Iron absorption in the intestine. In the human diet, iron is present as heme or
nonheme iron. Absorption of heme iron (Fe’") is incompletely understood and likely
mediated by a heme transporter. Intracellularly, iron is released from heme by
hemoxygenase-1 (HO-1). Nonheme iron (Fe’") is reduced by the membrane-associated
ferric reductase CYBRD1 (DCYTB) for transport into the intestinal enterocyte by the
divalent metal transporter (DMT1). Within the enterocyte iron can be stored in ferritin or
exported into the blood stream by the iron exporter ferroportin (FPN1, SLC40A1). FPN
expression is controlled by hepcidin. Hephaestin, a multicopper oxidase is required to
incorporate two Fe*" into one transferrin molecule (Tf). Hypoxia inducible factor 2 (HIF-2)
controls CYBRD1, DMTI1, FPN, and HO-1 mRNA expression (depicted in green) and iron
regulatory proteins (IRPs) post-transcriptionally control the expression of DMT]1, ferritin,
and FPN (depicted in orange).
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A healthy adult contains about 3—5 g of iron, which corresponds to approximately 45-60 mg/kg
body weight. Two third of the total body iron content is bound to erythrocyte hemoglobin, whereby
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approximately 0.5 mg iron is contained in 1 mL blood (in a setting with a hemoglobin concentration of
15 g/100 mL). Twenty milligrams (20 mg) of iron are required daily for de novo hemoglobin synthesis,
which is predominantly made available by iron recycling from aging erythrocytes. Another 5 mg of
iron is exchanged daily within iron containing enzymes and iron stores [4]. Because there is no
regulated pathway for iron excretion, only the small amount of iron (1-2 mg) that is lost due to
bleeding, sweating, skin desquamation, or urinary excretion, is compensated for by iron absorbed from
the diet. Elevated iron requirements during pregnancy or after bleeding are maintained by increasing
iron absorption.

In the vegetarian diet, iron is predominantly present in its oxidized (Fe’") state. For transport into
the intestinal enterocyte by the divalent metal transporter (DMTI1), it must be reduced by the
membrane-associated ferrireductase CYBRD1 (DCYTB) (Figure 1). Additional enzymes may play a
role in reducing iron, as Cybrdl knock-out mice do not show an iron phenotype under steady-state
conditions [5]. However, under hypoxic conditions, Cybrdl knock-out mice show abnormal
erythopoiesis and decreased splenic iron stores suggesting that Cybrdl is required to allow for elevated
iron requirements under stress conditions [6].

In the meat diet, iron is predominantly found in the heme form. A heme transporter may be
involved in heme transport into the enterocyte, but its identity is currently not resolved (Figure 1).
Intracellularly, iron is released from heme by hemoxygenase-1 (HO-1).

Within the enterocyte, iron is stored in ferritin and an enterocyte-specific role for ferritin in
controlling iron absorption has been identified in mice [7]. How iron reaches the basolateral membrane
is currently not completely understood. Iron export into the blood stream requires the iron exporter
FPN1 (SLC40A1), which is regulated by hepcidin, HIF-2a [8], and by IRPs [9,10]. Hephaestin, a
multicopper oxidase homologous to ceruloplasmin, is necessary to incorporate Fe®” in the plasma
protein transferrin (Tf) (Figure 1) [11]. Diferric transferrin circulates in the blood and provides iron to
most cells of the body. In addition, transferrin-bound iron (Tf-Fe;) is a major indicator and determinant
of systemic iron homeostasis. [ron saturation of transferrin is predominantly determined by the amount
of iron: (1) absorbed from the intestine; (2) recycled from senescent red blood cells and released by
macrophages; and (3) utilized for erythropoiesis [12].

Systemic iron fluxes are controlled by the hepatic peptide hormone hepcidin [12]. Hepcidin is
mainly synthesized in hepatocytes and circulates in the plasma bound to alpha 2-macroglobulin [13].
Other cell types and organs, such as monocytes [14], macrophages [15], heart [16], kidney [17],
brain [18], and adipose tissue [19], also produce hepcidin, albeit to much lesser extent. Hepcidin
controls surface expression of the iron exporter FPNI1 in enterocytes [20], macrophages and
hepatocytes which express high levels of FPNI1. It binds to FPNI, triggers its internalization,
ubiquitination and degradation [21,22]. At the same time, hepcidin is cleared from the circulation. As a
consequence, less iron is exported from the intestine and from iron stores in hepatocytes and
macrophages (reviewed by Ganz and Nemeth) [23]. Hepcidin can be cleared via the kidney [24].

Various stimuli regulate hepatic hepcidin synthesis: (1) iron availability, (2) inflammatory stimuli,
(3) erythropoietic demand, (4) hypoxia, and (5) endocrine signals. Table 1 provides an overview of
soluble factors, receptors, signaling molecules, and transcription factors involved in the regulation of
systemic iron homeostasis.
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Table 1. Genes, proteins and receptors involved in the regulation of systemic iron

homeostasis and their function.

Regulators of iron homeostasis

Abbreviation

Iron regulatory mechanisms

Activin-receptor like kinase 2

Activin-receptor like kinase 3

Activin A receptor,

type IIA and II B

Bone morphogenic protein
receptor 2

Bone morphogenetic protein 6

Bone morphogenetic
protein receptor

BMPER

Divalent metal transporter 1
Membrane-associated
ferrireductase Cybrdl (DcytB)

Ferroportin

Growth and differentiation factor

15
Hepcidin

HFE

Heme oxygenase-1

Hemojuvelin

Hephaestin

Interleukin-6

Iron regulatory protein 1 and 2

Neogenin

Solute Carrier Family 11,

member 2

Alk2 = ACVRL

Alk3 =BMPRI1a

ActRII a and

ActRIIb

BMPRII

BMP6

BMPR

BMPER

DMT1

Cybrdl

FPN
GDF15

HAMPI, Leapl

HFE

HO-1

HIV

IL-6

IRP-1 and IRP2

SLCI11A2
Smad 1/5/8
Smad 4

Smad 6/7

STAT3

BMP Type I receptor, required for hepcidin induction under stimulated conditions. Activation leads
to increased hepcidin levels [25-27].

BMP Type I receptor, required for baseline hepcidin expression. Activation leads to hepcidin
increase [25,26,28-30].

BMP Type II receptors. Activation leads to hepcidin induction [31-33].

BMP Type II receptor. Activation leads to hepcidin induction [31-33].

Agonist of the BMP receptor, ligand for the BMP-SMAD signaling pathway in cells and mice;
levels increased by hepatic iron; induces hepcidin expression [34—36].

Receptor for BMP ligands. Induces SMAD phosphorylation, which activates a signaling cascade to
stimulate hepcidin expression [25,26,28—-30].

BMP endothelial cell precursor-derived regulator inhibits BMP signaling and decreases hepatic
hepcidin expression [37,38].

Iron transporter (Fe**) in duodenal enterocytes and endosomes of most cell types [39].

Ferrireductase located at the apical membrane of enterocytes, reduces Fe** to Fe** [40].

Iron export protein, internalized and degraded by hepcidin [20-22,41-43].
Possible erythropoietic-derived suppressor of hepcidin levels [44—46].

Iron regulatory hormone, synthesized mainly by the liver [12,23,47—-52] (only some articles are
cited here, please consider the citation index at the end of the manuscript).

Name of a gene mutated in the most frequent HH subtype. MHC class1-like protein involved in iron
sensing; sensitizes cells to BMP stimuli; activator of hepcidin transcription [53—-59].

Releases intracellular iron from heme [60].

Mutation in HJ'V gene cause a juvenile hemochromatosis subtype, BMP co-receptor that sensitizes
hepatocytes to low endogenous BMP levels and activator of hepcidin transcription [61].

A multicopper oxidase homologous to ceruloplasmin, which oxidases Fe** to Fe** [11].

Cytokine, induced by inflammation. Binds to the IL-6 receptor. Activates hepcidin expression via
STAT-3 phosphorylation [62—65].

Cellular regulators of iron homeostasis that control expression of iron-regulated mRNA on

a post-transcriptional level [2].

Interacts with HI'V and BMPs, may regulate secretion of HI'V and iron uptake [31,66,67].

Gene encoding the divalent metal transporter 1 (DMT1 = NRAMP2 = DCT1). Iron absorption
channel expressed at the brush border side of duodenal enterocytes [12,68—70].

Signaling molecules phosphorylated by BMP receptors [71].

Transcription factor that controls BMP-mediated signalling and activator of hepcidin expression [71].
Inhibitory SMAD proteins that regulate BMP and/or TGFbeta signaling in a negative feedback
manner [72].

Intracellular signaling molecule of the IL-6 pathway, its phosphorylation causes hepcidin

induction [62,63,65,73].
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Table 1. Cont.

Transferrin receptor 1 TFR1 Receptor for iron-bound transferrin, possibly involved in iron sensing by interacting with HFE [57,74,75].
Transferrin receptor 2 TFR2 Receptor for iron-bound transferring, possibly involved in iron sensing by interacting with HFE [76,77].
Transmembrane protease serine 6 TMPRSS6  Inhibits hepcidin expression by cleaving HIV, iron-deficiency sensor; phosphorylates Smad5 [78-80].

Twisted gastrulation homolog 1 TWSGI1 Possible suppressor secreted from erythropoietic precursor cells to repress hepcidin levels [81].

1.1. Iron Availability

Tf-Fe, activates hepcidin transcription in hepatocytes, which then reduces iron absorption from the
diet and iron release from macrophages and hepatocytes in a negative feedback manner (Figure 2). The
transcriptional response of hepcidin to iron is controlled by the bone morphogenetic protein (BMP)

signaling pathway.

Figure 2. Regulation of hepatic hepcidin production. Hepatic hepcidin synthesis is
regulated by iron, bone morphogenetic protein signaling, inflammation, erythropoiesis,
hypoxia, or endocrine stimuli. FPN1, which is expressed predominantly in hepatocytes,
macrophages and enterocytes is internalized and degraded following hepcidin binding. Iron
is transported in the blood bound to transferrin. Most iron is required for erythropoiesis.
Aging erythrocytes that exceed a life-span of approximately 120 days are recycled in
macrophages. Transferrin-iron is a critical indicator for systemic iron homeostasis and
regulator of hepcidin expression.
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Insights into iron-mediated hepcidin regulation were obtained by investigating the molecular
mechanisms underlying the most frequent genetic disorder of the western world, hereditary
hemochromatosis (HH). Regulated protein/protein interactions between three membrane proteins
mutated in HH (the gene encoding HFE), transferrin receptor 2 (TfR2) and hemojuvelin (HJV)
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integrate signals elicited by the concentration of Tf-Fe, and hepatocytic iron stores [60]. Because HIV
is a glykosylphosphatidylinositol (GPI)-linked membrane protein that functions as a BMP co-receptor,
BMP signaling was identified as the major signaling pathway that controls hepcidin regulation [61].
Bmp6, a member of the transforming growth factor-beta (TFG-B) superfamily seems to be the major
ligand that activates hepcidin levels, because Bmp6 knock-out mice show severe iron overload due to a
failure to activate hepcidin expression [35,82]. Binding of the ligand Bmp6 to BMP receptors type I
(Alkl, Alk2, Alk3, and Alk6) and BMP receptors type II (BMPRII, ActRIla, or ActRIIb) induces the
type II receptor to phosphorylate and activate the BMP type I receptor. BMP type I receptors, that are
expressed in the liver are called Alk2 and Alk3 (Figure 3) (of the other BMP type I receptors Alk1 is
predominantly expressed in endothelial cells and Alk6 is not expressed in hepatocytes) [83,84]. Mice
with liver-specific deficiency of Alk2 and Alk3 develop moderate to severe iron overload,
respectively, due to decreased hepcidin mRNA expression [25]. Although it is known that BMP2,
BMP4, and BMP6 are endogenous ligands for HJV in human hepatoma cells, and HJV uses selectively
the BMP type II receptors BMPRII and ActRIIA [31], specific roles of individual BMP type 11
receptors in iron metabolism have yet to be investigated. The activated BMP type I receptor leads to
phosphorylation of intracellular signaling molecules called receptor associated SMAD proteins
(R-SMADs), which transfer together with SMAD4 to the hepatocyte nucleus to induce hepcidin
transcription (Figure 3) [60]. In contrast to activation of hepcidin gene expression by Smad1/5/8 and
Smad4, the inhibitory Smad6 and Smad7 decrease hepcidin in response to high iron load [72,85].
Another regulator of BMP signaling is the bone morphogenetic protein-binding endothelial cell
precursor-derived regulator (Bmper), which is overexpressed in hypotransferrinemic mice
(Trf(hpx/hpx)). Soluble BMPER inhibits BMP2- or BMP6-mediated hepcidin promoter activity in
human HepG2 and HuH7 cells [37].

Two sequence motifs (BMP-responsive elements) are critical for hepcidin promoter activity
mediated by HJV, BMP6, and SMAD4. Patients with HFE-deficiency and mice with Hfe or
Tfr2-deficiency show an attenuation of BMP signaling, which suggests that these proteins control the
efficiency of the BMP signaling pathway (Figure 3) [55,75]. Biochemical evidence supports these data
by demonstrating that HJV, HFE, and TfR2 form a membrane associated complex in human hepatoma
cells [57]. Hepcidin expression is not only controlled by signaling molecules and transcription factors
but also by microRNAs (miRNA). Interestingly, the liver-expressed miRNA-122 is involved in an
autoregulatory circuitry in which its high level expression depends on HFE and HJV, two target genes
of miRNA-122 (Figure 3). Consistently, mice depleted of miRNA-122 show elevated mRNA levels of
HFE and HJV, which cause increased hepcidin mRNA levels and plasma iron deficiency [86,87].
Additionally, miRNA-130a seems to down regulate hepcidin mRNA expression under iron deficient
conditions by targeting ALK2 and SMADS [88].

HIJV is further cleaved by the transmembrane serine protease TMPRSS6 (matriptase-2) in cells
overexpressing both proteins and thereby decreases BMP-mediated hepcidin induction (Figure 3) [80].
Inactivating mutations in TMPRSS6 cause iron-refractory iron deficiency anemia (IRIDA) due to
inappropriately high hepcidin levels [78,79].
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Figure 3. Regulation of hepatic hepcidin induction at the cellular level. Transferrin bound
iron (Tf-Fe) is monitored by an “iron sensing complex”, which consists of the transferrin
receptors (TfR) 1 and 2, HFE, and HJV. HJV is a glykosylphosphatidylinositol (GPI)-linked
membrane associated protein that functions as a BMP coreceptor, and enhances bone
morphogenetic protein (BMP) signaling. Binding of one of the more than 25 known BMP
ligands (such as BMP6) to type I and IT BMP receptors induces the type II receptor to
phosphorylate and activate the BMP type I receptor. There are four BMP type I receptors
(called ALK1, ALK2, ALK3, and ALK®6), and three BMP type II receptors (BMPR2,
ActRITA, and ActRIIB). The activated BMP type I receptor leads to phosphorylation of
intracellular signaling molecules called receptor associated SMAD proteins (R-SMADs).
Phosphorylated R-SMADs transfer together with SMAD 4 to the hepatocyte nucleus and
induce hepcidin transcription. SMAD6 and SMAD7 are inhibitory SMADs. BMPER, the
BMP endothelial cell precursor-derived regulator inhibits BMP signaling and decreases
hepatic hepcidin expression. MicroRNA 122 is activated by HFE or HJV and inhibits the
latter in a negative feedback regulatory loop. The transmembrane serine protease
(TMPRSS6) cleaves HJV and thereby decreases BMP-mediated hepcidin induction.
Neogenin, a transmembrane protein known to interact with HJV, can also interact with
TMPRSS6 to enable HJV cleavage in transfected cells. Soluble HJV is generated by
proprotein convertase activity and has been proposed to sequester BMPs. Inflammatory
stimuli such as interleukin-6 (IL-6) induce hepcidin transcription via the JAK/STAT
signaling pathway. A SMAD- and a STAT-binding element have been identified in the
hepcidin promoter.
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TMPRSS6 expression is regulated by multiple stimuli, such as hypoxia [89,90], acute dietary iron
deficiency [91], chronic high-iron diet, or by BMP6 [36], which contribute to the hepcidin response.
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The transmembrane protein neogenin interacts with HI'V and TMPRSS6 to facilitate HIV cleavage in
transfected cells (Figure 3) [66]. By contrast, mice with a homozygous mutation in neogenin are
hallmarked by hepcidin deficiency and iron overload [67]. HJV is further cleaved by the proprotein
convertase to generate soluble HIV (sHJV), which may sequester BMPs. sHJV was proposed to be
released mainly from the skeletal muscle to modulate hepcidin expression in response to metabolic
needs. However, mice with a muscle specific-deficiency of HJV could not reveal a role of sHJV in the
regulation of systemic iron balance [92,93].

1.2. Inflammation

In the anemia of chronic disease (ACD) hepcidin expression is high and hypoferremia develops
rapidly due to decreased macrophage iron release (Figure 2). If the inflammatory stimulus persists the
amount of iron required for erythropoiesis is too low and anemia will develop. This is considered to
represent a defense strategy against (iron-dependent) invading pathogens. Hepcidin transcription is
activated by inflammatory cytokines, especially interleukin-6 (IL-6), but also others (e.g., IL-1, IL-22)
(Figure 2), as well as the innate immune response to extracellular pathogens such as candida albicans
or influenza A (as reviewed for example in [23,64,94,95]). IL-6 activates hepcidin by binding to the
gp130 protein receptor complex, which triggers JAK1/2 (intracellular tyrosine kinase) mediated
STAT3 phosphorylation. Phosphorylated STAT3 translocates to the nucleus, and activates the
STAT3-binding motif of the hepcidin promoter (Figure 3) [62,63,65,94].

Several animal models have been established to partially mimic ACD: (1) IL-6 injections induce
hepcidin and trigger hypoferremia in wild-type mice, but not in liver-specific SMAD4 "~ mice,
suggesting that the BMP signaling pathway is additionally required for hepcidin activation [96].
(2) Turpentine injections into mice [26,97] and rats [29] cause sterile abscesses and induce IL-6 and
hepcidin gene expression [26,73,98]. The BMP small molecule inhibitor LDN-193189, which inhibits
the activity of the BMP type I receptors Alk2, Alk3, and Alk6, was able to revert hepcidin activation
and ACD in turpentine treated rodents—further suggesting a cross-talk between the BMP- and the
IL-6-signaling pathways [26,29]. (3) Lipopolysaccharide (LPS), a membrane constituent of gram
negative bacteria is frequently injected into mice to induce hepcidin expression and hypoferremia in an
IL-6-dependent manner. Blunted hepcidin responses in LPS-injected Hfe and 7fr2 knock-out mice
point to a functional interaction with BMP signaling [99,100]. Furthermore, injections of LPS into
wild-type mice revealed a role of activin B, a member of the TGF-f superfamily, in the LPS-mediated
hepcidin response [101]. (4) ACD is further mimicked by heat killed brucella abortus injections in
mice, a model utilized to test anti-hepcidin antibodies for the reversion of ACD [102]. All these studies
point towards a critical role of both the inflammatory JAK/STAT and the iron-related BMP signaling
pathways to control the hepcidin response to inflammation. These data are supported by the analysis of
the hepcidin promoter that demonstrates the necessity for both a STAT-binding site and a BMP-response
element for hepcidin stimulation by IL-6 [58,63].

1.3. Erythropoiesis

Twenty milligrams of iron are required for erythropoiesis every day. If the iron requirements for the
synthesis of new red blood cells increase (e.g., as a consequence of phlebotomy or hemolysis) hepcidin
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expression is inhibited to satisfy the elevated iron demand (reviewed in [23,95]). Increased
erythropoiesis either as a result of phlebotomy or erythropoietin injection suppresses hepcidin [103].
Two soluble factors and members of the TGFbeta superfamily, growth and differentiation factor
15 (GDF15), and twisted gastrulation homolog 1 (TWSG1) that are released from erythroid precursor
cells suppress hepcidin transcription in cellular assays and correlate with inappropriately low hepcidin
levels in patients with ineffective erythropoiesis (e.g., p-thalassemia) [46,81]. However, GDF15~ mice
were recently shown to respond with a decrease in hepcidin levels in response to phlebotomy similar to
wild-type mice [44], suggesting that at least in mice GDF-15 does not control the hepcidin response to
blood loss.

1.4. Hypoxia

Hypoxia stimulates erythropoietin production and erythropoiesis. As a consequence iron requirements
rise and hepcidin levels decrease to allow for elevated iron absorption and release from stores
(Figures 1 and 2). Likewise, hypoxia caused by high altitude in humans results in diminished hepcidin
levels [104,105]. HIF-1 and HIF-2 are transcription factors that are stabilized under hypoxic conditions
and that regulate transcription of a large number of iron related genes (e.g., TfR1, Tf, ceruloplasmin,
DMT-1, FPNI) (Figure 1). Experiments in mice that either lack HIF-2a or express constitutively
stabilized HIF-2a (Vhlh/Hif-10) suggest that HIF-2a contributes to the repression of hepcidin through
erythropoietin-mediated increased erythropoiesis- but not through direct repression of hepcidin
transcription [106]. By contrast, in cultured hepatocytic cells chemical HIF stabilizers suppress
hepcidin  mRNA directly [107]. In addition, hypoxic conditions increase transcription of
TMPRSS6 [89] mediated by a hypoxic responsive element in the TMPRSS6 promoter [90]. However,
the loss of Hfe or Tfr2 and Tmprss6 in genetically modified mice does not affect the hypoxic response of
hepcidin [108].

1.5. Endocrine Regulation

More recently, growth hormones were shown to control serum iron levels and hepcidin gene
expression. Hepcidin levels are increased by an extended period of fasting for three days, possibly
owing to a suppression of erythropoiesis that may occur during the fasting state to preserve tissue iron
concentrations [109]. In addition, administration of growth hormone decreased hepcidin levels in
healthy volunteers, presumably by stimulating erythropoiesis [109]. Hepatocyte growth factor (HGF)
and epidermal growth factor (EGF) suppress hepatic hepcidin synthesis, in part mediated by the
PI3-kinase-MEK/ERK-kinase pathways, which modulate the nuclear localization of BMP pathway
transcriptional regulators including activated Smads1/5/8 and the co-repressor transforming growth
factor B-induced factor 1 (TGIF-1) [45].

Furthermore, sex hormones control hepcidin levels which may in part explain sex-specific
differences in iron levels. Estradiol treatment of primary hepatocytes reduced hepcidin expression
mediated by G-protein coupled receptor 30-BMP6-dependent signaling [34]. An estrogen response
element (ERE) was identified in the hepcidin promoter that explains estrogen-mediated hepcidin
regulation [34,110]. Likewise testosterone, which is applied to increase hemoglobin levels and to treat
ACD in humans downregulates hepatic hepcidin mRNA expression by interfering with the BMP/Smad
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signaling pathway. Specifically, testosterone promotes the association of androgen receptor with
Smadl and Smad4 to reduce their binding to the BMP-RE in the liver in mice [111]. Furthermore,
glucose increases serum hepcidin concentrations and thereby modulates serum iron [112].
Interestingly, mice heterozygous for the BMP type I receptor Alk3 (Bmprla) show abnormalities in
glucose metabolism in an intraperitoneal glucose tolerance test [30], due to alterations of the
glucose-sensing pathway and increased insulin 1 and 2 mRNA levels. Whether this affects iron
metabolism has yet to be determined.

2. Iron Is a Critical Nutrient

Dietary iron exists in two different forms: heme and non-heme iron (Figure 1). Heme-bound iron is
a constituent of hemoglobin or myoglobin and is maintained in a reduced ferrous state (Fe*") for
oxygen binding. High levels of heme iron are found in animal protein sources, such as red meat, fish,
and poultry. Non-heme iron is maintained in an oxidized, ferric state (Fe’") and is usually bound to
macromolecules. The vegetarian diet mainly contains non-heme iron. Heme iron is generally absorbed
better than non-heme iron, although most iron in our diet is present in the non-heme form [113-115].
In any case, iron absorption depends on other ingredients within food. Phytates or polyphenols, for
example, inhibit iron absorption [4,116]. In a healthy individual, adequate serum iron levels can be
reached no matter if iron is ingested as meat or vegetarian diet (reviewed in [117]). Iron absorption is
influenced by the amount of iron present in the diet and largely depends on the composition of the
ingested food, individual iron demand (e.g., for erythropoiesis) or the chemical structure of the
absorbed iron. Depending on bioavailability, approximately 1 mg iron is absorbed each day. This rate
can be halved if iron stores are filled, or increased to 3—5 mg/day [118]. The absorption rate can vary
widely [116]; at average, men absorb around 6% and woman around 13% of their ingested iron [116].

3. Iron Supplementation

Most iron in the mammalian body is utilized for erythropoiesis. Thus, nutritional iron deficiency
causes iron deficiency anemia, which is hallmarked by low numbers of microcytic hypoferremic
erythrocytes. In addition, two markers for systemic iron availability are reduced, serum iron, and
ferritin levels. As erythropoiesis has to be maintained, and iron is critical for neuronal development in
the developing embryo until adolescence, iron needs to be supplemented orally or intravenously in the
iron deficient state [119].

Oral iron supplementation is the preferred way of treatment, as it is easily absorbed and the
formulations are cost-effective. Oral iron is applied for example as ferrous sulphate tablets (200 mg).
Healthy, pregnant females additionally take 100 mg iron/day. Side effects of oral iron therapy were
reported with 10% of dyspepsia, 5% constipation, and 3% diarrhea [120]. These side effects increase
in severity with the amount of iron given [121]. Physicians further need to take into account
interactions between the absorption of oral iron and other pharmacies such as antacids, H, blockers or
thyroxine. Intramuscular iron injection is no longer practiced today due to toxicity.

An alternative way to supplement iron is intravenously. Intravenous iron supplementation has a
long history, and was already in practice in 1932 [122]. Bioavailability of intravenous iron is higher
than of oral supplementation, and it more effectively repletes iron stores. However, as intravenous iron
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is stored in macrophages, enterocytes, and hepatocytes—it is critical to monitor the iron status of the
patient to avoid iron toxicity.

Generally, iron administration has to be considered carefully during infections. A recent clinical
study exemplified the hazardous role of iron in infection very dramatically, whereby the
supplementation of iron to the diet of children in an area of high prevalence of bacterial infection and
malaria (Eastern Africa) resulted in a drastic increase in the incidence and severity of bacterial
meningitis and malaria along with a rise in mortality as compared to children not receiving
iron [123,124]. In addition, in patients infected with human immunodeficiency virus (HIV) iron leads
to higher virus replication and should not be given to these patients without critical indication [125].

4. Frequent Iron Related Disorders

Hepcidin deregulation can be the cause of severe iron-related diseases (Figure 4). Inappropriately
low hepcidin levels as observed in HH or iron-loading anemias cause iron overload, while elevated
hepcidin levels, such as in anemia of chronic disease (ACD) or IRIDA, cause iron deficiency
anemias [95,126]. Figure 4 demonstrates the critical role of the hepcidin/ferroportin regulatory
circuitry for balancing iron homeostasis. Disturbance of systemic iron homeostasis causes two major
classes of disease, anemia and hemochromatosis.

Figure 4. Alterations of systemic iron homeostasis caused by imbalances of the
Hepcidin/Ferroportin regulatory system.
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4.1. Anemia

According to a report published by the World Health Organization on the global burden of anemia
worldwide (from 1993 to 2005), anemia is an indicator of both, poor nutrition and low health status.
About 126 million people suffer from anemia worldwide [1]. Of these, only 4.9% do not have public
health problems, while the majority (40.9%) is categorized with severe public health issues.
Per definition, anemia occurs if the hemoglobin level drops <120 g/L for women, and <130 g/L for
men, all older than 15 years of age. Generally, quality of life is impaired in anemic patients due to
fatigue, dizziness, and impaired cognitive functions. The symptoms arise from iron deficiency in red
blood cells which diminishes the oxygen supply for the body.
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Iron deficiency can occur both with or without anemia as reviewed by Denic and Agarwal [127].
It generally protects against infectious diseases such as malaria [127], but limited iron intake is
associated with the aggravation of frequent diseases such as acute coronary syndrome. The prevalence
of different anemia subtypes is shown in Figure 5. About 50% of anemias arise from nutritional iron
deficiency, 42% are caused by inflammation and infection. The remaining 8% of anemias develop due
to nutritional deficiencies (such as vitamin A, vitamin B12, folate, riboflavin, or copper), or are
genetically caused. In the following paragraph details on frequent and rare anemias are listed:

Figure 5. Prevalence of anemia in the general population worldwide.
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4.1.1. Iron Deficiency Anemia

Iron deficiency anemia (IDA) is the most frequent form of anemia caused by a relative or absolute
deficiency of dietary iron that is insufficient to satisfy the iron demand for erythropiesis. In an early
stage, iron deficiency occurs without anemia, while in later stages, anemia develops as a result of
depleted iron stores. In this case, oral or intravenous iron supplementation is the treatment of
choice [128-130]. In 2002, IDA was listed among the most important contributing factors to the global
burden of disease [1].

4.1.2. Anemia of Chronic Disease

Anemia of chronic disease (ACD) is a mild to moderate normocytic, normochromic anemia which
occurs as a consequence of chronic infection, inflammation, or neoplasia. Hepcidin activation by
cytokines causes low serum iron levels and transferrin saturation, but ferritin levels are high due to
inflammation [64,131]. In ACD, oral iron supplementation is ineffective as elevated hepcidin levels
impair intestinal iron absorption. In addition, intravenous iron only marginally improves the anemic
state, as iron becomes trapped in storage sites such as macrophages and hepatocytes as a consequence
of ferroportin degradation by hepcidin.
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Over the past years, various therapeutic strategies have been developed, which include treatment of
the underlying disease, red blood cell transfusions, erythropoietin treatment, and/or intravenous iron
injections [64,132,133]. Experimentally, anti-hepcidin antibodies [102], PRS-080 [134], the
“Spiegelmer” NOX-H94 [135], and inhibitors of BMP signaling, such as LDN-193189 [26,29], have
been explored to decrease hepcidin levels. While LDN-193189 inhibits BMP receptors, so that
hepcidin induction through the BMP receptors is blocked, anti-hepcidin antibodies and the
Spiegelmers bind hepcidin, so that hepcidin cannot exert its effect on FPN. The clinical effectiveness
of these compounds, especially compatibility with infections, will be focus of research within
the next years.

ACD is categorized according to the underlying disease or the patient cohort presenting with ACD:

- Anemia of heart failure;

- Anemia of chronic kidney disease;

- Anemia in inflammatory rheumatic diseases;
- Anemia of the elderly.

4.1.3. Myelodysplastic Syndrome

Different degrees of anemia are frequently observed in Myelodysplastic syndrome (MDS), a
heterogeneous group of disorders caused by genetic aberrations in genes that control hematopoiesis
(reviewed recently by Garcia-Manero [136]). Clinically, MDS presents with abnormal cellular blood
counts. Bone marrow biopsy and visual examination of morphological evidence of dysplasia of the
bone marrow aspirate leads to diagnosis. The underlying cause of MDS is heterogeneous but mutations
in the splicing factor SF3BI or TET2, a gene that functions in the control of cytosine
hydroxymethylation are detected in about 50% of genetically determined MDS. Anemia hallmarks
MDS as a consequence of the loss/reduction of the number of red cells and serves as a prognostic
marker for disease progression. Blood transfusions are indicated to treat severe anemia. As a
consequence, iron overload is also observed in MDS. It was speculated that iron overload may play a
role during the transformation of MDS to acute myeloid leukaemia (AML), when ferritin levels rise
above 2500 ng/mL. In this case, the use of iron chelators is recommended. A phase II study is ongoing
that evaluates the role of iron chelation in MDS (NCT00940602). Curative treatment is still
unavailable, so that bone marrow transplantation is the only potential cure.

4.1.4. Anemias Caused by Genetic Defects

Anemias caused by genetic defects encompass a large group of rare, heterogeneous disorders. They
have a prevalence of less than five cases per 10,000, and are reviewed by Gulbis ef al. [137]. More
than 80% of rare anemias follow a dominant hereditary pattern with a probability of 50% for children
to inherit the disease. In 2013, 62 rare anemia subtypes were listed in the “European Network of Rare
Congenital Anemias” (Www.enerca.org).

Rare anemias include hemolytic anemias, such as hemoglobinopathies that are caused by inherited
defects either in the structure of hemoglobin (Hb) (e.g., sickle cell disease), or in Hb synthesis
(beta-thalassemia), spherocytosis that arises due to mutations in proteins responsible for the regular
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shape of erythrocytes or metabolic deficiencies (e.g., in glucose-6-phosphate hydrogenase) that
increase oxidative stress in erythrocytes. Alterations of the shape and/or viability of erythrocytes
causes hemolysis (the destruction of the red cells), which can be acute or chronic [137].

The identification of novel genes involved in iron transport and homeostasis, and availability of
animal models has enabled the identification of patients with novel rare subtypes of hereditary
microcytic anemias. These diseases are commonly under diagnosed and inappropriately treated due to
a lack of available diagnostic strategies. These anemias arise from mutations in genes that control
(1) duodenal iron absorption (e.g., DMT1 [138]; see Figure 1), (2) systemic iron homeostasis
(e.g., TMPRSS6), or (3) erythroid iron absorption and utilization.

Erythroid precursor cells satisfy their high iron demand by receptor-mediated endocytosis of
Tf-bound iron via TfR1. Therefore, mutations in genes involved in endosomal iron uptake or export,
such as DMT-1 [139], the endosomal ferrireductase STEAP3 [140] or Secl5L1 [141,142] cause
erythroblast iron deficiency and anemia. In the cytoplasm of the erythroblast iron is stored in ferritin or
utilized for heme—or FeS cluster biogenesis in mitochondria. Thus, mutations in genes that interfere
with mitochondrial iron transport (e.g., mitoferrin [ 142]) or FeS cluster biogenesis (e.g., GLRXS [143,144],
ABC7 [145,146]) can cause microcytic anemias in animal models and/or patients. For example,
mutations in Alas2, the first enzyme of the heme biosynthesis pathway, cause x-linked sideroblastic
anemia due to a reduction in the synthesis of PPIX (protoporphyrin IX) [147]. As a consequence, iron
accumulates in erythroblasts, which triggers ROS production and cellular damage. Similarly loss of the
mitochondrial glutaredoxin GLRXS5 causes mitochondrial iron accumulation, oxidative stress and
impaired erythrocyte function [143,144]. Thus far, a single patient with GLRXS5 inactivating mutations
has been described, who is hallmarked by mild microcytic anemia, iron overload, and ring sideroblasts.
The Hb value dropped in the course of his life until he became transfusion dependent. Interestingly,
iron chelator treatment could resolve his anemia [148].

The iron-resistant iron deficient anemia (IRIDA). Genetic IRIDA is a microcytic anemia resistant to
both oral and parenteral iron supplementation [149]. It is caused by mutations in the TMPRSS6 gene
encoding matriptase-2. Patients with IRIDA, and mice with impaired function of matriptase-2, show
inappropriately high hepcidin levels [36,149]. TMPRSS6 is a serine protease that cleaves HJV and
thereby inhibits hepcidin induction [80].

Mutations in TMPRSS6 lead to elevated hepcidin levels and ferroportin internalization and
degradation. As a consequence, iron cannot be sufficiently absorbed from the intestine or released
from iron stores. Therefore, iron supplementation is ineffective. Anemia is not present at birth, but
develops at one month of age, and generally is more pronounced in children than in adults [149].

5. Iron Deficiency and Frequent Diseases

Acute coronary syndrome (ACS) is a leading cause of death worldwide. It occurs due to a lack of
oxygen in the myocardial muscle. Anemia, either caused by nutritional iron deficiency or ACD (see
Section 4.1.2.) is frequently observed in people with an increased risk to develop ACS and myocardial
infarction [150]. Whether anemia causes ACS, or if anemia aggravates disease severity of ACS and
myocardial infarction is poorly understood. As treatment usually has to occur quickly, iron substitution
is secondary in this setting and in case of low hemoglobin levels patients receive blood transfusions.
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The metabolic syndrome affects iron homeostasis by impairment of the hepcidin/ferroportin
regulatory circuitry. In approximately one-third of patients with non-alcoholic fatty liver disease or the
metabolic syndrome hyperferritinemia occurs with normal or mildly elevated transferrin saturation.
Mild iron overload seems to stimulate hepcidin expression and as a consequence, FPN1 is degraded,
and less iron is absorbed. Therefore, long-term obesity is frequently associated with increased hepcidin
levels, iron deficiency, and anemia. Interestingly, both iron deficiency (particularly in severely obese
patients) and iron excess (dysmetabolic iron overload syndrome), are well documented in association
with obesity-related conditions and are reviewed in detail by Datz et al. [151].

Iron Overload

Low hepcidin levels cause iron overload (10), also termed hemochromatosis (HH) in humans.
HH is caused by increased iron export from enterocytes, hepatocytes and macrophages as a
consequence of low hepcidin levels and ferroportin overexpression. Iron accumulates in critical organs
such as the heart, liver, and pancreas where it causes oxidative stress which leads to cirrhosis, cancer,
diabetes, and cardiomyopathy [152]. HH is the most frequent genetic disorder (with an allele
frequency of one in eight) in people of European descent (reviewed in [152]). It develops due to
mutations in genes encoding activators of hepcidin transcription (HFE, transferrin receptor 2 (TFR2),
hemojuvelin (HFE2, or HJV), in FPN or in hepcidin (HAMP) itself [152]. The most common form of
HH is caused by a mutation in the HFE gene.

Although the gene has already been identified in 1996, the pathophysiology has yet to be
understood [56,153]. Mutations in the HFE gene lead to an adult onset of HH, while mutations in
TFR2, HJV, and HAMP cause a more aggressive juvenile subtype. In HH serum iron levels, transferrin
saturation and ferritin levels are increased. If HH is diagnosed early enough organ damage can be
prevented by repeated phlebotomy. However, given that symptoms of HH are typically non-specific
(e.g., fatigue, arthralgia, malaise, darker skin, or increase in transferrin saturation), the disease often
goes undiagnosed for decades. If iron-mediated organ damage has occurred repeated phlebotomy
cannot reverse the iron-induced organ damage [152].

While HH is a liver disease, secondary hemochromatosis is caused by hereditary or acquired
anemia subtypes that arise from mutations in genes that lead to insufficient or malfunctioning
erythrocytes (e.g., MDS, thalassemias, or sickle cell disease). In these so-called iron-loading
anemias [149,154] a signal is sent from proliferating erythrocytes to the liver to decrease hepatic
hepcidin levels and increase duodenal iron uptake and macrophage iron release. As the iron cannot be
utilized for erythropoiesis, it accumulates in different organs causing damage. These patients
frequently require blood transfusions which exacerbates the iron overload (one unit of red blood cells
contains 200-250 mg iron). In this case the iron overload due to the blood transfusions is compensated
for by iron chelator treatment to avoid iron toxicity [149,154-156].

Neonatal hemochromatosis (NH) is caused by severe fetal liver disease of the newborn with iron
overload of the liver and in extrahepatic tissues. It is also called gestational alloimmune liver disease
(GALD) [157]. Fetal liver controls the iron flow from the mother to the fetus to satisfy the iron
demand for growth, hemoglobin synthesis and organ functions. Iron efflux from the placenta depends
on FPN1. Interestingly, livers of the fetus and newborns with GALD express only low hepcidin levels
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compared to healthy fetuses. Thus, the liver-injury-induced failure to produce adequate amounts of
hepcidin may increase the FPN1-mediated export of placental iron and explain the iron overload seen
in GALD patients [157].

6. Iron Overload and Frequent Diseases

An increasing number of reports suggest that mild to moderate increases in tissue iron levels may
have significant clinical relevance in several common, acquired disorders. These conditions include
chronic liver diseases such as alcoholic (ALD) and non-alcoholic fatty liver disease (NAFLD),
steatohepatitis (ASH and NASH), chronic hepatitis C infections, and end-stage liver disease [158]. In
these diseases, iron deposits are detected either in hepatocytes, Kupffer/sinusoidal cells, or in both.
There, proliferative and mutagenic effects of excess iron may converge to explain the pathogenic role
of iron in the progression of chronic liver diseases and/or hepatocellular carcinoma development [159,160].
In addition, increased iron stores predispose to insulin resistance (while iron removal restores the
response to insulin) and late diabetic complications [161,162]. Furthermore, increased body iron stores
correlate with the risk for atherosclerosis and cardiovascular diseases [163]. In these disorders it was
hypothesized that hepcidin promotes atherosclerosis by inducing macrophage iron accumulation and
the release of cytokines. Finally, patients with Alzheimer’s disease or Parkinson’s disease experience a
dramatic increase in their brain iron content which has opened the possibility that disturbances in brain
iron homeostasis may contribute to the pathogenesis of these disorders [164—166].

7. Conclusions

Systemic iron homeostasis is regulated by the hepatic hormone hepcidin, which controls iron export
from ferroportin expressing cell types. Dysregulation of the hepcidin/ferroportin regulatory system
causes two major classes of widespread diseases: anemia in case hepcidin levels are high, or
hemochromatosis in case hepcidin levels are inappropriately low. In addition, cellular iron deficiency
and/or iron overload aggravates disease severity in frequent acquired diseases such as acute coronary

syndrome, metabolic syndrome, or chronic liver disease.
8. Perspective

Systemic iron homeostasis is unbalanced in severe genetic disorders of iron metabolism and in
frequent acquired diseases. The most frequent subtype of anemia is caused by nutritional iron
deficiency closely followed by the anemia of chronic disease (ACD). In ACD, hepcidin levels are high
due to an excess of inflammatory cytokines, which prohibits oral iron substitution. Our current
understanding of regulatory mechanisms involved in systemic iron homeostasis fueled the development of
novel pharmacological agents that block hepcidin induction, or hepcidin itself. Some of these are
currently under evaluation in phase III studies in humans. In the future even more detailed insights into
mechanisms and pathways regulating iron homeostasis will be gained by identifying novel genes
mutated in genetically inherited anemias or iron overload diseases and by understanding molecular
mechanisms of iron misregulation in acquired (metabolic) diseases and its pathological consequence.
We expect that this will uncover clinically useful information that may lead to the development of
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novel therapeutic approaches or the identification of diagnostically or prognostically useful markers
that can be applied to monitor disease progression.
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