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Abstract

Background: Brain iron accumulation is associated with multiple sclerosis (MS). Hepcidin is the master
regulator of iron homeostasis and distribution. Dysregulation of hepcidin is a feature of different chronic
inflammatory diseases but has not been investigated in MS so far.

Objective: The aim of this study was to determine serum hepcidin levels of MS patients and healthy
volunteers serving as controls and to investigate possible relations between hepcidin levels, disease
activity and disease course.

Methods: In a cross-sectional design, we measured serum hepcidin levels in 71 MS patients and 16
healthy controls (HC). MS patients were sub-grouped in active relapsing-remitting MS (aRRMS),
inactive (1i)RRMS, active progressive MS (aPMS) and inactive (i)PMS. Blood parameters were mea-
sured by standard laboratory methods.

Results: Median hepcidin levels were 26.9 ng/ml (confidence interval (CI) 22.8; 30.9) in MS and 17.3
ng/ml (CI 12.8; 23.4) in HC with significant age and sex effects. Hepcidin correlates were in line with
hepcidin as an indicator of iron stores. After correction for age and sex, hepcidin was neither associated
with MS subgroups nor degree of disability and occurrence of relapses.

Conclusions: Serum hepcidin levels are not associated with disease activity and disease course in MS.
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Introduction

Metabolism and deposition of iron is crucial for a
normal function of the brain. A dysregulation of iron
homeostasis is known to be associated with normal
aging but also neurodegenerative disorders of the
central nervous system (CNS), including multiple
sclerosis (MS).!

In MS, iron accumulation occurs within both grey
and white brain matter.*> However, the link between
observed iron deposition and the underlying patho-
physiology within the brain is not well understood.

Several studies investigated a correlation between
iron accumulation in the brain and parameters of
iron metabolism within serum and cerebrospinal
fluid (CSF). While serum and CSF levels of iron
were found to be normal, surveys of indices of
iron metabolism such as ferritin, transferrin receptor

(TfR) and soluble transferrin receptor (sTfR) have
yielded conflicting results.®'°

The liver-derived peptide hormone hepcidin is the
master regulator of iron homeostasis and tissue dis-
tribution in mammals. Hepcidin controls the trans-
port of iron from the intestinal lumen and cells
such as macrophages into the plasma.''™*
Mechanistically, hepcidin  binds extracellular
domains of the sole cellular iron exporter, ferropor-
tin (FPN) causing its internalization and subsequent
degradation.'”” Hepcidin expression is induced
mainly in hepatocytes by iron loading, inflammatory
signals and endoplasmic reticulum stress, whereas
iron deficiency, hypoxia, anaemia and several hor-
mones reduce hepcidin formation.> Hepcidin lowers
systemic iron levels and shifts iron from plasma to
cellular iron stores via reducing duodenal iron
absorption and iron release from hepatocytes and
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macrophages. Dysregulation of hepcidin is associat-
ed with different diseases, such as anaemia of chron-
ic disease due to permanent inflammation and
overexpression of hepcidin or genetic iron overload,
haemochromatosis, caused by a lack of or a resis-
tance to hepcidin.'''*1¢

Despite the crucial roles of iron in MS and hepcidin
in regulating iron homeostasis, hepcidin has not been
investigated in MS so far.

Therefore, the aim of this study was to determine
serum hepcidin levels of MS patients, to compare
them with laboratory data of healthy volunteers serv-
ing as controls and to investigate possible relations
between hepcidin levels and disease activity and dis-
ability progression.

Methods

In a cross-sectional design, we recruited 71 MS
patients (diagnosed according to McDonald criteria
2010) aged between 18 and 65 years from the MS
Clinic of the Department of Neurology at the
Medical University Innsbruck and 16 healthy con-
trols.'” Patients with an acute infection defined as
fever within 14 days before the study visit or C-reac-
tive protein (CRP) levels >1mg/dl were excluded.
Other exclusion criteria were disease-modifying
treatment (DMT) with interferon beta, malignant
disease, rheumatic disease, a glomerular filtration
rate <60ml/min/1.73 m?, diabetes mellitus defined
as HbAlc > 6.5mg/dl and anaemia defined as hae-
moglobin <120 g/l in women and <130 g/l in men.

At the clinical study visit, we obtained demographic
data, neurological and treatment history including
DMT, occurrence and date of relapses, and expanded
disability status scale (EDSS).'® A relapse was
defined as patient-reported symptoms or objectively
confirmed neurological signs typical of an acute
CNS inflammatory demyelinating event with a dura-
tion of at least 24 hours in the absence of fever or
infection and separated from the last relapse by at
least 30 days.'” Disability progression was defined
as a confirmed EDSS increase of >1.0 point in
patients with a previous score of <5.5, or an increase
of >0.5 points in patients with a previous score of
>5.5 sustained for at least six months.

MS patients were then divided into four subgroups
according to disease course: (a) active relapsing—
remitting MS (aRRMS), (b) inactive (i)RRMS, (c)
active progressive MS (aPMS) and (d) inactive (i)
PMS. Activity was defined as the occurrence of one

or more relapses within three months prior to the
study visit or disability progression within six
months prior to the study visit."”

Hepcidin measurement

Serum was collected at the date of the study visit in
our MS outpatient clinic. Serum hepcidin concentra-
tion was determined by a commercial ELISA
(Intrinsic Lifesciences, La Jolla, CA) according to
manufacturer’s protocol in samples obtained from
healthy and MS individuals.

The investigators performing the hepcidin testing
were blinded to clinical parameters and the investi-
gators assessing clinical parameters were blinded to
hepcidin results.

Ethics

Confidentiality and data protection are ensured in
keeping with the recommendations of the declara-
tion of Helsinki. The study was approved by the
ethics committee of the Medical University
Innsbruck (ethical approval number: AM3743-281/
4.3) and all participants gave written informed con-
sent before inclusion into the study. Participants’
data were stored and analysed in an anonymized
form which precludes linking clinical information
with personal data.

Statistics

Statistical analysis was performed using SPSS 25.0
(SPSS Inc, Chicago, IL, USA). Categorical variables
were expressed in absolute numbers and percen-
tages. Continuous variables were tested for normal-
distribution by the Kolmogorow—Smirnow test and
displayed as mean and 95% confidence intervals
(CI) or median and inter-quartile range (IQR) as
appropriate.

Univariate comparisons were done by Chi-square-
test, Kruskal-Wallis test, independent ¢-test (with
Welch’s correction in case of unequal standard devi-
ations between the groups) or ANOVA as
appropriate.

We performed linear regression models (fixed
effect: study group, sex and age) with hepcidin and
parameters of iron metabolism (iron, ferritin, trans-
ferrin, transferrin saturation (TFS), sT{R, hepcidin—
ferritin ratio, hepcidin—TFS ratio and hepcidin—TfR
ratio) as the dependent variable.
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Results
Characteristics of MS patients and healthy controls
(HC) are given in Table 1.

Hepcidin levels correlated significantly with age
(r=0.258, p=0.017), but not with disease duration
(Supplementary Figure 1). Women had significantly
lower mean hepcidin levels than men both in the MS
(23.6 ng/ml (CI 19.2-28.1) v. 35.4 (CI 27.1-23.8),
p=0.008) and the HC group (13.2 (CI 6.1-20.3) v.
21.3 (CI 13.0-29.7), p=10.010).

After correcting for age and sex, hepcidin levels nei-
ther significantly differed between MS patients and
HC nor between MS subgroups (Figure 1(a) and 1
(b), Table 2).

We did not detect any significant differences in other
parameters of iron metabolism (iron, ferritin,

transferrin, TFS, sTfR, hepcidin—ferritin ratio, hep-
cidin—TFS ratio and hepcidin—TfR ratio) between
MS patients and HC nor between MS subgroups
(Table 2).

Neither hepcidin levels nor other parameters of iron
metabolism correlated with EDSS or occurrence of
relapses in the year before sampling (Supplementary
Table 1). Also, there were no significant differences
in hepcidin and other parameters of iron metabolism
between MS patients with and without DMT.

Hepcidin significantly correlated with serum iron
(r=0.250, p=0.038), ferritin  (r=0.625,
p<0.001), sTfR (r=-0.358, p=0.003), transferrin
(r=-0.652, p<0.001), TFS (r=0.484, p <0.001),
hepcidin—ferritin ratio (»=0.729, p < 0.001), hepci-
din-TFS ratio (r=0.763, p <0.001) and hepcidin—
TfR ratio (r=0.872, p <0.001).

Table 1. Characteristics of multiple sclerosis (MS) patients and healthy controls (HC).
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Figure 1. Hepcidin levels in multiple sclerosis (MS) patients and healthy controls (HC). aRRMS: active relapsing-remitting MS; iRRMS: inactive

RRMS; aPMS: active progressive MS; iPMS: inactive PMS.

p-values calculated by linear-regression models (fixed effect: study group, sex and age). Error bars indicate 95% confidence intervals.
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Discussion

The main finding of our study is that neither serum
hepcidin levels nor other serum parameters of iron
metabolism (iron, ferritin, transferrin, TFS, sT{R)
significantly differ in MS patients compared to HC
and are not associated with disease activity and dis-
ease course in MS.

Brain iron accumulation particularly in basal ganglia
structures is a well-established feature of MS which
has been associated with progressing disease.?® >
Although there is evidence that iron accumulation
does not precede the development of MS pointing
towards iron deposition as an epiphenomenon of MS
pathology, the underlying pathophysiology is not
well understood and the ‘chicken and egg question’
remains.?’?? Different hypotheses, for example dys-
function of the blood-brain barrier (BBB) and lim-
ited iron clearance and transport have been
postulated.’

Hepcidin is the master regulator in controlling iron
homeostasis and distribution.''* Dysregulation of
hepcidin is a feature of different chronic inflammato-
ry diseases.!"'*1® Elevated hepcidin levels were
found in experimental autoimmune encephalomyeli-
tis, an animal model of MS, indicating that iron accu-
mulation may be due to hepcidin-mediated disruption
of iron elimination from the brain.> > Similar to
prior studies, we found hepcidin levels to be higher
in men and positively correlated with age.*®*® Since
we were primarily interested in the potential effect of
MS diagnosis and disease activity on hepcidin levels,
we corrected all analyses for sex and age and also
excluded known confounding factors for hepcidin
such as acute or chronic infection, malignant or rheu-
matic disease, diabetes mellitus, renal dysfunction,
chronic inflammation and anaemia. Even in this con-
fined and optimized setting, we detected neither sig-
nificantly different serum hepcidin levels in MS
patients compared to HC nor between MS subgroups,
that is between relapsing and progressive MS or
between active and inactive MS. There are two poten-
tial explanations for this finding: (a) hepcidin and
consequently iron homeostasis is not involved in
MS pathology at all or (b) the relevant pathophysio-
logical processes involving iron metabolism are
taking place in compartments behind the BBB and
thus, cannot be captured by measurement in serum.

Various parameters of iron metabolism have been
studied in both serum and CSF in MS. While iron
levels in serum and CSF were consistently normal,
data concerning ferritin, TfR and sTfR have been

conflicting. Ferritin, the iron storage protein, was
demonstrated to be increased in progressive MS in
one study, while others did find increased ferritin
only in CSF but not in serum.®'® Transferrin,
which is considered the main iron transporter in the
body, in the brain and across the BBB interacting with
T{R, was reported normal both in serum and CSF in
some studies, while a more recent study showed sig-
nificantly lower CSF transferrin levels within clinical
isolated syndrome (CIS) and early MS."*72 sTfR
levels were postulated to be increased in active MS,
both in progressive and relapsing—remitting forms.'
However, the one study reporting increased ferritin
and sTfR in serum did not account for the confound-
ing influence of sex, age, inflammatory status and
specifically of interferon beta treatment, which is
known to increase ferritin levels, and was limited
by small sample size.®> Thus, while pathophysiolog-
ical processes involving hepcidin and iron homeosta-
sis might be involved in MS pathology, these are
likely located behind the BBB and not reflected by
alterations of iron metabolism parameters in serum.

In accordance with prior studies, hepcidin correlates
were in line with hepcidin as an indicator of iron
stores with positive correlations with serum iron,
ferritin, hepcidin—ferritin ratio and negative correla-
tions with sTfR and transferrin.'"*'?

Strengths of our study include that its participants
and study groups are well characterized, that con-
founding factors were very rigorously excluded
and that correction for multiple testing was per-
formed. As a limitation, we did not have MRI
parameters of iron deposition available in this
study. Another weakness is the cross-sectional
design which does not enable the assessment of
potential temporal relationships between hepcidin
and MS disease activity or disease course. Also,
the HC group was significantly younger and includ-
ed less women than the MS group. However, all our
analyses were corrected for age and sex, thus limit-
ing the potential bias resulting from the imbalance.

In conclusion, in serum neither hepcidin nor other
parameters of systemic iron metabolism are useful as
biomarkers of disease activity or disease course in
MS. Further research on hepcidin and other param-
eters of iron metabolism may focus on CSF in order
to elucidate the role of iron metabolism in MS.
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