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Hepcidin Signaling in Health and Disease: 
Ironing Out the Details
Kris V. Kowdley ,1,2 Eric M. Gochanour,1,2 Vinay Sundaram ,3 Raj A. Shah,2 and Priya Handa2

Hepcidin, a peptide hormone produced by hepatocytes, is the central regulator of systemic iron homeostasis through its 
interaction with ferroportin, the major cellular iron export protein. Hepcidin binding to ferroportin results in reduced 
iron export from macrophages and intestinal absorptive cells, leading to decreased serum iron levels. Hepcidin expres-
sion is influenced by several factors that include serum and liver iron stores, erythropoiesis, hypoxia, inflammation, 
and infection. Erythropoietic drive and hypoxia suppress hepcidin expression and promote red cell production. In con-
trast, inflammation and infection are associated with increased hepcidin production to sequester iron intracellularly as 
a means of depriving microorganisms of iron. Chronic inflammation may up- regulate hepcidin expression through the 
interleukin- 6 (IL- 6)– Janus kinase 2 ( JAK2)– signal transducer and activator of transcription 3 (STAT3) pathway. The 
bone morphogenetic protein (BMP)– mothers against decapentaplegic homolog (SMAD) pathway is a major positive 
driver of hepcidin expression in response to either increased circulating iron in the form of transferrin or iron loading 
in organs. Hereditary hemochromatosis (HH) consists of several inherited disorders that cause inappropriately reduced 
hepcidin expression in response to body iron stores, leading to increased iron absorption from a normal diet. The most 
common form of HH is due to a mutation in the HFE gene, which causes a failure in the hepatocyte iron– sensing 
mechanism, leading to reduced hepcidin expression; the clinical manifestations of HFE- HH include increased serum 
transferrin– iron saturation and progressive iron loading in the liver and other tissues over time among patients who 
express the disease phenotype. In this article, we review the physiologic mechanisms and cellular pathways by which 
hepcidin expression is regulated, and the different forms of HH resulting from various mutations that cause hepci-
din deficiency. We also review other drivers of hepcidin expression and the associated pathophysiologic consequences. 
(Hepatology Communications 2021;5:723-735).

Regulation of Systemic Iron 
Stores

Iron metabolism is tightly regulated to maintain a 
balance between availability of a sufficient quantity 
of this metal to maintain vital cellular processes and 

the risk of iron- related tissue toxicity. This balance 
is maintained through control of iron absorption in 
the intestine, storage and release from intracellular 
compartments in hepatocytes and reticuloendothe-
lial system (RES) cells, as well as iron utilization by 
mitochondria.(1,2) Dietary iron is absorbed in the 
proximal duodenum (Fig.  1) and is exported from 
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Fig. 1. Hepcidin, the master regulator of iron absorption and secretion. Plasma iron levels are controlled primarily at the level of 
absorption by duodenal enterocytes and RES macrophages. Heme- iron can also be directly absorbed from the gastrointestinal tract 
through a carrier protein, possibly heme carrier protein. Non- heme (inorganic) iron is absorbed via divalent metallic transporter 1 after 
conversion from ferric (Fe 3+) to ferrous (Fe 2+) iron through duodenal cytochrome b- related ferric reductase. RES macrophages acquire 
iron through erythrophagocytosis. Efflux of iron from both enterocytes and RES macrophages occurs through the iron export protein 
ferroportin. Fe 2+ is reduced back to ferric iron (Fe 3+) through hephaestin before being transported out of the enterocyte. Iron is bound 
to transferrin as it enters the plasma, which then travels through the circulation where it is taken up by various organs and used in the 
development of erythrocytes and other biological processes. The principal regulator of iron levels is the hormone hepcidin, which is 
produced by hepatocytes. As iron stores increase, hepcidin inhibits iron efflux from both duodenum enterocytes and RES macrophages 
through down- regulation of ferroportin. Serum iron levels influence hepcidin expression through the interaction of the HFE protein with 
TFR1/TFR2 along with BMP6 and HJV. Abbreviations: DCYTB, duodenal cytochrome b- related ferric reductase; DMT1, divalent 
metallic transporter 1; HCP, heme carrier protein.
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enterocytes and macrophages into the systemic cir-
culation through ferroportin.(1,2) Ferroportin is the 
only known transmembrane protein responsible 
for exporting iron, and is found in macrophages, 
enterocytes, and hepatocytes.(3) Hepcidin binds to 
and reduces ferroportin activity either by promoting 
internalization and lysosomal degradation of ferro-
portin or directly blocking iron export by ferropor-
tin, leading to a reduction in circulating iron stores 
by decreasing duodenal iron absorption and increas-
ing iron sequestration in the RES.(1,2,4,6,7) Hepcidin 
is predominantly produced in the liver as a prepro-
peptide containing 84 amino acids with an endo-
plasmic reticulum signal sequence at the N- terminal 
and a C- terminal furin consensus cleavage site.(4,5) 
After cleavage, the now- bioactive 25 amino acid 
peptide is secreted into circulation, where the pro-
tein exerts its effects on ferroportin degradation and 
subsequent iron storage and absorption.(4,6)

Dietary iron is absorbed in two forms: heme, which 
is characterized as iron coordinated to a porphyrin, 
and nonheme.(8) The absorption of nonheme iron 
begins with the conversion of the ferric (Fe 3+) to the 
ferrous (Fe 2+) form of iron, primarily through duo-
denal cytochrome b- related ferric reductase, located 
on the luminal side of the duodenal enterocyte.(8) 
Once in the ferrous form, iron can cross the apical 
membrane of the duodenal enterocyte through the 
divalent metal transporter 1.(8) In contrast, although 
heme carrier protein and heme- responsive gene 1 
have been proposed as heme transporters, the mech-
anism for heme absorption remains unclear.(1,9) Iron 
is released from heme by heme oxygenase and then 
enters a common pathway with inorganic iron within 
the enterocyte.(8)

Iron homeostasis is also regulated at the intra-
cellular level by the iron- responsive element/iron- 
regulatory protein (IRP) system.(10,11) This system 
affects both the influx of iron into the cell as well as 
sequestration of iron within the cell.(10,11) Under con-
ditions of intracellular iron shortage, IRP1 and 2 sta-
bilize transferrin receptor 1 (TFR1) messenger RNA 
(mRNA) and suppress ferritin and ferroportin mRNA 
translation, resulting in increased cellular iron uptake 
and reduced iron export.(2,11) In the setting of iron 
sufficiency or excess, IRP1 is converted to cytosolic 
aconitase, and IRP2 is proteosomally degraded.(2)

Bone Morphogenetic 
Protein– Mothers Against 
Decapentaplegic Homolog 
Pathway in Iron Regulation

The bone morphogenetic protein (BMP)– mothers 
against decapentaplegic homolog (SMAD) pathway 
occupies a key function in modulating iron homeo-
stasis through regulation of hepcidin expression at 
the level of transcription.(12) BMPs are part of the 
transforming growth factor β superfamily of mol-
ecules involved in various signaling pathways.(12) 
BMP2 and BMP6, produced by sinusoidal endothe-
lial cells in the liver, are an important component of 
hepcidin signaling in response to increased tissue iron 
stores.(13) Expression of BMP6 and phosphorylation 
of SMAD 1/5/8 was regulated by iron status and cor-
related with hepcidin mRNA expression in mice.(14,15) 
BMP6 was then shown to be a positive regulator of 
hepcidin expression in response to iron status, and 
that absence of BMP6 resulted in iron overload.(16) 
Finally, BMP6 was shown to bind directly to hemo-
juvelin (HJV), which is expressed on the hepatocyte 
cell membrane and part of the iron sensing complex 
that includes HFE, HJV, and TFR2.(12,16,17) The 
current evidence, albeit much of it from genetically 
modified murine models, proposes that BMP 2 and 
6, produced in response to iron, bind to a receptor 
complex consisting of BMPR1 (activin receptor- like 
kinase [ALK] 3 and ALK2) and BMPR2, possibly 
as heterodimers along with HJV leading to SMAD 
1/5/8 phosphorylation, which then forms a complex 
with SMAD4.(18,19) The complex translocates to the 
nucleus and then increases hepcidin mRNA expres-
sion through promoter binding (Fig.  2).(12,18) This 
positive pathway for hepcidin is suppressed by a serine 
protease, encoded by matriptase- 2 (TMPRSS6); this 
enzyme renders HJV inactive by cleavage to its sol-
uble form, thus decreasing hepcidin at the transcrip-
tional level.(12,20) It has been proposed that BMP2 
and 6 are secreted by liver sinusoidal endothelial cells 
in response to tissue iron overload, whereas TFR1 and 
TFR2, along with HFE, are the sensors for circulating 
iron stores measured through transferrin- iron satura-
tion(13); others have proposed that BMP2 contributes 
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to sensing of circulating iron, while BMP6 serves as a 
sensor for storage iron.(13)

Alteration of the 
BMP/HJV/SMAD 
Pathway in Hereditary 
Hemochromatosis

Several important discoveries have led to our cur-
rent understanding of the mechanisms by which per-
turbations in the BMP/SMAD/HJV pathway result 
in reduced hepcidin expression and lead to iron over-
load because of inappropriately increased iron absorp-
tion.(12,13) Disruption of the iron- sensing mechanism 
in hepatocytes resulting in deficient hepcidin produc-
tion leads to several forms of hereditary hemochroma-
tosis (HH), classified as type 1, type 2A and type 2B, 
type 3, and type 4 HH(21) (Table 1).

In type 1 HH, mutations in HFE are believed to 
result in the reduced ability of hepatocytes to sense 
circulating iron bound to transferrin.(22) Type 1 HH, 
the most common inherited form of iron overload, is 
caused by a C282Y or H63D mutation in the HFE 
gene located on chromosome 6 (6p21.3), responsible 
for encoding a major histocompatibility complex class 
I– like protein.(23,24) The role of HFE in iron regula-
tion remains incompletely understood; one hypothesis 
suggests that increased transferrin- iron saturation dis-
places HFE from TFR1, and stabilizes TFR2, which 
may then allow HFE to increase hepcidin expression 
through BMP/SMAD signaling.(1,2) As mentioned 
previously, the BMP- SMAD 1/5/8 signaling path-
way has been found to be an essential mechanism to 
the regulation of hepcidin synthesis. BMPR1A (also 
known as ALK3) has been studied as a down- stream 

target of HFE, and BMPR1A deficiency in mice 
has been shown to prevent the increase in hepcidin 
expression that would be expected after HFE over-
expression.(25) HJV is known to act as a BMP co- 
receptor for BMPR1A/1B.(26) The ligands BMP2 
and BMP6 bind as a heterodimer, and the resultant 
signaling complex phosphorylates and thereby acti-
vates SMAD proteins that bind to promoter elements 
on the HAMP (hepatic antimicrobial protein) gene, 
which encodes hepcidin and induces transcription.(27) 
Although BMP receptors are present on hepatocytes, 
BMPs 2 and 6 are produced by hepatic endothelial 
cells and regulate the pathway through paracrine 
action.(28,29) Recent studies in mice suggest that 
BMP2 and BMP6 may function in concert to reg-
ulate hepcidin, and that neither is able to influence 
expression of the protein in the absence of the other, 
although BMP2 may be less responsive to iron stores 
than BMP6 and may contribute to maintaining basal 
hepcidin levels.(2,29) Furthermore, HFE may regulate 
the BMP- SMAD pathway at least partly through a 
mechanism independent of BMP2, as double HFE/
BMP2 knockout mice demonstrate a more severe iron 
overload phenotype than single BMP2 knockout.(30) A 
previous study found that HFE may bind BMPR1A 
directly, stabilizing the receptor and increasing its 

Fig. 2. Regulation of hepcidin expression in the setting of iron overload (adapted from Camaschella et al.(2)). It is proposed that tissue 
iron stores are sensed by liver sinusoidal- lining endothelial cells, which secrete BMP6 (and to a lesser extent BMP2) in response to 
increased storage iron. Circulating iron is sensed by a complex interaction among HFE, TFR1, and TFR2 in conjunction with HJV. 
BMP6 and BMP2 bind to the receptors ALK2 and ALK3, respectively, resulting in SMAD1/5/8 phosphorylation, forming a complex 
with SMAD4 that enters the nucleus and increases hepcidin transcription through promoter binding. HJV as a BMP co- receptor and 
TFR2 also contribute to ALK3- dependent SMAD phosphorylation. Similarly, the interaction among HFE, TFR1, TFR2, and HJV also 
contributes to SMAD1/5/8 phosphorylation and ultimately increased hepcidin expression. Thus, the response to increased circulating and 
tissue iron is increased hepcidin production, which then binds to ferroportin in both duodenal enterocytes and macrophages, leading to 
reduced iron export from cells and decreased iron absorption in the duodenum. In HFE hemochromatosis, the mutant HFE is trapped 
intracellularly and leads to a dampened hepcidin response to circulating iron, resulting in inappropriately high iron absorption in relation 
to body iron stores. Abbreviations: LSEC, liver sinusoidal- lining endothelial cell; TF, transcription factor.

taBle 1. ClassiFiCation oF HH

Type Gene Gene Location

1 (classical HH) HFE 6p21.3

2a HJV 1p21

2b HAMP 19q13

3 TFR2 7q22

Ferroportin disease (for-
merly type 4A)

SLC40A1 2q32.2

4 (formerly type 4B) SLC40A1 2q32.2

Abbreviation: SLC40A1, solute carrier family 40 member 1.
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expression at the cell surface.(31) Consistent with these 
findings, altered BMP signaling has been found in 
patients with type 1 HH.(32,33) There remains a need 
for further in vivo and patient data to provide mean-
ingful insights into the mechanisms by which HFE, 
TFR1, and TFR2 regulate hepcidin expression.

The most common variants in the HFE gene are 
the C282Y and H63D mutations.(21) The defects are 
inherited in an autosomal recessive pattern; how-
ever, the phenotypic expression is highly variable.(21) 
Many patients with classical HH are asymptomatic, 
especially early in the disease process.(34) When early 
symptoms are present, they are often nonspecific 
and include weakness, fatigue, lethargy, and weight 
loss.(35,36) Specific symptoms are usually related to 
the affected organ and can include abdominal pain, 
arthralgias, diabetes, amenorrhea, erectile dysfunction, 
palpitations, swelling, and increased skin pigmenta-
tion.(13,34) It is estimated that up to 10% of Caucasian 
Americans have at least one mutant allele, but the rate 
of occurrence of genetic mutations is much higher 
than the prevalence of the disease.(21) The variabil-
ity in presentation and progression of HH has been 
ascribed to both genetic and environmental risk 
factors. Alcohol intake of ≥ 14 g per day is signifi-
cantly associated with advancement to cirrhosis.(37) 
Those with classical HH who are also carriers of 
mutations that cause juvenile HH, such as in HAMP 
and HJV, are at increased risk for development of 
cirrhosis at <30  years of age; rarely, HFE mutations 
may be accompanied by TFR2 variants, resulting in 
complications of iron overload.(38- 41) Women are at 
decreased risk for cirrhosis due to iron loss through 
menstruation and pregnancy, and possible hormonal 
effects and modifier genes.(33,34) However, ferritin 
concentrations do increase after menopause increases 
the likelihood of phenotypic expression.(34) Most 
symptomatic patients with HH are homozygous for 
the C282Y mutation (80%- 90%), whereas C282Y/
H63D compound heterozygotes make up 7%- 8% of 
affected patients.(21)

Other forms of hereditary hemochromatosis are 
now recognized to be caused by disruption of other 
steps involved in hepcidin production through the 
iron- sensing function of HJV in hepatocytes, result-
ing in markedly reduced hepcidin production.(42,43) 
Juvenile or type 2 hemochromatosis is subclassified 
into type 2a and type 2b. Mutations in HJV are asso-
ciated with juvenile hemochromatosis, now classified 

as type 2a HH.(33) HJV is located on chromosome 
1 (1q21) and encodes the membrane protein HJV, 
a member of the response guidance molecule fam-
ily.(12,17) Mutations within the HJV gene ultimately 
lead to decreased hepcidin expression and subsequent 
iron overload.(33) In a landmark study, HJV was found 
to be a BMP co- receptor, enhancing endogenous 
BMP signaling by directly binding BMP receptors, 
specifically BMPR1A/1B.(25)

HJV binds to BMP ligands and promotes activation 
of BMP signaling, although the precise mechanism 
remains unclear.(12) However, HJV mutations were 
found to be associated with a severe hemochromato-
sis phenotype.(33,44) Although the precise mechanism 
has not been elucidated, the HJV mutations presum-
ably impair SMAD1/5/8 signaling, thus preventing 
SMAD4 binding and resulting in reduced hepcidin 
transcription through promoter binding.(45) Type 2A 
HH is inherited as an autosomal recessive disorder; 
the most common mutation is the p. Gly320Val 
(G320V) mutation, and accounts for slightly more 
than 50% of mutations worldwide.(44,46)

Type 2b HH is characterized by homozygous auto-
somal recessive mutations in the HAMP gene.(47,48) 
HAMP, found on chromosome 19 (19q13), encodes 
hepcidin, and several homozygous mutations resulting 
in loss of function have been reported.(48) The original 
description of HAMP mutations resulting in juvenile 
hemochromatosis described a deletion of a guanine 
in exon 2 at position 93 of HAMP complementary 
DNA (93delG).(47) This frameshift mutation resulted 
in an elongated prohepcidin, resulting in a misformed 
protein lacking activity.(47) The second R56X muta-
tion produced a truncated and ineffective prohepcidin 
protein.(47) Other HAMP variants have been recently 
described.(48)

The clinical phenotypes associated with juvenile 
hemochromatosis were recently published in a com-
prehensive review of the literature.(49) Cardiac disease 
and hypogonadism are more common in juvenile HH. 
Other clinical features such as diabetes, skin pigment 
changes, and hepatic fibrosis are also more common 
in juvenile HH than in type 1 HH, but arthropathy 
was less prevalent.(49) Patients present with severe 
end- organ manifestations, particularly cardiac dis-
ease, may die before the age of 30 and frequently 
have advanced hepatic fibrosis at presentation; how-
ever, phenotypic expression in HJV- related HH may 
vary, and cases with late- onset presentation have been 



Hepatology CommuniCations, Vol. 5, no. 5, 2021 KOWDLEY ET AL.

729

described.(50,51) It has been suggested that early, and 
markedly increased, plasma iron is due to greatly 
reduced or absence of hepcidin production, leading 
to the severe iron- loading and associated phenotype 
in type 2 HH.(50) Finally, ferroportin gene mutations 
can lead to ferroportin disease (previously called type 
4A HH), in which loss- of- function mutations result 
in reduced iron export and iron retention in macro-
phage compartment, with the spleen being a predomi-
nant site of iron overload.(21) These patients may have 
normal or transferrin saturation, but elevated serum 
ferritin. Type 4 HH (also known as type 4B HH) is 
associated with a “gain- of- function” mutation in ferro-
portin and severe iron overload.(2,20,21)

Role of Transferrin 
Receptors in Iron Regulation

Transferrin receptors are a class of proteins respon-
sible for binding of transferrin and internalization of 
transferrin- bound iron.(51) Iron absorbed by duode-
nal enterocytes is bound to transferrin as monofer-
ric or diferric transferrin.(1) Transferrin then binds to 
TFR1, a cell- surface protein that is responsible for 
iron uptake through receptor- mediated endocyto-
sis.() There is recent evidence that TFR1 in hepato-
cytes may also influence hepcidin expression with iron 
loading.(52) Hepatocyte- specific deletion of TFR1 led 
to increased hepcidin relative to liver iron content.(52) 
The model proposed that iron deficiency increased 
TFR1, which bound to HFE and reduced activation 
of the HFE- TFR2 complex and subsequent induc-
tion of hepcidin expression.(12,52) TFR2 is homolo-
gous to TFR1 but is liver- specific and produced in 
hepatocytes.(53) The interaction among TFR1, TFR2, 
and HFE is recognized to be important for hepci-
din expression in response to circulating iron stores, 
although some evidence indicates that the effects on 
hepcidin expression by HFE may be independent of 
TFR2.(54- 56) As discussed previously, the HFE- TFR2 
complex then increases hepcidin production through 
activation of SMAD 1/5/8 via phosphorylation by 
HJV/BMP, to form a multiprotein complex (HFE- 
TFR2- HJV) (Fig. 2).(15,16,57,58)

Type 3 HH results from a mutation in TFR2 
located on chromosome 7 (7q22), leading to a mis-
folded protein that cannot be expressed on the 
cell surface.(45,59,60) TFR2 mutations also result in 

impaired SMAD 1/5/8 signaling and are accompa-
nied by reduced hepcidin production and parenchy-
mal iron loading, with a phenotype similar to type 1 
HH, although earlier clinical presentation and more 
extreme phenotypic expression has been described.(1
2,13,44,45,61- 64)

Regulators of Hepcidin 
Other Than Iron Status

Circulating and tissue iron stores are the most 
important regulators of hepcidin expression. In 
addition, hepcidin production is also influenced by 
erythropoiesis, inflammation, hypoxia, and other sig-
nals.(12,18) Chronic diseases resulting in increased sys-
temic inflammation may be associated with increased 
basal hepcidin production, leading to the “anemia of 
chronic disease.” These other signaling pathways for 
hepcidin are discussed in the following section.

Pathways Inducing Hepcidin 
Expression

Inflammation can result in up- regulation of hepci-
din through the interleukin- 6 (IL- 6)– induced Janus 
kinase ( JAK)– signal transducer and activator of tran-
scription (STAT) pathway (Fig. 3).(18) The induction 
of hepcidin by lipopolysaccharide (LPS) is consistent 
with a decades- old hypothesis by Weinberg, pro-
posing that restricting availability of iron to patho-
gens represents an antimicrobial response.(65,66) In 
the setting of acute or chronic inflammation, IL- 6 
binds IL- 6 receptor- α and gp130, activating JAKs 
and leading to the phosphorylation of STAT3.(13,59) 
Subsequently, phospho- STAT3 translocates to the 
nucleus and induces hepcidin production by binding 
to the hepcidin. However, the BMP- SMAD pathway 
remains important in inflammation- related hepcidin 
response.(12,18)

In the setting of endoplasmic reticulum (ER) stress 
and presence of misfolded or unfolded proteins in the 
ER, transcription of hepcidin is up- regulated through 
promoter binding of CREBEL3 (cyclic adenosine 
monophosphate response element binding protein 
3), alternatively known as CREBH (cyclic adenosine 
monophosphate response element binding protein H), 
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although the BMP/SMAD pathway remains essen-
tial.(67- 69) Hepcidin transcription is also increased 
via nutrient and hormone gluconeogenic signals 
through the transcriptional cofactors CREBH and 
PPARGC1A (peroxisome proliferator- activated 
receptor gamma coactivator 1 alpha).(70)

The tumor- suppression gene, p53, also has a role 
in iron regulation.(71,72) This occurs through the p53 
response element (p53RE) found within the promoter 
region of the hepcidin gene HAMP.(72) Activation of 
p53 leads to increased hepcidin mRNA levels in human 
hepatoma cells.(72) It has been postulated that p53- 
induced hepcidin expression may be an anti- carcinogenic 
mechanism for this tumor- suppressor gene.(72)

Pathways Associated 
With Reduced Hepcidin 
Expression

A major physiologic process that results in reduced 
hepcidin expression is erythropoiesis.(12,18) The mech-
anism appears linked to a recently identified hormone 
erythroferrone (ERFE), which is produced by eryth-
roblasts in response to erythropoietin (EPO) and acts 
directly in the liver to suppress hepcidin.(73) Hepcidin 
suppression by blood loss, anemia, and erythropoiesis 
is mediated by ERFE, and the proposed mechanism 
is ERFE binding of BMP ligands.(12,18,74) Increased 
ERFE levels were reported among patients with 
beta- thalassemia and iron- deficiency anemia.(74,75) In 
summary, a substantial amount of data supports the 
action of ERFE as a key hormone acting directly on 
the liver to reduce hepcidin expression in response to 
erythropoietic stimuli, consistent with a logical phys-
iological mechanism to increase iron absorption and 
release during times of a physiologic need to increase 
erythropoiesis. However, other factors are also likely 

involved, such as reduced iron stores as a consequence 
of increased erythropoietic demand in the bone 
marrow.

Hypoxia inducible factors (HIFs) are transcrip-
tion factors that regulate the response to hypoxia.(18,76) 
Under hypoxic conditions, posttranslational modula-
tion of HIF results in translocation to the nucleus and 
binding to hypoxia- responsive elements.(76) In the liver, 
HIF- 2 activation suppresses hepcidin through EPO and 
possibly through direct binding of HIF- 1 to the hepci-
din promoter, although it has also been proposed that 
the effect of hypoxia on hepcidin expression could be 
indirectly mediated by activation of ERFE and platelet- 
derived growth factor– BB, due to erythropoiesis and 
by HIF- 1α binding to the TMPRSS- 6 promoter.(76- 78) 
An additional pathway by which hepcidin production 
is inhibited during hypoxic conditions occurs through 
furin, a processing enzyme usually found in the trans- 
Golgi network.(18) Furin acts by cleaving HJV to its 
soluble form, leading to the sequestration of BMP6 fol-
lowed by suppression of hepcidin expression.(79)

Other Factors Affecting 
Hepcidin Expression

Several hormones and growth factors have been 
implicated in hepcidin regulation. It is well known that 
male patients with hemochromatosis have increased 
body iron stores than women.(13,34) Although physi-
ologic blood loss through menses is certainly likely to 
play a role, other factors have been implicated, such 
as testosterone- mediated suppression of hepcidin pro-
duction.(80) There are conflicting data on the effect 
of estrogen on hepcidin expression; 17β- estradiol was 
suggested to increase hepcidin expression in HepG2 
cells in one study, while 17β- estradiol was shown to 
decrease hepcidin production in human liver HuH7 
and HepG2 cells.(81,82) Progesterone was reported 

Fig. 3. Increased hepcidin production in response to inflammation (adapted from Camaschella et al.(2)). The current evidence suggests 
that inflammation influences hepcidin expression primarily through the JAK- STAT pathway. Increased LPS produced in the setting 
of infection or inflammation increases production of IL- 6 in macrophages through TLR4 binding. IL- 6 then binds to its receptor on 
hepatocytes and may bind directly to hepatocytes, resulting in activation of the JAK2- STAT3 signaling pathway through phosphorylation 
of STAT3; phosphorylated STAT3 then enters the nucleus and increases hepcidin transcription by binding to the STAT3 responsive 
element on the hepcidin promoter. LPS- activated myeloid differentiation protein 88 in hepatocytes may also increase SMAD signaling 
through SMAD4. In addition, it has been proposed from observations in animals that cross- talk between BMP and STAT3 may also 
contribute to hepcidin expression. Abbreviations: BRE, BMP responsive element; FPN, ferroportin; MYD888, myeloid differentiation 
protein 88; SRE, STAT3 responsive element.
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to increase hepcidin expression through PGRMC1 
(progesterone receptor membrane component- 1).(83) 
Other growth factors known to suppress hepci-
din include hepatocyte growth factor and epidermal 
growth factor through the BMP- SMAD pathway.(84) 
Toll- like receptor 4 (TLR4) activation in macrophages 
may be a source of hepcidin in response to infec-
tion.(18) LPS- driven TLR4 activation in hepatocytes 
results in hepcidin promoter binding through JNK.(85) 
TLR4 may also activate nuclear factor kappa B (NF- 
kB) signaling, which is also the putative mechanism 
by which alcohol suppresses hepcidin production and 
may be a mechanism explaining the increased hepatic 
iron stores frequently found in patients with alcohol- 
associated liver disease.(86) We recently showed that 
bone marrow– derived macrophages treated with iron 
demonstrated increased expression levels of macro-
phage M1 markers (CCL2 [chemokine (C- C motif ) 
ligand 2], CD14 [clusters of differentiation 14], iNOS 
[inducible nitric oxide synthase], IL- 1β, IL- 6, and 
TNF- α [tumor necrosis factor α]) as well as increased 
protein levels, an effect that could be abrogated by 
desferrioxamine.(87) Furthermore, iron loading of 
macrophages in the presence of IL- 4 led to down- 
regulation of M2 markers (arginase- 1, Mgl- 1, and 
the M2- specific transcriptional regulator, Kruppel- 
like factor 4 [KLF4]) and reduced phosphorylation 
of STAT6, which also regulates M2 activation. In 
addition, patients with nonalcoholic steatohepatitis 
(NASH) with iron in RES cells showed increased 
hepatic gene expression of M1 markers and reduced 
gene expression of TGM2, an M2 marker, in com-
parison to patients with NASH with a hepatocellular 
iron pattern.(87) RES iron deposition is observed in 
10% of the NASH population and is associated with 
more severe disease.(87,88) It is possible that TLR4- 
related and NF- kB- related hepcidin production in 
response to repeated cycles of inflammation in NASH 
may explain the phenomenon of RES iron deposition 
in NASH.

Therapies Based on 
Hepcidin Biology

A greater understanding of HJV- BMP- SMAD 
pathways regulating hepcidin may provide thera-
peutic targets for drug development. Inhibitors of 

BMP- SMAD signaling have been shown to improve 
anemia associated with inflammation and iron refrac-
tory iron deficiency anemia.(12) Development of hep-
cidin mimetics for disorders of hepcidin deficiency 
such as HH are also being developed and in clini-
cal trials.(12,18,21) Due to the short half- life of natu-
ral hepcidin, research is now focusing on methods to 
prolong its activity through hepcidin mimetics.(89,90) 
Minihepcidins— small 7- 9 amino acid peptides 
designed to mimic hepcidin function— have been 
shown to prevent and reverse iron overload in a mouse 
model and hold potential for clinical trials.(91,92)

Potential additional future therapies include 
TMPRSS6 inhibitors.(93) Because TMPRSS6 cleaves 
HJV, leading to reduced phosphorylation of the 
SMAD 1/5/8 complex and resulting in decreased 
hepcidin expression, inhibition of TMPRSS6 should 
therefore result in increased hepcidin production and 
decreased serum iron levels.

Conclusions
Investigation into the pathophysiology of iron sig-

naling has identified hepcidin as the main regulator of 
iron metabolism. It is now clear that the liver is cen-
tral to sensing the level of circulating iron stores and 
that hepcidin is the “master regulator” of iron status 
by controlling the amount of iron absorbed in entero-
cytes by its action on ferroportin. A complex interac-
tion among HFE, TFR1, TFR2, and HJV expressed 
on the hepatocyte cell membrane is involved in sens-
ing serum transferrin- iron saturation, and increased 
iron levels induce hepcidin transcription through the 
SMAD 1/5/8 pathway. In addition, increased tissue 
iron stores are sensed by endothelial cells in the liver, 
which result in release of BMP2 and BMP6. BMPs 
form a complex on hepatocytes by binding to their 
receptors with HJV as a coreceptor. This complex 
results in phosphorylation of SMAD1/5/8, which 
then translocate to the nucleus and increase hepcidin 
transcription by promoter binding, resulting in block-
ing iron absorption and release.

Hepcidin levels are also influenced by infection, 
inflammation, erythropoiesis, and hypoxia. Infection 
and inflammation increase hepcidin levels, whereas 
erythropoiesis and hypoxia reduce hepcidin levels. 
“Anemia of chronic disease” is likely a phenomenon 
of unopposed hepcidin production due to ongoing 
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chronic inflammation. Our understanding of the 
molecular biology and cell biology of hepcidin will 
allow for rational therapies using agonists or antag-
onists to hepcidin activity, and such compounds are 
already being studied in clinical trials.
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