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Abstract

Multiple sclerosis (MS) is an autoimmunological disease leading to neurodegeneration. The etiology of the disease
remains unknown, which strongly impedes the development of effective therapy. Most MS treatments focus on modulat-
ing the activity of the immune system. Dimethyl fumarate (DMF) exerts a broad spectrum of action, such as modulating
immune cell differentiation towards anti-inflammatory subtypes, influencing cytokine production, regulating immune cell
migration into the central nervous system, and activating intracellular antioxidant mechanisms. It is well established that
activation of the nuclear factor E2 (Nrf2)-dependent pathway, leading to expression of the second-phase antioxidant
enzymes, is influenced by DMF.

In our experiments we used female Lewis rats in an animal model of MS — experimental allergic encephalomyelitis
(EAE). The rats were fed with dimethyl fumarate to test the expression of heme oxygenase-1 (HO-1), one of the sec-
ond-phase antioxidant enzymes, at specific time points of the symptomatic phases of the disease: on the first day
of the occurrence of clinical symptoms (10" day post immunization, DPI); at the peak of clinical symptoms (14th DPJ);
and at the end of the relapse (21t DPI). The results showed that HO-1 expression, at both the mRNA and protein level,
is influenced by DMF administration only at the very beginning of the symptomatic phase of EAE, and not at the peak
of clinical symptoms, nor at the end of the relapse. This indicates that the regulation of the Nrf2-dependent antioxi-
dant pathway by DMF occurs at a certain time interval (early EAE/MS) and strongly underlines the importance of the
earliest introduction of the therapy to the patient.
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impedes the understanding of the etiology of the dis-
ease and, consequently, impedes the development
an effective pharmacotherapy [19]. The main goal in

Introduction

Multiple sclerosis (MS) is an autoimmunological

disease, where a chronic inflammatory state in the
central nervous system (CNS), developed against
myelin antigens, leads to demyelination and neuro-
degeneration [33]. The complexity and the high lev-
el of heterogeneity of the course of MS significantly

the treatment of MS is to inhibit the ongoing inflam-
matory process by general immunosuppression, such
as by the intravenous administration of glucocorti-
coids during relapse. Many recent therapies target
specific processes in the course of MS [5,15].
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Dimethyl fumarate (DMF), successfully used
for the treatment of another autoimmune disease,
psoriasis, has recently been introduced as a therapy
for MS. DMF has many advantages, such as an oral
route of administration, a broad spectrum of immu-
nomodulatory action, satisfactory effectiveness, and
relatively mild side effects [3,24,26].

In general, DMF is an anti-inflammatory agent
with a broad spectrum of action. It has been shown
that DMF causes: (i) the switching of the immune
response from Th1-dependent to Th2-dependent [8],
(i) the differentiation of the dendritic cells into sub-
type 11 [11], (iii) an increase in anti-inflammatory cyto-
kine production [8], (iv) a reduction in the number of
circulating lymphocytes [13], (v) a reduction in mac-
rophage and T cell infiltration into the CNS [2,3,32],
(vi) the apoptosis of activated in vitro T cells [35].

In a series of investigations in cell cultures, it
was observed that DMF is capable of activating the
Nrf2 (nuclear factor E2) transcription factor, which is
responsible for the regulation of the synthesis of the
second phase antioxidant enzymes, such as heme
oxygenase-1 (HO-1) and glutathione-S-transferase
(GST), which scavenge the reactive oxygen species
(ROS) [3,14,37]. In chronic inflammation there is pro-
longed reactive oxygen species production, which
causes damage of the tissue surrounding the inflam-
matory site. Oxidative stress may be the major cause
of neurodegeneration in MS [20,24]. Therefore, acti-
vation of the intracellular mechanism leading to the
production of antioxidant enzymes is desired. Nor-
mally the activation of the Nrf2-dependent antioxi-
dant pathway occurs during oxidative stress, and it
is part of the cellular mechanism of defense against
ROS. DMF activates the Nrf2-dependent pathway,
probably in the same way as ROS [30,31], causing
Nrf2 nuclear translocation, where it plays the role of
a transcription factor for the second phase antioxi-
dant enzyme genes [4,9,14,17].

As the synthesis of the second phase antioxidant
enzymes is one of the manifestations of Nrf2-depen-
dent pathway activation, we investigated the expres-
sion of HO-1 at the mRNA and protein level during the
symptomatic phase of experimental allergic encepha-
lomyelitis (EAE) —an animal model of MS. We wanted
to investigate whether the disease course is correlat-
ed with gene expression and changes in the protein
levels. Next, we wanted to determine the influence of
DMF administration, to rats with EAE, on the course of
the disease at three time points: at the very beginning
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of the onset of symptoms, at the peak of symptoms,
and at the end of relapse. Revealing the mechanism
of the action of drugs changing the course of the dis-
ease may also provide new information about the
disease pathomechanism. Here, it may provide infor-
mation about the involvement of antioxidant mecha-
nisms in both pathological and physiological process-
es occurring during the development of EAE.

Material and methods
Animals

The experiments were performed using female
Lewis rats, weighing approximately 180 g. The rats
were obtained from the Animal House of the Mos-
sakowski Medical Research Centre. The experiments
were carried out with the consent of the Second
Warsaw Local Ethics Committee (Act no. 64/2014).

Experimental allergic
encephalomyelitis induction

On day 0 (0" DPI — day post immunization), the
animals were subjected to anesthesia (100 mg/kg
ketamine + 1 mg/kg xylazine, intraperitoneal, Veto-
quinol Biowet), and they were injected intradermally
in the hind paws with an immunizing mixture (100 pl
per paw). The mixture was prepared as follows: 50%
guinea pig spinal cord homogenate in PBS (Merck
Millipore) was mixed with Complete Freund’s Adju-
vant (DIFCO Laboratories) in the ratio 1 : 1, and sup-
plemented with 4 mg/1 ml Mycobacterium tubercu-
losis (DIFCO Laboratories). Healthy animals (without
induced EAE) served as a control group.

Dimethyl fumarate administration

Beginning on the 3 DPI, the animals received
dimethyl fumarate (Sigma-Aldrich), twice a day at
adose of 15 mg/kg, intragastrically using a gauge-point-
ed needle, up to the day of animal euthanasia. DMF
was suspended in 200 ul of vehicle (0.8% methylcellu-
lose, Sigma-Aldrich). The control animals received the
vehicle alone.

Clinical evaluation

Every day the body mass of the rats was measured
and the clinical symptoms were evaluated according
to a 5-grade scale: 0 — no symptoms, 1 — limp tail,
2 — hind limb paresis, 3 — incontinence, paraplegia,
4 — quadriplegia, 5 — death [18].
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The body mass ratio, as a ratio of the body mass
on the 10%™, 14t and 215t DPI to the body mass on
the day of immunization (0" DPI), was calculated
for every experimental group (mean for all animals
in the group). The clinical symptoms of the animals
were averaged within the groups (mean score) and
counted for the time intervals: 10th-14th DP|, 14th-2 15t
DPI and 10t-215t DPI.

The animals were euthanized at three critical
time points: on the 10t DPI - at the very beginning
of the onset of clinical symptoms; on the 14t DPI
— at the peak of clinical symptoms; on the 215t DPI -
after the remission of the symptoms.

Tissue collection

At the end of the experiment the animals were
sacrificed — rats were subjected to general anes-
thesia (100 mg/kg ketamine + 1 mg/kg xylazine,
intraperitoneal, Vetoquinol Biowet), and bled. Brain
samples were isolated and frozen rapidly in liquid
nitrogen. All tissues were stored at —80°C until the
time of analysis.

Heme oxygenase-1 protein level
analysis

To perform the analysis, brain homogenates
were prepared as follows: the collected tissues were
thawed, weighed, and the ice-cold PBS was added
to obtain the final 20% homogenates. Steel beads
were put into the tubes, and mechanical homoge-
nization was performed at 50 Hz for 5 minutes (Tis-
suelyser LT, Qiagen). Analysis of the HO-1 levels was
performed with an ELISA (enzyme-linked immuno-
sorbent assay) test (SunRed), according to the man-
ufacturer’s instructions.

Heme oxygenase-1 mRNA expression
level analysis

Brain fragments were homogenized in Qiazol
(QIAzol Lysis Reagent, Qiagen) and the total RNA was
extracted using an RNeasy Mini Kit (Qiagen). The RNA
concentration was estimated using a SmartSpec
Plus Spectrophotometer (Bio-Rad). The RNA was
used for multiplex real-time PCR reactions for the
relative quantification of target genes of heme oxy-
genase-1 expression. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a housekeep-
ing gene. Amplification of the mRNA of each gene
was performed according to the Applied Biosystems
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protocols using the TagMan RNA-to-Ct 1-Step Kit,
the primer for the target gene (rat Hmox-1: Applied
Biosystems, Rn00561387_m1) labeled with reporter
FAM dye, the primer for the housekeeping gene (rat
GADPH: Applied Biosystems) labeled with VIC dye,
and the RNA template in RNase-Free Water (Eppen-
dorf). The experiment was conducted using Micro-
Amp Optical 96-Well Reaction Plates with Barcode
(Applied Biosystems). Amplification was performed
in 40 cycles, at 95°C for 15 seconds and at 60°C for
1 minute, in a ViiA 7 Real-Time PCR System (Applied
Biosystems). The relative gene expression was given
on the basis of estimations of the values of the delta
cycle threshold (ACt) by relative quantification to the
endogenous control.

Statistical analysis

All results are presented as mean + SD. Statis-
tical assessments were performed using Student’s
t-test for independent samples using the STATISTICA
software (version 13). The results were considered
significant if p < 0.05.

Results
Body mass analysis

The body mass of the animals was presented as
the ratio of the body mass on the 10t, 14th and 215t
DPI to the body mass on the 0" DPI. In our exper-
iments we observed an increase of body mass in
healthy animals (body mass ratio > 1). EAE induc-
tion caused a significant drop in the body mass of
the animals at all measured time points (Figs. 1A-C).
There was a surprising further drop on the 14t DPI
in the body mass of the animals with EAE fed with
DME in comparison with the EAE rats, and with the
EAE rats fed with the vehicle (Fig. 1B). Feeding ani-
mals with DMF did not reverse the body mass drop
caused by EAE induction (Figs. 1A-C).

Mean score

There were no significant differences in the mean
score of the clinical symptoms observed in the ani-
mals between the groups during the presented time
intervals (Figs. 2A-C). However, there was a visible
tendency to decrease the mean score of symptoms
in animals fed with DMF, compared with EAE non-fed
rats for the time intervals 10t to 14t DPI (Fig. 2A),
14t to 215t DPI (Fig. 2B), and 10t to 21t (Fig. 2C).
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Fig. 1. Body mass ratio of rats on the: 10t day
post immunization (DPI) (A), 14 DPI (B) and
215t DPI (C) in relation to the Ot" DPI (taken as 1).
n = 6-10. *p < 0.05. NT — not-treated rats; VEH
— healthy rats receiving vehicle; DMF — healthy
rats receiving dimethyl fumarate; EAE — rats
with experimental allergic encephalomyelitis
induced; EAE + VEH — rats with EAE induced,
receiving vehicle; EAE + DMF — rats with EAE
induced, receiving DMF.

HO-1 protein level

The analyzed HO-1 level in the brain homog-
enates differed significantly only on the 10™ DPI.
There was an increase in the HO-1 protein level in
the brains collected from EAE animals fed with both
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Fig. 2. Mean clinical score of animals counted
for the time intervals: 10t"-14t day post immu-
nization (DPI) (A), 14t-215t DPI (B) and 10th-21st
DPI (C). n = 6-10. *p < 0.05. NT — not-treated
rats; VEH — healthy rats receiving vehicle; DMF
— healthy rats receiving dimethyl fumarate;
EAE — rats with experimental allergic encepha-
lomyelitis induced; EAE + VEH — rats with EAE
induced, receiving vehicle; EAE + DMF — rats
with EAE induced, receiving DMF.

vehicle and DMF in comparison with EAE non-fed
rats (Fig. 3A). There were no significant differences
between the HO-1 protein levels in tissues collected
from rats on the 14t DPI (Fig. 3B) and the 21t DPI
(Fig. 30).
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Fig. 3. Heme oxygenase-1 (HO-1) protein level in
brains collected from rats on the: 10" day post
immunization (DPI) (A), 14t DPI (B) and 21t
DPI (C). n = 6-10. *p < 0.05. NT — not-treated
rats; VEH — healthy rats receiving vehicle; DMF
— healthy rats receiving dimethyl fumarate; EAE
- rats with experimental allergic encephalo-
myelitis induced; EAE + VEH — rats with EAE
induced, receiving vehicle; EAE + DMF — rats
with EAE induced, receiving DMF.

HO-1 mRNA expression level

An analysis of the expression level of the mRNA
isolated from the brains showed a significantly
decreased level of HO-1 mRNA in EAE rats fed with
DMF in comparison with EAE non-fed rats, and EAE
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Fig. 4. Heme oxygenase-1 (HO-1) mRNA expres-
sion in brains collected from rats on the: 10th
day post immunization (DPI) (A), 14t DPI (B) and
215t DPI (C). n = 6-10. *p < 0.05. NT — not-treat-
ed rats; VEH — healthy rats receiving vehicle;
DMF — healthy rats receiving dimethyl fumarate;
EAE —rats with experimental allergic encephalo-
myelitis induced; EAE + VEH — rats with EAE
induced, receiving vehicle; EAE + DMF — rats
with EAE induced, receiving DMF.

rats fed with vehicle animals, on the 10t DPI (Fig. 4A).
On the 14™ DPI there was a significant drop of mRNA
expression in all of the EAE groups of animals com-
pared with the healthy rats fed with DMF (Fig. 4B).
Onthe 215t DPI, HO-1 mRNA expression was decreased
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in EAE rats, both fed and non-fed, in comparison with
healthy rats, fed with vehicle and DMF (Fig. 4C).

Discussion

Most of the studies on DMF antioxidant activity
engaging the Nrf2-dependent pathway, that result
in the expression of second phase antioxidant
enzymes, are performed on cell cultures in vitro,
whereas animal studies tend to focus on showing
the influence of DMF on disease progression. In
our study, we combined these two aspects of DMF
activity by measuring the expression of HO-1 at the
mRNA and protein levels in the brains collected from
animals with experimental EAE. In our study, we
used the MS model with monophasic course, with
one relapse and one remission of symptoms, and
such a course is characteristic for Lewis rats with
experimental EAE. Such monophasic acute EAE may
be beneficial for studying innate processes involved
in disease development [12]. We also focused on
the symptomatic phase of EAE, starting from the
10t DPI, which is the first day of the occurrence of
symptoms, the 14t DPI being the day of peak symp-
toms, and the 215t DPI being the day of remission of
symptoms —based on our previous experience using
this model of MS[16]. In the present study there was
no significant effect of DMF administration to the
animals in ameliorating the clinical symptoms — the
results only show a tendency, but this is similar to
the results obtained by others in DA (Dark Agouti)
rats or C57/BL6 mice [7,29]. We also noted a very
high dispersion of the mean score results, point-
ing to variation between the animals. We also did
not observe any effect of DMF on reduction of body
mass decrease; however, the body mass decrease
after EAE induction was rather slight.

Our main goal in this study was to analyze the
changes in HO-1 expression shown both as the
mRNA and protein level during the symptomatic
phase of EAE. The results clearly demonstrate that
DMF influences HO-1 expression only at the very
beginning (10" DPI) and not during the symptomatic
phase of the disease (14™ DPI and 215t DPI), pointing
to the early engagement of the antioxidant mecha-
nisms induced by DMF in the course of EAE.

Recently, Stoji¢-Vukani¢ et al. [34] reported on
the effect of DMF in DA rats with induced EAE. Their
results showing the clinical score in female rats were
consistent with our observations, where the mean
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score reached a maximum of 1.5 points on a 5-grade
scale. They tested the redox status of the animals,
showing that mRNA expression of Nrf2 and HO-1
had increased in the spinal cords collected from rats
on the 15" DPI. Also, there was increased activity of
one of the Nrf2-regulated enzymes (superoxide dis-
mutase) both in the plasma and the spinal cord. The
results of the mRNA expression of HO-1 do not cor-
respond with our results; however, the dose of DMF
administered in their study was 100 mg/kg per day,
while up to now, the standard dose used has been
30 mg/kg per day [7,23,32].

Most of the experiments on the effect of DMF
conducted in the animal model of MS, EAE, concern
the modification of the activity of immune cells, such
as changes in the produced cytokine profiles, cell dif-
ferentiation, infiltration into the CNS, etc.[11,29,32].

In vitro studies have shed light on the cellular
mechanisms involved in the mechanism of action
of DMF and also on the regulation of the Nrf2-de-
pendent antioxidant activity of the cells. The stud-
ies performed on mammalian (human, rodent)
astrocytes have shown that DMF increases the cel-
lular level of the Nrf2 protein and also increases
the mRNA expression of the target genes, such as
quinone oxidoreductase-1 (NQO-1) [23]. In cultured
rat astrocytes, after 6 hours of incubation with
lipopolysaccharide and IFN-y, there was increased
Nrf2 activity and increased HO-1 mRNA expression
[22]. The independence of the DMF effect from the
Nrf2-dependent pathway was tested in microglia
cultures, indicating that cells isolated from Nrf2*-
mice produced decreased levels of proinflammatory
cytokines when being treated with DMF [28]. On the
other hand, data obtained from murine and human
astrocytes treated with DMF and activated with
IL-1B, show no significant difference in HO-1 and
NQO-1 expression at the mRNA level. Some authors
have suggested that the effect of DMF may be cell
specific or even Nrf2 independent [10]. Animal stud-
ies by Linker et al. [23], showing Nrf2 activation in
the chronic phase of EAE induced in mice treated
with DMF, revealed increased Nrf2 expression in
neurons, oligodendrocytes, and astrocytes, but not
in microglia or in T cells, in the spinal cords collected
from the animals on the 74t DPI. Such results clearly
support the hypothesis of the cellular specificity of
Nrf2 activity.

In our experiments we used whole-brain homoge-
nates to analyze the expression of HO-1 at the mRNA
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and protein level. Therefore our results present a uni-
fied picture of changes in the CNS, as homogenates
contain all cell types present in the particular tissue.
We compared the HO-1 expression at the mRNA
level to the protein level. Here, we observed that on
the 10t DPI the HO-1 mRNA level had decreased in
rats with EAE treated with DMF, and the protein lev-
el had increased. Also of importance, at the peak of
the clinical symptoms (14t DPI) and at the time of
symptoms remission (215t DPI), there were no chang-
es in the HO-1 expression levels (at either the mRNA
or the protein level). This may indicate that in our
experiment DMF influenced the course of EAE during
the pre-symptomatic phase, and that the last effects
were captured on the 10" DPI. The state observed
on the 10" DPI, when there was a decreased HO-1
mRNA level and an increased HO-1 protein level, was
probably the result of the sequence of events of the
process of protein synthesis, beginning with gene
transcription, followed by translation and then pro-
tein synthesis. At this time point, it is possible that
the Nrf2-dependent pathway is no longer influenced
by DMF, so the transcript (mRNA) level decreases
while being used for the following stages of pro-
tein synthesis, providing increased levels of protein
at that moment. Decreased levels of HO-1 mRNA
in all groups of animals with induced EAE, in com-
parison with healthy animals, on the 14™ and 21°t
DPI may suggest that the Nrf2-dependent pathway
is not activated at these particular time points (not
only by DMF, but also by oxidative stress accom-
panying inflammation in the CNS). Studies of MS
lesions (derived from autopsies or biopsies of MS
patients) show that there is increased Nrf2 expres-
sion in active lesions, and that the expression is
rather rare in chronic inactive lesions [21,36]. Such
results, showing the correlation of the activity of
the Nrf2-dependent antioxidant pathway with the
early phase of disease relapse, confirm the recom-
mendations increasingly made to start MS therapy
in patients as soon as there is a suspicion of MS, and
not to wait for a confirmed diagnosis [6,25]. The MS
animal model used in the present study is monopha-
sic EAE, with one peak of symptoms, and remission.
In the most common form of MS, i.e., relapsing-re-
mitting MS, there are relapses following remissions.
Continuous DMF treatment may be beneficial, as the
Nrf2-dependent pathway resulting in HO-1 expres-
sion is activated at the very beginning of the relapse,
in the pre-symptomatic phase. DMF exerts a bimodal
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effect in inflammatory neurodegenerative diseases.
Firstly, its known anti-inflammatory mode of action
prevents the excessive development of the immune
response and, secondly, its antioxidant activity pro-
tects neurons from oxidative stress leading to degen-
eration [1,27,37].

In our experiment the expression of HO-1
changed during the course of EAE and the influence
of DMF occurred at the pre-symptomatic phase of
the disease in experimental animals, hence pointing
to the necessity of early therapy in MS patients.
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