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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.
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BACKGROUND

Iron is required for hemoglobin synthesis in
the production of red blood cells. Iron also is a
constituent of several proteins that carry out
essential housekeeping functions and thus is criti-
cal for cell growth and survival. However, excess
iron can generate free radicals that damage lipid
membranes, proteins, and nucleic acids, leading
to cell death. As a result, iron levels must be
regulated tightly both on a cellular level and
systemically. Hepcidin now is recognized to be a
key mediator of systemic iron homeostasis. A
role for hepcidin in the pathogenesis of the
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anemia of chronic kidney disease (CKD) increas-
ingly is being elucidated.

CASE VIGNETTE

A 55-year-old woman with hemodialysis-dependent end-
stage renal disease (ESRD) secondary to diabetic nephropa-
thy had persistent anemia despite escalating erythropoiesis-
stimulating agent (ESA) dosing. Serum hemoglobin level
was 7.5 g/dL (reference range, 12-16 g/dL), and hematocrit was
23.4% (reference range, 36%-46%). Serum iron level was 22
ng/dL (reference range, 30-160 ug/dL), total iron-binding
capacity was 188 ug/dL (reference range, 230-404 ng/dL),
and serum transferrin saturation was 11.7%, consistent with
low circulating levels of iron. However, serum ferritin level
was increased at 1,315 ng/mL (reference range, 10-200
ng/mL). The patient had a failed arteriovenous fistula and
arteriovenous graft and now has a tunneled catheter for
hemodialysis access. She has a history of coronary artery
disease, severe peripheral vascular disease, calciphylaxis,
multiple episodes of skin and catheter infections, and toe
amputation for a nonhealing ulcer. This scenario of anemia,
ESA resistance, hypoferremia, and high serum ferritin level
is not uncommon in the CKD/ESRD population, and anemia
management in these patients presently is problematic. It
recently has been hypothesized that increased hepcidin lev-
els may contribute to functional iron deficiency, anemia, and
ESA resistance in this setting.

PATHOGENESIS

Anemia of CKD

Anemia is prevalent in patients with CKD and
contributes to lower quality of life.! Anemia in
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patients with CKD also is associated with numer-
ous adverse outcomes, including hospitalization,
cardiovascular disease, cognitive impairment, and
mortality.! Inadequate production of erythropoi-
etin commonly is believed to be the most impor-
tant factor in the pathogenesis of anemia in these
patients, and many patients are treated with ESAs.
However, approximately 10%-20% of patients
are poorly responsive to ESA therapy.' Prospec-
tive randomized controlled clinical trials, includ-
ing the US Normal Hematocrit Study and the
CHOIR (Correction of Hemoglobin and Out-
comes in Renal Insufficiency) Study, raised con-
cerns about the safety of ESAs when dosed to
target higher hemoglobin levels, particularly when
using higher doses and in patients who are poorly
responsive to therapy.”* This has resulted in a
US Food and Drug Administration black box
warning on the product labeling of ESAs and
significant controversy about the management of
anemia in patients with CKD.

The cause of anemia in patients with CKD is
multifactorial.”® In addition to relative erythro-
poietin deficiency, shortened erythrocyte sur-
vival® and the erythropoiesis-inhibitory effects
of accumulating uremic toxins also contribute to
the anemia of CKD.>® Importantly, patients with
CKD also have several abnormalities in systemic
homeostasis of iron, an essential component in
the production of red blood cells.>° First, hemo-
dialysis patients in particular typically are in
negative iron balance, losing approximately 1-3
g of iron per year, caused in part by blood
trapping in the dialysis apparatus and repeated
phlebotomy.® Second, many patients are on ESA
therapy to manage their anemia, which depletes
iron stores by driving increased production of
red blood cells.® Third, it has been recognized
that patients with CKD also have impaired ab-
sorption of dietary iron. Randomized controlled
trials have shown that oral iron is no better than
placebo to treat iron deficiency in patients on
hemodialysis therapy.'”’® These abnormalities
of iron metabolism in patients with CKD may
result in true iron deficiency, manifest as low
serum transferrin saturation and ferritin level,
which can be treated with supplemental iron.
However, many patients also have a functional
iron deficiency or reticuloendothelial cell iron
blockade, characterized by low levels of circulat-
ing iron that limit erythropoiesis, even in the face
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of adequate or increased body iron stores. Man-
agement of these patients is less clear.' This
reticuloendothelial cell iron sequestration is char-
acteristic of anemia of inflammation (also known
as anemia of chronic disease), seen not only in
patients with CKD, but also in patients with
many other chronic diseases, including autoim-
mune disorders, chronic infections, and malig-
nancy.” Many patients with CKD have a chronic
inflammatory state, which may be caused by an
increased incidence of infections and/or induc-
tion of inflammatory cytokines by the hemodialy-
sis procedure.”'? Recent research suggests that
the impaired intestinal iron absorption and im-
paired release of iron from body stores in pa-
tients with CKD, as in other patients with anemia
of inflammation, may be caused by an excess of
the key iron regulatory hormone hepcidin.''"?

Systemic Iron Homeostasis and Hepcidin

Iron enters the body by absorption from di-
etary sources in the duodenum. Iron circulates
bound to transferrin and is delivered primarily to
the bone marrow for erythropoiesis. Senescent
erythrocytes are phagocytosed by reticuloendo-
thelial macrophages to recycle iron back into the
circulation. Iron storage and release also occur in
hepatocytes. Sloughing of enterocytes and bleed-
ing are the only significant means for removing
iron from the body (reviewed in'*'®; Fig 1). On
average, approximately 1-2 mg of iron is pro-
vided on a daily basis by intestinal absorption,
and this is balanced by an equal amount of iron
loss by epithelial shedding in the gastrointestinal
tract and blood loss in menstruating women.
Most of the iron required for erythropoiesis,
approximately 20-25 mg/d, is provided by iron
recycling from senescent erythrocytes. The circu-
lating pool of transferrin-bound iron is much
smaller, approximately 3 mg, and therefore must
be turned over every few hours to ensure an
adequate supply of iron for erythropoiesis. Iron
excretion is not a regulated process, and there is
no physiologic mechanism for removing larger
amounts of iron, even in conditions of severe
iron overload. Systemic iron balance therefore is
maintained by tight regulation of iron absorption
from the diet and iron release from reticuloendo-
thelial and hepatocyte stores.'*'®

It now is well established that hepcidin is a
central mediator of systemic iron homeosta-
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Hepcidin is a central regulator of systemic iron homeostasis. Serum iron levels are determined by the balance of iron

entry from intestinal absorption, macrophage iron recycling, and mobilization of hepatocyte stores versus iron utilization, primarily
by erythroid cells in the bone marrow. A peptide hormone secreted by the liver, hepcidin controls iron release into the plasma by
downregulating cell-surface expression of the iron export protein ferroportin (FPN) on absorptive enterocytes, macrophages, and
hepatocytes. Hepcidin production is inhibited by erythropoietic drive and hypoxia to ensure iron availability for erythropoiesis.
Hepcidin production is stimulated by iron (through the hemochromatosis proteins HFE, hemojuvelin [HJV], and transferrin receptor
2 [TFR2]) as a negative feedback loop to maintain steady-state iron levels. Hepcidin production also is stimulated by inflammation,
thereby sequestering iron from invading pathogens in the setting of infection, but also causing the hypoferremia of anemia of

chronic disease. Abbreviation: RBC, red blood cell.

sis.'>'® A small peptide hormone of 25 amino
acids, hepcidin is produced and secreted predomi-
nantly by hepatocytes, circulates in the blood-
stream, and is excreted by the kidneys.'”"'® Hep-
cidin regulates systemic iron balance by binding
and inducing internalization and degradation of
ferroportin, an iron channel on the surface of
enterocytes, macrophages, and hepatocytes,
which is important in iron export into the
plasma.?**' Hepcidin thereby decreases both in-
testinal iron absorption and iron release from
reticuloendothelial and hepatocyte stores (Fig 1).
The central importance of hepcidin in systemic
iron homeostasis has been established by animal
models and human patients with abnormalities in
hepcidin expression. Hepcidin-null mice**** and
humans with mutations in the hepcidin gene
develop severe iron overload,>* whereas trans-
genic mice overexpressing hepcidin and humans
with hepcidin-secreting adenomas have pro-
found iron deficiency anemia.*>°

Regulation of Hepcidin Expression

Consistent with its role as a central regulator
of systemic iron homeostasis, hepcidin expres-

sion is regulated in response to iron, erythropoi-
etic demand, hypoxia, and inflammatory signals
(Fig 1). Iron administration increases hepcidin
expression, thus providing a feedback mecha-
nism to limit further iron absorption,'®?>7->*
whereas anemia and hypoxia inhibit hepcidin
expression, thus increasing iron availability for
erythropoiesis.>” Hepcidin expression also is in-
duced by inflammation, '27-2° which is believed
to be part of the host defense mechanism to fight
infection and cancer by limiting iron availability.
However, in chronic inflammatory states, this
leads to a deficiency of iron available for erythro-
poiesis, and this is believed to be the mechanism
underlying the reticuloendothelial iron sequestra-
tion, intestinal iron absorption impairment, and
low circulating iron levels characteristic of pa-
tients with anemia of chronic disease.>'>'® The
signaling pathways by which iron, erythropoietic
demand, hypoxia, and inflammation affect hepci-
din expression increasingly are being elucidated.

Hepcidin Deficiency and Iron Overload Disorders

Recent progress toward understanding the
mechanisms that regulate hepcidin expression
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has emerged from studies of the genetic iron
overload disorder hereditary hemochromatosis
(reviewed in>®). This heterogeneous disorder
is characterized by failure to prevent excess
iron from entering the bloodstream, leading to
progressive tissue iron deposition and subse-
quent multiorgan damage. In addition to muta-
tions in the gene encoding hepcidin (HAMP),
mutations in the genes encoding the hemochro-
matosis protein HFE,?' transferrin receptor 2
(TFR2),?* and hemojuvelin (HJV; encoded by
the HFE2 gene)™ also cause hereditary hemo-
chromatosis. Among other tissues, these proteins
are all expressed in the liver,>'*33* where hepci-
din is produced. All patients and animal models
with hemochromatosis caused by mutations in
these genes have inappropriately low levels of
hepcidin expression,”*~>** suggesting the follow-
ing: (1) hepcidin deficiency and consequent un-
regulated ferroportin activity are the common
pathogenic mechanisms for iron overload in these
diseases, and (2) HFE, TFR2, and HJV are in-
volved in the regulation of hepcidin expression
by iron (Fig 1).

Iron deficiency

BMP
\ SHJV Ms./
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RECENT ADVANCES

Molecular Mechanisms of Hepcidin Regulation:
Hepcidin Activators

Hepcidin Regulation by the BMP6-HJV-SMAD
Signaling Pathway

Mutations in the HJV gene are the most com-
mon cause of the more severe juvenile-onset
form of hereditary hemochromatosis and result
in a phenotype similar to mutations in the gene
encoding hepcidin itself.>** A link between the
bone morphogenetic protein (BMP) signaling
pathway and iron metabolism was discovered
when HJV was shown to be a BMP coreceptor*’
and BMP signals were shown to regulate hepci-
din expression (Fig 2).*>**

BMPs are members of the TGF-£ (transform-
ing growth factor () superfamily of signaling
molecules. BMP ligands bind to cell-surface type
I and type II serine threonine kinase receptors.
Upon formation of the complex, type I receptors
phosphorylate type II receptors, which then phos-
phorylate intracellular SMAD1, SMADS, and
SMADS proteins. These SMAD proteins form a
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Figure 2. Schematic diagram shows the proposed role of the bone morphogenetic protein (BMP) signaling pathway,
HJV, HFE, and TFR2 in iron sensing and hepcidin regulation in the liver. In response to iron, bone morphogenetic
protein 6 (BMP6) binds to the BMP coreceptor hemojuvelin (HJV) as part of the BMP6/HJV/BMPR complex on the
hepatocyte membrane to activate the SMAD1/5/8 pathway. Activated SMAD complexes bind directly to BMP-
responsive elements (BMP-REs) on the hepcidin promoter to induce hepcidin transcription. Holotransferrin (TF-Fe)
competes for HFE binding to transferrin receptor 1 (TFR1), causing HFE displacement to form a complex with TFR2 and
TF-Fe to induce hepcidin expression, possibly through an interaction with the BMP6-HJV-SMAD signaling pathway
and/or alternative signaling pathways, such as the ERK1/2 pathway. In the setting of iron deficiency, the serine protease
TMPRSS6 inhibits hepcidin expression by cleaving membrane-bound HJV to form soluble HJV, thereby inhibiting
downstream SMAD signaling by loss of membrane-bound HJV and sequestration of BMP6 ligand. Abbreviations:

BMPR, BMP receptor; TF, transferrin.
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complex with common mediator SMAD4, and
the SMAD complex translocates to the nucleus
to modulate gene transcription (reviewed in*”).

As a coreceptor, HJV binds to BMP ligands
and BMP receptors and enhances intracellular
SMAD signals in response to low levels of BMP
ligands.** HIV is selective for its interaction
with BMP ligands and receptors. HJV binds to
BMP2, BMP4, BMPS5, and BMP6, but not BMP7
or BMP9.*****” HJV signals through all 3 BMP
type I receptors (ALK2, ALK3, and ALK6), but
only 2 of the 3 BMP type II receptors (ActRIIA
and BMPRII).*® Notably, HIV can alter type II
receptor use by BMP ligands, allowing BMP
ligands that normally signal through BMPRII to
signal through ActRIIA.** This may be one
mechanism by which HJV enhances SMAD sig-
naling in the liver, where ActRIIA is the predomi-
nant BMP type II receptor expressed.*®

In liver-derived cell cultures, BMP-SMAD
signals increase hepcidin expression at the tran-
scriptional level.**>***®*° HJV enhances hepci-
din induction in response to BMPs,*® whereas
HJV mutants associated with hemochromatosis
have impaired ability to generate BMP signals
and induce hepcidin expression, and livers from
Hjv-null mice have evidence of decreased BMP
signaling in the liver.** These data suggest that
mutations in HJV trigger iron overload by caus-
ing impaired hepatic BMP-SMAD signaling, de-
creased hepcidin expression, and consequent un-
regulated ferroportin activity.*?

Several additional lines of evidence support
the importance of the BMP-HJV-SMAD signal-
ing pathway in regulating hepcidin expression
and iron homeostasis in vivo. Targeted disrup-
tion of the common BMP/TGF-f signaling me-
diator Smad4 in the mouse liver results in low
hepcidin levels and iron overload, similar to the
phenotype seen in hemochromatosis.** Promoter
mutational analysis has identified 2 specific mo-
tifs on the hepcidin promoter, which appear to
mediate hepcidin induction to BMP-SMAD sig-
nals.”*>* A mutation in one of these BMP respon-
sive elements on the hepcidin promoter has been
associated with a significantly more severe iron-
overload phenotype in a patient with hemochro-
matosis caused by the most common HFE muta-
tion, C282Y (a cysteine to tyrosine change at
amino acid 282).>* In mice, BMP administration
increases hepatic hepcidin expression and de-
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creases serum iron levels, whereas administra-
tion of BMP inhibitors decreases hepcidin expres-
sion, mobilizes reticuloendothelial cell iron stores,
and increases serum iron levels.*®*7-5

More recent data have identified BMP6 as a
ligand for HJV and a key endogenous regulator
of hepcidin expression and iron metabolism in
vivo.*”*® Genome-wide transcriptional profiling
of livers from mice fed on diets of variable iron
content identified Bmp6 as one of the mRNAs
and the only BMP ligand that was decreased by a
low iron diet and increased by a high iron diet,
concordantly with hepcidin.’’ BMP6 binds to
HJV, and data from a bioinhibition assay suggest
that HIV may have higher binding affinity for
BMP6 compared with other BMP ligands, al-
though this remains to be shown directly.*®*’
Administration of specific BMP6 inhibitors in
vivo decreases hepcidin expression and in-
creases serum iron levels.*” Importantly, Bmp6-
null mice have an iron-overload phenotype that
resembles juvenile hemochromatosis due to HI'V
mutations with decreased hepcidin expression,
increased ferroportin expression, increased se-
rum iron levels, and tissue iron overload.*’->°
Taken together, these data support the central
role of the BMP6-HJV-SMAD signaling path-
way in regulating hepcidin expression and sys-
temic iron balance in vivo (Fig 2).

Hepcidin Regulation by Iron

Iron stimulates hepcidin expression, providing
an important feedback mechanism to maintain
steady-state iron levels. A principal mechanism
by which iron stimulates hepcidin expression is
through activation of the BMP6-HJV-SMAD sig-
naling pathway (Fig 2). As discussed, long-term
increases in dietary iron increase liver Bmp6
mRNA expression concordantly with hepcidin
expression, and hepatic Bmp6 mRNA levels are
significantly positively correlated with liver iron
concentrations in mice.>”>8 Additionally, acute
iron administration to mice increases phosphory-
lation of SMAD1/5/8 in the liver within 1 hour.”
The ability of iron-saturated transferrin (holo-
transferrin) to increase hepcidin expression in
primary hepatocyte cultures is dependent on
BMP-SMAD signaling because it is blocked by
BMP signaling pathway inhibitors.>® Similarly,
the ability of iron to induce hepcidin expression
in zebra fish is blocked by a BMP inhibitor.>
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Thus, the BMP6-SMAD signaling pathway in
the liver is activated by iron, and the ability of
iron to induce hepcidin expression is dependent
on BMP-SMAD signaling. The mechanisms by
which iron levels are sensed to increase in BMP6-
HJV-SMAD signaling are still not fully under-
stood. It has been postulated that HFE, TFR2,
and transferrin receptor 1 (TFR1) may be in-
volved in this process.®*®!

Mutations in HFE, encoding an atypical class
I major histocompatibility complex (MHC) mol-
ecule, are the most common cause of hereditary
hemochromatosis and result in a less severe
adult-onset phenotype compared with HJV or
HAMP mutations.**>' HFE has been shown to
bind to both TFR1 and TFR2.°>°> TFRI is a
ubiquitously expressed cell-surface receptor that
binds transferrin and mediates transferrin-depen-
dent iron uptake into cells (reviewed in'?*). The
binding site for HFE on TFR1 overlaps with the
binding site for transferrin, and holotransferrin
competes for HFE binding to TFR1.°* **°7 TFR2
is a TFR1 homologue that has more restricted
expression, predominantly in the liver,** and
mutations in TFR2 are a much more rare cause of
adult-onset hereditary hemochromatosis.>'** The
central importance of the liver expression of
HFE and TFR2 for the regulation of iron metab-
olism is supported because hepatocyte-specific
conditional knockout of either Hfe or Tfr2 in
mice recapitulates the iron-overload phenotype
seen in global Hfe or Tfr2 knockout mice.®®*’
One model proposes that when circulating iron
levels increase, holotransferrin binds to TFR1 in
the liver, displacing HFE, which then is able to
upregulate hepcidin through an interaction with
TFR2 and transferrin (Fig 2).°°°' However, it is
notable that humans with mutations in both al-
leles of HFE and TFR2 present with a more
severe juvenile-onset form of hemochromatosis
compared with the adult-onset hemochromatosis
typical of either mutation alone,”® and combined
Hfe-null/Tfr2-null mice have a more severe hep-
cidin deficiency iron-overload phenotype com-
pared with either single Hfe-null or Tfr2-null
mice.”" These data suggest that the mechanisms
by which HFE and TFR2 regulate hepcidin ex-
pression and iron homeostasis are not entirely
overlapping.

Whether HFE and/or TFR2 induce hepcidin
expression through an interaction of the BMP6-
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HJV-SMAD signaling pathway and/or a separate
as yet uncharacterized signaling pathway is still
not fully understood (Fig 2). Notably, Hfe-null
mice have appropriately increased hepatic Bmp6
mRNA levels relative to their increased body iron
burden, but inappropriately low levels of phosphor-
ylated SMAD1/5/8 protein and /d] mRNA, a target
gene upregulated by BMP6-SMAD signaling.>®7?
Furthermore, BMP6 induction of hepcidin is
decreased in primary hepatocyte cultures from
Hfe-null mice versus wild-type mice.>® This sug-
gests that HFE regulates hepcidin expression
through an interaction with the BMP6-SMAD
signaling pathway.”®

Some studies have suggested that TfR2 can
activate the mitogen-activated protein kinase
(MAPK) pathway, including ERK1/ERK?2 and
p38 MAP kinases.”*’* Although 1 study suggested
that ERK1/ERK2 pathway activation may be in-
volved in iron-saturated transferrin induction of
hepcidin expression in conjunction with the BMP-
SMAD pathway in primary hepatocyte cul-
tures,’* a direct demonstration of the relevance
of the ERK/MAPK signaling pathway in hepci-
din regulation and iron homeostasis in vivo is
lacking.

Hepcidin Regulation by Inflammation

Hepcidin excess is believed to be the mecha-
nism underlying the low circulating iron levels
and reticuloendothelial cell iron sequestration
that is a hallmark of anemia of inflammation.>'®
Inflammation is a potent inducer of hepcidin
expression.'®2”?* The most well-characterized
mechanism is direct transcriptional activation of
hepatic hepcidin expression by interleukin 6
(IL-6) binding to its receptor complex containing
gp130 to activate janus kinase (JAK) and activa-
tor of transcription 3 (STAT3), which binds to a
conserved DNA element in the proximal hepci-
din promoter (Fig 3).”>”7” Other proinflamma-
tory cytokines, such as IL-1, also may have arole
in hepcidin induction.”® Notably, hepcidin induc-
tion by IL-6 appears to require an intact BMP-
SMAD signaling pathway because hepatocyte-
specific loss of the common mediator Smad4,**
administration of soluble HJV,*® or administra-
tion of a small-molecule inhibitor of BMP type I
receptor kinase activity>” all impair IL-6 induc-
tion of hepcidin expression. The cross-talk be-
tween these pathways appears to occur in part at
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Figure 3. Schematic diagram shows the molecular mechanisms by which inflammation activates hepcidin transcription in
the liver. Inflammation mediated by cytokines (eg, IL-6) leads to activation of the JAK/STAT3 pathway. Activated STAT3
binds directly to a STAT3-responsive element (STAT3-RE) on the hepcidin promoter to induce hepcidin transcription. The
JAK/STAT3 pathway depends on an intact BMP responsive element (BMP-RE) that is adjacent to the STAT3-RE for full
activity. Inflammation also may activate the endoplasmic reticulum (ER) stress pathway using a CREBH-responsive element
(CREBH-RE) on the hepcidin promoter to induce hepcidin. Abbreviations: BMP, bone morphogenetic protein; CREBH, cyclic
AMP response element-binding protein H; JAK, janus kinase; STAT3, activator of transcription 3.

the level of the hepcidin promoter, where the
proximal BMP-responsive element and the
STAT3-binding element are in close proximity,
because mutations in the proximal BMP-respon-
sive element severely impair hepcidin induction
by IL-6 (Fig 3).>*

More recently, a second mechanism has been
characterized by which these proinflammatory cy-
tokines and bacterial lipopolysaccharide (LPS) may
induce hepatic hepcidin expression. Proinflamma-
tory cytokines and LPS activate endoplasmic reticu-
Ium (ER) stress and the unfolded protein response
and increase expression and cleavage of CREBH
(cyclic AMP response element-binding protein H),”
which activates transcription of acute-phase re-
sponse genes in the liver.”” ER stress also increases
hepcidin expression through CREBH binding and
transactivation of the hepcidin promoter (Fig 3).*
ER stress also has been suggested to transcription-
ally regulate hepcidin expression through CCAAT/
enhancer-binding protein (C/EBP) homologous pro-
tein (CHOP) and C/EBPe, although this has not
been linked directly to inflammation.®'

Although the role of liver-derived hepcidin in
systemic iron homeostasis has been character-
ized best, hepcidin also is produced in monocytes/
macrophages and is induced in these cells by
LPS and certain bacterial pathogens through Toll-
like receptors and possibly also the IL-6/STAT3
pathway.®>®® In contrast to the liver, hepcidin

expression in macrophages is not induced by iron.**
Hepcidin production stimulated by bacterial patho-
gens or LPS in monocytes/macrophages decreases
ferroportin mRNA expression and ferroportin pro-
tein cell-surface expression in an autocrine fash-
ion.®*#38¢ Although the amount of hepcidin produc-
tion in macrophages is much less than in the liver,*?
hepcidin induction in macrophages in the setting of
infection may contribute to the host defense by
acting locally to limit iron availability to invading
pathogens.®>#45¢

Molecular Mechanisms of Hepcidin Regulation:
Hepcidin Inhibitors

Soluble HJV

HIJV is attached to the plasma membrane by a
GPI (glycosylphosphatidylinositol) anchor. In ad-
dition to its cell-associated form, soluble forms
of HJV have been detected in the conditioned
media of transfected cells and the blood of hu-
mans and other animals.®”""* Mechanisms for the
release of soluble HIV from the cell appear to
involve cleavage by the proprotein convertase
furin or the transmembrane serine protease 6
TMPRSS6 (see hepcidin regulation by iron defi-
ciency next).”'** Notably, administration of ex-
ogenous soluble HJ'V has been shown to act as an
inhibitor of BMP signaling and hepcidin expres-
sion, presumably by binding to BMP ligands and
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preventing their interaction with cell-surface sig-
naling receptors.*®>**” The quantity and physi-
ologic relevance of endogenous forms of soluble
HJV in vivo are still poorly understood, although
some data suggest that soluble HJV may be
decreased by iron loading and increased by iron
deficiency and hypoxia.®”#7°2 It has been hy-
pothesized that although GPI-anchored mem-
brane HJV acts as a coreceptor to enhance BMP-
SMAD signaling and hepcidin expression,
generation of soluble HJV inhibits the BMP-
SMAD signaling and hepcidin expression, either
exclusively by removing the enhancing effects of
the membrane form of HJV or with the additive
effect of sequestering BMP ligands (Fig 2).*34¢->°
Interestingly, HJV is expressed not only in the
liver, but also in skeletal and cardiac muscle,’
where its function currently is unknown. It has
been proposed that HJV expression in these
other tissues may serve as a source of soluble
HJV,87’95

Hepcidin Regulation by Anemia

Anemia and ESA administration are potent
inhibitors of hepcidin expression, allowing greater
iron availability for erythropoiesis.*””° The domi-
nance of the inhibitory effect of anemia and
erythropoietic drive over the stimulatory effects
of iron on hepcidin regulation is evidenced in
B-thalassemias. In this disease, hepcidin levels
remain low because of very high erythropoietic
activity, even in the face of increasing serum iron
and tissue iron deposition that ultimately lead to
fatal iron overload.”””® Although ESAs have
been shown to inhibit hepcidin transcription in
isolated liver cells in vitro through erythropoietin
receptor signaling and inhibition of C/EBPa bind-
ing to the hepcidin promoter,”® 2 studies sug-
gested that in vivo, the inhibitory effects of
anemia or ESAs on hepcidin expression require
erythropoietic activity.'®'°" These studies
showed that inhibition of erythropoiesis by che-
motherapy, an ESA-blocking antibody, or irradia-
tion prevented hepcidin suppression by either
ESAs or anemia.'®*'°! It has been suggested that
proliferating erythrocyte precursors may secrete
a substance that circulates to the liver to inhibit
hepcidin expression. Recently, 2 modulators of
the TGF-B/BMP superfamily signaling pathway,
growth and differentiation factor 15 (GDF15)
and twisted gastrulation (TWSGI1), were re-
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ported to be secreted by erythroblast precursors
and have a role in hepcidin suppression in thalas-
semia.'’>'® GDF15 is a TGF-B superfamily
ligand that activates SMAD2 and SMAD3, and
TWSGI can function as a BMP agonist or antag-
onist.'®'%7 Notably, an iron phenotype was not
described in mice with GDF15 dysregulation,
and sera from patients with sickle cell anemia or
myelodysplastic syndrome did not have in-
creased GDF15 levels,'%*'%%19? suggesting that
the role of these proteins in hepcidin suppression
may be limited to anemias such as 3-thalassemia
with ineffective erythropoiesis.

Hepcidin Regulation by Hypoxia

Hypoxia also is a potent inhibitor of hepcidin
expression, even in the absence of anemia.>’ The
mechanism for this is incompletely understood,
but seems to be related to the hypoxia-inducing
factor (HIF) pathway, which also mediates expres-
sion of erythropoietin and many other hypoxia-
induced genes.''® HIFs are heterodimeric tran-
scription factors consisting of an alpha regulatory
subunit (HIF-1a, HIF-2a¢, or HIF-3a) and a
ubiquitously expressed beta subunit (HIF-1p,
also known as ARNT). Under normoxic iron-
sufficient conditions, the HIF alpha subunit is
hydroxylated by oxygen and iron-dependent
2-oxoglutarate—dependent oxygenases, ubiquiti-
nated by von Hippel-Lindau (VHL) protein, and
degraded. Under hypoxic or iron-depleted condi-
tions, hydroxylase activity is inhibited and the
HIF alpha subunit accumulates, translocates to
the nucleus, heterodimerizes with ARNT, and
binds to specific hypoxia-responsive promoter
elements (HREs) of target genes to modulate
gene transcription (reviewed in''®). Consistent
with a role for the HIF pathway in regulating
hepcidin expression in vivo, mice with a liver-
specific deletion of Vhl, the absence of which
increases HIF activity, have decreased hepcidin
levels, whereas a double deletion of Arnt in
combination with VAl in the liver restored nor-
mal hepcidin levels, showing the specificity of
the effect of the Vil deletion on HIF activity.'"!
However, mice with the liver-specific deletion of
Vhi also had increased erythropoietin levels and
polycythemia,'"" suggesting that another factor
related to erythropoietic drive could have contrib-
uted to hepcidin suppression. Although 1 report
suggests that HIF-1« binds directly to HREs in
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the hepcidin promoter, and HIF binding sup-
presses hepcidin gene transcription,''" conflict-
ing data have been reported in other stud-
ies.''*!'"? Alternative pathways suggested by
other studies include other HIF-1-independent
2-oxoglutarate—dependent pathways''? or path-
ways involving reactive oxygen species.''? Inter-
estingly, furin, which cleaves HJV, and TFRI1
also are encoded by HIF target genes.”>''*!!”
Thus, HIF could suppress hepcidin expression
indirectly by decreasing BMP-HJV-SMAD-
mediated hepcidin induction and/or HFE/TFR2-
mediated hepcidin induction.®*''#'1¢

Hepcidin Regulation by Iron Deficiency

Iron deficiency also inhibits hepcidin expres-
sion. The HIF pathway described may be one
mechanism by which this occurs because the
2-oxoglutarate—dependent dioxygenases that hy-
droxylate HIF alpha subunits are dependent on
iron as well as oxygen."'® In mouse studies,
Hif-1ae is increased in the liver by an iron-
deficient diet."'! However, deletion of Hifla in
the liver in 1 study had no effect,''” and in a
second study, rescued only a small percentage of
the hepcidin decrease induced by an iron-
deficient diet.""" Similarly, a liver-specific dele-
tion of Arnt, which inactivates all Hif-« isoforms
(Hif-1a, Hif-2er, and Hif-3«), only slightly res-
cued the hepcidin suppression induced by an
iron-deficient diet and had no effect on serum
iron or red blood cell parameters.''” Notably,
Hif-2« appears to have an important role in iron
homeostasis in the intestine by increasing the
expression of proteins important for iron uptake
by duodenal enterocytes.''”-''®

TMPRSS6 also appears to have an impor-
tant role in hepcidin suppression by iron defi-
ciency.''?"'*! Mutations in TMPRSS6 in humans
and mice lead to iron-refractory iron deficiency
anemia (IRIDA), a congenital form of iron defi-
ciency anemia that is unresponsive to oral iron
therapy and only partially responsive to paren-
teral iron treatment.''*"'>! Patients and mice with
mutations in TMRPSS6 have inappropriately high
hepcidin expression relative to their iron defi-
ciency and anemia, suggesting that hepcidin ex-
cess is the mechanism causing the IRIDA, and
that TMPRSS6 normally functions as a hepcidin
suppressor in response to iron deficiency.''?'?!
The mechanism by which TMPRSS6 inhibits
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hepcidin expression is incompletely understood.
TMPRSS6 is expressed predominantly in the
liver."** In vitro studies in which TMPRSS6 is
overexpressed suggest that TMPRSS6 can cleave
HJV and inhibit hepcidin induction by HIJV,
BMPs, and IL-6 (presumably because of loss of
cell-surface HJV and/or the presence of soluble
HJV, as described previously; Fig 2).°%''?
Whether HJV cleavage occurs at physiologic
levels of TMPRSS6 expression in vivo remains
to be determined. Notably, combined Tmprss6/
Hjv-mutant mice have an iron-overload pheno-
type that resembles Hjv-null mice, consistent
with a genetic interaction between TMPRSS6
and the BMP-HJV-SMAD pathway.'?*

A recent study also suggests that GDF15 lev-
els may be increased by cellular iron deficiency
in vitro, and GDF15 levels are modestly in-
creased in human sera in the setting of iron
deficiency or iron chelator administration.'**
However, whether this has a physiologic role in
hepcidin suppression by iron deficiency in vivo
is still unknown.

Hepcidin Assays

Hepcidin excess has been postulated to have a
role in the anemia of patients with CKD/ESRD
because of decreased renal clearance and induc-
tion by inflammatory stimuli, particularly in pa-
tients who are ESA resistant. However, it is only
recently that hepcidin assays have been devel-
oped to start to investigate these hypotheses.

Hepcidin is synthesized in the liver as an
84—amino acid prepropeptide and processed by
peptidase cleavage to a 60—amino acid propep-
tide (prohepcidin), followed by furin and related
proprotein convertase cleavage to yield the ma-
ture carboxy terminal 25-amino acid hepcidin
(hepcidin-25).'*> Hepcidin-25 is a cationic pep-
tide that forms a hairpin loop stabilized by 4
disulfide bonds.'*®'*” In addition to prohepcidin
and hepcidin-25, 22 and 20 carboxy terminal
amino acid forms of hepcidin are found in the
circulation and/or urine, most likely because of
N-terminal truncation of hepcidin-25, although
the mechanism by which hepcidin-22 and hepci-
din-20 are generated is still poorly under-
stood.'? 1?12 Hepcidin-25 is the bioactive form
of hepcidin, whereas the other forms of hepcidin
have little or no biological activity.'*°'** Frac-
tional excretion of hepcidin is reported to be
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approximately 3%-5% because it either is not
freely filtered or it is reabsorbed, similar to other
small peptides that are reabsorbed and degraded
in proximal tubules.'"'** Hepcidin recently was
reported to bind specifically to a,-macroglobu-
lin, and it has been estimated that approximately
89% of circulating hepcidin is protein bound.'**

The development of immunochemical meth-
ods to detect mature hepcidin has been compli-
cated by hepcidin’s small size and its conserva-
tion in animal species.'*> The first described
hepcidin assay was an immunodot assay to mea-
sure urinary hepcidin.”®*° However, this assay is
semiquantitative, laborious, and not suitable for
serum hepcidin measurements.'"'** A commer-
cially available immunoassay was developed to
detect serum prohepcidin, but prohepcidin levels
do not correlate with biological activity, iron
status, or inflammation.'>>'3® Others have devel-
oped mass spectroscopic techniques to measure
mature hepcidin in serum and urine. Although
this technique has the potential advantage of
being able to distinguish among hepcidin-25,
hepcidin-22, and hepcidin-20, these assays de-
pend on expensive equipment that is not widely
available, and most are semiquantitative, al-
though more recent refinements are improving
the quantitative ability.'*®'3*!37141 In the last
year, immunoassays to quantitate mature serum
hepcidin have been developed, as well as an
assay based on competition against hepcidin-25
labeled with iodine 125 binding to a peptide
identical to the ferroportin hepcidin-binding
site,'!1214214% A recently published round robin
study comparing these various mass spectrom-
etry and immunochemical-based methods to
quantify urinary and plasma mature hepcidin has
shown that absolute hepcidin concentrations dif-
fer widely between methods, but Spearman cor-
relations between individual sample mean hepci-
din values obtained using most methods generally
were high for 7 of 8 methods tested.'**> Analyti-
cal variance generally is low and similar for all
methods, indicating the potential suitability of all
methods to distinguish hepcidin levels of differ-
ent samples.'*> It was hypothesized that differ-
ences in absolute hepcidin levels between meth-
ods may be caused by the use of different
calibrators, hepcidin aggregation, hepcidin pro-
tein binding, and/or the existence of hepcidin-25,
hepcidin-22, and hepcidin-20 isoforms that may
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be detected to some extent by immunochemical
methods, depending on the antibody used.'*?
This report called for efforts to further harmonize
the various hepcidin assays.'*’

Hepcidin Excess and the Anemia of CKD

Using the mentioned immunoassays to mea-
sure mature hepcidin, several groups now have
confirmed that hepcidin levels are increased in
patients with CKD and ESRD"'"'* and inversely
correlate with GFR,'>'® suggesting that de-
creased renal clearance contributes to the hepci-
din increase in this patient population. Hepcidin
levels are decreased by dialysis, but return to
predialysis levels before the next dialysis ses-
sion.'*® Interestingly, 1 study using a mass spec-
trometry—based technique to distinguish among
hepcidin-25, hepcidin-20, and hepcidin-22 sug-
gested that although hepcidin-25 was increased
in patients with ESRD and total hepcidin (encom-
passing hepcidin-25, hepcidin-20, and hepcidin-
22) correlated inversely with estimated GFR in
patients with CKD not requiring dialysis, no
significant correlation was found between hepci-
din-25 and estimated GFR in patients with CKD
not requiring dialysis.'*” These results need to be
confirmed in larger studies.

Hepcidin levels correlate with markers of iron
burden in the CKD population, as in other patient
populations, particularly serum ferritin,''-'3-146-148
In multivariate analyses, ferritin level is the stron-
gest predictor of serum hepcidin level.'>'*'
Hepcidin levels also are increased by iron admin-
istration in the CKD population, as in healthy
controls.'"'* Interestingly, although hepcidin is
stimulated by inflammation and has been in-
creased in patients with inflammation, defined as
high C-reactive protein (CRP) levels,'" initial
studies of patients with CKD have not shown a
consistent or robust correlation between levels
of hepcidin inflammatory markers, such as
CRP, erythrocyte sedimentation rate (ESR), or
IL-6.'>13-14-148 One explanation for these find-
ings may be related to the patient populations
selected for these studies, some of which ex-
cluded patients with active illness or infection.

Hepcidin levels are associated with anemia in
dialysis patients, consistent with a role for hepci-
din excess in the anemia of CKD; however, there
is an inverse correlation between ESA dose and
hepcidin level, arguing against a diagnostic role
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Figure 4. Hepcidin levels in patients with chronic kidney
disease and end-stage renal disease. Hepcidin levels are
increased in patients with chronic kidney disease and end-
stage renal disease and reflect the balance of stimulatory
factors: decreased renal clearance (GFR, glomerular filtra-
tion rate), inflammation, and iron administration; and inhibi-
tory factors: anemia, erythropoiesis-stimulating agent (ESA)
administration, clearance by dialysis, and hypoxia.

for hepcidin as a predictor of ESA resistance.'*'*®

The likely explanation for this finding is that
ESA administration is an inhibitor of hepcidin
expression in the CKD population, as in the
general population.'*'*® It has been proposed
that the initial decrease in hepcidin levels after
starting ESA therapy might be a better indicator
of long-term responsiveness to ESAs.'*

Given the limited number and size of studies
to date, the unresolved issues surrounding hepci-
din assays themselves, and the numerous factors
that can modulate hepcidin levels in the CKD/
ESRD population, including iron administration,
ES A administration, body iron burden, inflamma-
tion, renal clearance, and dialysis (Fig 4), more
studies are needed to determine whether hepci-
din will have diagnostic utility as a measure of
iron status, inflammatory status, and/or ESA re-
sponsiveness or resistance.

Hepcidin-Lowering Agents for the Treatment of
Anemia of Inflammation

The notion that hepcidin excess may contrib-
ute to the dysregulation of iron homeostasis and
anemia in patients with CKD raises the possibil-
ity that hepcidin-lowering agents may be an
effective strategy for ameliorating anemia in this
patient population. Although ESAs target the
relative erythropoietin deficiency and supplemen-
tal iron addresses the true iron deficiency found
in this patient population, hepcidin-lowering
agents might be able to complement these strate-
gies by improving iron availability from the diet
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and existing body stores. Some initial small-
animal studies have shown that BMP inhibitors,
including soluble HJV and a small-molecule
BMP inhibitor, can function as hepcidin-lowering
agents to mobilize splenic iron stores and increase
serum iron levels in vivo.**> It remains to be
proved whether BMP inhibitors and/or other hepci-
din-lowering strategies will be effective for treating
the anemia of CKD. Furthermore, the potential side
effects of these strategies are unknown.

SUMMARY

Hepcidin excess increasingly is being identi-
fied as a contributing factor to anemia in patients
with CKD/ESRD by impairing iron absorption
from the diet and iron mobilization from body
stores. A multitude of factors can modulate hep-
cidin levels in the CKD/ESRD population: iron
administration, ESA administration, body iron
burden, inflammation, renal clearance, and dialy-
sis. More studies are needed to better understand
the diagnostic utility of hepcidin in patients with
CKD/ESRD as a measure of iron status, inflam-
matory status, and/or ESA resistance. More stud-
ies are needed to investigate whether hepcidin-
lowering agents may have a role in treating
anemia in patients with CKD/ESRD.
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