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Molecular Mechanisms of Hepcidin Regulation: Implications for the
Anemia of CKD

Jodie L. Babitt, MD, and Herbert Y. Lin, MD, PhD

Anemia is prevalent in patients with chronic kidney disease (CKD) and is associated with lower quality
of life and higher risk of adverse outcomes, including cardiovascular disease and death. Anemia
management in patients with CKD currently revolves around the use of erythropoiesis-stimulating
agents and supplemental iron. However, many patients do not respond adequately and/or require high
doses of these medications. Furthermore, recent clinical trials have shown that targeting higher
hemoglobin levels with conventional therapies leads to increased cardiovascular morbidity and mortal-
ity, particularly when higher doses of erythropoiesis-stimulating agents are used and in patients who are
poorly responsive to therapy. One explanation for the poor response to conventional therapies in some
patients is that these treatments do not fully address the underlying cause of the anemia. In many
patients with CKD, as with patients with other chronic inflammatory diseases, poor absorption of dietary
iron and the inability to use the body’s iron stores contribute to the anemia. Recent research suggests
that these abnormalities in iron balance may be caused by increased levels of the key iron regulatory
hormone hepcidin. This article reviews the pathogenesis of anemia in CKD, the role and regulation of
hepcidin in systemic iron homeostasis and the anemia of CKD, and the potential diagnostic and
therapeutic implications of these findings.
Am J Kidney Dis 55:726-741. © 2010 by the National Kidney Foundation, Inc.
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BACKGROUND

Iron is required for hemoglobin synthesis in
he production of red blood cells. Iron also is a
onstituent of several proteins that carry out
ssential housekeeping functions and thus is criti-
al for cell growth and survival. However, excess
ron can generate free radicals that damage lipid
embranes, proteins, and nucleic acids, leading

o cell death. As a result, iron levels must be
egulated tightly both on a cellular level and
ystemically. Hepcidin now is recognized to be a
ey mediator of systemic iron homeostasis. A
ole for hepcidin in the pathogenesis of the
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nemia of chronic kidney disease (CKD) increas-
ngly is being elucidated.

CASE VIGNETTE
A 55-year-old woman with hemodialysis-dependent end-

tage renal disease (ESRD) secondary to diabetic nephropa-
hy had persistent anemia despite escalating erythropoiesis-
timulating agent (ESA) dosing. Serum hemoglobin level
as 7.5 g/dL (reference range, 12-16 g/dL), and hematocrit was
3.4% (reference range, 36%-46%). Serum iron level was 22
g/dL (reference range, 30-160 �g/dL), total iron-binding
apacity was 188 �g/dL (reference range, 230-404 �g/dL),
nd serum transferrin saturation was 11.7%, consistent with
ow circulating levels of iron. However, serum ferritin level
as increased at 1,315 ng/mL (reference range, 10-200
g/mL). The patient had a failed arteriovenous fistula and
rteriovenous graft and now has a tunneled catheter for
emodialysis access. She has a history of coronary artery
isease, severe peripheral vascular disease, calciphylaxis,
ultiple episodes of skin and catheter infections, and toe

mputation for a nonhealing ulcer. This scenario of anemia,
SA resistance, hypoferremia, and high serum ferritin level

s not uncommon in the CKD/ESRD population, and anemia
anagement in these patients presently is problematic. It

ecently has been hypothesized that increased hepcidin lev-
ls may contribute to functional iron deficiency, anemia, and
SA resistance in this setting.

PATHOGENESIS

nemiaof CKD

Anemia is prevalent in patients with CKD and

ontributes to lower quality of life.1 Anemia in
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Hepcidin in Anemia of CKD 727
atients with CKD also is associated with numer-
us adverse outcomes, including hospitalization,
ardiovascular disease, cognitive impairment, and
ortality.1 Inadequate production of erythropoi-

tin commonly is believed to be the most impor-
ant factor in the pathogenesis of anemia in these
atients, and many patients are treated with ESAs.
owever, approximately 10%-20% of patients

re poorly responsive to ESA therapy.1 Prospec-
ive randomized controlled clinical trials, includ-
ng the US Normal Hematocrit Study and the
HOIR (Correction of Hemoglobin and Out-
omes in Renal Insufficiency) Study, raised con-
erns about the safety of ESAs when dosed to
arget higher hemoglobin levels, particularly when
sing higher doses and in patients who are poorly
esponsive to therapy.2-4 This has resulted in a
S Food and Drug Administration black box
arning on the product labeling of ESAs and

ignificant controversy about the management of
nemia in patients with CKD.

The cause of anemia in patients with CKD is
ultifactorial.5,6 In addition to relative erythro-

oietin deficiency, shortened erythrocyte sur-
ival6 and the erythropoiesis-inhibitory effects
f accumulating uremic toxins also contribute to
he anemia of CKD.5,6 Importantly, patients with
KD also have several abnormalities in systemic
omeostasis of iron, an essential component in
he production of red blood cells.5,6 First, hemo-
ialysis patients in particular typically are in
egative iron balance, losing approximately 1-3

of iron per year, caused in part by blood
rapping in the dialysis apparatus and repeated
hlebotomy.6 Second, many patients are on ESA
herapy to manage their anemia, which depletes
ron stores by driving increased production of
ed blood cells.6 Third, it has been recognized
hat patients with CKD also have impaired ab-
orption of dietary iron. Randomized controlled
rials have shown that oral iron is no better than
lacebo to treat iron deficiency in patients on
emodialysis therapy.1,7-9 These abnormalities
f iron metabolism in patients with CKD may
esult in true iron deficiency, manifest as low
erum transferrin saturation and ferritin level,
hich can be treated with supplemental iron.
owever, many patients also have a functional

ron deficiency or reticuloendothelial cell iron
lockade, characterized by low levels of circulat-

ng iron that limit erythropoiesis, even in the face c
f adequate or increased body iron stores. Man-
gement of these patients is less clear.1 This
eticuloendothelial cell iron sequestration is char-
cteristic of anemia of inflammation (also known
s anemia of chronic disease), seen not only in
atients with CKD, but also in patients with
any other chronic diseases, including autoim-
une disorders, chronic infections, and malig-

ancy.5 Many patients with CKD have a chronic
nflammatory state, which may be caused by an
ncreased incidence of infections and/or induc-
ion of inflammatory cytokines by the hemodialy-
is procedure.5,6,10 Recent research suggests that
he impaired intestinal iron absorption and im-
aired release of iron from body stores in pa-
ients with CKD, as in other patients with anemia
f inflammation, may be caused by an excess of
he key iron regulatory hormone hepcidin.11-13

ystemic IronHomeostasis andHepcidin

Iron enters the body by absorption from di-
tary sources in the duodenum. Iron circulates
ound to transferrin and is delivered primarily to
he bone marrow for erythropoiesis. Senescent
rythrocytes are phagocytosed by reticuloendo-
helial macrophages to recycle iron back into the
irculation. Iron storage and release also occur in
epatocytes. Sloughing of enterocytes and bleed-
ng are the only significant means for removing
ron from the body (reviewed in14-16; Fig 1). On
verage, approximately 1-2 mg of iron is pro-
ided on a daily basis by intestinal absorption,
nd this is balanced by an equal amount of iron
oss by epithelial shedding in the gastrointestinal
ract and blood loss in menstruating women.

ost of the iron required for erythropoiesis,
pproximately 20-25 mg/d, is provided by iron
ecycling from senescent erythrocytes. The circu-
ating pool of transferrin-bound iron is much
maller, approximately 3 mg, and therefore must
e turned over every few hours to ensure an
dequate supply of iron for erythropoiesis. Iron
xcretion is not a regulated process, and there is
o physiologic mechanism for removing larger
mounts of iron, even in conditions of severe
ron overload. Systemic iron balance therefore is
aintained by tight regulation of iron absorption

rom the diet and iron release from reticuloendo-
helial and hepatocyte stores.14-16

It now is well established that hepcidin is a

entral mediator of systemic iron homeosta-
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Babitt and Lin728
is.15,16 A small peptide hormone of 25 amino
cids, hepcidin is produced and secreted predomi-
antly by hepatocytes, circulates in the blood-
tream, and is excreted by the kidneys.17-19 Hep-
idin regulates systemic iron balance by binding
nd inducing internalization and degradation of
erroportin, an iron channel on the surface of
nterocytes, macrophages, and hepatocytes,
hich is important in iron export into the
lasma.20,21 Hepcidin thereby decreases both in-
estinal iron absorption and iron release from
eticuloendothelial and hepatocyte stores (Fig 1).
he central importance of hepcidin in systemic

ron homeostasis has been established by animal
odels and human patients with abnormalities in

epcidin expression. Hepcidin-null mice22,23 and
umans with mutations in the hepcidin gene
evelop severe iron overload,24 whereas trans-
enic mice overexpressing hepcidin and humans
ith hepcidin-secreting adenomas have pro-

ound iron deficiency anemia.25,26

egulationofHepcidin Expression

Consistent with its role as a central regulator

Figure 1. Hepcidin is a central regulator of systemic iron h
ntry from intestinal absorption, macrophage iron recycling, a
y erythroid cells in the bone marrow. A peptide hormone sec
ownregulating cell-surface expression of the iron export prot
epatocytes. Hepcidin production is inhibited by erythropoie
epcidin production is stimulated by iron (through the hemoch
[TFR2]) as a negative feedback loop to maintain steady-stat

hereby sequestering iron from invading pathogens in the s
hronic disease. Abbreviation: RBC, red blood cell.
f systemic iron homeostasis, hepcidin expres- m
ion is regulated in response to iron, erythropoi-
tic demand, hypoxia, and inflammatory signals
Fig 1). Iron administration increases hepcidin
xpression, thus providing a feedback mecha-
ism to limit further iron absorption,18,27,28

hereas anemia and hypoxia inhibit hepcidin
xpression, thus increasing iron availability for
rythropoiesis.27 Hepcidin expression also is in-
uced by inflammation,18,27-29 which is believed
o be part of the host defense mechanism to fight
nfection and cancer by limiting iron availability.
owever, in chronic inflammatory states, this

eads to a deficiency of iron available for erythro-
oiesis, and this is believed to be the mechanism
nderlying the reticuloendothelial iron sequestra-
ion, intestinal iron absorption impairment, and
ow circulating iron levels characteristic of pa-
ients with anemia of chronic disease.5,15,16 The
ignaling pathways by which iron, erythropoietic
emand, hypoxia, and inflammation affect hepci-
in expression increasingly are being elucidated.

epcidinDeficiency and IronOverloadDisorders

Recent progress toward understanding the

tasis. Serum iron levels are determined by the balance of iron
ilization of hepatocyte stores versus iron utilization, primarily
y the liver, hepcidin controls iron release into the plasma by

oportin (FPN) on absorptive enterocytes, macrophages, and
e and hypoxia to ensure iron availability for erythropoiesis.
sis proteins HFE, hemojuvelin [HJV], and transferrin receptor
vels. Hepcidin production also is stimulated by inflammation,
f infection, but also causing the hypoferremia of anemia of
omeos
nd mob
reted b
ein ferr
tic driv
romato
e iron le
echanisms that regulate hepcidin expression
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Hepcidin in Anemia of CKD 729
as emerged from studies of the genetic iron
verload disorder hereditary hemochromatosis
reviewed in30). This heterogeneous disorder
s characterized by failure to prevent excess
ron from entering the bloodstream, leading to
rogressive tissue iron deposition and subse-
uent multiorgan damage. In addition to muta-
ions in the gene encoding hepcidin (HAMP),
utations in the genes encoding the hemochro-
atosis protein HFE,31 transferrin receptor 2

TFR2),32 and hemojuvelin (HJV; encoded by
he HFE2 gene)33 also cause hereditary hemo-
hromatosis. Among other tissues, these proteins
re all expressed in the liver,31,33,34 where hepci-
in is produced. All patients and animal models
ith hemochromatosis caused by mutations in

hese genes have inappropriately low levels of
epcidin expression,33,35-42 suggesting the follow-
ng: (1) hepcidin deficiency and consequent un-
egulated ferroportin activity are the common
athogenic mechanisms for iron overload in these
iseases, and (2) HFE, TFR2, and HJV are in-
olved in the regulation of hepcidin expression
y iron (Fig 1).

Figure 2. Schematic diagram shows the proposed rol
JV, HFE, and TFR2 in iron sensing and hepcidin reg
rotein 6 (BMP6) binds to the BMP coreceptor hemoju
epatocyte membrane to activate the SMAD1/5/8 pa
esponsive elements (BMP-REs) on the hepcidin prom
ompetes for HFE binding to transferrin receptor 1 (TFR1
F-Fe to induce hepcidin expression, possibly through
nd/or alternative signaling pathways, such as the ERK1/
MPRSS6 inhibits hepcidin expression by cleaving me

ownstream SMAD signaling by loss of membrane-bound H
MPR, BMP receptor; TF, transferrin.
RECENT ADVANCES

olecularMechanismsofHepcidinRegulation:
epcidinActivators

HepcidinRegulationby theBMP6-HJV-SMAD
SignalingPathway

Mutations in the HJV gene are the most com-
on cause of the more severe juvenile-onset

orm of hereditary hemochromatosis and result
n a phenotype similar to mutations in the gene
ncoding hepcidin itself.24,33 A link between the
one morphogenetic protein (BMP) signaling
athway and iron metabolism was discovered
hen HJV was shown to be a BMP coreceptor43

nd BMP signals were shown to regulate hepci-
in expression (Fig 2).43,44

BMPs are members of the TGF-� (transform-
ng growth factor �) superfamily of signaling

olecules. BMP ligands bind to cell-surface type
and type II serine threonine kinase receptors.
pon formation of the complex, type I receptors
hosphorylate type II receptors, which then phos-
horylate intracellular SMAD1, SMAD5, and
MAD8 proteins. These SMAD proteins form a

bone morphogenetic protein (BMP) signaling pathway,
in the liver. In response to iron, bone morphogenetic

HJV) as part of the BMP6/HJV/BMPR complex on the
. Activated SMAD complexes bind directly to BMP-
induce hepcidin transcription. Holotransferrin (TF-Fe)
ing HFE displacement to form a complex with TFR2 and
eraction with the BMP6-HJV-SMAD signaling pathway
way. In the setting of iron deficiency, the serine protease
e-bound HJV to form soluble HJV, thereby inhibiting
e of the
ulation
velin (
thway
oter to
), caus
an int
2 path
mbran
JV and sequestration of BMP6 ligand. Abbreviations:
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Babitt and Lin730
omplex with common mediator SMAD4, and
he SMAD complex translocates to the nucleus
o modulate gene transcription (reviewed in45).

As a coreceptor, HJV binds to BMP ligands
nd BMP receptors and enhances intracellular
MAD signals in response to low levels of BMP

igands.43 HJV is selective for its interaction
ith BMP ligands and receptors. HJV binds to
MP2, BMP4, BMP5, and BMP6, but not BMP7
r BMP9.43,46,47 HJV signals through all 3 BMP
ype I receptors (ALK2, ALK3, and ALK6), but
nly 2 of the 3 BMP type II receptors (ActRIIA
nd BMPRII).48 Notably, HJV can alter type II
eceptor use by BMP ligands, allowing BMP
igands that normally signal through BMPRII to
ignal through ActRIIA.48 This may be one
echanism by which HJV enhances SMAD sig-

aling in the liver, where ActRIIA is the predomi-
ant BMP type II receptor expressed.48

In liver-derived cell cultures, BMP-SMAD
ignals increase hepcidin expression at the tran-
criptional level.43,44,46,49 HJV enhances hepci-
in induction in response to BMPs,43 whereas
JV mutants associated with hemochromatosis
ave impaired ability to generate BMP signals
nd induce hepcidin expression, and livers from
jv-null mice have evidence of decreased BMP

ignaling in the liver.43 These data suggest that
utations in HJV trigger iron overload by caus-

ng impaired hepatic BMP-SMAD signaling, de-
reased hepcidin expression, and consequent un-
egulated ferroportin activity.43

Several additional lines of evidence support
he importance of the BMP-HJV-SMAD signal-
ng pathway in regulating hepcidin expression
nd iron homeostasis in vivo. Targeted disrup-
ion of the common BMP/TGF-� signaling me-
iator Smad4 in the mouse liver results in low
epcidin levels and iron overload, similar to the
henotype seen in hemochromatosis.44 Promoter
utational analysis has identified 2 specific mo-

ifs on the hepcidin promoter, which appear to
ediate hepcidin induction to BMP-SMAD sig-

als.50-53 A mutation in one of these BMP respon-
ive elements on the hepcidin promoter has been
ssociated with a significantly more severe iron-
verload phenotype in a patient with hemochro-
atosis caused by the most common HFE muta-

ion, C282Y (a cysteine to tyrosine change at
mino acid 282).54 In mice, BMP administration

ncreases hepatic hepcidin expression and de- i
reases serum iron levels, whereas administra-
ion of BMP inhibitors decreases hepcidin expres-
ion, mobilizes reticuloendothelial cell iron stores,
nd increases serum iron levels.46,47,55

More recent data have identified BMP6 as a
igand for HJV and a key endogenous regulator
f hepcidin expression and iron metabolism in
ivo.47,56 Genome-wide transcriptional profiling
f livers from mice fed on diets of variable iron
ontent identified Bmp6 as one of the mRNAs
nd the only BMP ligand that was decreased by a
ow iron diet and increased by a high iron diet,
oncordantly with hepcidin.57 BMP6 binds to
JV, and data from a bioinhibition assay suggest

hat HJV may have higher binding affinity for
MP6 compared with other BMP ligands, al-

hough this remains to be shown directly.46,47

dministration of specific BMP6 inhibitors in
ivo decreases hepcidin expression and in-
reases serum iron levels.47 Importantly, Bmp6-
ull mice have an iron-overload phenotype that
esembles juvenile hemochromatosis due to HJV
utations with decreased hepcidin expression,

ncreased ferroportin expression, increased se-
um iron levels, and tissue iron overload.47,56

aken together, these data support the central
ole of the BMP6-HJV-SMAD signaling path-
ay in regulating hepcidin expression and sys-

emic iron balance in vivo (Fig 2).

HepcidinRegulationby Iron

Iron stimulates hepcidin expression, providing
n important feedback mechanism to maintain
teady-state iron levels. A principal mechanism
y which iron stimulates hepcidin expression is
hrough activation of the BMP6-HJV-SMAD sig-
aling pathway (Fig 2). As discussed, long-term
ncreases in dietary iron increase liver Bmp6
RNA expression concordantly with hepcidin

xpression, and hepatic Bmp6 mRNA levels are
ignificantly positively correlated with liver iron
oncentrations in mice.57,58 Additionally, acute
ron administration to mice increases phosphory-
ation of SMAD1/5/8 in the liver within 1 hour.55

he ability of iron-saturated transferrin (holo-
ransferrin) to increase hepcidin expression in
rimary hepatocyte cultures is dependent on
MP-SMAD signaling because it is blocked by
MP signaling pathway inhibitors.59 Similarly,

he ability of iron to induce hepcidin expression

n zebra fish is blocked by a BMP inhibitor.55
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Hepcidin in Anemia of CKD 731
hus, the BMP6-SMAD signaling pathway in
he liver is activated by iron, and the ability of
ron to induce hepcidin expression is dependent
n BMP-SMAD signaling. The mechanisms by
hich iron levels are sensed to increase in BMP6-
JV-SMAD signaling are still not fully under-

tood. It has been postulated that HFE, TFR2,
nd transferrin receptor 1 (TFR1) may be in-
olved in this process.60,61

Mutations in HFE, encoding an atypical class
major histocompatibility complex (MHC) mol-
cule, are the most common cause of hereditary
emochromatosis and result in a less severe
dult-onset phenotype compared with HJV or
AMP mutations.30,31 HFE has been shown to
ind to both TFR1 and TFR2.62,63 TFR1 is a
biquitously expressed cell-surface receptor that
inds transferrin and mediates transferrin-depen-
ent iron uptake into cells (reviewed in14). The
inding site for HFE on TFR1 overlaps with the
inding site for transferrin, and holotransferrin
ompetes for HFE binding to TFR1.62, 64-67 TFR2
s a TFR1 homologue that has more restricted
xpression, predominantly in the liver,34 and
utations in TFR2 are a much more rare cause of

dult-onset hereditary hemochromatosis.31,32 The
entral importance of the liver expression of
FE and TFR2 for the regulation of iron metab-
lism is supported because hepatocyte-specific
onditional knockout of either Hfe or Tfr2 in
ice recapitulates the iron-overload phenotype

een in global Hfe or Tfr2 knockout mice.68,69

ne model proposes that when circulating iron
evels increase, holotransferrin binds to TFR1 in
he liver, displacing HFE, which then is able to
pregulate hepcidin through an interaction with
FR2 and transferrin (Fig 2).60,61 However, it is
otable that humans with mutations in both al-
eles of HFE and TFR2 present with a more
evere juvenile-onset form of hemochromatosis
ompared with the adult-onset hemochromatosis
ypical of either mutation alone,70 and combined
fe-null/Tfr2-null mice have a more severe hep-

idin deficiency iron-overload phenotype com-
ared with either single Hfe-null or Tfr2-null
ice.71 These data suggest that the mechanisms

y which HFE and TFR2 regulate hepcidin ex-
ression and iron homeostasis are not entirely
verlapping.
Whether HFE and/or TFR2 induce hepcidin
xpression through an interaction of the BMP6- t
JV-SMAD signaling pathway and/or a separate
s yet uncharacterized signaling pathway is still
ot fully understood (Fig 2). Notably, Hfe-null
ice have appropriately increased hepatic Bmp6
RNA levels relative to their increased body iron

urden, but inappropriately low levels of phosphor-
lated SMAD1/5/8 protein and Id1 mRNA, a target
ene upregulated by BMP6-SMAD signaling.58,72

urthermore, BMP6 induction of hepcidin is
ecreased in primary hepatocyte cultures from
fe-null mice versus wild-type mice.58 This sug-
ests that HFE regulates hepcidin expression
hrough an interaction with the BMP6-SMAD
ignaling pathway.58

Some studies have suggested that TfR2 can
ctivate the mitogen-activated protein kinase
MAPK) pathway, including ERK1/ERK2 and
38 MAP kinases.73,74 Although 1 study suggested
hat ERK1/ERK2 pathway activation may be in-
olved in iron-saturated transferrin induction of
epcidin expression in conjunction with the BMP-
MAD pathway in primary hepatocyte cul-

ures,74 a direct demonstration of the relevance
f the ERK/MAPK signaling pathway in hepci-
in regulation and iron homeostasis in vivo is
acking.

HepcidinRegulationby Inflammation

Hepcidin excess is believed to be the mecha-
ism underlying the low circulating iron levels
nd reticuloendothelial cell iron sequestration
hat is a hallmark of anemia of inflammation.5,16

nflammation is a potent inducer of hepcidin
xpression.18,27-29 The most well-characterized
echanism is direct transcriptional activation of

epatic hepcidin expression by interleukin 6
IL-6) binding to its receptor complex containing
p130 to activate janus kinase (JAK) and activa-
or of transcription 3 (STAT3), which binds to a
onserved DNA element in the proximal hepci-
in promoter (Fig 3).75-77 Other proinflamma-
ory cytokines, such as IL-1, also may have a role
n hepcidin induction.78 Notably, hepcidin induc-
ion by IL-6 appears to require an intact BMP-
MAD signaling pathway because hepatocyte-
pecific loss of the common mediator Smad4,44

dministration of soluble HJV,46 or administra-
ion of a small-molecule inhibitor of BMP type I
eceptor kinase activity55 all impair IL-6 induc-
ion of hepcidin expression. The cross-talk be-

ween these pathways appears to occur in part at
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Babitt and Lin732
he level of the hepcidin promoter, where the
roximal BMP-responsive element and the
TAT3-binding element are in close proximity,
ecause mutations in the proximal BMP-respon-
ive element severely impair hepcidin induction
y IL-6 (Fig 3).52

More recently, a second mechanism has been
haracterized by which these proinflammatory cy-
okines and bacterial lipopolysaccharide (LPS) may
nduce hepatic hepcidin expression. Proinflamma-
ory cytokines and LPS activate endoplasmic reticu-
um (ER) stress and the unfolded protein response
nd increase expression and cleavage of CREBH
cyclicAMPresponse element-binding protein H),79

hich activates transcription of acute-phase re-
ponse genes in the liver.79 ER stress also increases
epcidin expression through CREBH binding and
ransactivation of the hepcidin promoter (Fig 3).80

R stress also has been suggested to transcription-
lly regulate hepcidin expression through CCAAT/
nhancer-binding protein (C/EBP) homologous pro-
ein (CHOP) and C/EBP�, although this has not
een linked directly to inflammation.81

Although the role of liver-derived hepcidin in
ystemic iron homeostasis has been character-
zed best, hepcidin also is produced in monocytes/

acrophages and is induced in these cells by
PS and certain bacterial pathogens through Toll-

ike receptors and possibly also the IL-6/STAT3

Figure 3. Schematic diagram shows the molecular mec
he liver. Inflammation mediated by cytokines (eg, IL-6) le
inds directly to a STAT3-responsive element (STAT3-RE
AK/STAT3 pathway depends on an intact BMP responsi
ctivity. Inflammation also may activate the endoplasmic re
CREBH-RE) on the hepcidin promoter to induce hepcidin.
MP response element-binding protein H; JAK, janus kinas
athway.82-86 In contrast to the liver, hepcidin s
xpression in macrophages is not induced by iron.82

epcidin production stimulated by bacterial patho-
ens or LPS in monocytes/macrophages decreases
erroportin mRNA expression and ferroportin pro-
ein cell-surface expression in an autocrine fash-
on.82,83,86Although the amount of hepcidin produc-
ion in macrophages is much less than in the liver,83

epcidin induction in macrophages in the setting of
nfection may contribute to the host defense by
cting locally to limit iron availability to invading
athogens.82-84,86

olecularMechanismsofHepcidinRegulation:
epcidin Inhibitors

SolubleHJV

HJV is attached to the plasma membrane by a
PI (glycosylphosphatidylinositol) anchor. In ad-
ition to its cell-associated form, soluble forms
f HJV have been detected in the conditioned
edia of transfected cells and the blood of hu-
ans and other animals.87-93 Mechanisms for the

elease of soluble HJV from the cell appear to
nvolve cleavage by the proprotein convertase
urin or the transmembrane serine protease 6
MPRSS6 (see hepcidin regulation by iron defi-
iency next).91-94 Notably, administration of ex-
genous soluble HJV has been shown to act as an
nhibitor of BMP signaling and hepcidin expres-

s by which inflammation activates hepcidin transcription in
activation of the JAK/STAT3 pathway. Activated STAT3

e hepcidin promoter to induce hepcidin transcription. The
ent (BMP-RE) that is adjacent to the STAT3-RE for full
(ER) stress pathway using a CREBH-responsive element

iations: BMP, bone morphogenetic protein; CREBH, cyclic
T3, activator of transcription 3.
hanism
ads to
) on th
ve elem
ticulum
Abbrev
ion, presumably by binding to BMP ligands and
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reventing their interaction with cell-surface sig-
aling receptors.46,59,87 The quantity and physi-
logic relevance of endogenous forms of soluble
JV in vivo are still poorly understood, although

ome data suggest that soluble HJV may be
ecreased by iron loading and increased by iron
eficiency and hypoxia.87,89,90,92 It has been hy-
othesized that although GPI-anchored mem-
rane HJV acts as a coreceptor to enhance BMP-
MAD signaling and hepcidin expression,
eneration of soluble HJV inhibits the BMP-
MAD signaling and hepcidin expression, either
xclusively by removing the enhancing effects of
he membrane form of HJV or with the additive
ffect of sequestering BMP ligands (Fig 2).43,46,59

nterestingly, HJV is expressed not only in the
iver, but also in skeletal and cardiac muscle,33

here its function currently is unknown. It has
een proposed that HJV expression in these
ther tissues may serve as a source of soluble
JV.87,95

HepcidinRegulationbyAnemia

Anemia and ESA administration are potent
nhibitors of hepcidin expression, allowing greater
ron availability for erythropoiesis.27,96 The domi-
ance of the inhibitory effect of anemia and
rythropoietic drive over the stimulatory effects
f iron on hepcidin regulation is evidenced in
-thalassemias. In this disease, hepcidin levels

emain low because of very high erythropoietic
ctivity, even in the face of increasing serum iron
nd tissue iron deposition that ultimately lead to
atal iron overload.97,98 Although ESAs have
een shown to inhibit hepcidin transcription in
solated liver cells in vitro through erythropoietin
eceptor signaling and inhibition of C/EBP� bind-
ng to the hepcidin promoter,99 2 studies sug-
ested that in vivo, the inhibitory effects of
nemia or ESAs on hepcidin expression require
rythropoietic activity.100,101 These studies
howed that inhibition of erythropoiesis by che-
otherapy, an ESA-blocking antibody, or irradia-

ion prevented hepcidin suppression by either
SAs or anemia.100,101 It has been suggested that
roliferating erythrocyte precursors may secrete
substance that circulates to the liver to inhibit

epcidin expression. Recently, 2 modulators of
he TGF-�/BMP superfamily signaling pathway,
rowth and differentiation factor 15 (GDF15)

nd twisted gastrulation (TWSG1), were re- s
orted to be secreted by erythroblast precursors
nd have a role in hepcidin suppression in thalas-
emia.102,103 GDF15 is a TGF-� superfamily
igand that activates SMAD2 and SMAD3, and
WSG1 can function as a BMP agonist or antag-
nist.104-107 Notably, an iron phenotype was not
escribed in mice with GDF15 dysregulation,
nd sera from patients with sickle cell anemia or
yelodysplastic syndrome did not have in-

reased GDF15 levels,102,108,109 suggesting that
he role of these proteins in hepcidin suppression
ay be limited to anemias such as �-thalassemia
ith ineffective erythropoiesis.

HepcidinRegulationbyHypoxia

Hypoxia also is a potent inhibitor of hepcidin
xpression, even in the absence of anemia.27 The
echanism for this is incompletely understood,

ut seems to be related to the hypoxia-inducing
actor (HIF) pathway, which also mediates expres-
ion of erythropoietin and many other hypoxia-
nduced genes.110 HIFs are heterodimeric tran-
cription factors consisting of an alpha regulatory
ubunit (HIF-1�, HIF-2�, or HIF-3�) and a
biquitously expressed beta subunit (HIF-1�,
lso known as ARNT). Under normoxic iron-
ufficient conditions, the HIF alpha subunit is
ydroxylated by oxygen and iron-dependent
-oxoglutarate–dependent oxygenases, ubiquiti-
ated by von Hippel–Lindau (VHL) protein, and
egraded. Under hypoxic or iron-depleted condi-
ions, hydroxylase activity is inhibited and the
IF alpha subunit accumulates, translocates to

he nucleus, heterodimerizes with ARNT, and
inds to specific hypoxia-responsive promoter
lements (HREs) of target genes to modulate
ene transcription (reviewed in110). Consistent
ith a role for the HIF pathway in regulating
epcidin expression in vivo, mice with a liver-
pecific deletion of Vhl, the absence of which
ncreases HIF activity, have decreased hepcidin
evels, whereas a double deletion of Arnt in
ombination with Vhl in the liver restored nor-
al hepcidin levels, showing the specificity of

he effect of the Vhl deletion on HIF activity.111

owever, mice with the liver-specific deletion of
hl also had increased erythropoietin levels and
olycythemia,111 suggesting that another factor
elated to erythropoietic drive could have contrib-
ted to hepcidin suppression. Although 1 report

uggests that HIF-1� binds directly to HREs in
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Babitt and Lin734
he hepcidin promoter, and HIF binding sup-
resses hepcidin gene transcription,111 conflict-
ng data have been reported in other stud-
es.112,113 Alternative pathways suggested by
ther studies include other HIF-1–independent
-oxoglutarate–dependent pathways113 or path-
ays involving reactive oxygen species.112 Inter-

stingly, furin, which cleaves HJV, and TFR1
lso are encoded by HIF target genes.92,114,115

hus, HIF could suppress hepcidin expression
ndirectly by decreasing BMP-HJV-SMAD–
ediated hepcidin induction and/or HFE/TFR2-
ediated hepcidin induction.92,114-116

HepcidinRegulationby IronDeficiency

Iron deficiency also inhibits hepcidin expres-
ion. The HIF pathway described may be one
echanism by which this occurs because the

-oxoglutarate–dependent dioxygenases that hy-
roxylate HIF alpha subunits are dependent on
ron as well as oxygen.110 In mouse studies,
if-1� is increased in the liver by an iron-
eficient diet.111 However, deletion of Hif1a in
he liver in 1 study had no effect,117 and in a
econd study, rescued only a small percentage of
he hepcidin decrease induced by an iron-
eficient diet.111 Similarly, a liver-specific dele-
ion of Arnt, which inactivates all Hif-� isoforms
Hif-1�, Hif-2�, and Hif-3�), only slightly res-
ued the hepcidin suppression induced by an
ron-deficient diet and had no effect on serum
ron or red blood cell parameters.117 Notably,
if-2� appears to have an important role in iron
omeostasis in the intestine by increasing the
xpression of proteins important for iron uptake
y duodenal enterocytes.117,118

TMPRSS6 also appears to have an impor-
ant role in hepcidin suppression by iron defi-
iency.119-121 Mutations in TMPRSS6 in humans
nd mice lead to iron-refractory iron deficiency
nemia (IRIDA), a congenital form of iron defi-
iency anemia that is unresponsive to oral iron
herapy and only partially responsive to paren-
eral iron treatment.119-121 Patients and mice with
utations in TMRPSS6 have inappropriately high

epcidin expression relative to their iron defi-
iency and anemia, suggesting that hepcidin ex-
ess is the mechanism causing the IRIDA, and
hat TMPRSS6 normally functions as a hepcidin
uppressor in response to iron deficiency.119-121
he mechanism by which TMPRSS6 inhibits t
epcidin expression is incompletely understood.
MPRSS6 is expressed predominantly in the

iver.122 In vitro studies in which TMPRSS6 is
verexpressed suggest that TMPRSS6 can cleave
JV and inhibit hepcidin induction by HJV,
MPs, and IL-6 (presumably because of loss of
ell-surface HJV and/or the presence of soluble
JV, as described previously; Fig 2).94,119

hether HJV cleavage occurs at physiologic
evels of TMPRSS6 expression in vivo remains
o be determined. Notably, combined Tmprss6/
jv-mutant mice have an iron-overload pheno-

ype that resembles Hjv-null mice, consistent
ith a genetic interaction between TMPRSS6

nd the BMP-HJV-SMAD pathway.123

A recent study also suggests that GDF15 lev-
ls may be increased by cellular iron deficiency
n vitro, and GDF15 levels are modestly in-
reased in human sera in the setting of iron
eficiency or iron chelator administration.124

owever, whether this has a physiologic role in
epcidin suppression by iron deficiency in vivo
s still unknown.

epcidinAssays

Hepcidin excess has been postulated to have a
ole in the anemia of patients with CKD/ESRD
ecause of decreased renal clearance and induc-
ion by inflammatory stimuli, particularly in pa-
ients who are ESA resistant. However, it is only
ecently that hepcidin assays have been devel-
ped to start to investigate these hypotheses.
Hepcidin is synthesized in the liver as an

4–amino acid prepropeptide and processed by
eptidase cleavage to a 60–amino acid propep-
ide (prohepcidin), followed by furin and related
roprotein convertase cleavage to yield the ma-
ure carboxy terminal 25–amino acid hepcidin
hepcidin-25).125 Hepcidin-25 is a cationic pep-
ide that forms a hairpin loop stabilized by 4
isulfide bonds.126,127 In addition to prohepcidin
nd hepcidin-25, 22 and 20 carboxy terminal
mino acid forms of hepcidin are found in the
irculation and/or urine, most likely because of
-terminal truncation of hepcidin-25, although

he mechanism by which hepcidin-22 and hepci-
in-20 are generated is still poorly under-
tood.19,128,129 Hepcidin-25 is the bioactive form
f hepcidin, whereas the other forms of hepcidin
ave little or no biological activity.130-132 Frac-

ional excretion of hepcidin is reported to be
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Hepcidin in Anemia of CKD 735
pproximately 3%-5% because it either is not
reely filtered or it is reabsorbed, similar to other
mall peptides that are reabsorbed and degraded
n proximal tubules.11,133 Hepcidin recently was
eported to bind specifically to �2-macroglobu-
in, and it has been estimated that approximately
9% of circulating hepcidin is protein bound.134

The development of immunochemical meth-
ds to detect mature hepcidin has been compli-
ated by hepcidin’s small size and its conserva-
ion in animal species.133 The first described
epcidin assay was an immunodot assay to mea-
ure urinary hepcidin.28,29 However, this assay is
emiquantitative, laborious, and not suitable for
erum hepcidin measurements.11,133 A commer-
ially available immunoassay was developed to
etect serum prohepcidin, but prohepcidin levels
o not correlate with biological activity, iron
tatus, or inflammation.135,136 Others have devel-
ped mass spectroscopic techniques to measure
ature hepcidin in serum and urine. Although

his technique has the potential advantage of
eing able to distinguish among hepcidin-25,
epcidin-22, and hepcidin-20, these assays de-
end on expensive equipment that is not widely
vailable, and most are semiquantitative, al-
hough more recent refinements are improving
he quantitative ability.128,133,137-141 In the last
ear, immunoassays to quantitate mature serum
epcidin have been developed, as well as an
ssay based on competition against hepcidin-25
abeled with iodine 125 binding to a peptide
dentical to the ferroportin hepcidin-binding
ite.11,12,142-144 A recently published round robin
tudy comparing these various mass spectrom-
try and immunochemical-based methods to
uantify urinary and plasma mature hepcidin has
hown that absolute hepcidin concentrations dif-
er widely between methods, but Spearman cor-
elations between individual sample mean hepci-
in values obtained using most methods generally
ere high for 7 of 8 methods tested.145 Analyti-

al variance generally is low and similar for all
ethods, indicating the potential suitability of all
ethods to distinguish hepcidin levels of differ-

nt samples.145 It was hypothesized that differ-
nces in absolute hepcidin levels between meth-
ds may be caused by the use of different
alibrators, hepcidin aggregation, hepcidin pro-
ein binding, and/or the existence of hepcidin-25,

epcidin-22, and hepcidin-20 isoforms that may h
e detected to some extent by immunochemical
ethods, depending on the antibody used.145

his report called for efforts to further harmonize
he various hepcidin assays.145

epcidin Excess and theAnemiaof CKD

Using the mentioned immunoassays to mea-
ure mature hepcidin, several groups now have
onfirmed that hepcidin levels are increased in
atients with CKD and ESRD11-13 and inversely
orrelate with GFR,12,13 suggesting that de-
reased renal clearance contributes to the hepci-
in increase in this patient population. Hepcidin
evels are decreased by dialysis, but return to
redialysis levels before the next dialysis ses-
ion.146 Interestingly, 1 study using a mass spec-
rometry–based technique to distinguish among
epcidin-25, hepcidin-20, and hepcidin-22 sug-
ested that although hepcidin-25 was increased
n patients with ESRD and total hepcidin (encom-
assing hepcidin-25, hepcidin-20, and hepcidin-
2) correlated inversely with estimated GFR in
atients with CKD not requiring dialysis, no
ignificant correlation was found between hepci-
in-25 and estimated GFR in patients with CKD
ot requiring dialysis.147 These results need to be
onfirmed in larger studies.

Hepcidin levels correlate with markers of iron
urden in the CKD population, as in other patient
opulations, particularly serum ferritin.11-13,146-148

n multivariate analyses, ferritin level is the stron-
est predictor of serum hepcidin level.12,13,147

epcidin levels also are increased by iron admin-
stration in the CKD population, as in healthy
ontrols.11,12 Interestingly, although hepcidin is
timulated by inflammation and has been in-
reased in patients with inflammation, defined as
igh C-reactive protein (CRP) levels,11 initial
tudies of patients with CKD have not shown a
onsistent or robust correlation between levels
f hepcidin inflammatory markers, such as
RP, erythrocyte sedimentation rate (ESR), or

L-6.12,13,146,148 One explanation for these find-
ngs may be related to the patient populations
elected for these studies, some of which ex-
luded patients with active illness or infection.

Hepcidin levels are associated with anemia in
ialysis patients, consistent with a role for hepci-
in excess in the anemia of CKD; however, there
s an inverse correlation between ESA dose and

epcidin level, arguing against a diagnostic role
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Babitt and Lin736
or hepcidin as a predictor of ESA resistance.12,148

he likely explanation for this finding is that
SA administration is an inhibitor of hepcidin
xpression in the CKD population, as in the
eneral population.12,146 It has been proposed
hat the initial decrease in hepcidin levels after
tarting ESA therapy might be a better indicator
f long-term responsiveness to ESAs.149

Given the limited number and size of studies
o date, the unresolved issues surrounding hepci-
in assays themselves, and the numerous factors
hat can modulate hepcidin levels in the CKD/
SRD population, including iron administration,
SA administration, body iron burden, inflamma-

ion, renal clearance, and dialysis (Fig 4), more
tudies are needed to determine whether hepci-
in will have diagnostic utility as a measure of
ron status, inflammatory status, and/or ESA re-
ponsiveness or resistance.

epcidin-LoweringAgents for the Treatment of
nemiaof Inflammation

The notion that hepcidin excess may contrib-
te to the dysregulation of iron homeostasis and
nemia in patients with CKD raises the possibil-
ty that hepcidin-lowering agents may be an
ffective strategy for ameliorating anemia in this
atient population. Although ESAs target the
elative erythropoietin deficiency and supplemen-
al iron addresses the true iron deficiency found
n this patient population, hepcidin-lowering
gents might be able to complement these strate-

Figure 4. Hepcidin levels in patients with chronic kidney
isease and end-stage renal disease. Hepcidin levels are

ncreased in patients with chronic kidney disease and end-
tage renal disease and reflect the balance of stimulatory
actors: decreased renal clearance (GFR, glomerular filtra-
ion rate), inflammation, and iron administration; and inhibi-
ory factors: anemia, erythropoiesis-stimulating agent (ESA)
dministration, clearance by dialysis, and hypoxia.
ies by improving iron availability from the diet o
nd existing body stores. Some initial small-
nimal studies have shown that BMP inhibitors,
ncluding soluble HJV and a small-molecule
MP inhibitor, can function as hepcidin-lowering
gents to mobilize splenic iron stores and increase
erum iron levels in vivo.46,55 It remains to be
roved whether BMP inhibitors and/or other hepci-
in-lowering strategies will be effective for treating
he anemia of CKD. Furthermore, the potential side
ffects of these strategies are unknown.

SUMMARY

Hepcidin excess increasingly is being identi-
ed as a contributing factor to anemia in patients
ith CKD/ESRD by impairing iron absorption

rom the diet and iron mobilization from body
tores. A multitude of factors can modulate hep-
idin levels in the CKD/ESRD population: iron
dministration, ESA administration, body iron
urden, inflammation, renal clearance, and dialy-
is. More studies are needed to better understand
he diagnostic utility of hepcidin in patients with
KD/ESRD as a measure of iron status, inflam-
atory status, and/or ESA resistance. More stud-

es are needed to investigate whether hepcidin-
owering agents may have a role in treating
nemia in patients with CKD/ESRD.
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68. Vujić Spasić M, Kiss J, Herrmann T, et al. Hfe acts in

epatocytes to prevent hemochromatosis. Cell Metab. 2008;
(2):173-178.
69. Wallace DF, Summerville L, Subramaniam VN. Tar-

eted disruption of the hepatic transferrin receptor 2 gene in
ice leads to iron overload. Gastroenterology. 2007;132(1):

01-310.
70. Pietrangelo A, Caleffi A, Henrion J, et al. Juvenile
emochromatosis associated with pathogenic mutations of



a
4

D
H
d
2

S
s
2

i
s
2

t
g
i
h

h
3

S
h
t

r
v

t
k

s
i

c
S

i
m
e

D
l
D

J
b
2

s
h
9

r
w

t
B

o
l

w
r

E
v
n

i
p
B

P
i
B

r
a

V
c
R

K
(
b

E
i
J

A
C

h
c

c
H

m
s
1

S
e

m
p

G
l

t
h
2

Hepcidin in Anemia of CKD 739
dult hemochromatosis genes. Gastroenterology. 2005;128(2):
70-479.

71. Wallace DF, Summerville L, Crampton EM, Frazer
M, Anderson GJ, Subramaniam VN. Combined deletion of
fe and transferrin receptor 2 in mice leads to marked
ysregulation of hepcidin and iron overload. Hepatology.
009;50(6):1992-2000.
72. Kautz L, Meynard D, Besson-Fournier C, et al. BMP/

mad signaling is not enhanced in Hfe-deficient mice de-
pite increased Bmp6 expression. Blood. 2009;114(12):2515-
520.
73. Calzolari A, Raggi C, Deaglio S, et al. TfR2 localizes

n lipid raft domains and is released in exosomes to activate
ignal transduction along the MAPK pathway. J Cell Sci.
006;119(pt 21):4486-4498.
74. Ramey G, Deschemin JC, Vaulont S. Cross-talk be-

ween the mitogen activated protein kinase and bone morpho-
enetic protein/hemojuvelin pathways is required for the
nduction of hepcidin by holotransferrin in primary mouse
epatocytes. Haematologica. 2009;94(6):765-772.

75. Wrighting DM, Andrews NC. Interleukin-6 induces
epcidin expression through STAT3. Blood. 2006;108(9):
204-3209.
76. Verga Falzacappa MV, Vujic Spasic M, Kessler R,

tolte J, Hentze MW, Muckenthaler MU. STAT3 mediates
epatic hepcidin expression and its inflammatory stimula-
ion. Blood. 2007;109(1):353-358.

77. Pietrangelo A, Dierssen U, Valli L, et al. STAT3 is
equired for IL-6-gp130-dependent activation of hepcidin in
ivo. Gastroenterology. 2007;132(1):294-300.
78. Lee P, Peng H, Gelbart T, Wang L, Beutler E. Regula-

ion of hepcidin transcription by interleukin-1 and interleu-
in-6. Proc Natl Acad Sci U S A. 2005;102(6):1906-1910.

79. Zhang K, Shen X, Wu J, et al. Endoplasmic reticulum
tress activates cleavage of CREBH to induce a systemic
nflammatory response. Cell. 2006;124(3):587-599.

80. Vecchi C, Montosi G, Zhang K, et al. ER stress
ontrols iron metabolism through induction of hepcidin.
cience. 2009;325(5942):877-880.
81. Oliveira SJ, Pinto JP, Picarote G, et al. ER stress-

nducible factor CHOP affects the expression of hepcidin by
odulating C/EBPalpha activity. PLoS One. 2009;4(8):

6618.
82. Liu XB, Nguyen NB, Marquess KD, Yang F, Haile

J. Regulation of hepcidin and ferroportin expression by
ipopolysaccharide in splenic macrophages. Blood Cells Mol
is. 2005;35(1):47-56.
83. Peyssonnaux C, Zinkernagel AS, Datta V, Lauth X,

ohnson RS, Nizet V. TLR4-dependent hepcidin expression
y myeloid cells in response to bacterial pathogens. Blood.
006;107(9):3727-3732.
84. Sow FB, Florence WC, Satoskar AR, et al. Expres-

ion and localization of hepcidin in macrophages: a role in
ost defense against tuberculosis. J Leukoc Biol. 2007;82(4):
34-945.
85. Koening CL, Miller JC, Nelson JM, et al. Toll-like

eceptors mediate induction of hepcidin in mice infected
ith Borrelia burgdorferi. Blood. 2009;114(9):1913-1918.
86. Theurl I, Theurl M, Seifert M, et al. Autocrine forma-

ion of hepcidin induces iron retention in human monocytes.

lood. 2008;111(4):2392-2399. E
87. Lin L, Goldberg YP, Ganz T. Competitive regulation
f hepcidin mRNA by soluble and cell-associated hemojuve-
in. Blood. 2005;106(8):2884-2889.

88. Kuninger D, Kuns-Hashimoto R, Kuzmickas R, Rot-
ein P. Complex biosynthesis of the muscle-enriched iron

egulator RGMc. J Cell Sci. 2006;119(pt 16):3273-3283.
89. Zhang AS, Anderson SA, Meyers KR, Hernandez C,

isenstein RS, Enns CA. Evidence that inhibition of hemoju-
elin shedding in response to iron is mediated through
eogenin. J Biol Chem. 2007;282(17):12547-12556.
90. Silvestri L, Pagani A, Fazi C, et al. Defective target-

ng of hemojuvelin to plasma membrane is a common
athogenetic mechanism in juvenile hemochromatosis.
lood. 2007;109(10):4503-4510.
91. Kuninger D, Kuns-Hashimoto R, Nili M, Rotwein P.

ro-protein convertases control the maturation and process-
ng of the iron-regulatory protein, RGMc/hemojuvelin. BMC
iochem. 2008;9:9.
92. Silvestri L, Pagani A, Camaschella C. Furin-mediated

elease of soluble hemojuvelin: a new link between hypoxia
nd iron homeostasis. Blood. 2008;111(2):924-931.

93. Lin L, Nemeth E, Goodnough JB, Thapa DR, Gabayan
, Ganz T. Soluble hemojuvelin is released by proprotein
onvertase-mediated cleavage at a conserved polybasic
NRR site. Blood Cells Mol Dis. 2008;40(1):122-131.
94. Silvestri L, Pagani A, Nai A, De Domenico I,

aplan J, Camaschella C. The serine protease matriptase-2
TMPRSS6) inhibits hepcidin activation by cleaving mem-
rane hemojuvelin. Cell Metab. 2008;8(6):502-511.
95. Zhang AS, West AP Jr, Wyman AE, Bjorkman PJ,

nns CA. Interaction of hemojuvelin with neogenin results
n iron accumulation in human embryonic kidney 293 cells.
Biol Chem. 2005;280(40):33885-33894.
96. Nicolas G, Viatte L, Bennoun M, Beaumont C, Kahn

, Vaulont S. Hepcidin, a new iron regulatory peptide. Blood
ells Mol Dis. 2002;29(3):327-335.
97. Kearney SL, Nemeth E, Neufeld EJ, et al. Urinary

epcidin in congenital chronic anemias. Pediatr Blood Can-
er. 2007;48(1):57-63.

98. Origa R, Galanello R, Ganz T, et al. Liver iron
oncentrations and urinary hepcidin in beta-thalassemia.
aematologica. 2007;92(5):583-588.
99. Pinto JP, Ribeiro S, Pontes H, et al. Erythropoietin
ediates hepcidin expression in hepatocytes through EPOR

ignaling and regulation of C/EBPalpha. Blood. 2008;
11(12):5727-5733.

100. Pak M, Lopez MA, Gabayan V, Ganz T, Rivera S.
uppression of hepcidin during anemia requires erythropoi-
tic activity. Blood. 2006;108(12):3730-3735.

101. Vokurka M, Krijt J, Sulc K, Necas E. Hepcidin
RNA levels in mouse liver respond to inhibition of erythro-

oiesis. Physiol Res. 2006;55(6):667-674.
102. Tanno T, Bhanu NV, Oneal PA, et al. High levels of

DF15 in thalassemia suppress expression of the iron regu-
atory protein hepcidin. Nat Med. 2007;13(9):1096-1101.

103. Tanno T, Porayette P, Sripichai O, et al. Identifica-
ion of TWSG1 as a second novel erythroid regulator of
epcidin expression in murine and human cells. Blood.
009;114(1):181-186.
104. Oelgeschläger M, Larraín J, Geissert D, De Robertis
M. The evolutionarily conserved BMP-binding protein



T
2

l
2

g
2

f
l
p

b
d
s
C

a
J

h
C

e
i
1

t
C
2

C
d
J

s
1

T
t
t

p
4

I
t
2

V
p
1

T
2

M
c

M

a
2

O
p
s
t

L
p
m
5

g
i

h
m
1

s
w
a
3

r
J

M
a
C

Z
h
c
c
1

A
i
2

D
h
o

u
r
3

v
fl

h
2

c
h
c
t

Babitt and Lin740
wisted gastrulation promotes BMP signalling. Nature.
000;405(6788):757-763.
105. Ross JJ, Shimmi O, Vilmos P, et al. Twisted gastru-

ation is a conserved extracellular BMP antagonist. Nature.
001;410(6827):479-483.
106. Chang C, Holtzman DA, Chau S, et al. Twisted

astrulation can function as a BMP antagonist. Nature.
001;410(6827):483-487.
107. Xu J, Kimball TR, Lorenz JN, et al. GDF15/MIC-1

unctions as a protective and antihypertrophic factor re-
eased from the myocardium in association with SMAD
rotein activation. Circ Res. 2006;98(3):342-350.

108. Hsiao EC, Koniaris LG, Zimmers-Koniaris T, Se-
ald SM, Huynh TV, Lee SJ. Characterization of growth-
ifferentiation factor 15, a transforming growth factor beta
uperfamily member induced following liver injury. Mol
ell Biol. 2000;20(10):3742-3751.
109. Eling TE, Baek SJ, Shim M, Lee CH. NSAID

ctivated gene (NAG-1), a modulator of tumorigenesis.
Biochem Mol Biol. 2006;39(6):649-655.
110. Peyssonnaux C, Nizet V, Johnson RS. Role of the

ypoxia inducible factors HIF in iron metabolism. Cell
ycle. 2008;7(1):28-32.
111. Peyssonnaux C, Zinkernagel AS, Schuepbach RA,

t al. Regulation of iron homeostasis by the hypoxia-
nducible transcription factors (HIFs). J Clin Invest. 2007;
17(7):1926-1932.

112. Choi SO, Cho YS, Kim HL, Park JW. ROS mediate
he hypoxic repression of the hepcidin gene by inhibiting
/EBPalpha and STAT-3. Biochem Biophys Res Commun.
007;356(1):312-317.
113. Braliou GG, Verga Falzacappa MV, Chachami G,

asanovas G, Muckenthaler MU, Simos G. 2-Oxoglutarate-
ependent oxygenases control hepcidin gene expression.
Hepatol. 2008;48(5):801-810.
114. Lok CN, Ponka P. Identification of a hypoxia re-

ponse element in the transferrin receptor gene. J Biol Chem.
999;274(34):24147-24152.
115. Tacchini L, Bianchi L, Bernelli-Zazzera A, Cairo G.

ransferrin receptor induction by hypoxia. HIF-1-mediated
ranscriptional activation and cell-specific post-transcrip-
ional regulation. J Biol Chem. 1999;274(34):24142-24146.

116. Mole DR. Iron homeostasis and its interaction with
rolyl hydroxylases. Antioxid Redox Signal. 2010;12(4):445-
58.
117. Shah YM, Matsubara T, Ito S, Yim SH, Gonzalez FJ.

ntestinal hypoxia-inducible transcription factors are essen-
ial for iron absorption following iron deficiency. Cell Metab.
009;9(2):152-164.
118. Mastrogiannaki M, Matak P, Keith B, Simon MC,

aulont S, Peyssonnaux C. HIF-2alpha, but not HIF-1alpha,
romotes iron absorption in mice. J Clin Invest. 2009;119(5):
159-1166.

119. Du X, She E, Gelbart T, et al. The serine protease
MPRSS6 is required to sense iron deficiency. Science.
008;320(5879):1088-1092.
120. Finberg KE, Heeney MM, Campagna DR, et al.
utations in TMPRSS6 cause iron-refractory iron defi-

iency anemia (IRIDA). Nat Genet. 2008;40(5):569-571.
121. Folgueras AR, de Lara FM, Pendás AM, et al.

embrane-bound serine protease matriptase-2 (Tmprss6) is B
n essential regulator of iron homeostasis. Blood.
008;112(6):2539-2545.
122. Velasco G, Cal S, Quesada V, Sánchez LM, López-

tín C. Matriptase-2, a membrane-bound mosaic serine
roteinase predominantly expressed in human liver and
howing degrading activity against extracellular matrix pro-
eins. J Biol Chem. 2002;277(40):37637-37646.

123. Truksa J, Gelbart T, Peng H, Beutler E, Beutler B,
ee P. Suppression of the hepcidin-encoding gene Hamp
ermits iron overload in mice lacking both hemojuvelin and
atriptase-2/TMPRSS6. Br J Haematol. 2009;147(4):

71-581.
124. Lakhal S, Talbot NP, Crosby A, et al. Regulation of

rowth differentiation factor 15 expression by intracellular
ron. Blood. 2009;113(7):1555-1563.

125. Valore EV, Ganz T. Posttranslational processing of
epcidin in human hepatocytes is mediated by the prohor-
one convertase furin. Blood Cells Mol Dis. 2008;40(1):132-

38.
126. Hunter HN, Fulton DB, Ganz T, Vogel HJ. The

olution structure of human hepcidin, a peptide hormone
ith antimicrobial activity that is involved in iron uptake

nd hereditary hemochromatosis. J Biol Chem. 2002;277(40):
7597-37603.
127. Jordan JB, Poppe L, Haniu M, et al. Hepcidin

evisited, disulfide connectivity, dynamics, and structure.
Biol Chem. 2009;284(36):24155-24167.
128. Kemna EH, Tjalsma H, Podust VN, Swinkels DW.
ass spectrometry-based hepcidin measurements in serum

nd urine: analytical aspects and clinical implications. Clin
hem. 2007;53(4):620-628.
129. Schranz M, Bakry R, Creus M, Bonn G, Vogel W,

oller H. Activation and inactivation of the iron hormone
epcidin: biochemical characterization of prohepcidin
leavage and sequential degradation to N-terminally trun-
ated hepcidin isoforms. Blood Cells Mol Dis. 2009;43(2):
69-179.
130. Nemeth E, Preza GC, Jung CL, Kaplan J, Waring

J, Ganz T. The N-terminus of hepcidin is essential for its
nteraction with ferroportin: structure-function study. Blood.
006;107(1):328-333.
131. Rivera S, Nemeth E, Gabayan V, Lopez MA, Farshidi

, Ganz T. Synthetic hepcidin causes rapid dose-dependent
ypoferremia and is concentrated in ferroportin-containing
rgans. Blood. 2005;106(6):2196-2199.
132. Gagliardo B, Kubat N, Faye A, et al. Pro-hepcidin is

nable to degrade the iron exporter ferroportin unless matu-
ated by a furin-dependent process. J Hepatol. 2009;50(2):
94-401.
133. Swinkels DW, Girelli D, Laarakkers C, et al. Ad-

ances in quantitative hepcidin measurements by time-of-
ight mass spectrometry. PLoS One. 2008;3(7):e2706.
134. Peslova G, Petrak J, Kuzelova K, et al. Hepcidin, the

ormone of iron metabolism, is bound specifically to alpha-
-macroglobulin in blood. Blood. 2009;113(24):6225-6236.
135. Roe MA, Spinks C, Heath AL, et al. Serum prohep-

idin concentration: no association with iron absorption in
ealthy men; and no relationship with iron status in men
arrying HFE mutations, hereditary haemochromatosis pa-
ients undergoing phlebotomy treatment, or pregnant women.

r J Nutr. 2007;97(3):544-549.



S
a
B

t
u

W
s

Q
u
B

Y
i
r
r
2

o
H
1

h
s

e
h

A
h

fi
n
H

c
t
E

J
d
r

A
p
N

t
k

Hepcidin in Anemia of CKD 741
136. Kemna E, Pickkers P, Nemeth E, van der Hoeven H,
winkels D. Time-course analysis of hepcidin, serum iron,
nd plasma cytokine levels in humans injected with LPS.
lood. 2005;106(5):1864-1866.
137. Tomosugi N, Kawabata H, Wakatabe R, et al. Detec-

ion of serum hepcidin in renal failure and inflammation by
sing ProteinChip System. Blood. 2006;108(4):1381-1387.
138. Kemna E, Tjalsma H, Laarakkers C, Nemeth E,
illems H, Swinkels D. Novel urine hepcidin assay by mass

pectrometry. Blood. 2005;106(9):3268-3270.
139. Murphy AT, Witcher DR, Luan P, Wroblewski VJ.

uantitation of hepcidin from human and mouse serum
sing liquid chromatography tandem mass spectrometry.
lood. 2007;110(3):1048-1054.
140. Murao N, Ishigai M, Yasuno H, Shimonaka Y, Aso

. Simple and sensitive quantification of bioactive peptides
n biological matrices using liquid chromatography/selected
eaction monitoring mass spectrometry coupled with trichlo-
oacetic acid clean-up. Rapid Commun Mass Spectrom.
007;21(24):4033-4038.
141. Kobold U, Dülffer T, Dangl M, et al. Quantification

f hepcidin-25 in human serum by isotope dilution micro-
PLC-tandem mass spectrometry. Clin Chem. 2008;54(9):
584-1586.
142. De Domenico I, Nemeth E, Nelson JM, et al. The

epcidin-binding site on ferroportin is evolutionarily con-

erved. Cell Metab. 2008;8(2):146-156. 2
143. Grebenchtchikov N, Geurts-Moespot AJ, Kroot JJ,
t al. High-sensitive radioimmunoassay for human serum
epcidin. Br J Haematol. 2009;146(3):317-325.
144. Koliaraki V, Marinou M, Vassilakopoulos TP, et al.
novel immunological assay for hepcidin quantification in

uman serum. PLoS One. 2009;4(2):e4581.
145. Kroot JJ, Kemna EH, Bansal SS, et al. Results of the

rst international round robin for the quantification of uri-
ary and plasma hepcidin assays: need for standardization.
aematologica. 2009;94(12):1748-1752.
146. Weiss G, Theurl I, Eder S, et al. Serum hepcidin

oncentration in chronic haemodialysis patients: associa-
ions and effects of dialysis, iron and erythropoietin therapy.
ur J Clin Invest. 2009; 39(10):883-890.
147. Peters HP, Laarakkers CM, Swinkels DW, Wetzels

F. Serum hepcidin-25 levels in patients with chronic kidney
isease are independent of glomerular filtration rate. Neph-
ol Dial Transplant. 2009. doi:10.1093/ndt/gfp546.

148. Kato A, Tsuji T, Luo J, Sakao Y, Yasuda H, Hishida
. Association of prohepcidin and hepcidin-25 with erythro-
oietin response and ferritin in hemodialysis patients. Am J
ephrol. 2008;28(1):115-121.
149. Swinkels DW, Wetzels JF. Hepcidin: a new tool in

he management of anaemia in patients with chronic
idney disease? Nephrol Dial Transplant. 2008;23(8):

450-2453.

http://dx.doi.org/10.1093/ndt/gfp546

	Molecular Mechanisms of Hepcidin Regulation: Implications for the Anemia of CKD
	BACKGROUND
	CASE VIGNETTE
	PATHOGENESIS
	Anemia of CKD
	Systemic Iron Homeostasis and Hepcidin
	Regulation of Hepcidin Expression
	Hepcidin Deficiency and Iron Overload Disorders

	RECENT ADVANCES
	Molecular Mechanisms of Hepcidin Regulation: Hepcidin Activators
	Hepcidin Regulation by the BMP6-HJV-SMAD Signaling Pathway
	Hepcidin Regulation by Iron
	Hepcidin Regulation by Inflammation

	Molecular Mechanisms of Hepcidin Regulation: Hepcidin Inhibitors
	Soluble HJV
	Hepcidin Regulation by Anemia
	Hepcidin Regulation by Hypoxia
	Hepcidin Regulation by Iron Deficiency

	Hepcidin Assays
	Hepcidin Excess and the Anemia of CKD
	Hepcidin-Lowering Agents for the Treatment of Anemia of Inflammation

	SUMMARY
	ACKNOWLEDGEMENTS
	REFERENCES


