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Abstract

Background: Hepcidin is the central systemic regulator of
iron metabolism, but its quantification in biological fluids
is challenging. Rapid, accurate and user-friendly methods
are needed. Our aim was to assess the ability of hepcidin
as measured by three different c-ELISA assays to predict
iron bioavailability in humans.

Methods: The three assays used were commercially availa-
ble DRG and Peninsula assays and the c-ELISA method per-
formed at Radboud University Medical Centre, Nijmegen,
The Netherlands (Hepcidinanalysis.com), validated by
comparative measurements with time-of-flight mass
spectrometry. We analyzed plasma samples (n =37) selected
to represent a broad range of hepcidin concentrations from
a subgroup of healthy, iron-depleted women in a study
assessing fractional absorption from iron supplements.
Results: In single regressions, all three c-ELISA assays
were predictors of fractional iron absorption: R?=0.363
(DRG), R?=0.281 (Peninsula) and R?=0.327 (Hepcidi-
nanalysis.com). In multiple regressions, models includ-
ing hepcidin measured with either DRG-, Peninsula or
Hepcidinanalysis.com explained 55.7%, 44.5% and 52.5%
of variance in fractional absorption, and hepcidin was a
strong predictor of fractional absorption irrespective of
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the hepcidin assays used. However, we found significant
differences in absolute values for hepcidin between dif-
ferent methods. Both the DRG assay’s (y=0.61x+ 0.87;
R?=0.873) and the Peninsula assay’s measurements
(y=1.88x+0.62; R2=0.770) were correlated with Hepcidi-
nanalysis.com.

Conclusions: The bhiological variability in plasma hep-
cidin, (inter-sample CV) was 5-10-fold higher for both
the Peninsula and DRG assay than the analytical vari-
ably (inter-run within-sample CV) suggesting substantial
discriminatory power to distinguish biological hepcidin
variation. Between methods, prediction of iron bioavail-
ability in generally healthy iron depleted subjects appears
comparable.

Keywords: anemia of chronic disease; hepcidin; iron
absorption; iron deficiency anemia; iron overload.

Introduction

Hepcidin (PHep) is an iron regulatory hormone synthesized
by the liver that responds to systemic iron demands, such
as body iron stores, erythropoietic drive and inflammation
[1, 2]. It binds to the only known cellular iron exporter,
ferroportin, leading to degradation and decreased export
of intracellular iron from enterocytes, macrophages and
hepatocytes [2, 3]. Because of its iron-regulatory function,
PHep may play animportant role in diagnosis of iron related
diseases [4]. An example is the determination of PHep
to diagnose iron deficiency anemia (IDA) when it occurs
in concomitance with chronic disease (ACD) [5, 6]. PHep
concentrations may predict which patient will respond
to oral iron supplementation [7], and PHep may be used
to optimize iron supplementation schedules in humans
[8]. However, measuring PHep is technically challeng-
ing, as it is a small (25 amino acid) cysteine-rich cationic
peptide [9, 10]. In addition, due to its compact structure
and the high degree of conservation among a wide range
of species, it elicits a diminished immune response in
host animals, complicating the generation of antibodies.
Nonetheless, immunochemical based-assays for PHep
measurement are commercially available. Although mass
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spectrometry-based methods (liquid chromatography,
LC-MS; surface-enhanced laser desorption/ionization-
time-of-flight, SELDI-TOF-MS; and matrix-assisted laser
desorption/ionization-time-of-flight, MALDI-TOF-MS) are
currently the methods of choice to quantify PHep due to
their higher precision and because they can distinguish
the bioactive hepcidin-25 isoform from the smaller N-trun-
cated isoforms [11], their disadvantage is that they require
expensive equipment and specialized training. As PHep
levels in subjects with iron deficiency (ID) are usually low,
a measurement method should ideally have a low limit of
detection [12]. The aims of this study were to: (a) compare
the ability of the three PHep c-ELISA assays to predict iron
bioavailability in humans measured by using stable iron
isotope techniques; and (b) compare the performance of
two commercially available c-ELISA assays for PHep to an
established c-ELISA method previously validated and com-
pared with a MS-based method.

Materials and methods

We selected 37 plasma hepcidin samples collected from a previously
conducted study assessing fractional absorption (FA) from iron sup-
plements in iron depleted (plasma ferritin <20 pg/L) but otherwise
healthy female subjects. Iron absorption was assessed by measur-
ing the amount of stable isotopic tracers incorporated in red blood
cells 14 days post-administration [8]. We collected whole blood into
EDTA-containing tubes by venipuncture from a forearm vein and
measured hemoglobin (Hb) with Coulter Counter AcT8 (Beckman
Coulter, Nyon, Switzerland). We separated plasma and we froze ali-
quots at —20 °C on the day of collection for later determination of iron
status and inflammation parameters, as well as PHep. We measured
plasma ferritin (PF) and soluble transferrin receptor (sTfR) by using
a multiplex ELISA method [13]. PHep was first measured at the Rad-
boud University Medical Centre, Nijmegen, The Netherlands with
a sensitive c-ELISA method [11] (Hepcidinanalysis.com) previously
validated and compared with TOF-MS measurements. We conducted
these initial measurements in February 2014. We then selected 37
plasma samples that represented a wide range of PHep values from
0.4 t0 26.9 nM and further measured PHep using plasma from a sepa-
rate aliquot, with the same sample volume as the original sample
used to determine PHep. Samples selected originated from 14 female
subjects. Fractional iron absorption (FA) was available for 31 time
points/samples. Fourteen samples among the selected were baseline
samples collected prior any iron supplementation. We used two dif-
ferent commercially available c-ELISA assays: (1) DRG Hepcidin 25
(bioactive) HS ELISA (DRG Instruments GmbH, Marburg, Germany;
Lot#:314K035, EIA-5782) and (2) Peninsula Hepcidin 25 (human) EIA
Kit (Peninsula Laboratories International, Inc., San Carlos, CA, USA;
Lot#: A15015 and A15117, S-1337.0001). The Penisula kit was previ-
ously named Bachem kit and was marketed and reported in the liter-
ature under this name [14, 15]. We ordered all kits in April-May 2015.
We performed these additional PHep measurements in April-June
2015 according to the manufacturer’s instructions. The Peninsula
kit provides seven different protocols for analysis. We performed the
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analysis using protocol V, as the manufacturer indicated this as the
most commonly used extraction-free assay. According to this proto-
col, a seven-point standard curve was recommended. After first tri-
als, in order to improve the fit of the standard curve, we prepared a
nine point standard curve: 0, 25, 12.5, 6.25, 3.12, 1.61, 0.805, 0.4, 0.2
and 0.05 ng/mL, which resulted in improvement for standard curve
fit. For both methods, we analyzed all samples in duplicate.

Ethical considerations

We recruited subjects from the student population at ETH and the
University of Ziirich, Switzerland. The protocol of the studies was
reviewed and approved by the Ethical Review Committee of the ETH
Ziirich and registered in a public clinical trial registry (clinical trial.
gov, NCT01785407 and NCT02050932).

Statistical analyses

We conducted statistical analysis with Excel (Microsoft, Version 2010)
and SPSS (IBM SPSS statistics, Version 22). We checked normality with
the Kolmogorov-Smirnov test. If data was not normally distributed,
data was log transformed. Data for PHep (from all three assays) and iron
absorption was normally distributed after log transformation (Log10).
Pearson’s correlation and linear multiple regression models were fitted
to assess the predictive power of PHep measured by the three different
c-ELISA methods on FA. We conducted regression analysis with FA as
dependent variable and PHep, sTfR, Hb, PF and BMI as independent
variables. We used log-transformed data (Log10) for regression analy-
sis. In addition, we used Pearson’s correlation analysis including only
samples that were taken before iron supplementation to determine
predictive power of PHep on FA in the low PHep concentration range.
Pearson correlation coefficients are presented as r, whereas regressions
coefficients of determination are presented as R

We determined intra-run and inter-run variability by calculating
the coefficient of variation (CV). We determined intra-run variability
based on one sample in eight replicates on a single plate for both the
DRG and the Peninsula method.

CV_ =Mean of the SD of the duplicates/Mean of the duplicates

intra

We calculated inter-run variability with samples analyzed on two
different plates in series (n=8 for DRG, n=1 for Peninsula). Values
assessed by Hepcidinanalysis.com were 0.88, 1.00, 0.38, 0.65, 1.10,
26.10, 3.60, 6.50 nM (n =8 for DRG) and 0.70 nM (n=1 for Peninsula).

CV_._=SD of the mean of the duplicates/Mean of the duplicates

inter

Using the method of Bland and Altman [16] with regression lines
and Pearson’s correlations, we investigated the equivalence between
the DRG and the Peninsula c-ELISA, as well as the equivalence
between these two methods and the Hepcidinanalysis.com assay.

Results

The median age of the women was 24 years
(range=21-42 years) and median BMI was 20.9 kg/m?
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(range =17.6-25.2 kg/m?). There were no anemic subjects
in the studies, and the prevalence of ID, defined as PF <15
ug/L and/or sTfR > 8.3 mg/L, was 43% with median of PF
of 15.6 (range =7.1-32.0 ug/L) and of sTfR of 4.5 (range = 2.4—
74 mg/L) (Table 1).

As shown in Figure 1A-C, Pearson’s correlations of
PHep concentrations with FA for the DRG, Peninsula and
Hepcidinanalysis.com assays were r=-0.602 (p<0.001),
r=-0.530 (p<0.01) and r=-0.572 (p<0.01), respectively.
Correlation analysis conducted only including baseline
samples (n=14) taken before iron supplementation, was
not significant.

In single regression analysis, all three c-ELISA
assays were predictors of FA: R*=0.363 (DRG), R?=0.281
(Peninsula) and R?=0.327 (Hepcidinanalysis.com). We
performed a hierarchical regression analysis with three
separate models for the three different PHep assays, and
included Hb, PF, TfR and BMI as additional covariates; the
overall models including the PHep values from the DRG-,
Peninsula and Hepcidinanalysis.com assays explained
55.7%, 44.5% and 52.5% of the variance, respectively.
PHep was the strongest predictor of FA in all the three
models. The standardized regression coefficients ()
between PHep and FA were —0.603 (DRG), —0.452 (Pen-
insula) and —0.545 (Hepcidinanalysis.com) (Table 2). The
ratio between the standard error of B and 3 was 0.14, 0.21
and 0.12 for DRG, Peninsula and Hepcidinanalysis.com,
respectively.

Reproducibility, expressed as intra-run procedure
CV in the same sample (level assessed by Hepcidinana-
lysis.com was 2.70 nM) was 13.9% (n=8) for DRG, which
is higher than the CV reported by the manufacturer
(CV=5.5%, n=20). Equivalence between runs, expressed
as inter-run procedure CV in the same sample was 15.4%
(n=8) over the range of concentrations from 0-30.5 nM for
DRG. The inter-sample, intra-run CV for DRG was 109.7%
(n=37). For Peninsula, the intra-run procedure CV was
11.6% (n=8) (level assessed by Hepcidinanalysis.com was
1.00 nM), the inter-run procedure CV was 10.7% and the
inter-sample, intra-run CV was 55.7% (n=37). Figure 2A-C

Table 1: Study population characteristics.

Subject characteristics (n=14)

Age, years? 24 (23-25)
BMI, kg/m?® 20.8+1.9
Hemoglobin, g/dL® 13.7+0.7
Plasma ferritin, ug/L? 15.6 (11.8-26.7)
Plasma transferrin receptor, mg/L? 4.5(3.8-6.1)

2All such data were medians (IQR). PAll such data were means +SD.
Conversion factor to Sl units for hemoglobin is 10.
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Figure 1: Plasma hepcidin analysis: biological relevance.
Correlation between plasma hepcidin (PHep) and fractional iron
absorption. Log transformed (Log10) data was used. PHep deter-
mined by: (A) DRG; (B) Peninsula; (C) Hepcidinanalysis.com.

shows the level of equivalence between the three assays
using Bland-Altman plots.

As shown in Figure 2D-F, the correlations between
the Hepcidinanalysis.com and DRG assays and the Hep-
cidinanalysis.com and Peninsula assays were r=0.962
(p<0.001) and r=0.890 (p<0.001), respectively, while
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Table 2: Predictors of fractional iron absorption for the DRG-, the Peninsula- and the Hepcidinanalysis.com model.

R? B Standard error of B Standardized B
Model | 0.557
Hepcidin DRG, nM -0.312 0.086 -0.6032
Hemoglobin, g/dL 3.964 0.756 0.445°
Plasma ferritin, ug/L -0.107 0.181 -0.117
Transferrin receptor, mg/L 0.441 0.245 0.291°¢
BMI, kg/m? -0.397 1.303 -0.070
Model Il 0.445
Hepcidin Peninsula, nM -0.215 0.096 -0.452°
Hemoglobin, g/dL 3.548 2.278 0.383
Plasma ferritin, ug/L -0.237 0.222 -0.256
Transferrin receptor, mg/L 0.245 0.326 0.147
BMI, kg/m? -0.108 1.924 -0.016
Model 1l 0.525
HepcidinAnalysis, nM -0.211 0.065 -0.545°
Hemoglobin, g/dL 3.566 1.799 0.401¢
Plasma ferritin, ug/L -0.155 0.184 -0.170
Transferrin receptor, mg/L 0.460 0.255 0.304¢
BMI, kg/m? -0.099 1.339 -0.017

3p<0.01,°p<0.05, p=0.084, p=0.059, °p=0.083. Regression analysis with fractional iron absorption as dependent variable and
hepcidin, hemoglobin, plasma ferritin, transferrin receptor and BMI as independent variables. Log transformed (Log10) data was used. R?
indicates the proportion of variance explained by the model. The b values (B) indicate the individual contribution of each predictor to the
model. A positive value indicates a positive relationship between the predictor and the outcome, whereas a negative coefficient represents
a negative relationship. Conversion factor to Sl units for hemoglobin is 10.

correlation between the DRG assay and the Peninsula
assay was r=0.893 (p<0.001). The systematic bias was
indicated by the slopes of regression lines, which were
different from 1.00 (identity line y=x; indicated by the
dashed line) for all the three measurement comparisons
(Hepcidinanalysis.com vs. DRG, Hepcidinanalysis.com
vs. Peninsula, DRG vs. Peninsula). This systematic bias
was also visible in the Bland Altman plots (Figure 2A-C).
However, correlation coefficients indicated a linear rela-
tionship for all comparisons.

Discussion

The predictive power of PHep measured by the three
c-ELISA methods on FA is comparable to previous
studies. Zimmermann et al. [12] showed a significant log
correlation between iron absorption and PHep (r=-0.51,
p<0.001) with a time-of-flight mass spectrometry (TOF-
MS) method. These findings are similar to our results
obtained with the three different rapid c-ELISA methods
(r=-0.572, r=-0.602, r=-0.530 for the Hepcidinana-
lysis.com-, the DRG- and the Peninsula method, respec-
tively). PHep concentrations measured by the c-ELISA
kits explain 36.3% (DRG), 28.1% (Peninsula) and 32.7%

(Hepcidinanalysis.com) of the variance in FA. Similarly,
Roe et al. [17] reported that PHep alone explained 36%
of variance in iron absorption when PHep assessed
using TOF-MS. A further c-ELISA method (Intrinsic Life
Sciences) was reported to similarly correlate with iron
absorption from both foods and supplements, when data
of both PHep and absorption were log transformed [18].
The Peninsula c-ELISA was previously reported to signifi-
cantly predict iron absorption using log-transformed data
in both, a bivariate analysis with R2=8.9% [19] and in a
univariate association between erythrocyte iron incorpo-
ration and PHep with adjusted R>=67% [20]. Including
Hb, PF, TfR and BMI into a multiple regression analysis,
the models explained 55.7% (DRG), 44.5% (Peninsula)
and 52.5% (Hepcidinanalysis.com) of the variance in
FA. Zimmermann et al. [12] reported a lower explanation
of variance in iron absorption (28%) in their multiple
regression model. This may be possibly due to differences
in study design as we expected larger variations in both
absorption and PHep levels in a study examining the
effect of iron challenge on PHep and subsequent day iron
bioavailability [8].

We compared two commercially available c-ELISA
PHep assays to the c-ELISA from the Hepcidinanalysis.com
initiative from the Radboud University Medical Centre,
which has been fully validated, including a comparison
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Figure 2: Method equivalence and correlation analysis between the three hepcidin c-ELISA assays.
Left panel: Bland-Altman plots for assessment of method equivalence, with regression lines (dotted lines) and corresponding 95% confi-

dence intervals (dashed lines). (A) Hepcidinanalysis.com and DRG; (B) Hepcidinanalysis.com and Peninsula; (C) DRG and Peninsula. Right
panel: Correlations for methods comparison, with the identity line (y=x) indicated by the dashed line. (D) Hepcidinanalysis.com and DRG;
(E) Hepcidinanalysis.com and Peninsula; (F) DRG and Peninsula.

40 50



DE GRUYTER

with WCX- TOF-MS [11]. Linear correlations between PHep
values obtained with the DRG-, the Peninsula- and the
Hepcidinanalysis.com assays were generally high. This
indicates calibration and not heterogeneity in the meas-
urement as major cause of the lack of equivalence, as also
shown by a previous published study [21]. The significant
systematic bias between the different methods was also
indicated by the slopes of regression lines, which were dif-
ferent from 1 for all method comparisons. Bland Altman
plots revealed large differences between values obtained
using different methods. Compared to the Hepcidinana-
lysis.com assay, at PHep concentrations >7.17 nM the DRG
assay underestimated PHep concentrations, whereas
the Peninsula assay overestimated PHep concentrations
(Figure 2, left panel).

We expected differences between PHep values meas-
ured with different methods, as previous round robin
studies reported large systematic biases between different
PHep assays [22, 23]. A direct comparison between DRG
and Peninsula assays has also been reported by Wray
et al. [24] and showed similar results. The large between
assay variability could be due to several factors, includ-
ing different calibration solutions [21], PHep aggregation
of either the standard solution or the sample and/or PHep
binding to o, macroglobuline or albumin [25, 26]. Our
results confirm that absolute PHep values from studies
that have used different assays cannot be compared.
Despite the large systematic differences between assays,
the assays perform well; CVs are acceptable and similar
for the DRG and Peninsula assays. The intra-run inter-
sample variability (biological variability) was 109.7% for
the DRG kit and 55.7% for the Peninsula kit, which were
clearly higher than the intra-run intra-sample variabili-
ties (13.9% for the DRG and 11.6% for the Peninsula) [27]
indicating that both methods are useful to distinguish
samples of different PHep concentrations. Compared to
the Peninsula assay, the DRG assay had shorter incuba-
tion times and the assay appears to have larger range of
detection (according to the manufacturer concentrations
up to 29.04 nM can be measured). In contrast, using the
Peninsula method, dilution of samples is recommended
if PHep concentrations are expected to be higher than
8.96 nM. In addition, sample analysis with the DRG assay
requires a lower sample volume (20 uL/well) than analysis
with the Peninsula method (50 ug/well). Nonetheless, the
intra-sample variability tended to be lower in the Penin-
sula assay.

Limitations of this study include the small sample
size as the number of replicates measured for assessing
the analytical performance for both intra-assay and inter-
assay CV were low. We also did not attempt a full analytical
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performance assessment of the Peninsula assay, which has
seven different protocols provided by the manufacturer. We
have chosen the most commonly used protocol for a rapid
determination of PHep. While we cannot exclude pre-ana-
lytical bias affecting our results, such as the possibility of
PHep aggregate formations and breakdown products, this
would be inconsistent with the similar predictive power for
each of the three tested methods for bioavailability. Samples
were stored frozen in separate similarly sized containers
and not thawed between the first PHep measurements with
Hepcidinanalysis.com and with the DRG- and the Penin-
sula kit, respectively. Strengths of this study were that we
analyzed samples that provided a large range in PHep con-
centrations. However, we assessed samples from generally
healthy subjects, where we would not expect any presence
of PHep isoforms in plasma due to infection/inflammation
or other conditions [4, 11]. Another strength of the study
was the prediction of biological relevance by use of eryth-
rocyte incorporation of orally administered stable isotopes,
the gold standard measure of iron bioavailability.

In contrast to previously marketed kits which
assessed prohepcidin and not the biologically active
hepcidin-25 isoform, and which did not correlate with
iron absorption [28], our study demonstrates that several
viable commercial alternatives exist to assess the bio-
logically active hepcidin-25 isoform in human plasma of
healthy subjects. Our data also confirm that large system-
atic differences exist between different PHep determina-
tion methods. We anticipate that future use of the recently
identified secondary reference material by all assays will
substantially reduce these differences by allowing har-
monization of assays [21]. However, both the DRG and
the Peninsula c-ELISA assays are suitable to assess PHep
levels, even if measured values are not fully comparable.
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