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A B S T R A C T

The effects of transcranial magnetic stimulation (TMS), natalizumab (nata), dimethyl fumarate (DMF) and
dexamethasone (DEX) on clinical score and oxidative stress produced by a single dose of myelin oligodendrocyte
glycoprotein (MOG) in tail of Dark Agouti rats was studied. TMS (60 Hz and 0.7 mT), nata (5 mg/kg), DMF
(15 mg/kg) and DEX (300 μg/kg) was applied for 21 after the administration of MOG (150 μg). We estimated
clinical score, as well as lipid peroxides, carbonylated proteins and reduced glutathione (GSH)/oxidized glu-
tathione (GSSG) ratio content in brain, spinal cord and blood. MOG triggered significant increase in clinical score
and in the levels of lipid peroxides and carbonylated proteins levels, but reduced GSH/GSSG ratio in brain, spinal
cord and blood. Both TMS and clinical treatments, although TMS more significantly, decreased the changes
caused by MOG administration. These results support the antioxidant and neuroprotective action of TMS, as well
as an activity higher than other clinical treatments.

1. Introduction

Different treatments that modify the natural history of the disease
(disease-modifying drugs) are applied to patients with multiple
sclerosis (MS).

Drugs in the front line of treatment are: beta interferons, glatiramer
acetate (Copaxone®, TEVA) and dimethyl fumarate (DMF, Tecfidera®,
Biogen). DMF induces to nuclear factor (erythroid-derived 2)-like 2
(Nrf2) and thereby inhibits the nuclear factor kappa-light-chain-en-
hancer of activated B cells (NFκB). The former triggers the activation of
the protein antioxidant system, while the latter brings with it a re-
duction in levels of proinflammatory molecules (Dargahi et al., 2017).

Those in the second line of treatment are: Fignolimod (Gilenya®,
Novartis Farmaceutica), Alemtuzumab (Lemtrada®, Genzyme) and
Natalizumab (nata, Tysabri®, Biogen). Nata is a monoclonal antibody

against alpha-1 subunits of integrins. This action inhibits its interac-
tions with the vascular cell adhesion molecule 1 (VCAM-1), blocking
the transmigration of lymphocytes and monocytes from the blood to the
Central Nervous System (CNS) (Dargahi et al., 2017).

Finally, the symptoms appearing during a relapse are often treated
with corticosteroids such as Methylprenidsolone, Prednisone or
Dexamethasone (DEX). DEX is probably the most potent corticoid. It is a
synthetic glucocorticoid with an immunosuppressive and anti-in-
flammatory capacity (Lattanzi et al., 2017).

All the above have shown their efficacy in both the clinical treat-
ment of MS and in the model, experimental autoimmune en-
cephalomyelitis (EAE). In addition, some studies have reported the
beneficial effect of transcranial magnetic stimulation (TMS) on spasti-
city in patients with relapsing and remitting MS (RRMS) (Centonze
et al., 2007; Mori et al., 2010), as well as the neuroprotective effect of
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extremely low-frequency electromagnetic fields (EL-EMF), as a para-
digm of TMS on EAE model (Sherafat et al., 2012; Zhivolupov et al.,
2012; Medina-Fernandez et al., 2017a; Medina-Fernandez et al.,
2017b). In addition, the neuroprotective effect of TMS with low in-
tensity may explain interesting therapeutic effects of TMS in clinical
activity such as the decreased progression rate with repetitive TMS
compared with levodopa in Parkinson’s disease (Málly et al., 2004,
2017).

Based on this knowledge, we hypothesized that TMS (EL-EMF)
presents the same antioxidant and therapeutic potential as other clin-
ical treatments (nata, DMF and DEX), our aim being to compare the
antioxidant effects of TMS to clinical treatments like nata, DMF and
DEX, and displaying that: i) the antioxidant effect underlies between
mechanisms involved in the effects of therapeutic treatment and TMS;
and/or ii) the concept of a molecule or agent with an antioxidant ca-
pacity should be reviewed and extended to any molecule and agent
capable of reducing oxidative damage and/or inducing antioxidant
systems.

2. Material and methods

2.1. Chemicals

Reagents of the highest quality were acquired from Sigma (St. Louis,
MO, USA).

2.2. Animals

The rats, young-adult (8-week old) males from Janvier Labs
(France) were housed under standard colony conditions: 12:12 light/
darkness cycle (lights on at 7:00 a.m.), controlled room temperature
(22 ± 2 °C), with free access to food and water. This study was carried
out according to the guidelines of the Directive of 24 November 1986
(86/609/ECC) approved by the European Communities Council and RD
53/2013 passed by the Presidency Minister of Spain (BOE 8 February
2013). The protocols were approved by the Bioethics Committee at
Cordoba University.

Fig. 1. Changes in clinical score induced by MOG and other treatments.
Clinical scores data are represented as median and box plot with 25th and 75th percentiles. A: Values of clinical score at 14 after MOG administration. ANOVA: dF: 6, F. 33.000,
Significance: 0.000; B: Values of clinical score after 35 day after MOG administration and 24 days after beginning treatments. ANOVA: dF: 6, F: 15.000, Significance: 0.000; and C: Data
represent the increase occurred between 21st and 35th day (35th – 21st clinical score). ANOVA: dF: 6, F: 5.000, Significance: 0.000.
aP < 0.001 vs Control; dP < 0.001 vs EAE; fP < 0.05 vs EAE; gP < 0.001 vs EAE + TMS; hP < 0.01 vs EAE + TMS; iP < 0.05 vs EAE + TMS.
EAE: Experimental autoimmune encephalomyelitis; nata: Natalizumab; DMF: Dimethyl fumarate; DEX: Dexamethasone; TMS: Transcranial magnetic stimulation
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2.3. Experimental procedures

A total of 40 Dark Agouti rats weighing 190–220 g were used since
this strain bears the closest clinical and pathologic resemblance to MS.
The rats were divided into three groups of 5 animals per group: i)
Control (the animal was healthy and not manipulated), ii) Vehicle (it
was inoculated with complete Freund’s adjuvant), iii) EAE (disease-
induced with MOG), iv) EAE +Mock, v) EAE + nata, vi) EAE + DMF,
vii) EAE + DEX, and viii) EAE + TMS.

2.4. Treatments

2.4.1. EAE induction
EAE induction was performed by injecting subcutaneously, at the

dorsal base of the tail, 100 μl of a solution containing 150 μg myelin
oligodendrocyte glycoprotein (MOG, fragment 35–55; Sigma–Aldrich,
St. Louis, USA) in phosphate buffered saline (PBS) emulsified 1:1 in
complete Freund's adjuvant (Sigma–Aldrich, St. Louis, USA). To com-
plete the adjuvant, 400 μg of heat-inactivated Mycobacterium tubercu-
losis (H37Ra, DIFCO, Lawrence, KS, USA) was added. Vehicle induction
was performed in control-group (Vehicle) animals by subcutaneous
injection of 100 μl of complete Freund's adjuvant.

2.4.2. Natalizumab
Natalizumab (Nata, Tysabris®, Biogen Idec, Inc. and Elan

Pharmaceuticals, Inc. Cambridge, MA, USA). Based on the dose of
300 mg delivered to MS patients once every 4 weeks, life equivalence
and physiologic features between human and rat, nata was adminis-
tered at doses of 5 mg/kg weight i.p. every 10 days for 21 days, which
means that the animal received two doses of it (Escribano et al., 2017).

2.4.3. Dimethyl fumarate
Dimethyl fumarate (DMF, Sigma–Aldrich, St. Louis, USA). Oral in-

take makes it be rapidly metabolized originating methyl fumarate,
which is a bioactive metabolite. The dose was 15 mg/kg weight by oral
administration during a 21 day period (Milenkovic et al., 2008;
Escribano et al., 2017).

2.4.4. Dexamethasone
Dexamethasone (DEX, Fortecortin®, Merck Farma and Quimica,

Spain) is a glucocorticoid with a wide range of effects on the central
nervous system (CNS); it was injected i.p. at 300 μg/kg daily for 21 days
(Montilla et al., 2004).

2.4.5. Transcranial magnetic stimulation
Animals were placed in plastic cylindric cages designed to keep

them immobile. Each coil consisted of 1000 turns of enameled copper
wire (7 cm diameter) contained in plastic boxes
(10.5 × 10.5 × 3.5 cm). A pair of Helmholtz coils generated the fields
(Magnetoterapia S.A., Mexico). The two coils were positioned dorsally
and ventrally to the head. The distance between each coil and the
midpoint of the head was approximately 6 cm. The stimulation con-
sisted of an oscillatory magnetic field in the form of a sinusoidal wave
with a frequency of 60 Hz and amplitude of 0.7 mT (EL-EMF) applied
for two hours in the morning, once a day, five days a week (Monday-
Friday), during three weeks (days 14–35), in order to simulate clinical
practice (modified from Drucker-Colin et al., 1994; Medina-Fernandez
et al., 2017a; Medina-Fernandez et al., 2017b).

To adequately assess the effect of TMS, an appropriate mock group
was designed. Animals in the TMS-Mock group were handled in the
same way but without receiving real stimulation. The idea of this group
was to study the effects of restraint stress caused by plastic cages
(Medina-Fernandez et al., 2017a; Medina-Fernandez et al., 2017b).

At 35 days, the animals were sacrificed having been previously
anesthetized with an intraperitoneal injection of Ketamine 75 mg/kg
(Imalgene® 100 mg/ml, Merial Laboratorios). The blood obtained from
neck vascular trunk was collected in tubes with EDTA-K3. Tubes were
centrifuged during 15 for minutes at 3000 rpm at 4 °C, proceeding
immediately to the collection of plasma that was frozen and stored in
aliquots at −85 °C.

Under controlled temperature conditions, it was proceeded to ex-
tract and weigh the brain and spinal cord and to immediately prepare
the corresponding homogenates with a mechanical homogenizer
(Tempest Virtis). The buffer used for homogenization was Tris (20 mM)
at pH 7.4.

2.5. Evaluation of clinical score

The animals were followed at 14 and 35 days and scored in ac-
cordance with this severity scale; 0: no signs, 1: tail paralysis, 2:
weakness in hind legs, 3: paralysis in hind legs, 4: paralysis in hind legs
and weakness in front legs, 5: quadriplegic (Perez-Nievas et al., 2010;
Escribano et al., 2017). The increase between score and disease was
established (score at 35 days – score at 14 days) (Escribano et al.,
2017).

2.6. Biochemical parameters

• Oxidative stress markers in brain, spinal cord and blood: LPO (nmol;
lipid peroxides) and carbonylated proteins were measured (nmol).

• Redox glutathione system as antioxidant indicator: total glutathione
(nmol; total glutathione), GSH (nmol; reduced glutathione), GSSG
(nmol; oxidized glutathione) and ratio GSH/GSSG.

• All parameters were analyzed by spectrophotometry using a
Shimadzu spectrophotometer (UV 1603; Kyoto, Japan) in the
Departamento de Bioquimica y Biologia Molecular, Facultad de
Medicina y Enfermeria, Universidad de Cordoba. The reagent kits

Table 1
Effects of treatments on oxidative damage in experimental autoinmune encephalomyelitis
(EAE) models. A. Lipid peroxidation products; B. Carbonylated proteins. Values represent
mean ± SD. n = 5 animals/group.

A Brain nmol/mg protein Spinal Cord nmol/mg
protein

Blood nmol/mg Hb

Control 0.012 ± 0.016 0.055 ± 0.002 283 ± 129
Vehicle 0.061 ± 0.088 0.086 ± 0.029b 247 ± 107
EAE 0.277 ± 0.047a 0.248 ± 0.022a 401 ± 73b

EAE + nata 0.173 ± 0.026a,d 0.165 ± 0.089a,d,g 248 ± 60d,h

EAE + DMF 0.190 ± 0.018a,f 0.177 ± 0.059d,g Non-data
EAE + DEX 0.005 ± 0.001c,d,g 0.007 ± 0.006b,d 0.10 ± 0.01b,d,h

EAE + TMS 0.170 ± 0.015a,d 0.004 ± 0.007b,d 13 ± 3b,d

B Brain pmol/mg protein Spinal Cord pmol/mg
protein

Blood pmol/mg Hb

Control 0.038 ± 0.049 0.002 ± 0.001 0.092 ± 0.03
Vehicle 0.018 ± 0.036 0.001 ± 0.001 0.095 ± 0.06
EAE 0.080 ± 0.041c 0.227 ± 0.005a 0.207 ± 0.04a

EAE + nata 0.028 ± 0.032f 0.003 ± 0.002d,h 0.084 ± 0.02d,g

EAE + DMF 0.045 ± 0.031 0.002 ± 0.002d,h Non data
EAE + DEX 0.003 ± 0.001c,e,g 0.001 ± 0.001d 0.008 ± 0.01a,d,g

EAE + TMS 0.055 ± 0.028 0.001 ± 0.001d 0.026 ± 0.01a,d

ANOVA: A) Brain: dF: 6, F: 22.00, Significance 0.000; Spinal cord: dF: 6, F: 21.000,
Significance 0.000; Blood: dF:5, F: 19.000, Significance: 0.000. B) Brain: dF: 6, F: 2.000,
Significance: 0.037; Spinal cord: dF: 6, F: 75.000, Significance: 0.001; Blood: dF: 5, F:
2.031, Significance: 0.000.

a P < 0.001 vs control.
b P < 0.01 vs control.
c P < 0.05 vs control.
d P < 0.001 vs EAE.
e P < 0.01 vs EAE.
f P < 0.05 vs EAE.
g P < 0.001 vs EAE + TMS.
h P < 0.01 vs EAE + TMS.
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were: LPO 586 (LPO), GSH 420 (total glutathione) and GSH 400
(GSH), whereas the GSSG levels were calculated by subtracting GSH
from total glutathione and carbonyl content was evaluated using the
Levine et al. method (Levine et al., 1990). The data are expressed in
mg of protein (brain and spinal cord) or g hemoglobin (blood).

Protein levels were measured by the Bradford method, using a
B6916 assay kit supplied by Sigma-Aldrich (Madrid, Spain), while he-
moglobin concentration was determined by Hemoglobin Drabkin
Colorimetric methods purchased from Spinreact (Gerona, Spain).

2.7. Statistics

The statistical study was performed with the SPSS application (SPSS
INC. Version 15 for Windows). The normality distribution of variables
was analyzed by using the Shapiro Wilk test for n < 40. Once proven
that the values had gone back to a normal distribution, a one-way
analysis of variance (ANOVA) was conducted. To determine the con-
crete differences between the groups, a Bonferroni test was performed.
The minimum significance level was 95% (p < 0.05). The results were
expressed as arithmetic mean ± standard deviation (SD).

3. Results

The present data show that MOG induced a significant increase of
paralysis in tail and limb of rats at 14 days (2.0 ± 0.00 in the EAE
group vs 0.0 ± 0.0 in the Control group, P < 0.001) (Fig. 1). This
clinical sign was reversed after 21 days of treatments with both TMS
and nata, DMF and DEX (3.0 ± 1.0 in the EAE group vs 2.0 ± 0.001
in the EAE + nata group, 2.0 ± 0.001 in the EAE + DMF group,
2.0 ± 0.001 in the EAE + DEX group, 1.0 ± 1.095 in the EAE
+ TMS; non-significance, P < 0.001, P < 0.001, P < 0.001, re-
spectively) (Fig. 1). This drop was more intense in TMS than in the
other treatments (Fig. 1).

EAE led to increases in the levels of lipid peroxidation products and
carbonylated proteins (Table 1), together with an important decline in
the glutathione redox ratio in the same tissues (Brain: 0.59 ± 0.10 in
the EAE group vs 0.76 ± 0.14 in the control group; Spinal cord:
0.0061 ± 0.024 in the EAE group vs 1.0 ± 1.01 in the Control group;
Blood: 5.00 ± 1.00 in the EAE group vs 16.0 ± 10.0 in the Control
group. Non-significant, P < 0.001, non-significant; respectively)
(Fig. 2). Both TMS and nata, DMF and DEX were effective in restoring
glutathione redox ratio (Fig. 2) and they inhibited lipid peroxidation
and carbonylated proteins in brain, spinal cord and blood (Table 1).

Additionally, the data shows that lipid peroxidation products and

Fig. 2. Effects of nata, DMF, DEX and TMS on changes in levels of glutathione ratio induced by MOG. Values are represented as median and box plot with 25th and 75th percentiles. A:
Brain. ANOVA: dF: 6, F. 17.000, Significance: 0.000; B: Spinal cord. ANOVA: dF: 6, F: 7.000, Significance: 0.000; and C: Blood. ANOVA: dF: 5, F: 1.000, Significance: 0.000.
aP < 0.001 vs Control; dP < 0.001 vs EAE; fP < 0.05 vs EAE; gP < 0.001 vs EAE + TMS; hP < 0.01 vs EAE + TMS.
EAE: Experimental autoimmune encephalomyelitis; nata: Natalizumab; DMF: Dimethyl fumarate; DEX: Dexamethasone; TMS: Transcranial magnetic stimulation
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carbonylated proteins levels presented by EAE are reduced by TMS and
DEX by below those of healthy animals (control group) (Table 1).

4. Discussion

To our knowledge this is the first study that compares the effect of
TMS versus other clinical treatments for patients with MS. The present
study reveals for the first time that the therapeutic and antioxidant
effects of TMS are superior to those of other clinical drugs used in the
present work.

Although, previous data of our group found that TMS application to
EAE model caused a therapeutic effect characterized by a reduction in:
i) tail paralysis and hind limb paresis, ii) number of pyknotic nuclei, iii)
astrocytes activation, iv) tarnishing of the fur, and v) edema (Medina-
Fernandez et al., 2017a; Medina-Fernandez et al., 2017b).

MS is a chronic neuroinflammatory disease in which oxidative da-
mage plays an important role (Lassmann, 2014). Due to its unclear
etiology, a vicious circle is established between inflammation and
oxidative stress that increases the numbers of relapses and permanent
lesions. It mainly affects young adults, and it is the main cause of non-
traumatic neurologic disability (Pugliatti et al., 2006). These facts have
a very important impact on socio-economic, health and production
systems, as well as on family dynamics (Grima et al., 2000; Naci et al.,
2010; Ma et al., 2014). All this supports the design of strategies aimed
at slowing down, improving its prognosis, or reversing this disease.
Currently, neurologists treating patients with MS use a wide variety of
drugs that are focused on changing the natural development of the
disease.

As in previous studies, in the present work the administration of
MOG induced an experimental model of MS, characterized by an in-
crease in clinical score correlated with an oxidative damage (Escribano
et al., 2017; Medina-Fernandez et al., 2017a). Similar findings were
found in patients with MS (Tasset et al., 2012; Adamczyk and
Adamczyk-Sowa, 2016).

On the other hand, TMS has shown its beneficial action on spasticity
in MS patients (Centonze et al., 2007), as well as on a neuroprotective
effect in its experimental model of EAE (Medina-Fernandez et al.,
2017a; Medina-Fernandez et al., 2017b). This, coupled with the lack of
significant side effects beyond headaches and some seizures in patients
with epileptogenic foci, makes TMS a potentially useful tool in the
treatment of MS (although further clinical studies would be necessary)
as a treatment per se or as an adjuvant to others currently administered.

In line with previous studies made by our group (Medina-Fernandez
et al., 2017a; Medina-Fernandez et al., 2017b), this research showed
that the application of TMS causes an improvement in the clinical score
presented by the rats with EAE. Also, the other treatments (nata, DMF
and DEX) showed their effectiveness in the same way as in the work
done by Begoña et al. (Escribano et al., 2017) and other authors in the
clinical treatment (Tasset et al., 2013a; Saguil et al., 2014; Filippini
et al., 2017).

The clinical score correlated with oxidative stress biomarkers and
changes in the redox glutathione system. Thus, in the case of the EAE
group, a higher clinical score was in concordance with oxidative da-
mage characterized by increases in lipid peroxidation products and
carbonylated proteins, and a reduction in the GSH/GSSG ratio.
Similarly, the animals’ clinical improvement was associated with de-
creases in oxidative stress markers and the glutathione ratio.

In this context, the greater effectiveness of TMS over any other
treatment in treating symptoms and changes in the biochemical para-
meters analyzed was manifested. Based on the data obtained and those
present in the scientific literature, it can be deduced that, at least
partially, the effects appreciated in the TMS application are due to an
important antioxidant action that enables it to be proposed as a new
therapeutic strategy and an antioxidant agent.

The effects of TMS on oxidative stress biomarkers and antioxidant
systems are in agreement with previous data published by our group in

EAE model (Medina-Fernandez et al., 2017a), as well as in other ex-
perimental models of neuro-psychiatric pathologies such as Hunting-
ton’s disease and the major depression induced by 3-nitropropionic acid
or olfactory bulbectomy, respectively (Tunez et al., 2006; Tasset et al.,
2010). In these models, TMS triggered a therapeutic action associated
with decrease in lipid peroxides and carbonylated proteins, glutathione
redox balance and the recovery of antioxidant enzyme activity. Inter-
estingly, the results reveal that TMS reduces the levels of biomarkers of
oxidative stress in spinal cord and blood below the control animals.
Nevertheless, the explanation for this finding requires further studies.

The studies carried out on 3-nitropropionic acid model evidenced
show TMS induced an augmentation of Nrf2, characterized by a higher
concentration in cytoplasm and its translocation into the nucleus
(Tasset et al., 2013b). This caused an increase in the detoxifying and
antioxidant enzyme expression (Esteras et al., 2016). Taking all of this
into account, and analyzing the effect of DMF on Nrf2 and the evolution
of the disease, we could deduce that the effect of TMS is partially
mediated by its effects on Nrf2 (Gopal et al., 2017).

Additionally, we have analyzed and contextualized the effect trig-
gered by DEX and nata. DEX induces an immunosuppressive and anti-
oxidant activity (Goodin, 2014; Wang et al., 2014), whereas the
monoclonal antibody prevents the transmigration of leukocytes into
CNS, with this effect inducing a significant oxidative stress reduction
(Chataway and Miller, 2013).

All the above led us to hypothesize that a secondary im-
munomodulatory effect is developed by TMS in its neuroprotective ef-
fects. This action enhances the antioxidant and neurotherapeutic effect
found. This idea would be endorsed by: i) TMS inducing Nrf2 and an
antioxidant effect (Tasset et al., 2013b; Medina-Fernandez et al.,
2017a); ii) Molecular cross-talk between Nrf2 and NFκB (Liu et al.,
2008; Cuadrado et al., 2014; Wardyn et al., 2015); and iii) previous
studies of our group and others showing how the application of TMS
provokes an immunomodulation (Medina-Fernandez et al., 2017b).

The present study undoubtedly has some limitations such as: i) re-
duced number of animals per group, affecting the statistical power; and
ii) the variables analyzed, focusing on oxidative damage. However, it
opens up many new questions and future possibilities such as: i) Could
the biological effects of TMS be associated with conformational changes
in the proteins?; and ii) what roles do intra and intercellular commu-
nications play?, among others.

5. Conclusions

In brief, our data clearly show that, EL-EMF (60 Hz and 0.7 mT) as a
new paradigm of TMS:

• It acts as an antioxidant

• At least partially, its effects are due to this antioxidant capacity

• It could be a novel therapeutic strategy in neurodegenerative pro-
cesses, especially demyelinating illnesses with an oxidative and in-
flammatory etio-pathogenesis base such as MS

Finally, more preclinical and clinical studies are needed to clarify its
therapeutic potential and action mechanisms.
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