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ABSTRACT

Iron is required for many biological processes but is also toxic in excess; thus, body iron balance is maintained through sophisticated regulatory

mechanisms. The lack of a regulated iron excretory mechanism means that body iron balance is controlled at the level of absorption from the

diet. Iron absorption is regulated by the hepatic peptide hormone hepcidin. Hepcidin also controls iron release from cells that recycle or store

iron, thus regulating plasma iron concentrations. Hepcidin exerts its effects through its receptor, the cellular iron exporter ferroportin. Important

regulators of hepcidin, and therefore of systemic iron homeostasis, include plasma iron concentrations, body iron stores, infection and

inflammation, and erythropoiesis. Disturbances in the regulation of hepcidin contribute to the pathogenesis of many iron disorders: hepcidin

deficiency causes iron overload in hereditary hemochromatosis and nontransfused b-thalassemia, whereas overproduction of hepcidin is

associated with iron-restricted anemias seen in patients with chronic kidney disease, chronic inflammatory diseases, some cancers, and inherited

iron-refractory iron deficiency anemia. This review summarizes our current understanding of the molecular mechanisms and signaling pathways

involved in the control of hepcidin synthesis in the liver, a principal determinant of plasma hepcidin concentrations. Adv Nutr 2017;8:126–36.
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Introduction
Iron is an essential trace metal involved in oxygen trans-
port, cellular metabolism, DNA synthesis, innate immunity,
growth, and development (1). The ability of iron to cycle be-
tween 2 stable oxidation states, ferrous iron [iron (II) or Fe2+]
and ferric iron [iron (III) or Fe3+], equips iron to participate
in a wide array of biochemical processes. The iron content
in men and women ranges from 35 to 55 mg Fe/kg body
weight (2, 3). The majority of iron in the body is found in
the erythroid compartment, within heme in hemoglobin,
and is used to deliver oxygen to every cell in the body. Mature
erythrocytes have a life span of;120 d, after which point the
senescent erythrocytes are phagocytosed by specialized mac-
rophages that recycle iron (4). This recycling of iron provides
most of the daily iron requirement in humans (;20–25 mg;
most of it used for hemoglobin synthesis in bone marrow)
(2). Typically, adults lose between 1 and 2 mg Fe/d, mainly
due to desquamation of epithelial cells or minor bleeding;

the absorption of iron from the diet compensates for this ba-
sal iron loss (1–3). Absorption can increase severalfold when
iron needs to be increased—for example, after hemorrhage or
during pregnancy. Iron stores of ;400–1000 mg in the adult
liver (2) represent another important compartment that is
mobilized in times of accelerated iron usage.

When iron losses chronically outpace iron intake, iron
deficiency develops. Iron deficiency is the most common
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micronutrient deficiency in the world and is the most prev-
alent cause of anemia worldwide (5). Health consequences
of insufficient iron availability include weakness and fa-
tigue; decreased physical and cognitive performance; ad-
verse pregnancy outcomes, including increased newborn
and maternal mortality with severe iron deficiency anemia
(IDA)4; delayed mental and motor development in chil-
dren; and worse outcomes in patients with coexisting path-
ologic conditions (6). Conversely, iron in excess is toxic to
cells because it catalyzes the formation of reactive oxygen
species, resulting in oxidative stress (7–9). Oxidative stress
has been implicated in the pathogenesis of numerous hu-
man diseases, including cancer (10), cardiac disease (11),
diabetes (12), and neurodegenerative diseases including
Alzheimer and Parkinson diseases (13, 14). There is no
known mechanism for the physiologic clearance of excess
iron from the body; therefore, body iron content is tightly
regulated at the level of absorption from the diet. However,
extracellular and plasma iron concentrations are deter-
mined by the net balance between cellular iron uptake,
mainly in the erythropoietic marrow, and iron release
from cells storing and recycling iron (15).

The delivery of iron to every cell in the body depends on
circulating iron, bound to the plasma protein transferrin.
Iron is supplied into the circulation from macrophages recy-
cling senescent erythrocytes, from duodenal enterocytes ab-
sorbing dietary iron, and from hepatic stores. All of these
cells release iron into the circulation through the only known
iron exporter, ferroportin (commonly referred to as FPN1 and
encoded by the gene SLC40A1) (16–18). Therefore, the rate of
iron entry into the circulation is proportional to the amount of
ferroportin on iron-exporting cells. The key iron-regulatory
hormone, hepcidin (HAMP or HEPC), controls systemic

iron homeostasis through its ability to negatively regulate fer-
roportin, its cognate receptor (1, 19) (Figure 1).

Hepcidin was first isolated from urine and plasma on the
basis of its structural similarities to antimicrobial peptides
and named for its origin in the liver and its antimicrobial
properties in vitro (20, 21). Northern blot analyses of mul-
tiple organs showed that HAMP expression predominates in
the liver and to a much lesser extent in the heart and spinal
cord (20). Initial experiments showed minor antimicrobial
activity of hepcidin in vitro; the role of hepcidin in the reg-
ulation of iron was suggested when Pigeon et al. (22) re-
ported hepcidin overexpression during iron overload in
mice. The bioactive form of hepcidin is the 25–amino acid
peptide hormone secreted by hepatocytes, the main cell
type in the liver (20–22). Hepcidin inhibits the release of
iron into the circulation by postranslationally regulating
its cognate receptor ferroportin, the iron transporter ex-
pressed on the basolateral membrane of duodenal entero-
cytes, on macrophages, placental syncytiotrophoblasts, and
hepatocytes (Figure 1) (16–18). Independently of hepcidin,
FPN1 production is also regulated transcriptionally by
hypoxia-inducible factor 2a (HIF2a) and heme-dependent
transcription factors (23), and post-transcriptionally by
the iron-responsive element/iron-regulatory protein (IRE/
IRP) regulatory network (24) and iron-responsive micro-
RNA, miR-485-3p (25). Of all of these mechanisms, post-
translational regulation by hepcidin is the ultimate and
decisive step in controlling iron homeostasis. At the molec-
ular level, binding of hepcidin to FPN1 causes receptor ubiq-
uitination (26), internalization, and subsequent lysosomal
degradation in vitro (19). On the basis of the recently de-
scribed structure of the ferroportin bacterial ortholog (27),
it is also possible that hepcidin controls iron export from

FIGURE 1 Hepcidin regulates
systemic iron homeostasis. The
hormone hepcidin regulates
plasma iron concentrations by
controlling ferroportin
concentrations on iron-exporting
cells, including duodenal
enterocytes, recycling macrophages
of the spleen and liver, and
hepatocytes. Hepcidin production
by hepatocytes is the main source
of plasma hepcidin. Hepatocyte
hepcidin synthesis is regulated at
the transcriptional level by multiple
stimuli. Fpn, ferroportin; Tf,
transferrin.
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FPN1 by gating the transporter, without inducing its endo-
cytosis. It still remains to be experimentally determined
whether and under which conditions the gating may occur.
Consequently, the removal of FPN1 from the cell surface (or
gating of FPN1) inhibits the release of iron into the plasma
and causes iron retention in any cell that expresses FPN1 (19).

Hepcidin is produced at a high rate (;10 mg/d at base-
line) (28) and is rapidly cleared from the circulation by
the kidneys, with a half-life of several minutes (29). Thus,
altering the hepcidin production rate can rapidly change
its circulating concentrations, and consequently the flow
of iron into plasma. So far, the regulation of hepcidin pro-
duction has only been shown at the level of its transcription.
The major stimuli regulating hepcidin transcription include
blood plasma iron concentrations, liver iron stores, inflam-
mation, and erythropoiesis (30).

Importantly, dysregulation of hepcidin production results in
common iron disorders. Hepcidin deficiency causes iron over-
load (hereditary hemochromatosis and b-thalassemia) (30–32).
Conversely, overproduction of hepcidin is associated with iron-
restricted anemias (in chronic kidney disease, autoimmune in-
flammatory disorders, some cancers, and inherited iron-refractory
IDA) (28, 30, 33). Therefore, appropriate regulation of hepcidin
is essential for the maintenance of iron homeostasis and pre-
vention of disease; and a better understanding of the pathways
involved in hepcidin regulation are key to understanding the
pathobiology of iron-related disorders.

Hepcidin Regulation: Current Understanding
Stimulatory pathways for hepcidin production
Hepcidin production is stimulated by iron loading and in-
flammation (Table 1). Hepcidin increase by iron prevents

further iron loading to ensure the maintenance of body
iron balance. Inflammatory increase in hepcidin causes acute
hypoferremia, which likely has a role in nutritional immunity.
Iron-mediated hepcidin regulation occurs via the bone mor-
phogenetic protein–SMAD (BMP-SMAD) pathway, whereas
inflammation-mediated regulation occurs via both the IL-6/
Janus kinase (JAK)/signal transducer and activator of transcrip-
tion (STAT) signaling axis and the BMP-SMAD pathway.

Iron status and the BMP-SMAD pathway.

Iron sensing. Hepcidin is produced in the liver by hepa-
tocytes and its expression is feedback regulated by iron.
The appropriate regulation of hepcidin expression is depen-
dent on the ability of the liver to sense intracellular and ex-
tracellular iron and relay these signals to the hepatocyte
nucleus where hepcidin expression can be appropriately
modulated to maintain homeostasis. Hepatocyte transferrin
receptor (TFR) 1, TFR2, and human hemochromatosis pro-
tein (HFE) are believed to function as the extracellular iron-
sensing mechanism, and to specifically sense circulating
concentrations of transferrin-bound iron (iron-TF). These
proteins function by potentiating the signaling through
the BMP pathway to stimulate hepcidin transcription in
proportion to the concentrations of iron-TF. Hfe2/2 or
Tfr2 mutant mice failed to increase hepcidin in response
to acute iron loading when iron-TF concentrations in-
creased, although they still showed increased hepcidin in re-
sponse to chronic iron loading when hepatic iron stores
were increased (34). HFE is a major histocompatibility com-
plex (MHC) class I–like protein; it was originally identified
as a gene mutated in the most common form of hereditary

TABLE 1 Hepcidin regulators1

Pathway Ligands and modulators Receptors Signaling components

Hepcidin inducers
Iron status
BMP-SMAD BMP6, TFR1, TFR2, HFE,

TMPRSS6, neogenin
ALK2, ALK3, BMPR2, ACTR2A, HJV SMAD1/5/8

Inflammation
JAK-STAT IL-6 IL-6R, GP130 JAK2, STAT3
BMP-SMAD (noncanonical) Activin B ALK2, ALK3 SMAD1/5/8

Hepcidin suppressors
Erythropoiesis ERFE ? ?

GDF15 ? ?
TWSG1 ? ?

Other regulators
Sex hormones Testosterone EGFR (?) ?

17β-Estradiol ? ?
Progesterone PGRMC1 SFKs

Growth factors HGF c-Met MEK, PI3K, TGIF
EGF EGFR
PDGF-BB PDGFR CREB/H

1 The table summarizes inducers and suppressors of hepcidin production and the respective signaling pathways involved, including ligands and modulators, their receptors, and
additional signaling components. ACTR2A, activin A receptor type 2A; ALK, activin receptor-like kinase; BMPR2, bone morphogenetic protein receptor 2; BMP-SMAD, bone
morphogenetic protein-mothers against decapentaplegic homolog; BMP6, bone morphogenetic protein 6; c-Met, mesenchymal-epithelial transition factor (MET) proto-oncogene,
receptor tyrosine kinase; CREB/H, cAMP-response element binding protein H, EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; ERFE, erythroferrone;
GDF15, growth differentiation factor 15; GP130, glycoprotein 130; HFE, human hemochromatosis protein; HGF, hepatocyte growth factor; HJV, hemojuvelin; IL-6R, IL-6 receptor;
JAK, Janus kinase; MEK, mitogen-activated protein kinase kinase; PDGF-BB, platelet-derived growth factor BB; PDGFR, platelet-derived growth factor receptor; PGRMC1, pro-
gesterone receptor membrane component 1; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; SFK, Src family kinase; STAT, signal transducer and activator of transcription;
TFR, transferrin receptor; TGIF, transforming growth-interacting factor; TMPRSS6, transmembrane protease serine 6; TWSG1, twisted-gastrulation 1; ?, unknown.
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hemochromatosis (35). Structural and functional studies
identified TFR1 as a protein interacting with HFE (36).
The HFE binding site on TFR1 overlaps with that of iron-
transferrin; therefore, binding of HFE to TFR1 is competi-
tively inhibited by iron-TF. When circulating iron-transferrin
concentrations are high, HFE is displaced from TFR1
and likely interacts with activin receptor-like kinase (ALK)
3 (37), a BMP receptor type I known to regulate hepcidin
expression. HFE stabilizes ALK3 protein by preventing its
ubiquitination and proteasomal degradation, thus increas-
ing ALK3 expression at the cell surface. HFE was also re-
ported to associate with TFR2 in overexpressing cellular
systems, and TFR2 itself is stabilized by binding iron-TF
(38). However, whether an iron-TF/TFR2/HFE complex
forms in vivo with endogenous proteins remains to be
shown, and it is unclear whether TFR2 also interacts with
ALK3 (37). Like Hfe knockout mice, Tfr2-deficient mice
also show decreased hepatic SMAD signaling, and double-
knockout Hfe/Tfr2 mice show even lower SMAD phosphor-
ylation and hepcidin expression than either of the single
knockouts (39). Although the individual roles of iron-TF,
TFR1, HFE, TFR2, and ALK3 in iron regulation are well
established, it remains to be shown how all of these compo-
nents interact to modulate BMP signaling.

A distinct pathway appears to be involved in hepcidin
regulation by iron stores (34), but the exact mechanism of
intracellular iron sensing by hepatocytes is still unclear.
One likely mediator is increased production of BMP6 by
nonparenchymal cells of the liver in response to iron loading
(40, 41). Thus, both extracellular and intracellular iron leads
to hepcidin production via the stimulation of the BMP-
SMAD pathway. Additional studies are needed to under-
stand the detailed mechanisms of iron sensing that govern
hepcidin regulation.

The BMP-SMAD pathway. The TGF-b superfamily of sig-
naling molecules participates in fundamental cell processes,
including proliferation and differentiation (42). Members
include TGF-b proteins, activins, nodals, BMPs, and growth
and differentiation factors (GDFs). These signaling mole-
cules bind to complexes of type I and type II serine and
threonine kinase receptors, forming heteromeric signaling
complexes (43), which phosphorylate and activate down-
stream SMAD transcription factors. BMPs signal through
the receptor-activated SMADs 1/5/8, whereas TGF-b pro-
teins, activins, and nodals signal through SMAD2/3. The
receptor-activated SMADs then associate with a common
SMAD mediator, SMAD4, forming an activated SMAD
transcription factor complex, which translocates to the nu-
cleus to modulate gene transcription (44). Studies have
shown that multiple members of this family, including
TGF-b, activins, and BMPs, are able to induce hepcidin ex-
pression, but their individual roles in iron regulation, if
any, remain to be delineated.

The initial connection between hepcidin regulation and
the TGF-b superfamily pathway was made in mice with
liver-specific knockout of Smad4; the disruption of Smad4

resulted in 100-times lower hepcidin expression and iron ac-
cumulation in multiple organs (45). Another key finding
was the identification of hemojuvelin [HJV, known also as
repulsive guidance molecule C (RGMc) or HFE type 2 pro-
tein (HFE2)] as a BMP coreceptor (46). Mutations in HJV
result in profoundly decreased hepcidin expression and ju-
venile (type 2) hemochromatosis (47). Experiments that
used radiolabeled BMPs showed that the extracellular do-
main of HJV binds BMPs, and coimmunoprecipitation ex-
periments revealed a direct interaction between HJV and
BMP type I receptors, together showing that HJV is a
BMP coreceptor (46). HJV was shown to interact with mul-
tiple BMP type I receptors (ALK2, 3, and 6), enhance utili-
zation of BMP type II receptor activin A receptor type 2A
(ACTR2A) (48), and bind BMP ligands 2, 4, 5, 6, and 7
(49). HJV was also reported to form a membrane complex
with HFE and TFR2 in an in vitro overexpression system;
however, whether this regulatory complex is formed by en-
dogenous proteins remains to be determined (50).

Although many BMP ligands are able to induce hepcidin
expression in vitro (51–54), a genomewide liver transcrip-
tion profile of livers from animals fed varying iron diets de-
termined that only BMP6 mRNA levels correlate with body
iron stores (55), implicating it as an effector in iron homeo-
stasis. The injection of BMP6 into mice increased Hamp ex-
pression and decreased serum iron (56). Conversely, studies
that used targeted disruption of Bmp6 in mice revealed a
severe iron overload phenotype, significantly decreased
hepcidin expression, and diminished receptor-regulated
SMAD (R-SMAD) phosphorylation and nuclear translocation
(54, 56). In addition, in vivo inhibition of BMP6 with the
use of soluble HJV fused to the Fc portion of human IgG
(HJV.Fc) or HJV neutralizing antibody diminished hepcidin
expression and increased serum iron, whereas treatment
with the extracellular domain of repulsive guidance mole-
cule B (RGMb or DRAGON) fused to the Fc portion of hu-
man IgG (DRAGON.Fc), a more potent inhibitor of BMP2
and BMP4 compared with BMP6, was unable to recapitulate
the effects (56). It is now widely accepted that liver BMP6 is
the main BMP regulating iron metabolism in mice. Recently,
heterozygous human mutations in the BMP6 propeptide
have been linked to iron loading in humans (57). Daher
et al. (57) identified 3 missense mutations (p.Pro95Ser,
p.Leu96Pro, and p.Gln113Glu) in patients with unexplained
iron overload. The mutations were clustered in conserved
regions of the BMP6 propeptide. Functional analyses
showed that these mutations exert a dominant-negative ef-
fect on BMP6 function, because both the heterodimers of
wild-type (WT) and mutant BMP6 and homodimers of mu-
tant BMP6 exhibited impaired protein secretion (57). Con-
sequently, in cells treated with preconditioned medium from
cells expressing mutant BMP6 protein, SMAD1/5/8 phos-
phorylation and Hamp mRNA induction were lower in
comparison to cells treated with preconditioned medium
from WT BMP6-expressing cells (57). These recent findings
support the role of BMP6 as an important regulator of hepcidin
expression in humans.
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BMP type I receptors that are expressed on hepatocytes
and regulate hepcidin expression include ALK2 (ACVR1)
and ALK3 [BMP receptor (BMPR) 1A]. Hepatocyte-specific
deletion of either receptor results in iron overload, although
the iron-loading phenotype in the Alk3 knockout was more
severe (58). In hepatocytes isolated from Alk3-deficient ani-
mals, basal hepcidin expression was diminished, suggesting
a role for ALK3 in basalHamp expression (58). The maximal
effective hepcidin response to iron, however, requires both
ALK2 and ALK3. Treatment of either Alk2- or Alk3-deficient
mice with exogenous iron failed to increase Hamp expres-
sion (58). The 2 BMP type II receptors expressed on hepa-
tocytes are ACTR2A and BMPR2; genetic mouse models
and primary human hepatocytes were utilized to determine
that both receptors are involved in BMP6-inducedHamp ex-
pression (59). However, the 2 receptors have redundant roles
in regulating hepcidin, and only deficiency of both ActR2a
and liver Bmpr2, and not either single knockout, prevented
iron-induced Hamp expression that resulted in severe iron
overload (59). In aggregate, these studies show that hepcidin
regulation by the BMP-SMAD pathway is dependent on
BMP6 (and possibly other BMP ligands), ALK2, ALK3,
BMPR2, ACTR2A, HJV, SMAD1/5/8, and SMAD4.

Matriptase-2 [transmembrane protease serine 6 (TMPRSS6)],
a liver-expressed transmembrane serine protease, is an addi-
tional regulator of iron homeostasis; it functions as a negative
regulator of the BMP-SMAD pathway (60–62). Matriptase-2
itself is regulated by iron: iron deficiency in animals or low in-
tracellular iron in hepatic cells results in stabilization of
matriptase-2 protein concentrations (61, 63). The ectodomain
of matriptase-2 interacts directly with and cleaves cell surface
HJV, suppressing the BMP-SMAD signaling and thus decreas-
ingHamp expression (64). Patients withmutations inTMPRSS6
develop iron-refractory IDA (60). Similarly, Tmprss6 deficiency
in mice causes microcytic anemia and iron deficiency–related
hair loss (65). Anemia in both cases is a consequence of inap-
propriately high hepcidin concentrations that cause decreased
dietary iron absorption (65).

Not surprisingly, hepcidin expression was also shown to
be affected by other known modulators of BMP signaling,
including BMP binding endothelial regulator (BMPER)
(66), neogenin (67, 68), endofin (69), and SMAD6 and
SMAD7 (70, 71). Additional studies are necessary to develop
a more comprehensive understanding of how this system
integrates signals from multiple other pathways known to
regulate hepcidin.

Hepcidin regulation by inflammation. Infection causes a
decrease in plasma iron concentrations, as described >80 y
ago (72). The hypoferremia of inflammation likely evolved
as a host defense against extracellular pathogens, which,
like all organisms, require iron for replication and other bi-
ological functions. Chronically, infection and inflammation
can also cause anemia of inflammation, a condition charac-
terized by low serum iron, reduced transferrin saturation,
normal to elevated ferritin concentrations, and low reticulo-
cyte counts (73, 74). Hepcidin is thought to be a key

mediator of hypoferremia and anemia of inflammation be-
cause increased hepcidin sequesters iron in splenic and he-
patic macrophages and duodenal enterocytes, preventing
export into the plasma. Hepcidin was also shown to mediate
resistance to some infections (75, 76), although the spec-
trum of microbes affected by this mechanism is poorly un-
derstood. The link between hepcidin and inflammation was
made early on when hepcidin was first cloned: a >100-fold
increase in hepcidin concentrations was observed in a septic
subject (77). Importantly, in a mouse model of turpentine-
induced inflammation, a decrease in serum iron did not oc-
cur in hepcidin-deficient mice (78). Furthermore, hepcidin
deficiency ameliorated anemia in mouse models of anemia
of inflammation (caused by heat-killed Brucella abortus)
and chronic kidney disease (79), providing strong evidence
for the role for hepcidin as a mediator of hypoferremia
and anemia of inflammation. However, hepcidin-independent
mechanisms may also contribute to hypoferremia of inflam-
mation via the direct suppressive effect of inflammation on
FPN1 (80, 81).

IL-6 was identified as an important upstreammediator of
hepcidin induction by inflammation (82). IL-6 infusion in
humans induced hepcidin excretion and decreased serum
iron and transferrin saturation (73). Subsequent studies
showed that IL-6 is required for hepcidin induction by mul-
tiple microbial molecules (PAMPs) in primary hepatocytes
and in mice, and by bacterial or viral infection in vivo;
induction was ablated in the presence of IL-6–neutralizing
antibodies and in interleukin-6 (Il6)–deficient mice (73, 83).

Binding of IL-6 to its receptor results in the formation
of a hexameric complex of IL-6 receptors [IL-6 receptor
(IL-6R) or CD126] with glycoprotein 130 (GP130), induc-
ing a downstream signaling cascade (84–86). The receptor
complex lacks intrinsic kinase activity and utilizes the tyro-
sine kinase, JAK2; formation of the complex results in JAK2
activation, enabling it to phosphorylate downstream targets
including STATs. Phosphorylated STATs subsequently di-
merize and translocate to the nucleus where they activate
gene transcription (84–86). Induction of HAMP transcription
by IL-6 is specifically dependent on STAT3: the disruption
of the STAT3 binding region in theHAMP promoter prevented
its induction by inflammatory stimuli (87). Hepatocyte-
specific deletion of the Gp130 region for STAT1 and STAT3
activation (but not a Gp130 mutation that impaired RAS-
MAPK activation) prevented hepcidin induction by IL-6 in
mice (33). In addition, hepatocyte-specific deletion of Stat3
confirmed that hypoferremia and anemia in a chronic tur-
pentine model were dependent on the hepatocyte STAT3-
enhanced transcription of hepcidin (88). Therefore, the signal
transduction pathway necessary for inflammation-mediated
iron restriction involves IL-6 activation of JAK2 and STAT3
in hepatocytes to upregulate hepcidin transcription.

Signaling pathways rarely act in isolation, and some level
of interaction and crosstalk exists between different path-
ways. Studies suggest that the BMP-SMAD and JAK/STAT
pathways interact to induce hepcidin during inflammation.
Hepatocyte-specific disruption of SMAD4 abrogated not
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only BMP but also IL-6–mediated hepcidin induction, in-
dicating that the BMP pathway also contributes to hepcidin reg-
ulation by inflammation (45). The inhibition of SMAD1/5/8
signaling with soluble HJV or a small molecule BMP type
I inhibitor blunts hepcidin induction and associated
hypoferremia in animal models of anemia of inflammation
(89). Genetic studies in hepatocyte-specific knockout of the
BMP type I receptors showed a role for ALK3: Alk3-deficient
animals did not induce hepcidin or suppress serum iron in re-
sponse to IL-6 stimulation (90). How SMAD and STAT3
signaling interacts at the level of hepcidin transcription
remains to be determined.

More recently, activin B has been proposed as an IL-6–
independent inflammatory mediator of hepcidin expression
(91). Canonical activin B signaling occurs downstream of
ALK4 or ALK7 (92, 93) through SMAD2/3 (44). However,
it has been shown that activin B is also able to induce phos-
phorylation of SMAD1/5/8 in both hepatic cell lines and
in primary mouse hepatocytes (91); phosphorylation of
SMAD1/5/8 was specific to activin B and was not observed
after activin A stimulation (91, 94). Furthermore, in mouse
models of inflammation, liver expression of the gene encod-
ing the activin bB subunit (Inhbb) is highly upregulated (75,
91, 94), suggesting a potential role for activin B in inflamma-
tion-mediated hepcidin gene expression through nonca-
nonical SMAD1/5/8 signaling. Activin B did not induce
phosphorylation of STAT3 in vitro, and the treatment
of cells with both IL-6 and activin B had a synergistic ef-
fect on Hamp expression (91). Systematic small interfering
RNA (siRNA) knockdown of endogenously expressed mem-
bers of the TGF-b superfamily signaling pathways followed
by activin B stimulation showed that activin B induction of
HAMP is facilitated by the BMP type I receptors ALK2 and
ALK3, the activin type II receptors ACVR2A and ACVR2B,
the BMP coreceptor HJV, and SMAD5 (94). Finally, activin
inhibitor blunted the induction of Hamp expression in mice
injected with LPS or B. abortus (94). However, a recent study
that used activin B–deficient mice reported that activin B
was not required for hepcidin induction in a mouse model
of Escherichia coli sepsis (95). Additional studies are needed
to clarify the role of activin B in different pathophysiologic
conditions associated with inflammation.

Multiple other cytokines were reported to increase hepcidin
production, including IL-1b (96, 97), IL-22 (98–100), onco-
statin M (101, 102), leukemia inhibitory factor (LIF) (102),
and leptin (103), but howmuch they contribute to the regulation
of hepcidin and iron metabolism in vivo remains to be shown.

Inhibitory pathways of hepcidin production
Under homeostatic conditions, hepcidin expression pre-
vents iron overload. However, certain physiologic condi-
tions, including stress erythropoiesis, hypoxia, growth, and
pregnancy, necessitate increased iron supply. To meet this
increased demand for iron, hepcidin must be suppressed;
this allows for increased iron absorption from the diet and
release of iron from stores, thereby increasing iron bioavail-
ability in the circulation (Table 1).

Erythropoiesis. The production of RBCs is critically depen-
dent on the bioavailability of iron. Iron is an important
component of heme in hemoglobin, with each heme con-
taining 1 Fe2+ ion necessary for oxygen binding. Hemoglo-
bin, the oxygen transport protein in RBCs, is composed of 4
heme groups, and each RBC contains ;300 million hemo-
globin molecules, with >1 billion atoms of iron (104). Con-
sequently, approximately two-thirds of body iron is found in
the erythroid compartment (105). Normal turnover of RBCs
requires;20–25 mg Fe/d (106), and much of this is require-
ment is fulfilled through recycling of senescent RBCs (2).
However, after blood loss or RBC destruction (hemolysis),
the requirement for iron increases to allow for the replace-
ment of lost RBCs. To make iron available from stores and
increased dietary absorption, hepcidin must be rapidly sup-
pressed; it has long been hypothesized that this is accom-
plished by an “erythroid regulator” of iron absorption and
release (105). Pathologic effects of the “erythroid regulator”
are evident in b-thalassemia, where ineffective erythropoie-
sis results in high erythropoietin concentrations and an in-
creased number of erythroid precursors that fail to mature
into functional RBCs. Consequently, the augmented pro-
duction of the “erythroid regulator” suppresses hepcidin,
which often leads to pathologic iron overload due to hyper-
absorption from the diet (107).

Erythropoietin (EPO), a cytokine produced by the kid-
ney, is the primary driver of proliferation and differentiation
of erythroid progenitor cells. It was previously thought that
EPO could directly regulate hepcidin production; hepcidin
and EPO concentrations are inversely correlated inb-thalassemia
(108). However, ablation of the bone marrow in the pres-
ence of an erythropoietic stimulus (exogenous EPO or hem-
orrhage) prevented Hamp suppression (109, 110). This
suggested that the hepcidin-suppressing “erythroid factor”
is produced in the bone marrow. Several years ago, 2 mem-
bers of the TGF-b superfamily were postulated to function
as putative erythroid regulators of hepcidin: GDF15, pro-
duced by late and apoptotic erythroblasts (111), and
twisted-gastrulation 1 (TWSG1), produced by early erythro-
blasts (112). However, unequivocal confirmation of their
role is still lacking. The difficulty, at least in part, lies in im-
portant differences between murine and human erythropoi-
esis (113): in contrast to the very high expression of GDF15
in human erythroid cells (among the top 25 genes), Gdf15 is
not expressed in murine erythroid cells. Studies in humans
showed that GDF15 levels are massively elevated in patients
with b-thalassemia and other diseases of dysfunctional
erythropoiesis (111, 114) and that treatment of primary hu-
man hepatocytes with high concentrations of GDF15 or
TWSG1 suppressed HAMP expression (111, 112). On the
other hand, studies in animals showed that Gdf152/2 mice
are still capable of suppressing hepcidin in response to phle-
botomy (115), and similarly, neither Gdf15 nor Twsg1 expres-
sion increases in response to hemorrhage (116). Therefore, a
definitive role of these proteins in hepcidin regulation by
erythropoiesis in humans still remains to be determined.
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More recently, erythroferrone (ERFE) was identified as a
physiologic and pathologic “erythroid regulator” of hepcidin
(116). ERFE is a member of the C1q/TNF-related protein
(CTRP) family; it is encoded by the family with sequence
similarity 132 member B (Fam132b) gene (116) and has al-
ternatively been named CTRP15 and myonectin. Because
both mouse and human erythroid precursors regulate
ERFE expression in a similar manner (116), animal stud-
ies provided robust evidence for the role of ERFE as a key
erythroid regulator of hepcidin. Baseline production of
ERFE is very low, and the protein does not appear to have
a role in steady state erythropoiesis because ERFE-deficient
mice showed normal hematologic and iron variables in
adulthood. However, after phlebotomy or EPO injection,
Fam132b mRNA levels were greatly increased in erythro-
blasts and were accompanied by a large increase in serum
Erfe concentrations, suggesting a role in stress erythropoie-
sis. EPO directly induces Fam132b expression in erythro-
blasts via the JAK2/STAT5 signaling pathway; thus, in
stress erythropoiesis, Fam132b levels mirror EPO changes
(116). The treatment of mice or isolated hepatocytes with
recombinant ERFE suppressed Hamp mRNA, showing
that ERFE acts directly on hepatocytes to regulate hepcidin
expression. However, the receptor and associated signaling
pathway are still unknown. Erfe-deficient mice are unable
to suppress hepcidin after phlebotomy and have a delay in
recovery from hemorrhage. Furthermore, Erfe-deficient
mice showed a more severe anemia in a mouse model of in-
flammation, associated with inappropriately high hepcidin
in the face of anemia (117).

Indicative of its possible role as a pathologic erythroid
regulator, Erfe mRNA and serum concentrations are greatly
elevated in a mouse model of b-thalassemia (116). Genetic
deletion of Fam132b in a b-thalassemia mouse model res-
cued hepcidin expression and partially improved the iron
overload phenotype (without any changes in anemia)
(118). These data provide strong evidence that ERFE is in-
deed a long sought-after “erythroid regulator” of iron me-
tabolism and suggests that Erfe may be responsible for
hepcidin dysregulation in b-thalassemia. Importantly, hu-
man erythroid cells respond to EPO in the same manner
as mouse erythroid cells (116), but measurements of circu-
lating ERFE in human disease await the development of a
validated ERFE assay. It remains to be determined whether
pathologic or physiologic erythroid suppression of hepcidin
is dependent on a single cytokine or if it is a concerted effort
between multiple signaling pathways. Studies show that
stimulation of the BMP pathway, either by the administra-
tion of parenteral iron (116) or by deletion of Tmprss6
(119), interferes with effective hepcidin suppression by
hemorrhage or EPO. Although ERFE does not appear to
be acting by directly altering the BMP pathway signaling
(116), a parallel attenuation of the BMP-SMAD signaling
is necessary for maximal hepcidin suppression in response
to erythropoietic activity. The identification of the receptor
will provide much-needed insight into the mechanism gov-
erning ERFE-mediated suppression of hepcidin.

Growth factors. Growth factors, including hepatocyte
growth factor (HGF) and epidermal growth factor (EGF),
were shown to suppress Hamp expression in primary mouse
hepatocytes or in mice (120). These growth factors in paral-
lel suppressed the BMP-regulated gene Id1, suggesting that
HGF and EGF regulate hepcidin, at least in part, by interfer-
ing with the BMP-SMAD pathway. How this is achieved
is not entirely clear. The activation of mitogen-activated
protein kinase kinase (MEK, MAP2K, or MAPKK) and
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) sig-
naling by the growth factors seems to be required, because
inhibition of either kinase pathway interfered with the sup-
pression of Hamp and Id1 by HGF. PI3K-mediated suppres-
sion of hepcidin correlated with AKT phosphorylation,
suggesting a possible role of AKT in hepcidin regulation
(120). Growth factor treatment also increased nuclear levels
of transforming growth-interacting factor (TGIF), a SMAD
transcriptional corepressor, suggesting a likely point of the
crosstalk between the growth factor and the BMP pathways.
Not all growth factors suppressed hepcidin: platelet-derived
growth factor (PDGF) and insulin-like growth factor (IGF) I
and IGF-II had no effect on hepcidin expression in primary
hepatocytes (120).

It is not yet clear in which pathophysiologic processes
hepcidin suppression by HGF or EGF plays a role. Chronic
liver disease may be one such situation. Chronic liver disease
is characterized by relative hepcidin deficiency (121), as well
as by increased concentrations of HGF or EGF, both known
mediators of the hepatic regenerative response. Growth factor–
dependent hepcidin suppressionmay be the cause of excessive
accumulation of iron that is frequently observed in this dis-
ease, thus worsening the liver injury. Periods of rapid growth
may be another condition in which hepcidin regulation by
growth factors could be important, because growth and de-
velopment are known to have increased iron requirements.
Low hepcidin production was indeed shown in young grow-
ing mice (122), but it remains to be determined to which ex-
tent this is dependent on the growth factor signaling and
whether the same regulation occurs in humans.

A different growth factor, platelet-derived growth factor
BB (PDGF-BB) (123), was implicated in hepcidin regulation
by hypoxia. A negative correlation was observed between
hepcidin suppression and PDGF-BB in humans after 6 h
at simulated altitude (123), and experiments in mice and
cells suggested that signaling downstream of the PDGF re-
ceptor contributed to hepcidin suppression in hypoxia.
However, hypoxia is also a strong stimulus of EPO produc-
tion and erythropoiesis (124, 125), which would be associ-
ated with increased production of the hepcidin suppressor
ERFE. The relative contribution of different factors to the
hypoxic suppression of hepcidin still remains to be estab-
lished experimentally.

Sex hormones. The sex hormone testosterone has also been
reported to have suppressive effects on hepcidin, whereas
the effects of estrogen are less clear. Daily administration
of testosterone to female mice significantly reduced hepcidin
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concentrations and increased serum iron and transferrin
saturation (126, 127). Similarly, in a heat-killed B. abortus
model of chronic inflammation, the administration of tes-
tosterone reversed anemia, possibly due to Hamp suppres-
sion (50). The inhibitory effect on Hamp expression seems
to be driven by androgen receptor sequestration of SMAD1
and SMAD4, preventing association with and downstream
signaling of BMP receptors (126). The suppressive effect of
testosterone may also be mediated by increased hepatic
EGF signaling, because testosterone administration in female
mice induced hepatic Egf receptor (Egfr) expression, and se-
lective inhibition of EGFR signaling in male mice significantly
increased Hamp expression (127). Testosterone administra-
tion has been shown to induce a transient but significant in-
crease in Epo expression; however, EPO and erythropoiesis
are not responsible for testosterone-mediated suppression
ofHamp (126, 127). The testosterone-dependent suppression
of hepcidin helps explain the clinical observations of eryth-
rocytosis after androgen treatment (128). It is also specu-
lated that this mechanism may be a modifier of disease
severity in conditions in which hepcidin production is al-
ready inadequate (127).

The effects of estrogen on hepcidin expression have
proven to be more challenging to understand. A functional
estrogen-responsive element half-site has been detected in
the Hamp promoter region (129, 130). Treatment with
17b-estradiol (E2) reduced hepcidin expression in vitro
and in vivo and was blocked by treatment with an E2 antag-
onist (130) (129). In humans, increased endogenous E2 dur-
ing the in vitro fertilization protocol was associated with
significantly reduced circulating hepcidin concentrations
(131). However, another study reported decreased Hamp
in ovariectomized animals, and in cell lines E2 actually in-
creased Hamp expression. Estrogen effect was depen-
dent on the activation of G protein–coupled receptor
30 (GPR30) and subsequent BMP6 expression (132). An-
other study found no changes in HAMP expression in vitro
after E2 dose response (133). These conflicting results high-
light the need for additional studies to delineate the role of
estrogen in hepcidin regulation. More recently, multiple ste-
roid molecules, including progesterone and mifepristone,
were reported to increase hepcidin production. Their effect
was mediated via the progesterone receptor membrane
component 1 (PGRMC1), exerting its effects through Src-
family tyrosine kinases (SFKs) (134). Further studies are
necessary to understand the role of this pathway in iron
pathophysiology or in conditions in which the steroid drugs
are used as treatment.

Conclusions
The identification of hepcidin as the master regulator of sys-
temic iron homeostasis has greatly advanced our under-
standing of iron biology. It is now well appreciated that
hepcidin has a nonredundant role in controlling the dietary
absorption of iron, its storage, and its release into the circu-
lation. Hepcidin concentrations are tightly controlled and
their pathologic dysregulation underlies a number of human

diseases. Regulation of hepcidin is multifaceted and com-
plex, with numerous positive and negative regulators converg-
ing to fine-tune its expression. The well-defined regulatory
pathways of hepcidin include the BMP-SMAD pathway (me-
diating the effect of iron and inflammation on hepcidin), the
IL-6 pathway (mediating the effect of inflammation), and the
EPO-ERFE axis (mediating hepcidin suppression by erythro-
poietic activity). Our understanding of hepcidin regulation
is increasing, but numerous questions related to hepcidin
pathobiology remain to be addressed, providing opportuni-
ties for important studies in the future.
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