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General Introduction

GENERAL INTRODUCTION

General Introduction
Iron
The metal iron (Fe) is essential for life. Although blood volume depends on
individual size and weight, the average human adult body contains nearly 5
liters of blood, which encompasses 20–30 trillion red blood cells (RBCs) [1]. RBCs,
or erythrocytes, consist of hemoglobin; a protein comprising 4 globin subunits,
i.e. two α-chains and two β-chains. Each chain contains a heme molecule with
in its core an iron atom. [2] These cells are in constant flux as 2 million of them
enter the bloodstream every second, requiring more than 2 × 3 1015 iron atoms
to maintain adequate erythropoiesis. [1, 3] Iron within the RBC is crucial for
transporting oxygen from the lungs to tissues. Furthermore, iron within the
human body is required for numerous biological processes including cellular
respiration, DNA-synthesis, mitochondrial protein assembly, regulation of gene
expression and other metabolic processes. [4, 5] However, iron levels must be tightly
regulated both at cellular and systemic level to maintain iron homeostasis. [6]
This is crucial to prevent both iron deficiency and iron overload that account for
some of the most common human diseases. [7-9] In fact, iron deficiency is the
most prevalent nutritional deficiency and the most common cause of anemia
worldwide, affecting mainly children, women and elderly. [10, 11] Iron overload,
on the other hand, is extremely toxic due to irons ability to shift between its
two oxidation states of ferrous iron (Fe2+) and ferric iron (Fe3+). Donating and
accepting electrons in the presence of oxygen underlies both its functional
importance as a cofactor of many enzymes as its toxic potential. [6, 12] Due to
this redox cycling, iron can participate in both the Fenton and Haber-Weiss
reaction, explaining its propensity to generate reactive oxygen species (ROS).
[10, 13] ROS are known to cause damage to cellular structures by triggering
oxidative stress, lipid peroxidation resulting in damage to membranes, proteins
and DNA ultimately leading to cell death. [10, 14, 15] To prevent damaging
effects of free iron, extracellular body iron is transported in the circulation
bound to transferrin and delivered to cells by uptake of the iron-transferrin
complex via transferrin receptors. [16] Intracellular iron is safely stored by
ferritin, a large 24 subunit intracellular protein comprising of heavy (H) and
light (L) chains. H-ferritin oxidizes ferrous iron to ferric iron using its catalytic
site, after which up to 4500 of the ferric iron atoms can be stored within the
L-ferritin core. [17]

Hepcidin
Approximately 20 years ago, hepcidin was discovered; a peptide hormone with
antimicrobial properties, primarily synthesized by hepatocytes. [18, 19] Hepcidin
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was linked to iron metabolism after studies found that iron overload led to
increased hepcidin expression [20] and the lack of hepcidin resulted in iron
overload. [21] After years of thorough research, hepcidin revealed to be the
central regulator of systemic iron homeostasis. [22-24]
In humans, bioactive hepcidin circulates as a 25 amino acid long peptide,
although N-truncated isoforms (hepcidin-20, -22, -24) of unknown biological
significance have been identified. [18, 25] By binding and blocking the only
known cellular iron exporter ferroportin, either via degradation [26] or
occlusion [27], hepcidin regulates plasma iron concentrations by controlling
duodenal absorption of dietary iron and mobilization of stored iron from
macrophages recycling old RBCs (Figure 1). In the case of low hepcidin levels,
iron rapidly enters the blood stream to meet the erythropoietic demand.
Contradictory, high hepcidin levels traps dietary iron in enterocytes and
macrophages, resulting in less iron in the circulation. Once iron is resorbed, the
human body has only limited excretory capacities, which are not actively
regulated, such a sloughing of enterocytes, bleeding and sweating. [28, 29]

Hepcidin regulation
Hepcidin production by the hepatocytes is regulated by three main mechanisms
(Figure 1).
First, a feedback loop ensures increasing hepcidin concentrations in response to
high plasma and tissue iron levels to maintain homeostasis. [30] Liver sinusoidal
endothelial cells sense increased systemic iron concentrations, suggested via
an antioxidant response by nuclear factor erythroid 2-related factor 2 (Nrf2) [31],
and accordingly excrete bone morphogenetic protein (BMP) ligands. [30, 32]
These ligands then bind BMP receptors, activating the hepatocellular BMP/
small mothers against decapentaplegic (SMAD) pathway and, subsequently,
hepcidin transcription. [30] Hepatocytes sense increased extracellular iron by
the binding of circulating transferrin-bound iron to hepatocellular transferrin
receptors and human hemochromatosis protein (HFE) that, by activating the
BMP/SMAD pathway as well, promote hepcidin transcription. [30, 33] The exact
molecular mechanism of hepatocellular sensing of the iron stores and subsequent
hepcidin regulation remains unknown, yet the BMP ligands are suggested to
be involved. [34] In cases of low plasma and tissue iron levels, reduced activation
of these pathways lead to lowered hepcidin concentrations. Moreover, the transmembrane protease matriptase-2 (MT-2), encoded by TMPRSS6 [35], is stabilized
upon cellular iron deprivation [36] and inactivates the BMP-SMAD pathway,
thereby attenuating hepcidin transcription.
Secondly, inflammation and infection have shown to rapidly increase hepcidin
levels. Primarily cytokine interleukin 6 (IL-6) has been found to effectively induce
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Figure 1. Mechanism of action and regulation of hepcidin. The amount of transferrinbound iron, or plasma iron, is maintained by dietary iron uptake by the enterocytes in
the duodenum to compensate for passive processes of iron loss such as cell desquamation
and bleeding. Plasma iron is mostly used to produce hemoglobin in the bone marrow for
the formation of new erythrocytes. Senescent erythrocytes are recycled by macrophages
to replenish plasma iron levels. Excess amounts of iron can be stored in macrophages or
the liver and act as reserve to replenish plasma iron levels when needed. Plasma iron
concentrations are regulated by the hepatic hormone hepcidin. By blocking the only
known cellular iron exporter ferroportin (FPN), hepcidin diminishes plasma iron levels
by inhibiting dietary iron uptake and iron release from macrophages. Hepcidin
production itself is regulated by three main mechanisms. 1) Via a negative feedback loop,
hepcidin levels are increased upon high tissue and plasma iron levels. Liver endothelial
cells can sense increased systemic iron concentrations, upon which they produce bone
morphogenic protein (BMP) ligands. These ligands can bind the BMP receptor (BMPR),
activating the BMP/ small mothers against decapentaplegic (SMAD) pathway to induce
transcription of hepcidin, encoded by the HAMP gene. Hepatocytes, on the other hand,
can sense increased extracellular iron concentrations by binding of transferrin-bound
iron to transferrin receptors (TfR) and human hemochromatosis protein (HFE), that
subsequently activate the BMP/SMAD pathway as well to induce hepcidin transcription.
Regulation of hepcidin by intracellular iron stores remains unknown. Upon low tissue
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and plasma iron levels, these pathways are not activated and transmembrane protease
matriptase-2 (MT-2) inactivates the BMP/SMAD pathway by cleaving proteins important
for the pathway’s signal transduction. 2) Stimulated by inflammation, the cytokine
interleukin-6 (IL-6) is produced, which stimulates janus kinase (JAK) 2/signal transducer
and activator of transcription (STAT) 3 pathway to increase hepcidin expression. 3) Upon
low oxygen levels, renal erythropoietin (EPO) is synthesized, which increases erythroferrone
(ERFE) production by erythroblasts. ERFE, in turn, inhibits hepcidin transcription by
competitively binding BMP ligands. Figure created with BioRender.com.

hepcidin expression via the janus kinase (JAK) 2/signal transducer and activator
of transcription (STAT) 3 pathway. [37] This induction of hepcidin is suggested to
be a general antimicrobial defense mechanism by retaining iron intracellularly,
withholding it from extracellularly proliferating microbes. [38, 39]
Last, erythropoiesis downregulates hepcidin expression to increase iron
availability in the plasma for formation of new red blood cells, for example
upon blood loss due to hemorrhage or phlebotomy or in cases of hypoxia. [40, 41]
In 2014, erythroid regulator erythroferrone (ERFE) was discovered to be the
missing link between erythropoiesis and iron metabolism. [42] Low oxygen
levels in the tissues result in renal synthesis of erythropoietin (EPO) [43], which,
in turn, promotes expression of ERFE by erythroblasts. [44] ERFE acts as a stress
erythropoiesis-specific regulator of hepcidin expression by suppressing hepcidin
expression in the liver. Currently, it has been suggested that ERFE fulfills this
role by binding BMP ligands to inhibit hepatic BMP/SMAD signaling. [45]

The role of hepcidin in iron metabolism disorders
As the key regulator of systemic iron homeostasis, regulated by multiple signals,
it is not surprising that several human diseases of iron metabolism are associated
with either genetic or acquired alterations in circulating hepcidin concentrations,
leading to either inappropriately low or high levels of hepcidin in relation to the
body iron levels. For example, hereditary hemochromatosis (HH) is caused by
mutations in genes encoding for proteins involved in the hepcidin-ferroportin
axis, resulting in body iron overload due to either insufficient hepcidin levels
or unresponsiveness to the hormone. [46] In diseases such as β-thalassemia
syndromes and X-linked sideroblastic anemia (XLSA), hepcidin regulator ERFE
plays a crucial role. [47] Production of dysfunctional erythroblasts, that do not
successfully differentiate into mature erythrocytes, leads to anemia and
increased synthesis of EPO. [48] Hence, ERFE concentrations keep increasing in
order to match the iron supply to the erythropoietic demand, while hepcidin
remains suppressed. However, erythrocyte production cannot be restored in
these pathologies leaving the excess amounts of iron unused, resulting in iron
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loading. [47-49] In contrast, patients with iron-refractory iron-deficiency anemia
(IRIDA) have hepcidin levels that are inappropriately high for the (low)
circulating iron levels due to a mutation in the TMPRSS6-gene, causing a constant
activation of the BMP/SMAD pathway and subsequent hepcidin transcription.
This results in microcytic anemia that is refractory to oral iron supplementation [50, 51]. Anemia of inflammation results largely from cytokine-induced
increased hepcidin levels that cause cellular iron retention, resulting in low
circulating iron levels. [52]

Hepcidin as diagnostic tool
Hepcidin has a versatile role in health and disease and it is becoming increasingly
clear that quantification of hepcidin could advance diagnosing medical
conditions in which iron metabolism is affected, making it an interesting
biomarker. For example, measurement of serum hepcidin levels can distinguish
iron deficiency anemia (IDA) from anemia of chronic disease (ACD), since
hepcidin was found to be significantly lower in IDA compared to ACD patients
[53-56], and may aid differential diagnosis of iron overload disorders, as patients
with HH due to a mutation in the HFE gene present with lower hepcidin
concentrations relative to ferritin than patients with HH due to a mutation in
the gene encoding for ferroportin. [57] Also, quantification of hepcidin can
predict the responsiveness of patients to oral iron therapy [58, 59] and guide
effectiveness of iron supplementation in areas with high infection burden [60,
61], contributing to personalized iron therapy by preventing unnecessary or
even harmful treatment and circumventing delays before switching to
intravenous iron infusion.
Since hepcidin is influenced by many different factors, its concentrations
should always be interpreted in the context of other indices of iron metabolism
and inflammatory parameters. Therefore, hepcidin-related ratios are often
applied, including the hepcidin/ferritin ratio in the diagnosis of susceptibility
for iron load as occurs in HH and iron-loading anemias. [57, 62] Another example
is the transferrin saturation (TSAT)/hepcidin ratio in the diagnosis of IRIDA.
Due to its genotypical and phenotypical heterogeneity, diagnosing IRIDA can
be challenging, often leading to underdiagnosis and resulting unnecessary,
invasive and time consuming diagnostic work ups or to misdiagnosis with the
associated risk of missing underlying sometimes life threatening disorders. [63]
Normalizing measured hepcidin concentrations using the TSAT/hepcidin ratio
shows to be a promising diagnostic tool to distinguish TMPRSS6-related IRIDA
from multi-causal IDA that is characterized by low hepcidin levels. [64] Moreover,
the ratio has demonstrated to discriminate bi-allelic and mono-allelic IRIDA
patients, and mono-allelic IRIDA patients and their phenotypically unaffected
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relatives with the same heterozygous TMPRSS6 defect. [51] In addition, the recently
described hepcidin/ERFE ratio proved valuable to predict early spontaneous
abortion [65], improvement of anemia in patients treated with ferric citrate
hydrate [66] and differentiating patients with sickle cell disease and transfusional
iron overload and non-sickle cell disease related iron overload. [67]

Quantification of hepcidin
Hepcidin measurement contributes to insights in pathophysiology, diagnosis
and treatment of iron disorders. To this end, many mass spectrometry- or
immunochemistry-based assays, or measurement procedures (MPs), have been
developed to quantify hepcidin concentrations in body fluids. [68] However,
currently, the obtained results are not comparable.

Lack of standardization
Several studies revealed that hepcidin levels measured in the same clinical
sample may differ up to 9-fold between MPs, although the assays show good
correlate and precision, which indicates the present lack of harmonization or
standardization. [69-71] Whereas global harmonization ensures equivalence
of results, standardization also allows the measurement of a ‘true value’.
Implementation of either harmonization or standardization is important to
prevent inconsistent or incorrect conclusions in research collaborations, multicenter medical consultations or when monitoring a patient’s treatment at
different facilities [72] and is essential in the establishment of global uniform
reference ranges and clinical decision limits. [73]
Standardization of an assay allows a patient sample being traceable to the internationally recognized Système International (SI) via a calibration hierarchy of
certified reference materials (RMs) and reference MPs (RMPs), called the
metrological traceability chain (Figure 2). [74] For a complete traceability chain,
enabling standardization, a primary RM (pRM) is needed. This is a compound of
well-characterized and certified purity used to prepare a calibrator for a RMP.
In turn, this calibrated RMP is than used to assign a value to a secondary RM
(sRM). [75, 76] A sRM is a working standard, often matrix-based, that can be used
for the calibration of routine MPs worldwide. This calibrator must be commutable,
which implies that assays produce the same result for the reference material as
for an patient sample that contained the same concentration of the analyte,
to ensure its fit for use. [77] When solely the sRM is developed and no pRM is
available for its value assignment, a lower category of traceability is achieved
which is called harmonization. [78]
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Definition of the measurand in SI units
Primary reference method
Standardization
Primary reference material
True value
Secondary reference method

Harmonization
Equalized results

Secondary reference material

Routine lab method

Patient sample

Figure 2. Metrological traceability chain. The metrological traceability chain describes
an unbroken chain of comparisons from measuring a patient sample to, ideally, defining
the measurand in Système International (SI) units using a calibration hierarchy of
reference materials and reference methods. For standardization a primary reference
material (pRM) should be available, which comprises the analyte with a known purity.
The value of this pRM is ideally assigned by a primary reference method (pRMP). Using
the pRM, a value is assigned to a secondary RM (sRM), which is matrix-based material
that can be utilized for calibration of assays worldwide to enable establishment of a true
value. Harmonization is a lower category of traceability, achieved by development of
solely a sRM and therefore enables equalized results.

Successful harmonization or standardization requires analytically sound MPs.
Analytical performance and accuracy of hepcidin assays can be reviewed with
external quality assessments (EQAs), or proficiency testing (PT). An EQA/PT
survey, designed by the organizers, is often a part of laboratory accreditation.
The survey includes a sample send-out to assess the results of individual
participating laboratories for one or more analytes present in the samples and
aims to verify analytical performance and pre- and post-analytical components
of MPs for a certain analyte. [79, 80] Conducting these assessments would ensure
reliable and uniform results by identifying analytically poorly performing MPs
and revealing the status of harmonization or standardization.
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Circulation state of hepcidin
Besides standardization of MPs with the development of reference materials,
metrological traceability includes clearly defining the measurand in SI units
(Figure 2). [73, 74] This refers both to the quantity and the identity of the
measurand. [81] Defining identity can be challenging for biochemically hetero genous analytes that are for example protein-bound, since MPs may quantify
these analytes differently. [81, 82] Therefore, detailed information on the
circulation state of bioactive hepcidin would be crucial in correct quantification
of the analyte, as differences between assays in measuring free circulating
hepcidin relative to the protein-bound compound may influence both interpretation and comparability of hepcidin measurement in patients.
In vitro studies suggested that hepcidin in blood is bound for ≈89%. [83, 84] By
incubating human plasma samples with labeled hepcidin, α2-macroglobulin
(α2M) and albumin were identified as hepcidin binding protein by applying
separation techniques. Yet, there is large controversy on the subject, since
another research group fractionated human serum samples using gel filtration
and reported the plasma protein-bound fraction of hepcidin to be <3%. [85]
However, assessing hepcidin protein-binding using in vitro techniques is
challenging due to hepcidins amphipathic character and suggested subsequent
adherence to laboratory plastics. [86] This could have influenced the results of
previous studies to an unknown extent and future research should apply new
approaches to study the circulation state of hepcidin while circumventing
nonspecific binding.

Hepcidin as therapeutic target
Understanding the key role of hepcidin in both iron physiology and pathophysiology did not only open unprecedented diagnostic opportunities, but also
pointed towards therapeutic applications in which comparable and accurate
hepcidin measurement is crucial.
Hepcidin dysregulation is causal for a variety of iron disorder-associated
diseases. Nowadays, iron chelation, phlebotomy and iron administration are
widely accepted therapies for pathologies presenting with iron deficiency or
overload, yet these are associated with side effects. [87-89] Hence, significant
efforts have been made to modulate hepcidin expression using either direct or
indirect agonists or antagonists, in the form of anti-hepcidin antibodies,
hepcidin mimics, short interfering RNAs, small-molecules and cytokine
receptor antibodies. [90-93] Hepcidin agonists could limit iron absorption
preventing iron overload in patients with HH and β-thalassemia [94], whereas
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hepcidin antagonists have the potential to control hepcidin overexpression in
IRIDA and ACD patients improving responses to oral and intravenous iron. [95]
These suggestions for therapy are mostly focused on altering liver produced
plasma hepcidin concentrations. However, influencing local hepcidin synthesis
could be an interesting direction for treatment strategies as well. It has been
suggested that gastric hepcidin contributes to the development of gastric ulcers
[96] and upregulation of hepcidin synthesis in prostate cancer cells promotes
their cell survival [97], indicating a potential therapeutic role for hepcidinantagonists. Moreover, since iron deficiency of the cardiovascular tissue shows
to be an important contributor to cardiovascular disease, modulating cardiac
hepcidin might have a beneficial effects in diseases such as chronic heart failure
and pulmonary arterial hypertension. [98] In addition, hepcidin induction in
airway epithelial cells shows to protect against acute lung injury [99], making
hepcidin agonists a potential treatment option.
Hepcidin has also been suggested to exert a renoprotective role in acute kidney
injury (AKI). [100, 101] AKI is commonly triggered by cardiopulmonary bypass
(CPB) during major surgery. [102] Hemolysis as a result of mechanical forces of
both the blood pump and suction system is causal. [103, 104] Disruption of the
circulating RBCs lead to excessive release of hemoglobin and its toxic, reactive
breakdown products heme and free iron, which may accumulate in the renal
tissue (Figure 3). [105-107] The exact mechanisms underlying hemoglobininduced AKI have not been completely elucidated and, to date, there are no
adequate measures for prevention or treatment. However, the suggested
protective role of hepcidin in AKI might offer opportunities. Several studies
show an association between high urinary hepcidin levels and a reduced risk
of AKI. [108-110] Since these patients presented similar hepcidin plasma
concentrations, the increased urinary levels could be due to locally produced
renal hepcidin. Indeed, hepcidin is shown be synthesized in the distal tubules
of the kidney (Figure 3) and, when silenced, aggravates oxidative, inflammatory
and ER stress upon hemoglobin-induced injury in vitro. [101, 111, 112] It is
currently unclear by what mechanisms hepcidin produced by distal tubule cells
might elicit protection, if and how this also protects proximal tubule cells and
via which molecular mechanisms renal hepcidin synthesis is induced. In order
to develop effective and targeted interventions, it is essential to extent our
knowledge of the mechanisms and dynamics underlying the protective effect
of hepcidin.
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Figure 3. Hemoglobin-induced AKI. Blood (red arrows) is filtered by the glomeruli in the
kidney, producing filtrate (yellow arrow) that passes both proximal and distal tubule
cells, eventually leaving the body as urine. Upon hemolysis, hemoglobin (Hb), heme and
reactive iron (Fe2+) are being released in the circulation. Filtration of these reactive
breakdown products of red blood cells can cause damage to the renal tissue. Hepcidin,
locally synthesized by distal tubule cells, is suggested exert a renoprotective effect.
Figure created with BioRender.com.
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Aim and Outine of this Thesis
The aim of this thesis was to further investigate hepcidin measurement, regulation
and protective mechanisms to ameliorate its usefulness as both biomarker in
diagnostics as therapeutic target in clinical practice.
Our studies on global standardization of hepcidin assays, to improve accuracy
and comparability of hepcidin measurement, are described in Chapter 2. With
two sample send-outs, analytical performance and the effect of the newly
developed two-leveled sRM on accuracy of hepcidin assays was studied. Chapter 3
describes how hepcidin standardization was further optimized with the
development of a pilot proficiency test scheme, to assess the quality of hepcidin
assays worldwide and stimulate standardization, and the production and
validation of an additional third calibrator. We studied the circulation state of
hepcidin in Chapter 4, by measuring freely circulating solutes in blood and
peritoneal fluid of patients with end-stage renal disease undergoing peritoneal
dialysis. We established a curve describing the relation between molecular
weight and peritoneal clearance, from which we could calculate the hepcidin
protein binding percentage. Chapter 5 describes the development of an assay
to quantify human ERFE and its subsequent extensive analytical validation.
Moreover, with the use of this assay, we aimed to discriminate pathologies of
ineffective erythropoiesis. Last, we studied the protective role of renal hepcidin
during AKI in Chapter 6, to explore the potential of hepcidin as therapeutic
target. Deploying an in vitro approach, we studied the molecular mechanism of
renal hepcidin synthesis and, with kidney-specific inducible hepcidin knockout
mice, we investigated the contribution of renal hepcidin in protection against
hemoglobin-induced injury. The general discussion outlining implications and
directions for future research are described in Chapter 7 and this thesis is
summarized in Chapter 8.
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Abstract
Background: Hepcidin concentrations measured by various methods differ
considerably, complicating interpretation. Here, a previously identified plasmabased candidate secondary reference material (csRM) was modified into a
serum-based two-leveled sRM. We validated its functionality to increase the
equivalence between methods for international standardization.
Methods: We applied technical procedures developed by the International
Consortium for Harmonization of Clinical Laboratory Results. The sRM, consisting
of lyophilized serum with cryolyoprotectant, appeared commutable among
nine different measurement procedures using 16 native human serum samples
in a first round robin (RR1). Harmonization potential of the sRM was simulated
in RR1 and evaluated in practice in RR2 among 11 measurement procedures
using three native human plasma samples. Comprehensive purity analysis of a
candidate primary RM (cpRM) was performed by state of the art procedures.
The sRM was value assigned with an isotope dilution mass spectrometry-based
candidate reference method calibrated using the certified pRM.
Results: The inter-assay CV without harmonization was 42.1% and 52.8% in RR1
and RR2, respectively. In RR1, simulation of harmonization with sRM resulted
in an inter-assay CV of 11.0%, whereas in RR2 calibration with the material
resulted in an inter-assay CV of 19.1%. Both the sRM and pRM passed international
homogeneity criteria and showed long-term stability. We assigned values to the
low (0.95 ± 0.11 nmol/L) and middle concentration (3.75 ± 0.17 nmol/L) calibrators
of the sRM.
Conclusions: Standardization of hepcidin is possible with our sRM, which value
is assigned by a pRM. We propose the implementation of this material as an
international calibrator for hepcidin.
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Introduction
Hepcidin is a liver-produced peptide hormone, which regulates systemic iron
levels by counteracting the cellular iron exporter ferroportin [1, 2]. Disorders of
iron metabolism often arise in combination with alterations in hepcidin levels.
Therefore, hepcidin is considered a powerful diagnostic tool as well as a target
of therapy. Consequently, many hepcidin measurement procedures (MPs) have
been developed to quantify hepcidin concentrations in biological fluids, largely
based on either mass spectrometry (MS) or immunochemistry (IC) [2].
Our previous round robin (inter-laboratory) studies (RRs) revealed hepcidin
levels in the same clinical sample differed by a factor up to 9.1 between MPs,
leading to nonequivalent results of results, complicating interpretation [3–5].
This hampers implementation of hepcidin MPs into clinical practice and for
research purposes. Better agreement between hepcidin results obtained by
various MPs will enable the establishment of global uniform reference intervals
and decision limits, i.e. for guidance in oral iron therapy and diagnosis of iron
refractory iron deficiency anemia [2, 6, 7]. Therefore, ideally, all hepcidin MPs
need to be standardized. This allows a patient sample being traceable to the
internationally recognized Système International (SI) via a calibration hierarchy
of calibrators and MPs, and the establishment of a ‘true value’ by defining the
measurand in SI units [8]. For standardization a primary reference material
(pRM) is needed, which is a compound of well-characterized purity used to
prepare a calibrator for a reference MP (RMP) [8]. This calibrated RMP is used to
assign a value to a secondary reference material (sRM), as a sRM is matrix-based
material which can be used for the calibration of routine MPs worldwide [9, 10].
However, until now no reference materials exist for hepcidin.
In case solely a sRM is developed, only harmonization can be achieved,
which is a lower category of traceability leading to equalized results worldwide.
In our previous hepcidin harmonization study [5], we applied technical procedures
to achieve efficient harmonization according to those recently developed by the
International Consortium for Harmonization of Clinical Laboratory Results
(ICHCLR) [10–12]. Harmonization appeared technically achievable and lyophilized
human plasma with cryolyoprotectant (CLP), which improves stability, was identified
as a commutable candidate sRM (csRM). Moreover, simulation studies showed
that calibration with this csRM reduced the inter-method coefficient of variation
(CV) from 28.6% to 7.7% [5].
Here, we report results for making standardization of worldwide hepcidin
MPs possible by (i) modifying the previous identified csRM, producing a large
batch of a two-leveled (i.e. covering low and middle concentration range of
hepcidin) sRM consisting of lyophilized human serum with CLP for international
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use, confirming its commutability and estimating the sRM harmonization
potential in a first RR study (RR1) by mathematical simulation, (ii) testing the
sRM harmonization potential in practice in a small second RR study (RR2) and
(iii) establishing a traceability chain allowing standardized results through
value assignment of our sRM with a candidate RMP that relies on calibration
with a pRM of well-characterized purity.

Materials and methods
Overview study design
The study was comprised of a stepwise approach towards standardization.
First, we produced a sRM, which is a modification of our previous identified
csRM [5]. Here, we used serum instead of plasma, produced a two-leveled
calibrator, covering both the low and middle range of hepcidin concentrations,
and tested all included serum samples for HIV, hepatitis B and C. We assessed
commutability and the harmonization potential of this modified material in
RR1. Next, the sRM harmonization potential was tested in practice in RR2.
We assessed the analytical performance of participating MPs in both studies,
as harmonization is solely possible for MPs with good analytical performance.
To reach standardization, we established a traceability chain to the SI units
through value assignment of the sRM with a candidate RMP calibrated with a
pRM. Commercially obtained synthetic hepcidin was used as candidate pRM
(cpRM). Amino-acid analysis and comprehensive impurity analysis of the cpRM,
performed by liquid chromatography high-resolution tandem MS, were performed
for value assignment [13].
Both the sRM and pRM were tested for homogeneity and stability.

Measurement procedures
MPs were selected to represent a variety of methodological approaches as
described previously [5]. For RR1 nine MPs agreed to participate (4 MS- and 5
IC-based), and 11 MPs (8 MS- and 3 IC-based) for RR2. Relevant MP approaches
and their participation in RR1 or/ and RR2 are illustrated in Table 1.

Collection and preparation of native samples and the sRM
For RR1, we collected 16 native human serum samples, covering the low (0.6–1.2
nmol/L), middle (2.6–7.9 nmol/L) and high (8.0–12.8 nmol/L) range of hepcidin
concentrations in humans (Supplementary Table 1), measured by our validated
in-house MP (MS-1, Table 1) [14]. Samples, all negative for HIV, hepatitis B and
hepatitis C, were obtained from phlebotomized iron-depleted patients with
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hereditary hemochromatosis and healthy volunteers (see Supplementary Material),
and were stored at −80 °C until sample set preparation.
Within 6 weeks after collection, the 16 serum samples were used to produce
the sRM, as well as to prepare sample sets for each participating method, as
previously described [5], based on technical procedures developed by the ICHCLR
[12]. Each sample set consisted of (i) 16 individual samples with low (n = 5), middle
(n = 6) and high (n = 5) hepcidin concentrations to assess commutability of the
sRM, (ii) mixtures of the individual samples to prepare a linearity panel to assess
analytical performance of each MP and (iii) two-leveled sRM made of native
samples with low and middle hepcidin concentrations (Supplementary Table 1).
Due to ethical issues (i.e. collecting high volume samples from acutely and
chronically inflamed patients), we did not produce a calibrator for the high
hepcidin concentration range.
In order to produce the sRM, low level samples were pooled and homogenized
with addition of CLP at RT for approximately 1 h forming the low concentration
calibrator. Likewise for middle level samples forming the middle concentration
calibrator. All vials were lyophilized in a freeze-dryer (Zirbus Technology, Tiel,
The Netherlands) for 63 h (Supplementary Table 2).
For RR2, we prepared a sample set consisting of six native samples (i.e.
duplicate low-, middle- and high hepcidin concentration samples) and the
two-leveled sRM. Samples, used for both assessment of harmonization potential,
and analytical performance of participating MPs, were obtained from leftover
heparin plasma of intensive care patients and from a phlebotomy of an irondepleted hereditary hemochromatosis patient (see Supplementary Material).
As in RR1, hepcidin concentrations were measured by MS-1 (Table 1) and samples
were stored at −80 °C until sample set preparation.
Sample sets for RR1 and RR2, including the two-leveled sRM, were shipped
on dry ice and participating laboratories were requested to prepare the samples
according to provided instructions and to measure, in triplicates, each sample
within one run.

Ethics
The study was approved by the Ethics Committee and the Board of Directors of
the Radboudumc, Nijmegen, The Netherlands, and has been conducted in
accordance with the Declaration of Helsinki. Both patients and volunteers
signed informed consent prior to blood collection and all samples were blinded
and randomized. Use of leftover patient plasma in this study conformed to the
code for proper secondary use of human tissue in the Netherlands.
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MS-1

MS-2

MS-3

MS-4

MS-5

MS-6

MS-7

MS-8

N/A

IC-3

IC-4

IC-5

N/A

MS-1

N/A

MS-3

MS-4

MS-5

N/A

N/A

N/A

IC-1

IC-3

IC-4

IC-5

IC-6

Direct-sandwich CL ELISA

cELISA

cELISA (test-automated)

cELISA (kit-commercially)

cELISA

UHPLC-MS/MS

LC-MS/MS

LC-MS/MS

LC-MS/MS

LC-MS/MS

LC-MS/MS

UPLC-MS/MS

MALDI-TOF MS

MP

None

None

None

None

Precipitation
with ACN/TFA
SPE-Oasis
uElution HLB
None

SPE-Oasis MAX

HLB SPE

SPE-Oasis HLB

Reversed phase

Reversed phase

WCX

Extraction

Synthetic hepcidin-25

Synthetic hepcidin-25

Synthetic hepcidin-25

Synthetic hepcidin-25

Heavy-isotope labeled
synthetic hepcidin-25
Heavy-isotope labeled
synthetic hepcidin-25
Heavy-isotope labeled
synthetic hepcidin-25
Heavy-isotope labeled
synthetic hepcidin-25
Heavy-isotope labeled
synthetic hepcidin-25
Heavy-isotope labeled
synthetic hepcidin-25
Heavy-isotope labeled
synthetic hepcidin-25
Heavy-isotope labeled
synthetic hepcidin-25
Synthetic hepcidin-25

Standard

a

Peptide Inst. (JP)

[22] d

c

b

Bachem/ Peptide Inst. (JP) e

Bachem

Peptide Int. (US)

Peptide Int. (US)

[21]

[20]

Peptide Inst. (JP)

Peptide Int. (US)

[19]

[18]

[17]

[16]

[15]

[14]

Peptide Inst. (JP)

Peptide Inst. (JP)

Peptide Int. (US)

Peptide Inst. (JP)

Manufactured in-house

Peptide Inst. (JP)

Manufacturer standard Reference

RR, Round Robin; MP, measurement procedure; MS, mass spectrometry-based MP; IC, immunochemical-based MP; MALDI, matrix-assisted laser desorption/
ionization; TOF, time of flight; LC, liquid chromatography; c, competitive; ELISA, enzyme-linked immunosorbent assay; CL, chemiluminescence; WCX,
weak-cation exchange; HLB, hydrophilic lipophilic balanced reversed phase; N/A, not applicable, because these assays solely participated in one RR. Two
procedures (MS-2 and IC-2) were not ready to measure the samples at the time of sample send-out for RR1. a. No reference available; a laboratory-developed MP
for hepcidin-25 by Laboratory for the Analysis of Medicines, University of Liège, Liège, Belgium. b. No reference available; Intrinsic Hepcidin IDxTM Kit
(product #ICE-007) - commercially available competitive ELISA from Intrinsic LifeSciences, La Jolla, USA. c. No reference available; Intrinsic Hepcidin IDxTM
Test - automated competitive ELISA from Intrinsic LifeSciences, La Jolla, USA. d. No reference available; Hepcidin 25 bioactive HS Kit (product #EIA-5782)
commercially available assay from DRG Diagnostics, Marburg, Germany. e. No reference available; a second-generation MP based on the assay described in
Butterfield et al. [23] developed by ELISA of Corgenix Inc., Broomfield, USA.

Participant
code RR2

Participant
code RR1

Table 1. Methodological approaches of participating hepcidin MPs.
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Statistics
Exclusion of outlier results and analytical performance of MPs were assessed as
previously described (see Supplementary Material) [5]. All statistical analyses
were performed with SAS 9.4.
Commutability of the sRM: To validate commutability in RR1 of the modified
sRM, we performed regression analysis with the results of 16 native samples and
sRM for each method (y-axis) and the mean of all methods (x-axis), and assessed
whether mean results of both calibrator samples were within the 95% prediction
interval of the regression line of the mean of the individual samples [24].
Equivalence between MPs without harmonization: Linear regression was
performed between the results of each of the MPs (y-axis) and the mean results
of all MPs (x-axis), summarized in terms of the Pearson correlation coefficient r,
the intercept a and slope b of the ordinary least squares (OLS) regression line,
to explore the degree of equivalence without harmonization. Equivalence
without harmonization was quantified as the mean inter-assay CV (%), calculated
from the logarithmically transformed means of the results of the native samples
(RR1: n = 16; RR2: n = 3).
Harmonization with the sRM: In RR1, the effect of harmonization on the
equivalence between methods using the sRM was mathematically simulated by
value reassignment based on regression of the results of the sRM samples per MP
against the respective mean result of all MPs. The inter-assay dispersion in these
simulated results was then expressed as the inter-assay CV (%) after harmonization
with the sRM (see Supplementary Material).
In RR2, participants received two sets of identical samples, which allowed
both prospective and retrospective calibration methods (see Supplementary
Material). The between MP dispersion in the calibrated results was then
expressed as the inter-assay CV (%).
To assess whether the achieved inter-assay CV is adequate, equivalence of
MPs was placed in the context of the biological variation of hepcidin. Therefore
we calculated limits for total allowable error (TEa) with TEa(%) = 1.65 (f1*CV I ) +
f2(CV I 2 + CVG 2 )1/2, in which CV I is the between-day intra-individual CV, CVG is
the inter-individual variation and f1 and f2 are factors for optimum (0.25 and
0.125), desirable (0.5 and 0.250), and minimum (0.75 and 0.375) TEa [25]. Values
for CV I (48.8%) and CVG (154.1%) were derived from Murphy et al. [26].
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Characterization of the sRM
Homogeneity was tested according to ISO13528 by means of duplicate measurements
of 12 randomly selected low- and middle-concentrations calibrator samples by
MS-1 [27]. Prior to use, the sRM was reconstituted with 0.30 mL deionized water,
followed by leaving the vial at room temperature for 15 min, and subsequent
careful mixing for 20 min (roller bench, 3.5 rpm). In the absence of between-lab
variation data from external proficiency testing, and as within-lab between-run
variation is always smaller than between-lab variation, we used data on
between-run reproducibility from control charts of MS-1 for calculations on
homogeneity, i.e. SD of 0.157 nM for the low concentration calibrator (lowest
control level 2.34 nM, CV 6.70%) and SD 0.557 nM for the middle concentration
calibrator (highest control level 10.1 nM, CV 5.50%).
Stability was studied by comparing hepcidin concentrations in aliquots
stored at β20, 4 and 20 °C. Measurements took place by MS-1 at baseline, after 1
month, 6 months, 1, 1.5 and 2 years of storage, and will be continued annually
for the next 5 years. Significant changes in time concerning the value of the
sRM, that exceeds the precision of MS-1, were considered as an instability.
Statistical analysis was done using analysis of variance (ANOVA) and Bonferroni’s
multiple comparison test.

Characterization of the pRM
Synthetic human hepcidin-25 was purchased from Anaspec (Seraing, Belgium).
Characterization of the cpRM was performed at the French Metrology Institute
LNE (Laboratoire national de métrologie et d’essais). Hepcidin mass quantity was
determined by amino acid analysis using isotope-dilution liquid-chromatography MS (ID-LC/MS) using a triple quadrupole MS (Waters Xevo TQ-MS, see
Supplementary Material).
Since peptide impurities can positively bias amino acid analysis results,
impurity identification and quantification was performed on a high resolution
quadrupole-orbitrap MS (Thermo Q-Exactive Focus, Waltham, MA, USA)
according to the procedure described previously [13]. Impurities were quantified
on three hepcidin vials from Anaspec, stored at –20 °C and measured at three
different time points (along an 8-month period). The average total impurity
content determined by the q-orbitrap MS was subtracted from the amount
determined by amino acid analysis using the TQ-MS.
Homogeneity testing was performed on randomly selected vials belonging
to a single batch. Seven measurement replicates were performed on each vial by
MS-1. Uncertainty associated to homogeneity was calculated by ANOVA.
Stability testing was performed by comparing impurity profiles, measured by
ID-LC/MS, over an 8-month period. Impurities stability data were analyzed by
regression analysis (see Supplementary Material).
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Value assignment of sRM
Value assignment of the sRM was performed in two parts using a validated
Weak-Cation-eXchange MALDI-Time of Flight – MS (WCX MALDI-TOF MS) assay
as a candidate RMP (MS-1) [14]. In the first part, we reassigned the value of the
internal standard of MS-1 (heavy hepcidin+40, Peptide Institue, [Japan]) using the
certified pRM. Secondly, we used this adjusted internal standard to assign a
value to the sRM. Details are described in the Supplementary Material. Statistical
analysis was done using ANOVA.

Results
Production and validation of the sRM
In total, 1198 vials of both the low and middle concentrations calibrators were
produced. Together they form sRM, consisting of lyophilized serum with CLP.
The material was validated in RR1 by nine MPs with good analytical performance,
assessed in terms of mutual correlations (Supplementary Table 3), linearity and
reproducibility (Supplementary Table 4), which allows harmonization technically.
Mean intra-assay variation appeared higher at low hepcidin concentrations (7.4%)
compared to middle (3.4%) and high (2.9%) concentrations. In accordance with
previous studies [3–5], the occurrence of large discrepancies in regression slopes
(Supplementary Table 4) and in absolute hepcidin levels (Supplementary Table 5)
despite high MPs correlations suggests calibration, not heterogeneity of the
measurand, as a major cause of the current lack of equivalence between assays.
Without harmonization, the inter-assay CV between MPs in RR1 was calculated
to be 42.1% (Table 2), of which 92.4% could be attributed to the lack of calibration
(Supplementary Table 6). Mathematical simulation of harmonization of 16
native samples with the sRM revealed a significant improvement of equivalence
between MPs, as the inter-assay CV decreased to 11.0% (Table 2).
To assess whether the achieved inter-assay CV is adequate for the biological
variation of hepcidin, we used the criterion of TEa, combining bias and
imprecision. Based on previous reported intra-individual CV and inter-individual
CV of hepcidin, TEa of 40.3% (optimum), 80.7% (desirable) and 121.0% (minimum)
were calculated [26]. The higher the biological variation of a measurand,
the higher the allowable bias after harmonization. Without harmonization,
results of only half of the MPs were within the optimum TEa limits for hepcidin
(Figure 1A). After calibration with the sRM, all simulated results were within
the limits for the optimum TEa, which illustrates the decreased bias and the
significant improvement in equivalence between the different MPs (Figure 1B).
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In addition, commutability of the sRM was confirmed as for all MPs the
mean of the triplicate measurements of the calibrator samples were within
the 95% prediction interval of the regression line of the results of the 16 native
samples for each MP and the mean of all MPs (Supplementary Figure 1). This
corroborates the previously validated commutability of the now slightly
modified sRM [5].

Table 2. The effect of the sRM on inter-assay CV after mathematical
simulation of calibration (RR1) or in practice (RR2).
Equivalence (inter-assay CV, %)
RR1

RR2

Before calibration with sRM

42.1

52.8

After calibration with sRM

11.0

19.1

MP, measurement procedure; CV, coefficient of variation; sRM, secondary reference material; RR,
Round Robin. Equivalence after calibration with the sRM calculated as the inter-assay CV (%) after
value reassignment of the 16 native samples using OLS regression equations of the produced sRM set
(RR1) or calculated as the inter-assay CV (%) of calibrated measurements (RR2).

With respect to homogeneity testing, for the middle- and low-concentrations
calibrators we found SDs of 0.098 nM and 0.041 nM, respectively, indicating
that both passed the criteria as defined by ISO13528 [27]. The sRM was found
to remain stable for at least 2 years at –20, 4 and 20 °C.

Harmonization potential of the sRM in practice
Next, we assessed the harmonization potential of the sRM in practice in RR2
among 11 MPs with good analytical performance in terms of reproducibility
(Supplementary Table 7), as shown previously (RR1, [5]). Again, prior to harmonization large discrepancies in absolute hepcidin levels were found (Supplementary
Table 8).
Without harmonization, the inter-assay CV between assays in RR2 was
calculated to be 52.8%, which decreased to 19.1% after calibration with the sRM
(Table 2). As in RR1, we placed these results in the context of biological variation
of hepcidin using the TEa, and again all the results were within the limits or on
the cut-off point of the optimum TEa after harmonization with the sRM
illustrating decreased bias and significant improvement in equivalence between
MPs (Figure 1C and D).
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Value assignment of the sRM using a pRM
Characterization of the pRM
The average peptide mass fraction of hepcidin in the pRM was determined
by combining results of triplicate hydrolyses performed on 3 different days
(Supplementary Table 9). Results were consistent among hydrolysis replicates
(RSD 4.1%) and between quantified amino acids (RSD 1.8%). This value was
corrected by subtracting peptidic impurities quantified by high resolution MS,
as previously described [13]. Relative abundances of major identified impurities,
all structurally related to hepcidin-25 (N- and C-terminal truncated forms and
modified forms, e.g. oxidation), are shown in Supplementary Table 10.
Impurities were quantified at 3 different time points, covering an 8-month
stability period. No significant trend (99% confidence level) was detected in the
impurity mass fraction values. At the end of the testing period, the material was
analyzed with ID-LC/MS and no new impurities were detected. The material is
therefore stable at β20 °C. The pRM was considered sufficiently homogeneous,
as the calculated uncertainty associated with heterogeneity of the vials was
1.65%. Combined with the uncertainty from amino acid analysis, impurity
quantification and material heterogeneity, the final expanded uncertainty was
obtained. Hepcidin mass fractions were converted into mass quantity of
hepcidin per vial by taking the gravimetrically measured reconstitution volume
(0.5 mL) into account and correcting for peptidic impurities, leaving the certified
hepcidin mass quantity value assigned to the pRM to be 72.9 ± 3.9 μg (k = 2).
The certified uncertainty is the expanded uncertainty with a coverage factor 2
corresponding to a level of confidence of about 95% estimated in accordance
with ISO/IEC Guide 98-3 [28].

Value assignment of the sRM
Using value assigned pRM, and MS-1 as the provisional RMP, we assigned values
to the low- and middle-concentrations calibrators of the sRM which are 0.95 ± 0.11
nmol/L and 3.75 ± 0.17 nmol/L, respectively (k = 1). These values differ approximately
a factor 2 with the all method mean determined in RR1 (2.38 ± 1.22 nmol/L and
7.03 ± 3.15 nmol/L).
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Figure 1. The effect of calibration with the sRM in RR1 and RR2, including the criterion of TEa. MP results before (A) and after (B)
simulation of calibration with the sRM in RR1, and before (C) and after (D) calibration with the sRM in RR2, including the criterion of
TEa. The data points above each other represent the measurement of the samples (n=16 in RR1, n=3 in RR2) by all different MPs. Because of
the absence of a true value, the x-axis represents the mean results of the samples for all MPs. The y-axis shows the bias, i.e. the difference,
between the results of the native samples of each MP and the mean of all MPs. The lines represent limits for optimum (large dashes),
desirable (solid) and minimum (small dashes) TEa.
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Discussion and conclusions
Previous RR studies showed the need for standardization of hepcidin MPs, as
hepcidin concentrations measured by various methods differ considerably,
hampering implementation of these MPs into clinical practice and for research
purposes [3–5]. Therefore, we created all items needed to establish traceability
to SI, i.e. a commutable two-leveled sRM made of lyophilized serum with CLP,
with a value assigned by a candidate RMP calibrated calibrated with a pRM.
We showed, both by mathematical simulation (RR1) and in practice (RR2),
that the use of the sRM to calibrate hepcidin MPs with good analytical
performance can achieve a reduction of the inter-method CV that is within
the optimum TEa, i.e. the inter-assay CV based on hepcidin’s biological variation
[26, 29]. We currently assessed TEa on limited data on a relatively high hepcidin
between-day biological variability (48.8%) [26]. However, published [29–32] and
our unpublished observations (L. Diepeveen) corroborate these data. Nevertheless
expansion of data on between-day variability might be needed to achieve a more
accurate estimation of the TEa that is better suited to assess the achievements of
global standardization.
We found that inter-assay CVs before and after calibration differed slightly
between RR1 (before: 42.1%, after: 11.0%) and RR2 (before: 52.8%, after: 19.1%).
These differences may be explained by (i) varying numbers of measured samples
(RR1: n = 16, RR2: n = 3), (ii) the use of pro- or retrospective calibration and iii)
variation in methodology of participating MPs (RR1: 4 MS, RR2: 8 MS) and
associated differences in analytical performance.
We show that the sRM improves calibration bias, which was found to be the
major contributor to measurement inaccuracy. It is conceivable to further reduce
the inter-assay CV by improvement of other factors contributing to inaccurate
measurements like analytical characteristics of MPs and heterogeneity of the
measurand. The latter could be caused by differences in detection of the smaller
hepcidin isoforms [5, 14]. Bioactive hepcidin-25 can be measured specifically by
MS methods in contrast to most IC methods, which measure total hepcidin
concentrations that include potential isoforms [2, 21]. Isoforms are increasingly
present in patients with elevated hepcidin-25 levels (e.g. sepsis or chronic kidney
disease). As defining the measurand is a requisite for standardization [6, 8], it is
important that the value assignment of the sRM was performed by a MS method,
assuring specific quantification of the defined measurand hepcidin-25, traceable
to SI units (nmol/L).
We have produced two calibrators with respective concentrations of
0.95 ± 0.11 nmol/L and 3.75 ± 0.17 nmol/L (k = 1). Production of a third, high
concentration calibrator will further improve future standardization. However,
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this requires samples with high hepcidin levels originating from inflamed
patients leading to ethical difficulties. Moreover, the provisional cRMP used in
our study should be replaced by a validated RMP [8].
Usage of the sRM by clinical and research laboratories, and commercial
providers of ELISA kits, will allow the standardization of hepcidin MPs
worldwide. We anticipate that standardization of calibration will have a
significant impact on the success of hepcidin as a biomarker as it allows the
definition and application of generally accepted uniform reference intervals
and decision limits, facilitating medical research and its translation to the
clinic [7]. Standardization might become especially advantageous for using
hepcidin in the diagnosis of iron refractory iron deficiency anemia to predict
the effectiveness of oral iron supplementation to replenish deficient body iron
stores [2].
The sRM will be made available to the medical, scientific and pharmaceutical
community by Hepcidinanalysis.com at a fee for the service. We also intend to
submit the material for review and possible publication in the JCTLM Database.
We must emphasize that worldwide standardization can only be achieved if
the sRM is implemented as the international calibrator for hepcidin.
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Supplemental material
Supplemental methods
Samples RR1
Since RR1 is designed to produce a large batch of two-leveled sRM and as a
validation of our previous study [1], we recruited 16 individuals instead of 32
that are required for a harmonization study according to ICHCLR. [2] These 16
individual serum samples were selected to cover the low (0.6-1.2 nmol/L), middle
(2.6-7.9 nmol/L) and high (8.0-12.8 nmol/L) range of hepcidin concentrations in
humans, as measured by MS-1 (Table 1). [3] To this end, we collected 300 mL
whole blood from individuals with low or middle hepcidin concentrations by
venipuncture in phlebotomy bags (Macopharma VSL7001PD, Tourcoing, France)
and 50 mL whole blood from individuals with a high hepcidin concentration in
five 10 mL tubes (Becton Dickinson Vacutainer® SST™ II Advance serum Tubes,
Franklin Lakes, United States). We chose to collect 300 mL whole blood from
individuals with low or middle hepcidin concentrations to ensure obtaining a
minimum of 90 mL serum after processing, in order to produce the reference
material besides study purposes. We chose to collect 50 mL whole blood from
individuals with a high hepcidin concentration to ensure obtaining a minimum
of 10 mL serum for the samples in the high concentration range needed for
study purposes. Blood collections from phlebotomized iron-depleted HFE-hemochromatosis patients and healthy volunteers (age: 18-75 years) took place at the
Radboudumc, Nijmegen. Collected blood was transported on ice (~5 minutes)
and centrifuged at 3450g (4°C) for 8 minutes. After centrifugation, plasma was
pipetted into glass vials to coagulate for 4 hours, centrifuged (1570g, 19 minutes,
RT) and stored at -80°C until sample set preparation.
Within 6 weeks after collection, the 16 native human serum samples were
used to produce the sRM, consisting of a calibrator for the low range and for the
middle range, and to prepare sample sets for each participating method, as
previously described. [1] Each sample set consisted of i) 16 individual samples
with low (n=5), middle (n=6) and high (n=5) hepcidin concentrations to assess
commutability of the sRM, ii) mixtures of the individual samples to prepare a
linearity panel to assess analytical performance of each participating method
and iii) the two-leveled sRM made of the individual samples with low and middle
hepcidin concentrations (Supplemental Table 1). The individual collected serum
samples were transported on dry ice to the Queen Beatrix Hospital (Winterswijk,
the Netherlands), where sample sets were prepared on the same day and stored
at -80βC until shipment. Reference material vials were placed in -70°C and
lyophilized after three days (Supplemental Table 2). Lyophilized material was
stored at 2-8°C and shipped with the sample sets on dry ice to the participating
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laboratories within a week after preparation, where the sample sets arrived in
frozen condition. All labs reported results within 3 weeks after receipt of the
samples.

Samples RR2
To test the sRM harmonization potential in practice heparin plasma samples
were needed with low, middle and high hepcidin concentrations. To this end,
we collected one extra vial of blood from a phlebotomy of an iron-depleted
hereditary hemochromatosis patient to produce a low hepcidin concentration
sample for each MP (1.8 nM). A pool with a high hepcidin concentration was
obtained from leftover heparin plasma samples of intensive care patients, once
used for diagnostics, to produce a high hepcidin concentration sample for each
MP (10.9 nM). By mixing both plasma with a low hepcidin concentration and the
high hepcidin concentration plasma pool in a 50/50 ratio, we prepared a pool
with a middle level hepcidin concentration from which we produced a middle
hepcidin concentration sample for each MP (5.7 nM). All together we prepared a
sample set for each participating MP in RR2 consisting of 6 native samples (i.e. a
low-, middle- and high hepcidin concentration sample in duplicate) and the
sRM. As in RR1, hepcidin concentrations were measured by MS-1 (Table 1) and
samples were stored at -80°C until sample set preparation.

Statistics
Exclusion of outlier measurements: Outlier measurements, assessed as previously
described [1], were left out of analyses, restricted to 2 per method to minimize
data manipulation (see Supplemental Table 5 and 8).
Analytical performance of measurement procedures: In both RR1 and RR2,
reproducibility of the MPs was determined as the intra-assay coefficient of
variation (CV), based on the logarithmically transformed (LN) results of triplicate
measurements of the individual samples (RR1; 16, RR2; 3). Since standard
deviations showed to be approximately proportional to the hepcidin level,
logarithmic transformation of hepcidin concentrations was applied to stabilize
standard deviations along the concentration range. The intra-assay CV of each
MP was then calculated as CV = 100% * (exp(σ2)-1)1/2 where σ is the standard
deviation of the LN-transformed results and exp is ex. In addition, the intra-assay
CV of each MP was calculated separately for the LN-transformed results of the
low, middle and high hepcidin concentrations. Subsequently, we calculated the
average of these values to compare the intra-assay variation at the three different
hepcidin concentration levels globally.
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In RR1, mutual correlations were calculated as the Spearman rank
coefficient between each pair wise combination of MP, based on the 16 individual
samples, and linearity was assessed from the linearity panel results plotted
against the mixture ratios, expressed as the intercept a, slope b and Pearson
correlation coefficient (r), as previously described. [1]
Harmonization with the secondary reference material: In RR1, the effect of
harmonization on the equivalence between methods using the sRM was
mathematically simulated by value reassignment based on the regression of the
results of the sRM samples per method against the respective mean result of all
methods. Assuming linearity, warranted by the analyses of linearity of each
measurement procedure in RR1, linear regression equations were calculated for
plots presenting the mean results of the calibrator samples for all methods
(x-axis) and the respective results for these samples of each individual method
(y-axis). Using these equations with the actual measured result of each of
the individual samples before harmonization (Calibrated value= (measured
valueintercept)/slope) simulates calibration with the produced secondary
reference material, yielding the virtually harmonized results of these individual
samples for all methods. The dispersion in these simulated results was then
expressed as the inter-assay CV (%) after harmonization with the sRM, by using
CV = 100% * (exp(σ2)-1)1/2 where σ is the standard deviation of the LN-transformed
means of the virtually harmonized results and exp is ex. At this point, the value of
the two-leveled sRM was set as the mean measured by participating MPs of RR1.
In RR2, the effect of harmonization on the equivalence between methods
using the sRM was tested in practice. To this end participants were allowed to
use either prospective and retrospective calibration methods. Participants that
used the prospective calibration method in RR2, measured the first set of
samples with their original calibration method. After recalibration with the
sRM, they measured the second set of samples. Participants that used the
retrospective method, measured the two-leveled sRM and individual samples in
one run. The values obtained for the sRM were then used to create a regression
analysis using the consensus value assigned to the sRM after RR1. All results
measured in triplicate with their original assay were then recalculated using
this regression analysis.

Primary reference material
Candidate pRM synthetic human hepcidin-25 peptide (amino acid sequence
DTHFPICIFCCGCCHRSKCGMCCKT) was purchased from Anaspec (Seraing,
Belgium). Hepcidin amount per vial was quantified by amino acid analysis
using isotope-dilution, liquid chromatography, mass spectrometry (ID-LC/MS).
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Briefly, the content of a vial was gravimetrically reconstituted in 500 μL of an
aqueous solution of 5% acetonitrile, 0.1% formic acid and subsamples were
mixed with isotopically labelled Phe, Ile and Pro (Cambridge Isotope Laboratories,
Inc.), as internal standards. After evaporation of the solvent, hepcidin was
hydrolyzed in a vacuum sealed vessel in presence of HCl in the vapor phase.
Hydrolysis proceeded for 40h at 130°C. Samples were reconstituted in water
before analysis. Calibration was performed using solutions of certified reference
materials for Phe (NMIJ CRM 6014a), Ile (NMIJ CRM 6013-a) and Pro (NMIJ CRM
6016a). These reference materials are pure amino acid substances of certified
purity, whose mass fraction values are traceable to the SI. Peak area ratios of
natural : labeled amino acids were plotted against their mass ratios to produce
the calibration function. The concentration of internal standard was similar in
the certified reference materials and sample, and the molar ratio of the internal
standard to sample was adjusted to be close to 1.
Stability testing was performed by comparing impurity profiles, measured
by ID-LC/MS, over an 8-month period. The variation of each impurity mass
fraction in time was subject to regression analysis. The t ratio, calculated as the
slope of the regression line divided by its uncertainty, was compared with the
critical value of a two tailed t-distribution for a 0.01 significance level (tcritial).
The alternative hypothesis that the slope was significantly different from zero
was rejected when tratio < tcritical, indicating the absence of a significant trend
and therefore stability.

Value assignment of the sRM
Value assignment of the sRM was performed in two parts using a validated
Weak-CationeXchange MALDI-Time of Flight – mass spectrometry (WCX
MALDI-TOF MS) assay as candidate RMP (MS-1) [4]. In the first part, we reassigned
the value of the internal standard of MS-1 (heavy hepcidin+40 , Peptide Inst. (JP))
using the certified pRM. To this end, the internal standard (Lot No. 221- 006221)
was reconstituted according to the manual of Peptide Institute. The pRM,
synthetic hepcidin-25, was reconstituted according to instructions provided by
LNE (France). In every run, we added 10 μL of the internal standard (100 μM) and
20 μL of the pRM (52.1 μM) gravimetrically to 10 mL 20% acetonitrile as first
dilution step. Secondly, in quadruplicate, we added 10 μL diluted material to 50
μL blanc plasma, from an iron-depleted juvenile hemochromatosis patient for
dilution to nM measurement range. We used blanc plasma to avoid oxidation of
hepcidin in both the internal standard and the pRM. This was followed by the
regular WCX MALDI-TOF MS protocol. In total 8 different runs were performed
for value reassignment of the internal standard using pRM.
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In the second part, we used this adjusted heavy hepcidin internal standard
to assign a value to the sRM. Both the low and middle concentrations calibrator,
consisting of individual serum samples, were placed at room temperature for 1
hour prior to reconstitution, which was done gravimetrically in 300 μL deionized
water. In every run, we diluted the internal standard (0.1 mM) gravimetrically
by addition of 10 μL to 10 mL 20% acetonitrile. Secondly, we added 10 μL diluted
internal standard to 50 μL sRM gravimetrically and in quadruplicate. This was
followed by the regular WCX MALDI-TOF MS protocol. In total 4 different runs
were performed by MS-1 as candidate RMP to assign a value to the sRM. Statistical
analysis was done using ANOVA.
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Supplementary figures
Supplemental Table 1. Overview of sample set RR1.
Sample Type

Sample
nr.

Description

Hepcidin
concentration
(nmol/L) e

Individual
samples a

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Subject 1
Subject 2
Subject 3
Subject 4
Subject 5
Subject 6
Subject 7
Subject 8
Subject 9
Subject 10
Subject 11
Subject 12
Subject 13
Subject 14
Subject 15
Subject 16
M1/L1 (sample nr 1-4)
M2 (sample nr 5-8)
M3 (sample nr 9-12)
M4/L5 (sample nr 13-16)
M5 (sample nr 1-16)
L2 (75%/25% M1/M4)
L3 (50%/50% M1/M4)
L4 (25%/75% M1/M4)
Lyophilized serum with CLP.

0.6
1.1
1.2
1.1
1.1
2.6
7.9
4.4
6.3
2.7
3.0
12.8
8.5
11.3
9.7
8.0

26

Lyophilized serum with CLP.

Mixtures b

Linearity panel c

Reference material d

Low: pooled
sample nr 1-5
Middle: pooled
sample nr 6-11

CLP, cryolyoprotectant; M, mixture; L, linearity panel sample
a. 16 native human serum samples from either hemochromatosis patients or healthy volunteers: 5
low, 6 middle and 5 high hepcidin concentrations samples.
b. Each mixture consists of 4 individual samples, except for M5 which consists of all samples. The
individual samples each mixture consists of are described between the brackets.
c. The samples of the linearity panel consist of mixture samples M1 and M4 in different ratios. L1 has
a ratio of 100/0 of M1/M4 and is therefore equal to M1. The same applies to L5, in which the ratio
0/100 of M1/M4 is used, and therefore equals M4.
d. The two-leveled reference material consists of 2 vials; a calibrator for the lower concentration
range, made of the 5 samples with low hepcidin concentrations, and for the middle range, made
of the 6 samples with middle hepcidin concentrations.
e. Determined with MS-1. [4]
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Supplemental Table 2. Lyophilization procedure of the secondary reference
material.
Phase

Nr

Temperature in °C

Time (min)

Freeze temperature (FT)

01

-40

60

Main drying (MD)

01

-40

120

02

-30

60

03

-30

1080

04

20

2100

Second Drying (SD)

05

20

60

01

20

60

02

20

240

Total duration in hours/days

2

63 h/2.6 d

Supplemental Table 3. Analytical characteristics of hepcidin MPs
participating in RR1, in terms of spearman rank correlation coefficients
between the MPs of the 16 individual samples.
MS-1

MS-3

MS-1

1.000

MS-3

0.993

1.000

MS-4

0.978

0.984

MS-4

MS-5

IC-1

IC-3

IC-4

IC-5

IC-6

1.000

MS-5

0.979

0.994

0.991

1.000

IC-1

0.990

0.985

0.972

0.976

1.000

IC-3

0.987

0.985

0.960

0.970

0.988

IC-4

0.985

0.996

0.988

0.996

0.976

0.974

1.000

IC-5

0.958

0.964

0.935

0.958

0.968

0.979

0.950

1.000

IC-6

0.989

0.993

0.981

0.990

0.991

0.982

0.985

0.974

1.000

1.000

MP, measurement procedure; MS, mass spectrometry-based MP; IC, immunochemical-based MP.
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Supplemental Table 4. Analytical characteristics of hepcidin MPs participating
in RR1, in terms of reproducibility and linearity.
Reproducibility
MP

Intra-assay
CV, % a

rb

Regression relationship compared to all MPs mean
rc

Slope (95% CI)

Intercept (95% CI)

MS-1

5.4

0.996

0.997

0.631 (0.605-0.657)

-0.530 (-0.787- -0.273)

MS-3

3.0

0.999

0.998

0.958 (0.921-0.995)

0.220 (-0.144-0.584)

MS-4

4.2

0.987

0.981

0.476 (0.413-0.538)

2.103 (1.421-2.784)

MS-5

2.7

0.995

0.996

0.688 (0.655-0.722)

0.238 (-0.091-0.568)

IC-1

6.3

0.990

0.995

0.781 (0.736-0.826)

0.226 (-0.220-0.671)

IC-3

7.8

0.989

0.997

1.970 (1.874-2.067)

-0.314 (-1.292-0.665)

IC-4

5.8

0.993

0.996

1.595 (1.510-1.680)

-1.018 (-1.852- -0.183)

IC-5

5.7

0.994

0.985

1.084 (0.975-1.192)

-0.243 (-1.309-0.824)

IC-6

2.8

0.996

0.993

0.793 (0.741-0.846)

-0.386 (-0.904-0.132)

MP, measurement procedure; MS, mass spectrometry-based MP; IC, immunochemical-based MP; CV,
coefficient of variation.
a. Reproducibility, expressed as the intra-assay CV, calculated from the SD of the logarithmically
transformed results of the 16 individual samples measured in triplicate (Supplemental Table 5).
b. Linearity is assessed by the linearity panel samples (Supplemental Table 1), expressed as the
Pearson correlation coefficient r.
c. Pearson correlation coefficient r of the regression relationship between results of each individual
measurement procedure with the all measurement procedures mean.
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0.53

0.83

0.25

0.60

1.77

6.77

2.73

3.43

3.77

3.03

0.55

0.21

0.21

0.06

0.15

0.25

SD
1.13

4.40

2.57

2.53

3.07

2.80

SD

0.00

0.06

0.06

0.12

0.26

0.15

IC-5
Mean

0.44 17.57 1.36 13.40 0.26

9.77

0.40

5.97
7.80
3.77
4.50

0.12
0.26
0.12
0.26

5.73

0.25

0.29 12.47 1.63

3.23
9.00

2.73

0.46

0.21

5.73

2.60

1.67
5.10

0.06

8.50
0.00

0.20

0.06

0.20

3.27

1.03

6.67

0.06

6.40

2.50

0.17

0.10

0.31 11.33 0.35
0.06

5.40

2.67

7.23

8.80

7.67
1.83
5.03

0.21
0.15
0.56

9.33

8.87
0.20

0.20

0.12

0.06

0.25

0.21

0.12

0.00

0.12

0.10

0.06

6.46 2.71

0.17

0.25 14.20 0.30

8.80

4.60

4.53

8.53

0.10

18

2.00

0.12

0.10

3.77

0.38

0.00

0.06

2.25 0.67

6.23

5.00

0.17 11.80 0.10

0.10

0.15

0.15

1.60

0.21

0.06

11.62 5.56 10.07 0.21 24.23 1.47 15.20 0.72 13.67 1.10

8.97

7.10

2.90

2.43

7.70

5.47

1.77

0.44

16

0.15

0.10

0.15

0.21

0.21

2.33

0.06

17

9.23

4.10

3.67

8.03

0.35 10.93 0.40

0.25

7.50

4.23

3.03

3.50

3.97

0.10

ND

0.06

1.13
2.10

0.15

14.08 6.61 11.90 0.66 27.60 0.36 22.63 0.85 12.13 0.12 11.13 0.15

0.10 23.07 0.59 17.87 0.93 11.33 0.12

0.21

0.25

0.17

0.06

0.15

0.06

ND

2.67

15

9.80

5.83

5.47

5.00

2.13

2.67

2.87

0.10

0.06

17.17 7.76 13.10 0.40 32.43 0.76 26.60 0.87 20.03 0.06 12.23 0.21 10.50 0.00 16.77 0.21 10.77 0.06 12.13 0.15

0.15

0.06

6.33

4.53

1.37
2.60

0.21 11.50 0.36

0.12

0.00

0.10

0.06

0.10

0.06

SD

MS-5
Mean

SD

MS-4
Mean

11.99 5.17

8.43

6.27

0.10
0.12

6.47

2.37

1.10

1.30

1.27

1.10

0.57

SD

MS-3
Mean

14

0.67

7.57

6.90

0.30

0.06

0.00

0.06

0.06

0.06

SD

MS-1
Mean

13

9.97

0.17 10.73 0.21

0.12

0.47 22.27 0.12 16.10 0.36 10.93 0.15

8.30

3.57

1.40

1.63

1.77

1.67

1.07

SD
0.06

IC-6
Mean

5.81 2.41

5.00

7.00

4.47

4.83

5.50

0.23
0.55

IC-4
Mean

0.00 23.17 1.19 16.27 0.21 12.90 0.17

0.06

0.17

0.15

0.06

1.47
4.07

SD

18.49 8.48 14.70 0.30 35.07 1.42 29.40 1.95 20.17 2.06 15.53 0.31 10.93 0.31 17.20 0.10 10.23 0.38 13.17 0.32

4.27

8.57

7.30

8.00

3.57

1.90

2.27

2.63

0.15

0.31

IC-3
Mean

12

5.04 2.15

10

1.13

2.23

SD

11

8.77 4.22

10.91 5.17

8

9

4.52 1.52

2.33 1.03

5

11.40 5.40

2.66 1.11

4

6

3.02 1.27

3

7

1.37 0.59

2.45 0.90

2

SD

1

Sample MM

IC-1

Mean

MP

Supplemental Table 5. Raw results of triplicate measurements of all samples for RR1 obtained by the participating MPs.
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2

54
Mean

SD

Mean

SD

Mean

SD

MP

10.33 4.17

2.38 1.22

7.03 3.15

24

26

9.63

0.40

6.07

0.15
0.10

0.10

5.03

2.16

3.13

0.25

0.21 13.20 0.61 10.80 0.66

0.06
8.07

2.17
0.21

0.21

0.59 19.30 1.47 14.47 0.31 10.83 0.49

8.00

6.00

4.83

1.47

8.23

6.00

3.77

0.21

0.06

0.61

0.35

0.06

3.80

0.90

6.67

4.33

2.43

4.30

8.50

5.37

Mean
9.50

Mean
0.35

SD

MS-3

7.97

5.17

7.83
0.25

0.25

0.06

0.10

0.00

7.07

2.20

0.23

0.17

0.06 10.67 0.12

0.35

0.06

0.17

0.10 12.97 0.15

0.23

SD

MS-1

5.03

3.00

7.10

5.33

4.37

5.77

7.83

5.70

Mean

0.21

0.10

0.10

0.31

0.31

0.15

0.25

0.10

SD

MS-4

5.10

1.70

7.37

5.80

3.83

5.53

8.67

7.37

Mean

0.17

0.10

0.25

0.00

0.06

0.06

0.15

0.46

SD

MS-5

MM, mean of all methods; SD; standard deviation; MP, measurement procedure; MS, mass spectrometry-based MP; IC, immunochemical-based MP; ND, not
determined; RR, round robin.
Sample number 1-16 represent the individual native human serum samples, as sample number 17-24 represent the mixture and linearity samples and sample
number 25-26 the calibrator samples (Table 1 provides information regarding the design of the samples). The results marked in bold were identified as outliers
and were thus left out of the analyses. These samples were identified by normalizing the mean result of each sample for every measurement procedure against
M
the mean result of all methods and expressed as the ratio mean/selected measurement procedures’ mean ( SMM ). Subsequently the relative deviation (%) for
M/SMM
×100% ) was determined. The number
each of the samples from the mean normalized results for that specific measurement procedure (calculated as mean
M/SMM
of outlier samples or measurement errors, defined as having a ratio below 60% or above 140%, identified in this manner and left out of the analyses was
restricted to 2 per MP to prevent data manipulation. MP MS-2 and IC-2 are missing as they were not ready to measure the samples at the time of sample
send-out.

5.33

1.83

8.37

0.15

0.06 14.50 0.98 11.67 0.25

0.26

25

6.23

4.97

5.30

7.76 3.31

0.31

5.14 2.04

8.73

23

0.25 13.70 1.47 10.77 0.58

22

6.47

7.60 3.03

0.23

SD

21

6.87

Mean

IC-6

9.22 3.92

0.25 17.00 1.35 12.87 0.55 11.67 0.21

SD

IC-5

13.13 6.11 10.83 0.40 27.00 2.10 17.63 0.15 14.63 0.21 10.10 0.20

6.63

Mean

IC-4

19

SD

IC-3

20

Sample MM

IC-1

Supplemental Table 5. Continued.
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Supplemental Table 6. Relative contributions of the assessed analytical
characteristics of the 9 participating MPs in RR1 to the equivalence without
harmonization.
Analytical characteristic
of the method

Mean CV
(%)

Contribution to
the equivalence (%) f

Imprecision a

4.8

1.3

Non-linearity b

5.9

2.0

Differences in calibration c

40.5

92.4

Heterogeneity

d

Equivalence without harmonization e

8.7

4.3

42.1

100.0

2

CV, coefficient of variation.
a. Mean CV of the imprecision was calculated as the arithmetic mean of the intra-assay CVs.
b. Mean CV of non-linearity was calculated as the arithmetic mean of the CVs for linearity, which
represent the deviation of each individual linearity panel sample from the regression line with
correlation coefficient r. By applying the sum of squares of these deviations, we could calculate the
concerned CVs.
c. Contribution of differences in calibration (CVC) were calculated from the other CVs for equivalence
without harmonization (CV T ), imprecision (CV R), non-linearity (CV L) and heterogeneity (CV H)
using the formula CVC = √ (CV T)2 – {(CV R)2 + (CV L)2 + (CV H)2} .
d. The contribution of heterogeneity represents the CV that remains after harmonization, i.e. the
achievable equivalence, by calculation of the inter-assay CV after value reassignment of the 16
individual samples using the mean of all methods.
e. The degree of equivalence without harmonization is expressed as the inter-assay CV.
f. The relative contributions can be calculated from the squared CVs of each characteristic as a
percentage of the squared CV of the current equivalence.

Supplemental Table 7. Reproducibility of MPs participating in RR2.
MP

Intra-assay CV

MS-1

4.5 %

MS-2

5.4 %

MS-3

4.0 %

MS-4

5.3 %

MS-5

2.7 %

MS-6

4.7 %

MS-7

3.3 %

MS-8

1.4 %

IC-3

5.0 %

IC-4

10.9 %

IC-5

9.2 %

MP, measurement procedure; CV, coefficient of variation; RR, round robin.
The presented intra-assay CVs are calculated using the mean of the duplicate measurement of the
3 individual sample CVs.
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MS-1

MS-2

MP
MS-3

MS-4

MS-5

MS-6

MS-7

MS-8

9.26 4.69 20.43 0.78 13.13 1.32 11.53 1.25 5.67 0.06 9.87 0.70 8.73 0.25 5.80 0.10 4.57 0.06 6.87 0.21 4.77 0.23 10.50 0.10

16.19 7.97 34.87 0.91 22.97 1.59 20.83 1.60 10.97 0.46 17.63 0.47 14.87 0.12 11.87 0.91 8.40 0.10 11.90 0.85 6.77 0.06 17.03 0.15

3

MM, mean of all methods; SD, standard deviation; MP, measurement procedure; MS, mass spectrometry-based MP; IC, immunochemical-based MP; RR, round robin.
The results marked in bold were identified as outliers and were thus left out of the analyses. These samples were identified by normalizing the mean result
of each sample for every measurement procedure against the mean result of all methods and expressed as the ratio mean/selected measurement procedures’
M
mean ( SMM ). Subsequently the relative deviation (%) for each of the samples from the mean normalized results for that specific measurement procedure
M/SMM
×100% ) was determined. The number of outlier samples or measurement errors, defined as having a ratio below 60% or above 140%,
(calculated as mean
M/SMM
identified in this manner and left out of the analyses was restricted to 2 per MP to prevent data manipulation.

3.32 2.04 8.23 0.60 4.87 0.67 3.70 0.30 1.83 0.12 1.73 0.15 3.20 0.20 2.20 0.10 1.33 0.06 2.47 0.06 2.03 0.06 4.90 0.10

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

IC-5

2

SD

IC-4

1

Sample MM

IC-3

Supplemental Table 8. Raw results of triplicate measurements of all samples for RR2 obtained by the participating MPs.
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Supplemental Table 9. Amino acid analysis results and final mass fraction
assignment of hepcidin pRM.
Hepcidin mass fraction in reconstituted vial (µg/g)
Quantification amino acid
Day

Rep.

Phe

Ile

Pro

1

1

148

159

156

2

155

159

159

3

158

165

162

1

154

154

153
156

2

2

157

159

3

163

167

159

1

159

158

156

2

154

161

172

3

140

142

163

Single mass fraction (μg/g)

154

158

160

3

Combined mass fraction (μg/g)a

157.3 ± 5.6

Impurity-corrected mass fraction (μg/g)a
Hepcidin mass quantity per vial

2

(μg)b

148.5 ± 6.3
72.9 ± 3.9

a. Mass fraction and associated expanded uncertainty (k=2).
b. Mass quantity of hepcidin per vial and calculated expanded uncertainty (k=2) considering amino
acid analysis, impurity correction and material heterogeneity.
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Supplemental Table 10. Identified peptidic impurities and their relative
amount to hepcidin-25 by high resolution mass spectrometry analysis.
Peptide impurity

RT (min)

Monoisotopic
mass (Da)

Amount relative to
hepcidin 1-25 (%)

H1-25 (Thr-2 O-sulfonation)

19.21

2866.98

0.5%

H1-25(+150.1)

22.02

2937.13

0.6%

H1-24

17.88

2685.98

0.6%

H2-25

16.84

2672.00

0.9%

H1-25 (oxd Met-21)

15.15

2803.02

1.3%

H3-25

17.05

2570.95

0.3%

H1-25 (Gly20->Glu)

16.79

2859.05

1.0%

H5-25 (N-term acetylated)

16.99

2911.04

0.3%

Total impurity content (%)

5.6%

Standard uncertainty (%)

1.1%

RT, retention time.
All major identified impurities are structurally related to hepcidin-25 (N- and C- terminal truncated
forms and modified forms, e.g. oxidation). Therefore H1-25 represents the whole hepcidin peptide,
with modifications explained between brackets, H1-24 represents hepcidin with one amino acid
missing at the C-terminal, H3-25 is missing two amino acids at the N-terminal and H5-25 misses four
amino acids at the N-terminal. [5]
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Supplemental Figure 1. Commutability plots of each MP of RR1 against the mean of all
MPs. The mean of the triplicate measurements of the 16 individual samples (blue stars)
and calibrator samples (red diamond) of each MP (y-axis) are plotted against the
corresponding mean results of all methods (x-axis). The regression line (blue) is presented
with its 95% prediction interval of the individual samples (blue dotted lines).
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Supplemental Figure 1. Continued.

60

HEPCIDIN STANDARDIZATION

2

Supplemental Figure 1. Continued.
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Supplemental Figure 1. Continued.
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Supplemental Figure 1. Continued.
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CHAPTER 3

Abstract
Objectives: Hepcidin measurement advances insights in pathophysiology, diagnosis,
and treatment of iron disorders, but requires analytically sound and standardized
measurement procedures (MPs). Recent development of a two-level secondary
reference material (sRM) for hepcidin assays allows worldwide standardization.
However, no proficiency testing (PT) schemes to ensure external quality assurance
(EQA) exist and the absence of a high calibrator in the sRM set precludes optimal
standardization.
Methods: We developed a pilot PT together with the Dutch EQA organization
Stichting Kwaliteitsbewaking Medische Laboratoriumdiagnostiek (SKML) that
included 16 international hepcidin MPs. The design included 12 human serum
samples that allowed us to evaluate accuracy, linearity, precision and standardization potential. We manufactured, value-assigned, and validated a high-level
calibrator in a similar manner to the existing low- and middle-level sRM.
Results: The pilot PT confirmed logistical feasibility of an annual scheme.
Most MPs demonstrated linearity (R2 >0.99) and precision (duplicate CV <12.2%),
although the need for EQA was shown by large variability in accuracy.
The high level calibrator proved effective, reducing the inter-assay CV from
42.0% (unstandardized) to 14.0%, compared to 17.6% with the two-leveled set.
The calibrator passed international homogeneity criteria and was assigned a
value of 9.07 ± 0.24 nmol/L.
Conclusions: We established a framework for future PT to enable laboratory
accreditation, which is essential to ensure quality of hepcidin measurement
and its use in patient care. Additionally, we showed optimized standardization
is possible by extending the current sRM with a third high calibrator, although
international implementation of the sRM is a prerequisite for its success.
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Introduction
The liver-derived hormone hepcidin is the key regulator of iron homeostasis by
inhibiting the only known cellular iron exporter ferroportin [1, 2]. Since
dysregulation of hepcidin causes a variety of iron disorders, including anemia
of inflammation, its measurement and its ratio to ferritin and transferrin
saturation can be used to diagnose certain iron disorders and guide iron
therapies, making it an important diagnostic biomarker [1, 3, 4]. Furthermore,
hepcidin is a therapeutic target for both iron-overload disorders, such as
β-thalassemia and hereditary hemochromatosis, and iron-restrictive anemias
as observed with iron refractory iron deficiency anemia (IRIDA), inflammatory
diseases, certain tumors and chronic kidney disease [5–7].
Both mass spectrometry (MS) and immunochemistry (IC) based measurement
procedures (MPs) have been developed to quantify hepcidin concentrations.
However, our previous studies revealed that hepcidin levels in the same clinical
sample may vary up to a factor of 9 among different MPs [8–11]. This lack of
worldwide standardization causes confusion in interpretation of hepcidin levels
and hepcidin-related ratios, which hampers both research collaborations and
multicenter medical consultations [12]. Effective use of hepcidin measurement
in patient care and clinical research require both comparability and analytical
reliability to establish uniform clinical decision limits and reference ranges
[13]. This is essential to compare results across studies or monitor a patient’s
treatment at different facilities to prevent inconsistent or incorrect conclusions.
As a first step, we developed a two-leveled (low and middle) commutable
secondary reference material (sRM) made of human serum that was valueassigned by a primary reference material (pRM) [11]. We showed that calibration
using this sRM reduced the inter-method coefficient of variation (CV) from 42.1
to 11.0% when standardization was simulated and from 52.8 to 19.1% when
standardization was performed in practice. The sRM, with concentrations of
0.95 ± 0.11 nmol/L and 3.75 ± 0.17 nmol/L (k=1), increases comparability between
MPs but calibrates solely the lower part of the pathophysiological hepcidin
range. Therefore, in this current study, we produced and validated a third
high-level calibrator to cover the higher hepcidin levels. Global implementation
of the sRM allows standardization of all hepcidin MPs, meaning measurements
can be traced back to the Système International (SI) and a “true” value can be
established [14, 15]. As a next step, to evaluate the analytical performance of
hepcidin assays and ensure reliability of hepcidin MPs, we aimed to create the
first external quality assurance (EQA) program for hepcidin assays to pave the
way for laboratory accreditation.
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Here, we report the results of a pilot proficiency test (PT) organized and
implemented in collaboration with Dutch external quality assurance (EQA)
organizer Stichting Kwaliteitsbewaking Medische Laboratoriumdiagnostiek
(SKML) [16]. The aims of this proficiency initiative were to set-up a framework
for a worldwide EQA program for hepcidin assays, in which the analytical
performance and current agreement among international hepcidin MPs was
determined, and to evaluate the calibration potential of the three-leveled sRM.

Materials and methods
Study overview
The aims of our study were two-fold. First, we wanted to evaluate the current
analytical performance and agreement of hepcidin MPs worldwide and determine
if standardization has already been achieved regarding recent production of a
sRM. To this end, we established the framework for an EQA scheme in order to
provide participating laboratories with a summary of their analytical performance
to allow opportunities for accreditation and ultimately improve the standard of
diagnostics and patient care internationally.
Second, we produced a high-level calibrator in the same manner as those
already developed [11] and aimed to validate its potential to improve standardization compared to the two-leveled sRM using retrospective calibration of the
PT samples.
To this end, in collaboration with SKML (Supplementary Figure 1), we developed
a PT that included a variety of international hepcidin MPs. We produced a set of
12 lyophilized human serum samples with target values determined by a
candidate reference measurement procedure (cRMP, Supplementary Table 1),
designed to address accuracy, linearity, precision and standardization potential.
These samples included the existing two calibrators [17], the newly produced
third candidate calibrator, a linearity panel with three blinded duplicates
and three additional samples. These additional samples were selected to cover
the upper end of the (patho)physiological range, which was not included in the
linearity panel, to ensure good coverage of the whole clinically relevant range as
such make the sample set robust for the purposes of a thorough pilot PT scheme.

Proficiency test program development
Laboratory recruitment and participation: Laboratories housing hepcidin MPs
were invited to participate based on previous collaborations [10, 11], expressed
interest in purchasing the sRM, or published on hepcidin as a diagnostic biomarker
in 2018 and 2019 in peer reviewed journals.
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The initial group included 15 laboratories running 19 MPs (10 MS and 9 IC)
from 12 countries and 3 continents. All were asked to run the samples within
two weeks of receipt and to perform their assays in the same manner as they
would for their routine use. IC-2 experienced calibrator errors resulting in
unreliable data and IC-4 encountered significant equipment errors that
prevented them from running their assay and reporting results. MS-3 did not
consent to deanonymization, excluding their results. Therefore, the final cohort
included 16 MPs (9 MS and 7 IC, Table 1).
Data collection: All labs were provided with both a digital and hard copy of a
Standard Data Report Form (Supplementary Figure 2) that included questions
about the measurement method, a table to report results in the units they were
measured, and space for remarks. Laboratories were asked to return the
completed form within two weeks of receiving the samples.

Samples
Collection and preparation: To produce the linearity panel of three duplicates,
three additional samples within the physiological hepcidin range [26] and a highlevel calibrator, we periodically collected and processed anonymized leftover
serum from routine diagnostics and therapeutic phlebotomies in December
2019 and January 2020. Details are described in the Supplementary Methods.
Distribution: All lyophilized sample sets were shipped at room temperature
(RT) on the same day from Streekziekenhuis Koningin Beatrix in Winterswijk,
The Netherlands. All were instructed to store the samples at 4 °C upon arrival
until the assay was performed and information about sample storage and handling
was provided both digitally over email and in hard copy with shipment.

Ethics
This study was conducted in accordance with the Declaration of Helsinki.
All leftover patient serum was anonymized upon collection and was handled
in accordance with the code for proper secondary use of human tissue in
The Netherlands.

Data analysis
Proficiency test: Results reported in ng/mL were converted to nmol/L, using the
molecular weight of hepcidin-25 (2789.4 g/mol) [27]. The values determined by
MS-1 were used as target values for evaluating the proficiency of all laboratories,
as MS-1 was previously described as cRMP that is calibrated using the reference
material [11]. For the purposes of the pilot, potential outliers were not removed
in order to avoid biasing the data.
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WCX

MALDI-TOF MS

LC-MS/MS

LC-MS/MS

LC-MS/MS

LC-MS/MS

LC-MS/MS

LC-MS/MS

UPLC-MS/MS

LC-MS/MS

cELISA

cELISA

cELISA

cELISA

cELISA

cELISA

cELISA

MS-1

MS-2

MS-4

MS-5

MS-6

MS-7

MS-8

MS-9

MS-10

IC-1

IC-3

IC-5

IC-6

IC-7

IC-8

IC-9

Heavy-Isotope Labeled Synthetic Hepcidin-25

Standard

Hepcidin/LEAP-1 from Peptides Int.

Synthetic Hepcidin 25

Synthetic Hepcidin 25

Synthetic Hepcidin 25

Synthetic Hepcidin 25

Synthetic Hepcidin 25

Synthetic Hepcidin 25

Synthetic Hepcidin 25

Heavy-Isotope Labeled Synthetic Hepcidin-25

Heavy-Isotope Labeled Synthetic Hepcidin-25

Heavy-Isotope Labeled Synthetic Hepcidin-25

Heavy-Isotope Labeled Synthetic Hepcidin-25

Heavy-Isotope Labeled Synthetic Hepcidin-25

Bachem

Bachem

Peptides International/AmbioPharm

Peptides International/AmbioPharm

Bachem

Bachem

Bachem

Peptide Institute Inc

Synthesized In House

Synthesized In House

Peptide Institute

Peptide Institute

Peptide Institute

Peptides International

Peptides International

Peptides International

Standard Manufacturer

[25]

c

f

e

d

d

c

[24]

[23]

[22]

b

[21]

[20]

a

[19]

[18]

Ref

MP, measurement procedure; MS, mass spectrometry-based MP; IC, immunochemical-based MP; MALDI, matrix-assisted laser desorption/ionization; TOF, time of
flight; LC, liquid chromatography; UPLC, ultra-performance liquid chromatography; SPE, solid phase extraction; cELISA, competitive enzyme-linked immunosorbent
assay; WCX, weak-cation exchange; HLB, hydrophilic lipophilic balanced reverse phase; ACN, acetonitrile.
a. No reference available, an MS method based on the assay described in Schmitz et al. [24], developed by the Institute of Laboratory Medicine, Kantonsspital Aarau,
Aarau, Switzerland.
b. Manuscript under preparation; a laboratory-developed MP for hepcidin-25 by Laboratory for the Analysis of Medicines, University of Liège, Liège, Belgium.
c. Hepcidin 25 bioactive automated ELISA (Cat. #HYE-5769) from DRG Diagnostics, Marburg, Germany.
d. Hepcidin 25 bioactive HS Kit (Cat. #EIA-5782) commercially available assay from DRG Diagnostics, Marburg, Germany.
e. No reference available; Intrinsic Hepcidin IDxTM Kit (product #ICE-007) – commercially available competitive ELISA from Intrinsic LifeSciences, La Jolla, USA.
f. No reference available; Intrinsic Hepcidin IDxTM Test – automated competitive ELISA from Intrinsic LifeSciences, La Jolla, USA.

None

None

None

None

None

None

None

Reversed Phase SPE

Reversed Phase SPE

SPE

SPE

HBL/Waters

Mixed Anion Exchange Heavy-Isotope Labeled Synthetic Hepcidin-25

Reversed Phase

Precipitation with ACN Heavy-Isotope Labeled Synthetic Hepcidin-25

Extraction

Participant MP
Code

Table 1. Methodological approaches of participating hepcidin MPs.
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Equivalence between MPs was assessed in terms of accuracy of each MP, a
ratio of each laboratory-assigned value to the target value converted to
percentage, and bias (nmol/L) of each result compared to the cRMP, calculated
by subtracting the values obtained by each laboratory for each sample from the
target value determined by MS-1. Additionally, the intra-assay CVs for each
sample (n=9, excluding the three calibrators) were calculated among all
laboratories (n=18) as well as within each method group (IC or MS). The resulting
CVs were then averaged and quantified as the mean inter-assay CV (%).
Analytical performance was assessed in terms of linearity and precision.
For evaluation of linearity, the duplicate linearity samples were averaged and
linear regression was performed to find an R 2 value. Precision was evaluated by
determining the CV for each of the three duplicate samples. To evaluate adequacy
of precision for hepcidin measurements, optimal precision was calculated as
f1 * CVi [28], where CVi is the intra-individual CV (48.8%) [29] and f1 is 0.25 for
an optimal threshold.
Calibration: Commutability of the low and middle calibrators was assessed
previously with regression analysis of 16 native serum samples for all 9 MPs (y-axis)
against the mean of all MPs (x-axis) [11]. As the mean results of both calibrators
fell within the 95% prediction interval of the regression line, commutability was
confirmed. Since the third high calibrator was produced in the same manner as the
previously developed calibrators, commutability was assumed here.
All laboratories received the samples blinded, therefore the effect of
standardization by using the sRM was performed retrospectively by value
reassignment based on linear regression of the results of the sRM samples per
MP against the respective results of the cRMP MS-1. The inter-assay dispersion in
these simulated results was then expressed as the inter-assay CV (%) after
standardization with the sRM and compared with the inter-assay CV (%) before
standardization. It is important to note that good analytical performance is a
prerequisite to evaluating standardization potential.
Hepcidin exhibits relatively high biological variation, i.e. a between-day intra-individual variation of 48.8% and an interindividual variation of 154.1% [29].
Therefore, to place the bias of all hepcidin measurement compared to MS-1 in
a relevant diagnostic context, total allowable error (TEa) was calculated using
TEa,% = 1.65 * f1 * CVi + f2(CVi 2 + CVg 2)1/2 [27]. CVi is the between-day intraindividual CV (48.8%), CVg is the inter-individual variation (154.1%) [29], and f1
and f2 are factors for optimum (0.25 and 0.125), desirable (0.5 and 0.25) and
minimum (0.75 and 0.327) TEa.
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Characterization of the third high calibrator
Homogeneity was evaluated according to ISO13528 by means of duplicate
measurements of 12 randomly selected calibrator samples by MS-1 [11, 30]. The
sRM was reconstituted with 0.30 mL deionized water and left at RT for 15 min,
followed by careful mixing for 20 min (roller bench, 3.5 rpm). We compared
within-vial to between-vial variation to assess if the calibrator passes homogeneity
criteria.
Stability was evaluated by storing aliquots of the sRM at 4 °C. Measurements
were performed by MS-1 at baseline and after 1 and 6 months. These will be
continued at 12 and 18 months, and then annually for five years. Concentration
changes are considered significant, and indicative of instability, if they exceed
the precision of MS-1. Statistical analysis was done using analysis of variance
(ANOVA) and Bonferroni’s multiple comparison test.
The true value of the high calibrator was assigned using the cRMP, a validated
Weak-Cation-eXchange MALDI-Time of Flight-MS (MS-1) [11]. We used the pRM to
reassign the internal standard of MS-1 (stable isotope, manufactured by Peptide
International) and subsequently used this internal standard to assign a value to
the candidate high-level calibrator, as described previously [11].

Results
Organizational aspects of proficiency testing
A primary goal of the pilot PT was to assess the feasibility of sample preparation and
send-out. No significant problems were encountered in this process. Anonymous
sample collection from diagnostic leftovers and therapeutic phlebotomies was
efficient, and the process of developing PT samples of particular concentrations
based on initial hepcidin measurements was successful. All samples were
delivered to laboratories within three days of shipment from The Netherlands
and all laboratories reported that samples arrived without any visible damage.
Measurement by the laboratories was generally uncomplicated, though six
MPs (from five laboratories) reported after the two-week deadline but still within
four weeks of receiving the samples. Laboratories reported late due to equipment
malfunction, scheduling conflicts, or commercial ELISA shipping delays. No
laboratories reported errors with sample reconstitution and handling. All
laboratories correctly and completely filled out the standard data report form.
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Laboratory proficiency
Data analysis of the uncalibrated results showed a high level of variation among
the absolute hepcidin values of the methods evaluated (Supplementary Table 2),
confirming the need for standardization. Analytical performance of each MP is
summarized in Table 2. For IC methods, the value for HPT2020-S9 (21.18 nmol/L,
Supplementary Table 1) was reported as out of range for three MPs. For the
purpose of data analysis, these values were excluded for those assays.

Table 2. Summary of assay performance before calibration with the reference
material.
MP

Accuracy
[Range] (%)

R2

Precision (%CV)
Duplicate
1

Duplicate
2

Duplicate
3

Average

MS-1

100 [N/A]

0.9995

1.8

2.3

2.6

2.2

MS-2

112 [95-151]

0.9985

10.7

4.3

2.7

5.9

MS-4

118 [101-150]

1

3.0

1.0

0.0

1.3

MS-5

100 [55-172]

0.9704

29.7

6.7

35.8

24.1

MS-6

114 [97-139]

0.9985

1.0

1.7

2.9

1.8

MS-7

173 [147-255]

0.9959

20.0

4.1

1.5

8.5

MS-8

131 [114-154]

0.9941

2.6

16.4

6.1

8.4

MS-9

89 [76-108]

0.9991

1.7

1.3

6.4

3.1

MS-10

170 [151-209]

1

0.1

1.5

0.6

0.7

IC-1

125 [109-147]

1

0.3

1.4

4.3

2.0

IC-3

116 [94-125]

0.9992

2.1

8.4

3.7

4.7

IC-5

132 [118-141]

0.9941

5.7

1.2

6.2

4.4

IC-6

340 [274-540]

0.9948

15.0

8.8

0.9

8.2

IC-7

205 [174-252]

0.9991

0.6

8.9

2.5

4.0

IC-8

127 [118-154]

0.9993

3.3

3.9

3.0

3.4

IC-9

168 [142-199]

0.9923

8.2

2.3

2.2

4.3

Average

145 [76-540]

0.9959

6.6

4.6

5.1

5.4

MP, measurement procedure; MS, mass spectrometry-based MP; IC, immunochemical-based MP;
N/A, not applicable.
Accuracy (%) is expressed as a ratio of each laboratory-assigned value to the target value as determined
by MS-1. R 2 was calculated using linear regression of the three linearity panel samples. Precision,
expressed as percent coefficient of variation, was calculated using the blinded duplicates of the three
linearity samples. R 2 and precision are indicators of analytical assay performance, whereas accuracy
is indicative of the need for standardization. Values above the optimal precision threshold (12.2% CV)
are depicted in red.
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Accuracy and bias
On average, the accuracy was 145% and ranged from 76 to 540% (Table 2), again
stressing the current lack of standardization. IC methods reported higher
results on average (Supplementary Table 3). The bias of each measurement from
the target values determined by cRMP MS-1 without standardization is shown
in Figure 1A. By placing these results in the context of the TEa, we assessed if the
inter-assay
CVs are adequate for the biological variation of hepcidin, as described in
Diepeveen et al. [11]. Based on reported inter- and intra-individual CVs for
hepcidin, TEa of 40.3% (optimum), 80.7% (desirable), and 121.0% (minimum)
were calculated and subsequently plotted. Many results fall outside of the
optimum range and although most fall within the minimum ranges, one MP
did not meet the minimum TEa criteria.

Linearity
In general, laboratories showed good analytical performance in terms of
linearity, with a linear regression R 2 average of 0.9959 (range: 0.9704–1, Table 2).
These results suggest that the linearity of the assays is acceptable, at least up to
a concentration of 12.2 nmol/L (highest linearity sample). While for most
laboratories R 2 values above 0.99 were found, MS-5 reported data with a lower R 2
value (0.9704).

Precision
Analytical performance assessed in terms of precision was, on average, less than
the calculated optimal minimum CV of 12.2% for most MPs (Table 2). The
exception is MS-5. Three additional assays reported at least one of the three
duplicates with a CV>12.2% (MS-7, MS-8, IC-6).

Characteristics of the high-level calibrator
Calibration potential
The third high calibrator, made of lyophilized serum with CLP, was validated
during the proficiency test solely with MPs that met our criteria of good
analytical performance assessed in terms of linearity and precision. To this end,
MS-5 was not included in this evaluation of the calibration potential.
Without standardization, the overall inter-assay CV was found to be 42.0%
(Table 3). Looking at MS and IC methods separately, we found an inter-assay CV
of 25.3% for MS MPs and an inter-assay CV of 45.9% for IC MPs. As expected,
mathematical simulation of standardization with the two-leveled sRM showed a
great reduction of the inter-assay CV (overall; 17.6%, MS; 11.0%, IC; 17.2%, Table 3).
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Table 3. Impact of two-level and three-level calibration on inter-assay CV
and accuracy.
Overall

MS

IC

Pre

2-L

3-L

Pre

2-L

3-L

Pre

2-L

3-L

Mean inter-assay CV (%)

42.0

17.6

14.0

25.3

11.0

8.8

45.9

17.2

15.7

Mean accuracy (%)

145

106.4 105.8 129.6

97.0

100.3 173.4 115.7 111.2

MS, mass spectrometry-based MP; IC, immunochemical-based MP; CV, coefficient of variation.
Inter-assay CV (%) and accuracy (%) before calibration (Pre), calibration with the low- and middle-level
calibrators (2-L) and all three calibrators (3-L) were evaluated for all methods and MS/IC separately.

Mathematical simulation of standardization using the three-leveled sRM,
including our newly produced third high calibrator, shows an even better
improvement in the inter-assay CV (overall; 14.0%, MS; 8.8%, IC; 15.7%, Table 3),
achieved in large part by improving equivalency at higher concentrations.
Additionally, the average accuracy of all of the MPs was found to be improved
from 145% unstandardized to 106.4% with the two-level calibrator and 105.8%
with the three-level calibrator (Table 3). When visualizing bias, the spread is
clearly reduced using the two-leveled calibrator (Figure 1B) compared to the
noncalibrated data (Figure 1A). However, in particular the IC methods still tend
to show higher variability both above and below the target values. With the use
of the three-leveled calibrator (Figure 1C), nearly all results fall within the
minimum bias allowance and most meet the desirable bias allowance for both
MS and IC methods. It is important to note that even though MS-5 did not meet
the analytical performance criteria to be included in this standardization
evaluation, when retrospectively calibrated, its results still fall within the
desirable bias range (Supplementary Figure 3).

Homogeneity, stability and value assignment
The calibrator passed homogeneity criteria as described by ISO13528 [30], as the
between-vial variation (SD: 0.236 nM) was smaller than the within-vial variation
(SD: 0.322 nM). The material was found to be stable for up to 6 months (stability
testing ongoing), although stability up to 5 years is assumed since this is
confirmed for lyophilized material with CLP in previous studies [10, 11]. Its value
was assigned using the pRM and MS-1, as the candidate RMP, and is defined as
9.07 ± 0.24 nM (k=1).
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Figure 1. Bias from target values before calibration (A), after calibration with the
two-leveled sRM (B), and after calibration with the three-leveled sRM (C). Bias (nmol/L,
y-axis) was calculated by subtracting the target value (nmol/L, x-axis), as determined by
MS-1, from the reported value for each sample (n=9) from each measurement procedure.
Calibration with the sRM was done using a linear regression with the calibration samples
(either S2 and S7 or S2, S7 and S12) to recalculate the reported values. For this evaluation of
calibration potential, MS-3 and MS-5 was excluded based on poor analytical performance.
Optimal, desirable, and minimum TEa lines were defined as 40.3%, 80.7%, and 121.0%
respectively based on reported inter- and intra-individual CVs for hepcidin [28, 29].

3

Discussion
Multiple studies have shown that absolute hepcidin levels reported for the same
clinical sample vary tremendously depending on the MP used, which complicates
utility of the biomarker [8–11]. As a first step towards uniform hepcidin
measurement, a two-leveled commutable sRM was produced, enabling worldwide
standardization [11]. To optimize this, we now have established a framework for
future quality assurance and extended the sRM by adding a third high calibrator.
Here, we showed that PT is feasible and most MPs perform well on linearity
and precision, which is a prerequisite for standardization and ensures reliable
hepcidin measurement. However, the average accuracy of all MPs was found to
be 145%, which stresses the clear need for EQA and reveals that even though an
sRM is available, standardization has not yet been achieved. Furthermore, our
previous research suggested that calibration bias was the major contributor to
measurement inaccuracy [11], which we tried to further reduce with expanding
the sRM with a high calibrator extending the calibration potential to the upper
hepcidin range. Although its assumed commutability will ideally be verified in
a larger PT study, we validated its potential to reduce the inter-assay CV with
retrospective standardization of the laboratory data using concentrations the
laboratories obtained for the calibrators included in the PT set. The three-level
calibrator reduced the inter-assay CV even more than the two-leveled calibrator
(overall 2-L: 17.6%; 3-L: 14.0%) compared to non-standardized data (overall:
42.0%). Furthermore, MS-5 did not meet our criteria of acceptable precision,
which afterward appeared due to internal standard inconsistencies that had
gone undetected in standard practice, emphasizing the need for, and utility of,
EQA. However, MS-5 results still fall within the desirable TEa when standardized,
elucidating that even when optimal analytical performance is not achieved the
sRM is still valuable in reducing calibration bias. When translated to patient
care, these results cumulatively suggest that instituting EQA can ensure reliable,
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standardized hepcidin measurements. This will facilitate, for example, international
communication among medical doctors regarding diagnosis of rare hepcidinrelated iron disorders such as IRIDA and comparison of hepcidin-related
research studies, making study outcomes more meaningful in clinical practice.
Besides decreasing calibration bias and improving the analytical performance
of MPs, optimization of hepcidin standardization, and therefore utility of PT,
can be further improved by reducing the heterogeneity of the measurand.
A first step was made by studying the degree of hepcidin protein binding in
the circulation [31], which was inconclusive. Further research is needed to
understand if this might influence hepcidin quantification, which in turn is
crucial for correct interpretation of its measurement in patients. Additionally,
differences in MS and IC performance can be due to measurand heterogeneity,
since we observe higher variation and less accuracy in IC compared to MS
methods, which is important to clarify. Although this difference has been
documented for more biomarkers [32], IC MPs are certainly valuable in research
and diagnostics, especially where MS systems are not accessible and less accuracy
may be allowed practically due to a high biological variation and therefore TEa.
For hepcidin MPs, these observed differences between IC and MS MPs may be
due to cross-reactivity of hepcidin isoform detection by IC methods, which is
problematic since hepcidin-25 is the only biologically active isoform and the one
that should be evaluated. [8, 10] Currently, there is inconclusive data regarding
the influence of isoform detection on hepcidin-25 quantification, which must
be studied further to assess if it affects clinical decision making [33, 34].
Furthermore, several IC
methods also reported the sample with the highest target concentration (S9)
to be out of range instead of providing a value, which may influence IC data.
This suggests that these assays have more difficulty to measure hepcidin levels
in the upper reference range and elucidates the need for a standardized protocol
for handling out-of-range measurements. All in all, future efforts will be
directed towards achieving a consensus on best practice for clinical hepcidin
measurement.
Last, larger studies into the between- and within-subject variation of hepcidin
would allow optimal assessment of the achievements of global standardization
and validity of PT, since these parameters are used to place the achieved
inter-assay CV after standardization within a biological context. The higher
the biological variation, the higher the allowable bias after standardization.
Currently, the TEa was based on relatively limited intra- and interindividual
variation data [28], which, though similar to other studies [35–38], is not
guaranteed to provide the most accurate estimate.
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Altogether, this pilot program was designed to assess the current performance
of MPs and lays important groundwork for an annual PT scheme. Based on the
minor logistical challenges we encountered, we will extend the notification,
shipment and data reporting timelines in the future enabling more laboratories
to participate. Also, a scoring system for standardized laboratory evaluation
will be included and a formal report will be generated in accordance with other
SKML schemes. This EQA program will ultimately pave the way for international
laboratory accreditation, remediation of analytically poorly performing MPs
through comprehensive performance feedback, and universal definition of
reference ranges and clinical decision limits. All will directly contribute to
enhanced quality of hepcidin results and hepcidin-related ratios in both
research and diagnostics, and consequently also in quality of publications and
increased utility of hepcidin measurement in patient care. Here, we demonstrate
the potential for achieving worldwide standardization, ensured by PT, although
international implementation the three-leveled sRM is a prerequisite for the
success of such a program. The material is available at HepcidinAnalysis.com.
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Supplemental material
Supplemental methods
Sample collection and preparation
Sera were obtained between 6 and 72 hours after blood withdrawal and
centrifugation at 2000g for 10 minutes, and pooled in low volumes (<15 mL).
Samples were pooled to achieve an adequate volume for a robust proficiency test
for all labs included in the study, since only small blood volumes could be
obtained, especially for high-hepcidin concentration donors, as these donors
have underlying diseases making it unethical to draw large volumes of blood.
Phlebotomy blood was processed into serum as described previously [1]. For both
leftover serum and phlebotomies, one aliquot was stored for hepcidin
measurement and HIV, hepatitis B, and hepatitis C testing. The rest was frozen
at -80C until a total volume of 700 mL was collected.
To prepare samples for the pilot PT, we thawed all low-volume pools and
phlebotomy samples that tested negative for hepatitis B, C and HIV. By mixing,
we created three high-volume pools with either a low target hepcidin
concentration (<2 nmol/L), a high hepcidin concentration (>8 nmol/L) or in the
middle by combining small volumes of these pools in a 1:1 ratio. As a result, a
three-level linearity panel was made. In addition, three more high-volume pools
were made to have concentrations covering the physiological range of hepcidin,
including one high target concentration (>20 nmol/L). To produce the candidate
high-level calibrator, one serum pool of ~300 mL was made with a target
concentration of >8 nmol/L. Cryolyoprotectant (CLP) was added to each pool and
after homogenization at room temperature for approximately 30 minutes. All
were distributed into glass vials and lyophilized in a freeze-dryer (Zirbus
Technology, Tiel, the Netherlands) for 63 hours, as described previously [1]. The
lyophilized samples were stored at 4˚C until shipment. All sample sets were
transported on room temperature, as previous stability testing of the lyophilized
lower and middle calibrator showed them to be stable at room temperature for
up to two years [1]. Sample identification numbers were randomized
(Supplemental Table 1) and the existing calibrator set was relabeled and recapped
to ensure that laboratories were blinded to the nature of all samples.
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Supplementary figures
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Supplemental Figure 1. Proficiency Testing Scheme. This pilot proficiency test was run
as a collaboration between the Radboudumc Department of Laboratory Medicine in
Nijmegen, Netherlands, and SKML in Winterswijk, Netherlands. Responsibilities were
partly shared between the two organizations, as shown by the middle three tasks.

Supplemental Table 1. Proficiency test design and samples target values.
Sample Nature

Sample ID

Target Value (nmol/L)

Low Linearity Replicate 1

HPT2020-S1

1.37

Low Linearity Replicate 2

HPT2020-S4

1.37

Middle Linearity Replicate 1

HPT2020-S6

6.06

Middle Linearity Replicate 2

HPT2020-S8

6.06

High Linearity Replicate 1

HPT2020-S3

11.12

High Linearity Replicate 2

HPT2020-S5

11.12

Additional Sample 1

HPT2020-S11

9.67

Additional Sample 2

HPT2020-S10

11.69

Additional Sample 3

HPT2020-S9

21.18

Low Calibrator

HPT2020-S7

0.95

Middle Calibrator

HPT2020-S2

3.75

High Calibrator

HPT2020-S12

9.07

The target values for the proficiency test samples were assigned using the values from the calibrated
candidate reference method, MS-1. The calibrator target values are the official assigned values.
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3

Supplemental Figure 2. Hard Copy Version of Standard Data Report Form. All laboratories
were provided with the standard data report form included with the sample shipment.
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1.56

6.58

6.8

11.99

12.43 11.84

S4

S6

S8

S3

S5

Low Linearity
Replicate 2

Middle Linearity
Replicate 1

Middle Linearity
Replicate 2

High Linearity
Replicate 1

High Linearity
Replicate 2

23.8

23.18

1.04

4.29

9.87

S9

S7

S2

S12

Add. Sample 2

Add. Sample 3

Low Calibrator

Middle Calibrator

High Calibrator

10.8

5.3

1.6

25.9

13.1

12.6

12.6

12.6

7.5

7.4

2.3

2.4

6.9

4.9

1.7

22.6

12.1

7.6

6.9

11.5

7.1

6.4

2.7

1.8

26

10.2

5.09

1.68

2.2

2.12

7.98

5.94

6.05

1.68

1.72

18.65

10.96

11.19

3.27

3.27

16.21

10.81 20.87
1.21
7.98

5.509 4.26

1.64

15.25 11.85

7.85

3.80

15.45

7.51

2.29

34.04 35.67 19.51 37.94

14.6

17.70 13.83 8.02

18.48 14.89 10.31 18.82

18.10 13.65 9.42

11.37

12.04 10.07

3.97

2.99

13.5 20.00

11.2

12.1

12.6

7.52

7.7

2.17

2.2

IC-1

9.47

4.33

1.40

34.15

16.72

11.55

13.87

14.75

8.32

8.16

2.07

2.06

IC-3

IC-5

IC-6

8.42

6.81

IC-7

3.94

3.97

21.00 12.60

IC-8

8.23

8.7

1.88

1.969

14.17 33.65 24.42 14.14

9.40

9.25 23.77 14.28

2.05

2.22

8.43

4.29

1.43

28.30

14.89

16.70

5.91

7.27

3.15

67.72 40.42

4.44

1.57

>29

19.8

11.95 28.36 20.48 12.32

5.16

1.27

>29

17.78 36.71 23.77

10.03 13.12 30.73 20.12 13.32

14.23 15.47 34.10 23.56 14.75

14.99

8.40

7.46

1.85

1.91

MS, mass spectrometry; IC, immunochemistry; Add., additional. All data reported in ng/mL was converted to nmol/L.

9.92

4.82

1.64

10.6
13.0

S11 10.62

S10 12.83

Add. Sample 1

12.3

7.72

7.26

2.08

2.42

1.6

S1

MS-2 MS-4 MS-5 MS-6 MS-7 MS-8 MS-9 MS-10

MS-1

ID

Sample Nature

Low Linearity
Replicate 1

Supplemental Table 2. Raw Data.
IC-9

14.27

6.5

2.09

>29

23.77

16.84

17.7

17.15

11.5

11.13

2.83

3.18
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Supplemental Table 3. Comparative summary data for MS and IC methods
for all PT samples.
Sample

MS Average
(nmol/L)

MS CV (%)

IC Average
(nmol/L)

IC CV (%)

HPT2020-S1

2.43

31.5

3.29

72.4

HPT2020-S2

5.50

23.7

6.96

64.0

HPT2020-S3

13.15

28.8

19.10

38.8

HPT2020-S4

2.27

25.1

3.16

56.4

HPT2020-S5

13.43

22.6

19.04

38.9

HPT2020-S6

8.10

22.7

11.35

40.4

HPT2020-S7

1.85

43.9

2.4

69.8

HPT2020-S8

8.30

26.7

11.82

48.6

HPT2020-S9

27.63

23.7

42.65

40.9

HPT2020-S10

14.54

24.1

21.92

33.5

HPT2020-S11

12.05

28.4

16.53

43.1

HPT2020-S12

10.91

26.7

15.04

47.0

Average

27.3

3

49.5

MS, mass spectrometry; IC, immunochemistry; CV, coefficient of variation.
The averages and CVs were calculated using all laboratory reported values for each sample.
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Supplemental Figure 3. Bias from target values before (A) and after standardization
(B) with the three-leveled sRM including MS-5. Bias (nmol/L, y-axis) was calculated by
subtracting the target value (nmol/L, x-axis), as determined by MS-1, from the reported
value for each sample (n=9) from each measurement procedure. Calibration with the sRM
was done using linear regression with the calibration samples (S2, S7, and S12) to
recalculate the reported values. Optimal, desirable, and minimum TEa were defined as
40.3%, 80.7%, and 121.0% respectively based on reported inter- and intra-individual CVs
for hepcidin [2, 3]. Data is included from all participating laboratories, regardless of
analytical performance.
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Abstract
Peptide hormone hepcidin regulates systemic iron metabolism and has been
described to be partially bound to α2-macroglobulin and albumin in blood.
However, the reported degree of hepcidin protein binding varies between <3% and
≈89%. Since protein-binding may influence hormone function and quantification,
better insight into the degree of hepcidin protein binding is essential to
fully understand the biological behavior of hepcidin and interpretation of
its measurement in patients. Here, we used peritoneal dialysis to assess human
hepcidin protein binding in a functional human setting for the first time.
We measured freely circulating solutes in blood and peritoneal fluid of 14 patients
with end-stage renal disease undergoing a peritoneal equilibration test to
establish a curve describing the relation between molecular weight and peritoneal
clearance. Calculated binding percentages of total cortisol and testosterone
confirmed our model. The protein-bound fraction of hepcidin was calculated to
be 40% (±23%). We, therefore, conclude that a substantial proportion of hepcidin
is freely circulating. Although a large inter-individual variation in hepcidin
clearance, besides patient-specific peritoneal transport characteristics, may
have affected the accuracy of the determined binding percentage, we describe
an important step towards unraveling human hepcidin plasma protein binding
in vivo including the caveats that need further research.
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Introduction
The peptide hormone hepcidin, produced by hepatocytes, regulates iron entry
into the circulation and iron distribution throughout the body by degradation
of the cellular iron exporter ferroportin [1]. Hormones can circulate freely or
partially bound to carrier proteins in the human body [2,3]. These carrier
proteins allow transport of non-soluble hormones through the blood plasma,
prevent excretion, and function as a reservoir thereby regulating hormone bioavailability. The free hormone hypothesis indicates that most hormones are not
capable of exerting their physiological effect in a protein-bound form 2,4-6].
Hence, for partially bound hormones, such as thyroxine, testosterone, triiodothyronine, and cortisol, assays were designed to specifically quantify the
bioactive free hormone concentration [5, 7-9].
It is suggested that hepcidin in blood is partially bound to both α2-macroglobulin (α2M) and albumin [10]. However, there is large controversy on the
subject since the reported plasma protein-bound fraction of hepcidin varies
between <3% and ≈89% [10-12]. Consequently, it is uncertain to what degree
currently available analytical assays quantify (only) bioactive hepcidin.
Differences in extent of quantification of the freely circulating hepcidin relative
to the protein bound compound between assays may influence interpretation
and comparability of hepcidin measurement and hampers recent achievements
on standardization of hepcidin assays [13]. Characterization of the measured
analyte will add the final aspect to the metrological traceability chain of hepcidin,
which describes an unbroken calibration hierarchy from a measurement result
to a defined reference in SI units. Additionally, unraveling the protein binding
properties of hepcidin will improve our understanding of its biology and will
allow its correct quantification, which is essential in the assessment and interpretation of the pharmacokinetic and pharmacodynamic effects of hepcidin
agonist or antagonist therapies [1,14]. To address these issues, we aimed to study
the degree of hepcidin protein binding in a functional human setting for the
first time, rather than using previously reported in vitro (research) techniques
[10,11], mice in vivo studies [11], or human ex vivo serum analysis [12]. Especially
since current in vitro techniques to assess free hormone concentrations in
diagnostic medicine, such as equilibrium dialysis and ultrafiltration methods,
have limitations amongst which are risk for leakage, non-specific absorption of
the hormone leading to low reproducibility, and bias of results, osmotic effects
or the Gibbs-Donnan effect [15].
To circumvent the limitations of in vitro studies, we aimed to unravel
hepcidin plasma protein binding with a new approach using the principle of
peritoneal dialysis (PD). PD is a treatment option for patients with end-stage
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renal disease (ESRD), in which the peritoneal cavity is filled with dialysis fluid.
During a certain dwell time, plasma components are transported into the
peritoneal cavity. Transport of molecules is mainly driven by diffusion and
ultrafiltration and depends on peritoneal membrane characteristics [16]. To
assess these individual characteristics, all patients treated with PD frequently
undergo a standardized and highly reproducible peritoneal equilibration test
(PET) [17-19]. During a four-hour dialysis exchange, the peritoneal membrane
transport function of a patient treated with PD is characterized to classify them
as either a high, low, or average transporter in order to optimize the dwell time
[17]. These peritoneal equilibration rates reflect peritoneal clearance (PC) and
can be calculated using the dialysate-to-plasma ratio (D/P ratio) for any given
solute that is transported from the peritoneal capillary blood into dialysate
fluid. The transport rate over the peritoneal membrane into the peritoneal
cavity is largely size-selective and thus the PC is inversely related to the radius
or molecular weight (MW) of a molecule, regardless of molecular properties
such as charge or hydrophobicity [20-24]. Therefore, the transport rate of small
molecules that are bound to large plasma proteins will be determined by the
size of the complex. This has been verified using the protein-bound solute
p-cresol (MW: 108 Da), since its PC was found to be similar to β2-microglobulin
(MW: 11,815 Da) [25]. Although a high PC was expected based on the low MW of
p-cresol, its clearance was much lower, confirming protein-binding.
In this study, we measured hepcidin, along with known freely circulating
and protein-bound solutes, in blood and dialysate of patients with ESRD
undergoing PET. We used this model to explore its suitability to quantify
hormone binding, and therefore to unravel the extent of hepcidin binding in
the circulation, by studying if the measured PC of hepcidin fits the curve
describing the relation between MW and PC of free circulating solutes.

Results
In total, 14 patients with ESRD participated in this study. Mean age was 67 years,
total creatinine clearance was between 56.4 and 129.5 L/week/1.73 m2, and
residual creatinine clearance was between 25.7 and 100.0 L/week/1.73 m2 (Table 1).
The start time of the PET after an overnight dwell was between 8:30 a.m. and
noon. Four patients used prednisone (Table 1), which interferes with both total
and free cortisol measurement due to metabolism into prednisolone. Therefore,
cortisol measurements were not performed in these patients.
We measured and subsequently calculated the PC of free circulating solutes
urea, creatinine, β2-microglobulin, albumin, and IgG (Table 2), and plotted the
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13

14

M

F

F

F

M

M

M

M

M

M

M

F

M

F

Gender
(M/F)

Renal vascular disease due to hypertension

Diabetes mellitus type 2

Renal vascular disease type unspecified

IgA nephropathy

Renal vascular disease type unspecified

Renal vascular disease due to hypertension

Chronic renal failure etiology unknown/uncertain

Diabetes mellitus type 2

Renal vascular disease type unspecified

IgA nephropathy

Renal vascular disease due to hypertension

Lupus erythematosus

Renal vascular disease due to hypertension

Primary amyloidosis

Underlying Disease

No

No

1 x 5 mg

2 x 5 mg

No

No

No

No

1 x 7.5 mg

No

No

1 × 7.5 mg

No

No

Use of
Prednisone1

11:30
11:00
09:30
09:00

129.5 (96.7)
101.8 (35.9)
118.1 (73.1)

10:00

128.6 (100.0)
122.6 (77.8)

12:00
12:00

71.7 (43.2)

10:15

100.8 (63.9)
114.0 (75.7)

10:00
12:00

118.2 (69.6)

08:30

68.2 (34.5)
70.5 (37.1)

09:30
10:00

56.4 (25.7)

10:00

61.1 (32.3)
99.3 (73.7)

Start Time
PET (a.m.)

Creatinine Clearance
(L/week/1.73 m2)
Total (residual)

Since use of prednisone was found to decrease the serum cortisol concentrations and interferes with measurement of both free and total cortisol, these
measurements were not performed in patients using prednisone.

1

53

76

8

66

7

9

72

64

5

74

4

6

82

55

2

73

1

3

Age
(yrs)

ID

Table 1. Patient characteristics.
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logarithmically transformed PC of each analyte against its MW for each patient.
By applying a linear mixed model, we obtained a curve with a 95% prediction
interval describing the relation between MW and PC of free circulating solutes
(Figure 1, solid dots). We found the equation defining the curve to be:
(1)

3
Log10 (PC) = 4.5744 – 0.05063 * √MW.

Table 2. Molecular weight, measured plasma and dialysate concentrations
and subsequent calculated peritoneal clearances for all solutes.
Solute

MW (Da)

[Plasma]
t=0h
Mean (sd)

[Dialysate]1 Peritoneal
t=1h
Clearance
Mean (sd)
(µL / min)
t = 0–1 h
Mean (sd)

Urea (mmol/L)

60.0

21.5 (6.6)

15.0 (6.1)

Creatinine (μmol/L)

113.1

542.0 (172.6)

296.9 (119.9) 21,499.6 (5861.6) 14

Testosterone,
total (nmol/L) 2

288.0

8.6 (7.3)

0.1 (0.1)

507.7 (260.5)

13 3

Cortisol,
total (nmol/L) 4

362.5

229.1 (134.4)

8.4 (5.8)

1439.0 (490.8)

10 5

N

26,959.1 (6211.8) 14

Cortisol, free (nmol/L)

362.5

12.7 (7.7)

8.4 (5.8)

25,030.8 (8123.9) 9 5,6

Hepcidin (nmol/L)

2789.4

10.6 (9.1)

1.2 (1.1)

4337.5 (1713.1)

13 7

β2-microglobulin
(mg/L)

13,713.0

18.7 (5.0)

1.4 (0.9)

2804.0 (1587.8)

14

Albumin (g/L)

66437.0

32.1 (4.9)

0.2 (0.1)

242.3 (164.2)

14

IgG (mg/L)

150,000.0 7496.0 (1730.3) 23.1 (12.7)

129.3 (84.7)

14

1 Average dialysate volumes were 2364 mL (range 1500-2250 mL). 2 Approximately 2% of the total
plasma testosterone is circulating free in both men and women [9,26]; in men 44–65% of testosterone
is bound to sex hormone binding globulin and 33–54% bound to albumin; in women 66–78% of
testosterone is bound to sex hormone binding globulin (MW 90 kDa), and 20–32% to albumin (MW
66,437 Da) [9]. 3 One patient as excluded since dialysate concentrations of testosterone were below the
LLOD. 4 Approximately 5% of the total plasma cortisol is circulating free, since 80–90% of cortisol is
bound to corticosteroid binding globulin (MW 52 kDa) and 10–15% to albumin (MW 66,437 Da) [6]. 5
Patient 3, 6, 11, and 12 used prednisone, which interferes with cortisol measurement. The results of
these patients were excluded. 6 For one patient material was insufficient to measure free cortisol. 7 One
patient was excluded since both plasma and dialysate concentrations of hepcidin were below the LLOD.

We tested the validity of our model by measuring both total (i.e., free and
protein-bound) and free cortisol and total testosterone. As expected, the PC
measurements of total cortisol (Figure 1, open blue dots) and total testosterone
(Figure 1, open brown dots) plotted against the MW of the unbound molecules
were below the free solutes curve, confirming their predominantly bound

96

HEPCIDIN PLASMA PROTEIN BINDING

status. Their binding percentages were calculated to be 91% (±3%) and 97%
(±1.5%), respectively, corresponding to what is described in literature [6,9]. The
mean of free cortisol PC measurements (Figure 1, open green dots) fell within
the 95% confidence interval to the free solutes curve, confirming its unbound
status.
We subsequently plotted the hepcidin PC measurements against the MW of
hepcidin in the graph (Figure 1, open pink dots). Interestingly, the mean PC for
hepcidin was found to lie below the established free solute curve. The calculated
binding percentage is 40% (±23%), suggesting that hepcidin circulates in a more
unbound than bound status, with a large inter-individual variability. Since
several hepcidin PC measurements fell within the 95% confidence interval,
we can exclude a predominantly protein-bound status of hepcidin, as we found
for total cortisol and testosterone.

4

Figure 1. Peritoneal clearances (µL/min) as a function of molecular weight (Da). The
logarithmically transformed peritoneal clearance (y-axis) of each specific analyte for
each patient was plotted against the cube root of their molecular weight (x-axis). Based on
the known free circulating analytes, i.e., urea, creatinine, β2-microglobulin, albumin,
and IgG (solid dots), a curve was established describing the relation between clearance
and molecular weight (solid line) with a 95% prediction interval (dashed lines). Hepcidin,
free cortisol, total cortisol, and total testosterone measurements (open dots) were plotted
in the figure thereafter.
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Figure 2. Correlations among the peritoneal clearance of urea with all analytes in patients with end-stage renal disease undergoing a
peritoneal equilibration test. The peritoneal clearance of urea was correlated to the peritoneal clearance of (a) creatinine, (b) β2-microglobulin, (c) albumin, (d) IgG, (e) free cortisol, (f) total cortisol, (g) total testosterone, and (h) hepcidin. The strength of the correlation was
measured using Spearman’s correlation coefficient (r).
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Figure 3. Correlations among the peritoneal clearance of hepcidin with all analytes in patients with end-stage renal disease undergoing
a peritoneal equilibration test. The peritoneal clearance of hepcidin was correlated to the peritoneal clearance of (a) creatinine, (b) β2microglobulin, (c) albumin, (d) IgG, (e) free cortisol, (f) total cortisol, and (g) total testosterone. The strength of the correlation was measured
using Spearman’s correlation coefficient (r).
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Last, we correlated the PC of all analytes with the PC of urea (Figure 2) to
ensure that the variation in PC measurement of each analyte is solely caused by
patient-specific transport characteristics. We have chosen urea for this since its
PC measurements showed the lowest variation. We found a strong correlation
between urea and creatinine (Spearman r = 0.9604, p < 0.0001), β2-microglobulin
(Spearman r = 0.7890, p = 0.0008), free cortisol (Spearman r = 0.9333, p = 0.0002),
total cortisol (Spearman r = 0.7697, p = 0.0092), and total testosterone (Spearman
r = 0.6593, p = 0.0142). We observed a weaker correlation between urea and IgG
(Spearman r = 0.5516, p = 0.0408) and urea and albumin (Spearman r = 0.5077,
p = 0.0638). However, we did not find any correlation between urea and hepcidin
(Spearman r = 0.2198, p = 0.4706). Further analysis showed that hepcidin does
not correlate with any of the other analytes (Figure 3), except albumin (Spearman r
= 0.6648, p = 0.0132). These results confirm a large inter-individual variation
in hepcidin clearance, independent of peritoneal transport characteristics. Although
this might influence the accuracy of the determined binding percentage,
we conclude that a substantial proportion of hepcidin is freely circulating and
exclude that circulating hepcidin is predominantly bound to plasma proteins.

Discussion
We applied the principle of PD to study the plasma protein binding of hepcidin
in a functional human setting for the first time. To this end, we measured
hepcidin along with known freely circulating and predominantly protein-bound
solutes in blood and dialysate of patients with ESRD treated with PD undergoing
PET. Our findings exclude that circulating hepcidin is predominantly bound to
plasma proteins; however, the lack of correlation between hepcidin clearance
and the clearance of the other analytes question the suitability of this model to
determine an accurate binding percentage for this hormone.
Our finding that hepcidin is not predominantly bound is in line with other
literature, in which a merely freely circulating hepcidin was observed using gel
chromatography on human serum samples, followed by Liquid Chromatography-Mass Spectrometry (LC-MS/MS) [12]. In fact, other peptide hormones such as
human growth hormone [27], insulin [28], and cardiac natriuretic hormones [29]
circulate freely, since peptide hormones are often water-soluble and can,
therefore, easily be transported via the cardiovascular system without requiring
carrier proteins [30,31]. In addition, hepcidin is rapidly excreted by the kidneys,
leading to a short half-life of only several hours [32–34]. Moreover, circulating
hepcidin concentrations can change rapidly with subsequent effects on the
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circulating iron levels within 1–2 h [35,36]. Theoretically, this potential of a fast
production [33,35,37] and quick turnover of hepcidin would preclude the need
for protein binding [30].
Our observations differ from previous findings describing high hepcidin
binding [10,11]. We believe this reported high binding percentage of ≈89% might
be attributed to the excess of hepcidin (i.e., 100 times higher than physiological
conditions) that was used in the experimental set-up, in combination with
physiological α2M concentrations. This might have caused nonspecific binding of
hepcidin, which the molecule is prone to due to its amphipathic character [38].
To the best of our knowledge, there are currently no established in vivo
models to study protein binding and free drug or biomarker concentrations,
which makes our explorative approach to study the functional protein binding
of hormones unique. PET is regularly used as diagnostic test to characterize the
functionality and transport properties of the peritoneal membrane in PD
patients. Therefore, the strength of using PET is that dialysate sampling for
research purposes provides human data with no additional burden for patients
and it is a relatively simple, quick, and affordable method. Albeit we circumvent
the disadvantages of in vitro techniques used to assess free hormone
concentrations in diagnostic medicine, several limitations of our method were
discovered during the study.
First, hepcidin did not correlate with urea or any of the other analytes, except
albumin, suggesting that other variables besides patient-specific peritoneal
transport characteristics may have affected hepcidin PC quantification. This
raises the question if we can infer an accurate binding percentage for hepcidin,
despite the fact that the validity of our model is confirmed by total cortisol and
testosterone measurements and deduction of their binding percentages.
One of the possible explanations for the lack of correlation is the circadian
rhythm of hepcidin, with plasma levels increasing during the day [39–43]. Due
to practical concerns, blood and dialysate samples were not collected at the
same time point, which could influence the determined hepcidin clearance
differently for each patient. Nonetheless, in our previous study [43], the serum
hepcidin median increased only by 2.5% between 11:00 and 13:30 amongst 24
participants. Therefore, the influence of hepcidins circadian rhythm seems
unlikely since we used a time interval of only 1 h between blood and dialysate
collection and PET start times were between 8:30 and noon. In addition, we did
find a strong correlation between urea and both free and total cortisol, a
hormone which also follows a circadian rhythm [44], suggesting the influence
of a circadian rhythm is negligible.
Second, our study population suffers from ESRD and may therefore differ
from healthy subjects, although there is no data to support the idea that
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peritoneal transport is affected by kidney function. It is described, however,
that renal failure leads to the accumulation of uremic toxins in blood and
tissues. These toxins can compete with other substrates for plasma protein
binding to, for example, albumin [45]. As a result, the free fraction of a substrate
of albumin will be increased. The strong correlation between hepcidin and
albumin could imply binding of hepcidin to albumin and, therefore, the presence
of uremic toxins might explain the observed inter-individual variability between
hepcidin measurements. This might have led to an overestimation of the free
fraction of hepcidin. However, testosterone and cortisol are also partially bound
to albumin and we see no effect on their measurements. Therefore, interference
of uremic toxins appears less likely. Nonetheless, we suggest our data should
be validated and confirmed in healthy individuals or patients with a normal
glomerular filtration rate.
Third, we cannot exclude our results are affected by production of hepcidin
by mesothelial cells of the peritoneal membrane [46]. However, we feel that this
is rather unlikely due to the high volume (2000 mL) new dialysate infused at
t = 0 and the short dialysate time of 60 min.
Fourth, it is known that macromolecules may be removed from the
peritoneal cavity by lymphatic absorption, which is independent of molecular
size [47]. We observed a weak correlation between the small molecule urea and
both macromolecules albumin and IgG. This might indicate that transport of
these molecules is not solely dependent on permeability of the peritoneum, but
also on lymphatic absorption, which would influence the established curve and
could possibly introduce the observed inter-individual variation.
Last, clearance measurements of both hepcidin and albumin might be
affected by their adherence to the dialysis bag, since both molecules possess
nonspecific binding characteristics [38,48]. Due to their amphipathic character
and suggested subsequent adherence to laboratory plastics, an extra factor of
inter-individual variation is introduced, independent of patient specific peritoneal
transport characteristics. This could explain the lack of correlation with other
analytes. Regarding the assessment of hepcidins binding percentage, this would
imply that the hepcidin concentration in dialysate, and therefore its clearance,
might be underestimated and the free fraction would actually be higher.
Knowledge on the binding percentage of hepcidin is of great importance for
correct quantification of the bioactive hormone, which in turn is key for both
interpretation and standardization of hepcidin measurements in diagnostics of
iron related disorders [1]. Characterization of hepcidin as measurand will add a
key aspect to its metrological traceability chain that has recently been
established, which is needed to obtain global uniform reference intervals and

104

HEPCIDIN PLASMA PROTEIN BINDING

clinical decision limits for diagnostics [13]. Furthermore, correct analysis and
interpretation of hepcidin measurement is essential in target assessment of
clinical trials with hepcidin agonists and antagonists. These therapeutics are in
development for treatment of several iron metabolism disorders such as
hereditary hemochromatosis or anemia of inflammation [1,14]. A strong
correlation has been observed between hepcidin-25 results of a wide variety of
assays [13,49,50]. However, possible protein-binding could be an issue in correct
hepcidin quantification when measuring target engagement of hepcidin
antagonists that directly bind hepcidin in the circulation. These compounds
display a high affinity for hepcidin and therefore specifically for the assessment
of hepcidin antagonist efficiency, the remaining free, non-antagonist bound
hepcidin should be quantified [51] rather than total hepcidin [52–54].
We can conclude that hepcidin is not predominantly bound and suggest that a
substantial proportion is freely circulating, enabling direct and rapid bioactivity
of the hormone. This is an important step towards unraveling human hepcidin
plasma protein binding, although refinement of the model by inclusion of more
patients and using more analytes with different MWs could help improve
accuracy of our findings. Thereby, analytes with a high MW should preferably
be excluded to circumvent influence of lymphatic absorption. Moreover, to
definitively unravel hepcidin plasma protein binding, future studies must
include studies on hepcidin production by mesothelial layer of the peritoneum
and the prevention of nonspecific adherence of hepcidin in pre-analysis, which
currently hampers (standard) dialysis techniques in diagnostic medicine.

Materials and methods
Sample Collection
PET was performed according to the protocol of Isala hospital, Zwolle, The
Netherlands. After an 10–12 h overnight dwell, a 2-Liter bag of 3.86% glucose
solution (Baxter Healthcare Ltd., Newbury, UK) was instilled and allowed to
dwell for 4 h [18]. Dialysate sampling was performed at 1 h of dwell time (t = 1 h),
since peritoneal transport of solutes with a low MW (<200 Da) will decrease over
a longer period of time due to saturation of the dialysate [22]. For sampling, all
dialysate fluid was collected in a plastic (PVC) bag and mixed ex vivo before a
sample was taken, to assure dialysate samples were representative for the fluid
in the peritoneal cavity. Thereafter, the remaining dialysate was returned into
the peritoneal cavity. Dialysate from 14 consecutive patients with ESRD who
underwent PD was collected in tubes both with and without bovine serum
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albumin (1 g/50 mL, Sigma-Aldrich, Saint Louis, MO, USA), as for measurements
of hepcidin and IgG, addition of albumin prevents adhesion to the tubes and
subsequent loss. Blood samples were drawn prior to dialysis (t = 0 h) in both
heparin plasma and serum tubes. All were centrifuged at 2000 g for 10 min.
Blood and dialysate samples were aliquoted and immediately stored at β80 °C
until measurement.

Laboratory Measurements
We measured total hepcidin concentrations (i.e., the sum of bound and unbound
full length hepcidin-25), as well as freely circulating solutes urea, creatinine,
β2-microglobulin, albumin, IgG, total testosterone (free and protein-bound),
total cortisol (free and protein-bound), and free cortisol in blood and dialysate.
Analytical methods are described in Appendix A. All measurements were
performed in freshly thawed aliquots within 8 months after collection.

Ethics
The study was approved by the Ethics Committee and the Board of Directors of
Isala hospital, Zwolle, The Netherlands, and has been in accordance with the
Helsinki Declaration. All patients signed informed consent prior to participation
and all samples were blinded.

Calculations and Statistical Analysis
Measurement results for solutes below the lower limit of detection (LLOD) were
excluded. We calculated PC (μL/min) for each analyte using the dialysate sample
taken at t = 1 h and blood sample taken at t = 0 h of each analyte, using the
patient- specific dialysate volume and a dialysis time of 60 min as:
Peritoneal clearance (μL/min) = [Dialysate]/[Blood] × (Volume dialysate)/(Duration
of dialysis).
(2)
Logarithmic transformation was used for PC data before statistical analysis, as
the data was not normally distributed. In addition, we used a cube root scaling
for MW, since transport rates are related to size and thus radius (r), and
considering volume as a three-dimensional characteristic of the radius (r3). The
curve describing the relation between MW and PC of all analytes was estimated
with a linear mixed model using a random slope and random intercept. The
expected PC of each analyte could be calculated using its MW and the equation
of the curve. We calculated the binding percentage as:
Binding percentage (%) = (1 − (Measured PC)/(Expected PC)) × 100%.
(3)
In this equation, the measured PC divided by the expected PC represents the free
hormone fraction. The strength of a linear association between the clearances
of two analytes was measured using Spearman’s correlation coefficient.
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All statistical analyses were performed with SAS software, version 9.4 (SAS
Institute, Inc. Cary, NC, USA) and GraphPad Prism 5.03 (GraphPad Software Inc.,
La Jolla, CA, USA).
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Appendix A
Laboratory Chemistry Measurements
Measurements of urea, creatinine, and IgG were performed on a Cobas C8000
random access analyzer (Roche Diagnostics, Basel, Switzerland). Albumin was
measured by nephelometry on a BNII system (Siemens, München, Germany).
β2-microglobulin was measured by a direct sandwich-ELISA, using two
polyclonal rabbit anti-human β2-microglobulin antibodies, of which one was
HRP labeled. The pH of all peritoneal dialysate samples was 7.5 allowing accurate
measurements of β2-microglobulin.

Measurement of Hepcidin in Serum and Peritoneal Dialysate
Measurements of hepcidin were performed by a combination of weak cation
exchange chromatography and time-of-flight mass spectrometry (WCX-TOF MS)
using a stable hepcidin-25+40 isotope as internal standard for quantification [55].
This MS-based assay determines total hepcidin (i.e., the sum of bound and
unbound fraction). Peptide spectra were generated on a Microflex LT matrix-enhanced laser desorption/ionisation TOF MS platform (Bruker Daltonics,
Hamburg, Germany). Hepcidin concentrations were expressed as nmol/L. The
lower limit of quantification of this method was 0.5 nM.

Measurement of Total Cortisol and Total Testosterone in Serum
Cortisol and testosterone were analyzed by Liquid Chromatography-Mass
Spectrometry (LC-MS/MS) after protein precipitation and solid-phase extraction.
Internal standard [2H4]-cortisol and [13C3]-testosterone (Isoscience, Ambler, PA,
USA) was added to 100 μL serum. Subsequently, 300 μL acetonitrile with 0.1%
formic acid was added for protein precipitation and 300 μL H2O was added to
200 μL supernatant followed by solid phase extraction (Oasis HLB 1cc, Waters,
Milford, MA, USA). The eluate (methanol:isopropanol 95:5) was dried under a
stream of N2 gas, reconstituted in methanol:water (3:7) and injected (10 μL)
into an Agilent Technologies 1290 Infinity Ultra High Performance Liquid
Chromatography (UHPLC)-system (Agilent Technologies, Agilent, Santa Clara,
CA, USA) equipped with a BEH C18 (1.7 μm 2.1 × 50 mm) analytical column
(Waters Corp.) at 60 °C. Mobile phase A (methanol:water 20:80 + 2 mM
NH4CH3COO + 0.1% formic acid) and B (methanol:water 98:2 + 2 mM NH4CH3COO
+ 0.1% formic acid) were run in a gradient (0.4 mL/min). Start gradient 70:30 A:B
for 2.5 min; then to 40:60 A:B in 3.5 min; followed by a gradient in 0.5 min to
2:98 to remain such for 0.5 min and thereafter to 70:30 A:B in 0.5 min and
remain such for 0.5 min. Retention time was 1.41 min and 4.37 min for cortisol
and testosterone, respectively. Total run time was 8 min. A 9-point calibration
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curve was used (cortisol and testosterone, Steraloids). An Agilent 6490 tandem
mass spectrometer (Agilent Technologies, Agilent, Santa Clara, CA, USA) was
operated in the electrospray positive ion mode, with a capillary voltage 3.5 kV,
fragmentor voltage 380 V, sheath gas temperature 350 °C, and gas temperature
150 °C with N2 collision gas. Two transitions (qualitative and quantitative) were
monitored. Transitions (Q1 > Q3) were m/z 363.4 > 97.1 (34 V) and m/z 363.4 >
121.1 (25 V) for cortisol; m/z 367.4 > 97.1 (34 V) and m/z 367.4 > 121.1 (25 V) for
[2H4]-cortisol. m/z 289.2 > 109.1 (30 kEV) and m/z 289.2 > 97.1 (30 kEV) for
testosterone; m/z 292.3 > 112.1 (30 kEV) and m/z 292.3 > 100.1 (30 kEV) for
13C3-testosterone. Dwell time was 100 ms and 50 ms for cortisol and testosterone,
respectively. The method was linear assessed by CLSI EP6 protocol [56]. For
cortisol total CV is 3.6% at 300 nmol/L and 3.1% at 1080 nmol/L. For testosterone
total CV is 6.0% at 0.9 nmol/L and 5.3% at 19 nmol/L.

Measurement of Free Cortisol in Serum by Equilibrium Dialysis
—Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)
Serum was dialyzed in a multi-cell equilibrium dialyzer using Teflon dialyzing
cells consisting of two identical parts between which a flat membrane is fitted
(Dianorm-Geräte). The dialysis cells are incubated in a water bath with constant
agitation by a rotating apparatus and temperature during dialysis was
maintained at 37 ± 0.5 °C, by constant monitoring with an immersion
thermostatic system (Tinytag TGP-4020 logger and PB5001-1M5 sonde; Gemini
data loggers). The dialysis membranes were prepared from Dianorm (Diachema
dialysis membranes 10.14) with a cut-off of 5 kDa. Equilibrium dialysis was
performed for 5 h with 180 μL serum against 180 μL HEPES buffer; while rotating
the dialysis apparatus at 20 rpm. The HEPES buffer used for equilibrium dialysis
was composed to reflect the electrolyte composition and pH of serum and
contained in addition to 12.570 g/L N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid (HEPES), 5.353 g/L NaCl, 0.200 g/L KCl, 0.224 g/L KH2PO4, 0.275 g/L
MgSO4·7 H2O, 0.300 g/L urea, 0.275 g/L CaCl2·2 H2O, 0.900 g/L NaOH, and 0.520
g/L NaN3 (Merck, Darmstadt, Germany). The pH was adjusted with HCl to pH
7.40 (at 37 °C). The buffer was diluted by ultrapure water produced with a Milli
Advantage A10 and 100 μL dialysate was subsequently used for total cortisol
measurement by LC-MS/MS as described above.
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Measurement of Total Cortisol and Total Testosterone in
Peritoneal Dialysate
Testosterone and cortisol in peritoneal dialysate were analyzed by LC-MS/MS
after solid-phase extraction. Sample preparation consisted of internal standard
addition [13C3]-testosterone (Isoscience, Ambler, PA, USA) and [3H4]-cortisol
(Isoscience) to 1000 μL dialysate and solid phase extraction (SPE) using Oasis®
MCX 1cc cartridges (Waters Corp, Milford, MA, USA).
Columns were pre-equilibrated with 1 mL MeOH:IPA (95:5) and subsequently
washed with 1 mL H2O. After application of the sample, columns were washed
with 1 mL H2O:NH4OH (95:5) and 1 mL MeOH:H2O (20/80) + 2% HCOOH. The 300
μL eluate (MeOH) was dried under a stream of N2 gas, reconstituted in MeOH:H2O
(30:70). A nine-point calibration series was used (using testosterone and cortisol
both from Steraloids). Calibrators, quality controls, and samples (reconstituted
in 100 μL) were injected (10 μL) into an Agilent Technologies 1290 Infinity VL
UHPLC-system (Agilent Technologies, Santa Clara, USA), equipped with a BEH
C18 (1.7 μm 2.1 X 50 mm) analytical column (Waters Corp., Milford, MA, USA) at
60 °C. Mobile phase A (MeOH/H2O (20:80) + 2 mM NH4CH3COO + 0.1% HCOOH)
and B (MeOH/H2O (98:2) + 2 mM NH4CH3COO + 0.1% HCOOH) were run in a
gradient (0.4 mL/min). The gradient program was as follows: Start gradient A:B
(70:30) for 2.5 min; followed by a gradient in 2 min to A:B (60:40) and subsequent
2.5 min A:B (35:65). For column washing, a gradient 0.5 min A:B (98:2) was
established to remain such for 0.5 min. The column was re-equilibrated to A:B
(70:30) in 0.5 min and remained such for 0.5 min. Retention times were 1.5 min
and 4.5 min for cortisol and testosterone, respectively. An Agilent 6490 tandem
mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) was operated
in the electrospray positive ion mode. Operating conditions were as follows:
Capillary voltage 3.5 kV, fragmentor voltage 380 V, sheath gas temperature
350 °C, and gas temperature 150 °C. The collision energy was optimized
between 25 and 34 eV for all solutes and Nitrogen was used as collision gas. Two
mass transitions were monitored for each analyte and the internal standards.
The first transition was used for quantification, the second for confirmation.
The transitions (Q1 > Q3) were m/z 289 > 97 and m/z 289 > 109 for testosterone;
m/z 292 > 100 and m/z 292 > 112 for [13C3]-testosterone; m/z 363 > 121 and m/z
363 > 97 for cortisol; m/z 367 > 121 and m/z 367 > 97 for [3H4]-cortisol. Total run
time was 9 min.
For both total and free cortisol PC calculations, we used total cortisol
measurements in dialysate, since we assume that all cortisol present in dialysate
after 1 h of dwell time is free considering the large MW of its main binding
protein corticosteroid binding globulin (MW 52 kDa).
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Abstract
Erythroferrone (ERFE), the erythroid regulator of iron metabolism, inhibits
hepcidin to increase iron availability for erythropoiesis. ERFE plays a pathological
role during ineffective erythropoiesis as occurs in X-linked sideroblastic anemia
(XLSA) and β-thalassemia. Its measurement might serve as an indicator of
severity for these diseases. However, for reliable quantification of ERFE analytical
characterization is indispensable to determine the assay’s limitations and
define proper methodology. We developed a sandwich ELISA for human serum
ERFE using polyclonal antibodies and report its extensive analytical validation.
This new assay showed, for the first time, the differentiation of XLSA and
β-thalassemia major patients from healthy controls (p=0.03) and from each
other (p<0.01), showing the assay provides biological plausible results. Despite
poor dilution linearity, parallelism and recovery in patient serum matrix,
which indicated presence of a matrix effect and/or different immunoreactivity
of the antibodies to the recombinant standard and the endogenous analyte,
our assay correlated well with two other existing ERFE ELISAs (both R 2=0.83).
Nevertheless, employment of one optimal dilution of all serum samples is
warranted to obtain reliable results. When adequately performed, the assay can
be used to further unravel the human erythropoiesis-hepcidin-iron axis in
various disorders and assess the added diagnostic value of ERFE.
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Introduction
In 2014, the hormone erythroferrone (ERFE) was discovered as erythroid regulator
of iron metabolism [1]. Failing oxygen levels in tissues, for example during
hemorrhage or hypoxia [2], result in renal synthesis of erythropoietin (EPO) [3],
which, in turn, promotes expression of ERFE by erythroblasts via the JAK/STAT5
pathway [1, 4, 5]. By suppressing the key regulator of iron metabolism hepcidin,
ERFE promotes duodenal iron absorption and iron mobilization from stores to
meet the increased iron demand of developing erythrocytes [2, 4, 6].
Besides its physiological role, ERFE is thought to play a crucial role in the pathophysiology of iron-loading anemias resulting from ineffective erythropoiesis,
such as β-thalassemia syndromes and X-linked sideroblastic anemia (XLSA) [7].
Hemoglobin in erythrocytes contains α- and β-globin chains. Patients with
β-thalassemia syndromes have gene defects leading to no or a reduced expression
of β-globin, which results in an excess of free α-globin chains in erythroblasts
[8, 9]. During differentiation into erythrocytes, these chains can aggregate
causing formation of reactive oxygen species and damage to the cell membrane,
provoking cellular apoptosis and anemia [10]. Multiple subtypes of the pathology
are known, either β-thalassemia minor, intermediate or major, which depends
on the amount of functional of β-globin chains left and therefore directly
correlates with the severity of the disease [8].
XLSA, on the other hand, is caused by genetic defects in the erythroidspecific isoform of the aminolevulinate acid synthase (ALAS2) gene, which
catalyzes the first and rate limiting step of heme biosynthesis in the mitochondria
of erythroid precursor cells [11-13]. This results in heme and, consequently,
hemoglobin deficiency, since 85% of heme is produced in the erythroblasts [14,
15]. Deposition of non-heme iron in the mitochondria of these erythroid
precursors causes formation of so-called ring sideroblasts [15]. ALAS2 is located
on the X-chromosome and is recessively expressed, leaving mainly men affected.
Production of dysfunctional erythroblasts in these pathologies, that do not
successfully differentiate into mature erythrocytes, leads to anemia and
increased synthesis of EPO [16]. Hence, ERFE concentrations further increase in
order to match iron supply to the erythropoietic demand, while hepcidin
remains suppressed. However, in these pathologies, erythrocyte production
cannot be restored leaving the excess amounts of iron unused resulting in iron
overload [7, 16]. Patients with β-thalassemia major are transfusion-dependent
due to the severity of ineffective erythropoiesis, in turn aggravating the iron
overload. [9]
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General protocols are already in place to establish the diagnosis of diseases of
ineffective erythropoiesis. Yet, considering the role of ERFE in diseases of
ineffective erythropoiesis, quantification of systemic ERFE levels might provide
clinicians with supplementary information regarding disease severity. Moreover,
ERFE measurement could be clinically relevant in additional pathologies, since
serum ERFE levels were found to predict mortality and cardiovascular events in
both chronic kidney disease and hemodialysis patients [17]. In addition, genetic
ERFE variants were recently discovered that contribute to hepcidin suppression
and subsequent body iron overload in some patients with myelodysplastic
syndromes and congenital dyserythropoietic anemia [18, 19]. It can be hypothesized
that individuals with gain-of-function mutations in the ERFE gene might recover
faster from blood loss. This would especially be interesting in the blood donor
population to personalize donation intervals, also since identification of ERFE
variants that delay recovery of iron stores could contribute to prevent iron
deficiency. In order to correctly assess ERFE levels in pathologies and after blood
donation, appropriate analytical validated quantification of ERFE must be ensured.
This will also contribute to correctly evaluate the success of recently suggested
anti-ERFE therapies for pathologies with aberrantly high ERFE levels, such as
iron-loading anemias [20, 21].
Currently, only one validated in-house monoclonal ERFE enzyme-linked immunosorbent assay (ELISA) has been published [22], and several commercial kits are
on the market. However, none is yet routinely available [23] and solely used for
research. Our experience in developing assays for the iron-related measurements
[24-29] has taught us the importance of validation and standardization before
using an assay in clinical practice [30-32]. Full analytical characterization of an
assay ensures correct utilization (fit-for-purpose) of the method and appropriate
interpretation of the data, as it reveals the assay’s limitations and therefore
defines proper methodology to produce reliable results for diagnostic and research
purposes [33]. To this end, we aimed to develop a robust, analytically characterized
and eventually standardized in-house ERFE ELISA, which will guarantee
reproducible and consistent ERFE results. Here, we describe the analytical
validation of a polyclonal antibodies-based sandwich ELISA to measure ERFE
concentration in human serum. The assay was biologically validated by measuring
ERFE concentrations in healthy controls and in patients with iron-loading
anemias β-thalassemia major and XLSA and was compared with two existing
ERFE assays.
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Materials and methods
Polyclonal anti-hERFE antibodies
Catching and tagging antibodies were generated by immunizing two chickens
and two rabbits, respectively, with 10 μg of recombinant Flag-tagged human
ERFE (hERFE) immunogen per injection by Davids Biotechnology (Regensburg,
Germany) and purified using affinity chromatography (details are described in
S1 Methods). All animal experiments related to the generation of the antibodies
were outsourced to Davids Biotechnology.

Samples
Patients and controls
Serum samples of 7 patients with β-thalassemia major (4 men, 3 women; age
20-49 yrs) and 7 patients diagnosed with XLSA (7 men; age 16-72 yrs) were
obtained from the Iron Biobank that is part of the centralized Radboud Biobank
of the Radboudumc (Nijmegen, the Netherlands) [34]. In addition, blood samples
were collected from 15 healthy volunteers (7 men, 8 women; age 20-56 yrs).
Additional laboratory measurements and the detailed sample collection are
described in S1 Methods. Lastly, we collected leftover serum and heparin plasma
samples from phlebotomy of 5 XLSA patients. Each serum-plasma pair was
collected at the same time.

Ethical approval
The collection and usage of both the patient samples and the healthy volunteer
samples were approved by the Ethics Committee (Arnhem-Nijmegen, the Netherlands)
and the Board of Directors of the Radboudumc (Nijmegen, The Netherlands) and
this study has been conducted in accordance with the Declaration of Helsinki.
All collected samples were coded and informed consents were signed prior to
inclusion in the Radboud Biobank and blood collection.
Leftover patient material used in this study was fully anonymized upon
collection and therefore conform with the code for proper secondary use of
human tissue in the Netherlands.

ELISA method
96-well plates were coated with chicken anti-hERFE. After washing and blocking,
the hERFE standard (10 ng/μL) was serial diluted between 4 and 0.125 ng/mL and
incubated overnight together with the diluted serum samples, all in duplicate. The
plate was washed and incubated with rabbit anti-hERFE antibodies for 1 hour,
followed by a 1 hour incubation with anti-rabbit IgG-HRP antibody. The signal
was developed with TMB One and stopped with 0.2M H2SO4 after 20 minutes,
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after which optical density (OD) was measured at 450 nm. Details on the protocol,
ELISA format and equipment and reagents used are described in S1 Methods.

Analytical validation of ERFE assay
The limit of blank (LOB) was determined by calculating the ERFE concentration
corresponding to the mean OD of the dilution buffer (83 replicates). The limit of
detection (LOD) was calculated as LOB + 1.645 * standard deviation of blanks (sdB) [35].
The precision of the assay was calculated using a sample with a low, middle
and high concentration of ERFE. Both the intra-assay coefficient of variation
(CV,%) (15 consecutive replicates in a single assay for the middle and high samples,
12 for the low sample) and the inter-assay CV% (5 replicates carried out on 3 separate
days for the middle and high samples, 4 replicates for the low sample) were
determined.
Dilution linearity was assessed to demonstrate that a sample with a spiked
concentration above the upper limit of quantification (ULOQ) can be diluted to
a concentration within the range of the standard curve and still give a reliable
result, investigating the effect of diluting the analyte in dilution buffer. To this
end, two control samples (0.25 and 0.04 ng/mL) were spiked with hERFE to 400
ng/mL. The diluted samples were measured in one run and recovery was
calculated by ((measured ERFE / expected ERFE) * 100%).
Parallelism, which is conceptually similar to dilution linearity, was assessed
by a serial dilution (5, 10, 15, 20, 40 fold) of patient samples with high endogenous
ERFE concentrations (n=9), all measured in one run. Using samples with high
endogenous levels of the analyte, potential sample matrix effects are investigated
and the binding characteristic of the endogenous analyte to the antibodies can
be compared to the binding characteristics of the standard. By studying different
dilution factors as reference value to calculate recovery, the minimum required
dilution of the assay was determined. The minimum required dilution represents
the smallest dilution giving a constant recovery after further dilution [36].
Recovery was studied to investigate whether the dose-response relationship
of the analyte differs in standard diluent or sample matrix, by spiking two
control samples (1.21 and 0.46 ng/mL) and a dilution buffer sample with a mix
composed of samples with low, medium-low, medium-high and high hERFE
concentration. All were measured within the same run and recovery was
calculated by ((measured ERFE spiked – measured ERFE neat)/theoretical
concentration ERFE)*100%).
Differences in ERFE measurement for serum and heparin plasma were
studied in XLSA patient sample pairs (n=5) and measured in one run.
Sample stability was assessed by storing aliquots of two patient samples up
to 48 hours at room temperature, -4 0C and for 1 month at -20 0C. Additionally,
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both samples were freeze-thawed up to 6 times. ERFE concentrations were
compared to baseline measurements.

Statistical analysis
All statistical analyses were performed with Graphpad Prism (version 5.03).
Standard curves were approximated using four parameter logistic dose-response
curves as Y = D+(A-D)/(1+(X/C)^B) in which X stands for the analyte concentration
and Y for absorbance value. Coefficient A represents the bottom of the curve,
B represents Hill’s slope, C represents the inflection point of the curve and D
represents the top of the curve. Interpolation is performed with log transformed
concentrations. Additionally, independent variables were compared using a
t-test (two-groups) or ANOVA with a Bonferroni post-test (more than two groups).
The difference between serum and plasma ERFE measurements were compared
using a paired one-tailed t-test. Agreement between assays was studied using
linear regression analysis. Two-sided P-values below 0.05 were considered to be
statistically significant.

5

Results
Assay characteristics
LOB and LOD in the assay were found to be 0.036 and 0.064 ng/mL, respectively.
To assess the precision of the assay, intra- and inter-assay CV were determined
for low, middle and high ERFE levels (Table 1). We observed reduced precision
for lower ERFE concentrations and an intra-assay CV <10-15% for the middle
and high sample. Overall intra- and inter-assay CVs were 13.3% and 19.5%,
respectively. The intra-assay was smaller than the inter-assay CV at all levels,
indicating that the variation between runs is higher than on the same run.
Next, we aimed to investigate how samples must be diluted in the assay to
ensure reliable results by studying dilution linearity and parallelism.
Dilution linearity was investigated by spiking two serum samples containing
low ERFE concentrations with hERFE and diluting them to a concentration
within the range of the calibration curve. Interestingly, a dilution factor of 5
appeared insufficient to dilute the samples below the ULOQ (Table 2). For the
other dilutions, recovery ranged between 61-114%, while standard criteria
accept 80-120% [37]. These results might indicate a nonlinear dose-response
relationship of the analyte in dilution buffer and necessitates using one fixed
dilution for all samples to allow their comparison to be reliable.
By studying parallelism, we aimed to find the optimal dilution resulting in a
constant recovery after further dilution by serially diluting serum samples with
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Table 1. Three-level precision.
Coefficient of variation (CV%)
ERFE level

Concentration
(ng/mL) (mean ± SD)

Intra-assay

Inter-assay

2.4 ± 0.5

20.4

24.3

Middle

3.8 ± 0.5

12.8

17.0

High

6.0 ± 0.4

6.6

17.2

Overall: 13.3

Overall: 19.5

Low

Precision was studied in three samples with either a low, middle or high ERFE concentration.
Intra-assay CV% was determined by either 15 replicate measurements for the middle and high
samples or 12 for the low sample. Inter-assay CV% was determined by either 5 replicates carried out
on 3 separate days for the middle and high samples or 4 for the low sample.

Table 2. Dilution linearity.
Sample 1
Dilution
factor

Expected
[ERFE] (ng/mL)

Measured
[ERFE] (ng/mL)

0

400

>>

Sample 2
Recovery
(%)

Measured
[ERFE] (ng/mL)

Recovery
(%)

>>

5

80

>>

25

16

16.46

103

>>
11.81

74

125

3.20

2.22

70

1.96

61

625

0.64

0.52

82

0.52

81

3125

0.13

0.15

114

0.14

113

Dilution linearity assessment of ERFE assay in human serum. Two low ERFE containing serum
samples were spiked with hERFE to 400 ng/ml and serially diluted. Recovery was calculated as
(measured ERFE / expected ERFE) *100%. Measured ERFE concentrations were not dilution-adjusted.
>> represents ERFE concentrations above ULOQ.

high endogenous ERFE concentrations. All dilution factors (5, 10, 15, 20 and 40)
were tested and the minimum required dilution factor was found to be 15, as
this dilution showed a recovery of which the subsequent dilution (1:20) remained
most constant. Using 1:15 as reference value, the mean recovery of all nine
samples with a 1:20 dilution was found to be 116% with a range of 75-162% (Table 3).
This recovery range showed to be the narrowest compared to the results of other
dilution factors as reference value (S1 Table), closest to the standard accepted
criteria of 75-125% [38]. However, as the range shows, not all samples showed
a recovery within these criteria (Table 3, sample 4 and 6, 142% and 162%,
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Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Sample 9

1.93

2.05

2.20

3.47

15

20

40

169

107

100

94

126

3.48

1.88

2.53

2.93

2.45

97

138

75

100

116

1.10

4.03

1.37

1.46

2.32

75

276

94

100

159

8.18

8.78

6.20

5.40

4.64

132

142

100

87

75

1.82

5.51

4.84

1.59

3.62

2.64
3.84
3.60
5.84
4.84

75
33
100
114
38

73

134

162

100

107

6.04

8.06

7.29

4.23

3.67

83

111

100

58

50

<<

3.32

2.97

1.43

1.22

41

<<

112

100

48

0.66

2.28

1.86

3.71

3.28

176

35

123

100

199

Parallelism assessment of ERFE assay in human serum. Nine patient samples with high endogenous ERFE concentrations were serially diluted. Recovery was
calculated using the ERFE concentration determined at dilution 1:15 as a reference value. Concentrations were dilution-adjusted. << represent ERFE
concentrations below LLOQ.

2.59

5

10

Dilution Conc. Recov. Conc. Recov. Conc. Recov. Conc. Recov. Conc. Recov. Conc. Recov. Conc. Recov. Conc. Recov. Conc. Recov.
factor (ng/mL) (%) (ng/mL) (%) (ng/mL) (%) (ng/mL) (%) (ng/mL) (%) (ng/mL) (%) (ng/mL) (%) (ng/mL) (%) (ng/mL) (%)

Sample 1

Table 3. Parallelism using the concentration at 1:15 as a reference value.
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respectively), suggesting possible interferences from sample matrix and/or
differences in immunoreactivity of the antibodies between the endogenous
analyte and the standard. Yet, using one fixed dilution will circumvent
discrepancies in ERFE measurements between samples and strengthen the
reproducibility of the results. Since recovery of the 1:40 dilution with 1:20 as
reference value did not show to be constant (S1 Table; mean 119%, range 29-295%),
the optimal dilution factor must be between 15 and 20. To this end, we chose
1:18 as standard dilution of the ERFE assay to use in further measurements.
Recovery of ERFE was studied by spiking two low ERFE containing control
samples with hERFE concentrations of 0.88, 10.00, 40.00 and 72.45 ng/mL. This
resulted in a recovery of 63±16% (mean±SD), 52%±11%, 44±5% and 37±0%,
respectively, demonstrating that recovery in serum samples decreased with
increasing spiking concentrations. Spiking of hERFE in dilution buffer resulted
in higher recovery (67%, 74%, 103% and 92%, respectively), indicating a different
dose-response of the analyte in standard diluent and sample matrix, thus
confirming the existence of a matrix effect.
Differences in ERFE measurement between serum and heparin plasma
samples of 5 XLSA patients were studied to explore whether both sample
materials provide similar results. In all samples, ERFE concentrations measured
in heparin plasma samples were significantly higher (Table 4, p=0.0031).
Stability experiments showed that ERFE concentrations measured in serum
samples remained stable for 4 freeze-thaw steps and during at least a 24-hour
storage at RT, 48 hours at 40C and 1 month at -200C.

Table 4. Difference in ERFE concentration between serum and (heparin) plasma.
Patient ID

ERFE concentration in serum
(ng/mL)

ERFE concentration in plasma
(ng/mL)

1

2.82

3.09

2

4.03

5.00

3

2.25

3.14

4

1.30

1.97

5

3.70

4.84

ERFE was measured in serum and heparin plasma samples of the same blood draw of 5 XLSA patients.
ERFE concentrations in plasma were significantly higher compared to those measured in serum
(paired one-tailed t-test, p=0.0031).
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Comparison with other ERFE assays
As an extension of the analytical validation, we compared our ELISA to a
commercial ERFE kit [39] in 20 serum samples and to an in-house assay [22] in 23
serum samples. Samples were selected to cover a broad range of ERFE
concentrations, including both patient and control samples. Linear regression
showed good correlation with both the commercial kit (R 2=0.8258, p<0.0001)
and the in-house assay (R 2=0.8332, p<0.001) (Fig 1). Equations of the regression
lines were found to be Y=12.62X-13.25 and Y=18.92X-16.92, respectively, indicating
large differences in absolute values between the assays despite the good
correlation, which hampers the comparability of the ERFE measurements
between methods.

ERFE concentrations of XLSA and β-thalassemia patients
To biologically validate the assay, ERFE concentrations were studied in serum
samples of 7 XLSA, 7 β-thalassemia major patients and 15 healthy controls. The
summary of descriptive and hematological characteristics of both patients and
controls are given in Table 5 (extended information in S2 Table). We demonstrated
that ERFE levels of healthy controls significantly differ from those found in
XLSA and β-thalassemia major patients (Fig 2, overall p=0.0264) and also that
ERFE concentrations of both iron-loading anemias significantly differ from
each other (p<0.05), thus confirming the biological plausibility of the assay.

A

B
100

Commercial
ERFE ELISA (ng/mL)

Published in-house
ERFE ELISA (ng/mL)

100

50

0

Y=18.92X -16.92
0

2

4

6

New ERFE ELISA (ng/mL)

50

0

Y=12.62X - 13.25
0

2

4

6

New ERFE ELISA (ng/mL)

Fig 1. Comparison of our new ERFE ELISA with a published in-house assay (A) and
commercial kit (B) using linear regression analysis. (A), n=23 serum samples or (B) n= 20
serum samples. Statistical analysis was performed using linear regression analysis.
(A: R 2=0.8332, p<0.001; B: R 2=0.8258, p<0.0001).
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7.7
(6.8-8.0)

ND

> 7.5

XLSA

Controls

Normal
range values c

80-95

ND

73.5
(64-75)

79.0
(67-83)

MCV
(fl)

10-30

19
(5-34)

28
(19-38)

36
(26-46)

Iron
(µM)

45-78

69
(50-92)

58
(43-66)

43
(32-49)

TIBC
(µM)

16-45

28
(7-52)

42
(40-88)

94
(78-105)

TSAT
(%)

CRP
(mg/L)

20-300

86
(11-385)

226
(58-573)

721
(563-5376)

< 5.0

1.0 (<1-2)

1.5 (<1-2)

1.0
(<1-1)

Median (range)

Ferritin
(µg/L)

4-29

8.0
(4.2-22.6)

10.2
(7.4-22.8)

56.3
(39.8-199)

EPO
(U/L)

< 0.5-15.5

2.3
(<0.5-12.1)

3.6
(<0.5-8.9)

3.0
(<0.5-7.5)

Hepcidin
(nM)b

3.1-176.4

19.38
(11.90-55.56)

15.53
(0.65-56.90)

1.56
(0.89-6.77)

Hepcidin/
ferritin ratio
(pmol/µg)

ND

1.44
(<1.16-2.01)

2.13
(1.74-3.57)

3.95
(2.70-6.26)

ERFE
(ng/mL)

b

g/L = 16.1 mM.
Standardized hepcidin value.
c Normal range values of men and (pre-menopausal) women were combined and provided by the executive laboratories of the measurements.
β-thal M, β-thalassemia major; XLSA, x-linked sideroblastic anemia; ND, not determined; Hb, hemoglobin; MCV, mean corpuscular volume, TBIC, total iron binding capacity; TSAT, transferrin saturation; CRP, c-reactive protein; EPO, erythropoietin; ERFE, erythroferrone.

a

5.5
(4.8-5.8)

β-thal. M

Diagnosis

Hb
(mM)a

Table 5. Summary of patient and control characteristics and hematological parameters.
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***

ERFE (ng/mL)

8

**
*

6

4

2

0

Controls

XLSA

-thalassemia

Fig 2. Serum ERFE concentrations in two iron-loading anemias. ERFE measurements of
healthy controls, X-linked sideroblastic anemia patients and β-thalassemia major patients
using the newly developed ERFE assay. Boxes show median and second and third quartiles.
Whiskers extend to minimum and maximum values. Statistical analysis was performed
using ANOVA with Bonferoni’s post-test. * p < 0.05, ** p < 0.001, *** p < 0.0001.

5

Discussion
This study describes the development and subsequent analytical and biological
validation of a new sandwich ELISA for human ERFE. We presented the analytical
assay characteristics and limitations, which are important to comprehend,
since these define how the assay must be used to ensure correct quantification
of the analyte [33]. The assay showed good correlation with two previously
validated assays, and proves to differentiate ERFE levels of iron-loading anemias
β-thalassemia major and XLSA from healthy controls. More importantly,
we demonstrated that these pathologies can be differentiated from each other
based on ERFE measurement.
Currently, correctly validated human ERFE ELISAs are scarce. A previous study
reported poor analytical performance of two commercially available ERFE
ELISA kits [40] and also our study shows the importance of extensive analytical
validation. The assay was validated with serum samples. ERFE concentrations
were found to be higher in heparin plasma samples compared to serum samples,
corroborating previous findings [40], demonstrating that ERFE results obtained
for serum and heparin plasma are not interchangeable. Furthermore, the assay
showed poor dilution linearity, parallelism and recovery in sample serum
matrix. These findings are not uncommon for assays based on immunobinding

127

CHAPTER 5

due to matrix interference in the antibody-antigen binding [36]. Yet, this does
not negate the use of the assay, but is rather critical knowledge for correct use of
the assay and data interpretation.
Poor dilution linearity indicates inflexibility of the assay to correctly quantify
ERFE concentrations at different dilutions. On the other hand, poor parallelism
demonstrates that binding of the antibodies to the recombinant standard differs
from that of the endogenous analyte in serum matrix [41]. A standard of recombinant
material is used, since the endogenous analyte is not available, which might
explain these results. Hence, suggested multimerization of endogenous ERFE or
possible existence of isoforms, which is characteristic for the family of proteins
to which ERFE belongs [20, 22, 42], might also contribute to these findings.
These posttranslational processes are currently poorly understood, which
complicates predicting subsequent effects on ERFE quantification by immuno assays. Combined, poor dilution linearity and parallelism necessitate working
with one optimal dilution. Furthermore, poor parallelism might indicate
presence of a matrix effect [43, 44]. Matrix effects in an ELISA reflect factors that
affect the antigen-antibody binding, such as presence of heterophilic antibodies,
endogenous sample components as enzymes and immunoglobulins or exogenous
substances as polymers and detergents [45]. Although we tried to avoid the
influence of heterophilic antibodies by using a ‘nonsense format’, our results
clearly show presence of a matrix effect, especially since poor recovery was
found from ERFE spiked in sample matrix and improved with ERFE spiked in
dilution buffer. Assessing a minimum required dilution, and employing it as
one standard dilution at which the matrix effect is alleviated, allows the
analytically proper use of the assay [36, 44].
The notion that the assay produces reliable results, despite its limitations,
is strengthened by the good correlation found between our assay and both the
validated commercial kit (R 2=0.8258, p<0.0001) and in-house assay (R 2=0.8332,
p<0.001). Nevertheless, the comparison revealed large difference in absolute
ERFE concentrations between the different assays, indicating the lack of
harmonization and standardization. Only global implementation of a secondary
reference material can solve the differences in absolute values, which will
enable establishment of reference values and worldwide comparison of ERFE
results in both diagnostics and research. With a secondary reference material,
which is a commutable matrix-based working standard, harmonization can be
achieved leading to equivalent ERFE results [46]. Obtaining a true value is
achieved by standardization, for which the secondary reference material is
calibrated by a reference method with a well characterized primary reference
material for ERFE of certified purity.
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The biological plausibility of the newly developed ERFE assay is supported by its
capability to differentiate β-thalassemia major and XLSA patients from healthy
controls and, interestingly, from each other. ERFE concentrations were found to
be significantly higher in β-thalassemia major patients compared to XLSA
patients. This can be attributed to increased severity of ineffective erythropoiesis
in β-thalassemia major patients, that results in lower Hb levels and a more
frequent need of blood transfusions [7, 23]. Therefore, quantification of ERFE
might serve as a marker for severity of ineffective erythropoiesis and may
eventually be a used in diagnostics of iron-loading anemias and to predict the
risk of body iron overload in these diseases.
Altogether, we demonstrate that the newly developed assay is well-suited to
improve insights in the erythropoiesis-hepcidin-iron axis by disorder comparison
studies and might also be valuable to assess trends in ERFE after for instance
blood loss or iron supplementation. In recent years, the role of ERFE has been
studied in a variety of research fields, including energy metabolism [47] and
chronic kidney disease [48]. Furthermore, the molecular mechanisms by which
ERFE is produced and exerts its function are being unraveled [6, 42, 49-51]. ERFE
measurement allows us to study the above mentioned axis in hematological
patients other than those characterized by ineffective erythropoiesis, such as
anemia of chronic disease and in phenotypes causing hypoxia such as chronic
obstructive pulmonary disease, unraveling pathophysiological mechanisms.
Additionally, its measurement could help detecting and studying stimulation
of erythropoiesis by doping [52] and altitude training [53]. However, increased
(patho)physiological insights in research studies and as relevant outcome measures
in clinical trials, not only depends on the availability of accurate and precise
assays, but also on their correct application, interpretation of its measurement
and quality of the produced data [38]. Therefore, we stress the importance of
elaborate analytical validation prior to the use of any newly developed assay.
In conclusion, we developed a new in-house ERFE ELISA, which we validated to
ensure correct utilization of the assay and interpretation of the data for
diagnostic purposes and research studies. As a next step, we aim to better
understand the characteristic features of ERFE as a measurand, as well as the
matrix effects on the antibody-antigen binding. This will further improve the
analytical performance of assays, which lead to analytically robust methods.
Developing secondary and primary reference materials would allow harmonization
/standardization of ERFE assays, which will contribute to the success of the
biomarker by enabling comparison of absolute values obtained by different
assays.
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Supporting information
Supplemental methods
Polyclonal anti-hERFE antibodies
Both chickens and rabbits were injected 4 or 5 times bimonthly, followed by
collection of either eggs or whole blood, respectively. Isolation of the IgY fraction
of the egg yolks, preparation of the antisera and all related animal experiments
were performed by Davids Biotechnology (Regensburg, Germany) following
standard protocol [1]. All polyclonal antibodies were purified by affinity chromatography (AffiGel®15, Bio-Rad Laboratories, Hercules, CA, USA) followed by ultrafiltration, as described previously [2]. The purified antibodies of both chickens
as well of those of both rabbits were pooled, diluted with 50% glycerol and stored
in aliquots at -20 0C.

Laboratory measurements
For all patient and healthy control samples C-reactive protein (CRP), EPO,
hemoglobin (Hb), mean corpuscular volume (MCV) of red blood cells and serum
iron parameters were measured in ISO-15189 accredited Dutch hospital laboratories.
Serum hepcidin-25 measurements were performed by a standardized Weak
Cation Exchange Time-Of-Flight mass spectrometry (WCX-TOF MS) method [3, 4].
Additionally, ERFE concentration was also measured using a commercial ERFE
kit from Intrinsic Life Science [5] and a previously described in-house ELISA [6]
to compare the performance of the new assay.

Sample collection and processing
Samples of the biobank are derived from blood collections before either blood
transfusion or phlebotomy between December 2016 and August 2019. After 1-2
hours of coagulation, samples were centrifuged at 2000g for 10 minutes and the
serum samples were stored in liquid nitrogen within 4 hours of sampling. Upon
issuance, the samples were thawed, aliquoted and stored at -80 0C until measurement
in August 2020. Control samples from volunteers were collected in June 2018,
following the same collection protocol as described for the biobank samples.
After centrifugation, serum samples were aliquoted and stored at -80 0C within
4 hours of sampling until measurement in August 2020. Volunteers who used
any sort of medication, except birth control pills, or who had been previously
diagnosed with any iron disorder were excluded.

ELISA procedure
ELISA plates were coated overnight at 4 °C with chicken anti-hERFE as the
capture antibodies in coating buffer (1.2 μg/mL). After washing, the plates were
blocked with 300 μL dilution buffer for 2 hours and washed again. The hERFE
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standard (10 ng/μL) was serial diluted between 4 and 0.125 ng/mL and incubated
overnight at 4°C together with the diluted serum samples, all in duplicate. Next,
after washing, both the rabbit anti-hERFE tagging antibodies in dilution buffer
(0.6 μg/mL), or solely dilution buffer to produce a nonsense signal, were incubated
for 1 hour at room temperature (RT) under moderate mixing. Plates were then
washed, followed by a 1 hour incubation at RT under moderate mixing with
anti-rabbit IgG-HRP antibody and subsequent washing. All washing steps
consisted of 4 times 300 μL of washing buffer per well. The color reaction was
started with addition of substrate solution TMB One and stopped with 0.2M
H2SO4 after 20 minutes, after which OD was measured at 450 nm. An acceptance
limit of 25% for a duplicate CV is defined.

ELISA format
A so-called ‘nonsense format’ is used to quantify potential interference of
heterophilic antibodies present in sample matrix [7]. Each sample of interest
was measured in duplicate following the procedure described above, thereby
obtaining the sense signal. By measuring each sample in duplicate without the
tagging antibody, a nonsense signal was obtained. Next, the mean OD of the
dilution buffer was subtracted from the nonsense signal to quantify the aspecific
signal. If greater than zero, the aspecific signal was subtracted from the sense
signal to obtain a corrected OD value. If the aspecific signal was not found
greater than zero, the sense signal was used for further calculations.

Equipment and reagents
MICROLON®600 flat bottomed 96-wells ELISA plates (Greiner Bio-one, Kremsmünster,
Austria, #655092) were used. Washing procedures were performed using a
Hydroflex plate washer (Tecan, Männedorf, Switzerland). Optical density (OD)
values were measured using a Tecan Infinite® F50 ELISA reader with Magellan
software (Tecan, version 7.0).
Goat anti-Rabbit IgG peroxidase antibody (#A0545) and bovine serum
albumin (BSA, #A7030) were purchased from Sigma Aldrich (St. Louis, MO, USA).
Pierce peroxidase conjugate stabilizer (#31503) was supplied from Thermo
Scientific (Waltham, MA, United States) and TMB One (#4380) from Kementec
(Taastrup, Denmark). All other reagents used were of analytical grade.
MiliQ water was used for the following buffers: washing buffer (PBS, 0.1%
Tween-20), dilution buffer (washing buffer, 1% BSA), coating buffer (15 mM
Na2CO3, 35 mM NaHCO3, pH 9.6) and stop solution (0.2M H2SO4).
Recombinant Flag-tagged human ERFE (hERFE) was produced and purified
as previously described [6] and used for immunization, affinity purification and
as assay standard.
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concentrations below LLOQ.
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represent ERFE concentrations below LLOQ.
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Supplemental Table 2. Patient and control characteristics and hematological parameters.
ID

Gender
M/F

Age
yrs

Diagnosis

Treatment*

Hb
(mM)**

MCV
(fl)

Iron
(µM)

P1

M

24

β-thal M

Transfusion and chel.

5.8

80

36

P2

F

27

β-thal M

Transfusion and chel.

5.2

82

32

P3

F

32

β-thal M

Transfusion and chel.

5.7

83

45

P4

M

30

β-thal M

Transfusion and chel.

4.8

77

35

P5

M

47

β-thal M

Transfusion and chel.

5.3

78

46

P6

F

49

β-thal M

Transfusion and chel.

5.7

67

26

P7

M

20

β-thal M

Transfusion and chel.

ND

ND

42

P8

M

37

XLSA

Phlebotomy

7.7

73

34

P9

M

16

XLSA

None

6.8

69

28

P10

M

72

XLSA

Phlebotomy and chel.

7.7

75

28

P11

M

24

XLSA

Phlebotomy

7.1

64

38

P12

M

58

XLSA

Phlebotomy

8.0

75

26

P13

M

20

XLSA

None

ND

ND

22

P14

M

40

XLSA

None

7.8

74

19

C1

M

53

19

C2

F

25

14

C3

F

46

5

C4

M

26

26

C5

M

27

11

C6

M

52

25

C7

F

55

C8

M

33

18
N/A

ND

34

C9

F

26

C10

F

39

26
9

C11

M

56

22

C12

F

20

22

C13

M

36

7

C14

F

27

19

C15

F

20

22

* Treatment at the time of sample collection. ** g/L = 16.1 mM. *** Standardized hepcidin value. P, patient;
C, control; M, male; F, female; β-thal M, β-thalassemia major; XLSA, x-linked sideroblastic anemia; Chel.,
chelation; N/A, not applicable; ND, not determined; Hb, hemoglobin; MCV, mean corpuscular volume,
TBIC, total iron binding capacity; TSAT, transferrin saturation; CRP, c-reactive protein; EPO, erythropoietin;
ERFE, erythroferrone.
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TIBC
(µM)

TSAT
(%)

Ferritin
(µg/L)

CRP
(mg/L)

EPO
(U/L)

Hepcidin
(nM)***

Hepcidin/ferritin
ratio (pmol/µg)

ERFE
(ng/mL)

46

78

563

<1

48.5

0.5

0.89

3.95

33

97

833

<1

39.8

1.3

1.56

6.26

43

105

1358

1

191

7.5

5.52

3.08

38

92

721

1

129

2.0

2.77

4.55

49

94

564

<1

48.7

<0.5

0.44

4.86

32

81

576

<1

199

3.9

6.77

2.70

43

98

5376

<1

56.3

6.1

1.13

3.38

61

56

76

<1

10.5

2.0

26.32

1.91

66

42

58

<1

22.8

3.3

56.90

2.70

58

48

226

<1

7.4

4.3

19.03

2.13

43

88

382

1

9.1

<0.5

0.65

3.27

65

40

148

<1

17.6

1.2

8.11

3.57

54

41

301

2

9.9

3.8

12.62

1.74

48

40

573

ND

ND

8.9

15.53

1.91

68

28

245

<1

8.8

6.4

26.12

1.18

69

20

33

<1

7.2

0.5

15.15

<1.16

76

7

11

<1

13.5

<0.5

22.73

1.69

50

52

86

<1

4.2

1.4

16.28

<1.16

76

14

112

1

15.3

2.1

18.75

<1.16

62

40

385

<1

9.7

12.1

31.43

1.76

76

24

14

1

22.6

0.7

50.00

1.29

72

47

130

<1

7.1

2.3

17.69

1.88

82

32

97

1

11.1

3.9

40.21

1.75

66

14

17

<1

14.1

<0.5

14.71

2.01

50

44

160

<1

6.0

3.1

19.38

1.44

72

31

36

2

8.0

2.0

55.56

1.37

57

12

205

1

7.1

10.9

53.17

<1.16

62

31

18

<1

7.9

<0.5

13.89

1.87

92

24

21

1

6.9

<0.5

11.90

<1.16
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CHAPTER 6

Abstract
Background: Hemolysis can cause acute kidney injury (AKI). Iron regulatory
hormone hepcidin can be produced by distal tubules and is suggested to exert a
renoprotective role. We aimed to elucidate the molecular mechanisms of renal
hepcidin synthesis and its protection against hemoglobin-induced AKI.
Methods: Hepcidin induction was studied in mouse cortical collecting duct
(mCCDcl1) cells and the contribution of renal hepcidin in protection against
phenylhydrazine (PHZ)-induced hemolysis was investigated with kidney-specific
inducible hepcidin knockout (KO) mice.
Results: Hemin exposure activated the nuclear factor erythroid 2-related factor
2 (Nrf2) pathway in mCCDcl1 cells and Nrf2 inhibition significantly reduced
mRNA expression and luciferase activity of hepcidin (p<0.05). Hepcidin KO mice
did not demonstrate the PHZ-mediated induction of renal TNFα, IL-6, L-ferritin
and H-ferritin mRNA expression as observed in wild type (WT) mice after 4 days,
but presented with mildly induced TNFα and H-ferritin mRNA expression after 10
days (p<0.5). PHZ also significantly reduced plasma hepcidin levels in WT and
KO mice (p<0.001).
Conclusions: Iron-induced renal hepcidin induction is mediated by the Nrf2
pathway in vitro. In vivo, absence of renal hepcidin altered the renal molecular
response to hemolysis, yet simultaneous reduction of kidney and systemic
hepcidin hampered evaluation of renal hepcidin protection.
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HEPCIDIN IN ACUTE KIDNEY INJURY

Introduction
Major surgery with cardiopulmonary bypass (CPB) is the second most common
cause for life-threatening acute kidney injury (AKI), after sepsis. [1] AKI as
postoperative complication affects up to one third of the patients and is
associated with increased mortality and morbidity. It has been recognized that
an important contribution to postoperative AKI is made by hemolysis as a result
of mechanical forces of both the blood pump and suction system during CPB. [2,
3] Disruption of circulating red blood cells (RBCs) leads to the excessive release
of hemoglobin into the blood stream. [4, 5] Upon saturation of the systemic
hemoglobin scavenger haptoglobin, hemoglobin and its toxic, reactive breakdown
products heme and free iron are filtered by the glomerulus. [5, 6] Hemoglobin
can be reabsorbed in the proximal tubules through the megalin/cubulin
complex via endocytosis [7] and in distal tubules by the neutrophil gelatinaseassociated lipocalin (NGAL) receptor. [8] Intracellular, hemoglobin dissociates
into heme and globin under oxidant conditions. Heme is subsequently catabolized
by heme oxygenase-1 (HO-1) into billiverdin, CO and reactive iron (Fe2+). The reactive
iron is converted to Fe3+ by H-ferritin and thereafter stored by L-ferritin or
exported intro the blood by the only known mammalian cellular iron exporter,
ferroportin. [9, 10] However, during severe hemolysis hemoglobin, heme and
free iron may accumulate in the kidney, promoting renal cell damage. [11]
The exact mechanisms underlying hemoglobin-induced AKI have not been
completely elucidated, but appear to be multi-factorial and intertwined. To date,
there are no adequate measures to prevent or treat hemoglobin-induced AKI.
Clinical observations describe an association between high urinary levels of
the iron-regulatory hormone hepcidin and a reduced risk of AKI in patients
undergoing cardiac surgery, suggesting a possible protective effect of hepcidin.
[12-14] Since these patients presented with similar hepcidin plasma concentrations,
the increased urinary levels of hepcidin could be due to locally produced renal
hepcidin. Indeed, hepcidin is shown to be synthesized in the distal tubules of
the kidney. [8, 15, 16] In vivo studies strengthened the idea of hepcidin exerting a
renoprotective effect, since renal damage showed to reduce upon intraperitoneal
administration of hepcidin during both ischemia–reperfusion injury and hemoglobin-induced injury. [15, 17] Whereas exogenously administered hepcidin
showed to be reabsorbed by proximal tubule cells [15], hemoglobin-induced
injury also increased distal hepcidin synthesis. [8, 15] These findings suggest
that both locally produced and systemic hepcidin might contribute to the
observed protective effect. A role for renal hepcidin was confirmed in in vitro
studies where silencing of hepcidin in mouse cortical collecting duct cells
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(mCCDcl1) aggravated oxidative, inflammatory and ER stress after hemoglobin
incubation. [8] Nevertheless, exact molecular cascade of renal hepcidin synthesis
and subsequent renoprotective function have not yet been unraveled.
Here, we studied the mechanism of hepcidin induction in mCCDcl1 cells in the
context of hemin exposure, the iron-containing component of heme. [8]
Moreover, we set out to determine the contribution of renal hepcidin in
protection against hemoglobin-induced kidney injury in vivo using newly
developed kidney-specific inducible hepcidin knockout (KO) mice. Gaining
insight in these pathways would be a first step in exploring therapeutic options
of hepcidin for AKI.

Methods
Cell culture
The mCCDcl1 cell line was generated and cultured as described previously at 37
°C in a 5% (vol/vol) CO2 atmosphere. [18] For each experiment, cells were seeded
with approximately 12.500 cells/cm2 , using passage 29-35.
Cells were incubated in serum free medium with IL-6 (10 and 50 ng/mL;
Gibco, PHC0066), iron (II) sulfide (FeS, 200 and 500 μM; Sigma-Aldrich, F8263),
lipopolysaccharide (LPS, 5 μg/mL; Sigma-Aldrich, L3129), hemin (10 μM; SigmaAldrich, H9039) and/or trigonelline hydrochloride (1 μM; Sigma-Aldrich, T5509).

Protein isolation and immunoblotting
Cell pellets were lysed using RIPA buffer (0.15 M NaCl, 0.012 M Sodium
Deoxycholate, 0.1% NP40, 0.1% SDS, 0.05 M Tris, pH 7.5, freshly supplemented
with protease inhibitors (Complete mini, Roche)). Protein concentrations were
determined using the Pierce BCA assay kit (Thermo Fisher Scientific), according
to manufacturer’s protocol. The samples were separated using a SDS-PAGE gel,
transferred to a nitrocellulose membrane and incubated with primary antibody
at 4°C overnight. After 1 hour incubation of the secondary antibody at RT,
proteins were visualized with an Odyssey fluorescence scanner. Both primary
and secondary antibodies and subsequent dilutions are summarized in
Supplemental Table 1.
To collect nuclear protein fractions, cells were resuspended in a mild lysis
buffer (10 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 270 mM sucrose, 0.1% NP-40,
20 mM TrisβHCl, pH 7.5, freshly supplemented with 1 mM DTT and protease
inhibitors) and disrupted with a Douncer homogenizer. Cell pellets were
collected by centrifugation and lysed with RIPA buffer.
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Luciferase assay
The luciferase reporter assay was performed using the Dual-Luciferase® Reporter
Assay System (Promega Corporation). Cells were co-transfected using lipo fectamine 2000 (Invitrogen) with a Renilla containing continuously expressed
SV40 plasmid and a hepcidin (encoded by the HAMP gene) promotor sequence
(HAMP 1420) coupled to a Firefly luciferase plasmid, respectively. Lipofectamine,
SV40 and HAMP 1420 were diluted in OptiMEM (Gibco) to 0.5 μg, 0.02 μg and 0.3
μg, respectively. Cells were incubated with 100 μL antibiotics free, 2% serum
medium and 75 μL lipofectamine mixture for 48 hours at 37 °C. After 6 hours,
culture medium was refreshed and incubated with the component of interest.
Luminescence was measured according to manufacturer’s instructions using
the VICTOR Multilabel plate reader (Perkin Elmer). Luciferase activity was
quantified as the ratio of luminescence between HAMP 1420 and SV40.

Animal studies
All experiments were approved by the local Animal Welfare Committee of the
Radboudumc (DEC 2015-0084) in accordance with the guidelines of the
Principles of Laboratory Animal Care (National Institutes of Health). Pax8-rtTA/
LC-1 mice (University of Aachen, Germany [19]) were crossbred with Hepcidinflox/
flox mice (INSERM, France [20]) to generate inducible kidney-specific hepcidin KO
mice (Pax8-rtTA/LC-1/hepcidinflox/flox). Pax8-rtTA/LC-1/hepcidinwt/wt mice were
used as controls.
All mice (n=30) were given Doxycycline ad libitum in the drinking water (1 g
Doxycycline and 50 g sucrose/L water) for 21 days to induce the KO, followed by
a 11 day washout period. For phenotyping, mice were subsequently placed in
metabolic cages for 24h urine collection, with pulverized standard chow and
water ad libitum, followed by terminal blood collection.
For hemolysis experiments, both hepcidinwt (n=10) and hepcidinflox (n=10)
were injected on two consecutive days with phenylhydrazine (PHZ, 60 mg/kg
body weight) via i.p. injection. Hepcidinwt mice (n=10) were injected with saline
as a control. On day 3 or day 9 the mice were placed in the metabolic cage for
urine collection and sacrificed afterwards on day 4 or day 10 (n=5 per timepoint)
by terminal blood sampling. Protease inhibitors (Complete Mini; Roche
Diagnostics) were added to urine samples, plasma was collected in lithium-heparin tubes. Tissues were partly snap-frozen in liquid N2 and stored in formalin
for immunohistochemistry.

Immunohistochemistry
Tissue sections were embedded in paraffin, and 4-μm sections were mounted on
APES–covered glass slides. Routine Perls Prussion Blue staining was performed
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by the pathology department (Radboudumc, Nijmegen, the Netherlands). Images
were taken using the VisionTekDigital Microscope (Sakura). ImageJ was used to
determine the percentage of the entire renal section positive for Perls iron
staining.

ELISA
The concentrations of KIM-1 were determined in mouse urine samples using the
DuoSet ELISA Development Kit (R&D Systems, DY1817) according to the
manufacturer’s protocol.

Genotyping
Ear cuts were used for DNA extraction using the Direct PCR Lysis buffer (EAR,
Viagen Biotech) according to manufacturer’s protocol. PCRs were performed for
Cre, rtTA, LacZ and floxed Hamp. Primers are described in Supplemental Table 2.

DNA isolation and PCR
Kidney DNA was isolated with TRIzolTM (Thermo Fisher Scientific), according to
manufacturer’s protocol, and concentrations were determined with the NanoDrop
2000 (Thermo Fisher Scientific). PCRs were performed for Hamp to ensure its
deletion. Primers are described in Supplemental Table 3.

Plasma hepcidin analysis
Plasma hepcidin levels were determined as described previously. [15] Briefly,
to a 25 μL plasma sample, 50 μL acetonitrile (ACN) and 5 μl internal standard
(0.1 mM synthetic hhep-24; custom made; Peptide International) was added.
The solution was mixed and centrifuged at 27,500xg for 5 minutes. Of the
prepared supernatant, 1.5 μl was spotted onto an MSP 96 Polished Steel Target
Plate (Bruker Daltonics) followed by 1.5 μl energy-absorbing matrix (5 mg/m
lacyano-4-hydroxy cinnamic acid; Bruker Daltonics). The sample and matrix were
dried in N2 atmosphere and measured using matrix–assisted laser desorption/
ionization time-of-flight mass spectrometry (Bruker Daltonics). The concentration
of mouse hepcidin was calculated by comparing its mass peak height with that
of the internal standard, which had a final concentration of 10 nM.

RNA isolation and quantitative PCR
RNA was isolated with TRIzolTM (Thermo Fisher Scientific), according to
manufacturer’s protocol, and concentrations were determined with the
NanoDrop 2000 (Thermo Fisher Scientific). Reverse transcription PCR was
performed in a 25 μL reaction volume with 1 μg RNA, 4 μL 5x first strand buffer,
1 μL 12.5 mM dNTPs, 2.04 μL 2.5 μg/μL random primers, 2 μL 0.1 M DDT, 1 μL

148

HEPCIDIN IN ACUTE KIDNEY INJURY

M-MLV (all Thermo Fisher Scientific) and 0.5 μL RNAsin (Promega Corporation)
using the Applied Biosystems Thermal Cycler 2720. The PCR program included
10 min at 20 °C, 45 min at 42 °C and 10 min at 95 °C. Quantitative PCR was
performed with 4 μL cDNA (10 ng/mL), 10 μL SYBR Green master mix (Applied
Biosystems) and 6 μL primer mix (containing 1 μM forward primer and 1 μM
reverse primer) using the Bio-Rad CFX96. The program excisted of 7 min at 95
°C, followed by 40 cycles of 15s at 95 °C and 1 min at 60 °C, and 10 min at 95 °C.
Fold change values were calculated relative to housekeeping gene using the
ΔΔCt formula. Primers used are summarized in Supplemental Table 4.

Statistics
Data were presented as mean ± SEM using GraphPad Prism 5.03 software
(GraphPad Software, La Jolla, CA). Results were analyzed by one-way ANOVA
with Bonferroni’s posttest or Student’s t-test, where appropriate. Differences
were considered statistically significant with a p < 0.05.

Results
Iron rather than inflammation induces hepcidin synthesis
Incubation of mCCDcl1 cells with hemin previously resulted in increased
intracellular iron and inflammation [8], both of which can induce systemic
hepcidin synthesis in the liver. [21, 22] To determine what drives renal hepcidin
synthesis during heme-mediated AKI, we incubated mCCDcl1 cells with the
inflammatory cytokine IL-6 and iron sulfide (FeS), which releases ferrous iron
upon dissolving. Surprisingly, hepcidin synthesis was not significantly increased
upon IL-6 incubation as indicated by both mRNA expression levels (Hamp1) and
luciferase activity in cells transfected with a luciferase construct coupled to a
Hamp promotor (Fig. 1A). FeS, on the other hand, showed a dose-response trend
in hepcidin induction using both qPCR and the luciferase assay (Fig. 1B). These
results suggest that iron rather than inflammation initiates hepcidin synthesis
in distal tubule cells. These findings were strengthened by increased hepcidin
induction upon incubation with hemin but not with inflammation-inducer LPS
(Fig. 1C).

Hemin incubation induces Nrf2 pathway activation
The nuclear factor erythroid 2-related factor 2 (Nrf2) pathway, a mediator of
cellular stress defense [23], can modulate systemic hepcidin synthesis in the
liver. [22, 24, 25] Interestingly, iron exposure has been shown to activate the
Nrf2 pathway in proximal tubule cells [26] and we showed that the iron in
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Figure 1. The influence of inflammation and iron on hepcidin expression in mCCDcl1
cells. Hepcidin mRNA expression and luciferase activity after (A) 4 hour IL-6 incubation,
(B) 16 hour FeS incubation and (C) 4 hour hemin and LPS incubation. PBS was used as
control. Graphs show the mean ± SEM of three independent experiments. * p < 0.05, ** p <
0.01, *** p < 0.001 compared to control using a one-way ANOVA with Bonferroni’s multiple
comparisons test or a t-test.
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hemin induced hepcidin synthesis. Therefore, we investigated whether
hemin-induced renal hepcidin expression is mediated by Nrf2 in mCCDcl1 cells.
After 4 hours of hemin incubation, HO-1 mRNA expression increased, indicating
heme catabolization by the mCCDcl1 cells and oxidative stress (Fig. 2A). [27]
Accordingly, Nrf2 pathway activation was observed by a significanlty increased
mRNA expression of Nrf2 target genes TXNRD1, GCLM and NQO1 (Fig. 2B). For
KEAP1, no significant differences were found. Because Nrf2 is a transcription
factor and functions by translocating from the cytoplasma to the nucleus [23],
nuclear Nrf2 protein levels were studied. Hemin incubation caused an increase
of Nrf2 in mCCDcl1 nuclear cell lysates, without significantly affecting total
cellular Nrf2 protein levels (Fig. 2C), and increased NQO1 protein levels (Fig. 2D).
Together, these data support activation of the Nrf2 pathway upon hemin
exposure in mCCDcl1 cells.

Nrf2 pathway downregulation decreases hepcidin synthesis
To assess whether the Nrf2 pathway activation upon hemin incubation initiates
hepcidin synthesis, we used Nrf2 inhibitor trigonelline. [26] Hemin incubation
increased HO-1 mRNA expression compared to the control, again indicating
heme catabolization and oxidative stress by the mCCDcl1 cells, which slightly
decreased upon co-incubation with trigonelline (Fig. 3A). Trigonelline significantly
reduced KEAP1 and GCLM mRNA expression and NQO1 protein levels, and tended
to reduce TXNRD1 mRNA expression and Nrf2 translocation (Fig. 3B-D), implying
decreased Nrf2 pathway activation. Moreover, reduced Nrf2 activation by
trigonelline significantly reduced hemin-mediated hepcidin mRNA expression
and luciferase activity in mCCDcl1 cells (Fig. 3D). These observations indicate
that hepcidin synthesis occurs through Nrf2 activation in these cells upon
hemin-induced injury.

The effect of renal hepcidin KO
To study the contribution of renal hepcidin in protection during hemoglobininduced AKI, inducible and kidney-specific hepcidin knockout (KO) mice
(hepcidinflox) were generated, using wild type (WT) mice (hepcidinwt) as control.
The hepcidin KO was induced by doxycycline treatment for both hepcidinwt
and hepcidinflox mice, after which the mice were phenotypically characterized.
The renal hepcidin KO showed to be successful as both the renal hepcidin DNA
product and mRNA expression were reduced in hepcidinflox mice (Fig. 4A).
Although liver mRNA expression levels of HAMP1 in were similar, plasma
hepcidin levels were significantly lower in hepcidinflox mice compared to
hepcidinwt mice (Fig. 4B). We observed a significant reduction of renal transferrin
receptor 1 (TfR1) mRNA expression in hepcidinflox mice. TfR1 is negatively
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Figure 2. The effect of hemin incubation on the Nrf2 pathway in mCCDcl1 cells. (A) HO-1,
(B) KEAP1, GCLM, TXNRD1, NQO1 mRNA expression, and (C) total cellular and nuclear Nrf2
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regulated by intracellular iron and therefore its reduction indicates an increase
in cellular iron. [28] Trends in increased HO-1 and IL-6 mRNA levels and urine
KIM1 may indicate some degree of renal stress (Fig. 4C). Together, these data
suggest physiological relevance for renal hepcidin.
Doxycyline-treated hepcidinwt and hepcidinflox mice were subjected to
phenylhydrazine (PHZ) to induce hemolysis and were sacrificed after 4 (D4) or 10
(D10) days. PHZ-mediated kidney injury was successful as, compared to non-PHZ
injected hepcidinwt mice (WT Ctrl), both PHZ treated hepcidinwt mice (WT PHZ)
and hepcidinflox mice (KO PHZ) demonstrated clear renal iron accumulation on
D4 and D10 using a Perls staining (Fig. 5A). Moreover, increased renal mRNA
expression of HO-1 for WT PHZ and KO PHZ mice indicated intracellular
hemoglobin catabolization, especially at D4 (Fig. 5A). Both iron accumulation
and HO-1 expression appeared to be higher in KO mice compared to WT mice,
albeit not significantly. Next, we measured mRNA expression of inflammation
and intracellular iron markers to assess renal injury and iron regulation.
Strikingly, the PHZ-induced increase in IL-6, TNFα, L-ferritin and H-ferritin mRNA
expression at D4, as observed in WT mice, was absent in KO mice (Fig. 5B).
Although KO PHZ mice showed significantly increased TNFα and H-ferritin mRNA
expression at D10 after PHZ and, to a lesser extent, elevated IL-6 mRNA expression,
expression remained lower compared to WT PHZ mice at D4. Kidney HAMP1
mRNA expression was significantly reduced in the KO PHZ mice compared to
WT Ctrl as expected, but also the plasma hepcidin levels were dramatically
reduced in PHZ KO mice, more so than observed in the phenotype characterization (Fig. 4B and 5C). Surprisingly, a similar effect, albeit less dramatic, was
observed in WT PHZ mice, indicating that PHZ administration affected systemic
circulating hepcidin levels. Since a previous in vivo study suggested both systemic
and locally produced hepcidin contribute to renal protection upon AKI [15],
interference of altered systemic hepcidin levels preclude the assessment of an
exact effect of a distal tubular hepcidin KO during renal injury, although the
results on D10 may hint towards a prolonged injury in the KO PHZ mice.
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Figure 5. The effect of PHZ in hepcidin KO and WT mice. (A) Perls staining and
quantification in kidney sections, in which blue deposition indicates iron, and renal
mRNA expression of HO-1, (B) IL-6, TNFα, L-Ferritin, H-Ferritin, (C) HAMP1 and plasma
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ANOVA with Bonferroni’s multiple comparisons test or a t-test. Scalebar = 50 μM.
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Discussion
Hepcidin has been suggested to exert a renoprotective role during AKI. With
this study, we aimed to determine the molecular mechanism of renal hepcidin
induction upon hemoglobin-induced injury in vitro and to get more insight in
the protective contribution of renal hepcidin in vivo.
We found hemin-induced hepcidin synthesis to be mediated by the Nrf2
pathway. Hemin increased mRNA expression of Nrf2 target genes GCLM, TXNRD1
and NQO1, protein levels of NQO1 and translocation of Nrf2. The effect of hemin
incubation on KEAP1 expression were less evident, potentially explained by the
fact that KEAP1 is not a target gene of Nrf2 but a cytosolic protein regulating
Nrf2 translocation. [23] Therefore, increased cellular stress might not have
affected its transcription. Despite the absence of clear nuclear Nrf2 translocation,
co-incubation of hemin and Nrf2-inhibitor trigonelline significantly reduced
the mRNA expression and protein levels of Nrf2 target genes, demonstrating
reduction of the Nrf2 pathway.
Our observations of a renoprotective effect of Nrf2 comply with previous
studies that showed aggravation of diabetic nephropathy [29] and autoimmune
nephritis [30] in mice lacking Nrf2, protection from ischemia-reperfusion injury
in mice with tubular hyperactivation of Nrf2 [31] and increased glomerular
filtration rates in patients with chronic kidney disease that were treated with
an Nrf2 activator. [32] The Nrf2 pathway has also been previously linked to iron
signaling, since Nrf2 was found to regulate HO-1 and ferritin in mice, proteins
involved in hemoglobin catabolism and iron storage, respectively. [33, 34] Yet,
we are the first to show that Nrf2 pathway activation is involved in iron-induced
renal hepcidin synthesis. Although inflammation is a known potent inducer of
hepcidin in hepatocytes [35], this appears not to be the dominant inducer in
distal tubular epithelial cells. Our findings corroborate earlier observations of
Nrf2 controlling hepcidin synthesis in hepatocytes during oxidative stress [24,
25], which can be caused by an excess of free iron as a result from hemolysis. [36]
Indeed, a systemic increase of iron has been shown to lead to formation of
reactive oxygen species (ROS), activating the Nrf2 pathway in liver sinusoidal
endothelial cells (LSECs) and hepatocytes. Although Nrf2 is thought to evoke an
anti-oxidant response in both cell types, it is proposed that LSECs excrete bone
morphogenic protein 6 (BMP6) that induces hepcidin synthesis in neighboring
hepatocytes by paracrine signaling. [22] It might be plausible that BMP6 is
produced in the kidney by the Nrf2 pathway during hemin exposure, which in
turn mediates the upregulation of hepcidin. Although little is known about
BMP6 in the kidney, it is expressed in in the renal cortex, predominantly in the
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tubulo-interstitium containing the proximal and distal epithelial cells and
BMP6 deficiency caused aggravated tubular cell damage in mice [37]. Moreover,
the observed paracrine signaling of BMP6 in the liver might offer insights in the
dynamics of hemoglobin injury and hepcidin production as observed previously
in mice. [15, 38] Further research is needed to explore a potential role of BMP6
in Nrf2-induced hepcidin synthesis in distal tubule cells and tubular crosstalk.
We developed inducible kidney-specific hepcidin KO mice to investigate the role
of renal hepcidin in protection during hemolysis-induced AKI. The renal
hepcidin KO showed to be successful in reducing kidney hepcidin mRNA, which
was accompanied by alterations in intracellular iron levels and some degree of
renal stress. This suggests physiological relevance for renal hepcidin, which
complies with previous in vitro findings, where hepcidin silencing in unchallenged
mCCDcl1 cells increased oxidative stress. [8] Nevertheless, also plasma hepcidin
levels were reduced in KO mice to approximately half that of controls. This
could either suggest that renal hepcidin synthesis contributes to systemic levels,
or that systemic hepcidin production was affected by the genetic construction.
Indeed, it has been demonstrated that approximately 10% of the hepatocytes
also express Pax8 [39], and with hepatocytes being the primary site for systemic
hepcidin production, it is plausible that the Pax8-driven deletion has affected
hepatic hepcidin synthesis. However, it remains unclear whether diminished
hepatic synthesis could account for the full extent of the lowered plasma
hepcidin levels.
We hypothesized that a local hepcidin KO would render the kidney more
vulnerable for the detrimental effects of hemolysis, including inflammation
and (intracellular) iron loading, measured by Perls staining in renal sections
and mRNA expression of IL-6, TNFα, L-ferritin and H-ferritin, since these proteins
were previously observed to increase upon hemoglobin treatment in hepcidin
silenced mCCDcl1 cells [8]. Apart from the renal Perls staining, IL-6, TNFα, L-ferritin
and H-ferritin were only found to be significantly increased in KO mice compared
to WT mice at D10, which might hint towards a prolonged injury in the PHZ
treated KO mice. At D4, interestingly, these proteins were found to be
significantly increased in WT mice compared to KO mice after hemolysis, to a
greater extent than the increase observed for KO mice at D10. This might be
explained by the contradictory functions of these proteins that are still not
completely understood. Although known as pro-inflammatory cytokines, IL-6
and TNFα appear to possess anti-inflammatory functions as well. IL-6 has been
actually shown to protect the kidney from AKI-induced injury [40], whereas
TNFα could minimize renal salt-sensitive hypertension in vivo [41] and is found
to delay the inflammatory response in vitro. [42] Moreover, increased expression
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of L- and H-ferritin has been shown to protect astrocytes from hemin [43] and
deletion of H-ferritin in renal proximal tubule cells showed to increase
susceptibility to AKI. [44, 45] As such, these proteins might actually be involved
in renal protection upon hemoglobin-induced injury and their absent increase
could indicate a damaging effect of a renal hepcidin KO in terms of inflammation
and iron handling, which is supported by the severe iron loading observed in
these mice. Furthermore, to the best of our knowledge, renal hepcidin deficiency
has not been previously associated with renoprotection.
Unfortunately, although the inducible kidney-specific mouse model was
designed to specifically dissect the role of renal hepcidin from systemic
hepcidin, the PHZ treatment influenced systemic hepcidin levels greatly.
Hemolysis, caused by the PHZ injection, likely triggered an erythropoietic
response by erythroferrone (ERFE), which can reduce systemic hepcidin levels
to ensure iron availability for the production of new red blood cells. [46]
Glomerular filtered systemic hepcidin can be reabsorbed in the proximal
tubules, where it is suggested to protect against iron-mediated injury. [15] As
such, the observed PHZ-mediated decline in systemic hepcidin levels, of which
the extent differed between KO and WT mice, could possibly have further
aggravated renal injury. Therefore, with the current experimental model, we
were unable to differentiate between the effects of local renal hepcidin and
systemic hepcidin on PHZ-mediated AKI. To truly determine the contribution of
renal hepcidin to kidney protection, future studies should circumvent the
interaction between systemic and local hepcidin, while maintaining an as
complete as possible kidney structure. Kidney organoids have already been used
successfully to model renal diseases and screen for therapies. [47] Using renal
organoids, the role of hepcidin in physiology and during heme-induced injury
could be studied on an organ level. To date, no in vivo studies are performed in
which the effect of systemic and renal hepcidin could be distinguished.
Evidence supporting a protective role of hepcidin during AKI is increasing,
which implicates that stimulating local hepcidin synthesis could be a potential
therapeutic strategy. Yet, our understanding of renal hepcidin handling should
first be improved further by dissecting the contribution of both locally and
systemically produced hepcidin in the protection against AKI and unravel the
molecular mechanisms involved in detail. Such insights are essential to fully
comprehend the potential (side) effects of hepcidin modulators in the context of
AKI.
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In summary, we found the Nrf2 pathway to mediate renal hepcidin synthesis
during heme exposure, likely triggered by the release of iron. Absence of renal
hepcidin altered the renal molecular response to hemolysis in mice, in presence
of clear renal iron loading, which might implicate a protective function of renal
hepcidin. However, the simultaneous reduction in systemic hepcidin levels,
caused by both the KO and PHZ exposure, did not allow to specifically
discriminate the role of renal hepcidin in hemolysis-mediated AKI.
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Supplementary figures
Supplementary Table 1. Primary and secondary antibodies used for
immunoblotting.
Protein

Primary Antibody

Dilution

Secondary Antibody

Dilution

Nrf2

Abcam 31163

1:500

Invitrogen A21109

1:20,000

NQO1

Abcam 34173

1:1000

Invitrogen A21109

1:20,000

β-actin

Sigma A5441

1:100,000

Rockland 21031

1:20,000

Histone H3

Abcam 24834

1:1000

Rockland 21031

1:20,000

Supplementary Table 2. Primers used for genotyping.
Gene

Forward primer (5’-3’)

Reverse primer (5’-3’)

Cre

GCATAACCAGTGAAACAGCATTGCTG

GGACATGTTCAGGGATCGCCAGGCG

rtTA

AATCGAGATGCTGGACAGGCATCATACCCA

GGCATAGAATCGGTGGTAGGTGTCTCTCTT

LacZ

TTCACTGGCCGTCGTTTTACAACGTCGTGA ATGTGAGCGAGTAACAACCCGTCGGATTCT

Hamp floxed GGTGTCTAGGTTTTTTACCCT
β-actin

GCTATGCTCTCCCTCACGCCA

GAAGGCAAAGGCAAATGATC
CTCTTTGATGTCACGCACGAT

6
Supplementary Table 3. Primers used for PCR after DNA isolation.
Gene

Forward primer (5’-3’)

Reverse primer (5’-3’)

Hamp

GAAGGCAAAGGCAAATGAT

GCAGCACCACCTATCTCCAT

HPRT

GCTGGTGAAAAGGACCTCTCG

CCACAGGACTAGAACACCTGC
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Supplementary Table 4. Primers used for quantitative PCR.
Gene

Forward primer (5’-3’)

Reverse primer (5’-3’)

β-actin

GCTATGCTCTCCCTCACGCCA

CTCTTTGATGTCACGCACGAT

HPRT

GCTGGTGAAAAGGACCTCTCG

CCACAGGACTAGAACACCTGC

Hamp1

TTGCGATACCAATGCAGAAG

GGATGTGGCTCTAGGCTATGTT

HO-1

CCTCACTGGCAGGAAATCAT

CCAGAGTGTTCATTCGAGCA

Keap1

ACGTCCTCGGAGGCTATGAT

GGGTCACCTCACTCCAGGTA

GCLM

AGTTGACATGGCATGCTCCG

CCATCTTCAATCGGAGGCGA

TXNRD1

CAGCCCTGAAGCCGAACAAA

GTCATAGGACCCAGGGGGAT

NQO1

GGTAGCGGCTCCATGTACTC

CGCAGGATGCCACTCTGAAT

L-ferritin

GAAACTCATCAAGAAGATGGGCA

GCTGGTTGTGGCCCCGC

IL-6

GAGGATACCACTCCCAACAGACC

AAGTGCATCATCGTTGTTCATACA

TfR1

CGCTTTGGGTGCTGGTG

GGGCAAGTTTCAACAGAAGACC
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General discussion
In this thesis, we aimed to gain insights in hepcidin measurement, regulation
and protective mechanisms to ameliorate its usefulness both as a biomarker in
diagnostics and as therapeutic target in clinical practice. To improve accuracy
of hepcidin measurement, we developed a three-leveled secondary reference
material that is value assigned by a primary reference material with which
hepcidin assays can be standardized worldwide. In addition, we developed a
pilot proficiency test (PT) for hepcidin assays and found human hepcidin-protein
binding in the circulation to be 40% (±23%), all contributing to the metrological
traceability chain of hepcidin and therefore comparability of obtained results
by various methods. Moreover, we developed a new enzyme-linked immuno sorbent assay (ELISA) for hepcidin-regulator erythroferrone (ERFE) to ensure its
analytically valid measurement for, amongst others, clinical implementation of
the diagnostic hepcidin/ERFE ratio. Using this assay, we demonstrated that two
distinct pathologies of ineffective erythropoiesis, X-linked sideroblastic anemia
(XLSA) and β-thalassemia major, could be differentiated from each other and
from healthy controls. Last, in the context of hepcidin as potential therapeutic
target, we showed that induction of hepcidin synthesis in distal epithelial
tubule cells of the kidney upon heme exposure is mediated by the nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway. Absence of renal hepcidin altered
the renal molecular response to hemolysis in vivo, yet simultaneous reduction of
kidney and systemic hepcidin hampered precise evaluation of renal hepcidin in
protection. In this chapter, our main findings as well as their implications and
recommendations for future directions are discussed.

Hepcidin measurement
Approximately 20 years ago, hepcidin was discovered. [1] The following decade,
its key role in iron metabolism during both health and disease was unraveled
and, subsequently, many measurement procedures (MPs) were developed to
quantify hepcidin in plasma, serum and urine. [2] Although the added value of
hepcidin measurement in both diagnostics and therapeutics was cumulatively
suggested, available assays were predominantly for ‘research-use only’ due to
differences in absolute values between assays. [3] Hepcidin concentrations
measured in a clinical sample by various MPs differed up to 9 fold. [4-6] This
hampered reliable comparability between results from different assays, which
could lead to misinterpretation of the data and therefore errors in diagnostic
and therapeutic decisions, possibly affecting patient safety. [7] Moreover,
establishment of global reference intervals and clinical decision limits was
precluded, although studies were conducted to investigate hepcidin concentrations
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in different populations identifying differences between sex, age groups, preand postmenopausal women and during pregnancy. [8-10] Since 2010 and
onward, the field of laboratory medicine recognized the need to develop
approaches to achieve equalized results among assays for analytes for which
certified reference materials or reference MPs did not exist. [11] To this end, the
American Association for Clinical Chemistry (AACC) published a roadmap for
harmonization of clinical laboratory measurement procedures [12], which we
used in Chapter 2. The development of a three-leveled secondary reference
material (sRM) for hepcidin assays was a first step towards equalized results and
showed to significantly decrease inter-assay variation (Chapter 2 and 3),
increasing comparability and facilitating utilization of hepcidin measurement
in patient care. [13, 14]
After years of research, hepcidin remains an interesting study subject and
continued insights suggest additional explorative applications of hepcidin
quantification within and outside the context of iron metabolism, including
predicting severity and mortality in Covid-19 patients [15-17], the risk for type 2
diabetes mellitus [18] and poor fetal outcome in preeclampsia. [19] Improving
accuracy and comparability of hepcidin measurement (Chapter 2, 3 and 4)
directly contributes to the analytical validity of the MPs and therefore ensures
correct assessment of hepcidins potential as biomarker in these aforementioned
studies.
Currently, the Radboudumc Center for Iron Disorders, which is formally
appointed as both a national and European expert center, offers hepcidin
quantification for patient care, research purposes and clinical trials internationally. Nowadays, they report standardized results using our developed sRM
and provide standardized reference ranges for hepcidin measurement and
hepcidin ratios, such as the transferrin saturation (TSAT)/hepcidin and hepcidin/
ferritin ratio for adults and pregnant women. [20] Most recently, also reference
ranges for children between 0.3-17 years could be defined with the use of a
standardized MP. [21] Standardized reference ranges and hepcidin ratios enable
the establishment of universally applicable clinical decision limits and
comparability among data obtained with standardized assays in multicenter
medical consultations and research collaborations. Still, several steps can be
made to optimize hepcidin measurement globally which are addressed below.

Future challenges
Although the field of laboratory medicine has made tremendous progress the
last decades regarding standardizing clinical laboratory test results [11], still
greater awareness on the importance of standardization should be created
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among clinicians and laboratory professionals. [22] As stressed by Dr. McLawhon,
director of the Center for Advanced Laboratory Medicine in San Diego:
“a striking majority of our physician and surgeon colleagues still fail to grasp
or understand the limitations of current laboratory measurements, the lack
of interchangeability of results obtained by different analytical methods, and
the resulting effects on interpretation, clinical decision-making, and patient
management.” [23], a problem we also encountered. The developed sRM, that
was offered to the scientific and medical community for a fee-for-service, did
not lead to increased accuracy amongst hepcidin MP worldwide, as observed
during a pilot PT described in Chapter 3, although retrospective calibration
with the material increased accuracy significantly. Furthermore, little interest
to acquire the sRM was observed, while standardization can solely be achieved
with global implementation of the material. Over the years, several scientific
associations and committees such as the AACC started projects to increase
awareness, and efforts are made to educate practicing clinicians about the risks
of misinterpretation, misdiagnosis and improper monitoring of patient results
obtained with different laboratory methods. [23] In addition, the Joint Committee
for Traceability in Laboratory Medicine (JCTLM) was formed to promote standardization worldwide. [24] Their main service is to review and list reference
materials and reference MPs that conformed to the international standards for
metrological traceability (ISO17511 [25]) in a freely available web-based database
and promote their activities among laboratories and in vitro diagnostic
manufacturers. [11, 26] By applying for inclusion of the sRM in the JCTLM
database, accessibility of the sRM could increase. Moreover, awareness could be
created by a regular external quality assessment (EQAs) for which we lay the
groundwork and show feasibility in Chapter 3. EQA monitors, amongst others,
the success of standardization and, in collaboration with an accrediting body,
regular EQA programs can pave the way for laboratory accreditation, which
both can function as an incent for participating MPs to standardize. [27] We
performed the pilot PT in collaboration with the Dutch organization Stichting
Kwaliteitsbewaking Medische Laboratoriumdiagnostiek, that predominantly
organizes national EQAs. Since hepcidin is only measured at two laboratories in
the Netherlands, a national EQA would be useless. To perform robust statistics,
a sufficient amount of participants is required, stressing the need to include
international MPs as well. Merging PT schemes of rare methods internationally
could also be an interesting option to increase statistical sample size and
therefore power, although that would require specific coordination between
involved international experts.
Furthermore, in the future, traceability must be ensured when new reference
materials are developed to guarantee reliable comparability of results from
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different assays and over time, which once did not occur for analysis of another
iron related parameter, ferritin, for instance. Ferritin MPs were standardized in
1985. [28] Hence, when the reference material was superseded by a second
international standard in 1992, its value was not traced back to the first standard.
Studies revealed that the use of this second standard resulted in 5-10% higher
ferritin values, which hampered optimal use of ferritin in clinical practice since
most clinical reference intervals were based on old studies. [29, 30]
Last, for hepcidin the definition of the measurand remains a challenge due to
uncertainty on the heterogeneity of the analyte. Solely three publications are
known regarding hepcidin protein binding, that report binding percentages of
either <3% or ≈89%. [31-33] We aimed to determine the degree of hepcidin
protein binding in plasma in a functional human setting for the first time to
circumvent adherence of hepcidin to laboratory plastics as might occur in in
vitro studies (Chapter 4). [34, 35] Despite our findings that hepcidin is not
predominantly bound, large inter-individual variation in hepcidin clearance
may have affected the accuracy of the determined binding percentage.
Unfortunately, to the best of our knowledge, there are currently no established
in vivo models to study protein binding. Consequently, it is still uncertain to
which extent current methodologies measure free, protein-bound or total
hepcidin concentrations and if it is clinically relevant to distinguish these.
The free hormone hypothesis argues that protein binding retains the hormone
of exerting its physiological function. [36] This would imply that clinical
conclusions regarding bioactive hepcidin concentrations in patients require
quantification of the free hepcidin fraction. However, to complicate things
further, it has been suggested that protein-bound hepcidin is also bioactive,
as hepcidin bound to α2-macroglobulin (α2M) would found to decrease ferroportin
protein expression in vitro. [32] Yet, the binding was found to be labile, questioning
if hepcidin was actually bound to α2M when degrading the iron exporter.
Besides plasma protein binding, the presence of smaller hepcidin isoforms
in patient samples can potentially interfere with detecting bioactive hepcidin-25,
contributing to heterogeneity of the analyte. The majority of immunoassays
measure total hepcidin concentrations, whereas mass-spectrometry based
methods can specifically quantify hepcidin-25. [37, 38] Under physiological
conditions, hepcidin isoforms are only present at very low concentrations in
the circulation [37, 39], however their concentration increases in diseases with
high hepcidin levels, such as sepsis or chronic kidney disease. [40-42] Hepcidin
isoforms are shown not to be bioactive [43, 44], albeit it is unclear to which extent
their quantification is clinically relevant or influences clinical conclusions in
these patients.
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Differences between MPs in quantifying isoforms or free hepcidin might
contribute to discrepancies in the absolute values that they report for identical
samples and might hamper standardization efforts. Interestingly, higher interassay variation and lower accuracy is found for immunoassays compared to
mass-spectrometry based methods (Chapter 3), even after standardization, which
could be a result of detecting isoforms. However, by evaluating the degree of
equivalence between hepcidin MPs in Chapter 2, we discovered that the lack of
calibration was the main contributor (92.4%) to nonequivalence between results.
[10] Therefore, standardization by usage of the sRM reduces most of the inter-assay
variation, whereas heterogeneity of the analyte showed to contribute for only 4.3%.
Although the influence of measuring isoforms would probably be minimal
in this specific study, since all hepcidin samples were obtained from healthy
volunteers, this raises the question whether differences in sensitivity for hepcidin
isoforms and protein-bound hepcidin versus free circulating hepcidin between
MPs have significant effects on standardization. Nevertheless, unraveling the
contribution of the heterogeneity of hepcidin as an analyte in samples from a
variety of patients, including high hepcidin samples, could help our understanding
of the influence of isoforms and possible protein binding on both analytical and
diagnostic accuracy of hepcidin assays.

Hepcidin regulation
Expanding our knowledge on hepcidin regulation could provide leads to treat
disorders in which the hepcidin axis is disrupted. Moreover, measurement of
hepcidin regulatory proteins can add context to hepcidin results, thus improving
clinical interpretation of the data.
Although it is common knowledge in the field of iron metabolism that hepatic
hepcidin production is inhibited by erythropoiesis and stimulated by iron
loading and inflammation [45, 46], several aspects regarding systemic hepcidin
regulation remain not fully understood, such as the interconnection of hepcidin
regulatory pathways induced by iron and inflammation, exact molecular
mechanisms of iron-induced hepcidin production and modulation of hepcidin
synthesis by erythropoiesis. [47]
Only 7 years ago, the long sought systemic erythroid regulator of hepcidin,
ERFE was discovered [48] and its molecular mechanism of action to suppress
hepcidin expression, by sequestering hepcidin inducing ligands, was just
recently proposed. [49, 50] Although growth differentiation factor 15 (GDF15)
and Twisted Gastrulation Protein Homolog 1 (TWSG1) were previously
considered as potential erythroid regulators of hepcidin transcription [51, 52],
neither GDF15 nor TWSG1 levels increased after hemorrhage or erythropoietic
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stimulation [48, 53] and both lacked the ability to sequester hepcidin inducing
ligands as effectively as ERFE. [54] Approximately 3 years later, the first in-house
immunoassay to detect ERFE in human serum was developed [55] and several
commercial kits in the years thereafter. With the use of these MPs, findings in
animal studies could be translated to human disorders. High ERFE levels measured
in patients with both iron deficiency anemia and anemia of inflammation
showed to accelerate recovery from by mobilizing iron due to suppression of
systemic hepcidin. [56, 57] Moreover, it was shown that downregulation of
hepcidin by increased erythropoietic activity, measured as increased ERFE
levels, causes the development of iron overload in diseases of ineffective
erythropoiesis, such as sickle cell disease and β-thalassemia syndromes. [58, 59]
For these diseases, ERFE is an interesting target for therapeutic inhibition,
increasing the pathological low plasma hepcidin levels. [60] Anti-ERFE antibodies
have already shown to prevent hepcidin suppression and ameliorate the
phenotype of thalassemic mice [54] and are expected to be well tolerated in
humans since ERFE is a stress hormone that is thought not to be essential for
health or survival. [61] On the other hand, hypothetically, supraphysiological
amounts of ERFE could possibly lower the inappropriately high hepcidin levels
observed in patients with iron refractory-iron deficiency anemia (IRIDA). [60]
Besides hematological disorders, recent studies also investigated the role of
ERFE in high-altitude exposure [62, 63], neonatal development [64], physical
activity [65] and lipid metabolism. [66] In addition, suggestions have been made
regarding the clinical potential of ERFE, as its measurement has shown to
predict both mortality due to cardiovascular events in patients with chronic
kidney disease [67] and usage of performance enhancing drugs in athletes. [63,
68] Monitoring ERFE concentrations could be helpful in blood donors as well,
identifying which donors recover fast or slow from blood loss, to personalize
donation intervals and prevent induction of iron deficiency, which is now
commonly occurring. [69, 70] To draw reliable and accurate conclusions from
these research studies and successfully use the suggested diagnostic and
therapeutic applications involving ERFE measurement in a clinical setting,
analytically valid MPs are required. However, a number of commercially
available ERFE assays were found to perform inadequately. [71, 72]
To this end, we developed our own in-house immunoassay for human ERFE
(Chapter 5). By performing extensive analytical validation, we ensured enhanced
understanding of the application and limitations of the method and therefore
correct interpretation of the obtained data [73], allowing successful implementation
of the MP in for example diagnostics in the future. The study emphasizes the
importance of validation, since the assay showed poor dilution linearity, parallelism
and recovery in serum matrix of our ERFE assay. However, knowledge on these
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assay characteristics enabled us to anticipate, resulting in protocol adjustments,
such as usage of one set dilution factor, to ensure correct method performance
to obtain reliable quantification of ERFE. Surprisingly, data on parallelism and
dilution linearity is lacking for all currently available ERFE assays, questioning
their analytical validity. However, the good correlation observed between our
method and both another in-house immunoassay [55] and a commercial kit
from Intrinsic Life Sciences (both R 2=0.83) provides some confidence on the
good analytical performance of all three MPs.
While systemic hepcidin regulation has been studied thoroughly, little is
known about the regulation of locally organ-specific produced hepcidin. Recent
evidence suggests both systemic and renal hepcidin can exert a renoprotective
effect during AKI. [74] AKI is a frequent diagnosis in critically ill patients with
an incidence of 50-60% and is associated with increased length of hospital stay,
risks of progression to chronic kidney disease and mortality. [75] Currently, no
preventive measures nor treatment modalities are available. To explore the
potential of renal hepcidin in protection against AKI, we investigated the
molecular mechanism of hepcidin induction in the distal tubule epithelial cells
of the kidney and showed this to be induced by iron and regulated by the Nrf2
pathway (Chapter 6).
It is known that free iron can induce AKI [76] and our results corroborate
previous findings that iron exposure activates the Nrf2 pathway in human
proximal tubule cells [77] and in murine kidneys [78], which in turn prevented
renal injury. Nrf2 has also been suggested to be involved in protective
mechanisms in AKI, since studies showed prevention of oxidative stress-mediated renal injury by tubular-specific Nrf2 pathway hyperactivation [79] and
aggravation of renal tissue damage during, amongst others, AKI in Nrf2
knockout (KO) mice. [80, 81] One of the proposed mechanisms by which Nrf2
could mediate its renal protection is by preventing ferroptosis. Ferroptosis is a
type of cell death that is iron-dependent and may be caused by increased cellular
iron or heme exposure [82, 83], although specific molecular mechanisms are
still poorly understood. [84, 85] Nrf2 regulates several genes that are suggested
to protect against this process [86], including heme oxygenase-1 (HO-1), which
showed to mitigate ferroptosis in proximal tubule cells. [87] Ferroptosis plays a
role in cell death upon AKI [88]and interestingly, hepcidin treatment in mice
with renal ischemia-reperfusion injury, a major cause of AKI, reduced ferroptosis.
[89] All may suggest that during iron-induced AKI the Nrf2 pathway is activated
and increases hepcidin expression, which possibly protects against ferroptosis.
However, further studies are needed to unravel the connection between Nrf2,
hepcidin and ferroptosis during AKI.
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The Nrf2 pathway controls many genes in various cellular processes
throughout the body [90] and may therefore regulate local hepcidin synthesis in
other organs as well. After the liver, the heart and brain are the organs with the
highest hepcidin expression. [91] Nevertheless, for both organs the regulation of
locally produced hepcidin remains largely unknown. Similar to AKI, an increase
of free iron and oxidative stress may cause myocardial damage. [92] Cardiomyocytes can produce hepcidin [93] and increase hepcidin synthesis upon
incubation with iron in vitro [94] or increased iron administration in vivo. [95]
Silencing of hepcidin in human cardiomyocytes increased iron-induced
apoptosis. [94] Moreover, Nrf2 has been suggested to exert a cardioprotective
role in experimental models of ischemia reperfusion-injury, heart failure and
cardiac hypertrophy [96], and targeting ferroptosis protects against cardiomyopathy. [97] Besides the kidneys and heart, iron loading induces local
expression of hepcidin in the brain as well [98] and Nrf2 showed to protect the
organ against oxidative damage during an intracerebral hemorrhage [99, 100],
in which erythrocytes rupture and release heme and iron. [101] Altogether, this
might indicate that the proposed mechanism of renal hepcidin induction,
mediated by Nrf2 as a result of iron exposure, could indeed apply for cardiac
and brain hepcidin. Yet, details of organ-specific hepcidin regulation await
further clarification from future studies.
The question remains whether local and systemic hepcidin regulation are
differently orchestrated. A link between Nrf2 and systemic iron metabolism
was suggested previously, because mice on high-iron diets showed increased
hepatocellular activation of the pathway [102] and deletion of Nrf2 resulted in
progressive liver injury compared to wild type (WT) mice, whilst on this diet.
[103] More specifically, recent evidence suggest the Nrf2 pathway to be involved
in systemic hepcidin regulation. It was found that Nrf2 in liver sinusoidal
endothelial cells induces bone morphogenic protein (BMP) 6 expression, a ligand
activating the BMP/small mothers against decapentaplegic (SMAD) pathway [47],
thereby driving systemic hepcidin synthesis in hepatocytes in response to high
iron levels. [104] Nrf2 KO mice showed an impaired BMP6-hepcidin response to
oral and parenteral iron and both iron accumulation and hepatic damage were
increased compared to their healthy littermates. In addition, this same study
found pharmacological activation of Nrf2 to stimulate the BMP6-hepcidin axis
in the liver, counteracting the inhibition of hepcidin by ERFE in β-thalassemia.
It could be plausible that the same mechanism including Nrf2 and BMP6
involves renal hepcidin production. Little is known about BMP6 in the kidney,
yet it is expressed in the renal cortex, predominantly in the tubulo-interstitium
containing the proximal and distal epithelial cells. [105] Moreover, BMP6 showed
to exert a protective effect in proximal tubule cells during oxidative stress and
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mediates HO-1 expression. [106] BMP6 is also expressed in the heart [107] and
brain [108], and its concentrations increase upon chronic heart failure [109] and
protect against ischemia-induced brain injury. [110] Interestingly, results from
studies administering either BMP6 or hepcidin are similar in terms of protecting
brain cells from oxidative stress. [110-112] Future studies are warranted to
investigate whether BMP6 controls hepcidin expression in these organs. If this
is true, then erythropoiesis could possibly play a role in downregulating local
hepcidin production as well, since ERFE sequesters BMP6 to suppress hepcidin
expression, suggesting that molecular mechanism of local and systemic
hepcidin might be (partly) similar.

Future challenges
The discovery of ERFE and its mechanism of action increased our knowledge on
erythropoietic regulation of systemic hepcidin levels. Yet, the redundancy of
ERFE in this regulatory pathway and the molecular signaling mechanisms of
ERFE regulation are questions that remain unsolved. Moreover, details on the
interconnection with erythroid, inflammatory and iron-induced hepcidin
regulation is still to determined. Recently, the dynamic hierarchical regulation
of hepcidin was studied in humans and the researchers showed that low iron
status and erythropoietic drive during iron deficiency anemia are dominant
over acute inflammation on hepcidin expression. [113] EPO was elevated in the
anemic subjects, hence ERFE levels were not measured and could have provided
insight into the contribution of anemia-driven erythropoietic activity compared to
iron deficiency-driven hepcidin suppression. [114] Analytically valid quantification
of ERFE would not only contribute to drawing reliable conclusions from this
kind of research studies, but also to the exploration of its pathophysiological
role in hepcidin regulation and subsequent diagnostic potential of ERFE as
biomarker or target of therapy in diseases beyond ineffective erythropoiesis.
Measurement of ERFE is relatively new and presents itself with several
challenges. For example, biochemical properties of the hormone, that might
influence its accurate quantification, remain largely unknown. ERFE belongs to
the C1q/tumor necrosis factor-related protein (CTRP) family [115], which all
contain a conserved collagenous domain promoting multimerization. [116, 117]
Adiponectin, a hormone secreted by adipocytes, belongs to this family as well
and circulates in oligomers. [118] Interestingly, measuring total adiponectin
concentrations are reflective of adipose tissue health [119], however, the relative
distribution of high molecular weight adiponectin complexes show to be most
relevant clinically [120] and can solely be quantified using specific protocols.
[121] Future structure-function studies must point out if human ERFE does
circulate in multimers and, if so, their clinical relevance and influence on ERFE
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functioning to suppresses hepcidin, defining the measurand. Subsequently,
ERFE assays must be adapted accordingly in order to quantify solely the bioactive
hormone. Moreover, research should reveal whether human ERFE is cleaved
into different isoforms, which appears to be likely due to its predicted PCSK3/
Furin recognition sites [116], or forms different isoforms due to glycosylation,
which has been shown in mice [122], and their clinical relevance or influence in
ERFE measurement. Additionally, limited data on the stability of ERFE in patient
samples in time and at different temperatures is available. [55, 72] We investigated
this with only a small sample size in Chapter 5 and elaborate studies on this
matter are needed to ensure correct pre-analytical handling.
Defining the measurand is a necessity to establish metrological traceability
of ERFE measurement in the future, as has been described for hepcidin in
Chapter 4. Absolute values between several assays showed to differ significantly
(Chapter 5), most obviously due to the use of different standards. Interestingly,
one ERFE immunoassay to which we compared our method is known to use the
same standard and still reports higher ERFE concentrations in the same sample
(Chapter 5), which suggest the difference in antibodies might be causal. We
observed non-parallelism for our ERFE assay, which indicates that the antibodies
react differently to the standard and the endogenous analyte. If this phenomenon
and its extent differs between methods, it could explain the discrepancies in
absolute values while using the same standard. This might be resolved by
harmonization or standardization, although good analytical performance is a
prerequisite (Chapter 2) and should be improved for ERFE assays in the future.
Altogether, this will allow comparable and reliable quantification of ERFE in
research and clinical care. Yet, prior to utilization in diagnostics, diagnostic
accuracy studies should be performed for ERFE to ensure its measurement has
added value to already available diagnostic tests for a specific pathology or
condition. [123] Preferably, the reporting of these type of studies should be
according to the criteria as described in the Standards for Reporting Diagnostic
Accuracy (STARD) guidelines, as these will improve completeness and transparency
of the results. [124]
To the best of our knowledge, mechanisms of renal hepcidin synthesis have
never been studied before and literature on local hepcidin regulation is
minimal. Albeit we gained more insight into this pathway in the kidneys, and
involvement of the Nrf2 pathway in both systemic and local hepcidin production
seems plausible, unraveling exact molecular pathways and elucidating the role
of BMP6 herein remain a future challenge. However, our findings provide a
direction for future research and development of renal-, cardiac- and
brain-specific Nrf2 KO mice could allow confirming the role of Nrf2 in local
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hepcidin expression during iron exposure in vivo. Nrf2 null mice showed no
major alterations in growth or development during basal conditions [104, 125],
therefore viability of these specific local Nrf2 KO mice should not be an issue.
Our findings may imply that the renoprotective effect of Nrf2 and hepcidin
upregulation are causal (Chapter 6). Targeting this cascade could serve as
therapeutic strategy for AKI. Yet, the modulation of Nrf2 as future treatment
seems questionable. Although evidence is accumulating on the renoprotective
effect of Nrf2, its activation in injured kidneys demonstrated to aggravate
proteinuria through podocyte injury [126] and is associated with a poor
prognosis in cancer patients. [127] While subsequent studies must unveil the
suggested dual role of Nrf2 activation [128], the effect of pharmacological
approaches using Nrf2 activators have already been investigated in animal
models and showed to increase renal Nrf2 levels and benefit renal functioning
and structural injury during ischemia. [79, 129, 130] Considering these positive
outcomes observed with Nrf2 pathway enhancement on kidney disease, even a
clinical trial was started, verifying these effects in patients with advanced
chronic kidney disease and type 2 diabetes mellitus, a condition that progresses
into kidney failure and is associated with chronic oxidative stress. [131]
Treatment with a Nrf2 enhancer increased the glomerular filtration rate of
these patients at least up to one year and prevented disease progression. Based
on these beneficial results, a follow-up trial was started with similar patients in
a larger cohort. [132] However, the study was terminated due to the high
incidence of cardiovascular events and mortality. Interestingly, patients that
received the treatment showed a significant reduction in hemoglobin compared
to the placebo group, which might be caused due to elevated hepcidin levels by
Nrf2 activation. Analysis of the study demonstrated that a history of heart
failure and high B-type natriuretic peptide levels were predictors for the
negative outcomes of the trial and studies, resumed without those risk factors,
are still ongoing. [80, 133] The mechanistic aspects of the dual nature of Nrf2
modulation are important to unravel in order to understand its therapeutic
potential. Alternatively, modulating hepcidin expression could be an approach
to treat AKI, albeit we first must verify its protective role.

Hepcidin protection
Increased hepcidin levels are suggested to be protective in several pathologies
besides AKI, including sepsis [134], osteoporosis [135] and preeclampsia. [136]
Hepcidin KO mice subjected to sepsis are suffering from increased mortality, a
compromised inflammatory response and exacerbated organ damage and
oxidative stress. [137] Moreover, the knockdown of airway epithelial cell-derived
hepcidin aggravated sepsis-induced acute lung injury and pulmonary bacterial
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infection, increasing mortality. [138] Hepcidin deficiency also hampered bone
formation and decreased bone mass, therefore, the hormone has been suggested
to exert a protective role during osteoporosis. [135] In preeclampsia, a dangerous
pregnancy complication characterized by hypertension and accompanied with
oxidative stress and inflammation [139], destruction of maternal erythrocytes
takes place causing an increase of free iron. [140] Hepcidin showed to be
significantly increased in pregnant women suffering from preeclampsia and
thereby positively correlating with levels of oxidative stress. [136] Upregulation
of hepcidin in this condition may be considered as protective mechanism
against iron overload-mediated cytotoxicity. In all these conditions, increased
iron concentrations accompanied with oxidative stress, inflammation or both
triggered hepcidin upregulation. Under normal physiological conditions,
plasma iron is safely bound to transferrin and intracellular iron is stored by
ferritin. [141] This is important since freely circulating iron can initiate Fenton
or Haber-Weiss reactions, generating reactive oxygen species (ROS), oxidative
stress and even cell death. [142] Hepcidin has shown to increase H-ferritin
expression, thereby contributing to increased capacity of intracellular iron
storage. [89] Moreover, increased plasma hepcidin levels upon high iron
concentrations inhibit iron export from enterocytes, macrophages and
hepatocytes, thereby decreasing the availability of circulating iron. This
mechanism accounts for the anti-inflammatory effect of hepcidin upregulation
as well, since iron is a growth factor for invading pathogens and limiting its
availability can be ascribed as a protection against extracellular proliferating
micro-organisms. [143]
High iron levels and inflammation are also causal for AKI, since this disease
is mostly triggered by sepsis or hemolysis due to cardiopulmonary bypass. [144]
Both systemic and locally produced hepcidin are suggested to exert a
renoprotective role during AKI [74] and we investigated the contribution of
renal hepcidin in Chapter 6. Although absence of renal hepcidin altered the
renal molecular response to hemolysis in mice, which might implicate a
protective function of renal hepcidin, we were unable to differentiate between
the effects of local renal hepcidin and systemic hepcidin.
Although we are the first to develop renal hepcidin KO mice, the contribution of
organ-specific hepcidin has been assessed before. These studies investigated the
effects of a cardiomyocyte-specific [95] and retina-specific [145] deletion of
hepcidin in mice. A cardiac hepcidin KO showed to cause heart dysfunction
leading to increased mortality relative to littermate controls. In addition, the
KO mice showed increased ferroportin expression, suggesting that loss of
hepcidin rendered the cardiomyocytes iron deficient due to upregulation of ferroportin-mediated iron export. A retina-specific hepcidin KO, on the other
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hand, did not alter retinal iron levels relative to WT mice and no changes were
observed in retinal morphology. Interestingly, the researchers also studied
retinal iron homeostasis in liver-specific hepcidin KO mice, which resulted in
retinal iron accumulation and degeneration. This implicates that the importance
of locally produced hepcidin on organ-specific iron homeostasis may differ.
Intriguingly, whereas we observed a decrease in plasma hepcidin concentrations
in the renal-specific hepcidin KO mice, systemic iron and hepcidin levels
remained unaltered in mice with a cardiac hepcidin KO compared to WT mice.
Likewise, serum iron levels were comparable in mice with a retina hepcidin KO
and WT. Genetic constructs of both the cardiac- as retinal-specific hepcidin KO
did not include Pax8, as we used, circumventing possible deletion of hepatic
hepcidin. Future studies assessing the role of renal hepcidin may therefore use
KO mice with a different genetic construct.

Future challenges
We improved human hepcidin measurement in terms of accuracy and
comparability (Chapter 2 and 3) to enable, amongst others, correct evaluation of
the efficacy of hepcidin targeting therapeutics. However, prior to developing
these treatment strategies for pathologies in which hepcidin showed to exert a
protective effect, such as AKI, the molecular mechanisms behind this effect
should be unraveled in more detail first. This will allow to adequately assess the
benefit of hepcidin-related therapeutics and fully comprehend the potential
(side) effects of hepcidin modulators. In addition, before investigating the effect
of hepcidin agonists to treat AKI in the future, we must unveil whether systemic
hepcidin, renal hepcidin or both improve the disease outcome. In case the
protective effect predominantly originates from locally produced rather than
systemic hepcidin, as has been observed for cardiac hepcidin, renal-specific
hepcidin agonists could be a treatment option for AKI. Organ-based drug
delivery is currently being explored [146, 147] and hepcidin agonists are already
being developed. [148]

Conclusions
The research described in this thesis resulted in improved measurement of
hepcidin, allowing comparable and accurate quantification of the hormone
worldwide. Yet, awareness on the importance of standardization and EQA
among physicians and biomedical scientists should be increased and there is a
need to further investigate whether heterogeneity of hepcidin as analyte affects
analytical and diagnostic accuracy. Furthermore, we shed light on the regulation
of both systemic and renal produced hepcidin. The analytical performance of
ERFE assays would benefit from a better understanding of ERFE as measurand
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and additional details on the molecular mechanisms of hepcidin regulation
and protection in pathologies such as AKI is essential in the development of new
therapeutic approaches.
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Summary
The metal iron (Fe) is required for numerous biological processes, including
transport of oxygen by red blood cells (RBCs). RBCs consist of hemoglobin; a
protein comprising 4 globin subunits, each containing a heme molecule with in
its core an iron atom. However, iron can also be toxic due to its ability to easily
transfer electrons and generate reactive oxygen species. Therefore, systemic
iron homeostasis must be tightly regulated, a role exerted by the hepatic hormone
hepcidin. By binding and blocking the only known cellular iron exporter
ferroportin, hepcidin regulates plasma iron concentrations by controlling
duodenal absorption of dietary iron and mobilization of stored iron from
macrophages recycling old RBCs. Low hepcidin levels lead to increased plasma
iron levels and vice versa.
Hepcidin transcription is regulated by three main mechanisms. Inflammation
and high iron levels in both plasma and tissues increase hepcidin levels, whereas
erythropoiesis downregulates its expression. Quantification of hepcidin might
serve as diagnostic tool, since pathological alterations of plasma hepcidin
concentrations can discriminate certain iron metabolism disorders and may guide
safe iron supplementation. Moreover, hepcidin has potential as a therapeutic
target, since dysregulation of the hormone is causal for a variety of iron-related
diseases. In order to successfully use hepcidin measurement in both diagnostics
and therapeutics, hepcidin assays must be analytically sound and obtained
results of different assays must be comparable to prevent confusion and
inconsistent or incorrect conclusions in research studies, clinical trials and
multicenter medical consultations.
The aim of this thesis was to further investigate hepcidin measurement,
regulation and protective mechanisms to ameliorate the usefulness of hepcidin
both as a biomarker in diagnostics and as therapeutic target in clinical practice.
To increase comparability of hepcidin results, we aimed to standardize hepcidin
measurement procedures (MPs) worldwide. Standardization requires a
secondary reference material (sRM), a working standard, that is calibrated with
a primary reference material (pRM), the analyte with certified purity. To this
end, standardization allows the establishment of a true value. In Chapter 2,
we describe the development of a two-leveled sRM, which consists of both a
calibrator covering low and middle concentration range of hepcidin. We confirmed
its commutability, meaning the calibrators behave similarly as patient samples
in different assays, and found good analytical performance of participating
hepcidin MPs, which is a prerequisite for standardization. Moreover, we
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mathematically simulated and tested the potential of the sRM to equalize
results in practice with the use of sample send-outs. The coefficient of variation
(CV) between participating MPs was found to be reduced from 42.1% to 11.0% in
the simulation and from 52.8% to 19.1% in practice. Last, a pRM of certified
purity was used to assign a value to the sRM. Therefore, we concluded that
global implementation of the sRM would allow standardization of hepcidin
assays.
In Chapter 3, we further optimized standardization of hepcidin MPs by
developing a third high calibrator to add to the sRM and organizing a pilot
proficiency test (PT) in collaboration with the Dutch organization for external
quality assessment (EQA) Stichting Kwaliteitsbewaking Medische Laboratoriumdiagnostiek (SKML). With sample send-outs, EQA aims to verify analytical
performance and pre- and post-analytical components of MPs for a certain
analyte. This ensures reliable and uniform results by investigating the degree of
accuracy and identifying analytically poorly performing methods. By establishing
this framework for future PT of hepcidin MPs, we could assess the current
performance of the assays and study the standardization potential of the now
three-leveled sRM. Most participating hepcidin assays showed good linearity
(R 2>0.99) and precision (duplicate CV<12.2%). However, large variability in
accuracy (mean: 145%, range: 76-540%) was observed, indicating a lack of standardization. This could be solved by implementation of the now three-leveled
sRM, that proved more effective in reducing the inter-assay CV than the twoleveled sRM (14.0% and 17.6%, respectively) compared to non-standardized data
(42.0%). A regular EQA program will ultimately pave the way for international
laboratory accreditation and may serve as incent for standardization.
Another important aspect towards ensuring correct and comparable
quantification of an analyte, is defining its circulation state. Differences
between assays can arise when some measure the free circulating fraction of
the measurand and others total, including protein-bound, concentrations. We
studied human hepcidin protein binding in Chapter 4, using the principle of
peritoneal dialysis (PD). PD is a treatment option for patients with end-stage
renal disease, in which the peritoneum is used to filter the blood. The transport
rate of solutes from blood to dialysate is mainly size-selective, meaning its
peritoneal clearance (PC) is inversely related to the radius or molecular weight
(MW) of the compound. Therefore, this rate will be slower for protein-bound
analytes than would be expected based on its MW in unbound state. By
measuring freely circulating solutes in both blood and dialysis fluid, we
established a curve describing the relation between PC and MW for unbound
compounds. With measurements of total concentrations (i.e. free and
protein-bound fractions combined) of partly bound hormones cortisol and
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testosterone, we could calculate their PC and subsequent binding percentages
based on their deviation of the curve. These were found to be 91% (±3%) and 97%
(±1.5%), respectively, corresponding to their binding percentage described in
literature, confirming the validity of our model. The protein-bound fraction of
hepcidin was calculated to be 40% (±23%), indicating neither a largely
protein-bound nor a largely free circulating state and a large inter-individual
variability. However, the lack of correlation between hepcidin clearance and the
clearance of the other analytes suggests that other variables besides patient-specific peritoneal transport characteristics may have affected the accuracy of the
determined binding percentage of hepcidin. Refinement of our explorative
approach, which was to the best of our knowledge the first in vivo model to study
protein binding, could potentially improve accuracy of our findings.
In Chapter 5, we describe the development of a new polyclonal-based
enzyme-linked immunosorbent assay (ELISA) to quantify the recently discovered
hormone erythroferrone (ERFE) in human serum. ERFE is the erythroid
regulator of systemic iron metabolism by suppressing hepcidin expression to
promote iron efflux in the plasma to produce new RBCs. With the use of this
assay, which we extensively analytically validated, we aimed to ensure reliable
measurement of ERFE. This could be clinically relevant, since ERFE showed to
be pathologically elevated in diseases of ineffective erythropoiesis such as
X-linked sideroblastic anemia (XLSA) and β-thalassemia major. Production of
dysfunctional erythroblasts in these pathologies leads to anemia, which causes
ERFE concentrations to continuously increase in order to match iron supply to
the erythropoietic demand, while hepcidin remains suppressed. Quantification
of ERFE might serve as a marker for severity of ineffective erythropoiesis and
susceptibility for body iron overload in these disorders. Indeed, using this new
assay, we demonstrated for the first time that XLSA and β-thalassemia major
patients can be differentiated from each other (p<0.01) and from healthy
controls (p=0.03) based on ERFE concentrations. Despite poor dilution linearity,
parallelism and recovery in patient serum matrix, which indicated presence of
a matrix effect and/or different immunoreactivity of the antibodies to the
recombinant standard and the endogenous analyte, employment of one optimal
dilution of all serum samples allows analytically proper use of the assay and
production of reliable results. This is strengthened by the good correlation
found between our assay and two other existing ERFE ELISAs (both R 2=0.83). A
better understanding of the characteristic features of ERFE as a measurand, as
well as the matrix effects on the antibody-antigen binding, will further improve
the analytical performance of ERFE assays in the future and thereby contributes
to the success of ERFE as new biomarker.
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Besides liver-produced systemic hepcidin, hepcidin can be locally synthesized
in distal tubule cells of the kidneys and is suggested to have a protective effect
during hemoglobin-induced acute kidney injury (AKI). However, exact molecular
mechanisms are largely unknown and no treatment modalities for AKI exist
currently. As a first step in exploring the role of hepcidin as therapeutic strategy
for AKI, we studied the mechanisms of hepcidin induction in mouse cortical
collecting duct (mCCDcl1) cells, as described in Chapter 6. The nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway, which controls hepcidin synthesis
in hepatocytes upon iron exposure, was shown to be activated in mCCDcl1 cells
during incubation with hemin, the iron-containing component of hemoglobin.
Most importantly, inhibition of the Nrf2 pathway significantly reduced
hemin-mediated hepcidin mRNA expression and luciferase activity in these
cells, indicating that iron-induced hepcidin synthesis occurs through Nrf2
activation. Moreover, we investigated the contribution of renal hepcidin in
protection against hemoglobin-induced AKI in vivo using newly developed kidney-specific inducible hepcidin knockout (KO) mice. Unchallenged KO mice
showed alterations in intracellular iron levels and some degree of renal stress
compared to wild type mice, suggesting physiological relevance for renal
hepcidin. In addition, absence of renal hepcidin altered the renal molecular
response to phenylhydrazine-induced hemolysis, in presence of clear renal iron
loading, might implicate a protective function of renal hepcidin. Yet, we were
unable to differentiate between the effects of local renal hepcidin and systemic
hepcidin due to the simultaneous reduction of kidney and systemic hepcidin.
Future studies should circumvent this interaction between systemic and local
hepcidin, while maintaining an as complete as possible kidney structure,
because these insights are essential to fully comprehend the potential (side)
effects of hepcidin modulators in the context of treating AKI.
Chapter 7 discusses our main findings and reflects on both the implications
of the conducted studies and suggestions for future research. Altogether, the
research described in this thesis resulted in improved measurement of hepcidin.
Moreover, we shed light on the regulation of both systemic and renal produced
hepcidin and the molecular mechanisms driving its protective effects during
AKI.
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Het metaal ijzer (Fe) is belangrijk voor verscheidene biologische processen in het
lichaam. Ten voorbeeld, het ijzer in de rode bloedcellen bindt zuurstof en faciliteert
zo het zuurstoftransport. Voldoende ijzervoorraad in het lichaam is dan ook van
levensbelang. Een rode bloedcel heeft een levensduur van ongeveer 120 dagen
en wordt daarna afgebroken. Naast continue afbraak vindt er daarom ook continue
aanmaak van deze cellen plaats, waarvoor dagelijks ongeveer 20 mg ijzer nodig
is. Dit ijzer komt deels uit voeding via de darm, maar voor het grootste deel uit
de recycling van ijzer uit oude rode bloedcellen, een uiterst efficiënt proces voor
het behoud van voldoende lichaamsijzer. Een tekort aan ijzer, en vervolgens
rode bloedcellen, leidt tot bloedarmoede. Echter, een langdurig of acuut overschot
van ijzer kan ook gevaarlijk zijn voor het lichaam en schade toebrengen aan
weefsels. Nauwkeurige regulatie van het ijzergehalte is dan ook zeer belangrijk
en hierin speelt het hormoon hepcidine een centrale rol.
Hepcidine, dat in de lever gemaakt wordt, kan de ijzeropname in de darm
en afgifte van gerecycled ijzer beperken. Bij een hoog ijzergehalte in het lichaam
maakt de lever meer hepcidine aan, wat ervoor zorgt dat de darm geen ijzer
meer opneemt en gerecycled ijzer niet vrijkomt maar opgeslagen blijft. Als het
lichaam daarentegen weinig ijzer bevat, maakt de lever weinig hepcidine aan,
wat leidt tot een verhoogde toestroom van ijzer naar het bloed.
Hepcidine is pas in 2001 ontdekt en er wordt nog steeds onderzoek gedaan naar
de precieze werking en aansturing van dit hormoon op moleculair niveau.
Duidelijk is dat hepcidine gezien kan worden als dé regulator van de ijzerstofwisseling. Patiënten met een verstoring in de ijzerstofwisseling hebben vaak
afwijkende hepcidinegehaltes in het bloed in vergelijking met gezonde mensen.
Dit is bijvoorbeeld het geval bij patiënten die zelf geen gezonde rode bloedcellen
aanmaken, wat het gevolg kan zijn van een aantal zeldzame aandoeningen. Dit
noemen we ineffectieve erytropoëse (ineffectieve: onvoldoende werking van, erytropoëse:
de vorming van rode bloedcellen), waarbij het tekort aan gezonde rode bloedcellen
leidt tot bloedarmoede. Ondanks dat er geen absoluut tekort aan ijzer is, herkent
het lichaam bloedarmoede als een signaal voor ijzertekort en wordt de aanmaak
van hepcidine verlaagd. Dit leidt tot excessieve ijzeropname, wat uiteindelijk tot
weefselschade kan leiden. In dit proces is ook het hormoon erythroferrone,
afgekort tot ERFE, een belangrijke factor. Bij een tekort aan rode bloedcellen
stuurt dit hormoon de lever aan om de aanmaak van hepcidine te verminderen.
Patiënten met ineffectieve erytropoëse presenteren zich met een te laag
hepcidinegehalte ten opzichte van hun ijzervoorraad, wat hen zo onderscheidt
van de gezonde populatie én van patiënten met andere oorzaken van bloed-
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armoede. Naast het vaststellen van een precieze diagnose kan het meten van
hepcidine een indicatie geven of een patiënt zal reageren op ijzertabletten in
geval van ijzertekort en bijdragen aan de ontwikkeling van nieuwe behandelmethoden voor bepaalde ijzerstofwisselingsstoornissen. Als een afwijkend
hepcidinegehalte de oorzaak is van een ziektebeeld, zou het beïnvloeden van
hepcidineconcentraties een oplossing kunnen zijn, zoals het toedienen van
synthetisch hepcidine bij patiënten met ineffectieve erytropoëse om hiermee de
ongewenste ijzerophoping tegen te gaan. Zodoende kan het meten van hepcidineconcentraties relevante klinische informatie verschaffen en zijn er in de loop der
jaren diverse methoden ontwikkeld om hepcidine in lichaamsvloeistoffen te
meten. Deze meetmethoden zijn gebaseerd op verschillende analyseprincipes
en/of maken gebruik van andere materialen om hepcidine te detecteren.
Het doel van dit proefschrift was om meer inzicht te krijgen in de betrouwbaarheid en overeenstemming van hepcidinemetingen wereldwijd en in de regulatie
en beschermende werking van het hormoon, om zo uiteindelijk de diagnostische
en therapeutische toepasbaarheid van hepcidine te verbeteren. Daartoe zijn de
hierna samengevatte onderzoeken uitgevoerd.
Om verwarring bij medische beslissingen te voorkomen is het belangrijk de
resultaten van verschillende meetmethoden onderling te kunnen vergelijken.
Idealiter rapporteren verschillende meetmethoden, uitgevoerd door verschillende
laboratoria, dezelfde hepcidineconcentratie bij dezelfde patiënt. Een aantal
studies hebben echter laten zien dat dit niet het geval was: de gemeten hepcidineconcentratie in het bloed van één patiënt kon wel met een factor 9 verschillen
tussen verschillende meetmethoden. Dit belemmert het vaststellen van een
internationaal referentie-interval, wat aangeeft binnen welke grenzen het
hepcidinegehalte van het bloed moet vallen om uit te sluiten of juist aan te
tonen dat iemand een bepaalde ziekte heeft. Daarom hebben wij een kalibrator
gemaakt, ook wel referentiemateriaal genoemd, wat beschreven staat in
Hoofdstuk 2. Een kalibrator wordt gebruikt om meetmethoden mee te ijken,
een proces waarbij de gemeten waardes van een methode vergeleken worden
met een standaard en naargelang aangepast worden. Om een referentiemateriaal
voor hepcidinemeetmethoden te maken, hebben we bloed van gezonde proefpersonen samengevoegd en met specifieke, nauwkeurige technologie (aminozuuranalyse en massaspectrometrie) vastgesteld hoeveel hepcidine hier exact in
zit. Dit kan beschouwd worden als de ‘ware’ hepcidineconcentratie. Vervolgens
hebben we het bloed verdeeld over honderden flacons; het referentiemateriaal.
De deelnemende laboratoria hebben die materiaal gemeten en bepaald hoe ver
hun resultaat van de door ons vastgestelde concentratie afweek. Zo konden zij
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vaststellen met welke factor ze hun uitslagen in de toekomst moeten aanpassen
om de ware hepcidineconcentratie in bloedmonsters te rapporteren. Dit proces
noemen we ook wel standaardiseren; de uitslagen van verschillende meetmethoden
in overeenstemming met elkaar brengen zodat ze allemaal tot eenzelfde juist
resultaat te komen. Dit bleek succesvol aangezien de variatie in hepcidinemeetresultaten, gemeten door verschillende meetmethoden, significant verlaagd
werd wanneer zij het referentiemateriaal gebruikten om hun uitslagen te
corrigeren: in één studie van 42.1% naar 11.0% en in de andere studie van 52.8%
naar 19.1%. Het succes van standaardiseren berust echter wel op wereldwijd
gebruik van het referentiemateriaal door hepcidinemeetmethoden.
Naast overeenstemming in resultaten van hepcidinemetingen door verschillende
meetmethoden is het eveneens cruciaal dat de meetmethoden betrouwbare
resultaten geven. Daarom hebben wij een externe kwaliteitsevaluatie opgezet,
die in Hoofdstuk 3 beschreven staat. Dit is een veel gebruikte manier om te
controleren en beoordelen of meetmethoden aan internationaal gestelde kwaliteitseisen voldoen. Hierbij worden dezelfde bloedmonsters naar deelnemende
laboratoria gestuurd. Zij analyseren deze zoals ze dat normaal zouden doen
voor patiëntenmonsters en sturen de resultaten terug. Deze worden vervolgens
onafhankelijk (extern) geëvalueerd aan de hand van diverse analytische aspecten,
waaronder lineariteit, parallelisme en reproduceerbaarheid. Op deze manier
wordt de kwaliteit van deelnemende meetmethoden gewaarborgd, omdat
methoden die niet goed presteren geïdentificeerd worden. Tevens kan de overeenstemming tussen de verschillende meetmethoden bestudeerd worden.
Aangezien een dergelijke kwaliteitstest nog niet bestond voor hepcidinemeetmethoden hebben wij een internationale proefversie (pilot) hiervan opgezet in
samenwerking met de Nederlandse Stichting Kwaliteitsbewaking Medische Laboratoriumdiagnostiek (SKML). De resultaten van de kwaliteitsevaluatie lieten
zien dat de meeste hepcidinemeetmethoden wel aan gestelde criteria voldeden,
maar dat er nog steeds een gebrek aan standaardisatie (overeenstemming) was.
Dit geeft aan dat, ondanks dat er referentiemateriaal beschikbaar is, dit nog
niet door iedereen gebruikt wordt. Het terugkoppelen van deze resultaten en
het regelmatig uitvoeren van een externe kwaliteitstest zal de verschillende
laboratoria moeten aansporen het referentiemateriaal te gebruiken en zo mee
te werken aan wereldwijde standaardisatie van hepcidinemeetmethoden.
Een ander belangrijk aspect van het standaardiseren van meetmethoden is
zorgen dat iedereen hetzelfde meet, in dit geval enkel het pure hormoon
hepcidine. Sommige hormonen zijn namelijk geheel of gedeeltelijk gebonden
aan een ander eiwit in het bloed. De fractie dat vrij door het bloed stroomt kan

199

8

CHAPTER 8

direct zijn functie uitoefenen, terwijl de fractie van het hormoon die gebonden
is dient als opslag. Van hepcidine was nog niet bekend of – en, zo ja, in welke
mate – het in het bloed gebonden is. Als verschillende meetmethoden echter
variabel vrij of gebonden hepcidine meten in bloed, zullen de resultaten nooit
in overeenstemming komen, ondanks gebruik van het referentiemateriaal.
Daarom hebben we onderzocht of hepcidine in het bloed vrij of gebonden
aanwezig is, wat staat beschreven in Hoofdstuk 4.
Omdat de moleculaire structuur van hepcidine ervoor zorgt dat het
gemakkelijk blijft plakken aan plastics, waar in het laboratorium doorgaans
mee gewerkt wordt, zijn standaardtechnieken die hormoonbinding onderzoeken
niet goed te gebruiken. Om die reden hebben wij een geheel nieuwe manier
bedacht om dit vraagstuk te benaderen. Patiënten met verminderde nierfunctie
ondergaan als behandeling dialyse. Hierbij wordt het bloed kunstmatig gefilterd
en daarbij van afvalstoffen ontdaan. Een specifieke manier van dialyseren is
zogenaamde peritoneaaldialyse. De organen in de buikholte zijn bedekt met een
vlies (het buikvlies of peritoneum) en dit vlies kan ook gebruikt worden als filter.
Bij peritoneaaldialyse wordt er spoelvloeistof in de buikholte gebracht die zo in
contact komt met het buikvlies. Omdat er veel bloedvaatjes door het buikvlies
lopen, kunnen afvalstoffen vanuit het bloed via het buikvlies naar de
spoelvloeistof diffunderen en zo worden afgevoerd. De snelheid waarmee
stoffen uit het bloed wordt gefilterd is afhankelijk van hun grootte. Hoe groter
het molecuul, hoe langzamer het transport door het buikvlies. Van dit principe
hebben wij gebruik gemaakt. Hepcidine in gebonden vorm zou langzamer het
buikvlies passeren dan in vrije vorm. Met het gebruik van bloedmonsters en
spoelvloeistofmonsters van 14 patiënten die peritoneaaldialyse ondergaan kan
het bindingspercentage van diverse hormonen en andere moleculen berekend
worden. We hebben dit concept eerst getest met de hormonen cortisol en
testosteron. Hiervan is bekend dat deze grotendeels in gebonden vorm door het
bloed stromen en de met ons model uitgerekende bindingspercentages waren in
overeenstemming met de literatuur. Het bindingspercentage berekend voor
hepcidine bleek 40% met een spreiding van ± 23%. Alhoewel dit erop lijkt te
duiden dat hepcidine voor het grootste deel vrij door het bloed stroomt,
verhindert de grote spreiding van het percentage het trekken van eenduidige
conclusies. Bij nader onderzoek vonden we dat waarschijnlijk andere factoren
mogelijk de nauwkeurigheid van het berekende bindingspercentage van
hepcidine hebben beïnvloed, zoals het gebruik van plastic buizen waarin het
bloed en de spoelvloeistof van patiënten wordt verzameld, en zo de grote
spreiding hebben veroorzaakt. Het gebruik van peritoneaaldialyse is, voor zover
wij weten, het eerste model om hormoonbinding direct in mensen te bestuderen
in tegenstelling tot de gebruikelijke ‘reageerbuistechnieken’. Desondanks zal
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verdere verfijning van het model nodig zijn om de betrouwbaarheid van de
bevindingen in de toekomst te vergroten.
In Hoofdstuk 5 beschrijven we de ontwikkeling van een nieuwe meetmethode
voor het hormoon erythroferrone (ERFE). Dit hormoon signaleert de lever om
minder hepcidine te produceren, zodat er voldoende ijzer in het bloed aanwezig
is voor de aanmaak van nieuwe rode bloedcellen. Het bestaan van ERFE is pas
ontdekt in 2014. Om die reden was er tot voor kort nog maar één meetmethode
voor ERFE gepubliceerd.
Bij patiënten met een ineffectieve erytropoëse zijn niet alleen de hepcidinegehaltes afwijkend maar wijken ook ERFE-waardes af. Vandaar dat ERFE-bepalingen toegevoegde waarde hebben bij de diagnostiek van deze patiënten. Met
de meetmethode die wij hebben ontwikkeld, laten we zien dat patiënten met
verschillende vormen van ineffectieve erytropoëse onderscheiden kunnen
worden op basis van ERFE-gehaltes van het bloed. Daarnaast hebben we de
eigenschappen van de meetmethode, zoals reproduceerbaarheid en lineariteit,
onderzocht om zo de beperkingen van de methode vast te stellen. Deze
beperkingen leiden tot gebruiksvoorwaarden van de meetmethode om er zo
voor te zorgen dat de resultaten betrouwbaar en bruikbaar zijn. In de toekomst
zal meer kennis van het moleculaire gedrag van het hormoon en kennis over de
verhouding tussen de (eventueel) gebonden en niet-gebonden vorm ertoe leiden
dat de techniek van ERFE-meting verbeterd kan worden.
Hepcidine wordt voornamelijk aangemaakt in de lever en kan via het bloed
terecht komen bij de nieren. Tevens blijken sommige cellen in de nier (in de
distale tubuli) kleine hoeveelheden hepcidine aan te kunnen maken en zo
lokale ijzerstofwisseling te reguleren. Dit lokaal gemaakte hepcidine lijkt zelfs
beschermend te zijn tegen acute nierschade als gevolg van ijzer. Dergelijke acute
nierschade kan ontstaan bij patiënten die tijdens een grote operatie aan een
hart-long-machine worden aangesloten. Hierbij stroomt het bloed van de patiënt
door de machine, wordt daar van zuurstof voorzien en terug naar het lichaam
gepompt. De kracht van de machine kan er echter toe leiden dat de rode
bloedcellen beschadigen, waardoor te veel vrij ijzer in het lichaam komt. Dit
vrije ijzer kan de oorzaak zijn van schade aan organen, waaronder de nieren. Tot
op heden zijn er nog geen manieren om acute nierschade bij gebruik van een
hart-long machine te voorkomen of beperken.
Eerder onderzoek liet zien dat patiënten met verhoogde hepcidinegehaltes
in de urine minder kans hebben op nierschade. Aangezien de hepcdineconcentraties in hun bloed niet waren verhoogd, doet dit vermoeden dat de hepcidine
in de urine afkomstig is van de nieren zelf. Het is echter onduidelijk hoe en
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waar in de nier deze bescherming tot stand zou komen. Wij hebben hiertoe in
niercellen van muizen onderzocht hoe de aanmaak van hepcidine in de nier
aangestuurd wordt. Dit staat beschreven in Hoofdstuk 6. Door de niercellen
bloot te stellen aan ijzer hebben we de situatie in patiënten met acute nierschade
proberen na te bootsen. Vervolgens hebben we onderzocht of – en zo ja welke –
veranderingen in deze cellen optraden in de expressie van genetische informatie
(mRNA-veranderingen). Op deze manier hebben we kunnen identificeren welke
eiwitten een rol spelen bij de aanmaak van nierhepcidine. Daarnaast hebben we
gekeken naar de mogelijk beschermende werking van nierhepcidine op het
ontstaan van nierschade als gevolg van beschadigde rode bloedcellen. Hiertoe
zijn speciale muizen gefokt die geen nierhepcidine meer konden aanmaken,
maar wel hepcidine in de lever. Bloedanalyses lieten zien dat de ijzerstofwisseling
in de nieren van muizen zonder nierhepcidine veranderd was ten opzichte
van de normale muizen met nierhepcidine. Daaruit konden we concluderen
dat nierhepcidine een rol speelt bij het normaal functioneren van de nieren.
Vervolgens hebben we in de muizen nierschade door vrij ijzer nagebootst door
toediening van de stof fenylhydrazine dat rode bloedcellen beschadigd. Uit deze
studie bleken de verschillen qua nierschade en bescherming tussen muizen
met en zonder fenylhydrazine niet eenduidig. Bovendien was de productie van
leverhepcidine veranderd door phenylhydrazine toediening, waardoor het
onmogelijk bleek de effecten van lever- en nierhepcidine op de bescherming
tegen nierschade te onderscheiden. In toekomstige studies is het vereist om
nieuwe modellen te ontwikkelen die het afzonderlijk bestuderen van lever- en
nierhepcidine gedurende schade aan rode bloedcellen mogelijk maakt, zodat
een beter inzicht kan worden verkregen in de beschermende rol van
nierhepcidine bij het ontstaan van acute nierschade met het oog op nieuwe
behandelmethoden.
In Hoofdstuk 7 worden de bevindingen van dit proefschrift bediscussieerd,
wordt er gereflecteerd op de beschreven studies en worden er suggesties gedaan
voor toekomstig onderzoek. Samenvattend legt het onderzoek dat beschreven
staat in dit proefschrift fundament voor een juiste en betrouwbare meting van
hepcidineconcentraties in bloed door meetmethoden wereldwijd. Daarnaast
hebben we een ERFE-meetmethode ontwikkeld die het mogelijk maakt om de
regulering van hepcidine door ERFE bij mensen beter te bestuderen en hebben
we geïdentificeerd hoe hepcidine in de nier wordt aangemaakt. We konden
echter geen eenduidige conclusies trekken betreffende de beschermende rol
van nierhepcidine op het ontstaan van nierschade.
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Data management refers to collecting, handling and storing empirical data in a
transparent and reliable manner in order to prevent errors and increase quality
of the research and help others to easily reuse and reproduce data. Research
data presented in this thesis and obtained during my PhD trajectory at the
Translational Metabolic Laboratory, Radboudumc were archived according to
the Findable, Accessible, Interoperable, and Reusable (FAIR) principles (Wilkinson
et al. 2016, Scientific Data). Both obtained primary and secondary data were
stored on LabGuru, a digital lab book client which is centrally stored and daily
backed-up on the local Radboudumc server. Additionally, data was stored at the
department specific local server which were replicated daily to severs of the
Radboud University. All data files are only accessible by associated scientific
staff members.
Studies involving human material (Chapter 2, 3, 4, and 5) were conducted
in accordance with the Declaration of Helsinki. The study protocol used in
Chapter 2, 4 and 5 were approved by the Medical Ethical Review committee and
the Board of Directors of the Radboudumc (Chapter 2 and 5) or Isala hospital
(Chapter 4). All participants gave written informed consent to engage in the
study. In Chapter 2 and 3, left-over material was fully anonymized upon
collection and was handled in accordance with the code for proper secondary
use of human tissue in The Netherlands. Research involving mouse studies
(Chapter 6) were conducted in accordance with the guidelines of the Principles
of Laboratory Animal Care (National Institutes of Health) and approved by
the local Animal Welfare Committee of the Radboudumc. All data generated
or analyzed in this thesis are included in submitted or published peer-reviewed
papers and its additional files are available from the associated corresponding
author on request.
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onderzoek dat zij verrichtte tijdens haar stage bestudeerde Laura meerdere
aspecten van hepcidine om zo de toepasbaarheid van hepcidinemetingen in de
kliniek te verbeteren. Haar onderzoek heeft geresulteerd in meerdere publicaties
in wetenschappelijke tijdschriften, die beschreven staan in dit proefschrift en
veelvuldig geciteerd worden. Gedurende deze jaren heeft Laura tevens acht
studenten begeleid, maandelijks research meetings voor de afdeling georganiseerd,
haar werk gepresenteerd op meerdere internationale congressen en een secundair
referentiemateriaal geproduceerd dat momenteel verkocht wordt via hepcidinanalysis.com.
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Dankwoord
In januari 2016 begon ik mijn halfjarige masterstage op het Translationeel
Metabool Laboratorium (TML) in Nijmegen en keerde in april 2018 terug om
mijn PhD te starten. Nu is de tijd aangebroken dat ik op 3 september 2021 mijn
proefschrift zal verdedigen. De 3 jaar promotieonderzoek waren zeker niet
altijd gemakkelijk, maar ik ben ontzettend trots op wat ik heb bereikt. Ik ben
dankbaar voor de kansen, verantwoordelijkheden en het vertrouwen dat ik heb
gekregen, de reizen die ik heb mogen maken, alle dingen die ik (met veel plezier)
heb mogen organiseren en alle leuke en lieve mensen die ik heb leren kennen in
deze jaren. Met dit laatste hoofdstuk sluit ik een periode in mijn leven af, waarin
ik ontzettend veel geleerd, gedaan, gelachen en genoten heb. Deze tijd heeft een
cruciale bijdrage geleverd aan zowel mijn persoonlijke als academische
ontwikkeling. Bij deze wil ik de mensen bedanken die hier, op welke manier
dan ook, een rol in hebben gespeeld.

Promotor
Allereerst mijn promotor prof. dr. Dorine Swinkels. Beste Dorine, wie had 5 jaar
geleden gedacht dat dit moment zou komen, toen ik kwam solliciteren voor
een stageplaats binnen de ijzergroep onder jouw supervisie. Dankzij jou ben
ik ontpopt van een onzekere student naar een zelfstandig wetenschappelijk
onderzoeker. Als masterstudent gaf je me al veel verantwoordelijkheden en
mocht ik van jou al presenteren op een internationaal congres! Dit vertrouwen
schepte een fijne band waarin je me het gevoel gaf je gelijke te zijn en dat mijn
ideeën er toe deden, iets wat ik ontzettend waardeerde en waardoor ik het
promotietraject zeker samen aan wilde gaan. Je enthousiasme en gedrevenheid
is erg bewonderingswaardig en vooral aanstekelijk. Na een gezamenlijke
spar-sessie, gepland of spontaan aan het eind van de dag bij de printer, had ik
altijd genoeg motivatie en nieuwe ideeën om door te pakken. Jij leerde me na te
denken over de ‘so what’, de lead te nemen, mijn balletjes hoog te houden, maar
ook kritisch te zijn naar mijzelf als persoon; lessen die ik altijd bij me zal dragen
en waar ik je erg dankbaar voor ben.

Copromotor
Beste dr. van Swelm, lieve Rachel, ook jou ken ik ondertussen al 5 jaar. In het
begin was ik ontzettend onder de indruk van jouw discipline. Als ik ’s ochtends
op het lab aankwam was jij al ruim een uur bezig, pauzes waren niet echt jouw
ding en meestal ging je ook nog later weg dan ik. Hierdoor leerden we elkaar
niet heel goed kennen, maar daar kwam verandering in toen we samen op
congres gingen naar Innsbruck. We bleken meer op elkaar te lijken dan gedacht
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en deelden de liefde voor hardstyle festivals, Nike Airmax, taart, lekker direct
zijn en pragmatisch te werk gaan. Ik had oprecht geen betere copromotor kunnen
wensen. Jouw ‘niet lullen maar poetsen’-houding was soms overweldigend maar
gaf me de schop onder mijn kont die ik zeker nodig had. Ik heb ontzettend veel
geleerd van jouw manier van schrijven: concreet zijn en zeggen waar het op staat.
Bovendien had je altijd een luisterend oor of even tijd om te bellen/lekkers te
halen op momenten dat het lastig was, wat ik enorm waardeerde. Ondanks dat
je op het eind bij een andere afdeling ging werken kon ik altijd met je overleggen
over de resultaten of technische aspecten en ik denk dat niemand sneller naar de
stukken van haar promovendus kijkt als jij. Ik heb je niet voor niets vorig jaar
opgegeven voor ‘supervisor of the year’! Dank je wel voor al je hulp en de leuke
momenten die we gedeeld hebben. Ik denk met een lach terug aan jouw imitatie
van mijn uitspraak van ‘eibrood’, de dikke pony GIFs en de ‘bijzondere’ momenten
die we meegemaakt hebben op de EIC. Ik ben blij dat je je plek nu helemaal
hebt gevonden!

Manuscriptcommissie en oppositiecommissie
Ook wil ik graag mijn manuscriptcommissie, bestaande uit prof. dr. Clara van
Karnebeek, prof. dr. Bart Biemond en prof. dr. Christa Cobbaert, bedanken
voor de tijd en moeite die jullie gestoken hebben in het lezen en beoordelen van
mijn proefschrift. Prof. dr. Michiel Schreuder, dr. Albertine Donker en prof.
dr. Marc Thelen, hartelijk dank voor jullie bereidheid plaats te nemen in de
oppositiecommissie. Beste Michiel, ik wil je tevens bedanken voor je hulp als
mijn mentor de afgelopen jaren. Wat bijzonder dat we dit traject nu ook samen
kunnen afsluiten. Beste Albertine, ook nog een speciaal woord van dank aan
jou. Helaas is het IRIDA-werk niet in mijn proefschrift terecht gekomen, maar ik
heb ontzettend veel van je geleerd en genoten van onze gesprekken en de
gezelligheid tijdens de BioIron in Heidelberg.

Collega’s
De afgelopen jaren hoorde ik thuis bij de ijzergroep, waar ik de kleine benjamin
was. Lieve Rian, Coby, Siem, Erwin en Sanne, dank jullie wel dat jullie je over
mij ontfermt hebben en natuurlijk voor jullie onmisbare hulp en adviezen.
Riantje, dank je wel dat ik bij jou altijd terecht kon om even bij te kletsen met
een Sallos en voor je moederlijk advies als ik ergens mee zat. Niet te vergeten;
dank je wel voor het vermaken van mijn ‘iets te open-vallende’ jumpsuit! Zonder
jouw hulp was hoofdstuk 5 nooit tot stand gekomen. Ik heb ontzettend veel van
je geleerd wat betreft analytische validatie van ELISA’s en ik ben blij dat we dat
project samen hebben mogen doen. Alle hepcidinebepalingen gedurende mijn
promotie zijn uitgevoerd door Coby en Erwin, ontzettend bedankt daarvoor.
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Coby, van jou heb ik zoveel geleerd wat betreft hepcidinemetingen, inclusief de
pre- en post-analytische aspecten, en jouw input was cruciaal voor maar liefst
drie hoofdstukken van dit proefschrift! Je stikstofbommetjes, manier van
uitleggen (‘dat snap je toch wel’) en slappe lach als ik weer iets geks zei, zal ik
niet vergeten. Dank je wel voor alles! Siem, jouw hulp bij sample collectie,
de biobank en verzendingen was ook zeker onmisbaar tijdens mijn onderzoek,
dank je wel daarvoor. Elke keer als ik een ziekenhuisstepje zie staan moet ik
lachend denken aan hoe we samen flebo’s gingen ophalen met de step, waarbij
ik je totaal niet kon bijhouden en uitgeput aankwam op onze bestemming.
Bedankt Erwin dat ik qua bestellingen en qPCR vragen altijd op jou kon rekenen.
Sanne, onze tijd samen was kort maar voor vragen over promoveren, carrière
opties of het kweken van CiPTECs kon ik bij je terecht, dank je wel!
Naast de ijzergroep wil ik ook de rest van mijn ontzettend leuke collega’s van
het TML bedanken. Jullie zijn met te veel om allemaal individueel op te noemen,
maar weet dat ik dankzij jullie elke dag met veel plezier naar mijn werk ging!
Graag wil ik er toch nog een aantal in het bijzonder bedanken.
Ten eerste mijn paranimf Tessa, oftewel tespacito, tespo, testi, tessieP, teskimo,
tesper of tessiepedia genoemd. Lieve, lieve Tes, waar moet ik beginnen? In 2016
begonnen we samen onze stage in de ijzergroep, wat het begin van een
waardevolle vriendschap bleek. Ook al leken we 180 graden anders te zijn en
moest je wennen aan de directheid en vooral luidruchtigheid van mij en Esther,
de gedeelde struggles tijdens dat half jaar (en soepwoensdag) brachten ons
nader tot elkaar. Gelukkig ging jij ook je PhD op het TML doen en wat een
herinneringen hebben we de afgelopen jaren gemaakt. Als ik deze allemaal zou
noemen, zou mijn dankwoord het halve boekje beslaan. Samen naar Innsbruck,
waar we een kamer deelden en wizzin zie mountains de lekkerste chocolademousse van ons leven hebben gegeten, samen riktoernooien organiseren, de
slappe lach hebben wanneer het eigenlijk niet kon (paazway) en samen huilen
op de derde verdieping als 1 van ons het even niet meer zag zitten. Werk was
zonder elkaar toch minder leuk, waardoor we als 1 van ons vakantie had we
elkaar maar elke dag sad selfies stuurden. Je was zoveel meer dan een collega
de afgelopen jaren; mijn menselijke spellingscontrole, kennisbank, privépsycholoog maar bovenal mijn steun en toeverlaat, waar ik je allemaal eeuwig
dankbaar voor ben. Soms wou ik dat je jezelf door mijn ogen kon zien, want ik
vind je echt een prachtig mens Tes en ik weet zeker dat je in je toekomstige
carrière, wat je ook gaat doen, iedereen omver zal blazen. Dankjewel dat je jij
bent en voor je hulp, adviezen, grapjes en knuffels de afgelopen jaren. Ik had dit
zonder jou naast me niet gekund en ben daarom ook zo dankbaar dat je als
paranimf naast me zal staan.
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Nog maar een kleine twee jaar geleden kwam er een nieuwe PhD op onze
afdeling werken en vanaf minuut 1 bleek het mijn twin te zijn (iets met
komkommers?). Lieve Emma, lieve mem, wat moet ik altijd lachen met jou. Al
kennen we elkaar zo kort, we snappen precies wat de ander bedoelt, hebben
dezelfde humor, dezelfde liefde voor taert, dezelfde (aanwezige) persoonlijkheid
inclusief eigen taal en hetzelfde gebrek aan algemene kennis. Zelfs onze mannen
hebben (bijna) dezelfde naam, onze moeders zijn op dezelfde dag jarig én hebben
we (onbewust) dezelfde kleding! Zoals jij me laatst nog zei; ‘in een alternate
universe waren we sowieso zussen’. Dank je wel dat je er was de afgelopen tijd
maatje. Ook al wist je niks, je was er wel altijd voor een knuffel, dansje, drankje
of praatje. Ik ben zo blij dat ik je heb leren kennen en weet dat mijn honing
altijd paraat zal staan voor jou.
Verder wil ik graag Marc, Joris, Mariska en Iris bedanken voor de
gezelligheid op de werkvloer, de oneindige rikpotjes, pubquizzen, spelletjes-/
filmavondjes, chocoladewoensdag, borrels en feestjes. Jullie hulp bij klinischchemische vraagstukken, afleiding in de vorm van tafeltennissen, een knuffel
of lekker (glütenfree) snacken (Murc MSc MSc), tequila drinken of dansjes doen
(Jori), (elektrisch) fietsen naar congressen of spelletjes doen (Sjaak) en hardlopen
(Iris) waardeerde ik enorm! Jullie aanwezigheid fleurde mijn dagen helemaal op.
Lieve Jacintha, mijn mede rik-cie lid, dank je wel voor je oprechte interesse,
enthousiasme en lieve maar ook bemoedigende woorden de afgelopen jaren.
Zelfs als ik jarig was stuurde je een mailtje, of een appje met kerst, oud en nieuw
of als je me gewoon even niet gezien had op het lab. Ik ga je oprecht missen,
want er zijn weinig collega’s zoals jij. Maar ik beloof dat ik terug blijf komen
voor de memorabele rikavondjes met bijbehorende friettafel, aangezien ik toch
echt nog een keer moet winnen! In het verlengde hiervan wil ik tevens de hele
rikgroep, waaronder Erna (mijn MM-tje), Sandra, Theo, Manon, Lovice en Irma,
bedanken voor de leuke pauzes op donderdagmiddag en de gezellige toernooitjes.
Marcel en Udo, wat heb ik altijd gelachen met en om jullie. Dank jullie wel voor
alle leuke activiteiten (kroegentochten, bowlwedstrijden en quizzen) die jullie de
afgelopen jaren hebben georganiseerd, wat zorgde voor de nodige ontspanning!
Helaas hebben we het LABGK-feest niet meer samen mogen organiseren Udo, dat
was me wel een knalfuif geworden hoor. Verder wil ik graag Frans bedanken
voor al je hulp bij de celkweek; Nick, thanks for making the RIMLS symposia
and conferences more fun; Ron, ik ga onze vrolijke ‘hoooi’ in de ochtend zeker
missen; Bea, zonder jou was de kantoortuin een chaos, en zonder mij nu misschien
minder, en dank je wel voor je hulp bij experimenten; Andrei, dank je wel dat
je samen het smoelenboek wilde opzetten en voor al je lieve knuffels; Pieter,
zonder jou waren cursussen echt een stuk minder grappig en Siebolt, sorry dat
ik zo’n herrie maakte in je kantoortje als student, maar ik denk dat je het
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stiekem eigenlijk wel heel gezellig vond. En niet te vergeten Siebs, dank je wel
voor de gezellige tijd en dat ik altijd op je kon rekenen als eet-maatje!
Eveneens een woord van dank aan jou Alain, ik waardeer het enorm dat ik
altijd bij je terecht kon om te praten over mijn onderzoek, maar ook om mijn
ideeën, zowel werk- als sociaal-gerelateerd, te pitchen. Daarnaast kon ik op
feestjes ontzettend met je lachen en denk ik met plezier terug aan de dansjes die
we gedaan hebben! Gelukkig hebben we die leuke fotostrips nog.
Lieve Louk, helaas ging je met pensioen toen ik aan mijn PhD begon, maar
wat ben ik dankbaar dat ik jou heb leren kennen tijdens mijn stage op het TML!
Mede dankzij onze goede gesprekken en je peptalks ben ik zover gekomen.
Graag wil ook mijn collega’s van andere afdelingen hier vermelden. Jitske,
Laura, Roy en Tijmen, jullie celkweek- en CiPTEC-kennis was onmisbaar als ik
weer eens in mijn eentje stond te klungelen of als ik materialen tekort kwam.
Dank jullie wel daarvoor! Dirkie, jou ken ik van mijn tweede masterstage, op de
afdeling nierziekten. Ik ben super blij dat we contact hebben gehouden en zo
ons PhD lief en leed, naast onze liefde voor uptempo muziek en buns, konden
delen. Je bent echt een topper, een geweldige papa voor Thomas, en ik weet
zeker dat je jouw verdediging gaat rocken! Nicolaï, de Russische koning van de
ELISA’s, wat heb ik veel van jou geleerd. Jouw kennis is echt bewonderingswaardig
en essentieel geweest voor hoofdstuk 5. Ik denk met een lach terug aan onze
meetings, waarbij we eerst minimaal 30 minuten praatten over wodka, Rusland
of vakanties, waarna Rian en ik probeerden te begrijpen wat je had gedaan en
jij niet begreep hoe wij dit niet konden begrijpen. Lisa, dank je wel voor al het
voorwerk dat je hebt gedaan betreffende de harmonisatie van hepcidineassays,
waar ik op mocht voortborduren. Dit heeft me een enorme duw in de rug
gegeven en ik ben super trots dat we uiteindelijk gezamenlijk standaardisatie
mogelijk hebben kunnen maken.
Veel werk wat in dit proefschrift beschreven staat is mede mogelijk gemaakt
door de hulp van mijn studenten. Eckart, Iris R., Lotte, Iris E., Anouk en Sanne,
dank jullie wel voor jullie inzet, enthousiasme en gezelligheid, maar ook dat ik
van en door jullie kon leren als begeleider. Een speciaal woord van dank voor
Gaby, mede dankzij jou, je labskills en harde, zelfstandige manier van werken
is hoofdstuk 6 een feit. Heel veel succes met je verdere carrière! In addition,
I would like to thank you, Ellis, for all the effort you made to develop the third
calibrator and make chapter 3 a success. It was a real pleasure to work together
and I wish you all the luck in your future career.
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Ook een woord van dank voor alle coauteurs voor de feedback op de manuscripten
en ondersteuning bij het opzetten en uitvoeren van de desbetreffende studies.
In het bijzonder Cas Weykamp, Anton de Haan, Hilde Peters, Teun van
Herwaarden, Hans Groenewoud, Joanna in ’t Hout en Jack Wetzels, jullie
input was cruciaal voor de totstandkoming van dit proefschrift. I would like to
thank all coauthors for their feedback on the manuscripts and their support
during the set-up and execution of subsequent studies. In particular a word of
gratitude towards Vincent Delatour, Gustavo Martos and Léon Kautz, your
contribution to this thesis was indispensable. In addition, I would like to thank
the ‘hepcidin community’, including all laboratories and companies, for their
cooperation during the standardization studies and for using the reference
material enabling standardization. Tevens wil ik alle patiënten en vrijwilligers
bedanken die deel hebben genomen aan onze studies. Hun materiaal was
essentieel en dankzij deze personen hebben we gezamenlijk een bijdrage
kunnen leveren aan de wetenschap.
Verder vind ik het op zijn plaats hier mijn scheikunde leraar van de middelbare
school, het CLV te Veenendaal, te bedanken. Meneer Klein Douwel, beste Coen,
zonder jouw enthousiaste manier van les geven was mijn interesse voor de
scheikunde, met name biochemie, nooit gewekt. Module ‘the magic bullet’ heeft
zeker mijn toekomst richting gegeven en daarmee er voor gezorgd dat ik dit
bereikt heb. Mijn dank is groot!

Vrienden en vriendinnen
De afgelopen jaren was de belangstelling, steun en vooral afleiding van mijn
lieve vrienden en vriendinnetjes onmisbaar. Jullie zijn met te veel om allemaal
op te noemen, maar weten over wie ik het heb; dank jullie wel dat jullie er zijn
en voor de tennispotjes, spelletjesavonden, plantengesprekjes, etentjes, feestjes,
gezelligheid en ook vooral de moeite die jullie hebben gedaan om te begrijpen
wat ik doe, al is het voor de meeste een hele andere tak van sport. Toch wil ik bij
een aantal nog even stilstaan, zoals mijn huisgenootjes van de Houthof.
Dankzij jullie heb ik echt een toptijd gehad in Nijmegen en voelde dat zeker als
thuis. Ook al zijn we bijna allemaal verhuisd, ik ben blij dat het contact is
gebleven.
Lieve Esther, jij stond al naast me aan het begin van dit avontuur in 2016.
Ik denk dat het welgeteld 30 minuten duurde voordat we elkaar helemaal
hadden gevonden en sindsdien is dat (gelukkig) niet meer weggegaan. Ik ken
niemand die zo attent, enthousiast, zorgzaam, positief en blij is als jij en samen
zijn we echt een wervelwind waar ik ontzettend van kan genieten (anderen
minder denk ik). Jij haalt oprecht het beste in me naar boven, laat me altijd
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lachen en ik ben ontzettend blij met jou in mijn leven. Ik ben super trots op je,
hoe sterk je bent en hoe je mijn bestie Puckie opvoedt. Ik kan niet wachten tot
ons nieuwste TML jwz lid geboren wordt!
Alweer 9 jaar geleden begonnen we gezamenlijk aan de studie moleculaire
levenswetenschappen en lieve Emma, Nanda en Michelle, wat hebben we
ondertussen allemaal veel bereikt en herinneringen sindsdien gemaakt;
Antwerpen, de (vreselijke) studiegala’s, de geweldige activiteiten van de
vereniging en vele avondjes uitgaan en sleepovers. Al zijn we allemaal een
andere richting op gegaan qua werk en woonplaats, de keren dat we bij elkaar
komen zijn minstens zo gezellig als vanouds. Dank jullie wel dat jullie er al
zoveel jaar al voor me zijn en ik waardeer alles wat jullie voor me gedaan en
betekend hebben enorm. Succes nog met jouw PhD Nan, je bent er bijna!
Lieve Kelly, jou ken ik het langst van allemaal (al 27 jaar vriendinnen?)
wat resulteert in oneindig veel herrineringen. Ik kan niet wachten tot we later
met onze gezinnetjes samen naar Gerlos gaan om de traditie van onze ouders
voort te zetten. Al spreken we elkaar niet wekelijks, je hebt een speciaal plekje
in mijn hart.
De op een na langste vriendschap is toch wel met jou Anne Marie. Begonnen
als dansmaatjes in Veenendaal, maar waar we in al die jaren ondertussen allebei
gewoond hebben; onze vriendschap is nooit veranderd en we weten precies wat
we aan elkaar hebben. Dank je wel daarvoor!
Lieve Shannon en Shauny, ook jullie staan echt altijd voor me klaar met
jullie vrolijkheid, optimisme en betrokkenheid, waar ik super dankbaar voor
ben. Samen hebben we hoogtepunten gevierd, dieptepunten overwonnen en
hopelijk kunnen we dat samen blijven doen.
Met name de afgelopen maanden, die oprecht het zwaarst waren, heb ik
zoveel gehad aan jou lieve Elise. Ik kon je dag en nacht bellen (wat ik ook
veelvuldig huilend gedaan heb) en elke keer gaf je me weer de motivatie door te
gaan of de knuffel die ik op dat moment nodig had. Ik ben zo blij met onze
vriendschap, de wekelijkse eet- en spelletjesavonden, crea-bea-dagen, wodkaescalaties, maar het meeste waardeer ik nog de ‘gewone’ momentjes dat we met
een theetje op de bank zitten en de beste gesprekken kunnen hebben. In de
korte tijd dat we elkaar kennen zijn we zoveel gegroeid samen en je bent zo’n
begripvol, open en warm persoon dat ik echt in mijn handjes mag knijpen met
een vriendin zoals jij. Vanuit de grond van mijn hart; dank je wel voor alles.
En dan last but not least, lieve, lieve Esmee, mijn beste vriendinnetje voor
al bijna 15 jaar. Ik heb geen idee waar ik moet beginnen, maar “started from the
bottom now we’re here” is wel vrij toepasselijk. Samen het VWO in Veenendaal
doorlopen, een op zijn minst memorabel te noemen examenreisje in Domburg
gehad, een maandje door Thailand gereisd, samen dagelijks treinen naar Nijmegen
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voor onze studie en uiteindelijk daar ook een verdieping in een studentenhuis
delen waardoor we, op douchen na, ongeveer alles samen deden. Onafscheidelijk,
echt een van de beste periodes uit mijn leven. Dat heeft ook gemaakt dat ik onze
band meer als familiair zie dan vriendschappelijk. We begrijpen elkaar in 1 blik,
vullen elkaars zinnen aan en je weet altijd precies wat ik nodig heb. Daarom ben ik
zo dankbaar dat je als paranimf naast me zal staan en we ook dit samen kunnen
delen. We hebben samen zoveel meegemaakt, we kunnen oprecht een boek
hierover schrijven, dat ik mijn hand er voor in het vuur durf te steken dat deze
band niet meer over gaat. Je bent gewoon mijn persoon. Dank je wel dat je er
elke dag bent en er daarmee bijgedragen hebt aan waar ik nu sta. Woorden
kunnen niet beschrijven hoeveel je voor me betekent.

Familie
Ik kan ook niet anders dan hier mijn lieve familie bedanken. We zijn met veel,
wonen door het hele land en wetenschappelijk of niet-wetenschappelijk, ik ben
ontzettend blij met jullie allemaal om mij heen. Een aantal wil ik nog persoonlijk
benoemen; tante en Jan, dank jullie wel voor jullie oneindige belangstelling,
goede gesprekken en jullie hulp bij onder andere het maken van keuzes
betreffende mijn toekomst die geleid hebben tot deze mijlpaal. Dank je wel
ook Jan voor je waardevolle feedback bij het schrijven van mijn Nederlandse
samenvatting.
Lieve Omie, jij bent mijn grootste cheerleader en ik de jouwe. Je probeert
altijd te begrijpen wat ik ook alweer precies doe, zodat je dat dan weer vol trots
tegen je vriendinnen en op je clubjes kan vertellen. Ik vind het heerlijk hoe je
me elke keer vol trots vertelt dat je spinazie hebt gegeten want ‘dat is toch goed
voor je ijzer’. Mede dankzij jou ben ik wie ik ben vandaag de dag en daar ben ik
je onwijs dankbaar voor. Ik koester onze unieke band en ben vreselijk trots op
hoe je alles maar doet, je bent echt mijn voorbeeld!
Wat ben ik blij dat ik jullie, Jos, Angelien, Koen en Ruth, nu ook mijn
familie mag noemen. Bij jullie voelt het echt als een tweede thuis. Dank jullie
wel voor de interesse en steun de afgelopen jaren, maar ook de nodige afleiding
in de vorm van onze gezellige etentjes, borrels, uitjes naar Noordwijk of de
Veluwe op de E-chopper, skivakanties, spelletjes doen of gewoon de slappe lach
hebben om Jos z’n grapjes. Ik hoop dat we dit nog lang samen blijven doen.
Lieve broer en zussen: Patrick, Marissa, Marjolein en Linda, ik ben blij
jullie allemaal in mijn leven te hebben en dankbaar voor de dingen die we
samen kunnen delen, met een ieder van jullie op een andere en eigen manier.
Mijn lieve grote sis, een speciaal woord van dank nog aan jou. Ik weet dat ik
altijd op je kan rekenen en ik was ook lang niet zo ver gekomen zonder jou naast
me. Ik hoop dat nu ik ouder ben ik hetzelfde voor jou kan betekenen. Ik ben trots
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op je. Lieve Evan, Esmee, Joey, Hailey, Jaelynn, Levi, Ezra, Thijs, Bram, Koen en
mijn kleine baby neefje dat nog in de buik zit, ik voel me bevoorrecht dat ik
jullie tante mag zijn en geniet er vol trots van om jullie te zien opgroeien. Jullie
hebben één voor één een plekje in mijn hart.
Lieve Hans en Anja, jullie hebben me altijd beschouwd als jullie eigen
dochter en onze band koester ik enorm. Lieve An, dankjewel voor alle leuke
dingen die we samen atijd doen, de tripjes die we maken, de wandelingen,
het winkelen maar ook vooral de slappe lach hebben om stomme dingen.
Lieve OWP, dat ineens samenwonen was gelukkig al vanaf het begin een succes.
Jou wil ik vooral bedanken voor de kleine dingen die voor mij veel betekende;
een aai over mijn bol als ik thuis kwam, me leren een fietsband te plakken,
het installeren van lampjes op zolder zodat ik niet van de trap zou vallen als
ik in het donker thuis kwam, het schilderen en verhuizen van mijn studentenkamer en je lach als je 8 teentjes knoflook in het avondeten deed op avonden
dat ik uitging. Dank je wel dat je er elke dag voor me was en zult zijn.
Allerliefste papa en mama, jullie verdienen een ereplekje in dit dankwoord.
Jullie onvoorwaardelijke liefde, hulp, aandacht, aanmoediging en ondersteuning,
allebei op jullie eigen manier, heeft me sinds klein af aan gemotiveerd en
gestimuleerd om mijn dromen na te jagen, de beste versie van mezelf te zijn,
maar bovenal te doen waar ik gelukkig van word. Dankzij jullie heb ik de kans
gekregen me verder te ontwikkelen en weet ik dat waar ik ook ben, wat ik ook
doe, ik altijd op jullie terug kan vallen. Deze zekerheid geeft me dan ook de
ruimte het leven vol te ontdekken en mijn eigen fouten te maken. Jullie hebben
me gevormd tot wie ik ben vandaag de dag en woorden schieten tekort om te
omschrijven hoe dankbaar ik jullie voor dit alles ben.
En dan als allerlaatst mijn rots in de branding en het zonnetje in mijn leven.
Thomas, lieve schat, dank je wel voor al je steun en liefde de afgelopen jaren. Je
bent altijd oprecht geïnteresseerd in mijn onderzoek, hoe mijn experimenten
gingen en waarom dingen dan mis gingen (heel frustrerend want ik had vaak
ook geen idee, haha). Ondanks dat je geen biologische achtergrond hebt kon je
anderen haarfijn uitleggen wat ik precies deed. Je stelde zelfs kritische vragen,
waar ik echt even goed over na moest denken voor ik antwoord kon geven, of die
ik soms niet eens kon beantwoorden. Voor jou was het ook niet altijd even
makkelijk als ik een rebuttal moest schrijven tijdens onze vakantie, waarbij je
samen met mij geïrriteerd reageerde op reviewers want ‘dat stond er toch
gewoon in’. Of als ik dagenlang in mijn konijnenonesie met ongekamd haar voor
de computer zat en het maar een verrassing was of ik blij, geïrriteerd of boos
was, of juist spontaan ging huilen als je je kopje op het aanrecht gezet had in
plaats van in de vaatwasser. Het was in ieder geval niet saai, toch? Dank je wel
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voor je geduld, dat je me eraan herinnert hoe goed ik het doe als ik het zelf even
niet meer zie en voor de zekerheid die je me geeft als ik twijfel aan mijn keuzes.
Ik ken niemand die zo vol leeft, geniet van de kleine dingen en altijd het goede
van alles en iedereen in ziet. Daarom leer ik ook elke dag weer van je. Tijdens
deze jaren is voor mij wel duidelijk geworden dat ik met jou aan mijn zijde alles
aan kan en dat het leven samen toch net iets mooier, gezelliger en leuker is.
Ik hou van je met heel mijn hart en beloof je dat door welke hemel of hel we
gaan, ik naast je sta zoals je ook altijd naast mij staat.
Met herinneringen voor het leven ga ik Nijmegen verlaten en ik kan niet wachten
om te ontdekken wat het leven hierna voor me in petto heeft. Het schrijven van
dit dankwoord heeft me meerdere malen ontroerd door het herbeleven van de
mooie momenten en vooral het stil staan bij de mensen die ik om me heen heb
of heb mogen leren kennen, die een stempel op mijn hart hebben gedrukt.
Ik kan met geen woorden omschrijven hoe dankbaar ik daarvoor ben en ik
mag mezelf erg gelukkig prijzen dankzij jullie.

Heel veel liefs,
Laura
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