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The pathophysiology and pharmacology of hepcidin

Piotr Ruchala and Elizabeta Nemeth
Department of Medicine, David Geffen School of Medicine, University of California, Los Angeles

Abstract
Inappropriate production of the iron-regulatory hormone hepcidin contributes to the pathogenesis
of common iron disorders. Absolute or relative deficiency of hepcidin causes iron overload in
hereditary hemochromatosis and iron-loading anemias. Elevated hepcidin causes iron restriction in
inflammatory conditions including autoimmune disease, critical illness, some cancers and chronic
kidney disease. Multiple agents targeting hepcidin and its regulators are under development as
novel therapeutics for iron disorders. This review summarizes hepcidin biology and discusses the
current landscape of hepcidin-targeting therapeutic strategies.
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Hepcidin regulates systemic iron homeostasis
The peptide hormone hepcidin is primarily produced in hepatocytes, and it regulates plasma
iron concentrations [1]. The molecular target of hepcidin is the cellular iron exporter
ferroportin [2]. Ferroportin supplies iron into plasma from duodenal enterocytes engaged in
dietary iron absorption, from macrophages of the spleen and liver that recycle old red blood
cells, and from hepatocytes involved in iron storage [3] (Figure 1). Hepcidin is the ligand of
ferroportin, and their interaction results in rapid ubiquitination of ferroportin, and
endocytosis and degradation of the ligand-receptor complex [4]. The loss of ferroportin from
cell membranes decreases the delivery of iron into plasma. If hepcidin is chronically
elevated, persistent hypoferremia can lead to the development of iron-restricted anemia.
Conversely, chronic hepcidin deficiency results in excessive iron absorption, increased
levels of non-transferrin bound iron in circulation and the development of iron overload.
Because of its critical role in iron homeostasis and the pathogenesis of iron disorders,
hepcidin has emerged as a promising drug target. Here we review the biology of hepcidin
and highlight various pharmacological strategies focused on antagonizing or agonizing
hepcidin.
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Hepcidin is synthesized as a preprohormone which is cleaved intracellularly and secreted as
a mature 25 amino acid peptide [5]. The production of hepcidin appears to be regulated
predominantly at the transcriptional level. The major stimuli regulating hepcidin production
include its substrate, iron, and the signals reflecting erythropoietic demands for iron (Figure
1). Hepcidin is also an acute phase reactant and is increased during inflammation. A number
of other hepcidin regulators have also been described including the growth hormones (HGF/
EGF) [6], steroid hormones (estrogen [7], testosterone [8,9]), and metabolic pathways
(starvation/gluconeogenesis [10]), but their role in hepcidin and iron homeostasis and
pathobiology is less well understood.

Hepcidin regulation by iron
Hepcidin production increases in response to iron loading [11,12], and this prevents further
absorption of dietary iron and the development of iron overload. Both plasma iron and liver
iron stores regulate hepcidin transcription through distinct but overlapping pathways
[12,13]. These converge onto the bone morphogenetic protein (BMP) pathway to increase
hepcidin transcription (Figure 2). Both serum iron and liver iron accumulation activate the
BMP receptor and its Smad1/5/8 pathway [13], and increase hepcidin mRNA concentration
in hepatocytes. Additionally, the BMP co-receptor hemojuvelin (HJV) is required for this
response [12].

It is not yet known how intracellular iron concentrations are sensed. One of the mediators
may be BMP6, whose expression increases with liver iron loading in mice [14]. For
extracellular iron, transferrin receptor 1 and 2 (TfR1 and TfR2) are the likely sensors of
holo-transferrin concentrations, but multiple hypotheses have been proposed as to how this
signal is transmitted. One line of evidence suggests that HFE protein, an MHC-class I
molecule, shuttles between the two TfR receptors depending on holo-Tf concentrations. At
higher holo-Tf concentrations, HFE is displaced from TfR1 and associates with TfR2 [15].
HFE and TfR2 in turn may interact with HJV [16], thus potentiating BMP signaling. Other
evidence suggests that HFE and TfR2 regulate hepcidin independently [17], but the details
of this proposed mechanism are not yet known. Holo-Tf binding to TfR2 by itself stabilizes
the receptor as TfR2 is redirected to a recycling pathway [18].

Though the details of the iron sensing circuitry remain to be determined, mutations in Hfe,
TfR2, Hjv, Bmp6, BMP receptors Alk2 and Alk3, or Smad4 were all shown to impair
hepcidin regulation by iron in mice [12,19,20]. HFE, TfR2 and HJV mutations were also
described in humans and result in hepcidin levels that are inappropriately low for the degree
of iron overload observed in these patients [21–23]. Hepcidin production is further
modulated by transmembrane serine protease TMPRSS6, also known as matriptase-2
[24,25], and by neogenin, a multifunctional transmembrane receptor [26]. Although the
mechanism is still controversial, these proteins have been proposed to act by
posttranslationally regulating the levels of membrane-associated HJV [27,28]. The specific
involvement of these proteins in iron sensing is also uncertain.

Hepcidin regulation by erythropoietic signals
Hepcidin is suppressed in conditions associated with increased erythropoietic activity,
presumably to make more iron available for hemoglobin synthesis. Hemorrhage, hemolysis
or injections of erythropoietin, a hormone that promotes red blood cell production, all result
in a rapid decrease in hepcidin [29]. In anemias with ineffective erythropoiesis, hepcidin
levels are chronically suppressed, and this is thought to be the cause of iron overload in
nontransfused patients [30]. It is not known whether the same pathways mediate both
physiological and pathological suppression of hepcidin in response to increased
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erythropoietic activity, but these likely involve secretion of a hepcidin suppressor from the
bone marrow erythroid precursors [31].

Hepcidin regulation by inflammation
Hepcidin is rapidly increased by inflammatory and infectious stimuli via the IL-6 pathway
[32], although other pathways, including the BMP pathway may also contribute [33,34]
(Figure 2). Inflammatory regulation of hepcidin may have evolved as a host defense
mechanism to slow the growth of microorganisms by sequestering iron from microbes.
Although the role of hepcidin in infections remains to be demonstrated, hepcidin increase in
inflammatory conditions is thought to contribute to the development of iron-restricted
anemia [1].

Hepcidin and iron disorders
Hepcidin deficiency in iron overload disorders

Hepcidin deficiency is the pathogenic cause of iron overload in most forms of hereditary
hemochromatosis. Hepcidin insufficiency results from the deleterious mutations in the genes
encoding hepcidin regulators (HFE, TfR2 and HJV) or hepcidin itself [1]. In all of these
cases, dietary iron is hyperabsorbed, resulting in the deposition of excess iron in the liver
and other parenchyma. The degree of hepcidin deficiency correlates with the severity of iron
overload: mutations in HJV or hepcidin, which are associated with absolute hepcidin
deficiency, cause juvenile hemochromatosis, whereas mutations in HFE and TfR2 in which
hepcidin response to iron loading is partially preserved [12,21] result in the less severe adult
form of the disease. A rare form of hemochromatosis is also caused by mutations in the
hepcidin receptor ferroportin which lead to the resistance of ferroportin to hepcidin-induced
endocytosis [35,36]. Hereditary hemochromatosis patients are currently treated by bleeding.
Each 1 ml removal of blood eliminates 1 mg of iron from the body. As new red blood cells
are made, excess iron from other organs is mobilized and used for erythropoiesis. Although
this treatment is effective, repeated phlebotomies may be a significant inconvenience for
many patients, and may be difficult for those with poor venous access or coexisting medical
conditions. Furthermore, once iron-depleted, hereditary hemochromatosis patients lower
their hepcidin dramatically [21], further accelerating iron absorption, and the need for more
phlebotomy.

As mentioned before, hepcidin deficiency also contributes to iron loading in non-transfused
patients suffering from anemias with ineffective erythropoiesis, including β-thalassemia and
congenital dyserythropoietic anemias. In these patients, despite iron loading, hepcidin
remains insufficient because of the suppressive effect of the excess erythroid activity [30].
In transfused patients, hepcidin levels decrease toward the end of the transfusion cycle [37]
suggesting that even in those patients relative hepcidin deficiency could contribute to iron
loading. Currently, iron overload in thalassemia is treated by iron chelation, which can have
significant side effects [38].

Hepcidin excess in iron-restrictive disorders
Increased hepcidin and associated hypoferremia are thought to contribute to the
development of anemia in diverse human disorders [1]. The causes of hepcidin increase
include high levels of inflammatory cytokines, decreased clearance of hepcidin, or mutations
in the negative regulators of hepcidin. IL-6 and other cytokines cause high hepcidin levels in
autoimmune disorders, infections and some cancers. In chronic kidney disease (CKD), apart
from the common presence of inflammation, decreased clearance of hepcidin in the kidneys
may also contribute to the development of anemia in CKD [39]. Finally, mutations in
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protease TMPRSS6, a hepcidin suppressor, lead to the development of iron-refractory iron
deficiency anemia (IRIDA) [25].

How much hepcidin excess contributes to anemia of inflammation remains to be determined.
Although hepcidin knockout mice develop milder anemia in mouse models of inflammation
[40], hemoglobin decrease is not entirely prevented suggesting that other mechanisms also
contribute. These may include direct effects of cytokines such as interferon-γ and IL-6 on
hematopoietic precursor differentiation and erythrocyte maturation [41,42].

Manipulation of the hepcidin pathway for therapeutic purposes
As hepcidin deficiency or excess play important roles in pathogenesis of various iron
disorders, hepcidin agonists and antagonists may be potentially useful in clinical practice.
Genetic studies in animal models have provided the initial proof of principle that hepcidin
could be an effective therapeutic target. For example, overexpression of hepcidin in Hfe-/-
mice, a model of the most common form of human hereditary hemochromatosis, prevented
liver iron overload normally seen in these mutants [43]. Similarly, in β-thalassemia
intermedia mouse models, moderate transgenic hepcidin expression decreased iron loading
of the liver, diminished splenomegaly and improved anemia [44]. In case of anemia of
inflammation, hepcidin knockout mice demonstrated milder anemia with faster recovery
than wild-type mice [40].

Hepcidin agonists
Compounds that can mimic hepcidin’s function or potentiate its endogenous synthesis may
be able to prevent systemic accumulation of iron. The development of both types of
therapeutics is in progress (Table 1). Such compounds may provide additional treatment
options for patients who do not respond well to standard treatment regimens, like hereditary
hemochromatosis patients with limited tolerance to phlebotomy or β-thalassemia patients
undergoing iron chelation therapy and suffering from its side effects.

Hepcidin mimics—The hepcidin peptide itself does not have desirable pharmacological
properties. The hormone has a short half-life in circulation (several minutes) [45]. Moreover,
the synthesis of bioactive peptide is difficult and expensive, mostly due to complicated
disulfide bond connectivity (4 -S-S- bridges) that diminishes the yield of the correctly folded
product. In addition, recently published studies aimed at the development of more stable
cyclic full-length hepcidin analogs proved unsuccessful, as cyclic analogs showed no
biological activity despite increased stability in the human serum [46]. Hepcidin mimetics
may thus be more viable therapeutic candidates.

Minihepcidins are peptide-based hepcidin agonists which were rationally designed based on
the region of hepcidin that interacts with ferroportin [47]. Mutagenesis and truncation
studies established that 9 amino acids long N-terminal fragment of hepcidin (DTHFPICIF)
is crucial for hormone’s activity [47]. This particular fragment was further engineered:
unnatural amino acids (N-substituted and β–homo-amino acids) were introduced to increase
resistance to proteolysis, and fatty acids were conjugated to prolong the half-life in
circulation, yielding analogs that were at least as potent as the full-length hepcidin and had a
longer duration of action [48]. One of such analogs, a minihepcidin PR65, was tested in
hepcidin knockout mice, a model of severe hemochromatosis. A two-week treatment
prevented the development of iron overload when given to non-overloaded hepcidin
knockout mice [48]. The treatment of mice with pre-existing iron overload was less effective
but still caused a partial redistribution of iron from the liver to the spleen within two weeks
[48]. At high doses, PR65 caused profound iron restriction and anemia indicating that
minihepcidin therapy will likely require titration to effect to avoid excessive hypoferremia
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and iron restriction. Collectively, these data strongly suggest that minihepcidins may be
useful for the prevention of iron overload, or as an auxiliary to phlebotomy or chelation for
the treatment of existing iron overload. The development of the next generation of
minihepcidins is underway (Ruchala unpublished).

Stimulators of hepcidin production
One approach to increase hepcidin production is to antagonize TMPRSS6, a negative
regulator of hepcidin. Homozygous inactivation of Tmprss6 in thalassemic th3/+ mice
increased hepcidin levels, ameliorated iron overload, and improved ineffective
erythropoiesis [49]. Subsequently, targeting of Tmprss6 with RNA-based therapeutics
proved to be a promising approach. Both antisense oligonucleotides (ASOs) and small
interfering RNAs (siRNA) against Tmprss6 were successfully used in mouse models of iron
overload [50,51]: Hfe-/- mice treated for 6 weeks increased their hepcidin mRNA and
reduced their serum and liver iron concentrations. A small reduction in hemoglobin was also
noted indicating mild iron restriction. Treatment of thalassemic th3/+ mice with ASOs and
siRNA against Tmprss6 reproduced the effect of transgenic hepcidin overexpression in
th3+/- mouse model [44] and improved anemia while decreasing iron overload [50,51].

Other approaches for increasing hepcidin production may include administration of BMP6
and its agonists [52]. However, clinical application of these agents in iron disorders will
require an extensive further research considering that BMP pathway plays a role in bone
morphogenesis, cell growth, differentiation, apoptosis, angiogenesis and cancer.

Hepcidin antagonists
Elevated hepcidin concentrations are associated with various pathologies: anemia of
inflammation, chronic kidney disease, some cancers and iron-refractory iron deficiency
anemia. These conditions are usually treated with erythropoiesis-stimulating agents (ESAs)
with or without high dose intravenous iron. However, the effectiveness of these therapies is
thought to be impaired by high hepcidin. Hepcidin-mediated iron restriction likely
contributes to erythropoietin resistance, and high hepcidin may decrease mobilization of iron
from macrophages which process IV iron preparations. Considering reported side effects of
ESAs when used at high doses [53], introduction of hepcidin antagonists may offer a
therapeutic advantage.

Antagonism of hepcidin activity can be achieved by decreasing hepcidin production,
neutralizing hepcidin peptide, blocking hepcidin’s binding to ferroportin, preventing
ferroportin endocytosis or promoting ferroportin synthesis (Table 1).

Suppressing hepcidin production by targeting the pathways regulating hepcidin
transcription

BMP pathway. As the BMP-SMAD pathway is crucial for regulation of hepcidin
transcription (Figure 2), it is not surprising that agents interfering with the BMP pathway are
effective at decreasing hepcidin production. However, questions remain about what other
processes may be affected in vivo by these agents, given the pleiotropic role of the BMP
pathway in various biological responses.

Sequestration of BMPs by heparin was recently reported to decrease hepcidin expression in
hepatic cell lines and in mice [54]. Patients undergoing low molecular weight heparin
therapy to prevent deep vein thrombosis also decreased serum hepcidin concentration by
~80% within 2–5 days after the start of the treatment. This was associated with increased
serum iron and transferrin saturation. Because heparin is a known anticoagulant, novel non-
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anticoagulant heparins were also developed and tested [55] showing potent activity in vitro
and in vivo in mice, even in the presence of an inflammatory stimulus. Notably, heparin
itself is an anti-inflammatory agent [54] which may be a contributory factor to its anti-
hepcidin activity.

HJV, a BMP co-receptor essential for hepcidin expression, is another molecular target that
can be exploited to interfere with hepcidin production. Membrane-linked HJV and its
soluble form (sHJV) have opposing effects on hepcidin expression with sHJV decreasing
Smad signaling and hepcidin levels [56]. Soluble HJV-Fc fusion protein (sHJV.Fc) was
shown to ameliorate anemia of inflammation (AI) in a rat model [57] where AI was induced
with Group A Streptococcal Peptidoglycan-Polysaccharide (PG-APS). Four-week therapy
resulted in increased hemoglobin and serum iron, although by this point the hepcidin mRNA
was not significantly decreased. Notably, in vitro studies suggested that sHJV.Fc acts as a
broad spectrum BMP antagonist [58], and it remains to be determined whether this therapy
will have significant off-target effects in vivo.

Small molecule inhibitor of the BMP type I receptor was another effective suppressor of
hepcidin. LDN-193189, a derivative of dorsomorphin that specifically antagonizes the
kinase activity of BMP receptor isotypes ALK2, ALK3 and ALK6, effectively reversed
anemia in the rat model of AI caused by PG-APS [57]. In a rat model of anemia of chronic
kidney disease caused by adenine treatment, 5 weeks of LDN-193189 injections decreased
hepcidin mRNA, increased serum iron and hemoglobin content of reticulocytes, although no
change in hemoglobin was noted [59].

Inflammatory pathway—Inflammation strongly induces hepcidin expression via IL-6/
Stat3 and possibly other pathways (Figure 2). As expected, neutralizing monoclonal
antibodies against IL-6 or IL-6 receptors decreased hepcidin synthesis in animal models and
humans with inflammatory conditions. For example, anti-IL6 mAb decreased hepcidin and
improved anemia in renal cell carcinoma, multiple myeloma and Castleman disease [60,61].
Similarly, administration of anti-TNFα antibody decreased hepcidin levels in patients with
rheumatoid arthritis [62]. Drawbacks of the anti-cytokine regimens are usually related to
impaired host defense immunoresponse [63] that translates to an increased risk of infections.

Erythropoietic pathway—Although the mechanism is poorly understood, increased
erythropoietic activity suppresses hepcidin, and the potentiation of this pathway could be
used in iron-restricted conditions associated with elevated hepcidin. High doses of
erythropoietin (EPO) can overcome the resistance to erythropoietin seen in AI [64], ad this
may be partially due to hepcidin suppression. Similarly, prolyl hydroxylase inhibitors which
stabilize hypoxia-inducible factor and increase EPO synthesis, were also shown to decrease
hepcidin and increase hemoglobin in CKD patients [65]. However, administration of large
doses of ESAs in patients with CKD or cancer have been associated with rare but severe
adverse effects [53]. Thus, agents that specifically target hepcidin production would be
needed to alleviate safety concerns.

Gene silencing of hepcidin and its regulators. Gene silencing agents are known to
preferentially accumulate in the liver, thus hepcidin and its regulators may be feasible
targets for these approaches. Antisense oligonucleotides and siRNAs for hepcidin, TfR2 and
HJV have been developed [66,67]. Experiments in PG-APS rat model of AI showed that
TfR2 siRNA administration decreased hepcidin mRNA and reversed anemia [67].
Considering that human mutations in hepcidin, HJV and TfR2 are so far exclusively
associated with iron overload disorders, off-target effects could be minimal.
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Neutralizing hepcidin peptide
Neutralization of hepcidin bioactivity may be achieved by direct binding/sequestration of the
hormone in circulation. To this end (i) monoclonal antibodies (mAbs), (ii) engineered
proteins (anticalins) and (iii) RNA-based binders (spiegelmers) were investigated.

Fully human anti-hepcidin antibody (12B9m) was evaluated in transgenic mice expressing
human hepcidin, using a model of AI caused by the heat-killed Brucella abortus. MAb-
mediated neutralization of hepcidin by itself increased hemoglobin, and also reversed
erythropoietin resistance observed in this model [68]. Furthermore, the MAb suppressed
hepcidin in cynomolgus monkeys and caused a prolonged dose-dependent increase in serum
iron. Another fully humanized mAb against hepcidin (LY2787106) is currently in Phase I
human trials for cancer-related anemia [69].

Anticalins are small proteins (~20 kDa) that were derived from lipocalins, naturally
occurring proteins which can bind diverse biological ligands. Target-specific anticalins with
high specificities and picomolar affinities may be engineered via site-directed random
mutagenesis in combination with selection via phage display. One of such compounds,
anticalin PRS-080 binds human hepcidin with sub-nanomolar affinity. In nonhuman
primates (cynomolgus monkeys), PRS-080 administration caused effective mobilization of
iron and hyperferremia [70].

Spiegelmers are L-enantiomeric oligonucleotides that were engineered to bind
pharmacologically relevant targets with high affinity. Therefore, conceptually they are a
form of aptamers. Due to their non-natural structure that utilizes L-ribose instead of D-
ribose in nucleotide units, they are highly resistant to degradation by nucleases, stable in
circulation, immunologically passive and generally well tolerated. Spiegelmers for specific
targets are selected by screening of large combinatorial libraries. NOX-H94 is a spiegelmer
that neutralizes human hepcidin. In a Phase I human trial, NOX-H94 dose-dependently
increased serum iron and transferrin saturation [71]. NOX-H94 is currently undergoing the
Phase II clinical trials to examine its efficacy in patients with anemia of cancer.

The high specificity of hepcidin binders for their target is the main advantage of these
approaches. The main challenge for their efficacy is likely the high rate of hepcidin
production, estimated at ~12 mg/day per 75 kg for humans [72] and even higher during
inflammation. Considering the difference in molecular weight between hepcidin (only 2.7
kDa) and its neutralizing binders, massive doses of intravenously-delivered therapeutic
agents may be required. Moreover, the neutralization of hepcidin with large molecular
weight binders will most likely impede its natural clearance rate resulting in further hepcidin
accumulation. However, even a partial or intermittent neutralization of hepcidin activity may
be sufficient to reach desired therapeutic effects.

Blocking hepcidin-ferroportin interaction
A humanized anti-ferroportin monoclonal antibody (LY2928057) was developed against an
extracellular loop of ferroportin adjacent to the hepcidin-binding region [73]. LY2928057
prevents hepcidin binding to the transporter without interfering with the iron efflux through
ferroportin. LY2928057 increased serum iron in a dose-dependent manner in cynomolgus
monkeys, and clinical evaluation is underway.

Mechanistically, hepcidin binding to ferroportin relies on the extracellular loop of
ferroportin that contains sulfhydryl Cys326 residue and surrounding hydrophobic residues
[47]. Thiol-reactive compound fursultiamine was shown to prevent hepcidin binding to
ferroportin in vitro [74], although the short half-life of fursultiamine in circulation prevented
any consistent effects in mice in vivo. Similar agents may be effective in preventing
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hepcidin-ferroportin interaction, provided that the non-specific effects on other proteins
containing an active thiol are minimized.

Targeting ferroportin endocytosis or synthesis
Although no agents have been tested in preclinical models yet, any approaches that prevent
ferroportin endocytosis or stimulate ferroportin synthesis would be expected to increase iron
delivery to plasma, thus circumventing the effect of elevated hepcidin. Ferroportin
endocytosis is dependent on the ubiquitination of several intracellular lysine residues [4].
Because of the fairly generic nature of endocytic pathways, this process may be difficult to
target unless E3 ubiquitin ligases and/or other endocytic components are identified that have
high ferroportin substrate specificity.

Unrelated to the effect on the systemic iron metabolism, agents that increase ferroportin
synthesis may also be beneficial in the treatment of some cancers. Ferroportin expression
was a strong and independent predictor of prognosis in breast cancer, with higher ferroportin
being associated with a favorable prognosis [75].

Concluding remarks
The hepcidin-ferroportin axis plays an important role in the pathogenesis of iron disorders
including iron overload diseases and iron-restricted anemias. It is therefore not surprising
that within only a dozen years since the first publications on hepcidin, multiple hepcidin-
targeting strategies have been developed. Although most agents have only been evaluated in
preclinical studies, several have reached the stage of human clinical trials. It is still too early
to try to assess which of the many approaches have the best chance of success. While the
clinical effectiveness of hepcidin-targeted therapies remains to be established, the hope is
that hepcidin agonists and antagonists will improve the treatment of patients with iron
disorders, either alone or in combination with existing therapies.
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Highlights for “The pathophysiology and pharmacology of hepcidin”

• The hormone hepcidin regulates systemic iron homeostasis

• Hepcidin deficiency or excess contribute to the pathogenesis of iron disorders

• Hepcidin agonists and antagonists are being developed as novel therapeutics
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Figure 1. The role of hepcidin in iron metabolism
Hepcidin-ferroportin interaction determines the flow of iron into plasma. Hepcidin
concentration is in turn regulated by iron, erythropoietic activity, and inflammation.
Republished with permission from Goodnough LT, Nemeth E, Ganz T. Detection,
evaluation, and management of iron-restricted erythropoiesis. Blood. 2010 Dec 2;116(23):
4754–61. © the American Society of Hematology.
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Figure 2. Regulation of hepcidin transcription
(A) Hepcidin regulation by extracellular iron. The BMP/Smad pathway is central to the
transcriptional regulation of hepcidin expression. The BMP pathway signaling is further
modulated by hemojuvelin (HJV), a BMP co-receptor. The sensing of holotransferrin is
proposed to occur through the following mechanism: binding of holo-transferrin (Fe-Tf) to
TfR1 displaces HFE from the complex with TfR1 and promotes its interaction with TfR2.
TfR2 protein is itself stabilized by the binding of Fe-Tf. The HFE/TfR2 may promote BMP
signaling by forming a complex with HJV, or even acting independently of HJV or each
other. Additional proteins (TMPRSS6/matriptase-2 (MT2) and neogenin) modulate the
cleavage of membrane HJV and thus alter hepcidin transcription. (B) Hepcidin regulation by
inflammation. IL-6 and other cytokines (e.g. oncostatin M, IL-22) were shown to regulate
hepcidin expression by activating the Stat3 pathway. 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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Table 1

Principles of the hepcidin-targeting therapeutic approaches

Therapeutic approach Targeted disease Mode of action Agents

Hepcidin agonists
Iron overload (hereditary
hemochromatosis and iron-loading
anemias)

Hepcidin mimics Minihepcidins [47]

Stimulators of
hepcidin production

Gene silencing of TMPRSS6 [50,51]

BMP pathway agonists [52]

Hepcidin antagonists
Iron-restricted anemias (anemia of
inflammation, anemia of chronic kidney
disease, anemia of cancer, IRIDA)

Suppressors of
hepcidin production

BMP pathway inhibitors [54,56,76]

Anti-inflammatory agents [60–62]

Erythropoiesis-stimulating agents [65]

Gene silencing of hepcidin and its
regulators [66,67]

Hepcidin peptide
neutralizing binders

Anti-hepcidin antibodies [68,69]

Anticalins [70]

Spiegelmers [71]

Agents interfering with
hepcidin-ferroportin
interaction

Anti-ferroportin antibodies [73]

Thiol modifiers [74]
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