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ABSTRACT

Introduction: Extensive human and animal research shows that exercise has beneficial effects
on multiple clinical outcomes for patients suffering from multiple sclerosis (MS). This research
was conducted to examine the effect of aerobic exercise with probiotic consumption on the
myelination of nerve fibers in a cuprizone-induced demyelination mouse model of MS.
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Methods: Rats exposed to cuprizone (CPZ) for 13 weeks were subjected to motor and balance
tests in week 5. They (5 people in each group) were assigned to five groups of control (C),
MS, MS with exercise (MS+Exe), MS with probiotic (MS+Pro), and MS with probiotic and
exercise (MS+Pro+Exe) randomly. The exercise groups conducted aerobic exercises 5 days a
week for 60 days. The rats received probiotics by gavage. Performance and balance tests were
repeated when the eight-week protocol of exercise and probiotic consumption was finished.
One day after these interventions, they were sacrificed to undergo biochemical and molecular
biology assays.

Results: The results showed that Myelin basic protein (MBP) was increased in the
MS+Pro+Exe, MS+Pro, and MS+Exe compared to the MS group (P<0.05).

: The nestin mRNA showed an increase in MS+ProtExe, MS+Exe, and MS+Pro groups
Keywords: * compared to the MS group, but this increase was not significant in MS+Pro+Exe and MS+Exe

Myelination, Multiple sclerosis, groups compared to the control and MS groups (P>0.05).

Exercise, Lactobacillus Conclusion: According to the results, lifestyle interventions can effectively alleviate
plantarum, Cyclohexanes ¢ demyelinating-inflammatory processes that happen in the brains of MS patients.
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Highlights

* Exercise can improve demyelination in mice.

Basic and Clinical

» Consumption of probiotics can be effective in improving multiple sclerosis disease.

* Exercise can modify the gut microbiota.

Plain Language Summary

Multiple sclerosis (MS) is a common inflammatory disorder of the central nervous system (CNS) categorized by
myelin loss and decadence of neurons in the brain and spinal cord. Cuprizone feeding causes reversible demyelination,
predominantly of the corpus callosum in C57/BI6 rats. The results of previous studies showed that exercise training
and consumption of probiotics alone effectively reduce demyelination of the nerve fibers. In this study, considering

that the elimination of cuprizone from rats’ food causes remyelination, its application continued until the end of the
protocol.In this study, we emphasize exercise training and the consumption of probiotics. Our results showed that in
addition to the effect of exercise training and consumption of probiotics on the remyelination of nerve fibers, both of

these interventions have a greater effect on it.

1. Introduction

ultiple sclerosis (MS) is the most com-
mon demyelinating disease of the Cen-
tral Nervous System (CNS) causing
neurological disability, mostly in young
adults (Eckstein et al., 2012). Women
suffer from MS 2-3 times more often than men (Leray et
al., 2016). MS patients show various physiological and
psychological symptoms, e.g. cognitive and emotional
problems, visual impairments, fatigue, general muscle
weakness, and motor disturbances (Huang et al., 2017).
Myelin sheath is a lipid-protein substance, which wraps
nerve fibers (axons). The myelin cells, or the so-called
oligodendrocytes, are the main ground for disease initia-
tion. The term MS refers to the formation of scar tissues
or plaques or lesions in certain parts of the brain, espe-
cially in the white matter (Rahmanzadeh et al., 2018).
Infiltrating T cells and monocytes/macrophages are not
only responsible for the death of the oligodendrocyte
cells, but also employ brain resident immune cells, i.e.
astroglia and microglia, which, in turn, both amplify and
resolve inflammation (Popescu & Lucchinetti, 2012).

Inflammatory infiltration into the CNS destroys major
myelin proteins, such as Myelin basic protein (MBP)
(Popescu & Lucchinetti, 2012). This inflammatory
process causes demyelination, axonal damage, and
subsequently progressive hind-limb paralysis (Robinson
etal., 2014).

In MS, where lesions throughout the CNS are demy-
elinated by the damage to oligodendrocytes and their
myelin sheaths, spontaneous myelin repair was identi-
fied years ago. More recent studies have revealed that
remyelination happens earlier and more extensively than
previous studies have reported (Briick et al., 2003). The
expression of the intermediate filament protein nestin
has been utilized as a marker for neural stem and pro-
genitor cells in the ventricular and subventricular zones
(Hockfield & McKay, 1985). Radial glia (Hockfield &
McKay, 1985), which are substrates for migration and
can give rise to neurons (Noctor et al., 2001), also ex-
press nestin. The second intronic enhancer of nestin sig-
nifies the expression of the gene to neural tissues (Zim-
merman et al., 1994).

Most clinical studies have reported the benefits of ex-
ercise training for molecular, histopathological, and be-
havioral abnormalities in MS patients and animal mod-
els of MS (Motl & Pilutti, 2012). The anti-inflammatory
effects of exercise training are also documented in MS
patients (Florindo, 2014). Exercise-based protocols for
animal models are composed of voluntary wheel run-
ning, forced treadmill running, or swimming. Although
both voluntary and forced exercise paradigms are ef-
fective preconditioning tools for the CNS (Zhang et al.,
2011), forced exercise has been found to outperform vol-
untary exercise in promoting neuroprotection by altering
brain metabolism (Kinni et al., 2011). Moreover, forced
exercise protocols allow modifying the intensity, dura-
tion, and frequency of the program and may motivate a
human’s schedule of gym exercises (Zhang et al., 2011).
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Also, it is suggested that improving adaptation to stress
responses and promoting neuroprotection requires exer-
cise periods of at least three weeks (Adlard et al., 2005).

The gut microbiome is claimed to cause several auto-
immune disorders, including inflammatory bowel dis-
ease, rheumatoid arthritis, and MS (Bhargava & Mowry,
2014). Recent research has revealed a correlation be-
tween intestinal T helper 17 (Th17) cell abundance with
changes in gut microbiota composition and increased
disease activity in MS (Cosorich et al., 2017). Thus,
it can be said that MS patients can potentially benefit
from, for instance, manipulating the gut microbiome
with probiotics. Probiotics are live and non-pathogenic
microorganisms found in certain foods. Some of these
microorganisms belong to selected bacterial strains, Lac-
tobacillus (Goudarzvand, 2016).

Some evidence suggests that exercise may modify the
microbiota (Queipo-Ortuiio et al., 2013). Accordingly,
a study on elite rugby players reported that exercise in-
creased gut microbiota richness and diversity (Clarke et
al., 2014). Also, recent studies on animals have shown
that controlled training also has some beneficial effects
on the gut microbiome of obese and hypertensive rats
(Petriz et al., 2014) and in obese rats with high-fat diet-
induced phenotype (Kang et al., 2014).

The cuprizone (CPZ) model provides a reproducible
method to investigate the processes of primary demyelin-
ation, inflammation, axonal damage, and myelin repair/
remyelination when no peripheral immune system acti-
vation is observed. As a mitochondrial copper-chelating
agent, CPZ selectively targets mature oligodendrocytes
of the CNS, especially those of the corpus callosum. De-
myelination completes after five weeks of CPZ intoxica-
tion, accompanied by massive microgliosis, astrocytosis,
and axonal damage (Hibbits et al., 2009). Furthermore,
removing CPZ from animals’ diets improves remyelin-
ation (Heckers, 2018).

The present study is an attempt to explore the impact
of exercise with Lactobacillus plantarum (L. planta-
rum) probiotics on motor deficits associated with the
CPZ model and myelination. To deal with this issue, the
research adopted a model of exercise training that can
mimic endurance training in humans and is associated
with increased wellness in both healthy individuals and
those with neurodegenerative disorders.
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2. Materials and Methods

Animals

A total of 25 female C57BL/6 rats (8 weeks old, 20+4
g), procured from the Pasteur Institute of Iran, were
transferred to the histogenotech lab of Tehran, Iran. They
were kept in communal cages at 22°C+1°C under a 12-h
photoperiod (lights on at 07:00) with full-time access to
food and water. All procedures were approved by the Is-
lamic Azad University, Rasht Branch (Rasht City, Iran)
and Institutional Animal Care and Use Committee (Ethi-
cal Code: IRIAU.RASHT.REC.1399.028) and com-
plied with the National Institute of Health (NIH) guide-
lines. Behavioral experiments were conducted from 8
AM to 4 PM.

Experimental design and animal group

Five rats in each group were randomly divided into five
groups, control (C) that received no intervention, MS ex-
posed to CPZ, MS with exercise (MS+Exe), MS with
probiotic (MS+Pro), and MS with probiotic and exercise
(MS+Pro+Exe).

Cuprizone (CPZ) model

Rats were exposed to CPZ for 13 weeks. To induce
demyelination, the rats were fed on a diet composed of
0.2% CPZ (bis cyclohexylidenchydrazide; Sigma—Al-
drich Inc., St. Louis, MO, USA) mixed with rodent food
triturated pellets (Gudi et al., 2014b). Since remyelin-
ation is increased in the absence of CPZ in the diet of
animals (Heckers, 2018), its use was continued until the
end of the protocol. Therefore, the daily food of the ani-
mals contained during the exercise period.

Beam test

The mice were subjected to the mobility and balance
tests by the beam test in week 5 of CPZ feeding and at
the end of the eight-week protocol of exercise and pro-
biotic consumption. They were trained to go from the
suspended end of a narrow beam (120 cm length, 7 cm
width, elevated 100 cm above a thick foam cushion) into
a goal box (24.5x20x18). Two observers recorded the
number of foot slips to start a movement. A foot slip is
defined as one single paw going down by 1.5 cm or more
beneath the beam surface (Mu et al., 2011).
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Probiotic supplement

L. plantarum strain Persian type culture collection
(PTCC) 1058 was chosen by the Iranian Research Orga-
nization for Science and Technology, Tehran City, Iran
for testing. After the bacteria were cultured and their pu-
rity was confirmed, they were anaerobically propagated
in de Man, Rogosa, and Sharpe (MRS) broth at 37°C for
48 h at a volume of 500 mL. After 48 h, they were cen-
trifuged, washed with phosphate-buffered saline (PBS),
and re-centrifuged to be isolated from the growth media.
The treatments were made for each animal with 1.5 mL
of resuspended bacteria in saline at a concentration of
10® colony-forming units (CFU)/kg. The probiotic was
gavaged 5 times a week 1 h after exercise training.

Treadmill exercise training

The mice were subject to physical training and perfor-
mance tests on an 8-lane treadmill (Tajhiz Gostar Omid
Iranian, Iran). Before the exercise performance tests and
the training program were initiated, the mice were got-
ten acquainted with treadmill running for 10 minutes on
three consecutive days (8 cm/s). The performance was
tested before training and at the end of the 8-week train-
ing protocol. A 72-h interval was considered between
these two performance tests.

Exhaustion speed performance test

The exhaustion speed performance test was employed
to measure the maximal running speed. For this test, the
rats ran for 8 cm/s and then increased the speed to 2 cm/s
per minute until exhaustion [modified from (Qi et al.,
2011)]. Exhaustion was recorded when the mice could
not or declined to keep on even if encouraged with a
bottle brush or a small puff of air.

Exercise tolerance performance test

To evaluate the exercise tolerance, the exercise toler-
ance performance test was employed for which each rate
was individually run at a speed of 30 cm/s on a rodent-
specific treadmill [modified from (Ritchie et al., 2014)].
Exhaustion was defined as above.

Exercise training protocol

The rats were exposed to an 8-week treadmill running,
5 days per week, 1 session per day at a rate of 23 cm/s.
This training speed is equivalent to an exercise intensity
of 55%—-60% of maximal speed based on the baseline
exercise speed performance tests. An incremental ex-
ercise training protocol was applied to the trained rats.

Basic and Clinical

Each training session consisted of a 5-minute warm-up
at 8 cm/s followed by 10 minutes of training in week 1
and 20 minutes of training in week 2. In the subsequent
six weeks, the warm-up was followed by 30 minutes of
training at 23 s per minute. The potential intervening fac-
tors, including differences in stress, sound, and light ex-
posure, were minimized by leaving the sedentary control
rats on the treadmill without running for the same dura-
tion as the exercise groups. All animals were included in
the experiments (Figure 1).

The rats were initially exposed to CPZ for 5 weeks.
The performance tests and beam tests were carried out
before the training. Then, the eight-week training proto-
col began. The training protocol included 10 minutes of
training for the first week, 20 minutes of training for the
second week, and 30 minutes of training with an intensi-
ty of 23 cm/s during the next 6 weeks. During the eight-
week training period, the mice were given probiotics by
gavage 5 days a week. One 1-h break existed between
activity and probiotics. The performance tests and beam
tests were replicated when the eighth week was over.

Tissue preparation

One day after the eight weeks of the exercise train-
ing protocol and the intake of probiotics, the rats were
sacrificed under CO, gas. The whole brain was exposed
and divided anteriorly-posteriorly in bregma place using
a coronal section. The anterior part was employed for
western blot and real-time polymerase chain reaction
(PCR) and the posterior part for histological assessment.

Histological evaluation and luxol fast blue (LFB)
staining

To assess myelination, the corpus callosum was elimi-
nated after the rats were sacrificed and fixed overnight.
Then, the samples were dehydrated in ascending alcohol
series, rinsed with xylene, and infiltrated with paraffin.
Afterward, all the paraffin-embedded specimens were
coronally sectioned at a thickness of 5 um. The samples
were stained with luxol fast blue (LFB) (Sigma-Aldrich)
according to the manufacturer’s instructions. Briefly, a
graded serial of ethanol to 1% LFB solution in 0.05%
acetic acid and 96% ethanol was used to deparaffinized
and transform corpus callosum sections. Sections were
put in LFB solution at 56°C overnight, then rinsed in
95% ethyl alcohol and distilled water before differenti-
ating in 70% ethyl alcohol. After differentiation in the
lithium carbonate solution, they were placed in distilled
water again and counterstained. The samples were ana-
lyzed under a light microscope (Labomed, USA). Image
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Probiotic and Exercise + continuation of Cuprizone
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Figure 1. Experimental protocol for exploring the impacts of exercise training

J software was used to evaluate of amount of myelin. For
this reason, the amount of dark blue to whole tissue in
each section was assessed.

Striatal total protein extracts preparation and

western blot (WB)

The protein concentration of each sample was mea-
sured with Lowry assay to ensure that equal amounts
were loaded during western blotting. First, in the stage of
running the gel, mix the protein sample with the sample
buffer and boil for 5-10 minutes, and then run on poly-
acrylamide gel for 2-3 h at 100 volts. After running, the
gel was prepared for the transfer stage. In the transfer
step, we first cut the nitrocellulose paper as needed and
put it inside the transfer buffer along with the device pads
and sponges. To cut the nitrocellulose paper, we used a
clean scalpel and avoided touching the paper with our
hands. Then, the nitrocellulose paper was inserted with
gel and sponges and the device pads inside a tank and ex-
posed to 350 amps electrophoresis for 1 h. After transfer,
the nitrocellulose paper was washed with a tris-buffered
saline (TBS) buffer for 5-10 minutes. At this stage, the
nitrocellulose paper was immersed in the TBS buffer (or
blocking) for 1 h at room temperature, and gently shaken.
Then, the nitrocellulose paper was washed several times
using a TBS buffer. Then, the nitrocellulose paper was
incubated for 1-2 h at room temperature with the primary
antibody diluted in the TBS buffer (antibody accuracy
was 1000/1). The nitrocellulose paper was rinsed several
times using a TBS buffer. Then, it was incubated for 1-2
h at room temperature with a secondary antibody diluted
in the TBS buffer (antibody accuracy was 3000/1). The
nitrocellulose paper was rinsed several times using a TBS
buffer. This step of nitrocellulose paper is developed on
the photographic film using the emergence and fixation

solution using ECL in a dark room. Finally, after the band
appeared, the paper can be washed with distilled water.

Messenger ribonucleic acid (MRNA) gene expres-
sion analysis

The corpus callosum tissue, prepared by Qiazol (Qia-
zol lysis reagent, USA), was prepared in completely ster-
ile conditions on the ice. The concentration and purity of
RNA were determined by the ratio of the absorbance at
260 nm over that at 280 nm (A 260/A 280) using a nano-
drop ND-100 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). The RevertAid cDNA synthesis
kit (Thermo Scientific, USA) was used at a volume of 10
pL to convert RNA into complementary DNA (cDNA)
based on the manufacturer’s recommendations. The ex-
tracted RNA samples, previously infected with genomic
DNA, were treated using deoxyribonuclease I (DNase
I). Polymerase chain reaction (PCR) was amplified by
2 uL of the cDNA synthesis reaction, 12.5 pL of RealQ
Plus master mix green high ROX™ (Amplicon, Den-
mark), 0.2 pL of each forward and reverse primers (at
the concentration of 10 pico-molar), and 10.1 pL of dis-
tilled water. The primers were prepared by the Primer
3 software package and verified by the NCBI BLAST
Tool. Table 1 presents the primers used here.

Thermocycling conditions were 95°C for 15 minutes,
followed by 40 cycles of denaturation at 95°C for 15 s and
60°C for 1 minute. The ACT method (Equation 1 which is
based on the yield and difference in CT, was employed to
specify the relative expressions for the nestin gene.

1. ACT=CT target—CT reference

CT: Threshold cycle
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ACT and CT: In fact, to obtain the ratio of the desired
gene to the reference gene (to normalize the data). The
CT samples in the target gene were compared to the in-
ternal control of the CT gene. The real-time PCR was
conducted on the ABI Stepone (applied biosystems,
USA) detection system. Electrophoresis and melting
curve analysis was employed to re-examine the specific-
ity of the real-time PCR reaction.

Statistical analysis

GraphPad PRISM software, version 5 was used for sta-
tistical analysis. The differences in means among groups
for all variables were compared using a one-way analy-
sis of variance (ANOVA). The between-group differ-
ences of means were distinguished by Tukey’s multiple
comparison tests. All values are expressed as Mean+SD.
The statistical significance level was set at P<0.05 for
all tests.

3. Results

The effect of aerobic training with the consump-
tion of probiotics in the Beam test

The results showed that the error level in the beam test
was significantly decreased in the MS+Pro+Exe and
MS+Exe compared to the MS group (P<0.05). Also,
the error level in MS+Pro group decreased compared

Basic and Clinical

to the MS group but the difference was not significant
(P>0.05) (Figure 2).

The effect of aerobic training with the consump-
tion of probiotics in the performance tests

To examine the efficacy of the training protocol, exhaus-
tion speed, and exercise tolerance performance tests were
performed. The results of both tests in the MS+Pro+Exe,
MS+Exe, and MS+Pro groups showed a significant in-
crease in the exhaustion speed, and exercise tolerance
compared to the MS group (P<0.05) (Figure 3, 4).

Induction of demyelination in cuprizone (CPZ)-
fed rats

The histological changes in this study were performed
using LFB staining method. Figure 5, 6 shows the my-
elination changes in different groups. As shown in the
Figure, the myelination of the nerve fibers was signifi-
cantly (P<0.05) higher in the MS+Pro+Exe, MS+Pro,
and MS+Exe groups than in the MS group.

Western blot analysis

The results showed that MBP expression was significant-
ly increased in the MS+Pro+Exe, MS+Pro, and MS+Exe
compared to the MS group (P<0.05). However, a com-
bination of probiotics with exercise training protocols
showed the highest increase in MBP (Figure 7).

Beam test
3
*
*
2.5
25 I
2
—- 2.25
s * &#
i 15
5 ] * &t
T
w
1375
1
1125
0.5
0z
0
control Ms MS+Pro MS+Exe  MS+Pro+Exe

Figure 2. The Beam test results in different study groups

The values are displayed as the Means+SD. The difference signs represent statistically significant differences between the mean

values (P<0.05) and the same signs are not significant.

One-way ANOVA analysis and Tukey post-hoc in all groups were significantly different from the control group (P<0.05 vs.
control group), and MS+Exe and MS+Pro+Exe groups were significantly different from the MS and MS+Pro groups (P<0.05

vs. MS group and * P<0.05 vs. MS+Pro group).

MS+Pro: Multiple sclerosis plus probiotic; MS+Exe: Multiple sclerosis plus exercise; MS+Pro+Exe: Multiple sclerosis plus pro-

biotic plus exercise.
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Figure 3. The exhaustion speed performance test results in different study groups
The values are shown as the MeanSD.

One-way ANOVA analysis and Tukey post-hoc in all groups were significantly different from the MS group (*P<0.05 vs. MS
group).

MS+Pro: Multiple sclerosis plus probiotic; MS+Exe: Multiple sclerosis plus exercise; MS+Pro+Exe: Multiple sclerosis plus pro-
biotic plus exercise.

Expression of nestin 4. Discussion

The results showed that the gene expression of nestin In this study, the effectiveness of aerobic exercise with
was higher in MS+Pro+Exe, MS+Exe, and MS+Pro the probiotic consumption on myelination, histologi-
groups than in the MS group, but the difference was not cal changes, and the expression of the gene nestin in the
significant (P>0.05) (Figure 8). corpus callosum for the animal model of demyelination

using CPZ administration was investigated. The present
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Figure 4. The exercise tolerance performance test resulting in different study groups

The values are displayed as the Means+SD. The difference signs represent statistically significant differences between the
mean values (P<0.05) and the same signs are not significant.

One-way ANOVA analysis and Tukey post-hoc in MS+Pro and MS+Exe groups were significantly different from the MS group
(*P<0.05 vs. MS group), MS+Exe and MS+Pro+Exe groups were significantly different from the control group (* P<0.05 vs.
control group), MS+Pro+Exe group was significantly different from the MS group (u P<0.05 vs. MS group), and MS+Pro+Exe
group was significantly different from the MS+Pro group (P<0.05 vs. MS+Pro group).

MS+Pro: Multiple sclerosis plus probiotic; MS+Exe: Multiple sclerosis plus exercise; MS+Pro+Exe: Multiple sclerosis plus pro-
biotic plus exercise.
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Figure 5. Histological changes in myelination in different treatment groups

The above images show the longitudinal cross-section of nerve fibers stained with LFB staining. Arrows indicate areas of
myelination. Bright areas indicate a decrease in myelin density in the MS group (D, E, and F) and the myelination of the nerve
fibers is lower in this group than in the other groups. In the intervention groups (MS+Exe, MS+Pro, and MS+Pro+Exe), an in-
creased amount of myelin is observed in the images, respectively. The MS+Pro+Exe group (M, N, and O), has the highest rate
of myelination compared to the control group. Also in this group, the myelination of the nerve fibers is arranged in a regular,
coherent structure. The diameter of the nerve fibers is also higher in this group than in the other groups.

MS+Pro+Exe: Multiple sclerosis plus probiotic plus exercise; MS+Pro: Multiple sclerosis plus probiotic; MS+Exe: Multiple
sclerosis plus exercise.

Luxol Fast Blue
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control Ms MS+Prot+Exe  MS+Pro MS+Exe

Figure 6. The myelination of the nerve fibers in different study groups, observed percentages of myelination, blue fibers in
different groups

The values are displayed as the Means+SD. The difference signs represent statistically significant differences between the
mean values (P<0.05) and the same signs are not significant.

One-way ANOVA analysis and Tukey post-hoc in MS+Pro+Exe, MS+Pro and MS+Exe groups were significantly different
from the control and MS groups (*P<0.05 vs. control group and “P<0.05 vs. MS group), and MS group was significantly differ-
ent from the control group (P<0.05 vs. control group).

MS+Pro+Exe: Multiple sclerosis plus probiotic plus exercise; MS+Pro: Multiple sclerosis plus probiotic; MS+Exe: Multiple
sclerosis plus exercise.
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Table 1. The characteristics of the primers used in the present study

Gene Sequence
F: 5 CCCCTTTCTTCTGTGTCTCACC 3’
NES
R: 5’ TCACTCATCATTGCTGCTCCTCT 3’
F: 5’ TCAGAGCAAGAGAGGCATCC 3’
B-Actin
R: 5" GGTCATCTTCTCACGGTTGG 3’
NES: Nestin.

study used the CPZ model to induce demyelination. It
is a famous experimental animal model used in research
on the pathophysiological mechanisms of MS (Kipp et
al., 2017). The results showed that aerobic exercise sig-
nificantly improved motor deficits in animal models of
MS. The MS+Exe group showed more improvement in
motor function than the MS+Pro group. However, the
highest rate of motor improvement was observed in the
MS+Pro+Exe group. This is consistent with a previous
study (Mandolesi et al., 2019) that has shown that exercise
can improve clinical scores in rats with demyelination.

The study revealed an increase in the amount of MBP
and myelination with exercise and probiotic consump-
tion. Also, the myelination rate and MBP level in MS+Pro
group increased more than in the MS +Exe group. A study
reported the significant effect of probiotic treatments on

<
) AR L
R o R
MBP e - e 35 kDa
— 25kDa
B-aCtin  AN———— 1> kD3
— 35kDa

Relative Protein level(%)

clinical improvement, which was ascribed to the retention
of myelin content and the reduction of astrocytosis and
CD3"T cell infiltration (Consonni et al., 2018).

Physical exercise has been reported to influence my-
elination variously depending on the analyzed brain area
(Tomlinson et al., 2018). Functional recovery, enhanced
by exercise, was associated with limited myelin destruc-
tion and the loss of myelin-associated proteins in white
matter tracts of the corpus callosum and reduced axonal
pathology. Moreover, exercise significantly intensified in-
nate immune response, i.e. microgliosis and, to a lesser
extent, astrogliosis. In rodents, exercise is related to sig-
nificant changes in brain anatomy, including its weight
and size, hippocampal neurogenesis and synaptogenesis
(Van Praag et al., 2000), and synaptic plasticity (Patten
et al., 2013). Myelination and remyelination use various
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Figure 7. The expression of myelin basic protein (mbp) in the corpus callosum area of different study groups

B-Actin was used as a loading control. The values are displayed as the Means+SD. The difference signs represent statistically
significant differences between the mean values (P<0.05) and the same signs are not significant.

One-way ANOVA analysis and Tukey post-hoc in MS+Pro+Exe, MS+Pro, and MS+Exe groups were significantly different
from the control and MS groups (*P<0.05 vs. control group and # P<0.05 vs. MS group), and MS group was significantly differ-

ent from the control group (& P<0.05 vs. control group).

MS+Pro+Exe, multiple sclerosis plus probiotic plus exercise; MS+Pro, multiple sclerosis plus probiotic; MS+Exe, multiple

sclerosis plus exercise.
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Figure 8. The messenger ribonucleic acid (mRNA) expression of nestin in the corpus callosum area of different study groups

The values are shown as the MeansSD.

One-way ANOVA analysis and Tukey post-hoc in MS and MS+Pro groups were significantly different from the control group

(*P<0.05 vs. control group).

MS+Pro, multiple sclerosis plus probiotic; MS+Exe, multiple sclerosis plus exercise; MS+Pro+Exe, multiple sclerosis plus pro-

biotic plus exercise.

complex mechanisms to differentiate oligodendrocyte
precursor cells through different stages into mature my-
elinating oligodendrocytes (Bercury & Macklin, 2015).
In the CNS, the activation of microglia and astrocytosis
are crucial components of the lesion environment that
can influence the demyelination process, and these cells
have been crucially involved in demyelination/remyelin-
ation processes during CPZ (Gudi et al., 2014a). None-
theless, long-term exercise-based protocols improve im-
mune function. As far as macrophages are concern, these
effects can be related to the higher phagocytic activity
(Sugiura et al., 2001) or accelerated phenotype switch-
ing leading to quicker wound healing (Goh & Ladiges,
2014). Although isolated inflammation is not effective in
changing the number of oligodendrocyte precursor cells,
it enlarges the cell bodies and increases the number of the
processes (Di Bello et al., 1999) and young macrophages
recruited during remyelination, which facilitates the dif-
ferential of oligodendrocyte precursor cells by removing
inhibitory myelin debris (Ruckh et al., 2012). Accord-
ingly, the modulation of immune functions plays a key
role in myelin regenerative processes contributing to the
remyelination course. These data suggest that some oligo-
dendrocyte precursor cells die between peak and chronic
disease and do not remyelinate axons. Furthermore, pro-
liferation, migration, differentiation, and remyelination
are the behaviors of oligodendrocyte precursor cells that
can be modulated not just by the CNS disease conditions
and trauma lesions but also by environmental changes and
physical activity training. They may even sometimes act
via opposite directing forces (Ehninger et al., 2011). In

fact, in demyelinating lesion models in which remyelin-
ation was observed, a relationship was detected between
the decreased number of oligodendrocyte precursor cells
and the myelin repair (Watanabe et al., 2002).

The study revealed an increase in nestin levels after
aerobic training and probiotic consumption. The amount
of nestin in the MS+Exe group increased more than in
the MS+Pro group. Various types of CNS damage are
followed by so-called reactive neurogenesis, i.e. the
formation of new neurons to replace the ones that have
been lost by the damaging factor (Parent, 2003). Nestin
expression has been observed to increase in some patho-
logical states, such as inflammation (Cameron & Mck-
ay, 2001), and others. Nestin expression in astrocytes
is detected one day after damage and continues for one
month. Astrocytes may play a role in neuroprotection by
forming a glial barrier/scar around the damage zone (Na-
kamura et al., 2003).

Cholinergic neurons, especially those with nestin as a
cofactor, do not immediately die after a neurotoxic event,
but rather they enter an atrophic quiescent state in which
they do not express the enzymes required to maintain cho-
linergic transmission. On the contrary, if cholinergic neu-
rons are exposed to nerve growth factor (NGF) (Nagahara
et al., 2009) or brain-derived neurotrophic factor (BDNF)
(Morse et al., 1993) in a timely and repeated manner, a
significant part of them (30-40%) can be rescued from
a pathological state. Therefore, nestin contributes to the
dynamic remodeling of cells during development (Ruan,

Sajedi et al. (2023). Effects of Exercise and Probiotic Consumption on Myelination in MS model. BCN, 14(1), 73-86



http://bcn.iums.ac.ir/

Basic and Clinical

2001). Evidence shows that nestin has a cytoprotective
function in the adult nervous system (Su et al., 2013). Ex-
ercise enhances neurotrophin levels, an enhancement that
can last for weeks (Berchtold et al., 2010).

The present research revealed the effects of oral admin-
istration with L. plantarum. Since research on MS has
mostly focused on the differences in the gut microbiome
of MS patients compared to healthy people (Jhangi et al.,
2014), some have dealt with changing the composition of
gut microflora by probiotics that modulate the immune
response in an animal model of MS (Ochoa-Reparaz
et al., 2010). Nonetheless, growing evidence suggests
that exercise can also alter gut microbial composition
(Bermon et al., 2015). However, the efficacy of probi-
otic treatment on different diseases depends on bacterial
and rats strains, host immunological state, experimental
system, an adequate dose, and its mechanisms are not
well-understood yet (Isolauri et al., 2001). In the pres-
ent study, it was shown that L. plantarum can improve
the myelination of the nerve fibers. The rate of improve-
ment in myelination was higher in the MS+Pro+Exe
group. We found that oral administration of these strains
delayed the development of the disease and resulted in
the suppression of MS progression. Probiotics inhibit the
growth of other microorganisms or compete for recep-
tors and binding sites with other intestinal microbes on
the intestinal mucosa by producing antimicrobial agents
or metabolic compounds (Collado et al., 2007; O’Shea
et al., 2012). We know that the alteration in equilibrium
between T helper 1 (Th1) and T helper 2 (Th2) responses
are linked to the pathogenesis of a wide variety of auto-
immune diseases, such as MS (Nosratabadi et al., 2016).
Although it is argued that the Th17 cells have a key role
to play in MS pathogenesis, the geography of their pe-
ripheral activation and expansion in humans is still un-
clear. In rats, effector Th17 cells are mostly activated in
the small intestine (Ivanov et al., 2009), and the pathoge-
nicity of myelin-reactive T cells at the intestinal level and
their capacity to trigger brain autoimmunity are intensi-
fied when they acquire a Th17 cell phenotype (Berer et
al., 2011).

Many studies have documented that experimental au-
toimmune encephalomyelitis (EAE) is mediated by the
Thl and Th17 cells secreting pro-inflammatory cyto-
kines (Kobayashi et al., 2010), while a relationship is
observed between disease recovery and the increased
levels of Th2 cytokines (Nosratabadi et al., 2016). An up-
regulation of these cytokines in probiotic-treated mice
appears to stimulate a shift toward Th2 response which
may be one of the mechanisms involved in the down-
regulation of the autoimmune response. Some previous

January & February 2023, Volume 14, Number 1

studies have revealed that pro-inflammatory cytokines
promote the recruitment of inflammatory cells (Hagh-
morad et al., 2017) while anti-inflammatory cytokines
negatively regulate the secretion of pro-inflammatory
cytokines (Moore et al., 2001). In this situation, damaged
axons re-generate and the healing process of myelin and
neurons is better organized (Sakalidou et al., 2011).

This study provides powerful evidence for a beneficial
link between the animal and human systems as promis-
ing future therapeutics for MS.

5. Conclusion

In conclusion, our study demonstrates that acrobic ex-
ercise with probiotic consumption affects the main path-
ological symptoms in MS. These results suggest lifestyle
interventions as a good non-pharmacological instrument
to control disease progression against demyelinating-
inflammatory processes in the brains of animals with
MS. However, it is necessary to conduct further studies,
especially on human subjects.
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