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ABSTRACT

Hepcidin, the liver-produced peptide hormone, is a principal regulator of iron homeostasis. Abnormal hepcidin production has emerged as a causative factor in several common iron disorders. Hepcidin insufficiency results in iron
overload in hereditary hemochromatosis and iron-loading anemias, whereas hepcidin excess causes or contributes to
the development of iron-restricted anemias in inflammatory diseases, infections, some cancers and chronic kidney
disease. Not surprisingly, hepcidin and related pathways have become the target for the development of novel therapeutics for iron disorders. In this review, we will summarize the strategies and development programs that have
been devised for agonizing or antagonizing hepcidin and its receptor ferroportin.

Systemic iron homeostasis and the iron
hormone hepcidin
Iron plays an essential role in cellular metabolism and erythropoiesis. In a healthy adult human, plasma iron is strictly
maintained in the range of 10-30 μM. Long-term deviations
from this range cause clinically important iron-related disorders.1 Low plasma iron (hypoferremia) restricts the amount of
iron available to erythrocyte precursors eventually resulting
in anemia. Cellular processes requiring ferroproteins may also
be compromised in a hypoferremic state. Non-hematologic
manifestations of iron deficiency can include changes in nails,
tongue, and esophagus as well as deficits in muscular function.2 At the other extreme, when plasma iron concentrations
exceed the iron-binding capacity of transferrin, iron will complex with organic anions such as citrate or albumin3 (commonly referred to as non-transferrin-bound iron or NTBI).
High concentrations of iron transferrin and the presence of
NTBI in circulation result in iron accumulation in parenchymal cells. Excessive intracellular iron catalyzes the generation
of reactive oxygen species that can cause extensive damage to
cells and tissues, with resulting dysfunction of the liver, heart
or endocrine glands.3
To meet the iron demands of the organism while avoiding
iron toxicity, systemic iron balance is tightly regulated by the
peptide hormone hepcidin (HAMP),1 produced primarily in
hepatocytes. Hepcidin controls plasma iron concentrations
by regulating the delivery of iron to plasma through the iron
exporting protein ferroportin.4 Ferroportin (SLC40A1, Solute
carrier family 40, member 1) is the sole known cellular iron
exporter in vertebrates.5 It is mainly expressed in cells processing large amounts of iron: enterocytes in the duodenum
involved in dietary iron absorption, macrophages of the
spleen and liver that recycle senescent erythrocytes, hepatocytes involved in iron storage, and placental syncytiotrophoblast that transfers iron from the mother to the fetus.
Hepcidin binding triggers rapid ubiquitination of ferroportin,
resulting in endocytosis of the ligand-receptor complex and

their ultimate proteolysis.6,7 Hepcidin-induced degradation of
ferroportin decreases the delivery of iron from iron exporting
cells into plasma, resulting in hypoferremia. Because of the
central role hepcidin plays in the maintenance of iron homeostasis, dysregulation of hepcidin production or of its interaction with ferroportin results in a spectrum of iron disorders.

Regulation of hepcidin production
Multiple new therapeutic approaches targeting hepcidin
are based on manipulating the mechanisms regulating hepcidin production. A brief overview of the main pathways regulating hepcidin production is provided.

Hepcidin regulation by iron availability
Similarly to other hormones that are regulated by their substrates, hepcidin production is homeostatically regulated by
iron. Hepcidin transcription, and consequently its synthesis
and secretion, is induced in response to increases in plasma
iron or cellular iron stores, and this generates a negative feedback loop as hepcidin restricts the flows of iron into the plasma and blocks further dietary iron absorption. Mutations in
the proteins involved in iron sensing or signal transduction
can lead to hepcidin deficiency and the development of iron
overload in humans and mice. Our current understanding of
the pathways involved in hepcidin regulation by iron is
shown in Figure 1A.
The bone morphogenetic protein receptors (BMPR) and
their SMAD signaling pathway mediate the hepcidin transcriptional response to iron levels. ALK2 and ALK3 have
recently been identified as the specific BMP type I receptors
involved in hepcidin regulation8 as mice with liver-specific
deletion of Alk2 or Alk3 exhibited decreased hepcidin expression and iron overload. These mice also failed to increase
hepcidin rapidly in response to iron-dextran injection.
BMP ligands and co-receptors also participate in hepcidin
regulation by iron. Multiple BMP ligands can activate hepcidin transcription in vitro, but so far only BMP6 was shown

©2013 Ferrata Storti Foundation. This is an open-access paper. doi:10.3324/haematol.2013.084624
Manuscript received on June 6, 2013. Manuscript accepted on July 30, 2013.
Correspondence: enemeth@mednet.ucla.edu
haematologica | 2013; 98(11)

1667

E. Fung et al.

to be an important non-redundant regulator of hepcidin
transcription in vivo in mice.9,10 BMP6 knockout mice have
profoundly decreased hepcidin expression and develop
severe iron overload. BMP6-/- mice did not increase hepcidin in response to acute dietary iron challenge, and had
a blunted hepcidin response to chronic iron loading.11
However, in humans, no iron-related role of BMP6 has so
far been demonstrated. The glycosylphosphatidylinositol
(GPI)-linked protein hemojuvelin (HJV) is the BMP coreceptor that specifically regulates hepcidin expression.12
Humans with HJV mutations develop the most severe
form of genetic iron overload, juvenile hemochromatosis,
due to profound hepcidin deficiency.13 Hjv knockout mice
are also severely iron-loaded, fail to increase hepcidin after
acute iron loading, and show severe impairment in
response to chronic iron loading.11
The BMP pathway signaling to hepcidin is modulated
by plasma iron concentrations.14 In blood plasma, iron is
normally bound to transferrin. It has been proposed that
transferrin receptors 1 and 2 (TfR1 and TfR2) and their
interacting partner HFE serve as sensors of holo-transferrin
concentrations. Increasing concentrations of holo-transferrin displace HFE from TfR1 and promote HFE interaction
with TfR2.15 HFE and TfR2 were shown to interact with
HJV, forming a membrane-associated protein complex, at
least when over-expressed in hepatoma cells.16 It has,
therefore, been thought that HFE and TfR2 promote hepcidin expression by enhancing SMAD activation.17
However, there is evidence that HFE and TfR2 can also
regulate hepcidin independently of each other,18 although
the specific signaling mechanisms are not understood.
Mutations in HFE and TfR2 in humans lead to relative
hepcidin deficiency and hereditary hemochromatosis.1,19
Hepcidin production is further modulated by proteins
that posttranslationally regulate the levels of membraneassociated HJV. Transmembrane serine protease
TMPRSS6, also known as matriptase-2, cleaves membrane
HJV,20 possibly in an iron-dependent manner as TMPRSS6
protein levels were increased in iron deficient rats.21
Inactivation of TMPRSS6 in humans and mice leads to

inappropriately high hepcidin levels and consequent iron
restriction and anemia.22 A multifunctional membrane
protein neogenin was also shown to interact with
TMPRSS6 and HJV, and it facilitated cleavage of HJV by
TMPRSS6 in vitro.23 The specific involvement of these proteins in iron sensing is still uncertain.
Hepcidin transcription is also controlled by intracellular
iron concentrations via a mechanism that is distinct from
that related to extracellular iron.11 The specific pathways
or cell types involved in the sensing of intracellular iron are
not known. One of the mediators may be BMP6, whose
expression increases with liver iron loading.24

Hepcidin regulation by erythropoietic signals
Increased erythropoietic activity, such as after hemorrhage or hemolysis, suppresses hepcidin expression.25
Intact bone marrow is necessary for this effect,26 and it is
thought that precursors in the bone marrow secrete an
‘erythroid factor’ which suppresses hepcidin in proportion
to the erythropoietic activity. Lower hepcidin makes more
iron available for erythropoiesis. Exuberant erythropoietic
activity that fails to produce mature erythrocytes, such as
in anemias with ineffective erythropoiesis, leads to pathological suppression of hepcidin and consequent iron overload.27,28 GDF-15 and TWSG1 were proposed as candidate
suppressors of hepcidin in beta(β)-thalassemia and other
iron-loading anemias.29,30 The question as to whether the
same pathways mediate both physiological and pathological suppression of hepcidin in response to increased erythropoietic activity remains unresolved.

Hepcidin regulation by inflammatory stimuli
Hepcidin increase caused by inflammation may have
evolved as a host response to infection where hepcidintriggered hypoferremia could slow the growth of microorganisms. A protective role of hepcidin in infections, however, has not been formally demonstrated. Nevertheless,
hepcidin regulation by inflammation has been extensively
explored and elevated hepcidin is thought to contribute to
the development of anemia in a variety of inflammatory

Figure 1. Pathways regulating hepcidin expression. (A) Hepcidin regulation by iron. Binding of holo-transferrin (Fe-Tf) to TfR1 displaces HFE
from the complex with TfR1. HFE then interacts with TfR2, which is itself stabilized by the binding of Fe-Tf. The HFE/TfR2 is thought to form a
complex with hemojuvelin (HJV), a BMP co-receptor. The BMP pathway is consequently stimulated, resulting in the phosphorylation of
Smad1/5/8 and an increase in hepcidin transcription. Additional proteins (TMPRSS6/matriptase-2 (MT2) and neogenin) mediate the cleavage
of membrane HJV and thus modulate hepcidin transcription. (B) Hepcidin regulation by inflammation. During inflammation, IL-6 and other
cytokines (e.g. oncostatin M, IL-22) activate the Stat3 pathway to promote transcription of hepcidin. Activin B acting via BMP receptors and
the Smad1/5/8 pathway was also proposed to stimulate hepcidin expression during inflammation.
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conditions.1 Hepcidin transcription is increased by interleukin-6 (IL-6)31 (Figure 1B). The binding of IL-6 to its
receptor triggers a signal transduction cascade that results
in the phosphorylation of the transcriptional factor STAT3
by the signaling kinase JAK2. Phosphorylated STAT3 in
turns binds to the cognate motifs in the hepcidin promoter
and increases hepcidin transcription.32 Other cytokines
that activate the STAT pathway can also increase hepcidin
transcription, including IL-22 and oncostatin M.33,34 The
BMP pathway synergistically stimulates hepcidin expression during inflammation.33,35 Additionally, activin B, a
member of the TGF-β superfamily, has been suggested to
mediate hepcidin increase after LPS injection even in IL-6
knockout mice,36 by activating the Smad1/5/8 pathway.

The role of hepcidin in iron disorders
Hepcidin deficiency in iron overload disorders
Hereditary hemochromatoses are a group of genetic disorders of iron homeostasis in which hepcidin is deficient,
due to deleterious mutations in the genes encoding either
regulators of hepcidin or hepcidin itself.1 Low hepcidin
allows unchecked ferroportin activity giving rise to dietary
iron hyperabsorption and rapid iron release from
macrophages (Figure 2B). As transferrin iron-binding
capacity is exceeded by the large iron flux, non-transferrin-bound iron (NTBI) appears in the circulation. NTBI is
taken up by the liver and other parenchyma, eventually
resulting in iron overload and associated morbidity. The
severity of iron overload correlates with the degree of hepcidin deficiency. In juvenile hemochromatosis, mutations
in the genes encoding hepcidin37 or hemojuvelin13 result in
almost complete loss of hepcidin synthesis, with little or
no hepcidin detectable in plasma. In the adult form of the
disease caused by mutations in HFE and TfR2, hepcidin
response to iron loading is partially preserved,11,19 thus iron
overload develops later in life and tends to be less severe.
Another form of iron overload associated with hepcidin
deficiency includes iron-loading anemias such as β-thalassemia and congenital dyserythropoietic anemias.38
Figure 2. The role of hepcidin in the pathogenesis of iron disorders. (A)
Normal iron homeostasis: hepcidin modulates iron flows into plasma
from splenic and liver macrophages, hepatocytes and the duodenum
to maintain relatively constant plasma iron concentrations. Most of the
plasma iron is utilized by erythroid precursors in the bone marrow to
synthesize hemoglobin. This iron is eventually recycled from old red
blood cells by erythrophagocytosing macrophages. (B) Iron overload:
hepcidin insufficiency causes iron overload in hereditary hemochromatosis and iron-loading anemias. In hereditary hemochromatosis,
hepcidin production is low because of inactivating mutations in the
genes encoding hepcidin or its regulators. In iron-loading anemias,
hepcidin is suppressed by the high erythropoietic drive, via as yet poorly understood mechanisms. In either disease, low hepcidin allows
excessive iron absorption and rapid release of recycled iron from
macrophages. Plasma iron levels increase, non-transferrin-bound iron
(NTBI) accumulates, and excess iron is deposited in vital organs where
it causes organ damage. (C) Iron-restricted anemias: hepcidin is elevated in inflammatory disorders, certain cancers and chronic kidney disease because proinflammatory cytokines stimulate hepcidin transcription. In kidney diseases, decreased renal clearance of hepcidin may
also contribute. In iron-refractory iron deficiency anemia, hepcidin is
increased because of the mutations in TMPRSS6, a negative regulator
of hepcidin. In all of these conditions, elevated hepcidin inhibits iron
efflux from macrophages, hepatocytes and the duodenum. As a result,
hypoferremia develops and erythropoiesis becomes iron-limited, eventually manifesting as anemia.
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These diseases are characterized by ineffective erythropoiesis with extreme expansion of the erythroid precursor
pool and premature death of these cells before they develop into functional erythrocytes. It is thought that precursors release one or more suppressive factors which act on
the liver to decrease hepcidin production. In non-transfused patients, similarly to hereditary hemochromatosis,
low hepcidin leads to excessive iron absorption, high concentrations of NTBI and development of iron overload
(Figure 2B). Despite iron loading, hepcidin remains inappropriately suppressed in these patients because the exuberant erythroid activity opposes the effects of iron on
hepcidin production.27 Even in transfused patients, where
expanded erythropoiesis is partially ameliorated, hepcidin
is lower than would be expected for the degree of iron
overload.28,39 Furthermore, hepcidin levels fluctuate
depending on the phase of the transfusion cycle30 suggesting that, as the effect of transfusion wears off and hepcidin
is lowered, dietary iron absorption could contribute to
iron loading even in transfused patients.

excess and the resulting iron restriction affect the size of
erythrocytes, their hemoglobin content and the production rate are not yet known. Remarkably, whereas in noninflammatory syndromes of hepcidin excess (IRIDA,22
hepcidin-producing adenomas,42 transgenic hepcidin
mice40) erythrocytes are characteristically small, during
inflammatory iron restriction erythrocyte numbers are
decreased but their size and hemoglobin content are relatively preserved.45 These differences and early experimental evidence suggest that inflammatory cytokines, including interferon-γ and IL-6, may contribute to anemia
through hepcidin-independent effects on hematopoietic
precursor differentiation and erythrocyte maturation.46,47
Nevertheless, decreased erythropoietic response to
endogenous and exogenous erythropoietin appears to be
characteristic of both inflammatory and non-inflammatory forms of iron-restricted erythropoiesis.

Hepcidin-based therapeutics for iron disorders
Proof of principle in mouse genetic models

Hepcidin excess in iron-restrictive disorders
By causing ferroportin degradation, excessive plasma
hepcidin inhibits iron absorption in the duodenum and
restricts iron export from macrophages, thereby decreasing the iron available for hemoglobin production (Figure
2C). Accordingly, transgenic mice over-expressing hepcidin developed anemia with iron-restricted erythropoiesis.40 Increased hepcidin is seen in diverse human disorders associated with iron restriction and anemia1,41 but
the underlying causes are varied. In inflammatory diseases
and infections, proinflammatory cytokines such as IL-6
stimulate hepcidin production. BMP-2 was shown to be a
major stimulus of hepcidin production in multiple myeloma.35 In rare hepatic adenomas, autonomous hepcidin production by tumors was observed.42 In the genetic disorder
iron-refractory iron deficiency anemia (IRIDA), loss-offunction mutations in TMPRSS6, the negative regulator of
hepcidin transcription, lead to hepcidin overproduction.22
In chronic kidney disease, impaired renal clearance of hepcidin from plasma may contribute to increased hepcidin
levels.43,44 The specific mechanisms by which hepcidin

Increasing evidence indicates that hepcidin deficiency
and excess play a pathogenic role in iron disorders, thus
hepcidin agonists and antagonists would be expected to
improve the treatment of these common conditions.
Genetic studies in animal models provided the proof of
principle that hepcidin could be an effective therapeutic
target. Transgenic overexpression of hepcidin in HFE-/mice, a model of the most common form of human hereditary hemochromatosis, prevented the liver iron overload
normally seen in these mutants.48 In β-thalassemia intermedia mouse models, moderate transgenic hepcidin
expression not only decreased iron loading of the liver, but
also had beneficial effects on erythropoiesis.49 The lifespan
of red cells was prolonged, hemoglobin levels increased
and splenomegaly was diminished, apparently because
mild iron restriction in these mice decreased formation of
insoluble membrane-bound globins and reactive oxygen
species.
Conversely, in mouse models of anemia of inflammation (AI), hepcidin deficiency was demonstrated to ameliorate the phenotype. When anemia was induced by

Table 1. Hepcidin-targeting approaches currently under development

Mode of action

Therapeutics

Hepcidin agonists

Class 1: Hepcidin mimics
Class 2: Stimulators of hepcidin production

Hepcidin antagonists

Class 1: Inhibitors of hepcidin production

Minihepcidins57,58
TMPRSS6 siRNA or antisense oligonucleotides60,61
BMP662
Small molecule activators of Stat/Smad pathways (genistein63)
BMP binders (sHJV.Fc74, heparin69,70)
Small molecule inhibitors of the BMPR type I kinase (LDN-19318974;77;78)
Hemojuvelin antisense oligonucleotides79
TfR2 siRNA80
Hepcidin antisense oligonucleotides79 or siRNA80
Anti-inflammatories (anti-IL6/IL6R81-84, anti-TNFα85, AG49086)
Erythropoiesis-stimulating agents91,92
Anti-hepcidin monoclonal antibodies94,95
Anticalins97
Spiegelmers99,100
Anti-ferroportin monoclonal antibodies107
Thiol modifiers (fursultiamine104)
Under development

Class 2: Neutralizing hepcidin peptide
Class 3: Interfering with hepcidin binding to ferroportin
Class 4/5: Preventing ferroportin endocytosis
or stimulating ferroportin production
1670
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heat-killed Brucella abortus or by turpentine-induced sterile
abscesses, hepcidin knockout mice demonstrated milder
anemia with faster recovery than wild-type mice.50-52
Similarly, in mice with liver-specific deletion of the BMP
receptor Alk3, a critical regulator of hepcidin, chronic turpentine injections failed to decrease hemoglobin.53

Hepcidin agonists
Current treatment options for patients with iron overload diseases are relatively limited. Hereditary hemochromatosis is typically treated with phlebotomies. This is an
effective and inexpensive treatment for many patients, but
not all patients tolerate phlebotomy.54 Iron-loading anemias such as β-thalassemia are treated by iron chelation
but this treatment can have serious side effects.55 As hepcidin deficiency causes iron overload in both of these disorders, agents that can mimic hepcidin function or potentiate its endogenous production would be expected to prevent systemic accumulation of iron. Both of these types of
approaches are under development (Table 1). The hepcidin peptide itself does not have desirable pharmacological properties as the synthesis of bioactive hepcidin is difficult and costly and the peptide has a relatively short halflife in circulation (several minutes).56

Class 1: hepcidin mimics
Minihepcidins are peptide-based hepcidin agonists
which were rationally designed based on the region of
hepcidin that interacts with ferroportin.57 Mutagenesis
studies and biomolecular modeling indicated that the first
9 amino acids of the hepcidin N-terminus were important
for hepcidin activity. Synthetic N-terminal peptides were
further engineered to increase their bioavailability.
Unnatural amino acids were introduced to increase resistance to proteolysis and fatty acids were conjugated to prolong the half-life in circulation and potentially increase
oral absorption. Some of the minihepcidins that were
developed were at least as potent as the full-length hepcidin, and had a longer duration of action.58 To confirm the
results of the principle studies, a minihepcidin (PR65) was
tested in hepcidin knockout mice, a model of severe
hemochromatosis. In a ‘preventive mode’, iron-depleted
hepcidin knockouts were given subcutaneous injections of
either PR65 or solvent for two weeks while they were
maintained on an iron-loading chow. Unlike the solvent
injections, PR65 completely prevented iron loading of the
liver, decreased heart iron levels, and normalized iron
retention in the spleen and duodenum.58 At high doses,
PR65 also caused profound iron restriction and anemia.
This would be expected as the main side effect of the therapy, and titration to effect may be required to avoid excessive hypoferremia and iron restriction. In a ‘treatment
mode’, hepcidin knockout mice with pre-existing iron
overload were injected with PR65 for two weeks. This
caused partial redistribution of iron from the liver to the
spleen, but the effect was more moderate.58 Minihepcidins
could thus be useful for the prevention of iron overload, or
may be used in combination with phlebotomy or chelation for the treatment of existing iron overload.

Class 2: stimulators of hepcidin production
Targeting TMPRSS6: Nai et al.59 demonstrated that
homozygous inactivation of TMPRSS6 in thalassemic th3/+
mice increased hepcidin levels, ameliorated iron overload,
and improved ineffective erythropoiesis. The study providhaematologica | 2013; 98(11)

ed the proof of principle that targeting of Tmprss6, a negative regulator of hepcidin production, may be a useful
approach for the therapy of iron overload disorders.
Recently, two studies harnessed RNA-based technologies to
decrease the levels of Tmprss6 and demonstrated their effectiveness in increasing hepcidin transcription and reverting
iron overload in mouse models.60,61 Guo et al. utilized antisense oligonucleotides (ASOs) against Tmprss6 mRNA.60
ASOs are single-stranded nucleic acids containing modified
bases that protect ASOs from degradation by exonucleases.
These ASOs trigger the degradation of their target mRNA
based on the RNaseH mechanism. Schmidt et al. used small
interfering RNA (siRNA) against Tmprss6.61 Unlike ASOs,
siRNAs are double-stranded nucleic acids designed to inhibit the expression of its target genes through the RNA interference pathway. Tmprss6 siRNA was packaged in lipid
nanoparticles that promotes their delivery to the liver, the
main site of TMPRSS6 expression and activity. Both studies
evaluated the effect of Tmprss6 knockdown in HFE-/- mice
and thalassemic th3/+ mice after six weeks. ASOs were
injected twice a week (100 mg/kg/wk) and siRNA every
two weeks (1 mg/kg). The effects of the two approaches on
endogenous hepcidin expression, iron and hematologic
parameters were remarkably similar. With both approaches, hepcidin mRNA increased 2-3 fold in HFE-/- and th3/+
mice compared to control injections.60,61 In HFE-/- mice,
serum iron and liver iron concentrations were reduced compared to the vehicle control group, and spleen iron was
increased. A mild reduction in hemoglobin was also
observed indicating some iron restriction. In the mouse
model of thalassemia intermedia (th3/+), 6-week treatment
decreased liver iron but also improved anemia and ineffective erythropoiesis, with reduced spleen size and improved
maturation of erythroid precursors, reproducing the effect
of transgenic hepcidin overexpression in th3+/- mice.49
Targeting TMPRSS6 in humans may be a promising
approach to treat iron overload disorders associated with
hepcidin insufficiency.
BMP agonists: a study by Corradini et al.62 highlighted
the potential of BMP6 agonists for the management of
iron overload disorders. As mentioned earlier, BMP6
appears to be the major endogenous BMP regulating hepcidin transcription, at least in mice. In BMP6 knockout
mice, no other significant abnormalities were noted
except that hepatic hepcidin mRNA was virtually undetectable and iron overload phenotype was seen in the liver
and other organs.9,10 Corradini et al. treated HFE–/– mice
with exogenous BMP6 twice daily for ten days. This
resulted in increased hepcidin mRNA expression, reduced
serum iron, and the expected iron retention in the spleen
and duodenum.62 No decrease in the iron content of the
liver, heart or pancreas was observed within ten days,
probably because the mice were already iron over-loaded
and longer dosing would be necessary to observe any
effects. Similar to other approaches that increased hepcidin activity, erythropoiesis was mildly iron-restricted.
The main challenge with therapeutic application of BMP
agonists in iron disorders will be off-target effects such as
bone formation. For example, 2-week injections of BMP6
in mice resulted in peritoneal calcifications.
A small-scale chemical screen in zebrafish embryos
identified the isoflavone genistein as an enhancer of hepcidin transcription.63 In a cellular system in vitro, genistein
promoted hepcidin expression via both Stat3 and BMPdependent pathways, but not via estrogen receptors,
1671
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known targets of genistein. This is the first demonstration
of a small molecule acting to promote hepcidin activity,
and its potential for the treatment of iron overload
remains to be tested in mouse models.

Hepcidin antagonists
Elevated serum hepcidin is thought to contribute to the
development of anemia associated with inflammation,
chronic kidney disease, some cancers and IRIDA.
Treatment options for these diseases include erythropoiesis-stimulating agents (ESAs) with or without highdose intravenous iron, but erythropoietin resistance is
commonly observed as a consequence of inflammation.64,65
The long-term effects of high doses of ESAs and IV iron
are not known but concerns have arisen about the potential side effects of ESAs66,67 most of which appear to be
dose-related. More specific interventions are needed, and
hepcidin antagonists may offer an alternative and/or allow
safer dosing of erythropoietic drugs.
Multiple strategies to counter the effect of hepcidin in
iron-restrictive disorders have been described (Table 1).
Decreased hepcidin production could be achieved by targeting the hepcidin regulatory pathways (iron-related,
inflammatory or erythropoietic pathway) or by targeting
hepcidin mRNA using anti-gene therapies. The hepcidin
peptide itself can be neutralized with pharmacological
agents. In addition, the hepcidin receptor ferroportin could
be targeted in different ways: by interfering with the hepcidin binding site on ferroportin, by preventing hepcidinmediated ferroportin endocytosis, or by stimulating de
novo ferroportin production.

Class 1: decreasing hepcidin production
Targeting the BMP pathway: as the BMP pathway plays
a key role in stimulating hepcidin transcription, sequestration of BMP ligands could decrease hepcidin expression.
Heparin, a glycosaminoglycan widely used as an anticoagulant, has long been known to bind BMPs.68 Poli and
colleagues demonstrated that heparin inhibited hepcidin
expression in hepatic cell lines as well as in mice.69 Daily
injections in mice for seven days (50 mg/kg/d) decreased
hepcidin mRNA expression and SMAD phosphorylation,
increased serum iron and reduced spleen iron concentration. In 5 patients treated with low molecular weight
heparin to prevent deep vein thrombosis, serum hepcidin
concentration decreased by 80-85% within 2-5 days after
the start of the treatment. Concurrently, increased serum
iron levels and transferrin saturation were noted in all 5
patients. Although the safety profile of heparin is well
understood, its anticoagulant activity hinders its wider
application to iron-restricted disorders. To address this,
Poli and colleagues recently prepared non-anticoagulant
heparins70 that retained BMP-modulating activity and
potently suppressed hepcidin in vitro and in mice in vivo,
also in the presence of an inflammatory stimulus.
Interestingly, heparin is also known to have anti-inflammatory activity69 and this could further contribute to its
usefulness for the treatment of iron-restricted disorders.
Soluble hemojuvelin-Fc fusion protein (sHJV.Fc) is
another agent aimed at preventing the interaction of BMPs
with their receptors. sHJV is a soluble fragment of the
membrane-linked BMP co-receptor hemojuvelin, and the
soluble and membrane form have opposing effects on
hepcidin expression.71 sHJV is known to bind BMP6 and
other BMPs, and this results in decreased Smad signaling
1672

in the cell and decreased hepcidin expression.72,73 sHJV.Fc
was also shown to ameliorate anemia of inflammation in
a rat model.74 Rats were injected with Group A
Streptococcal Peptidoglycan-Polysaccharide (PG-APS),
and three weeks later they were injected with sHJV.Fc (20
mg/kg) twice a week for an additional four weeks. sHJV.Fc
treatment resulted in higher hemoglobin, increased ferroportin levels in the spleen and higher serum iron, although
by this point hepcidin mRNA was not significantly
decreased. Interestingly, sHJV.Fc was shown to be a broadspectrum BMP antagonist75 that blunted BMP2- and
BMP6-mediated induction of a host of genes in Hep3B
cells. This raises the question of the possible off-target
effects of sHJV-Fc and other BMP-targeting therapeutics.
Inhibition of BMP type I receptor signaling by smallmolecule inhibitors was also effective in alleviating ironrestricted anemias. LDN-193189 is a derivative of dorsomorphin, a small-molecule inhibitor of the BMP pathway,
and it specifically antagonizes BMP receptor isotypes
ALK2 and ALK3.76 Theurl et al. used the rat PG-APS model
of anemia of inflammation, and starting at three weeks
after PG-APS injection administered LDN-193189 every
other day for four weeks. This regimen decreased hepcidin, increased serum iron and effectively reversed anemia.74 Similarly, in a chronic turpentine model of anemia
of inflammation in mice, daily injections of LDN-193189
administered concurrently with turpentine injections77
prevented the development of anemia. LDN-193189
improved hemoglobin even when administered to mice
after the turpentine-induced anemia was already established.77 In a rat model of anemia of chronic kidney disease
caused by adenine treatment, Sun and colleagues administered LDN-193189 for five weeks.78 Although overall
hemoglobin levels did not improve, hepcidin mRNA was
decreased, and this was accompanied by improved mobilization of iron from the spleen, increased serum iron and
increased hemoglobin content of reticulocytes.
Inhibiting the BMP pathways clearly results in
decreased hepcidin levels in animal models and even in
humans. However, as BMP pathways have pleiotropic
effects, the main challenge of the BMP-targeted agents will
be to achieve specificity for hepcidin over other BMP-regulated processes.
RNA-based targeting of hepcidin regulators is also under
development (hemojuvelin antisense oligonucleotides79
and TfR2 siRNA).80 TfR2 siRNA administration potently
decreased hepcidin mRNA in the rat model of anemia of
inflammation (PG-APS) and resulted in the correction of
anemia.80 Given that clinical consequences of HJV or TfR2
mutations in human patients are limited to iron overload,
these anti-gene approaches may offer reasonable specificity for hepcidin suppression, subject to the general challenges associated with anti-gene technologies.
Targeting the inflammatory pathway: during inflammation, hepcidin expression is highly induced by the IL6/Stat3 and possibly other pathways. Therefore, anticytokine agents that are used to treat inflammatory diseases may have an added benefit of reducing hepcidin
expression. Neutralizing monoclonal antibodies against IL6 or IL-6 receptor have been shown to decrease hepcidin
production in animal models and even humans.
Multicentric Castleman’s disease is a rare lymphoproliferative disorder that is commonly associated with overproduction of IL-6 and anemia. Treatment of Castleman’s disease patients with anti-IL6R resulted in a rapid and prohaematologica | 2013; 98(11)
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longed reduction of serum hepcidin and the correction of
anemia.81 The same drug rapidly resolved anemia in monkeys with collagen-induced arthritis.82 Anti-IL-6 antibody
treatment in patients with renal cell carcinoma, multiple
myeloma or Castleman’s disease also effectively decreased
hepcidin and increased hemoglobin.83,84 Anti-TNFα antibody in patients with rheumatoid arthritis similarly caused
a sustained decrease in hepcidin.85 Although TNFα by itself
suppresses hepcidin in vitro,31 the observed opposite effects
of the anti-TNFα treatment in patients are likely a consequence of a general decrease in inflammation and IL-6 levels. Treatment with a small molecule STAT3 inhibitor
(AG490) also decreased hepcidin and increased serum iron
in healthy mice.86 Although anti-cytokine therapies are
effective in lowering hepcidin production, their side effects
include increased risk of infection due to impaired host
defense,87,88 thus these types of therapies may be confined
to the treatment of severe inflammatory diseases.
Targeting the erythropoietic pathway: ESAs are another
example of pharmacological strategies that are not directly
targeted at hepcidin but whose beneficial effects in anemia may include a suppression of hepcidin production to
increase iron availability. Large pharmacological doses of
erythropoietin (Epo) can overcome the resistance to erythropoietin seen in anemia of inflammation,89 and this
may be in part due to hepcidin suppression, mediated
indirectly by inducing the production of one or more
unknown erythroid regulators. A single injection of Epo in
human volunteers results in a rapid suppression of serum
hepcidin.90 In clinical trials in CKD patients either receiving hemodialysis or not, prolyl hydroxylase inhibitors
which stabilize hypoxia-inducible factor and increase Epo
production were effective in lowering hepcidin and correcting hemoglobin even without intravenous (IV) iron
supplementation.91,92 However, the use of ESAs in patients
with chronic kidney disease or cancer has been associated
with serious adverse effects.66,67 A US Food and Drug
Administration (FDA) black box warning states that “ESAs
increase the risk of death, myocardial infarction, stroke, venous
thromboembolism, thrombosis of vascular access and tumor progression or recurrence”. An early candidate for prolyl hydroxylase inhibitors also led to fatal hepatic necrosis in one
patient and abnormal elevations of liver enzymes in other
patients.93 Thus, the use of ESAs as an approach to lower
hepcidin in disorders where it is elevated may be subject
to safety concerns.
Hepcidin anti-gene therapies: programs targeting hepcidin mRNA itself using siRNAs or antisense oligonucleotides have been announced.79,80 As hepcidin mRNA is
highly expressed, particularly during inflammation,
decreasing an abundant target with anti-gene approaches
may present a technical challenge. At the same time,
because these agents preferentially accumulate in the liver,
the primarily hepatic expression of hepcidin makes it a
suitable target for these technologies.

Class 2: neutralizing hepcidin peptide
A number of strategies have been developed that neutralize hepcidin activity by directly binding to the hepcidin
peptide. These include monoclonal antibodies (mAbs) as
well as engineered protein and RNA-based binders.
Monoclonal antibodies: in a mouse model of anemia of
inflammation caused by heat-killed Brucella abortus, injection of an anti-hepcidin mAb helped overcome erythropoietin resistance.94 When the mAb was administered
haematologica | 2013; 98(11)

together with an erythropoietic agent the development of
anemia was prevented, even though each agent was ineffective by itself. A fully humanized mAb against hepcidin
(LY2787106) is currently in phase I human trials for cancerrelated anemia.95
Anticalins: anticalins are derivatives of small extracellular proteins lipocalins that naturally bind diverse biological
ligands. Anticalins are engineered to bind and antagonize
specific targets by mutagenizing the lipocalins’ binding
pocket and screening phage display libraries.96 Anticalin
PRS-080 specifically binds human hepcidin with subnanomolar affinity. In cynomolgus monkeys, PRS-080
administration resulted in effective mobilization of iron
and hyperferremia.97 As a recently developed therapeutic
platform, relatively little is known about anticalins' general safety and tolerability. The first clinical trial with PRS080 is programmed to start in 2013.97
Spiegelmers: spiegelmers are RNA-like oligonucleotides
with L-stereochemistry that confers resistance to nucleases and high stability in circulation. Spiegelmers for specific
targets are selected by screening of large combinatorial
libraries. Anti-hepcidin spiegelmer NOX-H94 was tested
in cynomolgus monkeys in which anemia was caused by
daily injection of IL-6 for a week. Concurrent administration of NOX-H94 blunted the development of anemia.98 In
the phase I trial in humans volunteers, NOX-H94 was safe
and well tolerated, and after a single NOX-H94 dose,
serum iron and transferrin saturation increased in a dosedependent manner.99 In experimental human endotoxemia
caused by an injection of LPS, treatment with NOX−H94
30 min after LPS greatly delayed the onset of hypoferremia.100 NOX-H94 is currently in phase II clinical trials to
examine the efficacy in patients with anemia of cancer.101
The main challenge for the efficacy of hepcidin binding
molecules may be the high rate of hepcidin production.
Xiao et al.56 estimated hepcidin production in macaque
monkeys at 7.6 nmole/kg/h (20.5 μg/kg/h). Scaled to
humans, the estimated hepcidin production in a 75 kg
man would be 12 mg/day (20.5 μg/kg/h x 75kg x 24h x
12/37*) (*a conversion factor to estimate human equivalent dose based on the differences in body surface area).102
In addition, hepcidin binders may reduce the natural clearance of hepcidin and thus result in further hepcidin accumulation. This aspect at least could be addressed by developing agents with shorter half-life, or in case of antibodies,
those that can be recycled after delivering hepcidin for
degradation to macrophages.103 Furthermore, even a partial
or intermittent blocking of hepcidin activity may be sufficient to increase iron delivery to the bone marrow and
improve erythropoiesis. Clinical trials testing the efficacy
of hepcidin binders in chronic conditions will help answer
these questions.

Class 3: interfering with hepcidin binding to ferroportin
Agents that interfere with the binding of hepcidin to ferroportin have been reported recently. A high-throughput
screening of small molecules identified a thiol-reactive
compound fursultiamine as a hepcidin antagonist.104 In
vitro, fursultiamine acted by blocking ferroportin residue
Cys326-SH that is necessary for hepcidin binding.105
However, because of its short half-life in vivo, fursultiamine did not consistently reverse the effect of hepcidin
on serum iron in mice. Although not tested, non-specific
reactivity with other proteins containing an active thiol
form would also be a concern.
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Anti-ferroportin antibodies have been designed that
bind to an extracellular loop of ferroportin adjacent to the
hepcidin-binding site. These antibodies prevent hepcidinferroportin interaction, while maintaining the iron-exporting function of ferroportin.106 A phase I trial in human volunteers107 has recently been completed that evaluated the
effect on serum iron although no results have been reported yet.

Class 4 and 5: targeting ferroportin endocytosis or production
Because hepcidin acts by causing ferroportin internalization, preventing ferroportin endocytosis would be expected to antagonize hepcidin activity. Similarly, stimulating
ferroportin synthesis could potentiate iron delivery to
plasma. High-throughput screening studies have been
reported that were designed to target ferroportin endocytosis or synthesis104,108 and these await confirmation in cellular and animal studies.
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