
Neuroprotective Effects of Melatonin on Experimental Allergic
Encephalomyelitis Mice Via Anti-Oxidative Stress Activity

Ting Long1
& Yuan Yang1

& Ling Peng2
& Zuoxiao Li1

Received: 31 October 2017 /Accepted: 20 December 2017 /Published online: 15 February 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Multiple sclerosis (MS) is a chronic auto-inflammatory disease of the central nervous system (CNS) and hard to heal. This study
aimed to investigate the effect of melatonin on mice with experimental autoimmune encephalomyelitis (EAE), a widely usedMS
model, and its potential mechanism underlying the action of MT on anti-oxidative stress. Female C57BL/6 mice were injected
withMOG35–55 peptide to set up the EAEmodel, and for detection of the effect of melatonin (10mg/kg i.p.) on the development
and progression of EAE. Combining immunohistochemistry, biochemical technology and western blot approaches, the potential
molecular mechanism ofmelatonin on EAEwas evaluated as the levels of oxidative stress and the expression of Nrf2/ARE signal
pathway. Our experiments showed a change of oxidative stress and Nrf2/ARE pathway expression in different groups, demon-
strating that oxidative stress is associated with the pathophysiology of EAE. The administration of melatonin exerts neuropro-
tective effects against EAE, notably in suppressing the progression of EAE and pathological changes (lymphocytic infiltration).
Furthermore, the effect of melatonin was probably related to decrease of the levels of oxidative stress, by activation of the Nrf2/
ARE pathway and increased levels of anti-oxidant enzymes HO-1 and NQO1 expression. So, melatonin may be a promising
reagent for intervention for multiple sclerosis in the future, and even for other autoimmune diseases.
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Introduction

Multiple sclerosis (MS) is a chronic immuno-mediated in-
flammatory disease in the central nervous system (CNS),
which typically affects young adults (Compston and Coles
2008). The etiology of MS is still not completely understood
(Ebers 2008). Genetic, environmental, and other viral factors
may contribute to the triggering of an aberrant autoimmune
attack which may result in damaging the myelin and axons
(Bruck and Stadelmann 2005). Notably, inflammation-
induced oxidative stress also contributes to the pathogenesis
of MS. Activating macrophages and astrocytes can produce
large amounts of reactive oxygen species (ROS) or reactive
nitrogen species (RNS) (Croxford et al. 2015). These

substances are extremely unstable and have strong oxidation
activity. Additionally, oxygen consumption in the central ner-
vous system is large, and the cell membranes are rich in poly-
unsaturated fatty acids (Garg and Smith 2015), but the con-
centration of antioxidant substances in CNS was lower than
that in peripheral blood (Ohl et al. 2016), so it is predisposed
to damage from oxidative stress. A number of studies have
confirmed that the cerebrospinal fluid, blood samples, urine
and/or nervous tissue homogenates in MS (Hammann and
Hopf 1986; Koch et al. 2006) and EAE mice (Nikic et al.
2011; van Horssen et al. 2011; Dimitrijevic et al. 2017) pre-
sented oxidative stress. Hence, it is not surprising that oxida-
tive stress is a critical factor in both EAE and MS
pathogenesis.

The Nrf2/ARE signaling pathway is the key regulator for
defense against oxidative stress of the body (Ishii et al. 2000).
Under an unstressed situation, transcription factor NF-E2 re-
lated factor (Nrf2) and Keap1 are bound together in the cyto-
plasm (Fukutomi et al. 2014). When exposed to free radical
and electrophilic material, Nrf2 evades Keap1, and translo-
cates into the nucleus, combining with antioxidant response
elements (ARE), inducing transcription of target genes, such
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as II phase detoxification enzymes, antioxidant proteins, such
as heme oxygenase-1(HO-1), NAD(P)H:quinone oxidoreduc-
tase 1 (NQO-1) (Saito et al. 2015). Importantly, a number of
studies have identified that Nrf2/ARE activation acts as a cen-
tral player in MS and EAE. Nrf2 and its target genes including
HO-1 and NQO1 are upregulated in MS patient lesions and
EAE animals (van Horssen et al. 2006). The induction of Nrf2
and HO-1 can inhibit disease development and progression of
EAE (Liu et al. 2014; Higashi et al. 2017), while mice with
Nrf2 or HO-1 gene deficiency developed more serious lesions
in the CNS than wi ld type mice (Chora e t a l .
2007).Furthermore, some recent studies reported that the
Nrf2/ARE signaling pathway can regulate immune and inflam-
matory responses. Nrf2-deficient mice exhibit more severe in-
flammation in a model of acute pleurisy (Itoh et al. 2004) and
the mouse model of sickle cell disease (Keleku-Lukwete et al.
2015). In EAE animals, up-regulation of HO-1 inhibits IL-17
production, while promoting Foxp3 expression and IL-10 pro-
duction, thus regulating Treg/Th17 balance. Together, the
Nrf2/ARE pathway may be a novel therapeutic target for MS.

Melatonin can freely penetrate the blood brain barrier
(BBB)(Kutzelnigg and Lassmann 2014), and exhibits multi-
functional properties, including antiaging, as an antioxidant,
and immunomodulatory effects (Calvo et al. 2013; Hardeland
2013). Several studies have reported alteration in melatonin
levels and its main metabolite, 6-sulphatoxymelatonin (6-
SMT) in MS patients (Melamud et al. 2012; Damasceno
et al. 2015). Melatonin levels are negatively correlated with
MS clinical relapses (Farez et al. 2015). Melatonin adminis-
tration has also been shown to improve sleep and quality of
life in MS patients (Adamczyk-Sowa et al. 2014a, b).
Melatonin modulates adaptive and innate immunity, which
has been confirmed in a variety of both central and peripheral
disease conditions involving immune activation (Carrillo-
Vico et al. 2005, 2013). In the EAE model, some studies have
reported that melatonin have anti-inflammatory effects. Kang
and his colleagues (Kang et al. 2001) found MT can amelio-
rate the clinical signs of EAE and diminished mononuclear
infiltrates by suppressing intracellular adhesion molecule 1
(ICAM-1) expression in the spinal cord. Another study found
that melatonin protected from EAE by decreasing peripheral
and central Th1/Th17 responses and enhancing both the Treg
frequency and IL-10 synthesis in the CNS (Alvarez-Sanchez
et al. 2015a, b). However, MT is also an efficient free radical
scavenger, which can prevent damage from excessive free
radicals by clearing the superoxide anion (O2–), NO,
ONOO- (Arora and Bhatla 2017). A recent study found that
administration of MT is effective in reducing clinical signs
and free radical generation in the EAE model of MS(Wen
et al. 2016). To our knowledge, there is no study regarding
how melatonin modulates oxidative stress in a MOG-induced
EAE model. Thus, the objective of this work was to elucidate
the therapeutic role of melatonin in EAE and its possible

antioxidant stress mechanisms. In the present study, the EAE
model was established byMOG35–55 polypeptides. Our find-
ings indicated that treatment with melatonin inhibited the de-
velopment and progression of EAE, and recovered the oxida-
tion and antioxidant balance, through activating the Nrf2/ARE
signal pathway, thereby promoting anti-oxidant enzyme
expression.

Materials and Methods

Animals

Female C57BL/6 mice (weighing 18-20 g, aged 8–
10 weeks) were purchased from the Chengdu Dashuo lab-
oratory animal Company (Number: 17–199 SPFC57), and
reared in the animal room of Southwest Medical University
at a room temperature of 24 ± 2 ° C, and maintained on a
12 h light/dark cycle. Animals were given enough food and
drinking water. The experimental protocols were approved
by the Institutional Animal Care and Use Committee of
Luzhou Medical College.

Induction and Assessment of EAE and Treatment

EAE was induced as described previously (Li et al.
2013a, b). Briefly, mice were injected subcutaneously at
one side of the flank with 250 μg MOG35–55 peptide
(Beijing Keya Light Biotech Corp., Beijing, China) in
complete Freund’s adjuvant (CFA, Sigma, St. Louis,
MO, USA) and 64 mg/ml of heat-killed Mycobacterium
tuberculosis (Difco Laboratories, Detroit, MI, USA). At
0 h and 48 h after MOG injection, 500 ng pertussis toxin
in 100 uL PBS was injected intraperitoneally (Chengdu
Biological Products, Chengdu, China). The severity of
neurological deficit was measured daily by two indepen-
dent experienced observers blind to animal treatment.
Neurological deficit was scored as follows:0 signified no
paralysis, 1 signified loss of tail tone, 2 signified hindlimb
weakness, 3 signified hindlimb paralysis, 4 signified
hindlimb and forelimb paralysis; and 5 signified moribund
and death.

Melatonin intervention mice were treated with
melatonin(Selleck,USA) 10 mg / kg (10 mg / ml) daily, with
treatment on day 0 post immunization of EAE, by intraperito-
neal injection, and the control mice only used vehicle saline
1 ml / kg. Animals in accordance with the requirements were
injected with the above substances successively to the peak
period of disease, then the mice were sacrificed. The criterion
for judging the peak period of the disease is that the clinical
symptoms of mice did not worsen for three consecutive days
or the mice died. Mice in the healthy control group or not
diseased were sacrificed at 28 days after modeling.
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Histology and Immunohistochemistry

Mice were anesthetized with 10% chloral hydrate, and were
perfused through the left cardiac ventricle with saline until the
liver turned white; then were irrigated with 4% poly formal-
dehyde (PFA) until the four limbs and tail stiffened and then
decapitated. The brain and spinal cord were removed carefully
with a pair of tweezers. Finally the tissues were soaked in 4%
PFA for 24 h, and processed for paraffin embedding. The non-
serial sections of lumbar spinal cord (5um/each, interval of
50 μm) of each mouse were used for HE staining to detect
inflammatory infiltrates. Another three non-serial sections of
each mouse were used to detect the levels of Nrf2, HO-1 and
NQO1 expression by means of immunohistochemistry(IHC).
Primary antibodies were rabbit anti Nrf2 polyclonal
antibody(Abcam), anti HO-1 polyclonal antibody(Abcam),
and anti-NQO1 (Abcam). The dilution ratio was 1:50.
Secondary antibodies were goat anti-mouse IgG antibody as
HRP labeled, and with a dilution ratio of 1:100. Lastly, each
slice was randomly selected for five fields, and the positive
cells were counted under a light microscope.

Biochemical Assays

The degrees of oxidative stress in the brain were assessed for
the contents of Thiobarbituric Acid Reactive Substance
(TBARS), ROS and the activity of superoxide dismutase
(SOD), and catalase (CAT). Briefly, mice were decapitated
at the peak stage of EAE, and periventricular brain tissue of
0.5 g was obtained. The tissues were washed in ice cold nor-
mal saline, then pieces of brain tissue were cut rapidly, and
then diluted ten times with normal saline, and ground in a
glass homogenizer on ice to make a brain tissue homogenate.
Then the homogenate was centrifuged at 3000 rpm for 15 min
to collect supernatant. The supernatant was stored at −80 °C
for further analysis. Commercially available assay kits were
used to assess the concentration of SOD, CAT, TBARS, and
ROS (Nanjing Institute of Biological Engineering, Nanjing,
China). All analyses were performed according to kit
instructions.

Western Blot Analysis

Western blot was performed as previously described. Tissue
samples of spinal cord were homogenized and protein concen-
tration was determined by BCA protein assay kit (Beyotime
Biotechnology). Then, equal amounts of protein were applied
to 10% SDS-PAGE gels, and electrophoretically transferred
onto PVDF membranes (Millipore). The membranes were
blocked in blocking buffer and probed with indicated primary
antibodies overnight at 4 °C and followed by secondary anti-
bodies conjugated to HRP with one of the following
antibodies:anti-Nrf2 antibody (anti-rabbit, 1:1000;Cell

Signaling Technology); anti-HO-1 antibody (anti-rabbit,
1:1000; Cell Signaling Technology), and anti-NQO1 antibody
(anti-rabbit, 1:1000; Cell Signaling Technology). Enhanced
chemiluminescence was performed with a BeyoECL Plus
Kit (Beyotime). The density of bands was quantified using
Fuion software.

Statistical Analysis

All data analyses were performed using GraphPad Prism 6.00
or SPASS 17.0. All continuous data are present as the mean ±
SD or mean ± SEM. Statistical analysis was performed by
two-tailed unpaired Student’s t-tests, chi-square test or one-
way ANOVA with post-hoc analysis by Tukey’s multiple
comparison test. P-value <0.05 was considered statistically
significant.

Results

Treatment with Melatonin Reduced the Severity
of EAE in Mice

To determine the potential protective effect of melatonin on
EAE, C57BL/6 mice were immunized with MOG35–55 in
CFA to induce EAE, and the mice were randomly treated with
melatonin (10 mg/kg,ip.) (EAE-MT treated group) or vehicle
(1 ml/kg,ip.) (EAE-untreated group) alone. The incidence and
severity of clinical signs in the different groups of mice are
presented in Table 1. In both of the EAE-untreated groups and
the EAE-MT treated group, mice had a different morbidity.
The incidence of EAE was higher in the EAE-untreated group
than in the EAE-MT treated group (81.3% and 56.3%, respec-
tively) (Table 1). But the difference was not statistically sig-
nificant (P> 0.05). Early onset symptom mainly manifested
as listlessness, reduction of eating and drinking, and loss of
body weight; and the site of injection antigen appeared in
duration, swelling, loss of hair or even ulceration. Mice sub-
sequently developed symptoms of neurological dysfunction,
such as tail tension decline, which were usually the first symp-
toms of EAE, and gradually there appeared paralysis of the
double hind limb or forelimb, and there even appeared
tetraplegia and incontinence. There were no dead mice in both
groups. No adverse effects associated with the melatonin treat-
ment were observed. The neurological deficit scores at the
peak stage of EAE (the maximum clinical scores) in the
EAE-untreated group was greater than that of the EAE-MT
treated group (P < 0.05) (Table 1). The first neurological signs
of EAE (latent period) appeared later in the EAE-MT treated
group than in the EAE-untreated group mice (p < 0.05)
(Fig.1). In addition, the clinical symptomatic stage of the
EAE (advanced stage) was of shorter duration in the EAE-
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MT treated group when compared with the EAE-untreated
group (p < 0. 05) (Table 1).

Treatment with Melatonin Mitigates Inflammatory
Infiltrates in the Spinal Cord

We examined the pathological changes in the spinal cords
from the EAE-untreated and EAE-MT treated mice at the peak
stage of EAE. There was no detectable inflammatory infiltra-
tion in the spinal cord of healthy control group mice; while a
mass of inflammatory cells infiltrated in the spinal cord in EA
-untreated group, especially around the small venous, accom-
panied by small vascular congestion. The main clustered cells
were single nucleus. The typical change was inflammatory
cells gathering around small blood vessels, which were de-
scribed as Bvascular cuff^. Compared with the EAE-
untreated mice, the number of infiltrating inflammatory cells
was obviously reduced in the EAE-MT treated group (Fig 1).

Melatonin Treatment Suppresses Oxidative Stress
of EAE

Oxidative stress contributed to the pathogenesis of MS or
EAE. We next measured the TBARS, ROS, SOD and CAT
expression in the brain of different groups to detect the level of
oxidative stress of EAE. At the peak stage of EAE, the mean
TBARS and ROS concentrations were significantly higher in
either EAE-untreated or EAE-MT treated groups than in the
healthy control group (P < 0.05, Fig. 2). Besides, the levels of
SOD and CAT were significantly lower in either EAE-

untreated or MT-treated groups than that in the healthy control
group. But we observed that compared with the EAE-
untreated mice, treatment with melatonin decreased the con-
centration of TBARS and ROS and increased the level of
SOD and CAT (Fig. 2).

Melatonin Treatment can Up-Regulate Nrf2 /ARE
Pathway

The Nrf2/ARE signal pathway and its related antioxidant en-
zymes, such as HO-1,NQO1 has been identified as an impor-
tant role in EAE or MS to inhibit the oxidative stress damage.
To explore the mechanism of melatonin on EAE, we next
examined the Nrf2, HO-1 and NQO1 expression in different
groups by immunohistochemistry and Western blot assays.
The number of Nrf2,HO-1 and NQO1 positive cells of the
spinal cord in different groups at the peak stage of disease
are showed in Table 2. Compared with the control mice, the
expression of Nrf2, HO-1 and NQO1 in the spinal cord of
EAE increased at the peak stage of disease (Fig 3). But the
level of Nrf2, NQO1 and HO-1 increased notably in the mel-
atonin treated mice compared with EAE-untreated mice
(P < 0.05). In the healthy mice, the Nrf2 were mainly detected
in the cytoplasm of cells in the brain, but in the EAE mice, it
was observed in both nuclei and cytoplasm of cells (Fig. 3A-
C). A similar change of Nrf2, HO-1 and NAQ1 expression
was detected in different groups of mice by Western blot as-
says. Collectively, treatment with melatonin can up-regulate
Nrf2, HO-1 and NQO1 expression in the spinal cord and then
contribute to its antioxidant activity.

Table 1 The incidence and
neurofunctional deficiency in
different groups

Group Incidence Maximum clinical
scores

Latent period
(day)

Advanced stage
(day)

EAE -untreated group 13/16 2.8 ± 1.0 12.77 ± 1.92 6.92 ± 1.80

EAE-MT treated group 9/16 1.4 ± 0.7* 15.23 ± 1.86* 4.00 ± 0.87*

*p < 0.05, compared with the EAE-untreated group

Fig. 1 Melatonin treatment mitigates pathological changes of EAE.
C57BL/6 mice were immunized with MOG35–55 to induce EAE, and
the mice were randomly treated with melatonin or vehicle on day 0 post
immunization. HE staining of spinal cords in EAE -untreated group (A)

and EAE-MT treated group (B). The degree of inflammatory cells
infiltration in the melatonin treated mice was significantly lower than
that in the EAE mice. H & E stain, Scale bar = 50um
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Discussion

In this study, we found that melatonin treatment can reduce the
neurological dysfunction score, prolong the onset, and shorten
the progress of EAE. Additionally, melatonin treatment can
reduce the numbers of inflammatory infiltrates in the CNS of
EAE. So, melatonin can have a neuroprotective effect on EAE.
Our results are consistent with previous studies (Kashani et al.
2014; Chen et al. 2016a, b). We found the main concern of
these studies is the immunosuppressive effects of melatonin in
the EAE. In addition, melatonin and its metabolites effectively
scavenge antioxidants. This study found another role of mela-
tonin on EAE, which can regulate the oxidative imbalance.
Then we assumed how did melatonin play this role?

The etiology and pathogenesis of MS are still unknown.
The imbalance of T cell responses (including Th1, Th2,
Treg,or Th17) in MS has been widely recognized,which is

crucial for the development and progression of MS.
Extensive studies have found that oxidative stress was in-
volved in the pathogenesis of MS or EAE. Inflammatory me-
diators, activated macrophages and astrocytes will produce a
large number of ROS or RNS in pathogenesis of MS (Dutta
et al. 2006). High levels of ROS ,RNS can cause demyelin-
ation, shaft axonal injury and neuronal degeneration (van
Meeteren et al. 2004). In particular, the injury of neurons
and axons is an important factor leading to MS progression,
these changes can occur both in the early and late stages of
MS. Furthermore, high levels of ROS and RNS also can dis-
rupt the BBB and aggravate inflammatory cell infiltration, so
to enhance autoimmune inflammation. Previous studies have
shown that there was a large amount of lipid peroxidation in
the cerebrospinal fluid and plasma of MS patients (Haider
et al. 2011), and the serum ROS levels were significantly
increased (Langemann et al. 1992), especially in the active

Table 2 The number of Nrf2 and
HO-1 positive cells of the spinal
cord in different groups

Group n Nrf2 HO-1 NQO1

Control group 6 15.13 ± 3.27 11.50 ± 2.82 8.33 ± 2.73

EAE-untreated group 6 27.63 ± 3.58* 30.38 ± 9.72* 53.67 ± 5.89*

EAE-MT treated group 6 51.63 ± 9.81* ▽ 48.88 ± 13.97* ▽ 73.50 ± 4.64* ▽

*compared with Control group,P < 0.05,▽compared with EAE-untreated group, P < 0.05

contral (n=6)

EAE (n=6)

EAE+MT (n=6)

Fig. 2 Melatonin treatment inhibited the oxidative stress status of EAE.
The content of TBARS, ROS, CAT and SOD in different groups at the
peak stage of EAE (n = 6 per group). All data are the mean ± SD.*, P <

0.05 compared with the control healthy group. P < 0.05 compared with
EAE-untreated group
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phase of disease. Another study directly detecting the intracra-
nial lesions plaque in MS patients found that ROS and RNS
concentration was significantly enhanced. So, it is not surpris-
ing that anti-oxidant stress is a promising treatment for MS,
and even for other neurodegenerative diseases.

In order to observe the changes of oxidative stress in the
pathogenesis of EAE, we used SOD and CAT to indicate
the content of antioxidant enzymes. TBARS and ROS rep-
resent the stress level of lipid peroxidation and total oxida-
tive levels. We found that the contents of ROS and TBARS
in brain homogenates of EAE mice were significantly
higher than those in normal control mice and the activities
of SOD and CATwere significantly lower than those of the
normal group. These results further confirmed that there is
an imbalance between oxidation and antioxidation in the
pathogenesis of EAE (Li et al. 2013a, b). High levels of
ROS can further exhaust the antioxidant enzymes SOD and

CAT, which further reduce the ability to defend against
oxidative stress damage.

Melatonin is an indole substance, which is periodically
secreted by the pineal gland. Melatonin is used as a nonpre-
scription drug and dietary supplements for the treatment of PD
and HD(Jung et al. 2010). As early as 1993, Tan and his
colleagues found that melatonin and its metabolites can effec-
tively remove free radicals and up regulate the expression of
certain antioxidant enzymes, such as CAT and SOD
(Poeggeler et al. 1993). By comparing the serum concentra-
tion of melatonin from 30 MS patients and 30 normal healthy
people, Farhadi found that the rhythm of melatonin secretion
was disturbed, and the levels of serum melatonin decreased
significantly in MS patients (Farhadi et al. 2014).These find-
ings were consistent with Maestroni’s (Maestroni 2001).
Furthermore, melatonin binds to its receptor (MT1,MT2),
which is located on the surface of lymphocytes and

Fig. 3 Melatonin treatment
activated the Nrf2/ARE pathway
to reduce oxidative stress in EAE
mice.(a-c) Immunohistochemical
detection of Nrf2, HO-1 and
NQO1 in lumber enlargement of
mice from different groups at the
peak stage of EAE or on day 28
post immunization.(d,e) Western
blot analysis of Nrf2, HO-1 and
NQO1 in the lumbar enlargement
of EAE mice in different groups
of mice. β-actin was used as the
internal standard of cytosolic
protein. The expression of Nrf2,
HO-1 and NQO1 in spinal cords
increased in melatonin
intervention groups (n = 5 per
group). Scale bar =
50um.*compared with Control
group, P < 0.05,# compared with
EAE-untreated group, P < 0.05
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monocytes, to increase phagocytosis, alter lymphocyte migra-
tion, and reduce the production of proinflammatory cytokines,
such as interleukin −12 (IL-12) and tumor necrosis factor al-
pha (TNF-α). So melatonin also has anti-inflammatory
properties(Vriend and Reiter 2016). Several studies have re-
ported that melatonin protects against EAE by controlling
peripheral and central T effector/regulatory responses, sup-
presses the expression of pro-inflammatory cytokines and
chemokines in the CNS and inhibits antigen-specific T cell
proliferation (Farez et al. 2015; Alvarez-Sanchez et al.
2015a, b; Chen et al. 2016b).

We found that treatment with melatonin significantly re-
duced the content of ROS and TBARS of the mice, while the
activity in CATand SODwasmarkedly enhanced. It is possible
that melatonin has the effect of antioxidative stress damage by
scavenging free radicals and increasing the antioxidant enzyme
activity. Inhibition of oxidative stress can inhibit the develop-
ment and progression of EAE, which is consistent with previ-
ous findings. Meanwhile, treatment with melatonin can reduce
the number of inflammatory infiltrates and inhibit the inflam-
matory reaction in the CNS of EAE. It is possible that, on the
one hand, oxidative stress can aggravate inflammation re-
sponse, by up-regulating MMP9 and disrupting the BBB. On
the other hand, melatonin is claimed to act as an anti-
inflammatory agent, and thus alter the lymphocyte migration.

Previous studies have shown that melatonin can activate
the JAK2/STAT3 (Yang et al. 2013), AMPK/PGC-1α (Yu
et al. 2017), and Nrf2/ARE signal pathway. Researchers found
that melatonin intervention can activate the Nrf2/ARE signal-
ing pathway to relieve the symptoms of the respective disease
animal model in some diseases, in which oxidative stress
plays a dominant role, such as traumatic brain injury and acute
pancreatitis. Johnson and his colleagues (Johnson et al. 2010)
used Nrf2 knockout mice (Nrf2−/−) to induce an EAE model.
Then they found the incidence and neurological scores were
higher than that in the wild type group, and demyelination and
pathological damage also were more severe. In this study, we
found that treatment with melatonin enhanced the activation
of Nrf2 and increased the levels of HO-1 and NQO1 expres-
sion in the spinal cord of EAE mice. More importantly, the
enhanced Nrf2/ARE activation was associated with low levels
of oxidative stress and the neuroprotective effect of melatonin.
Meanwhile, the increased activity of SOD and CAT of mela-
tonin, on the one hand, may be related to the activation of the
Nrf2/ARE pathway, then up-regulation of the expression of
SOD and CAT of antioxidant enzymes; on the other hand, it
may be due to melatonin directly removed some free radicals,
and then reduced the consumption of SOD and CAT. In addi-
tion ,it is notable that the levels of Nrf2, HO-1 and NQO1
expression in the EAE mice were higher than that in the
healthy control mice. This data were consistent with a previ-
ous study (Nguyen et al. 2009). The possible reason is that
oxidative stress can activate the Nrf2/ARE pathway, and

induce the Nrf2, HO-1, and NQO1 expression in EAE mice
(van Horssen et al. 2008).Therefore, the effect of melatonin
may via activating the Nrf2/ARE signaling pathway reduce
ROS or RNS -induced cellular damage.

Conclusion

Oxidative stress may be involved in the pathogenesis of EAE
and may be an important factor leading to the onset and pro-
gression of EAE. Treating with melatonin (10 mg/kg/day)
inhibited the development and progression of EAE and less-
ened the infiltration of lymphocytes of mice. Furthermore,
melatonin played an important role in anti-oxidative stress
via activating the Nrf2/ARE signaling pathway, then up-
regulating the activities of antioxidant enzymes, and inhibiting
the degree of lipid peroxidation. Our findings may aid in find-
ing new therapies in the clinic, and the Nrf2/ARE pathway
may be a novel therapeutic target for MS.
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