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ABSTRACT

Hepcidin is a key regulator of iron homeostasis and plays
a role in the pathogenesis of anaemia of chronic disease.
Its levels are increased in patients with chronic kidney
disease (CKD) due to diminished renal clearance and an
inflammatory state. Increased hepcidin levels in CKD patients
are supposed to be responsible for functional iron deficiency
in these patients and contribute to renal anaemia and
resistance to erythropoiesis-stimulating agents. Therefore,
hepcidin was purported to be useful as a management
tool guiding treatment of renal anaemia. Furthermore,
since hepcidin is associated with iron accumulation in
macrophages in the vessel wall inducing oxidative stress and
atherosclerosis, it has been speculated that hepcidin might
function as a biomarker of cardiovascular disease. In this
descriptive review, the merits of hepcidin with respect to its
role in the pathophysiology of renal anaemia in CKD patients,
its presumptive role as a practical diagnostic tool guiding
management of renal anaemia, and its possible usefulness
as a prognostic biomarker will be discussed.
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INTRODUCTION

Hepcidin was first identified in 2001 as a peptide with
antimicrobial properties. It was postulated that hepcidin

contributes in the defence against extracellular infection
by reducing serum iron levels, as iron availability is
necessary for bacterial growth and enhances oxidative
stress.” Furthermore, suppressed hepcidin expression
was shown to be related to iron overload disorders,
such as haemochromatosis3 Subsequently, hepcidin
was established as a key regulator of iron homeostasis
and involved in the pathogenesis of anaemia of chronic
disease.#’ Anaemia is also a well-known complication in
patients with chronic kidney disease (CKD). In addition to
‘true’ iron deficiency, many CKD patients have functional
iron deficiency, which is characterised by impaired iron
release from body stores that are unable to meet the
demand for erythropoiesis.® Availability of ‘functional’
iron is important to obtain increased haemoglobin levels
by treatment with erythropoiesis-stimulating agents (ESA).
Because of the above-mentioned sequalae in patients with
CKD and end-stage renal disease (ESRD), the relevance
of hepcidin for this patient group seems obvious. Indeed,
many papers on various aspects of hepcidin in CKD and
ESRD patients have been published and the expectations
of the clinical utility of measuring hepcidin to guide the
treatment of renal anaemia were high.7-9

In this review, several characteristics of hepcidin, such as
its function and regulatory pathways, will be discussed,
as well as the various measurement assays. Furthermore,
the value of hepcidin with respect to its use in clinical
decision-making for renal anaemia in CKD patients and its
role as a (prognostic) biomarker is described. The present
knowledge on the role of hepcidin in this respect will
be presented as a descriptive review. A literature search
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was performed in PubMed and Google Scholar with the
search terms hepcidin, chronic kidney disease, dialysis
(hemodialysis, hemo(dia)filtration and peritoneal dialysis)
and cardiovascular (disease). The search was limited
to full-text articles published in English. Furthermore,
references of the selected articles were screened.

HEPCIDIN: STRUCTURE AND
KINETICS

Systemic hepcidin is mainly produced in the liver,
but expression by almost all other cells and tissues
has been described, such as kidney tubuli, the heart,
retina, fat, the lungs and the pancreas as well as in
monocytes, neutrophils and macrophages.”> Hepcidin is
a hairpin-shaped molecule stabilised by four disulphide
bridges.” It is mainly present in its bioactive form
hepcidin-25, a 25 amino acid peptide of 2.8 kD.
Hepcidin-20, -22 and -24 are isoforms with no or unknown
biological function.® Under physiological conditions,
these isoforms are present in the urine, but virtually
absent in the blood.'+ However, in patients with CKD,
and especially in those on dialysis, both serum levels of
hepcidin-25 and its isoforms are elevated.’s*6®
Hepcidin-25 can circulate freely, or it can be bound to
o -macroglobulin and to a lesser extent to albumin.’->°
The extent to which hepcidin is protein bound is not clear
and estimates of the freely circulating fraction vary from 11
to 98%.:9> Protein-bound hepcidin might be biologically
more active than unbound hepcidin, as was shown in
mice.>* However, this could be explained by the fact that
clearance of protein-bound hepcidin is diminished, thereby
increasing its half-life and also its activity.

Clearance of hepcidin is assumed to occur via cellular
degradation at its sites of action, and via excretion with
the urine. In healthy individuals, the fractional excretion
of hepcidin is negligible (never exceeding 3-5%),2>23
implicating that under normal conditions, hepcidin is
either almost completely reabsorbed by the tubuli,>+ and/or
degraded in kidney tubules, and/or not freely filtered by the
glomerulus (due to its protein-bound character).
Furthermore, in dialysis patients, it has been shown
that hepcidin levels are influenced by mutations and
polymorphisms in genes encoding proteins that are
involved in the expression of hepcidin. Examples of these
proteins are the haemochromatosis protein (HFE) and
matriptase-2 (encoded by the TMPRSS6 gene), resulting
in lower and higher hepcidin levels, respectively.?52°
In the general population, the associations between
polymorphisms in HFE and TMPRSS6 with hepcidin are
less clear.”

HEPCIDIN: FUNCTION AND
REGULATION

Hepcidin is able to express its regulatory function
in iron homeostasis by binding to ferroportin on the
membranes of iron-exporting cells, such as hepatocytes,
macrophages and enterocytes (figure 1).2329 Ferroportin
is a transmembrane efflux channel that transfers
cellular iron to the plasma. The binding of hepcidin
to ferroportin induces endocytosis and lysosomal
degradation of ferroportin, thereby decreasing the delivery
of iron to plasma and diminishing iron availability for
erythropoiesis.**3° Furthermore, it has been reported that
hepcidin can bind iron directly.’3* However, the proportion
of hepcidin which binds iron, its binding capacity and the
relevance of this process in vivo are unknown.

Hepcidin expression can be modulated through several
mechanisms (figure 1). Hepatic hepcidin production is
increased by one of two main regulatory signals:

(1) Elevated body iron availability. This results in inhibition
of further iron adsorption from the gastrointestinal tract.
Hepcidin expression can be both regulated by stored
iron and by circulating iron (reviewed by Meynard et
al.)® but many aspects of this regulatory pathway are still
not completely clear. Hepatic iron accumulation leads
to increased expression of bone morphogenic protein-6
(BMP-6) in the liver. This results in nuclear translocation
of SMAD proteins and subsequent activation of hepcidin
transcription. Haemojuvelin (HJV) is a major co-factor
for BMP and matriptase-2 is an important inhibitor of
hepcidin expression in response to iron deficiency, possibly
by cleaving HJV.3? Concerning hepcidin regulation by
circulating iron, much is still unclear. It is likely that
transferrin-bound iron is bound by transferrin receptor
(TfR) 1 and 2, and that HFE is involved, which possibly
activates the SMAD pathway. However, the exact links
between TfR 1 and 2, HFE and the SMAD pathway are
unknown 3233

(2) Inflammation. This is mainly mediated via IL-6 and the
IL-6/Janus kinase 2 (JAK2)-signal transducer and activator
of transcription 3 (STAT3) pathway.3°3*34 Recent data in
mice suggest that the BMP receptor, which is also involved
in regulation of hepcidin by hepatic iron stores (see above),
is required for induction of hepcidin expression by IL-6.5
Hepcidin production is inhibited by low circulating iron
levels and low iron stores (see above) and two main other
regulatory signals:

(1) Increased erythropoietic activity, such as after ESA
administration. The exact underlying mechanism is
largely unclear, but it is most probably mediated by
molecules released by erythroid precursors, such as growth
differentiation factor 15, twisted gastrulation protein
homologue 1 and erythroferrone 3¢
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Figure 1. Schematic representation of the (patho)physiology of the expression of hepcidin and its effects on functional
iron availability
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Hepcidin expression is enhanced by inflammation, mediated via IL-6 and the JAK-2/STAT-3 pathway and for which activation of the BMP receptor may be
required, and by the iron status. Liver iron stores influence the expression of BMP-6 which is produced in the liver and leads to SMAD activation, ultimately
leading to activation of hepcidin transcription. HJV is a major co-factor for BMP and matriptase-2 is an inhibitor of hepcidin expression in response to iron
deficiency. The regulation via circulating iron is not completely clear yet. It is known that TfR 1 and 2 and HFE are involved, which may activate hepcidin
transcription directly or via the SMAD pathway. Hepcidin expression is diminished by hypoxia, mediated by the HIF, resulting in enhanced expression
of matriptase-2, which cleaves HJV and thereby inhibits the BMP-6 signalling pathway. Furthermore, hepcidin is inhibited by erythropoiesis, although the
regulatory mechanism is largely unclear. Potential mediators of bone marrow signalling are growth differentiation factor-15, twisted gastrulation-1 and
erythroferrone. Finally, the binding of hepcidin to ferroportin induces the endocytosis and lysosomal degradation of ferroportin, thereby decreasing the
delivery of iron to plasma and diminishing iron availability for erythropoiesis.

TfR = transferrin receptor; BMP = bone morphogenic protein; HIF = hypoxia-inducible factor; HJV = haemojuvelin ; GDF15 = growth differentiation factor-15;
TWSGr = twisted gastrulation-1; ERFE = erythroferrone.

(2) Hypoxia, mediated by the hypoxia-inducible factor
(HIF), resulting in enhanced expression of matriptase 2
(encoded by the TMPRSS6 gene).” This protein cleaves
HJV and thereby inhibits the BMP-6 signalling pathway.33®

HEPCIDIN: MEASUREMENT
TECHNIQUES

Measurement of hepcidin in human sera has
been challenged by the fact that its structure with
both hydrophobic and hydrophilic regions results in
adsorption to surfaces (e.g. to the plastic of the blood

tubes).’* Furthermore, the creation of antibodies for
immunochemical assays is complicated due to the small
size of hepcidin, the compact structure caused by the
disulphide bridges and its highly conserved sequence
among species which impedes an immune response in
host species.? Finally, under physiological circumstances,
hepcidin concentrations increase during the day.+° This
circadian rhythm is explained by an innate diurnal
rhythm, rather than by dietary iron intake during the
day.+ In dialysis patients, this circadian rhythm has been
reported to be virtually absent.+

Currently, two types of hepcidin quantification methods
have been studied in patients with CKD, namely (1)
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immunochemical assays, including radioimmunoassays and
ELISA, of which some are commercially available. Most
of these techniques measure both biologically active and
inactive isoforms; and (2) mass spectrometry, which is more
expensive and technically demanding, but able to detect
each isoform separately.™>4 Thus far, the gold standard
hepcidin assay has not yet been defined. Besides, several
questions remain.

First, there is a considerable inter-assay variability and
measured values can vary by a factor 10.°44 This
precludes the definition of universal reference intervals
and clinical decision limits. Nevertheless, within- and
between-sample variation is fairly similar for most assays
and hepcidin levels obtained are mutually correlated.+44s
However, some commercial assays do not correlate with
many other assays and do not provide physiologically
meaningful results; these include the prohepcidin kits.
Second, with most immunoassays, it is unclear if total
hepcidin (sum of hepcidin-20, -22, -24 and -25) is measured,
or whether bio-active hepcidin-25 is specifically quantified
(with specific hepcidin-25 antibodies or two-site ELISA).4¢
Third, in general, it is not yet fully established whether
protein-bound or free hepcidin is measured. Since
protein-bound hepcidin has been reported to be more
biologically active,* it cannot be completely ruled out that
this might be of importance.

Initiatives have been undertaken to standardise hepcidin
results worldwide and to enable the definition of reference
values and clinical decision limits for different patient
categories, such as CKD patients.+4 Since reliable
calibrators are still lacking, algorithms have been
constructed enabling different laboratories to calculate a
HEPcidin CONsensus (HEPCON) value using their own
hepcidin results, measured with both mass spectrometric
and immunochemical assays.# This is an important step
towards harmonisation of different assays, which may
facilitate the interpretation and comparison of different
studies.

HEPCIDIN AND CKD

It has been well established that hepcidin levels are
increased in non-dialysis CKD patients as well as in
dialysis patients, possibly due to increased production
(driven by inflammation and elevated stored body iron
levels) or reduced clearance.9"7+ In one study from Italy,
however, hepcidin levels measured with mass spectrometry
were similar in 199 haemodialysis patients and 188
age- and sex-matched controls.> This could be explained
by careful matching and inclusion of haemodialysis
patients, namely those who received relatively little iron
supplementation and were not iron-loaded.#® These data
need confirmation.

Hepcidin and its correlation with eGFR

Research on the relation between hepcidin and the
estimated glomerular filtration rate (eGFR) has shown
conflicting results. In a study in CKD patients, total
hepcidin (sum of all isoforms) measured with an ELISA
was associated with eGFR. In other studies in this patient
category, in which hepcidin-25 was measured with mass
spectrometry, this association was not present.7:49:5°
Previously, it has been suggested that the relation between
eGFR and hepcidin might be due to the measurement of
inactive isoforms in non-specific assays.” However, the
bioactive form of hepcidin measured with a hepcidin-25
specific radioimmunoassay was associated with eGFR.4?
Furthermore, in a cohort of over 400 chronic haemodialysis
patients, hepcidin-25 levels assessed by mass spectrometry
were correlated with the eGFR measured by an interdialytic
24-hour urine collection in univariate and multivariate
modelss' In a study in 199 non-dialysis CKD patients, it
was shown that hepcidin levels increase as eGFR decreases,
although those patients who were markedly iron deficient
still had low levels of hepcidin at low eGFR values. These
data suggest that hepcidin still reflects iron status at low
eGFR levels.# In conclusion, hepcidin levels correlate
inversely with eGFR, but this relation is blunted by iron
deficiency in patients with low eGFR.

Removal of hepcidin with renal replacement techniques
Hepcidin can be removed from the blood by both
haemodialysis and peritoneal dialysis.’®75>5¢ Hepcidin
reduction was similar after treatment with different
dialysers7s® and reduction tended to be superior with
haemodiafiltration treatment.s3 After a haemodialysis
treatment, hepcidin was present both in the ultrafiltrate
and bound to the dialyser membrane.”” However, sustained
lowering of hepcidin levels with extracorporeal renal
replacement therapy does not occur, since after an initial
decrease in hepcidin levels, post-dialysis levels were already
back to pre-dialysis values as soon as one hour after the end
of a dialysis session."75?

Correlations between hepcidin parameters of inflammation
and iron status

It is well known that anaemia, iron deficiency and
inflammation are highly prevalent in CKD patients. As
this might all be associated with (or explained by) elevated
hepcidin levels, many studies in CKD patients correlating
hepcidin with various clinical parameters have been
performed (table 1).

Virtually all studies on hepcidin, including those in
dialysis patients, have observed a strong association
between ferritin and hepcidin.7s5'525557 Concerning
markers of inflammation, several studies have shown a
relation with C-reactive protein (CRP)75"5659:6° or JL-65"59
in small groups of chronic haemodialysis patients,
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whereas others did not.5* In a study in over 400 chronic
haemodialysis patients, it was demonstrated that the
relation between hepcidin-25 and ferritin was present in
all strata of inflammation (as measured by high-sensitivity
CRP), whereas the relation between hepcidin-25 and
high-sensitivity CRP was only present when ferritin was
not markedly elevated (< 530 ng/ml; figure 2)5* This finding
suggests a stronger relation between hepcidin-25 and
ferritin than between hepcidin-25 and specific markers of

HEPCIDIN: A TOOL FOR CLINICAL
DECISION-MAKING IN RENAL
ANAEMIA?

Based on early insights into hepcidin regulation and
function, it has been speculated that measurement
of hepcidin could be applied in clinical assessment of
anaemia in CKD patients, including those on dialysis.®
In CKD patients, anaemia in the presence of low hepcidin

inflammation.

indicates absolute iron deficiency and warrants iron

Table 1. (Clinical) determinants of hepcidin in CKD patients (dialysis and non-dialysis)

Associations with hepcidin

Ferritin, eGFR, not with IL-6
ESA dose (inverse)

Ferritin; hsCRP and eGFR (univariate)

Hb, ferritin, transferrin, IL-6 (univariate)
Ferritin, not with CRP

All patients: transferrin and ferritin; in patients with CRP >0.3 mg/ml:
ferritin and IL-6

Sex, oral iron, Hb, transferrin saturation (TSAT), ferritin and hsCRP;
not eGFR or 8-OHdG

eGFR, oral iron therapy, BMI = 30 kg/m?, albumin, EPO
Ferritin, CRP, absence of HFE/TMPRSS6 mutation

Ferritin, not with eGFR (in CKD)

HD, ferritin, TSAT, not with eGFR, hsCRP, IL-6 and sTfR (univariate)

Ferritin, Hb, ESA use, not with eGFR
IL-6 and triglycerides

Ferritin, IL-6 (univariate)

Ferritin, transferrin, eGFR (univariate)
Ferritin, absence of HFE mutation

Ferritin, hsCRP, reticulocytes, STFR, eGFR, not with IL-6

Reticulocytes, iron, ferritin, TSAT, not with CRP and IL-6 (univariate)

Paediatric CKD: ferritin
Adult CKD: ferritin, sTfR, eGFR (inverse)
Paediatric PD: ferritin, TSAT

Ferritin, TSAT, hsCRP

Author & year Method Study population
Ashby 2009+ RIA 44 CKD
94 HD
Chand 2013% MS 129 CKD
Costa 2009 MS 33 HD CRP
Kato 200857 MS 15 HD
Kuragano 20105 MS 198 HD
Maruyama 20129° IA (ELISA) 117 CKD
Mercadel 20144 IA 199 CKD
Pelusi 2013% MS 199 HD
Peters 20107 MS 83 CKD
48 HD
Van der Putten MS 33 CKD and heart
2010%° failure
Uehata 20124 MS 505 CKD
Samouilidou 20149  IA (ELISA) 30 HD; 30 PD
Tomosugi 2006™ MS 40 HD
Troutt 201394 IA (ELISA) 103 CKD
Valenti 20092¢ MS 65 HD
Van der Weerd MS 405 HD
2012%
Weiss 20095 MS 20 HD
Zaritsky 2009° IA (ELISA) 48 paediatric CKD
32 adult CKD
26 paediatric PD
Zaritsky 2010%° IA (ELISA) 30 paediatric HD

33 adult HD

Associations are results of multivariate analyses, unless otherwise specified.

TA = immunochemical assay; RIA = radio-immuno assay; MS = mass spectrometry; CKD = chronic kidney disease (not on dialysis); HD = haemodialysis;
PD = peritoneal dialysis; eGFR = estimated glomerular filtration rate; hsCRP = high sensitivity C-reactive protein; Hb = haemoglobin; TSAT = transferrin
saturation, sTfR = soluble transferrin receptor; EPO = erythropoietin, ESA = erythropoiesis stimulating agents; 8-OHdG = 8-hydroxy-2’-deoxyguanosine
(a marker of DNA oxidative injury).
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Figure 2. Cross-sectional relations between ferritin,
hsCRP and hepcidin-25 in haemodialysis patients
(from Van der Weerd et al. with permission)s
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In a cohort of 405 chronic haemodialysis patients, the relation between
hepcidin-25 (measured with mass spectrometry) and ferritin was present
in all strata of inflammation (as measured by high-sensitivity CRP),
whereas the relation between hepcidin-25 and inflammation was only
present when ferritin was low. This finding suggests a stronger relation
between hepcidin-25 and ferritin than between hepcidin-25 and specific
markers of inflammation under these conditions.

supplementation. In contrast, in anaemia with high
hepcidin levels, one of two situations may be present: (1)
high hepcidin levels may reflect sufficient iron stores and
ESA therapy (with or without additional maintenance
iron supplementation) is indicated; (2) high hepcidin
levels may indicate a situation in which its expression
could not be inhibited, e.g. due to inflammation. As a
result, iron cannot be mobilised (i.e. ‘functional iron
deficiency’), erythropoiesis is impaired and ESA resistance
is present. In this situation, ESA or iron supplementation
will not result in an increase in haemoglobin levels and
anti-hepcidin agents (with or without additional ESA
therapy) might provide an appropriate therapy. However,
anti-hepcidin agents are not yet approved for clinical use.
In conclusion, measurement of hepcidin may theoretically
differentiate between the management options for renal
anaemia in individual CKD patients according to a
flowchart as presented in figure 3.

Hepcidin and ESA therapy

It has been suggested that hepcidin might contribute
to ESA resistance,® since animal data have shown that
overexpression of hepcidin impaired the response to
even very high ESA doses.® In humans, however, data
on the relation between hepcidin levels, ESA treatment
and ESA resistance are inconsistent. In haemodialysis
patients and in patients with the cardio-renal syndrome,
hepcidin levels decreased after ESA administration.s*5%+ In
cross-sectional data of almost 100 haemodialysis patients

on ESA maintenance therapy, hepcidin levels were lower
in patients receiving higher ESA doses, regardless of
the haemoglobin level that was reached.+* However, in
another cross-sectional study in over 400 haemodialysis
patients, hepcidin levels were not associated with either
the dose of ESA or intravenous iron.s" Furthermore,
two small studies revealed that hepcidin-25 levels were
similar in ESA-responsive and ESA-resistant haemodialysis
patients, suggesting that the assessment of hepcidin is not
helpful in deciding which individual patient may benefit
from ESA therapy.s759 Nevertheless, in patients with the
cardio-renal syndrome, ESA responders showed higher
hepcidin-25 levels than non-responders, suggesting that
hepcidin might rather be a marker of ESA responsiveness
than associated with ESA resistance’® Of note, in all
the above-mentioned studies, bioactive hepcidin was
measured (either with mass spectrometry or with a specific
radioimmunoassay).

Hepcidin and iron therapy

Concerning the utility of hepcidin in assessing iron stores
and managing iron supplementation therapy, overall,
negative results have been reported. In a study in 56

Figure 3. Hypothetical flowchart for hepcidin-based
clinical decision-making in CKD patients with renal
anaemia

Renal anaemia in dialysis and
non-dialysis CKD patients

ESA and/ Not ESSA
or iron and/or iron
responsive responsive

Treatment:
anti-hepcidin
therapy

Treatment: IV
Iron and ESA

Treatment:
ESA

Treatment:

IV iron

In theory, measurement of hepcidin may differentiate between the
management options for renal anaemia in individual CKD patients
according to a flowchart as presented in this figure. Anaemia in the
presence of low hepcidin indicates absolute iron deficiency and warrants
iron supplementation. If hepcidin levels are high, one of two situations
may be present: (1) high hepcidin levels may reflect sufficient iron stores
and ESA therapy (with or without additional iron supplementation) is
indicated; (2) high hepcidin levels may indicate a situation in which its
expression could not be blocked, e.g. due to inflammation. As a result,
iron cannot be mobilised, erythropoiesis is impaired and ESA resistance
is present. In this situation, anti-hepcidin agents might be an appropriate
therapy (with or without additional ESA therapy).
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chronic haemodialysis patients, neither hepcidin-20 nor
hepcidin-25 could predict an increase in haemoglobin
levels after administration of intravenous iron.*
Notably, in this study, ROC curve analysis showed that
also ferritin failed to accurately predict a response,
whereas the percentage of hypochromic red blood cells
was the only biomarker independently associated with
iron responsiveness. Furthermore, in a small group of
haemodialysis patients, hepcidin-25 levels were similar
before and after the administration of intravenous iron.’s
In another study in 129 consecutive non-dialysis CKD
patients, hepcidin-25 was able to predict a haemoglobin
response after intravenous iron administration.s However,
ferritin and transferrin saturation had similar predictive
utility. Again, in all the mentioned studies, hepcidin was
measured with mass spectrometry.

Limitations of available evidence

In conclusion, thus far, conflicting and even forthright
negative data are available to answer the question
whether measurement of hepcidin may be a suitable and
unique tool for clinical decision-making in ESA and iron
management in CKD patients. In assessing iron stores,
hepcidin did not appear to be superior over ferritin.®¢

An important aspect further hampering the use
of hepcidin as a management tool is that in stable
haemodialysis patients, intra-individual hepcidin levels,
measured with both ELISA and mass spectrometry, varied
widely in a relative short period of time, likely dependent
on fluctuations in the inflammatory state.®>®” These
studies implicate that short-term measurements of serum
hepcidin in individual (dialysis) patients might not be
appropriate to guide clinical decisions regarding ESA or
iron management.

Moreover, at this point it should be noted that comparing
the available studies is complex and hazardous as a
result of the large variety in experimental circumstances.
Available studies differ with respect to patients’ iron stores,
levels of inflammation, stages of renal failure, dialysis
regimens, doses of iron supplementation and ESA. Besides,
studies use different hepcidin assays and there is a variable
lag time between ESA and iron administration and blood
sampling. Furthermore, most available studies included
a limited number of patients precluding multivariate
statistics.®

The above-mentioned aspects make systematic reviews
on the usefulness of hepcidin measurements in anaemia
management virtually impossible. Therefore, prospective
clinical studies investigating the utility of a hypothetical
treatment algorithm as shown in figure 3 are warranted.

HEPCIDIN: A BIOMARKER FOR
CARDIOVASCULAR DISEASE?

In a study in 335 non-dialysis CKD patients, it was shown
that hepcidin-25, measured with mass spectrometry,
predicted the progression of renal anaemia both in iron
replete and deplete patients, during a median follow-up
period of 3.6 years.®® This observation demonstrates
the concept of hepcidin as a biomarker, in this specific
case for renal anaemia. Recent evidence also shows a
new conceptual role for hepcidin as a biomarker for
cardiovascular disease. The involvement of hepcidin in the
development of atherosclerosis and cardiovascular disease
is supported by several (pre-)clinical studies, which will be
briefly reported below.

The role of hepcidin in atherosclerotic disease

Several experimental animal studies provided evidence for
the involvement of hepcidin in atherosclerotic processes.
In mice, suppression of hepcidin resulted in reduced
intracellular iron content in macrophages, resulting in an
augmented efflux capacity of cholesterol”° Furthermore,
these animals exhibited diminished foam cell formation
and less atherosclerosis. In an atherosclerotic mice
model, hepcidin promoted plaque destabilisation by
inducing inflammatory cytokine release, intracellular
lipid accumulation, oxidative stress and apoptosis of
macrophages with iron retention” In an experiment in
humans, intracellular iron content in monocytes derived
from atherosclerotic plaques was increased in the presence
of hepcidin, which resulted in enhanced reactive oxygen
substances preventing cholesterol efflux from these cells.”>
In clinical and epidemiological studies, associations
have been found between hepcidin and markers of
vascular stiffness, atherosclerosis and cardiovascular
disease. In 143 patients with non-alcoholic fatty liver
disease, hepcidin-25 levels were associated with the
presence of carotid plaques.’s In a similar group of 130
patients with non-alcoholic fatty liver disease, monocyte
chemo-attractant protein-1, a chemokine that plays
a crucial role in both the initiation and progression
of atherosclerosis, was correlated with hepcidin-25
and an independent predictor of the presence of
atherosclerotic plaques’+ In Go patients with theumatoid
arthritis, hepcidin was correlated with coronary artery
atherosclerosis, measured by a coronary calcium score,
even after multivariate adjustment.”s Finally, in a Dutch
population-based cohort of 766 post-menopausal women,
hepcidin was associated with the presence of plaques in
the carotid artery, adjusted for eGFR, inflammation and
traditional cardiovascular risk factors.”®

Recently, the role of hepcidin as a cardiovascular marker
gained interest in the high-risk CKD population.”” Two
studies, one in 168 chronic haemodialysis patients and
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another in 56 patients on peritoneal dialysis, showed an
association between arterial stiffness (measured with
brachial-ankle pulse wave velocity and flow-mediated
dilatation, respectively) and hepcidin7879 Furthermore,
two studies investigated the relation between hepcidin
and left ventricular mass index (LVMi). One study in 146
CKD patients not on dialysis showed that lower hepcidin
levels were associated with higher LVMi, possibly due to
the concomitant iron deficiency resulting in an anaemic
state.® In a study in 327 chronic haemodialysis patients,
no association between hepcidin and LVMi was observed.®
Finally, in a cohort of 405 chronic haemodialysis patients
with a median follow-up of three years, hepcidin-25 levels
were associated with the incidence of cardiovascular
events, even after stepwise adjustments of clinical and
anaemia-related parameters, including inflammation.%
Of note, the association between hepcidin-25 and
all-cause mortality was attenuated after adjustment for
inflammatory markers. Although these associations
certainly do not prove causality, this study adds evidence to
the hypothesis that hepcidin may be directly or indirectly
involved in the pathogenesis of cardiovascular disease
and mortality in patients on dialysis and therefore may
function as a biomarker.

Hepcidin and atherosclerotic disease: pathophysiological
concept

As mentioned before, hepcidin is predominantly
synthesised in the liver, but low levels of expression in
other cells, including macrophages, are present, enabling
local fine-tuning of systemic iron regulation.s®® Vice
versa, systemic hepcidin, mainly produced in the liver,
can exhibit an inhibitory effect on iron release from
macrophages”*° It can be hypothesised that elevated
hepcidin, either produced locally or systemically, is
associated with atherosclerotic disease by retaining iron
in macrophages in the vascular wall. This intracellular iron
sequestration may result in a pro-atherogenic environment,
possibly mediated by oxidative stress, inflammatory
responses and macrophage apoptosis, and resulting in
clinical events, such as myocardial ischaemia, stroke and
peripheral vascular disease (figure 4).7+%+%

In a study in an atherosclerotic mice model, however, this
‘iron hypothesis’ of cardiovascular disease could not be
confirmed.?¢ These animals exhibited iron accumulation
specifically in macrophages due to an additional
ferroportin mutation, or they were iron loaded due to
parenteral administration of high iron doses. In these
mice, hepatic hepcidin expression was not enhanced and

Figure 4. Schematic representation of the hypothesis that elevated hepcidin levels may result in iron retention in
macrophages, inducing oxidative stress and contributing to atherosclerotic vascular disease
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Increased circulating hepcidin levels result in iron retention in macrophages in the vascular wall and in atherosclerotic plaques. As a result, intracellular
oxidative stress is stimulated which may contribute to atherosclerosis and cardiovascular disease.
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atherosclerotic plaque size was not increased. The authors
explain their findings by suggesting that in macrophages,
antioxidant defence strategies may be very efficient.®

In CKD patients, several additional remarks with regard
to the ‘iron hypothesis’ of cardiovascular disease need
to be considered. First, since the cardiovascular risk
profile of CKD patients seems to differ from the general
population,®” the question arises whether the atherogenic
effect of iron accumulation and oxidative stress in the
vascular wall, as has been observed in non-CKD patients,
is relevant in this specific high-risk CKD patient group as
well. Second, it is not known whether iron sequestration
in macrophages plays the same role in atherosclerotic
plaques in the arterial intima as in calcified plaques
in the arterial media, as the latter is a characteristic of
cardiovascular disease in dialysis patients.®¥# Finally, the
relation between hepcidin and oxidative stress in CKD
patients has not yet been unequivocally demonstrated.o°
the
epidemiological evidence of the complex interplay between

Nevertheless, available experimental and
hepcidin, iron accumulation in macrophages in the
vascular wall and cardiovascular disease is hypothesis
generating for further research on the potential usefulness
for hepcidin as a cardiovascular biomarker, especially in

the vulnerable CKD population.

CONCLUSIONS AND REMAINING
QUESTIONS

In this review, currently available pre-clinical and clinical
data have been summarised in order to weigh the merits
of hepcidin in three areas of interest.

1. Hepcidin and the pathophysiology of renal anaemia in
CKD patients. The identification of hepcidin provided
relevant information regarding the understanding of
the concept of functional iron deficiency in dialysis and
non-dialysis CKD patients, and it revealed a possible
mechanism for the presence of ESA resistance despite
extensive intravenous iron loading. In addition, knowledge
on the clinical characteristics of hepcidin, such as its
inflammation-driven regulatory pathway and its renal
clearance profile, made it a relevant peptide in CKD
patients. However, several features restrict its clinical
use at the moment: pre-analytical handling of hepcidin is
critical, the accessibility of the most accurate and precise
assay for hepcidin-25 is limited and the clinical relevance
of specifically measuring hepcidin-25 instead of total
hepcidin by more accessible ELISA assays is unclear.
Available studies are difficult to compare since absolute
levels obtained by various assays that are used worldwide
differ substantially. This precludes the assessment of
universal clinical decision limits. Furthermore, other

important characteristics of hepcidin, such as its protein
binding, have not yet been completely elucidated.

2. Hepcidin as a diagnostic tool and for guiding clinical
decisions in CKD patients. Hepcidin levels in dialysis
and non-dialysis CKD patients are elevated, due to
decreased (renal) clearance and/or enhanced production,
e.g. by inflammation and iron loading. Its levels are
highly correlated with ferritin in virtually all studies,
and therefore the question arises what the advantage is
of measuring hepcidin as compared with measuring
ferritin, which is easier and less expensive. Inflammation
is an important factor in the expression of hepcidin and
most studies show an association between hepcidin and
inflammatory markers such as CRP and IL-6. Studies
on the role of hepcidin in distinguishing between a
situation of ESA responsiveness or ESA resistance have
shown negative or inconsistent results. Similarly, iron
responsiveness could not be predicted by hepcidin levels.
Furthermore, the high intra-patient variability makes
hepcidin unsuitable as an instrument to guide treatment
in individual patients. Therefore, it can be concluded that
currently, hepcidin cannot be considered a valuable clinical
tool in diagnosing and treating renal anaemia.

3. Hepcidin as a prognostic biomarker for cardiovascular
disease. Several experimental, clinical and epidemiological
studies in animals and humans showed an association
between hepcidin and atherosclerotic disease and clinical
events, possibly mediated via iron sequestration in
macrophages in the vascular wall. These observations
point towards a role for hepcidin as a biomarker for
cardiovascular disease, which is also shown in several
clinical reports in dialysis patients.

Future perspectives

Finally, although beyond the scope of this review, the
presence of numerous anti-hepcidin compound initiatives
that are currently under way and use hepcidin as a target
of therapy, should be acknowledged.®3+9 Although no
clinical studies of anti-hepcidin therapy in patients with
CKD have been published yet, the first results of an
anti-hepcidin antibody tested in humans are promising:
administration of this antibody in humans was able to
block inflammation-induced reduction in serum iron.s
Whether, in the future, measuring hepcidin could be
useful to establish an indication for anti-hepcidin therapy,
or whether it could be helpful in monitoring anti-hepcidin
therapy, needs to be determined.

Taken together, hepcidin has contributed to our
understanding of the pathophysiology of iron
misdistribution and anaemia in CKD, but it has not
fulfilled its promise as a diagnostic and management tool
thus far. Its role as a biomarker of cardiovascular disease
is promising and needs confirmation.

Van der Weerd et al. Hepcidin in chronic kidney disease.

MARCH 2015, VOL. 73, NO 3

1n6



The Netherlands Journal of Medicine

DISCLOSURES

D.W.S. is a co-founder and medical director of the
‘Hepcidinanalysis.com’ initiative (www.hepcidinanalysis.

com). The other authors declare no conflicts of interest.

REFERENCES

1. Park CH, Valore EV, Waring A, Ganz T. Hepcidin, a urinary antimicrobial

peptide synthesized in the liver. ) Biol Chem. 2001;276:7806-10.

2. Pigeon C, llyin G, Courselaud B, et al. A new mouse liver-specific gene,
encoding a protein homologous to human antimicrobial peptide hepcidin, is

overexpressed during iron overload. ] Biol Chem. 2001;276:7811-9.

3. Nicolas G, Bennoun M, Devaux |, et al. Lack of hepcidin gene expression and
severe tissue iron overload in upstream stimulatory factor 2 (USF2) knockout

mice. Proc Natl Acad Sci U S A. 2001;98:8780-5.

4. Fleming RE, Sly WS. Hepcidin: a putative iron-regulatory hormone relevant
to hereditary hemochromatosis and the anemia of chronic disease. Proc Natl

Acad Sci U S A. 2001;98:8160-2.

5. Weiss G, Goodnough LT. Anemia of chronic disease. N Engl | Med.

2005;352:1011-23.

6. Babitt JL, Lin HY. Mechanisms of Anemia in CKD. ] Am Soc Nephrol.

2012;23:1631-4.

7. Eleftheriadis T, Liakopoulos V, Antoniadi G, Kartsios C, Stefanidis I. The role
of hepcidin in iron homeostasis and anemia in hemodialysis patients. Semin

Dial. 2009;22:70-7.

8. Swinkels DW, Wetzels JF. Hepcidin: a new tool in the management of
anaemia in patients with chronic kidney disease? Nephrol Dial Transplant.

2008;23:2450-3.

9. Zaritsky J, Young B, Wang H), et al. Hepcidin--a potential novel biomarker for
iron status in chronic kidney disease. Clin ] Am Soc Nephrol. 2009;4:1051-6.

10. Kroot ), Tjalsma H, Fleming RE, Swinkels DW. Hepcidin in human iron

disorders: diagnostic implications. Clin Chem. 2011;57:1650-69.

1. Clark R, Tan CC, Preza GC, Nemeth E, Ganz T, Craik DJ. Understanding
the structure/activity relationships of the iron regulatory peptide hepcidin.

Chemistry & biology. 2011;18:336-43.

12. Jordan |B, Poppe L, Haniu M, et al. Hepcidin revisited, disulfide connectivity,

dynamics, and structure. ) Biol Chem. 2009;284:24155-67.

13. Laarakkers CM, Wiegerinck ET, Klaver S, et al. Improved mass spectrometry
assay for plasma hepcidin: detection and characterization of a novel hepcidin

isoform. PLoS One. 2013;8:€75518.

14. Kemna EH, Tjalsma H, Podust VN, Swinkels DW. Mass spectrometry-based
hepcidin measurements in serum and urine: analytical aspects and clinical

implications. Clin Chem. 2007;53:620-8.

15. Kroot J), Laarakkers CM, Geurts-Moespot AJ, et al. Immunochemical and
mass-spectrometry-based serum hepcidin assays for iron metabolism

disorders. Clin Chem. 2010;56:1570-9.

16. Campostrini N, Castagna A, Zaninotto F, et al. Evaluation of hepcidin isoforms
in hemodialysis patients by a proteomic approach based on SELDI-TOF MS.

) Biomed Biotechnol. 2010;2010:329646.

17. Peters HPE, Laarakkers CMM, Swinkels DW, Wetzels JFM. Serum hepcidin-25
levels in patients with chronic kidney disease are independent of glomerular

filtration rate. Nephrol Dial Transplant. 2010;25:848-53.

18. Tomosugi N, Kawabata H, Wakatabe R, et al. Detection of serum hepcidin
in renal failure and inflammation by using ProteinChip System. Blood.

2006;108:1381-7.

19. ltkonen O, Stenman UH, Parkkinen J, Soliymani R, Baumann M, Hamalainen

E. Binding of hepcidin to plasma proteins. Clin Chem. 2012;58:158-60.

20. Peslova G, Petrak ), Kuzelova K, et al. Hepcidin, the hormone of iron
metabolism, is bound specifically to alpha-2-macroglobulin in blood. Blood.

2009;113:6225-36.

21. Huang ML, Austin CJ, Sari MA, et al. Hepcidin Bound to alpha2-Macroglobulin
Reduces Ferroportin-1 Expression and Enhances Its Activity at Reducing

Serum Iron Levels. | Biol Chem. 2013;288:25450-65.

22.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35

36.

37

38.

39.

40.

41.

42.

£

44.

45.

46.

Ganz T, Olbina G, Girelli D, Nemeth E, Westerman M. Immunoassay for
human serum hepcidin. Blood. 2008;112:4292-7.

. Swinkels DW, Girelli D, Laarakkers C, et al. Advances in quantitative

hepcidin measurements by time-of-flight mass spectrometry. PLoS One.
2008;3(7):€2706.

Peters HP, Laarakkers CM, Pickkers P, et al. Tubular reabsorption and local
production of urine hepcidin-25. BMC Nephrol. 2013;14:70.

Pelusi S, Girelli D, Rametta R, et al. The A736V TMPRSS6 polymorphism
influences hepcidin and iron metabolism in chronic hemodialysis patients:
TMPRSS6 and hepcidin in hemodialysis. BMC Nephrol. 2013;14:48.

Valenti L, Girelli D, Valenti GF, et al. HFE mutations modulate the effect of
iron on serum hepcidin-25 in chronic hemodialysis patients. Clin ] Am Soc
Nephrol. 2009;4:1331-7.

Galesloot TE, Geurts-Moespot A, den Heijer M, et al. Associations of
common variants in HFE and TMPRSS6 with iron parameters are independent
of serum hepcidin in a general population: a replication study. ] Med Genet.
2013;50:593-8.

Ganz T, Nemeth E. The hepcidin-ferroportin system as a therapeutic target
in anemias and iron overload disorders. Hematology Am Soc Hematol Educ
Program. 2011;2011:538-42.

Nemeth E, Rivera S, Gabayan V, et al. IL-6 mediates hypoferremia of
inflammation by inducing the synthesis of the iron regulatory hormone
hepcidin. J Clin Invest. 2004;113:1271-6.

Nemeth E, Tuttle MS, Powelson ), et al. Hepcidin regulates cellular iron
efflux by binding to ferroportin and inducing its internalization. Science.
2004;306:2090-3.

Farnaud S, Rapisarda C, Bui T, Drake A, Cammack R, Evans RW. Identification
of an iron-hepcidin complex. Biochem J. 2008;413:553-7.

Meynard D, Babitt JL, Lin HY. The liver: conductor of systemic iron balance.
Blood. 2014;123:168-76.

Fleming RE, Ponka P. Iron overload in human disease. N Engl | Med.
2012;366:348-59.

Sun CC, Vaja V, Babitt JL, Lin HY. Targeting the hepcidin-ferroportin axis to
develop new treatment strategies for anemia of chronic disease and anemia
of inflammation. Am | Hematol. 2012;87:392-400.

Mayeur C, Lohmeyer LK, Leyton P, et al. The type | BMP receptor Alk3
is required for the induction of hepatic hepcidin gene expression by
interleukin-6. Blood. 2014;123:2261-8.

Kautz L, Nemeth E. Molecular liaisons between erythropoiesis and iron
metabolism. Blood. 2014;124:479-82.

Zhang AS, Anderson SA, Wang |, et al. Suppression of hepatic hepcidin
expression in response to acute iron deprivation is associated with an increase
of matriptase-2 protein. Blood. 2011;17:1687-99.

Nemeth E, Ganz T. The role of hepcidin in iron metabolism. Acta Haematol.
20009;122:78-86.

Kemna EH, Tjalsma H, Willems HL, Swinkels DW. Hepcidin: from discovery
to differential diagnosis. Haematologica. 2008;93:90-7.

Kroot JJ, Hendriks JC, Laarakkers CM, et al. (Pre)analytical imprecision,
between-subject variability, and daily variations in serum and urine hepcidin:
implications for clinical studies. Anal Biochem. 2009;389:124-9.

Schaap CC, Hendriks JC, Kortman GA, et al. Diurnal rhythm rather than dietary
iron mediates daily hepcidin variations. Clin Chem. 2013;59(3):527-35.

Ashby DR, Gale DP, Busbridge M, et al. Plasma hepcidin levels are elevated
but responsive to erythropoietin therapy in renal disease. Kidney Int.
2009;75:976-81.

Macdougall IC, Malyszko |, Hider RC, Bansal SS. Current status of the
measurement of blood hepcidin levels in chronic kidney disease. Clin | Am
Soc Nephrol. 2010;5:1681-9.

Kroot JJ, Kemna EH, Bansal SS, et al. Results of the first international round
robin for the quantification of urinary and plasma hepcidin assays: need for
standardization. Haematologica. 2009;94:1748-52.

Kroot JJ, van Herwaarden AE, Tjalsma H, Jansen RT, Hendriks JC, Swinkels
DW. Second round robin for plasma hepcidin methods: First steps toward
harmonization. Am ] Hematol. 2012;87:977-83.

Butterfield AM, Luan P, Witcher DR, et al. A dual-monoclonal sandwich ELISA
specific for hepcidin-2s5. Clin Chem. 2010;56:1725-32.

Van der Weerd et al. Hepcidin in chronic kidney disease.

MARCH 2015, VOL. 73, NO 3

mny



47.

48.

49.

50.

52.

53.

54.

55

56.

57

58.

59-

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

The Netherlands Journal of Medicine

Mercadel L, Metzger M, Haymann JP, et al. The relation of hepcidin to iron
disorders, inflammation and hemoglobin in chronic kidney disease. PLoS
One. 2014;9:299781.

Valenti L, Messa P, Pelusi S, Campostrini N, Girelli D. Hepcidin levels in
chronic hemodialysis patients: a critical evaluation. Clinical chemistry and
laboratory medicine : CCLM / FESCC. 2014;52:613-9.

Uehata T, Tomosugi N, Shoji T, et al. Serum hepcidin-25 levels and anemia in
non-dialysis chronic kidney disease patients: a cross-sectional study. Nephrol
Dial Transplant. 2012;27:1076-83.

van der Putten K, Jie KE, van den Broek D, et al. Hepcidin-25 is a marker of
the response rather than resistance to exogenous erythropoietin in chronic
kidney disease/chronic heart failure patients. Eur ] Heart Fail. 2010;12:943-50.

van der Weerd NC, Grooteman MP, Bots ML, et al. Hepcidin-25 in chronic
hemodialysis patients is related to residual kidney function and not to
treatment with erythropoiesis stimulating agents. PLoS One. 2012;7:€39783.

Kuragano T, Shimonaka Y, Kida A, et al. Determinants of hepcidin in
patients on maintenance hemodialysis: role of inflammation. Am | Nephrol.
2010;31:534-40.

Malyszko J, Malyszko JS, Kozminski P, Mysliwiec M. Type of renal replacement
therapy and residual renal function may affect prohepcidin and hepcidin. Ren
Fail. 2009;31:876-83.

Palmer SC, Navaneethan SD, Craig JC, et al. Meta-analysis: erythropoiesis-
stimulating agents in patients with chronic kidney disease. Ann Intern Med.
2010;153:23-33.

Weiss G, Theurl |, Eder S, et al. Serum hepcidin concentration in chronic
haemodialysis patients: associations and effects of dialysis, iron and
erythropoietin therapy. Eur ) Clin Invest. 2009;39:883-90.

Zaritsky ], Young B, Gales B, et al. Reduction of serum hepcidin by
hemodialysis in pediatric and adult patients. Clin ] Am Soc Nephrol.
2010;5:1010-4.

Kato A, Tsuji T, Luo J, Sakao Y, Yasuda H, Hishida A. Association of
prohepcidin and hepcidin-25 with erythropoietin response and ferritin in
hemodialysis patients. Am ] Nephrol. 2008;28:115-21.

Kuragano T, Furuta M, Shimonaka Y, et al. The removal of serum hepcidin by
different dialysis membranes. Int ] Artif Organs. 2013;36:633-9.

Costa E, Swinkels DW, Laarakkers CM, et al. Hepcidin serum levels and
resistance to recombinant human erythropoietin therapy in haemodialysis
patients. Acta Haematol. 2009;122:226-9.

Ford BA, Eby CS, Scott MG, Coyne DW. Intra-individual variability in serum
hepcidin precludes its use as a marker of iron status in hemodialysis patients.
Kidney Int. 2010;78:769-73.

Tessitore N, Girelli D, Campostrini N, et al. Hepcidin is not useful as
a biomarker for iron needs in haemodialysis patients on maintenance
erythropoiesis-stimulating agents. Nephrol Dial Transplant.
2010;25:3996-4002.

Wish |B. Assessing iron status: beyond serum ferritin and transferrin
saturation. Clin ] Am Soc Nephrol. 2006;1 Suppl 1:54-S8.

Sasu BJ, Cooke KS, Arvedson TL, et al. Antihepcidin antibody treatment
modulates iron metabolism and is effective in a mouse model of
inflammation-induced anemia. Blood. 2010;115:3616-24.

Ashby DR, Gale DP, Busbridge M, et al. Erythropoietin administration in
humans causes a marked and prolonged reduction in circulating hepcidin.
Haematologica. 2010;95:505-8.

Chand S, Ward DG, Ng ZY, et al. Serum hepcidin-25 and response to
intravenous iron in patients with non-dialysis chronic kidney disease. |
Nephrol. 2014. [Epub ahead of print]

Stancu S, Barsan L, Stanciu A, Mircescu G. Can the response to iron therapy
be predicted in anemic nondialysis patients with chronic kidney disease? Clin
J Am Soc Nephrol. 2010;5:409-16.

Peters HP, Rumjon A, Bansal SS, et al. Intra-individual variability of serum
hepcidin-25 in haemodialysis patients using mass spectrometry and ELISA.
Nephrol Dial Transplant. 2012;27:3923-9.

Zaritsky ]J, Young BY. The utility of multivariate analysis in the study of
hepcidin. Kidney Int. 2009;76:912; author reply -3.

Niihata K, Tomosugi N, Uehata T, et al. Serum hepcidin-2s5 levels predict
the progression of renal anemia in patients with non-dialysis chronic kidney
disease. Nephrol Dial Transplant. 2012;27:4378-8s.

Saeed O, Otsuka F, Polavarapu R, et al. Pharmacological suppression
of hepcidin increases macrophage cholesterol efflux and reduces foam
cell formation and atherosclerosis. Arterioscler Thromb Vasc Biol.
2012;32:299-307.

72.

73.

74

75-

76.

77-

78.

79-

8o.

81.

82.

83.

84.

8s.

86.

87.

88.

89.

90.

gl

92.

93

94.

Li J), Meng X, Si HP, et al. Hepcidin destabilizes atherosclerotic plaque via
overactivating macrophages after erythrophagocytosis. Arterioscler Thromb
Vasc Biol. 2012;32:1158-66.

Finn AV, Nakano M, Polavarapu R, et al. Hemoglobin directs macrophage
differentiation and prevents foam cell formation in human atherosclerotic
plaques. ] Am Coll Cardiol. 2012;59:166-77.

Valenti L, Swinkels DW, Burdick L, et al. Serum ferritin levels are associated
with vascular damage in patients with nonalcoholic fatty liver disease. Nutr
Metab Cardiovasc Dis. 2011;21:568-75.

Valenti L, Dongiovanni P, Motta BM, et al. Serum hepcidin and macrophage
iron correlate with MCP-1 release and vascular damage in patients
with metabolic syndrome alterations. Arterioscler Thromb Vasc Biol.
2011;31:683-90.

Abdel-Khalek MA, El-Barbary AM, Essa SA, Ghobashi AS. Serum
hepcidin: a direct link between anemia of inflammation and coronary
artery atherosclerosis in patients with rheumatoid arthritis. ] Rheumatol.
2011;38:2153-9.

Galesloot TE, Holewijn S, Kiemeney LA, de Graaf |, Vermeulen SH,
Swinkels DW. Serum hepcidin is associated with presence of plaque in
postmenopausal women of a general population. Arterioscler Thromb Vasc
Biol. 2014;34:446-56.

Nakanishi T, Hasuike Y, Otaki Y, Kida A, Nonoguchi H, Kuragano T. Hepcidin:
another culprit for complications in patients with chronic kidney disease?
Nephrol Dial Transplant. 2011;26:3092-100.

Kuragano T, Itoh K, Shimonaka Y, et al. Hepcidin as well as TNF-alpha
are significant predictors of arterial stiffness in patients on maintenance
hemodialysis. Nephrol Dial Transplant. 2011;26:2663-7.

Ulu SM, Yuksel S, Altuntas A, et al. Associations between serum hepcidin
level, FGF-21 level and oxidative stress with arterial stiffness in CAPD patients.
Int Urol Nephrol. 2014;46:2409-14.

Hsieh YP, Huang CH, Lee CY, Chen HL, Lin CY, Chang CC. Hepcidin-25
negatively predicts left ventricular mass index in chronic kidney disease
patients. World ] Nephrol. 2013;2:38-43.

Mostovaya IM, Bots ML, van den Dorpel MA, et al. Left ventricular mass in
dialysis patients, determinants and relation with outcome. Results from the
COnvective TRansport STudy (CONTRAST). PLoS One. 2014;9:€84587.

van der Weerd NC, Grooteman MP, Bots ML, et al. Hepcidin-25 is related
to cardiovascular events in chronic haemodialysis patients. Nephrol Dial
Transplant. 2013;28:3062-71.

Theurl I, Theurl M, Seifert M, et al. Autocrine formation of hepcidin induces
iron retention in human monocytes. Blood. 2008;111:2392-9.

Sullivan JL. Macrophage iron, hepcidin, and atherosclerotic plaque stability.
Exp Biol Med. 2007;232:1014-20.

Sullivan JL. Iron in arterial plaque: modifiable risk factor for atherosclerosis.
Biochim Biophys Acta. 2009;1790:718-23.

Kautz L, Gabayan V, Wang X, et al. Testing the iron hypothesis in a mouse
model of atherosclerosis. Cell Reports. 2013;5:1436-42.

Stenvinkel P, Carrero ]), Axelsson J, Lindholm B, Heimburger O, Massy Z.
Emerging biomarkers for evaluating cardiovascular risk in the chronic kidney
disease patient: how do new pieces fit into the uremic puzzle? Clin ] Am Soc
Nephrol. 2008;3:505-21.

Neven E, De Schutter TM, Behets GJ, Gupta A, D'Haese PC. Iron and vascular
calcification. Is there a link? Nephrol Dial Transplant. 2011;26:1137-45.

Shroff R, Long DA, Shanahan C. Mechanistic Insights into Vascular
Calcification in CKD. ) Am Soc Nephrol. 2013;24:179-89.

Maruyama Y, Yokoyama K, Yamamoto H, Nakayama M, Hosoya T. Do serum
hepcidin-25 levels correlate with oxidative stress in patients with chronic kidney
disease not receiving dialysis? Clin Nephrol. 2012;78:281-6.

Nemeth E. Anti-hepcidin therapy for iron-restricted anemias. Blood.
2013;122:2929-31.

van Eijk LT, John AS, Schwoebel F, et al. Effect of the antihepcidin Spiegelmer
lexaptepid on inflammation-induced decrease in serum iron in humans.
Blood. 2014;124:2643-6.

Samouilidou E, Pantelias K, Petras D, et al. Serum hepcidin levels are
associated with serum triglycerides and interleukin-6 concentrations in
patients with end-stage renal disease. Ther Apher Dial. 2014;18:279-83.

Troutt JS, Butterfield AM, Konrad R|. Hepcidin-25 concentrations are markedly
increased in patients with chronic kidney disease and are inversely correlated
with estimated glomerular filtration rates. ] Clin Lab Anal. 2013;27:504-10.

Van der Weerd et al. Hepcidin in chronic kidney disease.

MARCH 2015, VOL. 73, NO 3

13



