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Hepcidin regulation: ironing out the details
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Hepcidin	is	a	peptide	hormone	secreted	by	the	liver	that	plays	a	central	role	
in	the	regulation	of	iron	homeostasis.	Increased	hepcidin	levels	result	in	
anemia	while	decreased	expression	is	the	causative	feature	in	most	prima-
ry	iron	overload	diseases.	Mutations	in	hemochromatosis	type	2	(HFE2),	
which	encodes	the	protein	hemojuvelin	(HJV),	result	in	the	absence	of	
hepcidin	and	an	early-onset	form	of	iron	overload	disease.	HJV	is	a	bone	
morphogenetic	protein	(BMP)	coreceptor	and	HJV	mutants	have	impaired	
BMP	signaling.	In	this	issue	of	the	JCI,	Babitt	and	colleagues	show	that	
BMPs	are	autocrine	hormones	that	induce	hepcidin	expression	(see	the	
related	article	beginning	on	page	1933).	Administration	of	a	recombinant,	
soluble	form	of	HJV	decreased	hepcidin	expression	and	increased	serum	
iron	levels	by	mobilizing	iron	from	splenic	stores.	These	results	demon-
strate	that	recombinant	HJV	may	be	a	useful	therapeutic	agent	for	treat-
ment	of	the	anemia	of	chronic	disease,	a	disorder	resulting	from	high	lev-
els	of	hepcidin	expression.

Regulation of iron homeostasis
In all species, the concentration of iron 
in  biological  fluids  is  tightly  regulated 
to provide  iron as needed and  to avoid 
toxicity, because iron excess can lead to 
the generation of reactive oxygen species. 
Iron  homeostasis  in  mammals  is  regu-
lated at the level of intestinal absorption, 
as there is no excretory pathway for iron. 
Hepcidin, a circulating peptide hormone, 
is the master regulator of systemic iron 
homeostasis,  coordinating  the  use  and 
storage of iron with iron acquisition (1). 
This hormone is primarily produced by 
hepatocytes and is a negative regulator of 
iron entry into plasma (Figure 1). Hepci-
din acts by binding to ferroportin, an iron 

transporter present on cells of the intesti-
nal duodenum, macrophages, and cells of 
the placenta. Binding of hepcidin induces 
ferroportin internalization and degrada-
tion (2). The loss of ferroportin from the 
cell surface prevents iron entry into plas-
ma (Figure 1A). Decreased iron entry into 
plasma results in low transferrin satura-
tion, and less iron is delivered to the devel-
oping erythroblast. Conversely, decreased 
expression of hepcidin leads to increased 
cell surface ferroportin and increased iron 
absorption (Figure 1C).

Plasma hepcidin levels are regulated by 
different  stimuli,  including  cytokines, 
plasma iron, anemia, and hypoxia. Dys-
regulation of hepcidin expression results 
in iron disorders. Overexpression of hepci-
din leads to the anemia of chronic disease, 
while low hepcidin production results in 
hereditary hemochromatosis with conse-
quent iron accumulation in vital organs 
(Figure 1). Most hereditary iron disorders 
result  from  inadequate  hepcidin  pro-

duction relative  to  the degree of  tissue 
iron  accumulation.  Impaired  hepcidin 
expression has been shown to result from 
mutations  in  any  of  4  different  genes: 
transferrin receptor 2 (TFR2), hemochro-
matosis  (HFE),  hemochromatosis  type 
2  (HFE2),  and  hepcidin  antimicrobial 
peptide  (HAMP).  Mutations  in  HAMP, 
the  gene  that  encodes  hepcidin,  result 
in iron overload disease, as the absence 
of hepcidin permits constitutively high 
iron absorption. The role for other genes 
(TFR2, HFE, and HFE2) in the regulation 
of hepcidin production has been unclear. 
A study presented in this issue of the JCI 
by Babitt et al. (3) provides a mechanistic 
understanding of the role of hemojuvelin 
(HJV; encoded by HFE2) in the regulation 
of hepcidin production.

Regulation of hepcidin expression
Regulation  of  hepcidin  expression 
appears to occur at the level of transcrip-
tion (Figure 2). Inflammatory cytokines, 
predominately IL-6, induce transcription 
of HAMP in hepatocytes. This induction 
involves the activation of Stat3 (3) and 
binding of Stat3 to a regulatory element 
in the HAMP promoter (4–6).

A  second  mode  of  hepcidin  regula-
tion  depends  upon  signaling  through 
the bone morphogenetic protein/Smad  
(BMP/Smad) pathway. BMPs are cytokines 
in the TGF-β family. These ligands play key 
roles in regulating cell proliferation, dif-
ferentiation, apoptosis, and migration in 
tissues. In particular, BMPs play essential 
roles in cardiac, neural, and cartilaginous 
differentiation.  All  BMPs  share  a  com-
mon signaling pathway, which involves 

Nonstandard	abbreviations	used: BMP, bone mor-
phogenetic protein; HJV, hemojuvelin.
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binding of BMP to type I and type II cell 
serine/threonine kinase receptors, form-
ing a BMP–type I/type II receptor com-
plex. This complex results  in the phos-
phorylation of an  intracellular protein 
termed RSmad. The specificity of BMP 
ligand responses is due to the multiplic-
ity of more than 20 BMPs, 7 type I recep-
tors, 5 type II receptors, and 5 RSmads 
(7). The RSmads, however, combine with 
a single, common Smad family member, 
Smad4  (also  referred  to  as  Co-Smad),  
and that complex translocates  into the 
nucleus and activates transcription of tar-
get genes (Figure 2). Wang et al. demon-
strated that deletion of Smad4 results in 
embryonic lethality but that liver-specific 
inactivation of Smad4 results in loss of 
hepcidin synthesis and an iron overload 
phenotype similar to the phenotype seen 
in hepcidin-knockout mice (8). Babitt et 
al. also showed that mice with a deletion 
in the Smad4 gene were unable to synthe-
size hepcidin in response to inflammato-
ry stimuli or to iron load (3). This result 
was the first to our knowledge to show 

that the BMP/Smad4 pathway is critical 
to hepcidin expression.

BMP signaling by HJV regulates 
hepcidin expression
Babitt and colleagues previously demon-
strated that HJV acts as a BMP coreceptor 
in vitro, which facilitates the activation 
of the BMP–type I/type II receptor com-
plex  (9).  Mutations  in  HFE2,  the  gene 
that encodes HJV, lead to early-onset iron 
overload disease (10). This form of juve-
nile hemochromatosis is typified by the 
absence  of  hepcidin  and  leads  to  heart 
disease, liver iron overload, and diabetes 
and is indistinguishable from the effects 
of HAMP mutations in patients. HJV is a 
glycosylphosphatidyl inositol–linked cell 
surface protein expressed predominantly 
in skeletal muscle and hepatocytes. The 
most  informative  structural  feature  of 
HJV  is  that  it  has  homology  to  a  small 
family  of  proteins  involved  in  neural 
guidance. Members of  this  family  (e.g., 
RBMCA, RGMCB, and DRAGON) bind 
BMPs and enhance BMP-mediated signal-

ing (10). These previous results suggested 
that HJV’s ability to function as a BMP 
coreceptor was required for HJV to alter 
hepcidin expression and affect systemic 
iron homeostasis.

In vivo effect of BMP and HJV
In the present study, Babitt and colleagues 
extend their observations on the relation-
ship between HJV and BMPs in hepcidin 
expression  (3).  First,  they  demonstrate 
that BMP receptor expression is selective 
for specific members of the TGF-β super-
family  and  is  not  activated  by  TGF-β, 
activins, or all BMPs. Second, they show 
in  vitro  that  hepatocytes  secrete  BMPs 
and that siRNA silencing of specific BMPs 
reduces hepcidin expression. Thus, BMPs 
are autocrine regulators. Third, they show 
in vivo that injection of BMPs into wild-
type mice increases hepcidin expression 
and concomitantly decreases serum iron 
levels. Fourth,  they demonstrate that a 
recombinant, soluble form of HJV binds 
BMPs  and  acts  as  a  BMP  antagonist, 
decreasing hepcidin  transcription. The 

Figure 1
Hepcidin-mediated regulation of iron homeostasis. (A) Increased hepcidin expression by the liver results from inflammatory stimuli. High 
levels of hepcidin in the bloodstream result in the internalization and degradation of the iron exporter ferroportin. Loss of cell surface fer-
roportin results in macrophage iron loading, low plasma iron levels, and decreased erythropoiesis due to decreased transferrin-bound 
iron. The decreased erythropoiesis gives rise to the anemia of chronic disease. (B) Normal hepcidin levels, in response to iron demand, 
regulate the level of iron import into plasma, normal transferrin saturation, and normal levels of erythropoiesis. (C) Hemochromatosis, or 
iron overload, results from insufficient hepcidin levels, causing increased iron import into plasma, high transferrin saturation, and excess 
iron deposition in the liver.
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observation that soluble BMPs decrease 
hepcidin  expression  in  hepatocytes  in 
vitro was shown previously (11). To our 
knowledge, Babitt et al. (3) are the first to 
show that soluble HJV inhibits hepcidin 
expression  in vivo.  Injection of  soluble 
HJV  for  a  period  of  weeks  resulted  in 
increased serum iron and increased liver 
iron. Soluble HJV reduced hepcidin tran-
scripts in liver, decreasing the amount of 
phosphorylated RSmad. This observation 
provides proof that the effect of soluble 
HJV is to reduce BMP signaling events. 
The authors also show that soluble HJV 
reduces hepcidin expression in response 
to IL-6 (3). The observation that soluble 
HJV  administration  leads  to  increased 
liver and plasma iron but decreased hep-
cidin expression indicates that BMP sig-
naling can modify hepcidin expression in 
response to other stimuli. These results 
are aligned with the observations of Wang 
et al. that neither iron nor IL-6 can induce 
hepcidin expression in mice with a liver-
specific Smad4 gene deletion (8).

There  are  several  reasons  why  these 
results are important. First, they suggest 
the possibility of pharmacological inter-

vention for disorders resulting from exces-
sive hepcidin production, as seen  in the 
anemia of chronic disease. Second,  they 
provide a mechanistic explanation for the 
role of HJV in iron overload disease. Third, 
the observation that soluble HJV affects 
hepcidin production provides an explana-
tion for what was initially, to us, a curious 
observation that the highest expression of 
HJV is found in skeletal muscle. The recent 
finding that HJV is released from skeletal 
muscle  in  iron  deficiency  suggests  that 
this tissue may play a critical role in iron 
homeostasis (12).

BMPs are critical for expression of hepci-
din, which leads to the question: Is expres-
sion of BMPs regulated in hepatocytes? 
The  present  study  (3)  and  that  previ-
ously reported by Wang et al. (8) provide 
compelling data that the BMP signaling 
pathway  is  critical  for  IL-6  induction, 
prompting us to ask: How do Stat3 and 
Smad signaling interact? These pathways 
might interact at the level of the HAMP/
hepcidin  promoter,  but  an  interesting 
possibility is that activated Stat3 might 
regulate hepatocyte BMP expression, as 
activated Stat3  in other tissues  induces 

the expression of BMPs (13). Finally, how 
do  HFE  and  TFR2  interact  with  BMPs 
and the Smad signaling system? Addition 
of  BMPs  to  hepatocytes  cultured  from 
mice with targeted deletions in the HFE or 
TFR2 genes showed induction of hepcidin 
to levels that were similar to those in wild-
type hepatocytes (14). This observation, 
together with the finding that Smad4 sig-
naling is required for hepcidin expression 
regardless of stimuli, suggests that HFE 
and TFR2 might work upstream of BMP. 
A recent study has shown that HFE and 
TFR2 interact and that this  interaction 
may  provide  a  downstream  signal  that 
affects hepcidin expression (15). Does the 
HFE/TFR2 complex interact with the cell 
surface BMP/HJV/BMP receptor complex, 
or do intracellular signals provided by the 
HFE/TFR2  complex  act  on  the  HAMP/
hepcidin promoter? The finding that the 
BMP/Smad system is fundamental to hep-
cidin expression provides a valuable start-
ing point to deciphering these issues.
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Figure 2
Transcriptional regulation of hepcidin by the BMP/Smad pathway. Hepcidin transcription depends upon signaling through BMP receptors 
(BMP-Rs) and downstream Smads. BMPs can act as autocrine or paracrine hormones. Binding of BMP to cell surface HJV positions BMP to 
activate BMP receptors. Activation of BMP receptors leads to the generation of phosphorylated RSmads, which dimerize with Smad4. The 
RSmad/Smad4 heterodimer translocates into the nucleus and activates transcription of the HAMP gene, which encodes hepcidin. Soluble 
HJV binding to BMP prevents the formation of a cell surface BMP-HJV complex and blocks activation of BMP receptors. Inflammatory 
cytokines such as IL-6 bind to IL-6 receptors (IL-6Rs), activating Stat3, which also binds to the HAMP promoter. Stat3 activation requires 
the presence of Smad4, as deletion of the Smad4 gene prevents IL-6 induction of hepcidin. Smad4 is downstream of TFR2 and HFE, which 
suggests that the signal provided by these proteins also activates the HAMP promoter or that these membrane proteins affect BMP receptor 
signal transmission. In their study in this issue of the JCI, Babitt and colleagues demonstrate in vivo that soluble HJV binds BMPs produced 
by the liver, leading to alteration in iron homeostasis (3).
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Mutations	in	Ca2+-handling	proteins	in	the	heart	have	been	linked	to	exer-
cise-induced	sudden	cardiac	death.	The	best	characterized	of	these	have	been	
mutations	in	the	cardiac	Ca2+	release	channel	known	as	the	ryanodine	receptor	
type	2	(RyR2).	RyR2	mutations	cause	“leaky”	channels,	resulting	in	diastolic	
Ca2+	leak	from	the	sarcoplasmic	reticulum	(SR)	that	can	trigger	fatal	cardiac	
arrhythmias	during	stress.	In	this	issue	of	the	JCI,	Song	et	al.	show	that	muta-
tions	in	the	SR	Ca2+-binding	protein	calsequestrin	2	(CASQ2)	in	mice	result	
not	only	in	reduced	CASQ2	expression	but	also	in	a	surprising,	compensa-
tory	elevation	in	expression	of	both	the	Ca2+-binding	protein	calreticulin	
and	RyR2,	culminating	in	premature	Ca2+	release	from	cardiac	myocytes	and	
stress-induced	arrhythmia	(see	the	related	article	beginning	on	page	1814).	In	
the	context	of	these	findings	and	other	recent	reports	studying	CASQ2	muta-
tions,	we	discuss	how	CASQ2	influences	the	properties	of	Ca2+-dependent	
regulation	of	RyR2	and	how	this	contributes	to	cardiac	arrhythmogenesis.

Intracellular Ca2+ handling:  
how the beat goes on
In  the  normal  heart,  the  cycling  of 
intracellular Ca2+ in cardiomyocytes is crit-
ical to the heart’s mechanical contraction 
and relaxation. On a beat-to-beat basis, 
Ca2+  entry  through  voltage-gated  Ca2+ 

channels in the sarcolemma (including the 
transverse tubules) locally activates cardiac 
ryanodine  receptor  type  2  (RyR2)  Ca2+-
release channels  found  in  large clusters 
in the junctional sarcoplasmic reticulum 
(jSR) across a very narrow (15 nm) junc-
tional gap (Figure 1A). The release of Ca2+ 
from functional clusters of RyR2s depends 
on this Ca2+ influx and works by the mech-
anism of Ca2+-induced Ca2+ release (CICR). 
The release of Ca2+ from the RyR2 clusters 
is visualized as Ca2+ sparks. The Ca2+ sparks 
amplify the initial Ca2+ influx trigger sig-
nal and combine to produce an elevation 
of cell-wide myoplasmic [Ca2+] called the 
Ca2+ transient.  This  increase  in  cytosolic 
Ca2+ concentration ([Ca2+]i) leads to activa-
tion of the contractile proteins and hence 

to generation of  the heartbeat  (1). Ca2+ 
release to the cytosol is accompanied by a 
reciprocal decline in the [Ca2+] within the 
SR ([Ca2+]SR) for both the [Ca2+]i transient 
(2) and for Ca2+ sparks (3). This reduction 
in [Ca2+]SR contributes to deactivation or 
closure of RyR2s, resulting in Ca2+ release 
termination and induction of a refractory 
state that prevents Ca2+ release during the 
diastole (4–6). Relaxation occurs follow-
ing Ca2+ reuptake into the SR through the 
phospholamban-regulated (PLN-regulat-
ed) sarcoplasmic or endoplasmic reticulum 
Ca2+ ATPase 2 (SERCA2a). Ordered Ca2+ 
cycling  is  essential  to  normal  rhythmic 
activity of the heart, and disturbances in 
Ca2+ handling have previously been shown 
to underlie diverse Ca2+-dependent cardi-
ac arrhythmias (7–9). In this issue of the 
JCI, catecholamine-induced polymorphic 
ventricular tachycardia (CPVT) caused by 
mutations in calsequestrin 2 (CASQ2) is 
the subject of the study by Song et al. (10); 
Ca2+ signaling plays a central role in the 
dysfunction.

It is appreciated that RyR2 activity under-
lies SR Ca2+ release and generation of the 
cytosolic Ca2+  transient  that  is  required 
for muscle contraction. However, just how 
RyR2  is  activated,  how  sensitive  it  is  to 
[Ca2+] in both cytosolic and lumenal com-
partments, and how RyR2-mediated Ca2+ 
release from the SR is regulated depends in 

Nonstandard	abbreviations	used: [Ca2+]i, cytosolic 
Ca2+ concentration; [Ca2+]SR, SR Ca2+ concentration; 
CASQ2, calsequestrin 2; CICR, Ca2+-induced Ca2+ 
release; CPVT, catecholamine-induced polymorphic 
ventricular tachycardia; jSR, junctional SR; PLN, phos-
pholamban; Po, open probability; RyR2, ryanodine 
receptor type 2; SERCA2a, sarcoplasmic or endoplasmic 
reticulum Ca2+ ATPase 2; SR, sarcoplasmic reticulum.
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