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Abstract

By modulating hepcidin production, an organism
controls intestinal iron absorption, iron uptake and
mobilization from stores to meet body iron need. In
recent years there has been important advancement
in our knowledge of hepcidin regulation that also has
implications for understanding the physiopathology of
some human disorders. Since the discovery of hepcidin
and the demonstration of its pivotal role in iron
homeostasis, there has been a substantial interest in
developing a reliable assay of the hormone in biological
fluids. Measurement of hepcidin in biological fluids can
improve our understanding of iron diseases and be a
useful tool for diagnosis and clinical management of
these disorders. We reviewed the literature and our
own research on hepcidin to give an updated status of
the situation in this rapidly evolving field.
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INTRODUCTION

Hepcidin is a circulating peptide hormone that regulates
the entry of iron into plasma. It is primarily, but not
exclusively, secreted by hepatocytes and is highly
conserved among different species. The mature bioactive
form of hepcidin is a peptide of 25 amino acids that
derives from a precursor (pre-prohepcidin) of 84 amino
acids that undergoes two enzymatic cleavages. Other
isoforms of 20 and 22 amino acids are detectable
in human serum and urine, although the biological
significance of these isoforms is uncertain' . There is
evidence that hepcidin is also expressed in the heart,
kidney, adipose tissue, pancreas and haematopoietic
cells, although the biological relevance of extra-hepatic
hepcidin is not well defined yet (see below).

Targeted deletion of the HLAMP gene in mice or
mutations in the human HAMP gene result in the most
severe forms of iron-overload disease. Conversely,
increased expression of hepcidin leads to decreased
iron absorption and iron deficient anaemia. Hepcidin,
therefore, is a negative regulator of iron transport
into plasma. It acts by binding to ferroportin, the only
known cellular iron exporter, causing ferroportin to
be phosphorylated, internalized, ubiquitylated, sorted
through the multivesicular body pathway and degraded
in lysosomes'™”. The interaction between hepcidin
and ferroportin can explain the systemic regulation of
iron metabolism. In fact, hepcidin is mainly targeted
to duodenal enterocytes, where it regulates dietary iron
absorption, and to macrophages, where it inhibits the
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release of iron derived from senescent erythrocytes. By
modulating hepcidin production, an organism controls
intestinal iron absorption, iron uptake and mobilization

from stores to meet body iron need®”.

REGULATION OF HEPATIC HEPCIDIN
PRODUCTION: /¥ VITRO STUDIES AND
ANIMAL MODELS

Hepcidin is modulated by different stimuli, which
act as positive or negative regulators. There are four
main active regulation pathways (erythroid, iron store,
inflammatory and hypoxia-mediated regulation) that
control hepcidin production through different signalling
pathways (Table 1). These pathways must be closely
coordinated to match iron supply to erythropoietic
demand and, in turn, to maintain adequate plasma iron
concentrations.

Positive regulation of hepcidin transcription

Under normal conditions, iron store and inflammatory
regulation activate hepcidin transcription in the
hepatocytes through the bone morphogenetic proteins
(BMPs)/SMAD4 and signal transducer and activator of
transcription-3 (STAT-3) pathways, respectively[(’]. Binding
of specific BMPs by hepatocyte BMP receptors results in
phosphorylation of receptor SMADs (R-SMADs) within
the cytosol. These phosphorylated R-SMADs complex
with SMAD4, and the complex of phosphorylated
R-SMAD and SMAD4 then activates transcription of
HAMPY. Accordingly, i vive and in vitro experimental
studies showed that specific BMPs can activate HAMP
transcription” and a liver-specific Smad4-knockout (KO)
abrogates hepcidin gene transcription in mice leading to
massive iron overload". The hemochromatosis protein
HFE, transferrin receptor 2 (TfR2) and the membrane
isoform of hemojuvelin (mH]JV) are all positive
modulators of HAMP transcription and, when defective,
lead to hemochromatosis (HH) in humans and HH-like
phenotype in knock-out animal models'”.

HFE: Recent studies 7z vitro and in animal models
clarified the crucial role of HFE as a hepatocyte
iron sensor and upstream regulator of hepcidin!*'?,
Several mechanisms have been proposed by which
HFE regulates iron metabolism. HFE competes with
transferrin for binding to transferrin receptor (TfR)-1,
lowering iron uptake into cells"™". Alternately, there is
more recent evidence supporting a role for HFE as an
important component of a larger iron-sensing complex
that involves interactions with diferric transferrin, TfR1
and TfR2 at the plasma membrane of hepatocytes“s'm.
Defective HFE protein prevents formation of a
functional iron sensor and signal transduction effector
complex leading to dysregulated hepcidin expression
as observed in human hereditary hemochromatosis'**"
and mouse models of this disease™!. Recent findings

also support other HFE-dependent mechanisms

of regulation of iron homeostasis through post-
transcriptional regulation of Zip14, a metal transporter
that mediates non-transferrin-bound iron into cells™.

TfR2: Homozygous mutations of T/R2 have been linked
to type 3 HH", Animal models of mutated or knock-
down TfR2 confirmed human findings indicating that
TfR2 plays an important role in iron metabolism*",
It has been shown that diferric transferrin levels may
increase the stability of TfR2 protein and it has been
postulated that TfR2 is a sensor of serum iron levels
and works to modulate iron absorption through the
induction of the iron regulatory hormone hepcidinlz‘7’28J.
Accordingly, mutated or absent TfR2 is associated with
reduced hepcidin expression either in animal models or
in humans"**. TfR2-induced regulation of hepcidin
synthesis likely occurs through interaction with HFE
to form an iron-sensing complex that modulates
hepcidin transcription through the activation of a still
unclear signalling pathway upstream or independent of
SMADA4™, Interestingly, hepatic HJT” mRNA level was
lower in complete TfR2 knock-out™ than in controls
suggesting an interaction between TfR2 and HJV in the
regulation of hepcidin expression. This finding has been
recently confirmed to also occur in humans (Pelucchi
¢t al, Haematologica in press).

HJV: As BMP co-receptor, HJV is strongly involved
in the regulation of hepcidin transctiption through the
BMP/SMAD4 pathwayw’m’m. Accotdingly, Hjp-mutant
mice exhibit iron overload as well as a dramatic decrease
in hepcidin expressionm]. H]JV is synthesized as a
membrane-GPI-linked protein by hepatocytes but is also
abundant in muscle. HJV exists in 2 forms: a membrane-
bound form (m-HJV) and a soluble one (s-HJV), which
in vitro reciprocally regulate hepcidin expression in

.. 33
response to opp051te 1ron changesl J.

IL-6 and cytokines: Under inflammatory conditions,
IL-6 and other cytokines induce HAMP transcription
by activating STAT?3 signalling to the hepcidin
gene promoter™*”, The inflammatory regulatory
pathway is thought to have a dominant effect on the
other regulatory pathways as shown by the fact that
inactivation of HFE does not affect the increase of
hepcidin expression and the hypoferremia induced by
inflammation. However, STAT3 activation requires
the presence of SMAD4 because absence of SMAD4
prevents STAT3-mediated hepcidin gene expressionlmJ

Negative regulation of hepcidin transcription

Hypoxia, anemia, increased erythropoiesis and reduced
iron stores all negatively regulate hepcidin expression.
Hypoxia and anemia regulate the production of
erythrocytes through synthesis of erythropoietin
(EPO) and are the two main signals that increase iron
absorption independently of iron stores to meet the
need of iron for erythrocyte productionmﬂ.

Anemia could mediate hepcidin suppression
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Positive regulators Signalling pathway  Human disease

Negative regulators

Signalling pathway

Human disease

Inflammation STAT-3 Anemia of chronic
[IL-6, IL-1a] disease

Iron stores BMPs/ SMAD4 Hemochromatosis
[mH]V]

Iron stores BMPs/ SMAD4 Hemochromatosis

[HFE, TfR2]
Liver metabolic activities C/EBPa,

Oxygenases ?

Hypoxia HIF-1, -

[HIF1, sHJV, ROS] BMPs/SMAD
Oxygenases inhibition

Iron stores BMPs/SMAD inhibition IRIDA, iron deficiency

[Matriptase2, s-HJV,

GDF15]

Erythropoiesis BMPs/SMAD inhibition =~ Thalassemia, CDA1

[GDF15, others?] others?

Erythropoietin? C/EBPa block

Oxidative stress [ROS] C/EBPa, STAT3 block; Hepatitis C viral and
Oxygenases inhibition alcoholic liver disease
HDAC activation

IRIDA: Iron refractory iron deficiency anemia; CDA1: Congenital dyserythropoietic anemia type 1; Oxygenases: Family of 2-oxoglutarate-dependent

oxygenases including prolyl and aspariginyl hydroxilases, PHDs and FIH. References: Andrews!, De Domenico et al”), Braliou et al*”, Choi et al'™,
Nemeth®™ |, Pinto et al®, Pak et al'™”, Tanno et al'*"!, Lakhal et al®, Tamary et al®™ Silvestri et al™, Silvestri et al™, Miura et al™, Harrison-Findik'*®!.

through multiple mechanisms including increased EPO
or erythropoietic activity, increased iron demand or
liver hypoxiam]. Pinto ¢z a/”” found that EPO at high
concentration is able to inhibit hepcidin expression 7
vitro, via signalling through EPO receptor and C/EBPq
regulation. This finding contrasts with that previously
reported by Pak ef al™" who showed that hepcidin
regulation depended on erythropoietic activity and was
not directly mediated by anemia, tissue hypoxia, or EPO
in murine models and that secondary changes in plasma
and tissue iron would also be expected to contribute to
hepcidin regulation. The nature of the erythropoietic
regulator of hepcidin is still uncharacterised, but may
include one or more proteins released during active
erythropoiesis. Recent observations in thalassemia
patients has suggested that one of these regulators
could be the cytokine growth differentiation factor-15
(GDF15)*",

Hepcidin is suppressed in human cultured hepatoma
cells exposed to hypoxiam] but the physiological
relevance and the mechanisms of hepcidin regulation
by hypoxia ate still uncertain and conflicting. Hypoxia-
inducible factor (HIF)-1 and reactive oxygen species
(ROS) have been both implicated in hepcidin regulation
either directly or through modulation of 2-oxoglutarate-

[42-44]

dependent oxygenases, respectively’ .

1549 have recently

Studies 7z vitro and in vivo in animals
shown an alcohol-dependent decrease of hepcidin
expression possibly through ROS-induced down-
regulation of C/EBPa. Two other studies analysed the
effect of 7 d alcohol exposure in HFE KO mice and
results were discrepant, one showing an additive effect
of alcohol on hepcidin down—regulationw and the other
not™, There remains however a major discrepancy
between these experimental findings and the absence of
increased iron deposits in alcohol-fed animal models*
and clinical data in humans indicate a generally mild
effect of chronic alcohol consumption on iron stores

. . . . [50-53
even in patients with hemochromatosis”™ .

GDF15: GDF15 is a divergent member of the
transforming growth factor-f superfamily that is secreted
by erythroid precursors and other tissues. It has been
identified as an oxygen-regulated transcript responding
to hypoxia and as a molecule involved in hepcidin
regularionw’w. This is intriguing considering the strong
interaction between iron and oxygen and indicates that
some homeostatic systems for iron and oxygen are
responsive to both stimuli. Tanno ez @/ showed that
serum from thalassemia patients suppressed hepcidin
mRNA expression in primary human hepatocytes and
depletion of GDF15 reversed the hepcidin suppression.
They suggested that GDF15 overexpression arising from
an expanded erythroid compartment contributed iron
overload in thalassemia syndromes by inhibiting hepcidin
expression, possibly by antagonizing the BMP pathway.
Very high levels of serum GDF15 were also observed in
patients with congenital dyserythropoietic anemia type
1 (CDA 1) suggesting that GDF15 contributes to the
inappropriate suppression of hepcidin with subsequent
secondary hemochromatosis in these patients™. Very
recently Lakhal ez a/*" partially elucidated some of the
mechanisms regulating GDF15 and demonstrated robust
and sensitive up-regulation of GDF15 mRNA and
secreted protein in response to iron depletion in a range
of human cell lines and 7z vivo in humans. They also
demonstrated that this up-regulation was independent of
HIF providing support for the involvement of a novel
iron and oxygen-sensing pathway. Whether regulation of
GDF15 by intracellular iron provides a mechanism by
which intracellular iron might directly influence hepcidin
production is unclear and requires further analysis.

HIF, ROS and Oxygenases: Hypoxia is primarily
sensed in vertebrates by the HIF family of transcription
factors. Under normal conditions, hydroxylation of
HIF results in its recognition by the von-Hippel-
Lindau (VHL) ubiquitin ligase, which targets it for
degradation. In the absence of oxygen, HIF proteins
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are stabilized and function as transcription factors””

Mice with a liver-specific deletion of HIFla, even if
they are maintained on a low iron diet, show increased
hepcidin expression because they have an impaired
hypoxic response and cannot normally down-regulate
hepcidin gene transcription[44]. In contrast, mice with a
liver-specific deletion of the 174/ gene show extremely
low levels of hepcidin expression™. The same authors
showed that HIFla can bind to the mouse and
human HAMP promoter suggesting that HIF-family
members can directly and negatively regulate hepcidin
expression[()’w. Thus, the VHL/HIF pathway could be
an essential link between iron and oxygen homeostasis
and hepcidin regulation iz vivo that through coordinated
down-regulation of hepcidin and up-regulation of
erythropoietin and ferroportin, mobilizes iron to support
erythrocyte production. Conflicting data were, however,
obtained in hepatoma cell lines in which over-expression,
knockout and chromatin immunoprecipitation (Chip)
assays failed to demonstrate the involvement of HIF-1
in the regulation of hepcidin promoter™*, Choi et a/*
found that hypoxia-induced hepcidin suppression was
related to ROS levels which prevented the binding
of transcription factors, CCAAT/enhancer-binding
protein alpha (C/EBPaq) (a liver entiched transcription
factor that accounts for developmental changes in liver
metabolism after birth) and STAT-3, to the HAMP
promoter. More recently, Braliou ez al™ showed that
2-oxoglutarate-dependent oxygenases (which include
prolyl and asparagine hydroxylases, PHDs and FIH)
were important to maintain high hepcidin mRNA
expression in a HIF-1-independent manner These
enzymes depend on molecular oxygen, 2-oxoglutarate
and Fe’" and act on their main substrate HIF-1q, causing
its inactivation and degradation by protein hydroxylation.
Hypoxia and generation of ROS inhibit protein
hydroxylation and cause stabilization and activation of
HIF-10."". Braliou e# a/*” demonstrated that hypoxia and
chemical agents inhibiting the 2-oxoglutarate-dependent
oxygenases repress hepcidin expression in hepatoma cell
lines opening the way for further experimental studies
to identify downstream factors mediating hepcidin
regulation.

Soluble HJV: It has been shown that s-HJV can bind
BMP and function as a competitive antagonist of
m-H]JV, leading to decreased hepcidin expression™
and that chronic s-HJV injection in mice causes iron
overload™. Silvestri ez a/”” demonstrated that s-HJV
is the product of a furin cleavage at the C-terminus
of the protein that occurs mainly in the endoplasmic
reticulum and that it is up-regulated in conditions of
iron deficiency and hypoxia. They suggested that hypoxia
and iron deficiency activate furin to release s-HJV and
to rapidly reduce the amount of m-HJV, inhibiting
hepcidin production®™ ", These events may occur in
the same cells (hepatocytes) that produce hepcidin in
otder to suppress hepcidin up-regulation by an autocrine
mechanism.

Transmembrane serine protease 6: Recently, Du ¢7 2/
described mask, a recessive, chemically induced mutant
mouse phenotype, characterized by progressive loss of
body, but not facial, hair and microcytic anemia. The
mask phenotype results from reduced absorption of
dietary iron caused by high levels of hepcidin. High
Hamp mRNA levels were in fact observed in the liver of
mask homozygotes despite anemia, a finding consistent
with insensitivity to low iron stores and failure to
suppress hepcidin synthesis. A splicing defect was found
in the transmembrane serine protease 6 gene Twprss6
in the mask mutant. This gene is expressed in a limited
number of tissues, but the major site of expression is the
liver in both mice and humans. Du ¢ /™ demonstrated
that TMPRSSG6 cotransfection strongly inhibited Hamp
reporter gene activation by each stimulus (IL-1at, 1L-0,
BMP2-4-9) in HepG2 cells, whereas the wask mutant
version of TMPRSS6 showed a modest inhibitory
effect. This indicates that TMPRSS6-dependent pathway
predominates over all known Hamp-activating pathways
and that TMPRSS6-mediated Hamp suppression is
determinant for acquiring adequate iron uptake from
dietary sources. They hypothesized that TMPRSSG, also
known as matriptase-2, participates in a transmembrane
signalling pathway triggered by iron deficiency and
independent to the known Hamp activation pathways
and demonstrated that the proteolytic activity of
matriptase-2 is determinant to hepcidin suppression
activity. Recent experiments provided evidence that this
serine protease inhibits hepcidin by cleaving HJV from
the plasma membrane and has no cleavage activity on
s-HJV"™. The tissue-restricted, strong liver expression
of matriptase-2 is logical if we consider that its activity
responds to iron deficiency, in order to suppress the
mH]JV-BMPs pathway of hepcidin activation. The
authors suggest that the pathway may still be modulated
by s-HJV, further increasing the inhibition of hepcidin
transcription induced by matriptase-2 alone.

HEPCIDIN MEASUREMENT IN HUMAN
DISORDERS: PAST, PRESENT AND
FUTURE

Since the discovery of hepcidin and the demonstration
of its pivotal role in iron homeostasis, there has been a
substantial interest in developing a reliable assay of the
hormone in biological fluids. Measurement of hepcidin
in biological fluids can improve our understanding of
iron diseases and be a useful tool for diagnosis and
clinical management of these disorders. However, this
has proven to be a very challenging task.

Hepcidin assay in biological fluids

Inherent problems: The development of traditional
immunochemical methods based on the production of
specific anti-hepcidin antibodies has been hampered
by several factors, including: (1) the small size (25
amino acids) and the compact structure of the peptide,
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Figure 1 Typical mass spectra of human serum (A) and urine (B) samples by SELDI-TOF-MS in a control subject. In addition to hepcidin-25, two isoforms
truncated at the N-terminus are detectable. The 20 aa isoform is detectable in both urine and serum, while the 22 aa isoform is found only in urine.

with few antigenic epitopes; (2) the high degree of
conservation between animal species” ", with ensuing
difficulties in elicitation of an appropriate immune
response in host animals; (3) the limited availability
of the antigen. Indeed, the production of synthetic
hepcidin in its hairpin native conformation determined
by four disulfide bonds among the eight cysteine
residues (near one fourth of the molecular weight) s a
complex procedure, as well as the isolation of hepcidin
from urine'™. A further problem is represented by
hepcidin tendency to aggregate and to stick to laboratory
plastic tubes, necessitating the need for careful handling
and for standardized pre-analytical procedures.

“First generation” methods: Early after hepcidin
discovery, an ELISA kit able to detect serum pro-
hepcidin became commercially available! based on
an antibody recognizing an epitope outside the 25
amino acid sequence of the bioactive peptide. With few
exceptions, this assay generally failed to give clinically
useful information, since no correlation was reported
with iron status and/or absorption[(’4’65]. Most of the
human studies published so far have relied on an
immunodot assay for urinary hepcidin based on selective
extraction of the peptide from urine by cation-exchange
chromatography and its subsequent quantification by
chemiluminescence using rabbit anti-human hepcidin
primary antibodies®”. Although this method provided
very useful information on hepcidin regulation in human
diseases! "%
for relatively small series of patients. To circumvent
inherent limitations of immunochemical methods, several
research groups have focused on novel technologies,
particularly on Mass Spectrometry (MS)-based methods,
that rely on direct determination of the molecule of
interest without the need for specific antibodies. Among
these techniques, Surface-Enhanced Laser Desorption/
Tonization Time-Of-Flight Mass Spectrometry (SELDI-
TOF-MS) has emerged as a proteomic technique

, it was quite laborious, and suitable only

particularly promising for rapid direct detection of small
sized biomarkers'® like hepcidin. SELDI-TOF-MS
combines matrix assisted laser-desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) to
surface chromatography. Depending on their chemical
characteristics, peptides/proteins of interest are captured
by specific interactions with protein surfaces (“chip-
arrays”) that are used as a laser desorption ionization
target. After the enriching step, proteins that do not bind
to the surface are removed by a simple wash step, while
bound proteins are analyzed by MS. Good preliminary
results in hepcidin measurement were reported by several
groupspo’m. In particular, the SELDI-TOF-MS assay was
able to discriminate different clinical conditions on the
basis of the expected variations in hepcidin levels™™
and correlated well with the immunodot assay in head-
to-head comparison””. An important advantage of the
SELDI-TOF-MS technique is the potential to evaluate not
only the predominant 25 amino acid form, but also the
forms with two peptides shorter at the amino terminus, i.e.
hepcidin-22 and hepcidin-20 (Figure 1; also see below).
Nevertheless, an inherent limitation of first generation
SELDI-TOF-MS hepcidin assays (and in general, of
all MS-based methods) is that peak heights in mass
spectra do not always reflect absolute concentrations
in clinical samples, because of competition during
binding steps, and variations in ionisation efficiency.
This implies that results can be expressed only in semi-
quantitative arbitrary units, unless the use of a proper
internal standard is implemented. But this again is a
difficult task. Ideally, an internal standard is represented
by a synthetic hepcidin-related peptide with no overlap
with the endogenous peptide or other common peaks
in serum/urine mass spectra, so that it could be spiked
at known concentration to the clinical sample and co-
analysed. Quantification of endogenous peptide is
then obtained through the ratio internal standard:
endogenous peptide. Murphy ez a/™ first described a
MS-based quantitative assay for either human or mouse

www.wjgnet.com



Piperno A et a/. Hepcidin in human diseases 543
Method Reported normal range Intra-assay precision Internal standard Note LLOD? Reference
in serum (No. of controls) (CV") (%)
C-ELISA 29-254 ng/mL (males) 5-19 na Also used to quantify 5ng/mL Ganz", 2008
17-286 ng/mL (females) hepcidin in urine
(n=114)
Quantitative 9-45 ng/mL (males) 5.7-11.7 Des-Asp Hepcidin-24 Also used to quantify 3ng/mL Swinkels”, 2008
SELDI-TOF-MS 7-15 ng/mL (females) (deletion of aspartate hepcidin in urine
(n=23) residue at position 25)
Quantitative 50 ng/mL (average 8-9 Stable isotope labelled 10 ng/mL Ward", 2008
SELDI-TOF-MS in females) hepcidin (°C/"N
(n=24) phenylalanine at
position 9)
Micro-HPLC 1-19.5 ng/mL (males) 4.8-21 Stable isotope labelled 1ng/mL Kobold"™, 2008
tandem tandem 1-6.5 ng/mL (females) hepcidin (°C/"N
MS (n =10) isoleucines at position
6-8)
Liquid n.a 8.7-12.5 Stable isotope labelled ~ Only used in urine for n.a Bansal”, 2008
Cromatography hepcidin (°C/"N the moment
tandem MS glycines at position
12-20)
Hepcidin binding ~ 39-88 ng/mL <5 n.a. Potential for measuring ~ n.r. De Domenico!,
domain based test  (n = 40) true biologically active 2008

hepcidin (e.g. able to
bind ferroportin)

n.a.: Not applicable; n.r.: Not reported; 'Coefficient of variation. CV ranges refer to samples with different hepcidin concentrations. With all methods,

variations in repeated assays were higher at the lower hepcidin concentration; *Lower limit of detection.

hepcidin in serum using liquid chromatography tandem
MS (LC-MS/MS) and calcitonin gene-related peptide
(CGRP) as the internal standard. While a good accuracy
was reported, the suitability of CGRP as non-hepcidin
internal standard cannot be considered ideal because of
its differences from the endogenous peptide in terms of
mass, hydrophobicity, pI, and net charge!™.

Recent advances by “second generation” assays:
This year has witnessed substantial advances in
quantitative methods for hepcidin measurement in serum
and/or urine. A variety of different approaches have
been used by several research groups, summarized in
Table 2. One of the most innovative was described by
De Domenico ez /. They first identified the hepcidin
binding domain (HBD) on the ferroportin molecule, and
then synthesized a 19 amino acid corresponding peptide
(spanning from amino acids 324 through 343 of the
fourth extracellular loop of ferroportin). This peptide
was then used in a competitive assay, i.e. by determining
the ability of serum samples to compete with radioactive
hepcidin for binding to the HBD peptide. In mice with
targeted deletions of either HAMP or HFE gene, serum
hepcidin measured by this method was found to vary as
expected, as it did in a small group of healthy volunteers.
This assay looks promising as an effective measure
of true biologically active hepcidin, but needs further
validation.

Ganz et al™® were successful in obtaining sufficient
amount of anti-hepcidin antibody to develop the first
competitive enzyme-linked immunoassay (C-ELISA)
for human hepcidin in a simple format (96-well plates)
applicable to a relatively large series of patients. On the

other hand, Swinkels e a/"" reported good quantification
of hepcidin in both serum and urine updating the
SELDI-TOF-MS protocol with the use of a proper
internal standard clearly distinguishable from the
endogenous peptide, i.e. a synthetic hepcidin-24 lacking
the amino-terminal asparagine residue. Moreover,
other groups working on MS-based methods reported
reliable hepcidin quantification using stable isotope
labelled 25 amino acid peptides with masses different
from endogenous hepcidin because of the introduction
of 13C/15N at different amino acid positions[75’78’79].
Interestingly, the C-ELISA and the updated SELDI-
TOF-MS protocol were used to measure hepcidin
in series of serum/urine pair samples from healthy
donors""", yielding quite similar results in terms
of fractional excretion of the peptide (3%-5%). A
preliminary direct head-to-head comparison of these
two methods in split serum samples from the same
individuals showed a high degree of correlation
(Spearman’s rho up to 0.94; (Girelli D, unpublished
observation)). Moreover, similar comparative analyses in
rigorously selected healthy subjects without any potential
confounder of iron status (e.g subclinical inflammation
or iron depletion) showed that the two methods were
almost equally effective in reflecting the expected subtle
physiologic variations of serum hepcidin as a function of
established indices of body iron stores, with Spearman’s
rho ranging from 0.7 to 0.8 (Girelli D, unpublished
observation). In perspective, the two methods may be
of complementary implementation in clinical and/or
research setting. SELDI-TOF-MS has the disadvantage
of relying on relatively expensive equipment and the
need of dedicated skilled personnel. On the other
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hand, it has the positive advantage of being able to
detect the two isoforms truncated at the N-terminus,
i.e. hepcidin-22 and hepcidin-20. At present, the actual
biological significance of these post-translational
modifications is uncertain. Studies by Nemeth ¢z a/”' have
demonstrated that the five N-terminal amino acids are
essential for the interaction with ferroportin, and thus
for modulation of iron homeostasis. On the other hand,
the 20 amino acid isoform has been demonstrated to
possess greater antimicrobial activity than hepcidin—ZS“’ﬁzJ.
Thus, the smaller forms may not simply reflect the
catabolism of the “iron active” hepcidin-25 as postulated
by some authors™, but rather the generation of more
potent defensins with antimicrobial peptides'’. Further
studies are needed in this direction, as it appears that we
are just starting to know the complex role of hepcidin at
the crossroads between iron homeostasis and infectious/
inflammatory conditions.

In contrast, the C-ELISA method has the potential
for a more widespread diffusion into clinical/hospital
settings, since it does not need any specific equipment.
However, the specificity of the antibody used with
respect to various hepcidin isoforms remains to be
verified.

Hepcidin in human diseases

Until recently, most of the studies of hepcidin in
humans have relied on a human urinary hepcidin
assay and on comparisons between patients and small
groups of normal subjects without distinction between
gender and age, all factors that might influence hepcidin
concentrations. Very recently, Ganz ez al’ reported
data on 114 healthy subjects, showing that the medians
of hepcidin concentrations, measured by C-ELISA,
significantly differed between men and women (112 and
65 ng/mlL, respectively), likely due to difference in iron
stores. They also showed a trend for age-related increase
in serum hepcidin in both genders needing further
confirm, and that there was a direct correlation between
serum hepcidin and ferritin concentrations within the
range of normality for ferritin.

Iron overload: In most cases iron overload results
from inadequate hepcidin production relative to body

78 However, the causes that lead to

iron stores
reduced hepcidin production are different and include:
hereditary defects that distupt one or another protein
involved in the normal pathway of positive regulation
of hepcidin transcription (HFE, TfR2, HJV) and
hepcidin itself; hereditary defects of proteins involved
in iron transport (hypo-transferrinemia); ineffective
erythropoiesis leading to increased and endless iron need
by the erythroid marrow independent of iron stotes (iron
loading anemias)™. Exceptions are the iron overload due
to hereditary defects of ferroportin, in which urinary
hepcidin was found to be variably increased”™* and
pure transfusional iron overload in which the increased
iron stores stimulate hepatic hepcidin production and

can reach into the thousand of ng/mg creatinine™. In
both these conditions, however, the cases tested are few
and not homogeneous, and results need confirmation.
There are no available data on aceruloplasminemia.

Hemochromatosis: Based on the current knowledge
of the pathophysiological mechanisms of hepcidin
regulation and on hepcidin measurement at either
protein or mRNA level, hemochromatosis (HH) can
be divided into two groups: primary iron overload
disorders associated with defective or suppressed HAMP
expression and ferroportin diseases.

The first group includes HH type 1, 2 and 3, which
are determined by defects in four different genes (HFE,
T/R2, H]1” and HAMP). Since all these proteins are
involved in the same pathway, the physiopathological
mechanism leading to iron overload in all these forms
of HH depends on absent or defective synthesis, or the
inability to up-regulate hepcidin production appropriately
in response to increased iron stores™™'". This in turn
induces increased iron absorption in the plasma which
exceeds the binding capacity of transferrin, causing
the production of non-transferrin-bound iron and the
accumulation of iron in parenchymal tissues. Thus,
the differences among these forms of primary iron
overload is quantitative (the amount of iron overload
and the severity of iron-related damage), rather than
qualitative (similar alterations of serum iron indices,
similar iron distribution in the liver, same targets of iron
deposition and damage). It can be hypothesised that the
more important a defective protein is in the regulatory
pathway of hepcidin transcription, the stronger is its
suppression and the higher is the rate and amount of
iron accumulation and, consequently, the severity of
iron-related damage. In fact, in juvenile hemochomatosis
(JH), hepcidin concentrations are lower than in adult
forms of hemochromatosis, despite massive iron
overload"”. Figure 2 shows the concentration of urinary
hepcidin measured by the same method in different
forms of HH derived from personal and unpublished
observations and on available data in the literature. For
HFE-related HH patients we report only data collected
at baseline. For the rare forms of HH, the available data
on hepcidin are very limited in number and in most of
these patients hepcidin measurement was not done at
baseline. Thus, we took care, as far as possible, to select
those still not fully iron depleted and sampled some time
from phlebotomies, to limit the effect of phlebotomy-
induced erythropoiesis and iron depletion on hepcidin
synthesis.

Due to the higher prevalence of HFE-related HH,
most of the data available on hepcidin measurements
concern this form of HH. At diagnosis, when C282Y
homozygous patients are iron overloaded, hepcidin
values either at mRNA, urine or serum levels are only
slightly lower than in controls™*"**"
in only one study hepcidin was measured also in the
C282Y/HG63D genotype, showing that it was higher

. Interestingly,
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Figure 2 Mean (SE) values of urinary hepcidin (U-hepc), measured as
described®, in patients with different forms of hemochromatosis (A)
and in patients with thalassemia major and intermedia (B) compared with
healthy controls. Data collected from personal unpublished results and from
Barisani et a*”, Cremonesi et af*?, Kattamis et af®”, Matthes et af"*, Nemeth
et al"® Origa et af*", Papanikolau et af"™", Papanikolau et af"®, Piperno et af*”.
(P < 0.05: Controls vs C282Y +/+) (P < 0.01: Controls vs others; C282Y +/+
vs C282Y/H63D, HJV and Fp; HJV vs Fp; Thalassemia Major vs Intermedia).
Statistical analysis was not performed for TFR2 and HAMP due to the small
number of patients.

than in controls at diagnosis[zm. In both genotypes,

however, the hepcidin/ferritin ratio (a derived
parameter used to normalize hepcidin levels by the
amount of iron overload) was significantly lower than
in controls™. When analysed after iron depletion,
patients of both genotypes, even at a time remote from
the last phlebotomy, showed hepcidin concentrations
significantly lower than that observed in iron overloaded
patients and in controls. These findings allowed two
considerations to be made: first, assuming that after
normalization of iron stores HH patients return to their
inborn status, van Dijk ¢ /") concluded that hepcidin
levels are innately low in HFE-HH; second, that patients
with HFE-HH can modulate, although inappropriately,
the chronic hepcidin increase in response to iron
stores™. This impairment is less evident when the
defect is mild as observed in patients with the C282Y/
Ho63D genotype[zm. Based on the evidence that genetic
background influences iron overload in HFE knockout
mice and on recent findings in humans showing that
some polymorphisms in the BMPs/SMAD4 signalling
cascade can influence the iron phenotype in C282Y

hornozygotes[%], it can be hypothesised that phenotype

variability in HFE-HH depends on the whole effect
of major disease locus (HFE) together with genetic
polymorphisms and modifiers on hepcidin production
that can protect or aggravate the effect of the defective
protein. Acquired factors may contribute to phenotype
variability through modulation of hepcidin production
in HFE-HH"™, but no data are available yet.

Recently, we demonstrated that in contrast to
healthy subjects, hepcidin response after acute oral iron
challenge was blunted in most patients with HFE-HH
at diagnosis and after iron depletionm. This supports
a role of HFE in the iron-sensing pathways regulating
hepcidin synthesis. Interestingly, we also found a blunted
response to acute oral iron challenge in a severe iron
ovetloaded patient affected by type 3 HH due to a novel
splicing defect of TFR2 (Pelucchi et al, Haematologica in
press). Although this single observation needs caution, it
provides the first evidence 7 vivo, in humans, that TFR2
may act as a sensor of serum iron levels to modulate
hepcidin production*”,

A handful of data is available for ferroportin disease
(type 4 hemochromatosis) and these data are reported
in Figure 2. The high concentration of urinary hepcidin
has been ascribed to response to iron ovetload, but also
to “hepcidin resistance” that may vary according to
different mutations of ferroportin. However, there are
not enough data to define how hepcidin is regulated in
the two different forms of ferroportin disease (types A
and B) and if hepcidin measurement can be of some
help in distinguishing one type from the other.

Iron loading anemias: The erythroid regulator exerts a
negative effect on hepcidin production that overwhelms
the store regulator as shown by the marked iron overload
which develops in hypotransferrinemia and iron loading
anemias’ .

Thalassemia intermedia and thalassemia major are
the best studied human models of hepcidin modulation
by ineffective erythropoiesis alone and the combined
and opposite effect of both ineffective erythropoiesis
and transfusion dependent iron overload, respectively.
Regular transfusions, in fact, induce a huge tissue iron
accumulation, but also inhibit erythropoietic drive. As
shown in Figure 2, hepcidin levels are markedly reduced
in thalassemia intermedia, due to the erythropoietic drive
and despite systemic tissue iron overload”™”". Similar
results were observed in not transfused hereditary
diserythropoietic and acquired sideroblastic anemias'"”
that share common pathogenetic mechanisms of iron
overload with thalassemia intermedia®”. In thalassemia
major, hepcidin production is higher than in thalassemia
intermedia although still inappropriate to the massive
transfusional iron loading that partially counteracts the
erythropoietic-dependent hepcidin down—regulationm%].
However, there is a large variability in thalassemia
major probably dependent on several factors that might
influence hepcidin production: time of transfusion’”,
iron chelation therapy, amount of iron overload.
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Very few data are presently available for other iron
loading anemias that share pathogenetic mechanisms
of iron overload with thalassemic syndromes, such
as sideroblastic and congenital dyserythropoietic
anemias. As expected, hepcidin either at mRNA level
in the liver or at protein level in the urine was found
to be suppressed despite marked iron overload"”.
There are scanty and discrepant results in sickle cell
disease where iron status and hepcidin regulation are
influenced by various factors that may act in opposite
directions: anemia and hypoxia that lead to suppression
of hepcidin production, transfusional iron overload
and inflammation that stimulate hepcidin synthesis by
different pathways”"".,

Due to the ratity of congenital hypo-transferrinemia
in humans, most data on hepcidin regulation comes from
studies in hypotransferrinemic mice which recapitulate
the human disorder, showing very low hepatic mRNA
levels that support the notion of a dominant erythroid
signal in hepcidin regulation and the importance of low
hepcidin levels in the development of iron overload” .
There is a single study in a child with congenital hypo-
transferrinemia which describes the modulation of
urinary hepcidin during plasma transfusions””. The
study suggests that hepcidin production is regulated by
the balance between iron requirements of the erythroid
marrow and iron supply by transferrin, in agreement
with the concept that iron supply to the erythron is the
most important factor influencing iron absorption and

. 36,96
iron release from stores” ",

Transfusional iron overload: The majority of studies
relate to thalassemic patients in which ineffective
erythropoiesis and transfusions frequently cooperate
to produce iron overload and induce opposite effects
on hepcidin transcription as extensively described. In
contrast, very few and sometimes contradictory data
are available for patients with pure transfusional iron
overload. Nemeth ez a/*" showed that hepcidin can
reach into the thousands of ng/mg creatinine in two
polytransfused patients with myelodysplastic syndrome
(MDS), suggesting that the ranges of variation for
urinary hepcidin and serum ferritin induced by iron
overload are actually very similar. A recent study in
20 patients with MDS and myelofibrosis reported
different results, mostly suggesting suppression rather
than induction of hepcidin synthesis””. However, the
group was not homogeneous and included patients with
different MDS subtypes and alterations of iron status
such as iron deficiency, iron overload secondary to
transfusions or ineffective erythropoiesis. Overall, these
findings indicate that the causes of hepcidin down-
regulation in patients with MDS and myelofibrosis are
much more heterogeneous than in thalassemia and need

to be defined in more selected series””

Other acquired iron overload disorders: Preliminary
data are available for some common chronic liver
diseases frequently associated with slight to moderate

iron overload. Aoki ez a/””" measured hepatic mRNA
expression in patients with chronic hepatitis C showing
that hepcidin expression did not correlate with markers
of inflammation, but correlated with hepatic iron
stores, suggesting that iron overload in chronic hepatitis
C is not due to inappropriate hepcidin production.
In contrast, Fujita ez al™™ found that patients with
chronic hepatitis C had serum hepcidin-to-ferritin ratios
significantly lower than HCV negative controls and that
this relative impairment of hepcidin production was fully
reversible after successful HCV eradication by PEG-
IFN plus ribavirin. The hypothesis that HCV might
suppress hepcidin expression is also supported by recent
experiments in HCV replicon cells and in HCV core-
expressing Huh7 cells. Miura e a/""" found that hepcidin
expression was inversely correlated with the amount
of reactive oxygen species (ROS) production and that
HCV-induced oxidative stress caused hypoacetylation of
histones and inhibited binding of two positive regulators
(C/EBPa and STAT3) of hepcidin transcription.
Interestingly, anti-oxidants restored hepcidin expression
in these cell lines and reduced HDAC activity in a
dose-dependent manner. Hepatic hepcidin mRNA
expression correlated with hepatic iron in advanced
chronic liver disease and may also be affected by
hepatic dysfunction'™. A reduced hepcidin synthesis
indeed might be one of the mechanisms leading to iron
ovetload in advanced liver disease of any origin, but no
further studies have clarified this issue.

Increased hepatic iron deposits have been frequently
described in association with obesity and alterations
of lipid or glucose metabolism, insulin resistance and
non-alcoholic fatty liver (NAFLD) and vatiably named
dysmetabolic or insulin-resistance hepatic iron overload
syndrome (IR-HIO). Urinary hepcidin levels, although
inappropriate for the iron overload, were indeed
significantly higher in patients with dysmetabolic iron
overload than in controls®”. This finding has been also
confirmed by others, as recently reviewed by Deugnier
et al®, Hepcidin resistance or increased extra-hepatic
production have been hypothesisedw’w] to explain these
findings. Another explanation is that IR-HIO might
be the result of an association of a mild-moderate,
maybe polygenic, defect of hepcidin production and
insulin resistance or metabolic syndrome (MS). These
patients may retain some ability to increase hepcidin
production in response to iron load as observed in
subjects carrying the low expressing C282Y/H63D HFE
genotype™. In TR-HIO patients, NAFLD and MS might
induce hepcidin production through cytokine-mediated
pathways'"? leading to the typical phenotype'"™.
Further studies are needed to clarify this issue and the
role of dysmetabolism in dysregulating iron regulatory
pathways.

Iron deficiency: Urinary hepcidin levels were
undetectable or low in patients with iron deficiency
anemia ™ in agreement with the suppressive effect of
deficient iron stores and iron deficient erythropoiesis

www.wjgnet.com



Piperno A et a/. Hepcidin in human diseases

547

on hepcidin production. Very recently, the TMPRSS6
gene has been identified as the hepcidin negative
regulator required to sense low iron stores' . TMPRSS6
mutations cause the rare iron-refractory iron deficiency
anemia (IRIDA)"*>'" and, in accordance with the
suppressive effect of TMPRSS6 protein on hepcidin
production, IRIDA patients show inappropriately
elevated urinary hepcidin levels. This may explain the
failure to absorb dietary iron despite systemic iron
deficiency as well as the partial failure to respond to
parenteral iron, which must be processed and then
released by macrophages before being driven to the

. 105,106
erythroid marrow! ™",

EXTRA-HEPATIC PRODUCTION OF
HEPCIDIN

Although the liver is the main site of hepcidin synthesis,
recent studies demonstrated the presence of measurable
amounts of hepcidin mRNA and protein in cells
and tissues other than liver in humans and animals:
heart, kidney, retina, monocytes and macrophages,
splenocyte and alveolar cells, adipocytes and pancreatic
B—cells[m’m’m]. In all these tissues the basal expression
rate of hepcidin is lower than in the liver, suggesting a
local role for hepcidin regulating iron homeostasis in
these organs and tissues in an autocrine and paracrine
fashion. On the other hand, it has been hypothesised
that pancreatic hepcidin may contribute to the systemic
hepcidin pool since it is exclusively synthesized by B-cells
that secrete their product into the blood""™. Nonetheless,
this seems unlikely since expression of hepcidin in the
pancreas is lower than in the liver and B-cells represent
only a small portion of the total pancreatic parenchyma,
in contrast to hepatocytes.

A major limitation of these studies is that they
analysed hepcidin expression in response to only one
of the major hepcidin regulators (iron, inflammation or
hypoxia). In addition, only few evaluated the coupled
modifications of hepcidin and ferroportin expression in
response to such stimuli. There is emerging evidence, in
fact, that hepcidin and its molecular target ferroportin may
be expressed in the same cells, suggesting that ferroportin
may be regulated by hepcidin generated within these cells
independent of hepcidin in the circulation!™" >,

Most studies showed that hepcidin responds to an
acute phase reaction caused by either LPS, turpentine,
group A Streptococeus strain ot Pseudomonas aernginosa. They
can induce a 20-80 fold increase of hepcidin expression
in murine macrophages, splenocytes and retinal cells by a
Toll-like receptor 4 (TLR-4) dependent pathway“m’m’mj,
and in human monocytes via 1L.-6 induction, which is
TLR-4 independent and involves STAT-3 dependent
activation ', Tt is suggested that formation of hepcidin
may locally contribute to the development of iron
retention as part of the innate defensive mechanism
generally aimed at reducing the availability of the
essential nutrient iron from pathogens. This may be

important for tissues such as the retina and the brain,
which are protected by blood barriers or at inflammatory
sites with poor perfusion where circulating hepcidin is
scanty. In particular, it has been proposed that hepcidin
formation by activated monocytes/macrophages
may result in biologically significant accumulation
of this peptide in the inflammatory environment!'¥,
Hepcidin produced by monocytes targets membrane
bound ferroportin primarily as a secreted peptide in an
autocrine way, but hepcidin also affects, although to a
much lesser extent, ferroportin expression within the
cell, suggesting two pathways of hepcidin trafficking
within macrophages.

Further studies are needed to understand the
function of hepcidin in extrahepatic tissues and to
evaluate possible influences at the systemic level. In
fact, it has been hypothesised that in massively obese
patients hepcidin production by adipocytes might
contribute to the development of iron deficiency anemia
in some patientsmz]. Other authors, based on the co-
localization of hepcidin with insulin-storing secretory
granules, suggested that regulation of iron and glucose
metabolism are distinctly coupled at the pancreatic level
by the co-release of insulin and hepcidin"".

CONCLUSIONS

Despite these recent important advances, much work
still needs to be done. For example, the presence in
blood of pro-hepcidin at concentrations greater than
the iron active peptide remains puzzling. Huang ez al'™
recently suggested that pro-hepcidin conversion into
hepcidin may occur in the circulation as part of an iron-
dependent regulation at the post-translational level,
but this needs to be confirmed in larger studies. Other
issues to be clatified are fluctuations of hepcidin related
to circadian rhythm and/or meals">!
hepcidin quantification can give information that might
be complementary to single point serum measurement,
similar to many other hormones. Since hepcidin is
directly implicated in the regulation of iron homeostasis,
its measurement might turn out to be a useful tool in
the differential diagnosis of iron overload disorders
and iron deficiency. The definition of the biological
value of the hepcidin/ferritin ratio will be important to
understand the appropriateness of hepcidin production
in the clinical setting. Similarly the response of hepcidin
to oral iron might prove to be a useful test to evaluate
iron absorption in iron deficiency and the iron-sensing
pathway in iron overload and in targeting phlebotomy
treatment in patients with hemochromatosis™”. Finally,
of special importance are collaborative studies among
various laboratories aimed at comparing the analytical
performance of different methods, as well as for
promoting standardization of hepcidin assay. In this
regard, the results of the ongoing first international
round robin for quantification of urinary and plasma
hepcidin (Kroot et al, Blood Suppl. in press) are eagerly

awaited.

, and if urinary
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