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Abstract

Iron, an essential nutrient, is required for many biological processes but is also toxic in
excess. The lack of a mechanism to excrete excess iron makes it crucial for the body to
regulate the amount of iron absorbed from the diet. This regulation is mediated by the
hepatic hormone hepcidin. Hepcidin also controls iron release from macrophages that
recycle iron and from hepatocytes that store iron. Hepcidin binds to the only known iron
export protein, ferroportin, inducing its internalization and degradation and thus limit-
ing the amount of iron released into the plasma. Important regulators of hepcidin, and

Vitamins and Hormones, Volume 110 © 2019 Elsevier Inc. 101
ISSN 0083-6729 All rights reserved.
https://doi.org/10.1016/bs.vh.2019.01.005


https://doi.org/10.1016/bs.vh.2019.01.005

102 Marie-Paule Roth et al.

therefore of systemic iron homeostasis, include plasma iron concentrations, body iron
stores, infection and inflammation, hypoxia and erythropoiesis, and, to a lesser extent,
testosterone. Dysregulation of hepcidin production contributes to the pathogenesis of
many iron disorders: hepcidin deficiency causes iron overload in hereditary hemochro-
matosis and non-transfused p-thalassemia, whereas overproduction of hepcidin is asso-
ciated with iron-restricted anemias seen in patients with chronic inflammatory diseases
and inherited iron-refractory iron-deficiency anemia. The present review summarizes
our current understanding of the molecular mechanisms and signaling pathways con-
tributing to hepcidin regulation by these factors and highlights the issues that still need
clarification.

1. Introduction

Iron is an essential trace metal involved in oxygen transport, cellular
metabolism, DNA synthesis, innate immunity, growth, and development.
By virtue of its ability to accept or donate electrons, it is crucial for many
of the biologic reactions carried out by living systems. This same character-
istic, however, allows free iron in solution to form highly reactive oxygen
species that can oxidize lipids, DNA, and proteins, and lead to cell damage.
Major sources of iron include recycling of iron from senescent erythrocytes
by macrophages, intestinal iron absorption, and release of stored iron from
hepatocytes. As there is no physiological means for excreting iron in mam-
mals, systemic iron homeostasis must be maintained by tight regulation of
intestinal iron absorption, as well as macrophage and hepatocyte iron release
(Ganz, 2013).

Iron is exported from duodenal enterocytes, macrophages, and hepa-
tocytes to the plasma compartment by the sole known cellular iron
exporter, ferroportin (Donovan et al., 2000; McKie et al., 1999). The cel-
lular concentrations of ferroportin are regulated by hepcidin, a 25 amino-
acid peptide hormone produced predominantly by hepatocytes. Hepcidin
blocks iron export into plasma by binding to ferroportin and inducing its
endocytosis and proteolysis (Nemeth, Tuttle, et al., 2004), thereby causing
iron sequestration in cells involved in dietary iron absorption and iron stor-
age (Fig. 1). Hepcidin transcription in the liver is controlled by a complex
interplay of signals. Most notably, it is increased by plasma and liver iron
as a feedback mechanism to maintain stable body iron levels, increased
by inflammation as a host defense mechanism to limit extracellular iron
availability to microbes, and decreased by erythroid activity to ensure iron
supply for erythropoiesis.
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Fig. 1 Hepcidin is the master regulator of systemic iron homeostasis. It is produced
predominantly by the liver and blocks iron export from enterocytes, macrophages,
and hepatocytes by the iron exporter ferroportin.

Although impressive advances in our understanding of how hepcidin
is regulated by these various stimuli have been made since its discovery in
2001 (Park, Valore, Waring, & Ganz, 2001; Pigeon et al., 2001), a number
of unresolved questions remain, and new discoveries keep challenging
models thought to be established. This review focuses on the main issues that
still require clarification.

2. Hepcidin regulation by plasma and liver iron

Hepcidin is indispensable to maintain iron homeostasis. Indeed, mice
lacking hepcidin have massive iron overload (Lesbordes-Brion et al., 2006;
Nicolas et al., 2001), whereas overexpression of hepcidin leads to severe iron
deficiency (Nicolas, Bennoun, et al., 2002; Roy et al., 2007). In humans,
mutations in the genes encoding HFE (Feder et al., 1996), an atypical major
histocompatibility complex class I-like molecule that heterodimerizes with
B2-microglobulin, transferrin receptor 2 (TFR2) (Camaschella et al., 2000),
hemojuvelin (HJV) (Papanikolaou et al., 2004), as well as hepcidin itself
(Roetto et al., 2003), lead to hereditary hemochromatosis, a variably severe
iron overload disorder. Common to these subtypes of hemochromatosis is
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an inappropriately low expression of hepcidin given the iron load, which
suggested that HFE, TFR 2, and HJV were upstream regulators of hepcidin.
Conversely, mutations in the TMPRSS6 gene encoding matriptase-2 lead to
elevated hepcidin levels and iron-refractory iron-deficiency anemia
(IRIDA) (Finberg et al., 2008), which implied that matriptase-2 was a neg-
ative regulator of hepcidin. The study of these iron-associated disorders and
the corresponding mouse models has greatly increased our understanding of
how iron homeostasis and hepcidin are regulated and the signaling pathways
involved.

2.1 Hepcidin expression is modulated by body iron status
via the BMP/SMAD signaling pathway

Bone morphogenetic proteins (BMPs) are a subset of the transforming
growth factor beta (TGF-f) superfamily of ligands. These cell-signaling
molecules form homodimers as well as heterodimers, with various combi-
nations differing in their potency to activate the signal. These ligands bind
two type I and two type Il serine-threonine kinase receptors. The type 11
receptors possess constitutive serine-threonine kinase activity and, upon
BMP binding, activate the type I receptor kinases by phosphorylation of
a glycine-serine-rich domain. Phosphorylation of the type I receptors favors
the recruitment and subsequent phosphorylation of its substrate, the intra-
cellular SMADs 1, 5, and 8. The receptor-activated SMADs then form
heteromeric complexes with the common mediator SMAD4, and translo-
cate to the nucleus where they regulate the transcription of specific targets
(Anderson & Frazer, 2006; Derynck & Zhang, 2003).

The link between the SMAD pathway and iron homeostasis was discov-
ered when it was shown that mice with hepatocyte-specific deletion of
Smad4 develop a severe iron overload phenotype in association with mark-
edly decreased hepcidin expression (Wang et al., 2005). Additional evidence
implicating the BMP/SMAD pathway in iron homeostasis came when
HJV, the protein mutated in the majority of cases of juvenile hemochro-
matosis, was shown to act as a BMP coreceptor facilitating the activation of
the BMP receptor complex (Babitt et al., 2005, 2006). Whereas stimula-
tion of BMP signaling by HJV was paralleled by an increase in hepcidin
expression, injection of a soluble HJV fusion construct (HJV.Fc) to mice
decreased Smad1/5/8 phosphorylation and hepcidin mRNA levels, indic-
ative of decreased BMP signaling (Babitt et al., 2007; Nili, Shinde, &
Rotwein, 2010).
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2.2 BMP6 and BMP2 are the predominant ligands responsible
for hepcidin regulation in vivo

Whereas many ligands of the BMP subfamily could positively regulate
hepcidin in vitro (Babitt et al., 2006; Truksa, Peng, Lee, & Beutler, 2006),
only Bmp6 and, to a lesser extent, Bmp2 were increased with tissue iron
loading and seemed to have a role in vivo (Kautz et al., 2008). Although
the significant correlation between Bmp6 liver expression and body iron
stores in mice strongly suggested a role for BMP6 in particular in the reg-
ulation of hepcidin by iron stores (Kautz et al., 2008), the most compelling
evidence that BMP6 was the predominant BMP ligand signaling the
SMAD-mediated upregulation of hepcidin in response to iron was provided
by the knockout of Bmp6 in mice. These mice indeed had very low hepcidin
expression and severe iron overload (Andriopoulos et al., 2009; Meynard
et al., 2009). Although hepcidin is expressed almost exclusively by hepato-
cytes, BMP6 is produced predominantly by the non-parenchymal liver sinu-
soidal endothelial cells (LSECs) (Enns et al., 2013; Rausa etal., 2015). Loss of
Bmp6 in LSECs recapitulated the hemochromatosis phenotype of global
Bmp6 knockout mice, whereas hepatocyte and macrophage Bmip6 conditional
knockout mice exhibited no iron phenotype (Canali, Zumbrennen-
Bullough, et al., 2017), supporting a model in which BMP6 has paracrine
actions on hepatocyte hemojuvelin to regulate hepcidin transcription and
maintain systemic iron homeostasis. Chronic, but not acute, iron administra-
tion is associated with increased Bmp6 mRINA levels (Corradini et al., 2011)
and iron overload leads to an increase in the expression of Bmp6 in all the ani-
mal models of genetic hemochromatosis studied so far (Corradini et al., 2011;
Kautz et al., 2008, 2009; Zhang, Gao, Koeberl, & Enns, 2010). Some
evidence suggests that iron-containing ferritin might serve as a signaling mol-
ecule in the regulation of Bmp6 expression in LSECs (Feng, Migas, Waheed,
Britton, & Fleming, 2012).

The massive iron overload in Bmp6 knockout mice indicates that Bmp6
is critical for iron homeostasis and that it is functionally non-redundant with
other members of the Bmp subfamily. It was then surprising to discover that
mice with a conditional ablation of Bmp2 in endothelial cells also exhibit
hepcidin deficiency, serum iron overload, and tissue iron loading in liver,
pancreas and heart (Canali, Wang, Zumbrennen-Bullough, Bayer, &
Babitt, 2017; Koch et al., 2017). Obviously, BMP2 and BMP6 functions
are non-redundant, as neither of the two ligands compensates for the lack
of the other in knockout mice. Further work will be needed to determine
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whether, in the liver, BMP2/6 heterodimeric ligands are more effective at
activating hepcidin than BMP2 or BMP6 homodimers, which would pro-
vide an explanation for the present data. Notably, in the past, BMP2/6
heterodimers have already been shown to possess a higher affinity to both
type I and II receptors and induce higher levels of SMAD1/5 phosphoryla-
tion than their homodimeric counterparts (Isaacs et al., 2010; Valera, Isaacs,
Kawakami, Izpisua Belmonte, & Choe, 2010).

2.3 BMP/SMAD signaling requires specific BMP receptors

and the coreceptor hemojuvelin, but is attenuated

by matriptase-2
BMP type I receptors that are expressed on hepatocytes and regulate hepcidin
expression include ALK2 (ACVR1) and ALK3 (BMPR1A). Hepatocyte-
specific deletion of either receptor results in iron overload, although the iron
loading phenotype in the Alk3 knockout mice is more severe. Indeed, Alk3
deficiency is associated with a nearly complete ablation of basal BMP signaling
and hepcidin expression (Steinbicker, Bartnikas, et al., 2011). The two BMP
type II receptors expressed on hepatocytes are ACTR2A and BMPR2.
Genetic mouse models and primary hepatocytes were used to determine
that both receptors are involved in BMP6-induced hepcidin expression.
However, the two receptors have redundant roles in regulating hepcidin,
and only deficiency of both ActR2a and liver Bmpr2 prevented iron-induced
hepcidin expression, which resulted in severe iron overload (Mayeur, Leyton,
Kolodziej, Yu, & Bloch, 2014).

The recently solved crystal structure of HJV in complex with BMP2
(Healey et al., 2015) has provided insights into how this coreceptor might
modulate the BMP signaling cascade. The N-terminal domain of HJV
mimics the structure of BMP type I receptors and HJV competes with
BMP type I receptor for BMP2 binding (Healey et al., 2015). Therefore,
BMPs are probably recruited to the membrane through their interaction
with HJV. These complexes can then associate with BMP type II receptors
and undergo endocytosis (Mueller, 2015). Owing to the acidification of
endosomes and the pH dependence of the HJV-BMP interaction (Healey
et al., 2015), HJV might dissociate from the complex and be replaced by
BMP type I receptors, thus leading to activation and signaling from this cell
compartment. Although very exciting, this model still needs confirmation
by functional studies. It should be kept in mind that activation of the SMAD
pathway is also possible through preformed BMP receptor complexes (Nohe
et al., 2002). In that case, BMPs bind preformed but signaling-inactive
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heteromeric BMP type I-type II receptor complexes. This results in their
activation and triggers the SMAD pathway without requiring a coreceptor
such as HJV. However, given the low hepcidin levels in patients and mice
with mutated HJV, these complexes on their own are not likely to play a
preponderant role in activating hepcidin transcription.

Matriptase-2, a liver-expressed transmembrane serine protease, is an
additional regulator of iron homeostasis. In cultured cells, matriptase-2
cleaves HJV, physiologically attenuating the BMP-SMAD signaling and
reducing hepcidin expression (Silvestri et al., 2008). Genetic inactivation
of Tmprssé preserved the iron overload of Hjv knockout mice (Finberg,
Whittlesey, Fleming, & Andrews, 2010), which is consistent with HJV
being a substrate for matriptase-2. However, Hjv was not found to be
increased in the liver of Tmprssé6 knockout mice as would be expected if
it was cleaved by matriptase-2 (Frydlova et al., 2016; Krijt, Fujikura,
Ramsay, Velasco, & Necas, 2011) and further studies are needed to clearly
demonstrate that HJV is the target of matriptase-2 in vivo and possibly identify
other substrates.

2.4 HFE and TfR2 are required for appropriate hepcidin
regulation in response to an acute iron challenge

Regulation of BMP/SMAD pathway signaling by iron sensors is complex
and not completely understood. Studies in transient transfection cell culture
systems have indicated that HFE interacts not only with the iron uptake
receptor TFR1 but also with TFR2, a homolog of TFR1 expressed pre-
dominantly in the liver (Trinder & Baker, 2003), and that an HFE-TFR2
complex is favored over the HFE-TFR1 interaction when high levels of
diferric transferrin are present (Goswami & Andrews, 2006). On this basis,
it was hypothesized that competition between TFR1 and TFR2 for HFE
binding allows hepcidin to be regulated in response to the circulating amount
of diferric transferrin (Gao et al., 2009; Goswami & Andrews, 2006; Schmidk,
Toran, Giannetti, Bjorkman, & Andrews, 2008), but this issue continues to be
discussed (Rishi, Crampton, Wallace, & Subramaniam, 2013; Schmidt &
Fleming, 2012; Wallace et al., 2009).

Co-immunoprecipitation analyses have provided evidence that HFE,
TFR2, and HJV form a multiprotein membrane complex on the surface
of hepatocytes (ID’Alessio, Hentze, & Muckenthaler, 2012), which would
connect HFE and TFR2 to BMP/SMAD signaling. The observation that
the phenotype of Hjv knockout females is not affected by the loss of Hfe
or Tfi2 (Gutschow et al., 2015; Latour et al., 2016) is consistent with the
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assumption that, in vivo, Hfe, Tfr2 and Hjv are involved in the same molec-
ular pathway regulating hepcidin expression. Examination of the effects of
acute iron loading on hepcidin expression in mice with mutations in Hfe,
Tfr2, Hjv, or Bmp6 (Ramos et al., 2011) showed that each of these proteins
was required for appropriate hepcidin regulation in response to an acute
iron challenge, suggesting that acute increases in holotransferrin concen-
trations transmitted through HFE, TfR 2, and HJV augment BMP receptor
sensitivity to BMPs. Interestingly, Hfe and Tfr2 are dispensable for an
appropriate response to chronic iron loading which is mediated solely
by Hjv and Bmp6 (Ramos et al., 2011). A model for hepcidin regulation
by acute and chronic iron loading, which takes into account the latest
developments, is shown in Fig. 2.
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Fig. 2 Proposed model for the regulation of hepcidin by chronic and acute iron loading.
The ligands BMP2 and BMP6, whose production by liver sinusoidal endothelial cells is
induced by chronic iron loading, are recruited to the hepatocyte membrane by
hemojuvelin (HJV), most likely in the form of heterodimers. After association with the
BMP type Il receptors, the complexes undergo endocytosis into endosomal compart-
ments where HJV is replaced by BMP type | receptors, leading to Smad1/5/8 activation.
Increases in holotransferrin concentrations are signaled by HFE and TFR2 which,
by associating with hemojuvelin, augment BMP receptor sensitivity to BMPs.
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2.5 Lessons from double knockout animals

Over the past few years, almost all pairs of knockout mice have been
intercrossed (Rishi & Subramaniam, 2017), allowing comparison of the dif-
ferent models between them and better delineation of the role of each part-
ner in the BMP/SMAD pathway signaling to hepcidin. The observation that
the loss of Hfe or Tfr2 did not affect the phenotype of Hjv knockout females
but considerably worsened that of Bmp6 knockout females (Latour et al.,
2016) led us to speculate that BMP2, HJV, HFE and TFR2 could be
involved in a pathway of hepcidin regulation sensing extracellular diferric
transferrin concentration, and BMP6 in a pathway sensing intracellular iron
(Latour et al., 2016). Further repression of hepcidin and aggravation of the
phenotype in animals where both Bmp6 and Hjv were deleted, compared
with single knockout animals (Latour et al., 2017), would fit with such a
regulatory mechanism. However, taken individually, each of these potential
pathways is not very effective at maintaining appropriate levels of hepcidin,
which is not exactly in favor of two independent ways of signaling as
outlined above.

Rather, there could be only one mega-complex linking up all the differ-
ent players and capable of regulating hepcidin in response to both diferric
transferrin and intracellular iron. In this system, the ligands BMP2 and
BMP6 would most likely be recruited to the membrane in the form of
heterodimers through their interaction with HJV. When one actor of this
signaling mega-complex is lacking as observed in the different mouse models
examined, alternative pathways, although less effective to activate Smad1/5/
8, succeed in maintaining hepcidin to a level avoiding extrahepatic iron
accumulation in females. These can be initiated by interaction of HJV with
BMP2 homodimers when BMP6 is missing, or by direct binding of
BMP2/6 heterodimers to preformed BMP type [/type II receptor com-
plexes when HJV is missing. The existence of these alternative pathways
could be justified by the critical importance of hepcidin in the maintenance
of stable body iron levels. Their suppression, as in Bmp6/Hjv double knock-
out animals, leads to a greater repression of hepcidin in mice of both sexes and
substantial exacerbation of the extrahepatic iron overload phenotype in
females. Interestingly, whereas genetic inactivation of Tmprss6 preserved
the iron overload of Hjv knockout mice (Finberg et al., 2010), it almost
completely normalized the phenotype of Bmp6 knockout mice (Nai et al.,
2016), which could be explained by the boosting of the alternative pathway
initiated by interaction of HJV with BMP2 in the absence of matriptase-2.
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The deletion of both Hfe and Tfr2 in mice also results in a more severe
iron phenotype than does deletion of either gene alone (Schmidt & Fleming,
2012; Wallace et al., 2009), and this has long been considered an argument
against the transmission of acute increases in holotransferrin concentrations
by a complex formed of HFE and TFR 2. However, it is well possible that, as
suggested above, whereas optimal signaling requires such a complex, each
partner separately can still convey some kind of signal to avoid complete loss
of sensing of the circulating amount of iron.

3. Hepcidin regulation by inflammation

Iron is an essential nutrient for nearly all infectious microorganisms,
and host defense mechanisms target this dependence to deprive invading
extracellular microbes of iron (Ganz, 2018). Within hours after infection
or other inflammatory stimuli, plasma iron concentrations decrease. This
response, referred to as hypoferremia of inflammation, may impair erythro-
poiesis and develop into anemia if the inflaimmatory condition persists.
Administration of lipopolysaccharide (LPS), a major component of the outer
membrane of Gram-negative bacteria, or of turpentine, a product of resin dis-
tillation, leads to systemic or local inflammation, respectively. These two
models have been widely used to decipher the mechanisms of hypoferremia
of inflammation. Interestingly, an increase in hepcidin was observed in mice
treated with LPS (Pigeon et al., 2001) or turpentine (Nicolas, Chauvet, et al.,
2002), and in humans injected with LPS (Kemna, Pickkers, Nemeth, van der
Hoeven, & Swinkels, 2005). Increased hepcidin downregulates ferroportin
(Nemeth, Tuttle, et al., 2004) and thereby decreases iron influx from
enterocytes, macrophages, and hepatocytes into the plasma compartment.
Iron recycled from senescent erythrocytes is then retained in macrophages
and iron absorption is decreased. The increase in hepcidin was thus thought
to be a key mediator of hypoferremia of inflammation, especially since
hypoferremia is absent in hepcidin knockout mice (Gardenghi et al., 2014;
Kim et al., 2014; Nicolas, Chauvet, et al., 2002).

3.1 IL-6 is an important mediator of hepcidin induction

by inflammation
Induction of hepcidin by inflammation can be attributed, at least in part, to the
inflammatory cytokine IL-6 which is the major regulator of the acute phase
response in hepatocytes. IL-6 treatment stimulates hepcidin expression in iso-
lated hepatocytes and in hepatoma cell lines (Nemeth, Rivera, et al., 2004).
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Administration of IL-6 to mice (Mayeur, Lohmeyer, et al., 2014) and human
volunteers (Nemeth, Rivera, et al., 2004) stimulates hepcidin production and
results in hypoferremia. Furthermore, although mice lacking I1-6 still respond
to LPS (Besson-Fournier et al., 2012; Lee, Peng, Gelbart, & Beutler, 2004),
they fail to induce hepcidin and do not become anemic in response to turpen-
tine (Nemeth, Rivera, et al., 2004).

Upon an inflammatory stimulus, IL-6 is released by many types of cells,
including Kupfter cells, and activates a hexameric cell-surface signaling assem-
bly composed of IL-6, the non-signaling IL-6 receptor, and a gp130 subunit
capable of signal transduction. IL-6 binding activates the receptor-associated
Janus kinases (JAKs), and specific tyrosine residues in the intracellular domains
of gp130 become phosphorylated. These phospho-tyrosine residues provide
docking sites for signaling molecules, including the transcription factor
STAT3. STATS3 itself is phosphorylated on tyrosine residues that facilitate
nuclear translocation of activated STATs and the binding of STAT3 dimers
to specific DNA residues on target promoters. Studies on hepatoma cell lines
have shown that STAT3 binds to a conserved sequence on the hepcidin pro-
moter and that this sequence is necessary and sufficient for IL-6 responsiveness
(Verga Falzacappa etal., 2007; Wrighting & Andrews, 2006), giving rise to
the so far consensual mechanism of hepcidin regulation by inflammation
through the JAK/STATS3 signaling pathway. In addition to IL-6, a wide
variety of other cytokines can activate STAT3 in hepatocytes, most nota-
bly oncostatin M, the leukemia inhibitory factor LIF, and IL-22 (Wang,
Lafdil, Kong, & Gao, 2011). Interestingly, these cytokines have all been
shown to induce hepcidin via the JAK/STAT3 pathway (Armitage
et al., 2011; Chung et al., 2010; Kanda et al., 2009; Smith et al., 2013;
Wallace & Subramaniam, 2015) and probably explain why, although del-
ayed in time, Stat3 can still be activated by LPS in the liver of Il-6 knockout
mice (Besson-Fournier et al., 2012).

3.2 In vivo, the kinetics of hepcidin induction does
not coincide with that of Stat3 activation

Surprisingly, kinetic curves of Stat3 activation versus hepcidin induction in
the mouse liver have never been compared. At the beginning of 2000s,
immunologists have shown that the IL-6-signaling pathway is rapidly turned
off by the suppressor of cytokine signaling SOCS-3, an immediate early gene
whose transcripts are present at very low levels but are quickly induced by
activated STAT3 upon stimulation by IL-6 (Croker et al., 2003; Kubo,
Hanada, & Yoshimura, 2003). In the regenerating liver following partial
hepatectomy, SOCS-3 mRNA is also promptly induced by IL-6 and the
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SOCS-3 protein participates in a rapid feedback loop to inhibit STAT3
activity (Campbell et al., 2001). Our personal data show that Socs-3 mRINA,
a direct target of activated Stat3, 1s induced in a robust manner in the mouse
liver already 1h after LPS treatment, at a time-point where hepcidin is not
induced (Fig. 3). This correlates with a massive translocation of activated
Stat3 in the nuclei of the hepatocytes. As expected, Socs3 rapidly inhibits
Stat3 phosphorylation which is strongly reduced in the nuclei of hepatocytes
4-6h after LPS administration, when the peak of hepcidin induction
is observed. Socs3 mRNA is then stabilized by activation of p38™MAP¥
(Ehlting et al., 2007) and sustained up to 8h after injection, preventing
further activation of Stat3. These opposing trends of Stat3 activation and
hepcidin induction challenge the dogma that, in vivo, hepcidin stimulation
by IL-6 is due to the binding of activated Stat3 to the hepcidin promoter.
Interestingly, translocation of activated Stat3 to the hepatocyte nuclei and
induction of Socs3 mRNA are delayed and reduced in LPS-challenged 16
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Fig. 3 In vivo, the kinetics of hepcidin induction does not coincide with that of Stat3. In
wild-type mice, Socs3 mRNA, a direct target of activated Stat3, is strongly induced
already 1h after LPS administration (A). This correlates with massive translocation of
activated Stat3 in the nuclei of hepatocytes at that time point (B). Stat3 activation is then
rapidly inhibited by Socs3 (C) and is much lower when the peak of hepcidin induction is
observed (D). In /I-6 knockout mice, although translocation of activated Stat3 is delayed
(B) and phosphorylation of Stat3 reduced (C) compared with wild-type mice, hepcidin is
induced to levels similar to those in wild-type mice (D).
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knockout mice, but not completely abolished, uncovering the actions of
other cytokines of the IL-6 family or IL-22. However, despite these difter-
ences, the level of hepcidin induction is similar to that in wild-type mice,
further challenging the consensual mechanism of hepcidin regulation by
inflammation.

3.3 In mouse primary hepatocytes, hepcidin is cooperatively
regulated by STAT3 and NF-KB

The systemic inflammatory response to pathogen infection or local tissue
injury is also mediated by interleukin 1. IL-1 potently activates the nuclear
factor kB (NF-xB) family of transcription factors. The nuclear import
and activation of NF-kB is achieved by cytokine-dependent phosphory-
lation and subsequent degradation of the inhibitory protein IkB. Interest-
ingly, IL-1 was shown to stimulate hepcidin in primary hepatocytes from
both wild-type and II-6 knockout mice (Lee, Peng, Gelbart, Wang, &
Beutler, 2005), suggesting that IL-1 may play an IL-6-independent role
in the upregulation of hepcidin by inflaimmation. STAT3 and NF-xB are
engaged in extensive crosstalks in the liver (He & Karin, 2011) and it has
been reported that, whereas neither IL-6 nor IL-1 alone is a potent inducer
of the hepcidin gene in primary hepatocytes, hepcidin expression is substan-
tially enhanced upon combined stimulation with IL-6 and IL-1 (Bode,
Albrecht, Haussinger, Heinrich, & Schaper, 2012; Goldstein, Paakinaho,
Baek, Sung, & Hager, 2017). Analysis of available chromatin immunoprecip-
itation sequencing (ChIP-seq) data (Goldstein et al., 2017) shows that the two
cytokines alter the hepatocyte chromatin at the hepcidin locus (Fig. 4).
H3K27ac, a modification of histone H3 (acetylation of the lysine residue
in position 27), is a well-established marker of active enhancer. Interestingly,
the H3K27ac signal is much higher when mouse primary hepatocytes are
treated with both IL-1 and IL-6 rather than with single treatments, show-
ing that IL-1 and IL-6 synergistically induce hepcidin gene transcription.
Furthermore, enhancer activity induced by IL-1 is negated in the presence
of a dominant negative peptide inhibiting NF-xB activity, indicating that
NF-xB is responsible for IL-1-mediated expression of hepcidin. Synergistic
induction of hepcidin by dual treatment also requires NF-xB signaling.
Altogether, these data show a clear synergy between IL-6/STAT3 and
IL-1/NF-kB signaling pathways in the induction of hepcidin in mouse pri-
mary hepatocytes. Whether a role for NF-xB signaling in hepcidin induc-
tion is also important in vivo remains to be established but could explain why
the level of hepcidin is significantly higher in LPS than in IL-6-treated mice.
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Fig. 4 Genome browser tracks showing the changes in histone H3K27ac signal
(@ marker of enhancer activity) induced by cytokine treatment of mouse primary
hepatocytes. The H3K27ac signal at the hepcidin locus is much higher when primary
hepatocytes are treated with both cytokines (DUAL) than with each one separately,
suggesting that IL-1 and IL-6 synergistically activate hepcidin transcription. Enhancer
activity induced by IL-1 is negated in the presence of a dominant negative peptide
inhibiting NF-kB activity (DN-NFxB), indicating that NF-xB is responsible for IL-1-
mediated hepcidin expression. Synergistic induction of hepcidin by dual treatment also
requires NF-kB signaling. Publically available H3K27ac ChlIP-seq data were obtained
from GSE96770, and DNAse hypersensitive sites from GSE72087.

Importantly, the observed cooperation between STAT3 and NF-xB
signaling does not mean that activated STAT3 or NF-xB dimers have to
bind directly to the hepcidin promoter. Rather, they could bind to and
induce another target, preferably a transcription factor, which would in turn
stimulate hepcidin transcription. C/EBPS, whose gene expression is induced
in hepatocytes both by IL-6 via Stat3 (Cantwell, Sterneck, & Johnson,
1998) and by IL-1 via NF-xB (Ali, Singh, Yildirim, & Ramji, 2010), was
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recently reported to activate hepcidin transcription in hepatoma cell lines
(Kanamori et al., 2017) and could be such an intermediate.

3.4 The BMP/SMAD pathway contributes to the maximal
hepcidin induction by inflammation

Hepatocyte-specific disruption of Smad4 abrogates not only BMP but also
IL6-mediated hepcidin induction, indicating that the BMP pathway also
contributes to hepcidin upregulation by inflammation (Wang et al., 2005).
This is further supported by the blunted hepcidin induction observed when
mice with impaired Smad1/5/8 signaling are treated with LPS. Indeed,
experiments on mice lacking both Hfe and Tfi2 (Wallace, McDonald,
Ostini, & Subramaniam, 2011), Hjv or Bmp6 alone or in combination
(Latour et al., 2017) or the Bmp type I receptor Alk3 (Mayeur,
Lohmeyer, et al., 2014) have shown that the level of hepcidin production
reached after the LPS challenge is highly dependent on the basal expression
of hepcidin before stimulation. It is for instance highest in wild-type animals,
intermediate in single Hjv or Bmp6 knockout mice, and lowest in double
knockout animals (Latour et al., 2017). This is compatible with a synergistic
effect of the inflammatory signaling on the BMP/SMAD signaling in
regulating hepcidin during inflammation, a possibility also suggested by
the mitigation of hepcidin induction by pharmacological intervention
with dorsomorphin, LDN-193189, or other specific inhibitors of the
BMP pathway in rodents treated with inflammatory agents (Steinbicker,
Sachidanandan, et al., 2011; Theurl et al., 2011; Yu et al., 2008).

Intriguingly, Smad1/5/8 signaling in the mouse liver is activated by activin
B as a consequence of LPS stimulation (Besson-Fournier et al., 2012; Besson-
Fournier et al., 2017). However, although activin B induces Smad1/5/8
phosphorylation and hepcidin expression in primary hepatocytes (Besson-
Fournier et al., 2012; Canali et al., 2016; Kanamori et al., 2016), it is not
required for hepcidin induction by inflammation in vivo (Besson-Fournier
etal., 2017). Even more puzzling is the lack of relationship between the level
of activation of Smad1/5/8 signaling reached after LPS stimulation in the
mouse liver and hepcidin expression (Latour et al., 2017). Further studies
are needed to determine which liver cell populations contribute to the
activation of Smad1/5/8 signaling and which ones contribute to hepcidin
production during inflammatory stimuli. It is likely that these do not overlap,
adding another level of complexity to the already complicated regulation of
hepcidin by inflammation. A model for hepcidin regulation by inflammation,
based on our current understanding, is shown in Fig. 5.
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Fig.5 Proposed model for the regulation of hepcidin by inflammation. By activating the
JAK/STAT pathway, IL-6 induces SOCS3 that participates in a rapid feedback loop to
inhibit STAT3 activity. The induction of hepcidin mRNA is delayed in time, compared
with SOCS3, which makes it less likely to be a direct target of activated STAT3. C/EBPS,
whose gene expression is induced in hepatocytes by both IL-6/Stat3 and IL-1/NF-xB
pathways, was recently reported to activate hepcidin transcription in hepatoma cell
lines and could be an intermediate between STAT3/NF-kB activation and hepcidin tran-
scription. Importantly, the BMP/SMAD pathway contributes to the maximal induction of
hepcidin by inflammation.

4. Hepcidin regulation by stress erythropoiesis
and hypoxia

Iron is an important component of heme in hemoglobin and the pro-
duction of red blood cells in the bone marrow is critically dependent on the
bioavailability of iron. After blood loss or hemolysis the requirement for iron
increases to allow for the replacement of lost red blood cells. Hepcidin must
then be rapidly suppressed to allow increased iron absorption from the diet and
the release of iron from body stores. First, EPO, a cytokine produced by the
kidney in response to low oxygen levels, triggers the proliferation and terminal
differentiation of erythroid progenitor cells. These precursors then release a
soluble factor expected to communicate the increase in iron demand from
the bone marrow to the liver and decrease hepcidin expression (Fig. 6).

Erythroferrone (ERFE), a member of the C1q/TNF-related protein
family encoded by the Fam132b gene, possesses the main characteristics
to be an erythroid regulator of hepcidin during stress erythropoiesis.
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Fig. 6 Negative regulators of hepcidin. Blood loss, hemolytic anemia and genetic dis-
eases causing ineffective erythropoiesis produce anemia that is sensed by the kidney.
The kidney then increases erythropoietin (EPO) production and EPO triggers bone mar-
row erythropoiesis. This increases erythroferrone (ERFE) production by erythroblasts.
ERFE circulates in the plasma to cause hepatic suppression of hepcidin. Hypoxia may
also increase EPO production and stimulate the EPO-ERFE axis. In addition, hypoxia
increases platelet-derived growth factor BB (PDGF-BB), another suppressor of hepcidin.
Finally testosterone, which increases hepatic EGF receptor expression, amplifies the
inhibitory effect of EGF on hepcidin transcription. The exact mechanisms by which ERFE,
PDGF-BB or EGF repress hepcidin in the hepatocyte remain to be delineated.

After phlebotomy or EPO injection to mice, Fam132b mRNA levels are
greatly increased in the bone marrow and the spleen of these animals,
which is accompanied by a large increase in serum Erfe concentrations.
This increase in Erfe production is followed by the suppression of
hepcidin. Furthermore, the treatment of mice or isolated hepatocytes with
recombinant ER FE suppresses hepcidin mRNA, showing that ERFE acts
directly on hepatocytes to regulate hepcidin expression. Anemia persists
longer and recovery is delayed in Fam132b knockout mice, because these
mice fail to suppress hepcidin as wild-type mice do (Kautz et al., 2014).
ERFE also helps recovery of anemia in acute inflammation (Kautz,
Jung, Nemeth, & Ganz, 2014). The mechanism of hepcidin inhibition
by ERFE is still unclear but ERFE could act through the SMAD pathway
because hepcidin is not suppressed by EPO in Smad1/5 double knockout
mice (Wang et al., 2017).
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Interestingly, matriptase-2, which is stabilized at the cell surface in iron
deficiency (Zhao etal., 2015), has a dominant effect over ERFE. Indeed Erfe
is unable to suppress the high hepcidin levels of Tmprss6 knockout mice
treated with EPO (Nai et al., 2016). The same inability to suppress hepcidin
despite high Erfe levels is observed in Tmprss6/Hfe/Tfr2 triple knockout and
Tmprss6/Tfr2 double knockout mice (Wallace et al., 2015). A parallel atten-
uation of BMP/SMAD signaling seems necessary for maximal hepcidin
suppression in response to erythropoietic activity. Consistent with this, inac-
tivation of Timprss6 in beta-thalassemia Hbb™ ' mice prevents iron overload
and partially corrects the anemia phenotype (Guo, Casu, et al., 2013;
Nai et al., 2012; Schmidt et al., 2013) whereas Erfe deletion in the same mice
reduces iron overload without correcting anemia (Kautz et al., 2015).

In the long term, hepcidin eventually decreases even in Fam132b knock-
out mice which end up compensating their anemia, suggesting the existence
of other erythroid regulators (U. Sardo, communication at the 2018
European Iron Club Meeting in Zurich). Two members of the TGF-$
family, GDF15 (Tanno et al., 2007) and TWSG1 (Tanno et al., 2009), were
postulated to function as putative erythroid regulators of hepcidin but their
role could not be unequivocally confirmed, essentially because erythropoietic
stress has no effect on these molecules in mice and suppression of hepcidin is
observed even in the absence of Gdf15. Further studies are still necessary to
clarify the receptor and signaling of Erfe and identify the so far unknown
regulators which are capable of repressing hepcidin on the long term.

The main function of iron in hemoglobin is to bind oxygen. The levels
of tissue oxygen thus depend on the availability of iron to form hemoglobin.
It has long been known that hypoxic conditions increase erythropoiesis to
enhance oxygen availability. Similarly to stress erythropoiesis, hypoxia also
suppresses hepcidin. Platelet-derived growth factor BB (PDGF-BB) has
been implicated in the regulation of hepcidin by hypoxia (Sonnweber
et al., 2014). Human volunteers subjected to exercise under hypoxic con-
ditions show elevated concentrations of PDGF-BB which inversely corre-
late with hepcidin levels. Mice injected with PDGF-BB suppress hepcidin
and raise plasma iron. However, hypoxia is also a strong stimulus of EPO
production and erythropoiesis (Liu, Davidoft, Niss, & Haase, 2012;
Mastrogiannaki et al., 2012), which is associated with increased production
of ERFE and other potential erythroid regulators. Further investigations are
necessary to understand the relative contribution of these different factors to
the hypoxic suppression of hepcidin.
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5. Hepcidin regulation by sex hormones

Clinical data have shown that men and women exhibit important dis-
parities in the progression of chronic liver diseases such as alcoholic liver dis-
ease, chronic hepatitis C, or genetic hemochromatosis, all of which have
been reported associated with reduced hepcidin expression (Harrison-
Findik, 2010), and gender-related variations in the regulation of iron metab-
olism have been suspected to contribute to these differences. In mice,
whereas castration induced hepcidin in males, daily administration of testos-
terone to females significantly reduced hepcidin concentration and increased
serum iron and transferrin saturation (Guo, Baschman, et al., 2013; Latour
etal., 2014). Notably, administration of testosterone to females in a model of
chronic inflammation reversed anemia, possibly through hepcidin suppres-
sion (Guo, Schmidt, Fleming, & Bhasin, 2016).

It has been shown that the suppressive effects of testosterone on hepcidin
are not due to its ability to stimulate erythropoiesis but rather to its capacity
to induce Egf receptor (Egfr) expression and activate Egfr signaling in the
liver (Latour et al., 2014). Indeed, testosterone administration to female
mice induced hepatic Egfr and selective inhibition of Egfr signaling in male
mice significantly increased hepcidin expression. EGF has been shown to
block iron-induced hepcidin mRINA in mice by suppressing BMP signaling
upstream of the hepcidin promoter (Goodnough, Ramos, Nemeth, & Ganz,
2012). It is thus possible that, by increasing hepatic Egfr expression, testos-
terone amplifies the inhibitory effect of EGF on hepcidin transcription. It
was speculated that this mechanism is a modifier of disease severity in
conditions in which hepcidin production is already inadequate (Latour
et al., 2014). The mechanisms linking testosterone-induced Egfr signaling
to hepcidin suppression in vivo are not yet understood but could for instance
involve the induction and phosphorylation of TGIF, a Smad co-repressor,
by EGF (Liu, Hubchak, Browne, & Schnaper, 2014). The suppressive effect
of testosterone might also be mediated by the association of androgen recep-
tor with Smadl and Smad4 that reduces their binding to BMP-response
elements in the hepcidin promoter (Guo, Bachman, et al., 2013).

In humans, testosterone stimulates erythropoiesis in both sexes (Shahani,
Braga-Basaria, Maggio, & Basaria, 2009) and excessive erythrocytosis
is the most common adverse event associated with testosterone therapy
in older men (Calof et al., 2005). Interestingly, the mechanisms by which
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testosterone stimulates erythropoiesis do not involve stimulation of EPO
secretion (Coviello et al., 2008) or erythroid progenitor cells (Kim et al.,
2005) but suppression of hepcidin (Bachman et al., 2010). Another exam-
ple of the suppressive role of testosterone on hepcidin in humans comes
from investigations on women with polycystic ovary syndrome, a frequent
androgen excess disorder, who present with mild iron overload (Escobar-
Morreale, 2012). Notably, there is a negative correlation between serum
hepcidin levels and serum free testosterone concentrations in these
patients, suggesting that increased body iron stores are due to the down-
regulation of hepcidin by testosterone (Luque-Ramirez, Alvarez-Blasco,
Alpanes, & Escobar-Morreale, 2011).

Whereas testosterone clearly has suppressive effects on hepcidin, the eftects
of estrogens on hepcidin expression are less clear (Hou et al., 2012; Ikeda etal.,
2012; Lehtihet et al., 2016; Yang, Jian, Katz, Abramson, & Huang, 2012;
Zhen et al., 2013) and highlight the need for additional studies to delineate
their possible role in hepcidin regulation.

6. Conclusions

The identification of hepcidin as the master regulator of systemic iron
homeostasis has greatly advanced our understanding of iron biology.
Hepcidin is produced predominantly in the liver but has eftects on cells
in distant locations, most notably enterocytes for the control of dietary iron
absorption, hepatocytes for the control of iron storage, and macrophages for
the control of iron release into the circulation. The regulation of hepcidin is
complex, with a number of positive and negative regulators converging to
fine-tune its expression. The best defined regulatory pathway of hepcidin is
the BMP/SMAD pathway that mediates the effect of iron on hepcidin
and also contributes to the maximal induction of hepcidin by inflammation.
The IL-6/STAT3 pathway supposed to mediate the effect of inflammation
on hepcidin still raises issues, particularly because, in the liver, the timing
of hepcidin induction does not coincide with that of STAT3 activation.
Finally, there remains a number of missing links to be discovered in the
EPO/EREFE axis mediating hepcidin suppression by erythropoietic activ-
ity and the EGF/EGFR axis mediating hepcidin suppression by testoster-
one. Although there have been major breakthroughs in our understanding
of hepcidin regulation in the last 17 years, numerous issues remain to be
addressed, suggesting interesting areas for future research.
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