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There are numerous blood-based biomarkers for assessing iron stores, but all come with certain

limitations. Hepcidin is a hormone primarily produced in the liver that has been proposed as the ‘master
regulator’ of dietary uptake and iron metabolism, and has enormous potential to provide a real time’
indicator of body iron levels. In this Minireview, the biochemical function of hepcidin in regulating iron
levels will be discussed, with a specific focus on how hepcidin can aid in the assessment of iron stores
and clinical diagnosis of iron deficiency, iron deficiency anaemia and other iron-related disorders. The
role hepcidin itself plays in diseases of iron metabolism will be examined, and current efforts to translate

Received 20th February 2017,
Accepted 25th April 2017

hepcidin assays into the clinic will be critically appraised. Potential limitations of hepcidin as a marker of
iron need will also be addressed, as well as the development of new therapies that directly target the
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Introduction

Human hepcidin is a 25-amino acid hormone that is believed to
be the body’s primary regulator of iron metabolism." The
peptide was independently discovered by two groups in 20007
and 2001, both of whom were studying antimicrobial peptides
in human body fluids. As its name suggests, hepcidin is
primarily synthesised in hepatocytes, though other tissue types
have been shown to produce the peptide in smaller amounts.*

The direct influence of hepcidin on circulating iron levels
has led to significant interest in developing clinical assays for
the hormone as a biomarker of iron stores. In this Minireview,
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hormone that sits atop the hierarchy of systemic iron metabolism.

the current status of hepcidin as a marker of body iron need
will be critically appraised with respect to our understanding
of hepcidin and its interactions with other iron regulatory
proteins, diseases involving impaired hepcidin function, the
opportunities and limitations of analytical methods for hepcidin
detection, and potential confounding factors that could hamper
interpretation of hepcidin levels and its effect on iron metabolism.
With this in mind, hepcidin still has enormous potential as
an indicator of iron need in ‘real time’, and will certainly
complement the common panel of iron-associated factors used
in routine pathology.

Hepcidin and iron regulation

Initial efforts to identify the gene encoding hepcidin culminated in
animal studies that revealed mice lacking upstream stimulatory
factor 2 (USF2) exhibited tissue iron overload.” This lead to the
discovery that the downstream HAMP gene, which was silenced by
USF2 knockout, was responsible for encoding hepcidin.® Mice
possess two HAMP orthologs: HAMP1 and HAMP2, although the
role of HAMP2 in regulating iron levels is less well defined.”
Upregulation of human HAMP in the liver increases hepcidin
expression, which acts to inhibit iron efflux from cells via the
transmembrane export protein ferroportin (Fpn). Hepcidin binds
to Fpn on the outer cell membrane, internalising the protein and
promoting its degradation by lysosomal-associated membrane
protein 1.% Endocytosis of the hepcidin-Fpn couple is dependent
on ubiquitination of Fpn on the cytoplasmic side of the cell
membrane,” which recently supplanted the previous suggested
mechanism of internalisation that was reliant on phosphorylation
of Y302/Y303 residues by Janus kinase 2 (Jak2).'® This can have the
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effect of limiting dietary iron intake by blocking export of iron
from enterocytes; preventing release of iron liberated from
erythrocytes in macrophages; or restricting the release of iron
from the significant reservoir stored in the liver."" Thus, expression
of hepcidin can have profound and varied effects on systemic
iron metabolism, promoting iron retention within cells whilst
simultaneously decreasing circulating iron levels.

HAMP transcription is primarily influenced by two pathways:
the bone morphogenetic protein (BMP)-SMAD pathway that
directly regulates iron metabolism; and a separate pathway
regulated by inflammation (see below). Additionally, intra-
cellular BMP-SMAD signalling may also be influenced by iron
sensing by transferrin receptors 1 and 2 (TfR1; TfR2). Working
backwards and focusing on BMP-SMAD (which involves the
SMAD1, 5 and 8 proteins), this pathway relies on the ability for
intra- and extracellular iron levels to be monitored and relayed
to hepatocytes, inducing expression of hepcidin when the feed-
back loop is reporting iron-replete conditions. SMAD signalling
is regulated by SMAD anchor molecules, which interact with
SMAD proteins to induce phosphorylation and increased HAMP
transcription, such as the recently identified SMAD anchor
endofin.” These anchor molecules on the inner membrane of
hepatocytes stabilise SMAD, which is phosphorylated by a
complex of BMP receptors 1 and 2, both trans-membrane
proteins with extracellular domains that can be both activated
or inhibited.”® Genetic deletion of BMP receptor 1 effectively
blocks hepcidin expression, leading to systemic iron overload.**

In the case of BMP receptor complexes, the repulsive guidance
molecule hemojuvelin (also known as RGMC or HFE2) forms a
structural bridge between BMPs and neogenin-1,"” to produce an
active signalling complex,'® which promotes hepcidin expression
via the SMAD pathway. Neogenin-1 itself can inhibit hemojuvelin
expression,"” thereby having its own unique impact on iron
metabolism. Neogenins are not exclusive iron-regulatory molecules;
their interactions with BMPs are a key component of cell
differentiation'® and their overexpression can inhibit tumour
growth, making them a potential diagnostic and therapeutic
target for some cancers.'® Tissue iron load can also influence
hepcidin levels via the BMP-SMAD signalling pathway, with
endothelial cells secreting BMP6 that acts on hepatocyte
BMP receptors to regulate hepcidin expression.* There is also
evidence of a sexual dimorphism related to hepcidin expression,
as testosterone indirectly decreases HAMP transcription via
promotion of epidermal growth factor receptor (EGFR).>"

Hepcidin is also mediated to some degree by proprotein
convertases, most notably furin, which cleaves membrane-bound
hemojuvelin and releases it as a soluble molecule able to form a
ligand with BMP receptors, though this likely is of relevance to
hepcidin expression only in the liver (see below), where neogenin
is essential for furin-mediated cleavage of hemojuvelin and its
interaction with BMP receptors on the cell surface.*® Furin itself
is upregulated in iron-deficient and hypoxic conditions,** high-
lighting how multiple pathways are intertwined with regard to
hepcidin expression.

Recent evidence has suggested that hemojuvelin expression
is not essential for iron sensing, supporting a system with
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multiple redundancy mechanisms in place to regulate systemic
iron levels separate to BMP receptor signalling. Mice with the
HJjV gene ablated demonstrated systemic iron overload with
high levels of transferrin (Tf) saturation, regardless of dietary
iron intake, although deposition of iron within the liver was
proportional to dietary exposure, and hepcidin mRNA expression
responded to changing dietary iron levels, and the BMP-SMAD
signalling pathway was preserved, albeit at reduced levels.>"
Outside of the liver, hemojuvelin is also expressed at high levels
in skeletal muscle, although conditional knockout of HJV in
mouse muscle tissue showed no measurable effect on either
hepcidin expression nor systemic iron levels.*®

Thus, activation of the BMP-SMAD pathway can also be
induced by sensing of systemic iron levels via interactions
between holo-Tf and TfR1 and 2, independent of the BMP
receptor complex, although the precise mechanism by which
this occurs remains unclear. It is suggested that the hereditary
haemochromatosis protein (HFE), which interacts with TfR1
during periods of low circulating iron levels, is displaced as
holo-Tf levels rise.>® The HFE protein then interacts with TfR2,%”
activating the ERK/MAPK pathway that is proposed to promote
hepcidin expression via SMAD signalling or an independent,
as-yet undiscovered pathway.”® Whether extracellular binding of
Tf to TfR1 and TfR2 is relayed to BMP receptor ligands, or if iron
sensing by TfR1 and 2 is even related to these cell surface
receptors remains unclear,” as is whether the ERK/MAPK path-
way participates in SMAD signalling.*®

Separate to systemic iron levels, hepcidin expression can
also be driven by erythropoietic signals.”® Growth differentiation
factor 15 (GDF15)*" and twisted gastrulation 1 (TWSG1)** are both
erythroblast-expressed proteins that suppress hepcidin expression
by acting on the BMP/SMAD pathway. GDF15 is of particular
interest, as expression is increased in f-thalassemia patients and
correlates with serum ferritin levels.>® Erythropoietin (EPO)
stimulates the release of the hormone erythroferrone (EFRE)
from bone marrow and the spleen, which reduces hepcidin
synthesis.** B-Thalassemia patients have abnormal erythropoietic
activity, requiring regular transfusions that can lead to iron
overload. In transfusion-dependent thalassemia patients, both
erythropoiesis and GDF15 expression are decreased,* high-
lighting the importance of this protein in hepcidin, and thereby
iron, regulation. Mutation to transmembrane serine protease 6
(TMPRSS6; also known as matripase-2) can cause pathological
activation of the BMP/SMAD signalling pathway, resulting in
iron retention and increased EPO levels, even in cases of severe
iron deficiency.*® The precise mechanism by which matripase-2
influences BMP/SMAD signalling is still the subject of some
contention; a recent report linked matripase-2 activity to EPO-
induced expression of EFRE,”” while another suggested that
matripase-2 and EFRE affect hepcidin expression independent
of one another.*®

An emerging model involving TfR1 is also suggested to play
a role in erythropoietic regulation of hepcidin expression, as
TfR1 levels are high on the surface of erythroblasts to meet the
demand for iron. Mice haploinsufficient for TfR1 compensate
by increasing erythroblast numbers, resulting in equivalent
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soluble TfR1 levels in serum compared to controls. When
TFR1"~ bone marrow cells were implanted in wild-type animals
to examine the specific effects of erythroid signalling on hepcidin
levels, iron-mediated erythropoiesis was restricted and hepcidin
levels increased, suggesting that TfR1 regulated hepcidin expression
in a manner independent of EFRE and GDF15.*

Inflammation also induces hepcidin expression via inter-
leukin inflammatory cytokines, leading to internalisation and
degradation of Fpn and inhibition of iron export necessary for
erythropoiesis, which can lead to anaemia of chronic disease
(also known as anaemia of inflammation). Interleukin-6 (IL-6)
activates the IL-6/Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) pathway® that directly regulates
the inflammation response of the hormone and indirectly promotes
BMP-mediated transcription of hepcidin.®>*® Since IL-6 was
identified as playing a role in hepcidin expression, other inflam-
matory cytokines have been studied, with IL-10,*' IL-1** and 11-22*
identified as promotors of hepcidin expression, and conflicting
evidence regarding IL-10,** which appears to have a cell-specific
response within primary macrophages.**

In addition to iron sensing, erythropoiesis and inflammation,
all of which are intrinsically linked to iron metabolism, hepcidin
expression is also regulated by hypoxia. There is some contention
as to whether hepcidin expression is directly mediated by the
well-characterised hypoxia-inducible factor (HIF) 1o and 2o path-
ways, or via a more indirect route regulated by erythropoiesis.*
Hypoxic patients have decreased circulating hepcidin levels.*®
In vitro studies in hepatoma cells showed neither HIFlo or
HIF20 influenced hepcidin expression, nor did it influence TfR1
expression.”” Human subjects native to high altitude environments
(>4000 m above sea level) suffering chronic mountain sickness
assessed for markers of hepcidin regulation (e.g. EPO, soluble TfR1,
GDF-15 etc.) showed that only EPO was associated with hepcidin
expression in cases of hypoxia,*® supporting a erythropoiesis-driven
mechanism of iron regulation as opposed to direct effects of oxygen
depletion. This paradigm is further reinforced by the identification
that platelet derived growth factor (PDGF) BB inhibits hepcidin
expression in extreme hypoxic conditions via downregulating cAMP
response element-binding protein (CREB) transcription.*® The
identification of CREB-mediated hepcidin expression presents yet
another independent pathway by which iron levels are regulated in
response to a physiological stress.

The major downstream effect of increased hepcidin expression
is reduced Tf saturation levels, as a reduction in transit of iron
from within cells through Fpn limits the amount of iron available
for loading onto the two binding sites of Tf. Consequently, delivery
of iron to tissue is reduced, with less iron-laden Tf available for
import into the cell via TfR1-mediated endocytosis. It is somewhat
ironic that hepcidin does indeed exhibit antimicrobial properties,
as its original discoverers were searching for, though its mecha-
nism of action is more likely an indirect result of lower circulating
iron suppressing iron-dependent bacterial proliferation, as
opposed to direct cysteine-mediated permeabilisation of micro-
bial cytoplasmic membranes®® (hepcidin’s amino acid sequence
contains eight cysteine residues’"). Hepcidin-null mice exposed
to high iron levels are extremely susceptible to bacterial infection,
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showing a 100% mortality rate when inoculated with siderophilic
Yersinia enterocolitica and Vibrio vulnificus, which can be prevented
or limited by exogenous delivery of a hepcidin analogue.>®

The rate of Tf turnover in plasma is shorter than that of
erythrocytes (Tf half-life is approximately 9 days®?), though the
protein undergoes cycling between holo- and apo-states more
than 10 times per day, thus cycling around 30 mg of iron.”*
After delivering iron to a cell via pH-induced release and
reduction of bound ferric (Fe*") iron to the ferrous (Fe>*) state
within the endosome by six transmembrane epithelial antigen
of the prostate-3 (STEAP3),>* which then passes through divalent
metal transporter-1 (DMT1), Tf is expelled from the cell by
undocking from TfR1 and returning to the circulation. Now,
Tf is free to accept non-Tf bound iron (NTBI), loaded onto the
glycoprotein by the circulating a multi-copper ferroxidase
ceruloplasmin (Cp),>® thereby completing the feedback loop
when iron bound to Tf again interacts with TfR1/2 on the
surface of hepatocytes, initiating the cellular events that lead
to hepcidin expression by HAMP.

One important aspect of hepcidin activity when describing it
as a ‘master regulator’ of iron metabolism that should be
considered is how the hormone also regulates dietary intake.
As mentioned above, Fpn expressed in duodenal enterocytes
facilitates the export of inorganic dietary iron into the circulatory
system, which is oxidised by the membrane-bound ferroxidase
hephaestin; and hepcidin-induced inhibition has the expected
effect of lowering absorption by internalising Fpn. Approximately
40% of absorbed dietary iron is haem-based,”” which crosses the
brush-border via the haem carrier protein-1 (HCP1).”® HCP1 was
subsequently shown to also act as a folate transporter,® though
subsequent studies have confirmed its central role in haem
transport.®® Within enterocytes, haem it is metabolised by haem
oxygenase 1 (HO1)®" and thus enters circulation in the same
manner as inorganic iron species: regulated by hepcidin (Fig. 1).

Hepcidin and diseases of iron
metabolism

Dysfunction of hepcidin can cause serious health issues resulting
from iron overload. When hepcidin is unable to adequately inhibit
iron export from Fpn, circulating iron levels rapidly increase. In
addition to its role in systemic iron regulation, hepcidin is also an
inflammatory response factor, and can contribute to anaemia of
inflammation by preventing the release of iron stores needed for
erythropoiesis.** Diseases that promote inflammatory induction
of hepcidin expression and associated anaemia include renal
failure,®*®* cardiovascular disease,®®> myelofibrosis®® and Heli-
cobacter pylori infection,”” among others.®® Liver dysfunction
itself can also result in hepcidin-induced anaemia; hepatic adenomas
result in abnormally high levels of hepcidin expression,*® again
restricting the iron available to bone marrow.

Hepcidin is also affected in several hereditary disorders of
iron metabolism. Mutations to the HFE, TFR2 and HJV all result
in decreased expression of hepcidin,®® and direct mutation to
HAMP, known as juvenile haemachromatosis, leads to severe

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Hepcidin-mediated mechanism of iron regulation. Hepcidin expression in hepatocytes is increased in response to iron sensing by TfR1, HFE
protein, BMP receptors and SMAD signalling. Release of hepcidin into the circulatory system promotes the internalisation and degradation of the iron
exporter Fpn, essentially blocking iron efflux from cells. This includes enterocytes at the brush border of the duodenum, where dietary iron is taken up by
either DMT1 or haem carrier protein 1, and macrophages recycling erythrocytes. Reduced iron availability decreases Tf saturation, which in turn reduces
the rate of erythropoiesis. As iron levels in the circulatory system return to normal levels, iron sensing in the liver reduces hepcidin expression.

tissue iron overload and associated damage from iron-mediated
oxidative stress.”” The two most common mutations to HFE
(C282Y and H63D) both interfere with BMP-SMAD signalling by
inhibiting translocation of the HFE protein to the cell surface,
preventing hepcidin expression in response to iron sensing,
resulting in increased dietary iron uptake and generalised iron

This journal is © The Royal Society of Chemistry 2017

overload.”" It should be noted, however, that homozygous C282Y
carriers (approximately one in 200 in European populations) do not
necessarily develop the disorder or exhibit symptoms later in life,
and that numerous lifestyle and environmental factors appear
to dictate clinical manifestation of iron overload.” Mutations to
the target protein of hepcidin can also cause severe iron overload;
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the C326S point mutation to the FPN gene encoding Fpn prevents
hepcidin from internalising the exporter, leading to increased
circulating iron levels and specific accumulation of iron and
associated degeneration of pancreatic cells.”® Point mutations to
FPN cause a systemic response via hepcidin expression; both the
3265 and G80S”> mutations induce increased levels of circulating
hepcidin (most likely due to an intact TfR-HFE sensing pathway),
and a recent case study described a rare A69T mutation that resulted
in increased hepicidin and the removal of 21 grams of iron (via
phlebotomy) over a 16 month period.”

Hepcidin may also have play an important role in neurological
disorders that feature brain iron accumulation. Neurodegenerative
disorders like Alzheimer’s and Parkinson’s disease both feature
elevated levels of brain iron and marked inflammation,”” both of
which should induce a hepcidin-mediated response. C6 glioma
cells have been shown to express hepcidin in vitro,”® and
histological examination of normal brains has identified hepcidin
expression in both neurons and astrocytes, indicating that iron
metabolism in the relatively isolated central nervous system
produces hepcidin independent of the liver.” In the same study,
hepcidin was shown to be significantly decreased in Alzheimer’s
disease brain tissue lysates, in addition to colocalising with
haem-containing deposits in damaged brain vasculature. This
has given rise to the ‘hepcidin-Fpn’ hypothesis of iron accumulation
in Alzheimer’s disease,® which also encompasses the amyloid
precursor protein (APP; which is cleaved in the neuronal membrane
to produce the B-amyloid ‘hallmark’ protein of Alzheimer’s disease).
APP is thought to play a role in iron export from neurons®' by
stabilising Fpn on the cell surface.®” This hypothesis is not without
limitations, as it is difficult to isolate iron accumulation in the
brain as being a potential causative factor or simply a result of
disease-related inflammation.®

Studies of hepcidin mRNA in the murine brain identifies
widespread expression of the peptide, with an age-dependent
increase,®® which would be consistent with a homeostatic response
to natural brain iron accumulation with age. In Parkinson’s
disease, where a pathogenic role of iron is better defined,®
relatively little work has investigated the possible role of hepcidin
in neuronal iron accumulation. Cell culture models of parkinsonian
neurodegeneration using 6-hydroxydopamine, which is an iron-
mediated neurotoxic metabolite of dopamine,®® showed that
knock-down of hepcidin facilitated neuronal iron export and
reduced the severity of oxidative damage stemming from the
neurotoxin insult.*® Iron-induced oxidative stress in rats via
acute iron exposure could be partially attenuated by pre-treatment
with recombinant hepcidin adenovirus,®” which may represent an
interesting avenue of therapeutic development to address brain
iron overload, particularly in light of recent successes with iron
chelation therapy in human Parkinson’s disease patients.*®

Acute inflammation, such as that observed in subarachnoid
haemorrhage, elicits the same increase in hepcidin expression
observed in the rest of the body, with downstream effects
including decreased Fpn and Cp levels. Long-term retention
of iron in the brain following a traumatic injury can induce
iron-mediated oxidative stress;*° an effect accentuated with
age.”®
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Hepcidin assays: clinical translation
and potential limitations

As noted by Arezes and Nemeth,®® despite hepcidin having
enormous potential as a reliable biomarker of iron stores,
particularly for assessing iron deficiency and iron deficiency
anaemia in otherwise healthy individuals (i.e. no history of
hereditary iron metabolic disorders or acute inflammation),
current available assays are for ‘research-only’ purposes. In
their review of current approaches to hepcidin analysis, Arezes
and Nemeth outline the reasons why clinical translation of
these assays has been delayed: mass spectrometry methods are
comparatively low-throughput compared to ELISAs, which
themselves are often limited by the inability to distinguish
the active full length (25 amino acids) hormone from truncated
variants that may result from biological degradation or break-
down between sample collection and assessment. Initial attempts
to establish a reliable quantitative assay in a global round-robin
study that employed eight separate methods (all ELISA or mass
spectrometry-based) in independent laboratories found significant
variation in measured hepcidin levels between techniques used,
though the precision of each method was considered analytically
acceptable.”” This study encouraged further efforts to establish a
standardised method for measuring hepcidin, and a major step
forward took place in 2016 when methods recommended by
the International Consortium for Harmonization of Clinical
Laboratory Results were employed to further investigate inter-
laboratory variation. While equivalence between laboratories
was still lacking the necessary accuracy and precision (inter-
measurement procedure CV was 28.6%), it was identified that a
common calibrator could be used to improve analytical validity,
and a native lyophilised plasma with cryolyoprotectant was
developed. Simulated harmonisation using this material predicted
an achievable equivalence of 7.7%.>

Although progress has been made to unify global efforts for
a validated, clinically-applicable analytical assay for hepcidin,
there is still significant work to be undertaken to meet the
exacting standards of medical regulatory bodies. It is possible
to speculate on why a clinically approved assay has yet to be
developed, even with the efforts of International Consortium
for Harmonization of Clinical Laboratory Results, an initiative
of the American Association of Clinical Chemistry which itself
is still establishing the necessary network of international
laboratories for robust method validation.” There are a range
of biochemical assays that have been developed for hepcidin,
including competitive and sandwich-based ELISA approaches,
mass spectrometry-based detection, and techniques employing
advances in nanotechnology. Here, only an update on new
methods to detect hepcidin-25 (the biologically active 25 amino
acid form of the hormone) are summarised in Table 1; for
examples prior to 2014 see the comprehensive review by Konz
et al.’> However, many of the issues raised by Malyszko in a
2009 editorial®® are still faced today. In this author’s opinion,
liquid chromatography and tandem mass spectrometry is the
preferred candidate for a reliable clinical assay. Advances in
mass spectrometry have ensured sensitivity is no longer a
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significant issue for detecting hepcidin in biological fluids, though
the lack of certified reference materials and the comparative
expense of both infrastructure and sufficiently qualified operators
undoubtedly limits uptake within clinical chemistry laboratories.
Outside of the laboratory, mass spectrometry is also impractical,
and the need for rapid, field-portable detection likely drives the
continued development of ELISA-based assays, which are cheaper
and can be performed in a range of settings.

Translation of research-based assays of hepcidin into the
clinic for assessing iron stores has been slow not only due to
the aforementioned issues surrounding analytical validity and
cost; there are also concerns regarding the potential confounding
effects introduced due to hepcidin’s role in innate immunity.
Iron is crucial in the body’s self-defence mechanisms against
pathogens, thus it is not surprising that hepcidin is an acute
phase II response factor that can contribute to the manifestation
of anaemia of chronic disease.'® It is entirely possible that
hepcidin will face the same biological hurdles as other biomarkers
of iron deficiency due to its multifaceted role. At best, hepcidin will
be a complementary assay for differentiating between anaemia of
iron deficiency and that of chronic disease. Thomas et al''
reported that hepcidin-25 determination alone could distinguish
iron deficiency anaemia from combined iron deficiency anaemia
and anaemia of chronic disease, but not the reverse state.
However, inclusion of reticulocyte haemoglobin levels in the
model was able to discriminate all three conditions. Conversely,
hepcidin and ferritin was less accurate at determining iron
deficiency, (which is an asymptomatic condition that can be
considered ‘prodromal’ iron deficiency anaemia if iron store
continue to decline) than the soluble TfR1/log ferritin ratio."""

Hepcidin, iron regulatory proteins and
their combined use in diagnostics

New functional relationships between numerous proteins and
hepcidin expression are being reported each year, primarily due
to our better understanding of systems biology and the synergistic
relationship between multiple regulatory systems in the human
body. As mentioned previously, the major downstream effect of
low hepcidin expression is Tf saturation. This 80 kDa glycoprotein
has two iron-binding sites, which are rapidly occupied by iron as it
transits Fpn. Like hepcidin, this protein is primarily synthesised in
the liver, though other tissue types (including the brain*'?) are able
to produce their own endogenous supply. Iron released by Fpn is
loaded onto Tf by ferroxidases hephaestin (membrane-bound) and
Cp (circulating),"*® and is released by the ferric reductase STEAP3."**

Recent evidence has suggested that, in addition to inducing
the internalisation and degradation of Fpn, hepcidin has direct
effects on other iron regulatory proteins. Ex vivo experiments
have shown that hepcidin down-regulates mRNA levels of several
genes involved in iron regulation in the intestine, including those
encoding hephaestin, DMT1, duodenal cytochrome b (Dcytb) and
HCP1.'"?

The current panel of biomarkers recommended by the
American Academy of Pediatrics (iron deficiency is a significant
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health concern for children) for assessing iron deficiency and
iron deficiency anaemia include serum ferritin, Tf saturation,
soluble TfR1, haemoglobin, reticulocyte haemoglobin, and
mean corpuscular volume.'*® However, in isolation, each of
these markers has limitations. Ferritin is an acute phase
inflammatory response protein, and should be viewed in con-
junction with other markers of inflammation, such as c-reactive
protein. Additionally, even though ferritin has a high capacity
for iron (a single molecule can bind over 4500 iron atoms'"”),
its comparatively low concentration in serum contributes only a
small proportion of circulating iron levels. Further, recent
developments for assessing ferritin iron saturation have shown
that its iron load has little correlation with protein levels.**
There is also debate as to whether circulating ferritin levels are
at all related to iron storage capacity; its role in inflammation
may dwarf antecedent iron storage roles. Ferritin is not synthe-
sised in blood, and Kell and Pretorius"'® recently suggested that
its presence in the circulatory system is a marker of ‘leakage’
from damaged cells.

Transferrin saturation is a good indicator of iron availability,
though routine clinical assays are insensitive to small perturbations
in iron load and are calculated using the assumption that iron from
other sources (e.g. NTBI and ferritin) are negligible."”® TfR1, being
so tightly connected to hepcidin expression is a useful marker,
though solubilised protein (released by proprotein convertase 7,
which is in the same family as furin'*') is only present at low levels.
TfR1 is also expressed on the surface of erythroblasts and reticulo-
cytes and this likely contributes to the detectable pool of soluble
TfR1."** Soluble levels of TfR1 decrease when the concentration of
holo-Tf is elevated."

Haemoglobin (Hb) has been the mainstay for assessing iron
stores for many years, and remains the gold standard according
to World Health Organization guidelines,"** though it has poor
sensitivity and specificity for detecting iron deficiency'*® and
should be used in conjunction with other markers. Erythrocytes
are 35% Hb'?® with a lifespan of 110-120 days, and thus are not
an ideal measure of immediate iron stores. Reticulocyte haemo-
globin (CHr) is a more reliable measure, as it represents the iron
content of immature erythrocytes within a 1-2 day period."””
However, consensus has yet to be reached on appropriate CHr
cut-off levels for diagnosis of iron deficiency and related anaemias.
Mean corpuscular volume is a measure of erythrocyte volume,
though its interpretation as a measure of direct iron stores is
confounded by its role in multiple non-iron related anaemias.
Although these limitations can be significant, combined they can
provide a good overall picture of current iron stores and risk of
iron deficiency anaemia (Fig. 2). Considering that hepcidin
expression has direct influence over all of these markers, from
Tf saturation to regulating iron available to bone marrow, it
stands to reason that this hormone has significant utility as a marker
of iron stores, particularly in assessing immediate iron needs.

Hepcidin is also has great potential for nutritional studies as
a readout of immediate response to iron supplementation.
Prentice et al."*® used a univariate statistical model to compare
hepcidin, ferritin, c-reactive protein, soluble TfR1 and soluble
TfR1/log ferritin as predictors of incorporation of iron into
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erythrocytes in an elegantly-designed stable-isotope iron sup-
plementation trial in an anaemic population with high rates of
inflammation. Concluding that, over the course of the 30 day trial,
hepcidin was the most accurate determinant of iron incorporation,
the authors noted that the development of cost-effective assays for
hepcidin would be of great value for intervention studies in low-
income countries. This need was further emphasised in the recent
perspective by Ganz on hepcidin and the burden of disease resulting
from iron deficiency, particularly in the developing world."*

Beyond measures of body iron stores, hepcidin also has
potential utility in other clinical settings (several of which
are reviewed by Arezes and Nemeth®). Novel applications of
hepcidin determination have recently been proposed for assessing
if iron supplementation is necessary for pregnant women;"*° as a
biomarker of blood doping in sports;'*! (particularly pertinent
considering that testosterone increases iron absorption in
erythrocytes'*®) and as a predictive indicator of breast tumour
growth.”®* In the chirrhotic liver, where generalised hepatic
function is impaired, the ratio of serum hepcidin to ferritin is
decreased in line with increasing fibrosis."** Chronic kidney
disease can cause anaemic of chronic disease with corres-
ponding increased hepcidin expression, due to both extended
periods of inflammation and impaired ability of the kidneys to
excrete excessive hepcidin buildup.'*>**® In recent years, hepcidin
has been emerging as a potential marker of inflammatory status
in type 2 diabetes mellitus and comorbid obesity, where it is
elevated in line with several other cytokines,””” including IL-6,
which (as discussed above) can directly induce hepatic hepcidin
expression. However, attention is likely better directed to regulators
of hepcidin expression as opposed to the hormone alone for early
disease diagnosis; for instance, increased GDF15 expression is
associated with glucose intolerance (i.e. a pre-diabetic state) in
the absence of anaemia, and prior to corresponding increased
hepcidin levels."*®

Therapeutic opportunities involving
hepcidin

If hepcidin is involved in a range of pathological processes, it is
not surprising that attention is being directed to targeting
hepcidin function as novel therapies.'®® As of early 2017, six
separate therapies that directly target hepcidin are in varying
stages of development (Table 2)."* All are biomolecules, including
peptides, an ANTICALIN®, a L-RNA spiegelmer and an antibody;
and focus on both ends of the hepcidin function spectrum.
Hepcidin-mimetics are being developed to address iron overload
and B-thalassemia, while other therapies are being designed to
capture hepcidin prior to complexing with Fpn, thereby increasing
available iron for the anaemic. Whether these approaches will
be safer and more efficacious than conservative iron chelation
therapies'® for iron overload disorders, or provide better out-
comes than simple iron supplementation for the deficient
remains to be seen; the L-RNA spiegelmer NOX-H94 for treating
iron deficiency anaemia is the most advanced of the six therapies
being developed and is currently in four phase II trials, while the

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Biomarkers of iron stores and response during transition from iron
deficiency to iron deficiency anaemia. Soluble TfR1 is released when levels of
holo-Tf are decreased, which in turn signals decreased expression of hepcidin by
inhibiting the formation of Tf/TfR1/HFE/hemojuvelin/BMP receptor complexes. If
retention of iron within cells and tissues increases or iron stores are depleted,
circulating iron levels are decreased further, lowering transferrin saturation levels
(and possibly ferritin). Decreased accessibility to iron reduces rates of
erythropoiesis, decreasing reticulocyte haemoglobin levels in the short term,
and total haemoglobin levels during chronic iron deficiency. Continued
disruption of systemic iron levels eventually leads to iron deficiency anaemia.

other five are either in preclinical development or are still being
assessed for safety and tolerability."*

Circumventing the effects of inflammatory cytokines on
hepcidin expression has potential for treating anaemic of chronic
disease that results from extended periods of systemic inflammation.
The identification and characterisation of enodgenous BMP
receptor antagonist complexes has led to the development of
synthetic BMP receptor inhibitors,"*! which could in future be
used to treat anaemia of chronic disease by preventing hepcidin
expression via the BMP-SMAD pathway, enabling release of iron
to bone marrow.
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Table 2 Current therapies under development targeting hepcidin function. Adapted from Crielaard et al.'t
Compound
name Developing company Molecule type Intended function Targeted disease Status
MO012 Merganser Biotech Peptide Hepcidin mimetic B-Thalassaemia; low-risk Phase I
myelodysplastic syndrome;
polycythaemia
LJPC-401 La Jolla Pharmaceutical Peptide Hepcidin mimetic; Iron overload Phase I
Company hepcidin agonist
PTG-300 Protagonist Therapeutics Peptide Hepcidin mimetic; Iron overload Preclinical
hepcidin agonist
PRS-080 Pieris Pharmaceuticals ANTICALIN® Hepcidin capture Iron deficiency anaemia; Phase Ib
functional iron deficiency
NOX-H94 NOXXON Pharma L-RNA spiegelmer Hepcidin capture Iron deficiency anaemia Phase II
12B9m Amgen Human IgG2-specific Hepcidin capture Iron deficiency anaemia Preclinical

antibody

Patients with chronic kidney disease also have decreased
vitamin D levels; thus, there has been recent interest in a
possible link between vitamin D and iron metabolism and
whether this essential micronutrient could be used in a ther-
apeutic setting to limit anaemia from kidney dysfunction.
Treatment of cultured hepatocytes showed increased inter-
action between vitamin D and its receptor, with resultant
decreased hepcidin expression. In a pilot clinical trial of
healthy volunteers, a single oral dose of vitamin D decreased
circulating hepcidin levels by 34% within 24 hours.*> Subsequent
randomised, double-blind, placebo-controlled trials of high dose
vitamin D; in healthy adults have confirmed this potentially
therapeutic effect one week post-supplementation,'** paving the
way for longer-term trials for treating inflammatory anaemia.
Intervention with vitamin D supplementation has also been
proposed as a means to prevent anaemia of chronic disease in
patient during early-stage renal failure.'**

Iron in real time: why does hepcidin
matter?

As the ‘master regulator’ of iron homeostasis, hepcidin levels
provide the most immediate indicator of iron status and need.
Sudden changes in circulating iron levels result in a rapid
response; haemodialysis patients given an intravenous injection
of iron sucrose showed a 25-200% increase in hepcidin levels
15 minutes after administration, with Tf saturation levels
increasing by approximately one-third during the same time."*’
This emphasises the importance of Tf in dictating hepcidin
expression via the BMP-SMAD pathway; an increase in NTBI
elicited increased uptake of iron onto Tf, which was then
appropriately sensed in the liver through interactions between
holo-Tf and TfR1 and TfR2, leading to increased hepcidin
release to prevent further supplementation of the elevated NTBI
pool by inhibiting Fpn. Thus, in cases of acute iron exposure, Tf
can be considered to be equivalent in importance to regulating
iron levels as hepcidin, if not more, as uptake of excess iron by the
iron transporter dictates hepcidin transcription. This is supported
by studies in a murine model deficient in haemoglobin, which
exhibits severe anaemia yet shows increased hepcidin expression
in line with increased Tf saturation and concentration."*®

614 | Metallomics, 2017,9, 606-618

Why is it so important to have a real-time indicator of iron
need, and how does it differ from the information provided
currently? As discussed previously, the current panel of bio-
markers for iron deficiency and iron deficiency anaemia have
several limitations, which are shared to some degree with
hepcidin. However, the major advantage of hepcidin is that,
in the absence of any potential confounding factors, it provides
a snapshot of immediate iron requirements, as opposed to
markers like haemoglobin that do not respond in an acute
manner to changes in iron levels. Thus, longitudinally assessing
hepcidin levels can provide a better indication of how iron
requirements change over time: static hepcidin levels with the
absence of any clinical symptoms of iron deficiency anaemia
likely indicates that a suitable equilibrium state has been
reached, while steadily decreasing levels over several time points
suggest a systemic deficit in iron metabolism that may require
therapeutic or nutritional intervention. While it is unlikely that
hepcidin levels alone will be labelled as the ‘gold standard’ for
assessing circulating iron levels, adding it to the current biomarker
panel will undeniably improve future diagnostic accuracy. Although
results from initial attempts to integrate hepcidin with other
circulating iron biomarkers have been mixed, it is likely that global
harmonisation of analytical methods for detecting hepcidin, as well
as studies that encompass the two main respondents to hepcidin
expression (Tf saturation and TfR1 levels), will see that this unique
hormone becomes an integral player in both research and clinical
disciplines related to iron in biology.
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