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Abstract

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation method with
neuromodulatory capacity in neurodegenerative diseases such as multiple sclerosis (MS). Its
therapeutic value is linked to its activity against oxidative stress by activation of antioxidant
defenses. The sex hormones, estrogens (E), progesterone (P) and testosterone (T), have
demonstrated their power as adjuvants to TMS, improving cortical excitability. The aim
of this study was to evaluate the effect of these hormones as adjuvants to extremely low-
frequency electromagnetic fields (ELFEFs) in the treatment of experimental autoimmune
encephalomyelitis (EAE), the experimental model of MS. The effect of these hormones
as replacement therapy was also evaluated in ovariectomized rats treated with ELFEFs.
Sixty-five female Dark Agouti rats were divided into 13 groups (5 rats/group), in which
biomarkers of oxidative stress and the glutathione redox cycle in non-nervous organs
(kidney, liver, heart, intestines and blood) were analyzed. The results show that ELFEFs
alone are more effective against oxidative stress. However, P and E were more effective
than ELFEFs, both as adjuvants and in hormone replacement therapy, in activating the
glutathione system. Therefore, it could be concluded that sex hormones play an important
role against MS, enhancing the antioxidant effect of ELFEFs.

Keywords: experimental autoimmune encephalomyelitis; estrogens; non-invasive brain
stimulation techniques; progesterone; testosterone

1. Introduction
Non-invasive brain stimulation (NIBS) methods are innovative tools to investigate

the functioning of neural networks and induce short- and long-term changes within them.
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However, several factors have been identified that affect the variability of the neurophys-
iological response to brain stimulation techniques, such as age, attention, sex, genetics,
and time of day [1,2]. Sex is one of the determining factors of the neuronal, behavioral
and cognitive effects induced by these methods [1,3,4]. For example, estrogens have been
shown to have a positive impact on cortical excitability in both animals and humans [2,5,6].

Multiple sclerosis (MS) is a chronic, demyelinating, immune-mediated disease of
the central nervous system (CNS) that affects 2.8 million people worldwide [7], with a
higher prevalence in women. Access of immune cells to the CNS causes an increase in
proinflammatory molecules from lymphocytes, inducing the production of reactive oxygen
species (ROS) and a depletion of antioxidant defenses [8–10]. This causes damage to mito-
chondria and myelin, oligodendrocyte apoptosis and astrocyte dysfunction, all of which
are characteristics of MS [11,12]. Furthermore, in MS, oxidative damage does not only occur
in nervous organs. In this regard, Conde et al. (2019) revealed the existence of oxidative
stress in non-nervous organs and tissues in experimental autoimmune encephalomyelitis
(EAE), an animal model of MS [13].

Different TMS protocols have been developed as a therapeutic tool against neurode-
generative and psychiatric diseases, including MS. There are data showing that those
magnetic stimulation protocols, which exert beneficial effects, could trigger an antioxidant
action that would favor, at least partially, its therapeutic effect [14].

On the other hand, although women are more susceptible to developing MS, men
who develop this disease have greater cognitive impairment and accumulate disability
more quickly than women [15]. For this reason, several studies have evaluated the effect
of sex hormones in the application of TMS on cortical excitability. The results show that
variations in endogenous estrogens, testosterone, and progesterone have modulatory effects
on TMS-derived measures of cortical excitability. Specifically, higher levels of estrogens
and testosterone have been associated with increased cortical excitability, whereas higher
levels of progesterone have been associated with decreased cortical excitability [16]. Rogers
and Dhaher (2017) found no effect of sex on the therapeutic utility of rTMS in stroke, where
an uninjured hyperexcitable motor cortex can be targeted with slow frequency stimulation
(1 Hz rTMS) [17]. However, they only observed differences with respect to sex when visits
were grouped by menstrual cycle phase and common hormonal dynamics.

However, the combined effect of sex hormones and TMS on oxidative stress produced
by EAE has not been studied in non-nervous tissues and organs, in which the presence of
oxidative stress has already been demonstrated during the course of EAE [13]. According
to the literature, extremely low-frequency electromagnetic fields (ELFEFs) increased the
glutathione antioxidant system [18,19] in EAE rats, against oxidative stress.

Given this lack of evidence, this study has investigated the synergistic use of TMS with
sex hormones, with the following objectives: (1) to evaluate estrogens, progesterone and
testosterone as adjuvants of ELFEFs in their use as an antioxidant in EAE in non-nervous
organs (heart, liver, kidney and intestines) and blood; (2) using estrogens, progesterone,
and testosterone together with ELFEFs as replacement therapy in ovariectomized EAE rats
to determine antioxidant power in blood, heart, liver, kidney, and intestines; and (3) to
verify whether the antioxidant power of hormones and ELFEFs could be derived from the
improvement of the antioxidant defenses of the glutathione redox system.

2. Materials and Methods
2.1. Animals

This study included 65 female Dark Agouti rats supplied by the Animal Experimen-
tation Center (University of Córdoba, Córdoba, Spain). The animals were 12 weeks old,
weighing 200–230 g. Animals were housed individually in plastic cages and maintained
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under controlled conditions (21 ± 2 ◦C; 12 h light/12 h dark cycle, lights on at 08:00 h),
with free access to a standard AIN-93G diet and water throughout the experiment [20].
All experiments were approved by the Bioethics Committee at University of Cordoba
(30/03/2017/053) and carried out according to the guidelines of the Directive 86/609/ECC
approved by the European Communities Council, the Directive 2010/63/UE of the Euro-
pean Parliament and of the Council and RD 53/2013 passed by the Presidency Minister of
Spain (BOE 8 February 2013).

2.2. Experimental Groups and Treatments

The rats were divided into 13 experimental groups consisting of five rats. The
groups were as follows: control; vehicle; EAE; EAE+Mock; EAE+TMS; EAE+TMS+P
(EAE+TMS+progesterone); EAE+TMS+E (EAE+TMS+estrogens); EAE+TMS+T (EAE+TMS
+testosterone); EAE+TMS+Sham; EAE+TMS+OVX (EAE+TMS+ ovariectomy); EAE+TMS+
OVX+P; EAE+TMS+OVX+E and EAE+TMS+OVX+T.

To induce EAE, animals received a subcutaneous injection (s.c.) at the dorsal base
of the tail, consisting of 100 µL of a solution containing 150 µg of myelin oligodendro-
cyte glycoprotein (MOG; fragment 35–55; Sigma-Aldrich, Madrid, Spain) dissolved in
phosphate-buffered saline (PBS) and emulsified (1:1) in complete Freund’s adjuvant (Sigma-
Aldrich, St. Louis, Missouri, MO, USA) supplemented with 400 µg of heat-inactivated
Mycobacterium tuberculosis (H37Ra, DIFCO, Detroit, MI, USA).

The control group received no treatment. The vehicle group was administered 100 µL
of complete Freund’s adjuvant without MOG.

TMS treatment was administered as follows. Animals were placed individually in
cylindrical plastic cages designed to minimize movement during exposure. The stimulation
system consisted of a pair of Helmholtz coils (Magnetotherapy S.A., Mexico city, Mexico),
each composed of 1000 turns of enameled copper wire (7 cm diameter) housed within
plastic boxes (10.5 cm × 10.5 cm × 3.5 cm). The coils were placed dorsally and ventrally to
the head, with an approximate distance of 6 cm between each coil and the midpoint of the
head. Stimulation consisted of a sinusoidal oscillating magnetic field with a frequency of
60 Hz and an amplitude of 0.7 mT ELFEFs. Exposure lasted two hours in the morning, once
a day, five days a week (Monday to Friday), for 21 days [18,19,21–23]. Animals assigned to
the Mock group underwent the same handling and restraint procedures as the stimulated
animals but were not exposed to the magnetic field. The aim of having this group was to
study the effects of immobilization stress caused by plastic cages [18,19,22,23].

Rats were ovariectomized (OVX), under anesthesia and asepsis conditions using the
bilateral procedure described by Poumeau-Delille (1953), or subjected to sham surgery
(Sham) [24]. After a 14-day recovery period [25], animals were randomly assigned to
the corresponding experimental groups for EAE induction. This design resulted in ap-
proximately 28 days between ovariectomy and treatment application, providing a safety
margin for the absence of an ovarian cycle, which may persist for up to 20 days [26,27].
Hormonal treatments consisted of 17-β estradiol (2.5 mg/kg of weight (s.c.)) [26], proges-
terone (8 mg/kg of weight (s.c.)) [27] or testosterone (0.5 mg/kg of body weight (s.c)) [28].
Hormones were administered 5 days a week for 21 days, starting on day 14, coinciding with
the application of TMS, in order to assess the role of hormone therapy on the antioxidant
capacity of TMS. All reagents were purchased from Sigma (St. Louis, MO, USA).

2.3. Sample Preparation

On day 35, animals were sacrificed by decapitation, having previously been anes-
thetized with an intraperitoneal injection of 75 mg/kg of ketamine (Imalgene® 100 mg/mL,
Merial Laboratories, Boehringer Ingelheim S.A, Barcelona, Spain). Blood samples were
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subsequently collected from the vascular trunk of the neck, using EDTA-K3 tubes. Samples
were centrifuged at 3000 rpm for 15 min at 4 ◦C and the resulting plasma was separated
and stored at −85 ◦C until analysis. Then, under temperature-controlled conditions (4 ◦C),
heart, liver, kidney and intestines were extracted and weighed. Tissue homogenates were
immediately prepared with a mechanical homogenizer (Tempest Virtis). All samples were
homogenized in Tris (20 mM) at pH 7.4.

2.4. Oxidative Stress Parameters

All analyses were performed in duplicate. Oxidative biomarkers in heart, liver, kidney,
and intestine were analyzed by spectrophotometry using Bioxytech S.A. reagents (Oxis
International; Portland, OR, USA) and a Shimadzu spectrophotometer Shimadzu (UV 1603;
Kyoto, Japan). The biomarkers studied included the components of the glutathione redox
system: total glutathione (tG; nmol/mg of blood hemoglobin; nmol/mg of protein in the
other organs), reduced glutathione (GSH; nmol/mg of blood hemoglobin; nmol/mg of pro-
tein in the other organs) and oxidized glutathione (GSSG; nmol/mg of blood hemoglobin;
nmol/mg of protein in the other organs). For the determination of glutathione peroxidase
(GPx; nmol/mg of hemoglobin in blood; nmol/mg of protein in other organs) the method of
Flohé and Gunzler (1984) was used [29]. The biomarkers of oxidative damage studied were
lipid peroxidation products (LPO; nmol/mg of blood hemoglobin; nmol/mg of protein
in the other organs); carbonylated proteins (CP) which were measured (nmol/g of blood
hemoglobin; nmol/g of protein in the other organs) using the method of Levine et al. (1990)
and nitric oxide (NOx: total nitrite (nitrite + nitrate); µmol/mg of blood hemoglobin or
µmol/mg in the other organs), which was determined using the Griess method [30,31].

Likewise, the GSH/GSSG ratio was determined as a biomarker of antioxidant power.

2.5. Statistical Analysis

Data were expressed as mean ± standard deviation (SD). All groups showed a normal
distribution, so one-way ANOVA and Bonferroni post hoc were used to determine which
specific groups had significant differences (SPSS INC. Version 25 for Windows, Chicago,
USA). Comparisons were made between the EAE group and the control group and between
the other groups with EAE, EAE+TMS and EAE+TMS+OVX. A Pearson correlation was
also performed to verify the relationship between the glutathione redox system and the
metabolites produced by oxidative stress. Correlations of LPO and CP with GSH, GSSG,
GSH/GSSG ratio and GPx were established. The significance level was p < 0.05 for all
statistical tests.

3. Results
In the evaluation of the results, the vehicle groups are not described, as they show no

differences compared to the control group. The results of the EAE+Mock group are also
not described, since no differences were observed compared to the EAE group, nor are the
results of the EAE+TMS+Sham group described, given that no differences were observed
compared to the EAE+TMS group (Supplementary Materials).

3.1. Oxidative Stress Parameters (Table 1)

LPO: In all tissues studied there is a significant increase in LPO, in EAE (p < 0.001), with
respect to control values. When TMS is applied, the EAE+TMS group shows, in all organs,
a significant decrease in LPO (p < 0.001) when compared to the EAE group. When TMS is
combined with hormones, in the EAE+TMS+E, EAE+TMS+P and EAE+TMS+T groups, a
reduction in LPO is also seen compared to the EAE group in all tissues. TMS combined
with OVX (EAE+TMS+OVX) significantly reduces LPO values compared to EAE (p < 0.001)
in all organs. However, LPO levels decrease more in the EAE+TMS group (p < 0.001) than
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in EAE+TMS+OVX, except in liver, where there is no significant difference between the
EAE+TMS and EAE+TMS+OVX groups. In kidney and heart, the administration of P and E
in ovariectomized EAE rats subjected to TMS (EAE+TMS+OVX+P and EAE+TMS+OVX+E)
reduces the LPO values with respect to the EAE and EAE+TMS+OVX groups, but without
reaching the low values obtained in the EAE+TMS group, compared to which they also
show significant differences. In blood and liver, LPO levels decrease compared to EAE,
but the decrease is smaller than in the EAE+TMS and EAE+TMS+OVX groups, compared
to which they present significant differences. In the intestines, the EAE+TMS+OVX+E
and EAE+TMS+OVX+P groups show a decrease in LPO values compared to the EAE and
EAE+TMS+OVX groups. Testosterone administration together with TMS treatment in all
tissues, for ovariectomized rats (EAE+TMS+OVX+T), causes a decrease in LPO values
with respect to the EAE group, but the low levels of LPO obtained with EAE+TMS and
EAE+TMS+OVX are not reached, except in the heart.

Table 1. Oxidative stress biomarkers: lipid peroxidation products (nmol/mg hemoglobin, blood,
or nmol/mg protein), carbonylated proteins (nmol/mg hemoglobin, blood, or nmol/mg protein),
and nitric oxide (µmol/mg hemoglobin (blood) or µmol/mg protein) in rats with EAE treated with
TMS (extremely low-frequency electromagnetic fields (ELFEFs)) plus hormonal therapy in the follow-
ing groups: control; EAE; EAE+TMS; EAE+TMS+P EAE+TMS+E; EAE+TMS+T; EAE+TMS+OVX;
EAE+TMS+OVX+P; EAE+TMS+OVX+E and EAE+TMS+OVX+T in blood, kidney, liver, heart
and intestines.

Oxidative Stress Biomarkers

Lipid Peroxidation Products (nmol/mg Hemoglobin (Blood) or nmol/mg Protein)

Blood Kidney Liver Heart Intestines

Control 0.0642 ± 0.0008 0.7520 ± 0.0042 0.7719 ± 0.0006 0.6247 ± 0.0162 0.6846 ± 0.0001

EAE 1.1510 ± 0.0114 a 2.4525 ± 0.0026 a 3.6202 ± 0.0082 a 1.7747 ± 0.0051 a 1.4196 ± 0.0148 a

EAE+TMS 0.0612 ± 0.0050 d 0.7272 ± 0.0084 d 0.5826 ± 0.0014 d 0.6077 ± 0.0017 d 0.6928 ± 0.0026 d

EAE+TMS+P 0.1100 ± 0.0163 d 0.9000 ± 0.0068 d,g 0.5396 ± 0.0223 d,g 0.7228 ± 0.0043 d,g 0.6992 ± 0.0073 d

EAE+TMS+E 0.1162 ± 0.0138 d 0.7544 ± 0.0102 d,g 0.7882 ± 0.0093 d,g 0.6128 ± 0.0183 d 0.7104 ± 0.0053 d

EAE+TMS+T 0.6680 ± 0.1210 d,g 0.8247 ± 0.0148 d,g 1.8258 ± 0.0223 d,g 1.7724 ± 0.0138 d,g 0.7898 ± 0.0499 d,g

EAE+TMS+OVX 0.4000 ± 0.0879 d,g 1.1094 ± 0.0079 d,g 0.5735 ± 0.0116 d 1.5137 ± 0.0086 d,g 0.8082 ± 0.0027 d,g

EAE+TMS+OVX+P 0.5328 ± 0.0390 d,g,j 0.7642 ± 0.0046 d,g,j 0.6802 ± 0.0173 d,g,j 0.6146 ± 0.0191 d,g,j 0.7163 ± 0.0140 d,j

EAE+TMS+OVX+E 0.5216 ± 0.0210 d,g,k 0.7654 ± 0.0073 d,g,j 0.7613 ± 0.0037 d,g,j 0.6093 ± 0.0172 d,g,j 0.6686 ± 0.0065 d,j

EAE+TMS+OVX+T 0.6694 ± 0.0608 d,g,j 1.4084 ± 0.0044 d,g,j 0.7785 ± 0.0099 d,g,j 0.5947 ± 0.0087 d,g,j 1.0186 ± 0.0154 d,g,j

Carbonylated Proteins (nmol/g Hemoglobin (Blood) or nmol/g Protein)

Blood Kidney Liver Heart Intestines

Control 0.0085 ± 0.0000 0.0094 ± 0.0000 0.0074 ± 0.0000 0.0056 ± 0.0001 0.0071 ± 0.0000

EAE 0.0918 ± 0.0011 a 0.0653 ± 0.0017 a 0.1235 ± 0.0016 a 0.3960 ± 0.0074 a 0.1472 ± 0.0003 a

EAE+TMS 0.0060 ± 0.0004 d 0.0093 ± 0.0000 d 0.0074 ± 0.0000 d 0.0069 ± 0.0001 d 0.0070 ± 0.0001 d

EAE+TMS+P 0.0097 ± 0.0003 d 0.0092 ± 0.0000 d 0.0076 ± 0.0001 d 0.0099 ± 0.0001 d 0.0070 ± 0.0000 d

EAE+TMS+E 0.0087 ± 0.0005 d 0.0096 ± 0.0003 d 0.0076 ± 0.0001 d 0.0097 ± 0.0001 d 0.0070 ± 0.0000 d

EAE+TMS+T 0.0040 ± 0.0006 d 0.0121 ± 0.0001 d,g 0.0015 ± 0.0000 d,g 0.0111 ± 0.0001 d 0.0088 ± 0.0010 d,g

EAE+TMS+OVX 0.0057 ± 0.0003 d 0.0102 ± 0.0002 d 0.0037 ± 0.0001 d,g 0.0079 ± 0.0002 d 0.0108 ± 0.0001 d,g

EAE+TMS+OVX+P 0.0031 ± 0.0028 d 0.0072 ± 0.0000 d,g 0.0073 ± 0.0000 d,j 0.0092 ± 0.0008 d 0.0071 ± 0.0001 d,j

EAE+TMS+OVX+E 0.0021 ± 0.0002 d 0.0073 ± 0.0001 d,g 0.0074 ± 0.0001 d,j 0.0098 ± 0.0002 d 0.0071 ± 0.0001 d,j

EAE+TMS+OVX+T 0.0082 ± 0.0002 d 0.0103 ± 0.0000 d 0.0081 ± 0.0001 d,j 0.0090 ± 0.0001 d 0.0071 ± 0.0001 d,j
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Table 1. Cont.

Oxidative Stress Biomarkers

Nitric Oxide (µmol/mg Hemoglobin (Blood) or µmol/mg Protein)

Blood Kidney Liver Heart Intestines

Control 21.7760 ± 0.6024 25.0500 ± 0.2840 21.8080 ± 1.0375 27.5600 ± 1.1400 27.6480 ± 0.1171

EAE 71.1960 ± 0.0586 a 216.0850 ± 0.1673 a 171.2400 ± 3.5379 a 167.2920 ± 2.0343 a 165.8680 ± 0.1968 a

EAE+TMS 22.3800 ± 0.1375 d 19.1250 ± 0.0500 d 23.1760 ± 0.0433 d 26.1880 ± 0.7700 d 26.7480 ± 0.1937 d

EAE+TMS+P 17.6200 ± 0.6081 d,g 44.0200 ± 1.4450 d,g 33.5360 ± 4.6341 d,g 33.3840 ± 4.4807 d,h 27.3160 ± 0.5129 d

EAE+TMS+E 17.7560 ± 0.5213 d,g 43.2700 ± 2.7250 d,g 33.3480 ± 2.7955 d,g 33.8760 ± 3.9459 d,g 27.6200 ± 0.2881 d

EAE+TMS+T 15.6020 ± 2.3188 d,g 69.6000 ± 2.8661 d,g 132.2360 ± 3.4215 d,g 156.4400 ± 0.2811 d,g 74.9720 ± 26.7526 d,g

EAE+TMS+OVX 50.6820 ± 0.4695 d,g 32.7300 ± 1.3825 d,g 27.4600 ± 1.2013 d 25.6000 ± 0.8898 d 69.5400 ± 0.5938 d,g

EAE+TMS+OVX+P 16.3040 ± 0.8125 d,g,j 24.1950 ± 0.5490 d,g,j 34.0240 ± 2.4541 d,g,k 32.7160 ± 3.8807 d,k 27.4560 ± 0.3659 d,j

EAE+TMS+OVX+E 16.2000 ± 0.7759 d,g,j 47.4500 ± 2.2004 d,g,j 39.8550 ± 2.4914 d,g,j 40.2400 ± 3.2987 d,h,j 27.5640 ± 0.1688 d,j

EAE+TMS+OVX+T 18.2280 ± 2.0720 d,g,j 187.1150 ± 1.7407 d,g,j 130.0160 ± 3.3235 d,g,j 144.1760 ± 3.0011 d,g,j 87.6600 ± 0.1822 d,g,l

a p < 0.001 vs. control; d p < 0.001 vs. EAE; g p < 0.001 vs. EAE+TMS; h p < 0.01 vs. EAE+TMS; j p < 0.001 vs.
EAE+TMS+OVX; k p < 0.01 vs. EAE+TMS+OVX; l p < 0.05 vs. EAE+TMS+OVX. EAE: experimental autoim-
mune encephalomyelitis; TMS: transcranial magnetic stimulation; OVX: ovariectomized rats; P: progesterone; E:
estrogens; T: testosterone.

CP: In blood and heart, EAE increases CP with respect to the control, while all treat-
ments used reduce CP with respect to the EAE group, compared to which they show
significant differences. In the remaining tissues, TMS alone (EAE+TMS) or after the addi-
tion of E, P and T (EAE+TMS+E, EAE+TMS+P and EAE+TMS+T), reduces CP levels with
respect to EAE. However, in kidney and intestine, the addition of T (EAE+TMS+T) does not
reach the low values of EAE+TMS. However, in liver, CP levels in EAE+TMS+T are even
lower than those of EAE+TMS. Ovariectomy together with TMS (EAE+TMS+OVX) reduces
CP values, compared to EAE, in kidney, liver and intestines, although in liver the values
are much lower than the values obtained in EAE+TMS, while in intestines they are higher.
Addition of P, E and T to ovariectomized rats with TMS treatment (EAE+TMS+OVX+P,
EAE+TMS+OVX+E and EAE+TMS+OVX+T) reduces CP levels relative to EAE in liver and
intestines. In liver, for these groups of rats, CP levels are higher than in the EAE+TMS+OVX
group, while in intestines they are lower than in the EAE+TMS+OVX group. In kidney, in
the EAE+TMS+OVX+P, EAE+TMS+OVX+E and EAE+TMS+OVX+T groups, CP is reduced
compared to the EAE group. In addition, in kidney, in the groups in which P and E are
administered (EAE+TMS+OVX+P and EAE+TMS+OVX+E), levels are lower than those of
the EAE+TMS group.

NOx: In all tissues, NOx increases with EAE above control values and treatment
with TMS (EAE+TMS) reduces these values. In blood, the addition of P, E and T to
TMS (EAE+TMS+P, EAE+TMS+E and EAE+TMS+T) decreased NOx values, compared
to the EAE group, showing lower values than those obtained in the groups with TMS
(EAE+TMS) as a single treatment. However, in liver, kidney and heart and in intestines in
the EAE+TMS+T group, the values are higher than those in the EAE+TMS group. Ovariec-
tomy together with TMS (EAE+TMS+OVX) reduces the NOx values of EAE, although
they remain higher than those of TMS alone (EAE+TMS), in blood, kidney and intestines.
The addition of T to ovariectomized rats treated with TMS (EAE+TMS+OVX+T), in all
tissues, reduces NOx levels with respect to EAE, although NOx values are higher than
those obtained in the EAE+TMS and EAE+TMS+OVX groups in all tissues, except in blood,
where they are lower. P and E, in all tissues, in ovariectomized rats (EAE+TMS+OVX+P
and EAE+TMS+OVX+E) also reduce NOx levels significantly, compared to EAE.
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3.2. Glutathione System

tG (Figure 1): Only in the liver there is a significant decrease in tG in the EAE group
compared to the control. The application of TMS alone (EAE+TMS) decreases these tG
levels compared to EAE. However, TMS combined with hormones (P, E, T; EAE+TMS+P,
EAE+TMS+E and EAE+TMS+T) or with ovariectomy (EAE+TMS+OVX) increases tG levels
significantly when compared to EAE and EAE+TMS. If ovariectomy is accompanied by hor-
mone therapy (P, E, T; EAE+TMS+OVX+P, EAE+TMS+OVX+E and EAE+TMS+OVX+T), tG
levels are significantly reduced compared to EAE+TMS+OVX but remain higher than EAE.

Figure 1. Total glutathione (nmol/mg protein) in EAE rats treated with TMS (extremely low-
frequency electromagnetic fields (ELFEFs)) plus hormonal therapy in the following groups: control;
EAE; EAE+TMS; EAE+TMS+P; EAE+TMS+E; EAE+TMS+T; EAE+TMS+OVX; EAE+TMS+OVX+P;
EAE+TMS+OVX+E and EAE+TMS+OVX+T in blood (nmol/mg hemoglobin), kidney, liver, heart and
intestines. a p < 0.001 vs. control; d p < 0.001 vs. EAE; f p < 0.05 vs. EAE; g p < 0.001 vs. EAE+TMS; and
j p < 0.001 vs. EAE+TMS+OVX. EAE: experimental autoimmune encephalomyelitis; TMS: transcranial
magnetic stimulation; OVX: ovariectomized rats; P: progesterone; E: estrogens; T: testosterone.

GSH (Figure 2): In all of the tissues studied, EAE reduces GSH levels with respect
to the control. In the EAE+TMS group, GSH levels increase significantly with respect to
EAE, in all tissues. In liver and kidney, hormone therapy together with TMS (EAE+TMS+P,
EAE+TMS+E and EAE+TMS+T), except for T in liver (EAE+TMS+T, which significantly
decreases GSH levels compared to EAE+TMS), EAE+TMS+OVX and EAE+TMS+OVX+P,
increases GSH levels even more than TMS alone (EAE+TMS). Also, in liver and kidney,
in EAE+TMS+OVX+E and EAE+TMS+OVX+T groups, GSH levels are increased com-
pared to EAE, but not as much as in EAE+TMS+OVX, even showing lower levels than
in EAE+TMS, except for estrogens, in liver, in which there are no significant differences
between EAE+TMS and EAE+OVX+TMS+E groups. In blood and heart, the combination of
TMS with hormone therapy (EAE+TMS+P, EAE+TMS+E and EAE+TMS+T) and OVX alone
(EAE+TMS+OVX), or with hormone therapy (EAE+TMS+OVX+P, EAE+TMS+OVX+E and
EAE+TMS+OVX+T), increase GSH values with respect to EAE (except for OVX in blood
-EAE+TMS+OVX-). In intestines, testosterone plus TMS (EAE+TMS+T) or plus TMS and
OVX (EAE+TMS+OVX+T), shows lower values than EAE+TMS, but, together with the
other therapies, increases GSH values. Also in the latter tissue, EAE+TMS+OVX+P and
EAE+TMS+OVX+E show higher GSH levels than EAE+TMS+OVX.
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Figure 2. Reduced glutathione (nmol/mg protein) in EAE rats treated with TMS (extremely low-
frequency electromagnetic fields (ELFEFs)) plus hormonal therapy in the following groups: control;
EAE; EAE+TMS; EAE+TMS+P EAE+TMS+E; EAE+TMS+T; EAE+TMS+OVX; EAE+TMS+OVX+P;
EAE+TMS+OVX+E and EAE+TMS+OVX+T in blood (nmol/mg hemoglobin), kidney, liver, heart
and intestines. a 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; j p < 0.001 vs. EAE+TMS+OVX; and k p < 0.01 vs.
EAE+TMS+OVX. EAE: experimental autoimmune encephalomyelitis; TMS: transcranial magnetic
stimulation; OVX: ovariectomized rats; P: progesterone; E: estrogens; T: testosterone.

GSSG (Figure 3): Except for blood, in which there are no significant differences
between groups, in the rest of the organs, EAE increases GSSG levels with respect
to the control group. All treatments used, TMS alone (EAE+TMS) and accompanied
by OVX (EAE+TMS+OVX) and hormones (EAE+TMS+P, EAE+TMS+E, EAE+TMS+T,
EAE+TMS+OVX+P, EAE+TMS+OVX+E and EAE+TMS+OVX+T), reduce GSSG levels with
respect to the EAE group. However, T and OVX together with TMS (EAE+TMS+OVX+T)
show significantly higher GSSG values than the EAE+TMS group. Also, T together with
TMS and OVX (EAE+TMS+OVX+T) shows significantly higher GSSG values than the
EAE+TMS+OVX group in liver and intestines.

GSH/GSSG ratio (Figure 4): EAE, in all organs studied, reduces the GSH/GSSG ratio
compared to the control group. Except for blood, all treatments, TMS alone (EAE+TMS)
or accompanied by hormones (EAE+TMS+P, EAE+TMS+E and EAE+TMS+T) and/or
OVX (EAE+TMS+P, EAE+TMS+E, EAE+TMS+T, EAE+TMS+OVX+P, EAE+TMS+OVX+E
and EAE+TMS+OVX+T), increase the levels of this ratio with respect to the EAE group.
In blood, the only treatments that increase the ratio with respect to the EAE group are
TMS plus estrogens (EAE+TMS+E) and TMS alone (EAE+TMS). Testosterone plus TMS
(EAE+TMS+T), except in kidney and blood, does not increase the GSH/GSSG ratio values
as much as TMS alone (EAE+TMS). Furthermore, in all organs except blood, testosterone
plus TMS (EAE+TMS+T) and OVX (EAE+TMS+OVX+T) show lower ratio levels than
EAE+TMS+OVX.
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Figure 3. Oxidized glutathione (nmol/mg protein) in EAE rats treated with TMS (extremely low-
frequency electromagnetic fields (ELFEFs)) plus hormonal therapy in the following groups: control;
EAE; EAE+TMS; EAE+TMS+P EAE+TMS+E; EAE+TMS+T; EAE+TMS+OVX; EAE+TMS+OVX+P;
EAE+TMS+OVX+E and EAE+TMS+OVX+T in blood (nmol/mg hemoglobin), kidney, liver, heart
and intestines. a p < 0.001 vs. control; d p < 0.001 vs. EAE; g p < 0.001 vs. EAE+TMS; i p < 0.05 vs.
EAE+TMS; and j p < 0.001 vs. EAE+TMS+OVX. EAE: experimental autoimmune encephalomyelitis;
TMS: transcranial magnetic stimulation; OVX: ovariectomized rats; P: progesterone; E: estrogens;
T: testosterone.

Figure 4. Ratio of reduced glutathione/oxidized glutathione in EAE rats treated with TMS (ex-
tremely low-frequency electromagnetic fields (ELFEFs)) plus hormonal therapy in the following
groups: control; EAE; EAE+TMS; EAE+TMS+P EAE+TMS+E; EAE+TMS+T; EAE+TMS+OVX;
EAE+TMS+OVX+P; EAE+TMS+OVX+E and EAE+TMS+OVX+T in blood, kidney, liver, heart and
intestines. a p < 0.001 vs. control; d p < 0.001 vs. EAE; g p < 0.001 vs. EAE+TMS; i p < 0.05 vs
EAE+TMS and j p < 0.001 vs. EAE+TMS+OVX. EAE: experimental autoimmune encephalomyelitis;
TMS: transcranial magnetic stimulation; OVX: ovariectomized rats; P: progesterone; E: estrogens;
T: testosterone.
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GPx (Figure 5): GPx appears reduced in the EAE group compared to the control group
for all organs studied. All treatments, without exception, increase enzyme levels compared
to the EAE group.

Figure 5. Glutathione peroxidase (nmol/mg protein) in EAE rats treated with TMS (extremely low-
frequency electromagnetic fields (ELFEFs)) plus hormonal therapy in the following groups: control;
EAE; EAE+TMS; EAE+TMS+P EAE+TMS+E; EAE+TMS+T; EAE+TMS+OVX; EAE+TMS+OVX+P;
EAE+TMS+OVX+E and EAE+TMS+OVX+T in blood (nmol/mg hemoglobin), kidney, liver, heart
and intestines. a p < 0.001 vs. control; d p < 0.001 vs. EAE; g p < 0.001 vs. EAE+TMS; h p < 0.01 vs.
EAE+TMS; and j p < 0.001 vs. EAE+TMS+OVX. EAE: experimental autoimmune encephalomyelitis;
TMS: transcranial magnetic stimulation; OVX: ovariectomized rats; P: progesterone; E: estrogens;
T: testosterone.

3.3. Pearson Correlations

In all tissues and organs studied, positive correlations (p < 0.001) were established
between GSSG and LPO, CP and NOx, and negative correlations (p < 0.001) were established
between GSH, GSH/GSSG ratio and GPx with LPO, CP and NOx.

4. Discussion
A recently published review has shown evidence that there are reciprocal interactions

between sex hormones, the nervous system and non-invasive brain stimulation techniques.
However, this evidence is scarce and was very focused on sex and female hormones,
without taking into account male hormones [3]. Furthermore, Veldema (2023) clarifies
that most studies are carried out during the menstrual cycle in women, and there is little
literature on hormone replacement therapy. Apart from that, all studies are based on
cortical excitability tests.

Thus, estrogens have been shown to increase cortical excitability by enhancing glu-
tamate neurotransmission and reducing GABAergic responses [16,32,33]. In contrast,
progesterone exhibits an inhibitory action by binding to a steroid-specific site on the
GABA-A receptor, facilitating the opening of the chloride channel and elevating the seizure
threshold [16,34,35].

Our work allows us to focus on the use of hormone therapy, as well as non-invasive
brain stimulation techniques, from another point of view. First, we do not detail the changes
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in brain connectivity with hormones, but rather we focus on the demonstrated antioxidant
power of TMS [18,22] and that of hormonal therapy [26,28]. Likewise, we also focus this
evidence on the oxidative stress caused by EAE in non-nervous organs.

It had already been demonstrated by our research group that oxidative stress in EAE
rats also occurs in non-nervous organs [13]. In this article, increases in LPO and CP in blood,
kidney, liver, heart and intestines are evidenced in EAE rats with respect to the control
group. Nitric oxide, which reflects tissue inflammation, is also increased in all of the organs
mentioned with the disease. The use of TMS reduces oxidative stress and inflammation
in all tissues with respect to EAE, with no evidence that hormonal treatment substantially
improves the role of TMS alone. Ovariectomy alone or as hormone replacement therapy
(progesterone, estrogens and testosterone), together with TMS, also does not provide
different improvements for the reduction of oxidative stress and inflammation, compared
to TMS as a sole treatment.

However, the glutathione antioxidant system, in general, does seem to be improved in
all tissues studied, except in blood, both with adjuvant therapy and with hormone replace-
ment therapy. In the case of ovariectomized rats administered estrogens and progesterone,
there is a greater increase in GSH levels and a greater decrease in GSSG levels than in
magnetic stimulation used alone. Testosterone does not appear to be as effective as other
hormones as adjuvant therapy for TMS, either in normal or ovariectomized rats, since the
increases in GSH and the GSH/GSSG ratio, and the decreases in GSSG, are smaller than
with the use of estrogens and progesterone.

Neurodegeneration in MS is a complex process initiated by inflammation, production
of ROS and reactive nitrogen species (RNS), and glutamate excitotoxicity leading to de-
myelination, axon transection and injury, mitochondrial stress, gradual neuron death, and
transsynaptic nerve degeneration [15].

TMS was found to decrease lipid peroxidation products and carbonylated proteins
and increase the reduced glutathione/oxidized glutathione ratio, which may reflect the
redox status of cells. Therefore, it can be established that, at least partially, the effect of
TMS application is due to its antioxidant effect [14,18,19,22,36]. These antioxidant effects
of TMS could be due to the improvement of antioxidant systems, including glutathione,
as demonstrated by the correlations obtained in all organs, which were negative between
GPx, GSH and the GSH/GSSG ratio and LPO and CP, and positive between GSSG and
LPO and CP.

In addition, as described in other studies, TMS induces an increase in nuclear factor
erythroid-2 related factor 2 (Nrf2), which is an important factor in the induction of the
body’s antioxidant response and leads to an increase in the expression of antioxidant
enzymes. This is one of the possible mechanisms by which TMS could exert its antioxidant
effect [14,23,36,37]. Nrf2 is an important transcription factor that recognizes the antioxidant
response element to encode key cytoprotective enzymes, such as glutathione peroxidase
1 (GPx1), heme oxygenase 1 (HO-1) and superoxide dismutase 1 (SOD1) [38,39]. It also
regulates cytoprotective genes, including the GSH antioxidant pathway, promoting cell
survival against cerebral oxidative stress [39,40].

The effect of TMS on Nrf2, mentioned in the previous paragraph as a possible cause of
the antioxidant response of the organism, could be enhanced by the co-adjuvant treatment
with estrogens and progesterone in our experiment. This has already been demonstrated by
our group in a recent study on the role of TMS and the named hormones on the glutathione
system in the brain and spinal cord [41].

Regarding hormone therapy, co-treatment of 17β-estradiol (single subcutaneous injec-
tion of 10 mg/kg bw) with glutamate (10 mg/kg bw; excess glutamate causes oxidative
stress) in 7-day postnatal male Dawley rat pups has been shown to potentially reduce brain
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oxidative stress by regulating the expression of the Nrf2-mediated cytoprotective enzymes
HO-1 and GSH [39]. Furthermore, 17β-estradiol has been reported to increase antioxidant
capacity by increasing Nrf2 activity [42–44] and by mediating the activities of phase II
antioxidant enzymes in the brain [45].

However, adverse effects of long-term estrogen therapy have also been described.
Hussen et al. (2024) observed, in 40 adult female BALB/c mice, that 35 days of estrogen
therapy (56 µg/kg of body weight per day) caused a significant decrease in the activity
of antioxidant markers, including catalase (CAT), GPx and SOD in blood compared to
control mice [46]. The authors concluded that estrogen toxicity is the result of prolonged
circulation of estrogen molecules in the body, which could be involved in the development
of various pathologies in susceptible organs. This fact could not be proven in our animals,
since estrogen therapy only lasted 21 days and never acted alone but was administered
together with TMS.

On the other hand, few studies describe the role of the other two hormones, progesterone
and testosterone, as stimulators of antioxidant systems. Testosterone has been found to block
oxidative injury triggered by ovariectomy and ovariectomy together with 3-nitropropionic
acid [28], through a receptor-mediated mechanism as reported by Ahlbom et al. (2001). These
authors observed that testosterone protects cerebellar granule cells from oxidative stress [47].
Other explanations are due to its aromatization to estradiol [28].

As for progesterone, in the case of MS, the treatment was effective in reducing in-
flammation and demyelination, leading to improved motor function in a female mouse
model [48]. In adult humans, progesterone reduces neuroinflammation, oxidative stress,
and brain damage after traumatic brain injury [49].

Taking into account what has been described, we can conclude that: (1) TMS acts
as an antioxidant per se, through activation of the glutathione antioxidant system, per-
haps via Nrf2, in non-nervous organs in EAE rats. (2) The glutathione system appears to
improve when TMS is accompanied by hormonal therapy with estrogens, progesterone
and testosterone, both as adjuvants and as replacement therapy in ovariectomized rats.
(3) Progesterone and estrogens together with TMS, both as adjuvants and in hormone
replacement therapy, appear to be more effective than testosterone in activating the glu-
tathione system. (4) The benefits of TMS in MS are due, at least in part, to its effect against
oxidative stress.

One hypothesis for future studies could be to study the benefit of TMS therapy
used in conjunction with sex hormones in women with MS, both premenopausal and
postmenopausal. Further research is also needed to clarify the mechanisms of interaction
between TMS and sex hormones and the Nrf2 pathway.

It is worth noting that this study may have several limitations, including: (1) the small
number of animals per group could affect the statistical power of the study and increase the
risk of overinterpretation of the data; (2) the lack of verification of the molecular pathways
through which TMS acts in conjunction with hormone therapy; and (3) in the case of intact
females, the estrous cycle was not controlled, which could be relevant to sex hormones and
the response to TMS.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antiox15070851/s1, (Glutathione Redox System and Oxidative
Stress Biomarkers in vehicle; EAE+Mock and EAE+TMS+Sham): Table S1: Mean ± Standard Devia-
tion in Glutathione Redox System: total glutathione (tG; nmol/mg hemoglobin (blood) or nmol/mg
protein (other organs)), reduced glutathione (GSH; nmol/mg hemoglobin (blood) or nmol/mg pro-
tein (other organs)), oxidized glutathione (GSSG; nmol/mg hemoglobin (blood) or nmol/mg protein
(other organs)), glutathione peroxidase (GPx; nmol/mg hemoglobin (blood) or nmol/mg protein
(other organs)) and the ratio between GSH/ GSSG in EAE rats in the following groups: vehicle
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(100 µL of complete Freund’s adjuvant without MOG); EAE+Mock (treated in the same way as those
in the TMS group but without receiving real stimulation) and EAE+TMS+Sham (sham-operated) in
blood, kidney, liver, heart and intestines. Table S2: Mean ± Standard Deviation in Oxidative Stress
Biomarkers: Lipid peroxidation products (LPO; nmol/mg hemoglobin (blood) or nmol/mg protein
(other organs)), carbonylated proteins (CP; nmol/g hemoglobin (blood) or nmol/g protein (other
organs)) and Nitric Oxide (µmol/mg hemoglobin (blood) or µmol/mg protein (other organs)) in
EAE rats in the following groups: vehicle (100 µL of complete Freund’s adjuvant without MOG);
EAE+Mock (treated in the same way as those in the TMS group but without receiving real stimulation)
and EAE+TMS+Sham (sham-operated) in blood, kidney, liver, heart and intestines.

Author Contributions: B.M.E.: Writing—review and editing; M.E.V.: Writing—original draft prepara-
tion; A.M.-J.: Writing—original draft preparation; M.F.: Investigation; E.A.-M.: Investigation; J.C.-V.:
Investigation; A.S.: Investigation; I.T.: Conceptualization, Writing—review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors declare that no funds, grants, or other support were received during the
preparation of this manuscript.

Institutional Review Board Statement: All experiments were approved by the Bioethics Committee
at University of Cordoba (30/03/2017/053) and carried out according to the guidelines of the
Directive 86/609/ECC approved by the European Communities Council, the Directive 2010/63/UE
of the European Parliament and RD 53/2013 passed by the Presidency Minister of Spain (BOE
8 February 2013).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available in the repository.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
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MS Multiple sclerosis
E Estrogens
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T Testosterone
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EAE Experimental autoimmune encephalomyelitis
NIBS Non-invasive brain stimulation
rTMS Repetitive transcranial multiplex stimulation
CNS Central nervous system
ROS Reactive oxygen species
OVX Ovariectomized
MOG Myelin oligodendrocyte glycoprotein
tG Total glutathione
GSH Reduced glutathione
GSSG Oxidized glutathione
GPx Glutathione peroxidase
LPO Lipid peroxidation products
CP Carbonylated proteins
NOx Nitric oxide
RNS Reactive nitrogen species
Nrf2 Nuclear factor erythroid-2 related factor 2
HO-1 Heme oxygenase 1
SOD1 Superoxide dismutase 1
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