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Abstract

Cuprizone (CZ) is a widely used copper chelating agent to develop non-autoimmune animal model of multiple sclerosis,
characterized by demyelination of the corpus callosum (CC) and other brain regions. The exact mechanisms of CZ action are
still arguable, but it seems that the only affected cells are the mature oligodendrocytes, possibly via metabolic disturbances
caused by copper deficiency. During the pathogenesis of multiple sclerosis, high amount of deposited iron can be found
throughout the demyelinated areas of the brain in the form of extracellular iron deposits and intracellularly accumulated iron
in microglia. In the present study, we used the accepted experimental model of 0.2% CZ-containing diet with standard iron
concentration to induce demyelination in the brain of C57BL/6 mice. Our aim was to examine the changes of iron homeo-
stasis in the CC and as a part of the systemic iron regulation, in the liver. Our data showed that CZ treatment changed the
iron metabolism of both tissues; however, it had more impact on the liver. Besides the alterations in the expressions of iron
storage and import proteins, we detected reduced serum iron concentration and iron stores in the liver, together with elevated
hepcidin levels and feasible disturbances in the Fe—S cluster biosynthesis. Our results revealed that the CZ-containing diet
influences the systemic iron metabolism in mice, particularly the iron homeostasis of the liver. This inadequate systemic
iron regulation may affect the iron homeostasis of the brain, eventually indicating a relationship among CZ treatment, iron
metabolism, and neurodegeneration.
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Introduction

Electronic supplementary material The online version of this Multiple sclerosis (MS) is a chronic inflammatory disease
article (https://doi.org/10.1007/s10571-018-0578-5) contains of the central nervous system (CNS), which leads to neuro-
supplementary material, which is available to authorized users. degeneration. The most important characteristic features of
multiple sclerosis are inflammation, primary demyelination
and axonal injury, microglia activation, mitochondrial dys-
function, and chronic oxidative injury (Mahad et al. 2015).
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CZ is a copper chelating agent, which is widely used
. L to induce non-autoimmune animal mouse model of MS to
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for 4-6 weeks, while chronic inflammation is minimal and
complete acute demyelination occurs. This is followed by
recovery on normal diet with extended remyelination (Praet
et al. 2014; Kipp et al. 2009). CZ toxicity seems to affect
only the mature oligodendrocytes, while other cell types in
the CNS are not affected (Bénardias et al. 2013; Xu et al.
2010). There are two hypotheses present in the literature for
the CZ-induced pathology: (1): Cu2+ deficiency and (2):
Cu3+ chelation. It is assumed that copper deficiency is the
main effect of CZ treatment, leading to various metabolic
disorders of the oligodendrocytes, including mitochondrial
dysfunction. However, administration of extra copper did
not protect the animals or cells from the toxic effects of CZ
(Denic et al. 2010; Praet et al. 2014; Gudi et al. 2014). Dur-
ing remyelination, oligodendrocyte precursor cells (OPCs)
are activated, migrate to the lesion site, and differentiate into
mature myelinating oligodendrocytes (Rawji et al. 2016). It
seems that both demyelination and remyelination require the
presence of macrophages and microglia cells. These cells
are necessary for the clearance of myelin debris, they also
store the excess of released iron during demyelination. Once
remyelination occurs, they deliver iron to oligodendrocytes
and help OPC maturation with the release of growth factors
(Rawji et al. 2016; Olah et al. 2012). Although the neuro-
pathological changes caused by CZ are well described, the
molecular mechanisms responsible are far from understood.
Some argue that CZ is unable to pass through the mouse
duodenal membrane and even do not cross the neuronal
plasma membrane. Therefore, it is possible that the toxic
mechanism of CZ is generated by the copper-deficient diet
(Benetti et al. 2010). However, besides the systemic cop-
per deficiency, it seems that the brain is able to maintain
its copper homeostasis, because no changes in the copper
concentration of different brain regions are visible after CZ
administration (Moldovan et al. 2015). CZ also disturbs nor-
mal hepatic function, and induces megamitochondria forma-
tion in the liver of treated mice (Praet et al. 2014; Moldovan
et al. 2015).

Iron is an essential element for living organisms and
involved in fundamental biological functions. In the brain,
iron is needed for oxygen transportation, DNA synthe-
sis, myelin synthesis, mitochondrial function, and neu-
rotransmitter synthesis (Rouault and Cooperman 2006).
Iron homeostasis is strictly controlled in order to maintain
normal physiological functions. High levels of iron can
result in iron accumulation, which can be harmful and lead
to oxidative damage and cell death. In addition, it is known
that chronic severe iron deficiency leads to hypomyeli-
nation both in human and animal studies (Algarin et al.
2003; Ortiz et al. 2004). Iron is highly important for
myelin production as a required co-factor for cholesterol
and lipid biosynthesis and oxidative metabolism of oli-
godendrocytes (Connor and Menzies 1996). In the brain,
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iron is constantly exchanged between neurons, astrocytes,
and microglia. How the different cell types acquire and
release iron remains to be elucidated (Rouault and Cooper-
man 2006). The iron homeostasis of the CNS is a separate
system by the blood—brain barrier and blood—cerebrospi-
nal barrier, with connections to systemic iron metabolism.
Blood vessels of brain interstitium and epithelial cells of
the choroid plexus constitute a barrier that protects the
CNS, and specific mechanisms are required for the import
of nutrients. In consequence of iron depletion in the brain,
iron uptake via the blood—brain barrier cells increases
from the systemic circulation (Rouault 2001). Most iron
can be found in oligodendrocytes and myelin particularly
in the white matter, in the form of ferritin and transferrin
(Ward et al. 2014; Todorich et al. 2009). Oligodendro-
cytes contain intracellular transferrin for the mobilization
of iron and take up the majority of iron via ferritin recep-
tors from H-ferritin provided by microglia cells (Todorich
etal. 2011). This phenomenon is crucial in the white mat-
ter, which is in correlation with the profile of myelina-
tion (Williams et al. 2012). Copper is also an important
co-factor for many enzymes (Williams et al. 2012). Iron
and copper homeostasis in some pathways are connected
to each other. The major biological links between copper
and iron homeostasis are the copper-containing ferroxi-
dases, like ceruloplasmin (Cp) and their interaction with
ferroportin (Fp) for proper iron release (Lenartowicz et al.
2014; Hentze et al. 2010).

During healthy aging, iron accumulates in the brain
mainly in oligodendrocytes, myelin, and microglia in non-
toxic ferric form. Iron accumulation at certain brain regions
shows functional relationship to myelin production (Todor-
ich et al. 2009; Heidari et al. 2016). The amount of iron
accumulated in oligodendrocytes affects the quantity and
quality of the produced myelin (Ortiz et al. 2004). It has
been shown that iron deficiency results in hypomyelination,
and therefore, it is clear that iron is essential for the opti-
mal function of oligodendrocytes (Algarin et al. 2003). In
MS, myelin and oligodendrocytes are damaged and iron is
released into the extracellular space, where it is converted to
the toxic ferrous form and contributes to the increase of reac-
tive oxygen species (ROS) in active MS lesions. Microglia
and macrophages accumulate the liberated iron throughout
the demyelinated area. These iron-containing microglia and
macrophages undergo senescence, which also contributes
to oxidative stress with the second wave of iron release.
Iron is also located in axons, thus, together with the oxida-
tive burst axonal iron accumulation may eventually lead to
neurodegeneration (Mahad et al. 2015; Ward et al. 2014,
Hametner et al. 2013). Furthermore, both gray and white
matter regions are characterized by high iron levels in the
form of extracellular deposits in animal model of MS (Wil-
liams et al. 2012).
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Our aim in this study was to elucidate whether CZ admin-
istration influences iron metabolism in mice. We found that
CZ had a significant impact on iron metabolism regulation
in the CC of the CNS as well as in the liver. According to
our results, CZ disturbs both the iron storage and mitochon-
drial iron—sulfur (Fe-S) cluster assembly in the liver, caus-
ing perturbations in systemic and local iron metabolism as
well. Our work would contribute to better understand the
mechanism of CZ action, besides sheding some light on the
relationship of iron metabolism and neurodegeneration.

Materials and Methods
Animals

C57BL/6 4-week-old male mice were fed normal rodent diet
containing 180 mg/kg iron for 4 weeks, before they were
divided into four groups each with 7 animals. The control
group (NK) remained on the original diet. Animals in the
other three groups were fed with 0.2% CZ-containing food
for 4 weeks. One group of CZ-treated animals (NC) was
sacrificed for the experiments right after the end of CZ treat-
ment. The rest of the animals received a diet without CZ
for 2 days (NC2d) or for 2 weeks (NC2w) in order to study
the early and later effects of CZ withdrawal. Animals were
kept at sterile conditions and were weighed on a daily basis.
Blood was drawn from the animals at the beginning of the
CZ treatment and before scarification. 3 animals of each
group were investigated under magnetic resonance imaging
(MRI). After the experiment, 3 animals in each group were
perfused and the organs were fixed for electron microscopic
and immunohistochemical studies. The organs of other 3
animals from each group were removed the following way
without perfusion for gene expression analysis. Mice were
deeply anesthetized with a mixture of diazepam and xyla-
zine. Skin of the animals was carefully removed from the
skull, then the skull was opened along the sagittal suture.
Parietal bones were removed and the brain was taken out
and put in an Eppendorf tube and was snapshot frozen in
dry ice. Similarly, livers were dissected from the animals,
frozen, and kept at — 80 °C for further use.

MRI

MRI was performed on a 3T clinical scanner (Siemens TIM
Trio, Erlangen, Germany) with a field gradient strength of
40 mT/m. Excitation was performed with the body coil,
while a commercial loop RF coil with an inner diameter of
40 mm (Siemens Medical Solutions, Erlangen, Germany)
was applied for signal detection. Each mouse was fixed in
a custom-built MRI-compatible head-fixing device, with its
head pulled through the loop of the RF coil. The mice were

anesthetized with intraperitoneal administration of 50 mg/kg
ketamine. After the acquisition of scout images of the mouse
brain, T2-weighted scans with a turbo spin echo imaging
sequence (TR/TE = 3000/90 ms, slice thickness 0.8 mm,
field of view (FOV) 25 x 25 mm?, matrix 128 x 128, band-
width 50 Hz/Px, number of slices 11, number of averages 5)
and fluid-attenuated inversion recovery (FLAIR) scans with
a turbo spin echo sequence (TR/TE/TI 6400/90/1600 ms,
slice thickness 1 mm, FOV 25 X 25 mm?2, matrix 128 x 128,
bandwidth 50 Hz/Px, number of slices 6, number of averages
2) served as structural images. T1 mapping was performed
by an inversion recovery method, applying series of five
turbo spin echo imaging measurements with different inver-
sion times (TR/TE/TI 1840/27/50, 150, 400, 700, 1180 ms,
slice thickness 1 mm, FOV 25 x 25 mm?, matrix 128 x 128,
bandwidth 50 Hz/Px, number of slices 6, number of averages
1). Two-dimensional time of flight imaging was carried out
in a single slice at the level of the carotid arteries in order to
determine if the animal was alive at the end of the scanning.

Image Processing

Quantitative T1 maps were calculated voxelwise by using
Matlab software’s curve fitting toolbox (MathWorks, Nat-
rick, MA). The signal intensities measured with different
inversion times were fitted with the following equation:

S=180x (1 =2x%exp(=TI/T1)+exp(—TR/T1))|,

where S is the signal intensity, SO is the signal intensity at
thermal equilibrium, T'1 is the inversion time, and 7R is
the repetition time. 71 values in the CC were measured by
manually placing regions of interest on the CC of the mice
on the 71 map.

Fixation and Embedding of Animal Tissues

Following anesthesia, animals were transcardially perfused
with phosphate buffer (PB 0.1 M, pH 7.4) followed by with
4% buffered paraformaldehyde. After removal from the
skull, brains were divided with a midline cut. One hemi-
sphere was post-fixed in the same fixative used for the per-
fusion for 4 h at room temperature, then dehydrated and
embedded in paraffin. Blocks were coronally cut with a
microtome at 10 pm and sections were mounted on gelatin-
coated slides for immunohistochemistry.

The other hemisphere was cut perpendicular to its longi-
tudinal axis at the level of the optic chiasm and 1 mm?® large
tissue blocks containing the CC at the level of the septum
was prepared for electron microscopic examinations. Then
tissue blocks were immersed into a fixative containing 2.5%
glutaraldehyde buffered with PB for overnight at 4 °C. Then
blocks were fixed in 1% osmium tetroxide for 35 min and
dehydrated with increasing concentration of ethanol. 70%
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ethanol containing 1% uranyl acetate was used to increased
contrast. After complete dehydration in ascending ethanol
series concentration, blocks were transferred to propylene
oxide before being placed into aluminum-foil boats and then
embedded into gelatin capsule containing Durcupan resin
(Sigma, Budapest, Hungary).

Immunohistochemistry

Following deparaffination, sections were rehydrated, and
washed with Tris buffer (TB, 0.05 M, pH 7.6). Slides were
then put in 80-mL plastic jars filled with citrate buffer (pH
6.0) and repeatedly heated in a microwave oven (Optiquick
Compact, Moulinex) operating at a frequency of 2.45 GHz
and 800 W power setting. After three heating cycles of 5 min
each, slides were allowed to cool at room temperature and
were repeatedly washed in TB. Sections were then prein-
cubated in normal horse serum (1% in TB, Vector Labo-
ratories, Burlingame, CA) for 1 h. This step was followed
by overnight incubation of sections in the primary antibod-
ies. Binding was visualized with biotinylated secondary
antibody and with the avidin—biotin—peroxidase detection
system (Universal Vectastain ABC Elite Kit, Vector Labo-
ratories, Burlingame, CA). The chromogen was 3,3'-diam-
inobenzidine (DAB), and the immunoreaction was carried
out under visual control. Sections were counterstained with
cresyl violet, dehydrated, cleared with xylene, and covered
with DePeX (Fluka, Switzerland). Control sections were
treated similarly, except that the primary antiserum was
omitted from the procedure. The specificity of anti-myelin
basic protein (MBP) antiserum has already been determined
by the company. Furthermore, if the primary antibody was
omitted no immunostaining was observed. The following
antibodies were used for the immunohistochemistry: mouse
anti-MBP (1:100, Novocastra, New Castle upon Tyne, UK),
anti-glial fibrillary acidic protein (GFAP) (DAKO, Glostrup,
Denmark), and anti-Iba-1 (Merck Millipore, Budapest, Hun-
gary) antibodies.

Densitometry

For the density measurements of MBP-immunoreactivity,
digital black and white images were captured. Gray value
intensity of the region of interest (ROI) and that of the back-
ground of the images were measured with ImageJ software
(an open source image processing and analyzer program
written in Java and supported by the NIH, USA). The val-
ues measured either in the ROIs or in the background were
averaged and density values of the MBP-immunoreactivity
were calculated by subtracting intensity values of ROIs from
intensity values of background.
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Electron Microscopy

Serial ultrathin sections were cut with Leica ultramicrotome,
and mounted on mesh as well as on Collodion-coated (Parlo-
dion, Electron Microscopy Sciences, Fort Washington, PA)
single-slot copper grids. The ultrathin sections were con-
trasted by uranyl acetate and lead citrate, and were examined
in JEOL 1200EX-II electron microscope.

RNA Isolation and Quantitative Real Time-PCR

After thawing of the frozen brains, millimeter-thick coro-
nal sections were cut at the level of the septal nuclei, the
diencephalon, as well as the cortex were carefully removed
to isolate CC. CC was put in an Eppendorf tube and total
RNA was isolated using the ReliaPrep RNA Tissue Mini-
Prep System Kit (Promega, Madison, Wisconsin, USA). In
the total RNA extracts, the (remained) DNA contamination
was digested with the RQ1 RNase-free DNase (Promega,
Madison, Wisconsin, USA) and the RNA was cleaned using
the RNA Clean and Concentrator-5 Kit (Zymo Research,
Irvine, CA, USA). From the livers, equal amounts of tissue
were dissected and total RNA was isolated using the Direct-
zol RNA MiniPrep Kit (Zymo Research, Irvine, CA, USA).
RNA was reverse transcribed to cDNA from equal amount
of total RNA using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Waltham, MA, USA) and
Oligo(dT)18 primer (Thermo Fisher Scientific, Waltham,
MA, USA). Quantitative RT-PCR analysis was performed
using specific primers for the genes of interest with the
CFX96 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA) and the iTaq Universal
SYBR Green Supermix (Bio-Rad Laboratories, Hercules,
CA, USA). Data were analyzed with the Bio-Rad CFX
Manager 3.1 Software (Bio-Rad Laboratories, Hercules,
CA, USA) and the comparative 28ACt (Livak) method. The
expression level of the gene of interest was considered with
the level of B-actin in each sample and relative expression
of controls was considered as 1. Every sample was analyzed
in four independent experiments.

Serum Hepcidin Measurements

Blood samples were prepared as pooled serum of the 7 ani-
mals in each group. Blood was drawn at the beginning of
the experiment and at the end of the 4-week-CZ treatment.
Serum mature hepcidin concentrations were determined with
sandwich enzyme-linked immunosorbent assay (ELISA)
specific for mouse hepcidin-25 (Abbexa Ltd., Cambridge,
UK) according to the manufacturer’s protocol. Concentra-
tions were measured at 450 nm.
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Serum Iron Measurements

Serum iron was determined with a Cobas c¢701 analyzer
(Roche Diagnostics, Basel, Switzerland) using the IRON2
protocol and concentrations were gained in pmol/L.

Non-heme Iron Measurements

Non-heme iron contents of animal liver samples were meas-
ured according to the protocol of Rebouche et al. (Reimer
et al. 2004) with the following modification: the samples
were measured using a microplate in an Inspire multiplate
reader (Perkin Elmer, Waltham, MA, USA). Standard curves
were prepared in a similar way to that of the samples using
FeCl; standards. The protein contents of liver homogenates
were determined from the supernatant of the lysed tissues
with DC protein assay kit (Bio-Rad Laboratories, Hercules,
CA, USA) using bovine serum albumin as the standard. The
iron contents of the liver samples were calculated as uM/mg
of protein content of the supernatants.

Western Blot Analysis

Frozen liver tissues (100 mg) were homogenized in 500 uL
of RIPA buffer [25 mM Tris—HCI pH 7.6, 150 mM NacCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS, Complete
Mini protease inhibitor cocktail (Roche Diagnostics, Mey-
lan, France)] using Dounce homogenizer. The homogenates
were clarified by centrifugation at 12,000 rpm for 10 min
at 4 °C. Protein contents of the supernatants were meas-
ured with DC Protein Assay Kit (Bio-Rad Laboratories,
CA, USA). The same amount of protein from each sample
was loaded onto 12 or 14% SDS-PAGE and transferred by
electroblotting to nitrocellulose membranes (BioTrace NT,
Pall Life Sciences, Port Washington, NY) and probed with
rabbit polyclonal antibodies produced against mouse Fp,
ferrochelatase (FC), mitochondrial ferritin (FTMT), and
NFS-1 proteins (Novus Biologicals, Bio-Techne Corpora-
tion, Cambridge, UK). Every protein was analyzed in three
independent experiments.

Statistical Analysis

Data are presented as mean + standard deviation (SD)
throughout. Statistical analysis was performed using SPSS
software. A one-way ANOVA followed by a Tukey’s HSD
post hoc test was used to test the significant differences
between groups. Statistically significant differences between
groups were defined as p values < 0.05 and are indicated in

the legends of figures.

Results
Animals

To assess whether CZ had any effect on myelin synthesis,
we carried out in vivo MRI measurements, used electron
microscopy and immunohistochemical visualization of the
CC of mouse brains.

MRI

Mean T1 relaxation times (+ SD) in the CC were
695.34 + 17,65, 677.80 + 8.68, and 683.04 + 32.52 ms after
(NC), 2 days later (NC2d), and 2 weeks after (NC2w) the
end of CZ treatment, respectively (Fig. 1). These values were
higher than the T1 relaxation time measured in the CC of the
control animal (633.30 ms).

Morphological Signs of De- and Remyelination
Electron Microscopy

In contrast to the large numbers of myelinated fibers
observed in the CC of the control animals (Fig. 2a, b), mye-
lin sheaths disappeared in the CZ-treated mice (Fig. 2c, d).
The lack of myelin was detected around many axons in those
animals that were sacrificed right after the CZ treatment
(NC) or in those mice that were allowed to survive 2 days on
normal lab chow following the CZ-containing diet (NC2d)
(Fig. 2c, d).

In animals that were kept on normal diet for 2 weeks
following the CZ treatment, signs of the remyelination
were obvious. Accordingly, large number of myelinated
axons was present in the CC (Fig. 2e, f). However, still
significantly more unmyelinated axons were observed in
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NK NC NC2d NC2w
Fig.1 Mean T1 relaxation times of the NC, NC2d, and NC2w groups
after the end of CZ treatment, and control (NK) value. Whiskers indi-
cate the standard deviation, n = 3 in each group
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Fig.2 Electron micrographs
showing myelinated axons in
the CC of a control animal

(a, b NK), and in CZ-treated
mice (¢, d NC2d, e, f NC2w)
in longitudinal and cross sec-
tions. Arrows point to the signs
of degeneration and asterisks
indicate non-myelinated axons.
Scale bars: 1 um
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these animals than in the control mice (Fig. 2a, b, e, f)
indicating that remyelination was not complete. In addi-
tion, degenerating axons were also seen 2 weeks after the
CZ-containing diet (Fig. 2f).

MBP Immunohistochemistry

In the brain section of the control animals, strong MBP-
immunoreaction caused a homogenous brown color of the
white matter tracts of CC below the neocortex (Fig. 3a).
In the striatum, a large number of MBP-immunoreactive
individual fibers were visible between the thick fiber tracts
(Fig. 3b). Following CZ treatment, the intensity of the

Fig.3 MBP-immunoreaction in the CC (a, ¢, €) and in the striatum
(b, d, f) of control (a, b) and CZ-treated mice (c, f). a, b MBP-immu-
noreaction in the corpus callosum (cc), in the neocortex (nc), and
striatum (str) and myelinated fibers in the striatum (str) in a control
mouse. ¢, d Weak MBP-immunoreactivity in the corpus callosum
(cc) and in the striatum (str) and lower numbers of individual MBP-

immunoreactive fibers are visible in the striatum (str) in a CZ-treated
mice. e, f Weakly MBP-immunoreactive fibers in the corpus cal-
losum (cc), in the neocortex (nc) and in the striatum (str) and thin
MBP-immunoreactive fibers in the striatum (str) 2 weeks after the
CZ-induced demyelination. Scale bar: 50 um in a, ¢, e and 25 um in
b, d, and f
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MBP-immunoreaction decreased in the CC (Fig. 3c). In
addition, markedly decreased number of individual MBP-
immunoreactive fibers was detected in the striatum indicat-
ing the demyelinating effect of the CZ treatment (Fig. 3d).
Measuring the optical tissue density, density of MBP-immu-
noreactivity was significantly reduced in the striatum follow-
ing CZ treatment compared to controls. Moderate reduction
of MBP-immunodensity was measured in the CC of CZ-
treated animals; however, the difference was not significant
(Table 1). In those animals that were kept 2 days on normal
diet following the CZ treatment, MBP-immunoreactivity
was visually similar to that found in those that were sacri-
ficed right after the treatment. In the striatum, the density of
the immunoreactivity was significantly reduced compared to
controls (Table 1). In mice that had normal diet for 2 weeks
after the CZ-containing diet, remyelination could have been
detected both in the CC (Fig. 3e) and in the striatum, where
the number of individual fibers between the fiber tracts
increased significantly (Fig. 3f). Density of the MBP-immu-
noreactivity was similar both in the CC and in the striatum
to the density measured in the controls (Table 1).

Reaction of Glial Cells

In control animals, lightly immunostained resting astro-
cytes and microglial cells were observed all over in the
brain including the CC and the striatum using anti-GFAP
and anti-Iba-1 antibodies (Fig. 4a, b, e, f). Following CZ
treatment, mild activation of microglial cells and astrocytes
was visible indicated by shorter and thicker processes and
stronger GFAP and Iba-1 immunoreactivity (Fig. 4c, d, g,
h). Activated glial cells were present in both the CC and the
striatum.

Gene Expression Analyses

As there is relationship between copper and iron homeostasis
and the function of iron in lipid metabolism is well known, we
investigated the effects of CZ administration on the expression
of iron homeostasis genes and some lipid metabolism genes in
the CC and liver (Supplementary Table 1a, b).

Table 1 Density of the MBP-immunoreactivity in the cerebral cortex,
corpus callosum, and striatum following cuprizone treatment

Cortex Corpus callosum Striatum
NK 16.62 + 5.31 22.68 + 3.67 8.12 £ 0.05
NC 15.38 + 4.62 17.57 +£2.32 5.12 + 1.34%
NC2d 16.88 + 10.01 23.08 +£9.318 494 + 1.71*
NC2w 10.5 £ 6.25 21.3+11.13 9.7+2.73

Values are expressed as mean =+ standard deviation. The *p

value < 0.05 was considered statistically significant, n = 3
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Effect of CZ Treatment on Hepcidin and Ferroportin
Expression in the Corpus Callosum and Liver

Corpus Callosum

The mRNA expression of HAMP, responsible for the regu-
lation of iron release, was slightly increased following CZ
treatment, but decreased to near normal value during regen-
eration. The expression of the main iron exporter Fp did
not change following CZ treatment, which suggests that the
release of iron is continuous and does not involve the action
of hepcidin (Fig. 5a).

Liver

When compared to the control animals, the mRNA expres-
sion of HAMP was upregulated right after the end of the
treatment, significantly decreased in the NC2d group and
remained low after 2 weeks (Fig. 6b). mRNA expression and
protein level of Fp remained normal, suggesting the proper
iron release from the liver (Fig. 5c).

Effect of CZ Treatment on the Regulators of Hepcidin
Expression

Corpus Callosum

In correlation with the increasing HAMP expression,
matriptase-2 (TMPRSS6), a negative regulator of hepci-
din expression, was strongly downregulated right after the
end of the CZ treatment and increased significantly during
remyelination. The two investigated positive regulators of
HAMP expression, C/EBPa and hypoxia inducible factor 1
o (HIF1a) had the same expression level during CZ treat-
ment as well as at the regeneration phase (Supplementary
Table 1a).

Liver

The TMPRSS6 mRNA level decreased following CZ treat-
ment and remained low during the regeneration. In the
case of the positive regulators, C/EBPa and HIF1a simi-
lar changes were observed (Supplementary Table 1b). The
effects of CZ on the hepcidin expression regulators are
mainly different between the two tissues, CC and liver.

Effect of CZ Treatment on the Serum Hepcidin
Concentration

To investigate whether the upregulation of HAMP results
in the increase of hepcidin level in the blood, we measured
the hepcidin concentrations of the pooled serum samples
of the animals. When serum hepcidin concentrations of the
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Fig.4 GFAP and Iba-1 immunoreaction in the corpus callosum (cc), in the neocortex (nc) and in the striatum (str) in control (a, b, e, and f) and
in CZ-treated mice (c, d, g, and h). Scale bar: 100 um in a, d, f, h and 200 ym in e and g
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CZ-treated animal groups were compared to the control
group, there was an increase in serum hepcidin levels in
the NC group. Following 2 days of regeneration, it was
below the control level and started to increase again during
the 2 weeks of remyelination period (Fig. 6).

Effect of CZ Treatment on the Cytosolic

and Mitochondrial Iron Storage and Transport
Protein Expressions in the Corpus Callosum
and Liver

Corpus Callosum

When compared to the control, the expression of transferrin
receptor 1 (TfR1), responsible for the import of iron into the

11
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250
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100 I
]
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Fig.6 Serum hepcidin concentrations of the three CZ-treated groups
and control group of pooled serum samples of seven animals

(pg/ml)

Serum hepcidin concentration
]
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total protein lysates of the liver of the four experimental groups.
B-actin was used as loading control. The p value < 0.05 was consid-
ered statistically significant, n = 3 in each group

cell, was unaltered in the CC. In agreement to the downregu-
lated expression of ferritin heavy chain (FTH) after CZ treat-
ment, there was no sign for increased cytosolic iron storage
in the CC. Following CZ treatment, the mRNA expression of
mitochondrial iron transport protein, mitoferrin-2 (MFRN2)
was significantly increased by the end of the 2 weeks of
normal diet (Fig. 7a). These results suggest that mitochon-
drial iron uptake becomes elevated during the remyelination.
Mitochondrial ferritin (FTMT) was not detected in the CC.

Liver

TfR1 mRNA levels were markedly elevated as a result of
CZ treatment in all three groups of animals. CZ treatment
led to a significant reduction of the mRNA expression of
FTH and light chain of ferritin (FTL) (Fig. 7b). Western blot
analysis showed significantly reduced protein levels of FTH,
though we found a slight increase in animals kept for 2 days
on normal diet (Fig. 7e). The mRNA expression of MFRN2
was found to be significantly downregulated after the CZ
treatment in the NC and NC2d groups and by the end of the
regeneration period returned to normal level (Fig. 7d). The
decreased mRNA level of FTMT, responsible for mitochon-
drial iron storage, was in correlation with the downregulated
iron uptake into the mitochondrion. Unlike, when compared
to the control, the protein level of FTMT in CZ-treated ani-
mals was significantly increased after the end of CZ treat-
ment (Fig. 7f).
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Effect of CZ Treatment on the Expressions
of Mitochondrial Iron Incorporating Proteins
in the Corpus Callosum and Liver

Corpus Callosum

The expressions of NFS-1, frataxin (FRX), and Fc were
found to be constant after the CZ treatment, thus, the mito-
chondrial Fe-S cluster and heme biosynthesis in the mito-
chondrion of the CC was not visibly affected; however,
there was a significant reduction in the mRNA level of Fc
in the NC2w group (Fig. 8a).

Liver

In the NC group, the mRNA and protein expressions of
NFS-1 significantly decreased (Fig. 8b, c). The significant
increase in the protein level of NFS-1 in the NC2d group
might have been the result of a fast recovery (Fig. 8c). Fc,
responsible for heme synthesis in the mitochondria and
frataxin (FRX), important for Fe—S cluster biosynthesis
were also downregulated after CZ treatment and remained
at low levels during the regeneration (Fig. 8b). Following
CZ treatment, there was no significant change observed in
the protein level of Fc (Fig. 8c).

Liver e
5 NK NC NC2d NC2w

L Ha
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- amae® (- Actin

TfR1
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Liver f
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ol N FTMT
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FTMT MFRN2
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FTMT was not detectable. e, f Western blot analyses of FTH and
FTMT in the liver of the four experimental groups. p-actin was used
as loading control. The p value < 0.05 was considered statistically
significant, n = 3 in each group

Non-heme Iron Content of the Liver Following CZ
Treatment

The ferrozine-based iron assay was used to determine the
non-heme iron content of the liver. The CZ treatment resulted
in significantly decreased non-heme iron content right after
the treatment in the NC group compared to control. The non-
heme iron content of the liver increased during remyelination
(Fig. 9).

Effect of CZ Treatment on Serum Iron Concentrations

In order to investigate whether the decreased iron content of
the liver was due to the release of iron into the bloodstream,
we measured the serum iron concentrations in the three experi-
mental groups. After the end of CZ treatment, the serum iron
concentrations of the animals decreased significantly and
dropped further in the NC2d group. In animals that were kept
on normal diet for 2 weeks following CZ treatment, serum iron
concentrations started to be normalized (Fig. 10).
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Expression of Lipid Metabolism Genes in the Corpus

Callosum and Liver Following CZ Treatment

Corpus Callosum

As the result of CZ treatment, the mRNA expres-
sion of the lipid metabolism genes, including ceramide

@ Springer

galactosyltransferase (Ugt8a), brain lipid-binding protein
(BLBP), myelin proteolipid protein (PLP1), and MBP1
were downregulated in the CC right after the end of the CZ
treatment. During the remyelination process, the expres-
sions of these genes returned to normal level, or were
upregulated. When compared to control, the mRNA level
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Fig. 11 Effect of CZ treatment on the expression of lipid metabo-
lism genes in the CC and liver. a The mRNA expression of CNPase,
Ugt8a, BLBP, PLP1, and MBP1 in the NC, NC2d, and NC2w groups
compared to the NK group in the CC. b mRNA levels of CNPase,
Ugt8a, and Fabpl in the liver. The p value < 0.05 was considered sta-
tistically significant, n = 3 in each group

of 2'3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase)
significantly increased in all three groups. (Figure 11a).

Liver

The expressions of fatty acid binding protein 1 (Fabpl),
CNPase and Ugt8a, responsible for lipid synthesis in the
liver were reduced after CZ treatment, indicating distur-
bances in the lipid metabolism of the liver. However, the
expression of Ugta8a became significantly upregulated by
the end of the 2 weeks of regeneration period (Fig. 11b).

Discussion

The investigation of the pathology of CZ intoxication is well
characterized and reproducible both in Swiss albino male
mice and C57BL/6 mice (Steelman et al. 2011; Moldovan
et al. 2015; Komoly et al. 1987). Therefore, in our study we
used C57BL/6 mouse strain and took the gender and age of
mice into consideration according to previous studies (Irvine
and Blakemore 2006; Taylor et al. 2010; Stidworthy et al.
2003).

The CC is the most frequently investigated white mat-
ter region of the brain in the CZ-induced model of MS in
mice. In addition, the majority of the changes caused by CZ

administration could be recorded in the CC (Steelman et al.
2011; Kipp et al. 2009), therefore we decided to examine
the effect of CZ administration on iron homeostasis in that
region of the brain. Little is known about the mechanisms
of abnormal iron homeostasis in MS and how it contributes
to the pathogenesis; however, iron deposits can be visible in
various regions of the brain in different animal models of
MS (Williams et al. 2012). In addition, the clear relationship
of myelin synthesis and/or lipid metabolism and iron homeo-
stasis (Todorich et al. 2009) gave rise to the idea of analysis
of genes involved in iron uptake and release, intracellular
iron storage, and iron metabolism regulation. Besides, the
alterations of systemic metal homeostasis, including iron,
in the CZ model of MS are also not fully understood. The
liver is perhaps the most important organ in control of the
iron homeostasis of the body (Ganz 2013). Since, we were
interested in the systemic effects of CZ administration, the
expression of genes was studied in the liver as well.

Previous results have shown (Abrahdm and Lazar 2000)
that following injury of the CNS, signs of mild activation of
glial cells including microglial cells and astrocytes are vis-
ible as cells change their morphology during the activation
process. Regarding the resting glial cells, both astrocytes
and microglial cells have thin long processes, in contrast to
the mildly activated cells, in which the processes are thicker
and, in case of the microglial cells, shorter. In addition, acti-
vation involves the overexpression of GFAP and Iba-1, and
therefore stronger GFAP-immunoreactivity and Iba-1-immu-
noreactivity are detected in astrocytes and microglial cells,
respectively (Condorelli et al. 1990; Ito et al. 2001; Graber
and Kreutzberg 1985).

Both electron microscopic and immunohistochemical
preparations of the CC showed definite signs of demyelina-
tion. By the end of the CZ treatment, the myelin sheaths
largely disappeared, and the lack of myelin was detected
around many axons in the treated animals compared to the
control group. Besides the basic morphological signs seen
by electron microscopic, immunohistochemical preparations
showed decreased intensity of the MBP-immunoreaction in
the CC. In addition, the number of the MBP-immunoreactive
fibers proved distinct decline in the striatum of the CZ-fed
animals. The close morphological association between the
MBP immunohistochemistry and electron microscopy pre-
sented in this work is in harmony with our earlier results
(Vincze et al. 2008). These microscopic observations
of demyelination support the results obtained with MRI
examinations that also indicate demyelination. Moreover,
our results on analyses of mRNS expression of the myelin
associated genes PLP, MBP, CNPase, and Ugt8a further sup-
port the demyelination, which is also in accord with previous
studies (Kipp et al. 2009; Gudi et al. 2014). CZ treatment
and demyelination coincide astroglial and microglial reac-
tion indicated by morphological changes including stronger
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staining intensity (Hiremath et al. 1998). Our observations
on the glial reaction further support the effectivity of the
CZ treatment.

The main molecular link between iron and copper
metabolism are the copper-containing ferroxidases, like
Cp and hephaestin. Iron release from the cell via the iron
exporter Fp and the subsequent loading onto plasma trans-
ferrin need the assistance of Cp (Hentze et al. 2010; Poli
et al. 2014; Di Bella et al. 2017). To date, it is hypoth-
esized that the pathological effects of CZ treatment may
be explained partly due to copper deficiency (Denic et al.
2010; Praet et al. 2014). Incorporation of copper into
apo-Cp results in the formation of the active holoenzyme
(Lenartowicz et al. 2014). According to a previous study,
the copper concentration of liver reduced after CZ treat-
ment (Moldovan et al. 2015). Our data demonstrate that
the expression of Cp after CZ treatment decreased in the
liver and after 2 weeks of remyelination period, returned
to normal level. We suppose that the downregulation of
Cp was due to the copper deficiency and reduced copper
concentration in the liver caused by CZ administration. In
the same study mentioned above, different brain regions
did not show any significant alteration in copper concen-
trations as a result of CZ intoxication (Moldovan et al.
2015; Jeyasingham et al. 1998). Likewise, we found no
change in the expression of Cp in the CC after CZ treat-
ment. These data suggest that the brain is able to maintain
its copper homeostasis despite the obvious systemic cop-
per deficiency.

Hepcidin plays a major role in the regulation of iron
metabolism by binding to the iron exporter Fp and causing
the internalization of the receptor in response to increased
iron levels (Hentze et al. 2010; Rishi et al. 2015). According
to our study, as a result of CZ treatment, hepcidin expres-
sion increased in the NC group of both the CC and liver,
which was not followed by changes in Fp expression in the
investigated tissues. However, after 2 days of remyelination
time, HAMP expression was significantly downregulated in
the liver, and there were no alteration in Fp protein levels
in the two regenerating groups. It was demonstrated earlier
that increased hepcidin treatment leads to Fp degradation
in mouse hepatocytes, which indicates the role of hepcidin
in regulating Fp protein stability in the hepatocytes (Ramey
et al. 2010) and macrophages (Zohn et al. 2007) in vitro.
The exact mechanism, how hepcidin regulates ferroportin
degradation in vivo, is still unclear; however, the loss of Fp
was confirmed in mouse tissues (Ward and Kaplan 2012).
Our results may prove that hepcidin did not act locally on
its receptor. In addition to the changes of HAMP expression
following CZ treatment, similar alterations were observed
in the serum hepcidin levels during the investigated period.
It is possible that hepcidin is transported from the liver and
has an effect on other organs. Moreover, in correlation with
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the increased HAMP expression, the negative regulator of
hepcidin levels, TMPRSS6 (Sangkhae and Nemeth 2017)
was downregulated in both investigated tissues which seems
to be the major cause of hepcidin elevation.

We were interested in the effect of CZ treatment on the
iron transport and storage proteins of CC and liver. TfR1 is
responsible for the uptake of iron in the form of transferrin-
Fe,, while MFRN2 can be found in the mitochondrial mem-
brane and important for mitochondrial iron uptake. In the
cytoplasm, iron is stored in ferritin heteropolymers, which
provide an iron store for the mobilization of iron and lock up
excess iron. In the mitochondria, iron is stored in FTMT in
order to protect the organelle against iron-mediated toxicity
(Hentze et al. 2010). According to our results, the import
of iron into the cell via TfR1 in the CC was not signifi-
cantly altered. In the liver, TfR1 expression was upregulated,
although there was no visible sign of cytosolic iron storage,
because the protein level of FTH decreased following CZ
treatment. Iron uptake into the mitochondrion via MFRN2
was downregulated both in the CC and liver after the end
of the treatment, but gradually upregulated or returned to
normal levels during remyelination. Our results show an
upregulation of FTMT in the liver following CZ treatment,
but a decrease after 2 days of regeneration. In the CC, we
cannot detect FTMT. These results indicate reduced mito-
chondrial iron uptake in the investigated tissues right after
CZ treatment, but with an assumable mitochondrial iron
storage in the liver.

As already shown, CZ induces megamitochondria forma-
tion both in oligodendrocytes and hepatocytes and distur-
bances in mitochondrial function, therefore it is speculated
that the neurotoxic effect is in part due to the disruption of
normal roles of mitochondria (Praet et al. 2014; Kipp et al.
2009). One of the key processes of normal mitochondrial
function is the Fe—S cluster assembly. Fe—S clusters have
crucial role in mitochondrial respiration, in the citric acid
cycle, DNA metabolism, and apoptosis (Stiban et al. 2016).
Another mitochondrial enzyme, Fc is the Fe—S cluster con-
taining terminal enzyme in the heme biosynthetic pathway
and catalyzes the insertion of iron into protoporphyrin IX
to form heme (Crooks et al. 2010). In order to investigate
the disturbances of mitochondrial iron homeostasis after
CZ administration, we studied the gene expression altera-
tions of certain mitochondrial iron-incorporating and iron-
containing proteins. Under normal Fe—S cluster assembly,
sulfur is provided by NFS-1 and iron is most likely pro-
vided by the protein FRX (Stiban et al. 2016). Our find-
ings show that CZ treatment did not affect the expressions
of NFS-1, FRX, and Fc in the CC. In contrast, in the liver
we found intense reduction in the expression of NFS-1 and
FRX after the treatment, which started to recover during the
remyelination. This implies that CZ intoxication strongly
affects the mitochondrial Fe—S cluster biosynthesis in the
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liver, therefore the normal function of mitochondria. This
might suggest disturbances of mitochondrial iron homeo-
stasis of the liver, together with the downregulation of
mitochondrial iron import proteins. In addition, the per-
turbation of the Fe—S cluster metabolism would increase
cellular iron uptake via TfR1 and diminishes iron storage
by ferritin (Galy et al. 2010). Taken together, we suggest
that the decrease of cytosolic iron storage by FTH and the
upregulation of iron import via TfR1 are due to the distur-
bance in the mitochondrial Fe-S cluster assembly. It appears
that this assumable systemic turnover of mitochondrial iron
homeostasis does not affect severely the CC, possibly due
to the mostly autonomous regulation of iron homeostasis of
the brain (Rouault and Cooperman 2006; Rouault 2001). It
is known that the Fe—S cluster of Fc does not participate in
catalyzing the terminal reaction of heme synthesis. Never-
theless, data suggest that impaired Fe—S cluster assembly
causes reduced Fc levels (Crooks et al. 2010). Moreover,
according to others, the loss of functional FRX alters heme
synthesis, because FRX may provide iron for the last step
catalyzed by Fc. In contrast, patients with FRX deficiency
do not show significant anemia, suggesting that FRX is not
essential for heme synthesis (Ye and Rouault 2010). It was
shown that in iron depleted and diminished Fe-S cluster
synthesis conditions, the mature Fc protein was not suscep-
tible to degradation. However, these circumstances affect the
maturation and stabilization of apo-Fc (Crooks et al. 2010).
According to our results, albeit the mitochondrial iron—sul-
fur synthesis seems to be diminished, the Fc protein levels
were not influenced. Since, the observed iron store in the
form of FTMT after CZ treatment may be utilized for heme
synthesis via mature Fc proteins.

We measured the non-heme iron content of the liver in
the three experimental groups. Our results show a decrease
in the iron content right after the end of the treatment, which
started to normalize during the regeneration period. This
was in correlation with the downregulated expression of
FTH. We speculated that the decreased iron content of the
liver was due to the release of iron into the bloodstream.
However, our data demonstrated significant decrease in the
serum iron concentrations as the result of CZ treatment.
Other authors showed that, after CZ administration, there is
no change in the iron concentration of the blood and the iron
content in the liver significantly increases (Moldovan et al.
2015). Conflicting results might be due to the different time
durations of CZ administration and the different methods
used for iron measurements. According to our results, we
assume that the observed decrease in serum iron concentra-
tion and reduced iron stores in the liver were due to sup-
pressed iron absorption, together with high serum hepcidin
levels. These conditions probably resulted from the defect
of the TMPRSS6 gene expression caused by CZ treatment,

similarly to iron refractory iron deficiency anemia (De Falco
et al. 2013; Finberg 2009).

According to previous studies, the mRNA expression
of myelin-associated protein genes, such as PLP, MBP,
CNPase, and Ugt8a is dramatically downregulated already
after 1 week of CZ administration and further declined after
3 weeks (Kipp et al. 2009; Gudi et al. 2014). Our results are
in agreement with these observations. The mRNA expres-
sions of the investigated lipid metabolism genes and myelin
protein genes were downregulated after CZ treatment in the
CC and during the remyelination period returned to normal
levels. It is known that the peak period of iron uptake in
the CNS coincidences with the peak of myelination during
development (Connor and Menzies 1996). This also suggests
a close relationship between iron metabolism and myelin
synthesis and the oligodendrocytes’ large need for iron for
optimal energy metabolism. Others described that that there
is no change in the iron content of cerebellum, cortex, or
thalamus of CZ-fed mice (Moldovan et al. 2015). In spite,
different brain regions might display different dynamics of
demyelination and remyelination (Gudi et al. 2009), conse-
quently further investigation is needed. It has been docu-
mented that conditions, such as iron deficiency, may reduce
iron uptake of the brain—therefore the iron acquisition of
oligodendrocytes (Connor and Menzies 1996)—which can
be the reason of their metabolic disturbances. Since in our
study CZ treatment resulted in decreased serum iron con-
centrations, the availability of iron for the brain decreased,
hence the iron uptake of oligodendrocytes may have been
reduced. According to recent knowledge, the iron metabo-
lism in the CNS is a separated system but has relation to
systemic iron metabolism (Rouault 2001). We hypothesize
that CZ treatment affects the iron regulation of the brain,
possibly via the disturbed systemic iron homeostasis, which
probably cannot be normalized by the local iron metabolism
regulation of the CNS. Our results suggest that beside the
unique effects of CZ on myelin synthesis, CZ has a role in
the dysregulation of systemic iron metabolism.
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