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Abstract: Multiple sclerosis (MS) is a progressive neuromuscular disorder characterized by demye-
lination of neurons of the central nervous system (CNS). The pathogenesis of the disorder is de-
scribed as an autoimmune attack targeting the myelin sheath of nerve cell axons in the CNS. Avail-
able treatments only reduce the risk of relapse, prolonging the remissions of neurological symptoms
and halt the progression of the disorder. Among the new ways of targeting neurological disorders,
including MS, there is modulation of gut microbiota since the link between gut microbiota has been
rethought within the term gut-brain axis. Gut microbiota is known to help the body with essential
functions such as vitamin production and positive regulation of immune, inflammatory, and meta-
bolic pathways. High consumption of saturated fatty acids, gluten, salt, alcohol, artificial sweeten-
ers, or antibiotics is the responsible factor for causing gut dysbiosis. The latter can lead to dysregu-
lation of immune and inflammatory pathways, which eventually results in leaky gut syndrome,
systemic inflammation, autoimmune reactions, and increased susceptibility to infections. In modern
medicine, scientists have mostly focused on the modulation of gut microbiota in the development of
novel and effective therapeutic strategies for numerous disorders, with probiotics and prebiotics
being the most widely studied in this regard. Several pieces of evidence from preclinical and clini-
cal studies have supported the positive impact of probiotic and/or prebiotic intake on gut microbiota
and MS. This review aims to link gut dysbiosis with the development/progression of MS, and the
potential of modulation of gut microbiota in the therapeutics of the disease.
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1. INTRODUCTION

Multiple sclerosis (MS) is a neuromuscular disorder
characterized by demyelination of neurons of the central
nervous system (CNS), mostly affecting the adult population
(20 to 40 years of age). MS is one of the most common
causes of progressive physical disability in several countries.
It is estimated that about 2.5 million people have been af-
fected by MS around the globe. Furthermore, women are
more prone to the occurrence and progression of the disease,
with a female to male ratio of 2:1 [1, 2]. The various symp-
toms associated with MS, such as walking impairment, mo-
tor abnormalities, spasticity, fatigue, pain, and cognitive im-
pairment, result in a significant decrease in the patients’
overall quality of life [3-5]. Most patients (85-90%) have a
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relapsing course from the onset that is characterized by re-
lapses and remissions of neurological symptoms associated
with areas of CNS inflammation, still in more than 50% of
the untreated patients, gradual worsening independent of
acute attacks is seen after two decades [6, 7].

The pathogenesis of MS is best described as an autoim-
mune attack targeting the myelin sheath in CNS, which leads
to demyelination of nerve cell axons. The inflammatory cells
involved in MS include T lymphocytes, microglia, and
macrophages. While the pathogenic causes of MS are still
unknown, the development of the disease has been docu-
mented as progressing due to the overlapping role of genetic,
environmental, and infectious factors [8-10]. Significant
progress in the treatment of MS was achieved in 1993, when
interferon first became available. Current therapeutic options
have been expanded to 11 disease-modifying therapies ap-
proved by the European Medicine Agency (EMA) in the
form of both oral and injectable formulations, with a primary
focus on immunomodulatory agents. On the other hand,
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available therapies have only aimed at reducing the risk of
relapse and halting the progression of disease, and none of
them can cure MS [6].

For the mentioned reasons, the new therapeutic options
for MS treatment are of great interest. The necessary modu-
lation of immune and inflammatory pathways can be realized
through the influence on gut microbiota. Gut microbiota is
an assortment of microbes inhabiting the length and width of
the gastrointestinal (GI) tract, and their complex interaction
with the immune system is required to maintain gut homeo-
stasis. Gut dysbiosis provides a road map for the develop-
ment of both intestinal and extra-intestinal disorders, includ-
ing autoimmune disorders, and thus supplementation with
probiotics and prebiotics can protect against a number of
disorders [11, 12]. Among the nutraceuticals, the demand for
which has interestingly been increasing over the past few
years, there are those modulating gut microbiota, namely
dietary fibers, polyunsaturated fatty acids (PUFAs), vita-
mins, polyphenols and spices, and especially probiotics and
prebiotics [13]. In this review, we have focused on the role
of gut dysbiosis in the cause and progression of MS and the
potential of probiotics and prebiotics used in the treatment of
the disorder.

2. GUT MICROBIOTA

The human body is colonized by a vast number of micro-
organisms, including bacteria, viruses, fungi, archaea and
protozoans, living in coexistence with their host and termed
as normal flora or microbiota [14]. The concept of the hu-
man microbiota was first introduced to the scientific com-
munity by Joshua Lederberg, who defined it as “the ecologi-
cal community of symbiotic and pathogenic microorganisms
that literally share our body space and have been all but ig-
nored as determinants of health and disease” [15]. He gave a
detailed explanation of the concept in 2000 [16], while the
history of the term appearance as well as the distinction be-
tween the terms “microbiome” and “microbiota” was further
discussed with references to the other scientists’ role [17].
Bacteria are most widely studied for their beneficial role in
the human microbiota while viruses, fungi, archaea, and pro-
tozoans are not particularly known for any advantageous
effects to their host. The microbiota colonizes every part of
the human body that is exposed to the external environment,
including the skin, genitourinary, respiratory and GI tracts,
with the human body having been estimated to normally
contain about 10" bacterial cells, while the number of hu-
man cells present in the body is ranging between 10'* to 10"
cells [18, 19], for instance, the revised estimation by Sender
et al. 2016 [20] reported that the number of bacterial cells
present in the human body is 3.8 x 10" in comparison to
human cells (3.0 x 10"%). Of the human organs, the GI tract is
the most heavily colonized, with the colon alone containing
about 70% of all microbes present in the body [14, 21, 22].

The most common examples of gut microbiota are Bac-
teroidetes and Firmicutes phyla. Other phyla that exist in the
gut microbiota include Actinobacteria, Proteobacteria, Fuso-
bacteria and Verrucomicrobia [23]. Gut microbiota promote
GI tract morphogenesis (including villus architecture, crypt
depth, stem cell proliferation, blood vessel density, mucus
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layer properties and maturation of mucosa-associated lym-
phoid tissues, and the insufficient development of these
structures was seen in germ-free animals), help their host in
regulating digestion and increased energy production, mainly
through the availability of additional calories from otherwise
indigestible oligosaccharides or promotion of nutrient uptake
by modulation of absorptive capacity of the intestinal epithe-
lium and ultimate nutrient metabolism (the role of microbi-
ota in obesity development in humans remains controver-
sial). The metabolism of dietary fiber to short-chain fatty
acids (SCFAs) is of great importance as well as modulation
of the uptake and deposition of dietary lipids through the
support of lipoprotein lipase activity, upregulation of the
expression of colipase (a cofactor of the pancreatic lipase).
Besides, upregulation of a Na'/glucose cotransporter is pos-
sible within the intestinal epithelium. Moreover, the micro-
biota-dependent regulation of host energy balance is sup-
posed through GPR41, a G protein-coupled receptor (GPCR)
that binds SCFAs, and peptide YY, an enteroendocrine hor-
mone [14, 21, 22]. Gut microbiota provide the breakdown of
various polyphenols such as hydroxycinnamic acids and fla-
vonoids, with final active products being available for the
host systemic circulation and realization of metabolic, antim-
icrobial, antioxidative effects in the different host tissues
[16]. Microbial cells produce vitamin B, essential for cell
metabolism and vitamin K essential for blood clotting. The
restriction of harmful pathogens growth through competitive
exclusion, consumption of nutrient sources, and production
of antimicrobial substances as well as through modulating
the body’s immune system, is also an important gut microbi-
ota function [13, 24]. There are several factors, such as a
high-fat diet (HFD) that can cause imbalances in the compo-
sition of the gut microbiota as well as in the integrity of the
intestinal epithelial layer [25]. Numerous strategies have
been proposed to regulate imbalances in the composition of
gut microbiota, including the use of probiotics and prebiotics
[26].

In 2001, the Food and Agricultural Organization of the
United Nations (FAO) and the World Health Organization
(WHO) defined probiotics as “living micro-organisms,
[which] when administered in adequate amounts can modu-
late gut microbiota and confer beneficial effects to the host”
[27]. Probiotics have been shown to enhance intestinal
epithelial integrity, protect against gut barrier disruption,
regulate the immune system in GI mucosa and inhibit patho-
genic bacterial growth [28, 29]. Lactobacillus, Bifidobacte-
rium and Saccharomyces species are common examples of
probiotics [30]. Among nutritional components, dietary fi-
bres are the most important factors for the growth and/or
activity of the gut microbiome, as they may act as a direct
substrate for the microbiota or support them via by-products
of digestion such as SCFAs. The beneficial role of dietary
fibres is mostly attributed to their viscosity, solubility and
fermentability [31].

3. PREBIOTICS

Prebiotics are a subclass of dietary fibres and are defined
as supplements or foods that selectively enhance the favor-
able indigenous probiotic bacteria in term of growth and/or
activity [32]. They are basically resistant to the action of
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gastric acid and digestive enzymes [33]. A broad list of pre-
biotics exists, with various origins and chemical properties,
but the most common are fructans (fructo-oligosaccharides
(FOS) and inulin) and galacto-oligosaccharides (GOS) [34].
Dietary sources rich in prebiotics include soybeans, raw oats,
unrefined wheat and barley, yacon, non-digestible carbohy-
drates, and inulin type fructans from traditional Chinese
medicines (TCM) [35].

The chemical structure of fructans consists of a linear
chain of fructose with B (2 —1) linkage. The degree of po-
lymerization (DP) of inulin is about 60, while the DP of FOS
is less than 10. As previously reported, fructans can selec-
tively stimulate lactic acid bacteria, however recent studies
suggest that the chain length of fructans is an important de-
terminant to select bacteria for their fermentation, and thus
can also directly or indirectly stimulate other bacterial spe-
cies [36, 37]. GOS is the product of lactose extension and are
categorized in two sub-groups; one group having excess ga-
lactose at C;, C4 or Cg and the second group being manufac-
tured by enzymatic trans-glycosylation from lactose, which
is also known as trans-galacto-oligosaccharides (TOS). GOS
can enhance the growth and/or activity of Lactobacilli and
Bifidobacteria to a great extent. To lesser degree, they can
also stimulate some other species of phyla Bacteroidetes and
Firmicutes [36, 38, 39].

Other examples of prebiotics include resistant starch and
non-carbohydrate entities (flavonoids). Resistant starch con-
fers health benefits by producing high levels of butyrate, and
studies have supported its high selectivity for Firmicutes
[40-42]. Evidence from in vitro and in vivo studies has sup-
ported the stimulation of lactic acid bacteria with flavanols
[43]. In short, prebiotics modulate the composition and func-
tion of gut microbiota, and support the survival and growth
of probiotic bacteria during the passage through the upper
GIT in an adequate number, with little or no stimulation of
other microorganisms [44]. The combination of probiotics
and prebiotics that act synergistically to promote healthy GI
bacteria is known as synbiotics, a concept introduced by
Gibson and Roberfroid [45]. Furthermore, in the develop-
ment of synbiotics one must consider that probiotics must
exert greater effect in the presence of prebiotics, compared to
probiotics used alone [46].

4. GUT MICROBIOTA MODULATION: HOPES AND
THREATS

The importance of the intestines in human health was
first recognized centuries ago, as postulated by Hippocrates
in 400 B.C. “death sits in the bowels” and “bad digestion is
the root of all evil” [47]. Several factors such as antibiotic
intake, physical and psychological stresses, diet components,
altered GIT peristalsis and radiation can induce dysbiosis in
the gut microbiome, which may lead to impaired functioning
of gut microbiota in maintaining host wellness and eventu-
ally result in a diverse range of local or systemic disorders
[48]. In the last 15 years, the impact of normal flora present
in the GI tract has been considered as a potential preventive
and therapeutic strategy for a number of diseases ranging
from intestinal disorders to metabolic and nervous system
disorders [49].
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The intestinal immune system is constantly exposed to
foreign antigens which are tolerated for the most part, how-
ever if the body fails to tolerate them, these may precipitate
the development of immune related disorders [50]. Gut mi-
crobiota play an important role in shaping intestinal immune
responses. Selected strains of beneficial microbes exert po-
tent effects on the immune system and keep the immunity of
the body in balance. Probiotics regulate pro- and anti-
inflammatory responses and modify dendritic cell pheno-
types and secreted cytokines. They can also suppress T
helper 2 (Th2) cells, T helper 17 (Th17) cells and related
cytokines such as IL-17 [51-53]. Of particular interest, bacte-
rial metabolites such as SCFAs have been reported to regu-
late immune cells, namely, induce neutrophils migration to
inflammatory sites and enhance their ability of phagocytosis,
regulate the T cell function through two mechanisms. The
first mechanism is realized through the GPCR associated
pathways, for instance, GPR43can be efficiently activated by
acetate, propionate, butyrate and other SCFAs. Within the
colonic T cells, this activation induces differentiation and
enhances the FOXP3 expression. The second mechanism
presupposes inhibition of histone deacetylases (HDAC) ac-
tivity with the subsequent facilitation of the conversion of
naive T cells into Thl or Th17 depending on cytokine mi-
lieu. HDAC suppression is also involved in the inhibition of
proinflammatory cytokines production by intestinal macro-
phages. Besides, SCFAs were also thought to induce intesti-
nal IgA production of B cells. All these effects provide the
modulation of intestinal mucosal immunity, together with
SCFAs’ role in intestinal barrier integrity maintenance
through upregulating the expression of the tight junction as
well as inducing epithelial cell secretion of IL-18, antimicro-
bial peptides, and mucin [54]. The positive role of beneficial
microbes has been reported in multiple GIT disorders. They
can be useful in constipation by increasing gut motility
through direct stimulation of intestinal smooth muscle cells
[55]. They can also eradicate H. pylori and thus can protect
against H. pylori infections and related complications [56].

The results of the meta-analysis of randomized controlled
trials support the use of probiotics in GIT inflammatory con-
ditions, namely in patients with ulcerative colitis; they pro-
vide additional benefit in inducing remission and can exert
the similar effect as 5-aminosalicylic acid on maintaining the
remission, without any additional adverse events [57]. It has
been well established that gut microbiota modulates energy
homeostasis of the host (the microbiota-dependent influence
on GPR41 and peptide YY dependent processes was men-
tioned above, as well as significant alteration of glucose and
lipid metabolism). Among numerous results concerning the
role of microbiota in obesity and diabetes, it is worthwhile to
mention that the role of the Western diet in promoting an
obesogenic gut microbiota is supported by the data from in
vivo studies and is under further research in clinics. The
causal role of the composition of gut microbiota in the pro-
gression of insulin resistance to type 2 diabetes is supposed.
Moreover, in several short-term randomized controlled trials,
the beneficial effect of prebiotics and probiotics was proven
by the criteria of insulin sensitivity, inflammatory markers,
postprandial incretins, and glucose tolerance [58-60]. The
role of the inflammatory cascade in diabetes and associated
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complications has been shown in some studies [61, 62].
While investigating the effects of probiotics on inflammatory
markers in an animal model of diabetes, it was noted that
Lactobacillus casei consumption results in decreasing IL-6
plasma level, which was significantly elevated in the un-
treated diabetic group [63]. It was supposed that, since IL-6
is a major cytokine of the acute phase response (and its ele-
vation was also seen in patients with diabetes), its modula-
tion can have a role in the prevention of the inflammatory
complications of diabetes, namely the inflammatory re-
sponse of the endothelial vasculature. IL-6-mediated pro-
gression of insulin resistance is also principally possible (still
not supported by the results of the study cited, which has not
shown any positive dynamics in glycemia). IL-6 is involved
in regulating the hepatic synthesis of C-reactive protein
(CRP) as a sensitive biomarker of inflammatory processes
activation, and this biomarker was also downregulated by
Lactobacillus casei consumption. The prebiotic also pre-
vented infiltration of neutrophils in the portal tract [63]. The
potential role of gut microbes in psychiatric and neurological
disorders has also been supported by various studies, includ-
ing in depression, anxiety, autism spectrum disorder, auto-
immune encephalomyelitis, and neurodegenerative disorders
[64-66]. Studies have shown improvements in motor dys-
function from neurological disorders due to the consumption
of probiotics [67].

5. GUT DYSBIOSIS IN MS

The reassessment of the significance of gut microbiota
enables the identification of new ways of counteracting neu-
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rological disorders. The link between the gut microbiome
and the CNS, a concept first described at the beginning of
modern physiology, has recently obtained fruitful develop-
ments. Expressive headlines such as “A healthy gut and a
healthy brain” [68] or “Mind-altering with the gut” [69] are
no longer astonishing. The term microbiota-gut-brain axis
was proposed to describe these relationships [70, 71], and is
under intensive research now in numerous fields, including
that of neurodegenerative disorders. Together with the well-
known links between microbiota and brain through the vagus
nerve and enteric nervous system, as well as through im-
mune system-mediated mechanisms, microbial metabolites
such as SCFAs, branched-chain amino acids, and pepti-
doglycans are of great importance, together with tryptophan
metabolism [72]. The pathways connecting the brain and gut
are elucidated in a comprehensive review [73], and are illus-
trated in Fig. 1.

The neural regulation pathway includes the secretion and
regulation by gut microbiota of neurotransmitters of the CNS
and peripheral nervous system, the release of cytokines from
stimulated intestinal lymphocytes with influence on the en-
docrine or paracrine systems and consequently on the CNS,
the secretion of many neuroactive and immunotropic sub-
stances by gut microbiota, namely y-aminobutyric acid, his-
tamine, serotonin, dopamine, and others [73]. The ability of
bacteria to produce and/or consume a wide range of mam-
malian neurotransmitters is summarized in the review [74]
and it can be noted that different species of Bifidobacterium
and Lactobacterium can produce y-aminobutyric acid [74]
while the improvement of metabolic processes and normali-

Lymphaocytes,
Cytokines,
SCFAs-APC function

Immunaregulation

Glucocorticoids,
Mineralocorticoids,
Catecholamines

s
LN e A

Gut microbiota

Fig. (1). Gut-brain axis: pathways connecting the brain and gut. The gut microbiota may affect CNS via immunoregulation pathway, endo-
crine regulation pathway and neuronal regulation pathway. Short-chain fatty acids (SCFAs); antigen-presenting cell (APC); hypothalamic-
pituitary-adrenal axis (HPA axis). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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zation depressive-like behavior were seen in a mouse model
of metabolic syndrome after y-aminobutyric acid-producing
strains [75] were added to drinking water. Dopamine is syn-
thetized by Bacillus subtilis, Escherichia coli (K-12), Hafnia
alvei, Morganella morganii, Proteus vulgaris etc., serotonin
- by Escherichia coli (K-12), Hafnia alvei (NCIMB, 11999),
Lactobacillus plantarum (F18595), Lactococcus lactis subsp.
cremoris (MG 1363), Morganella morganii (NCIMB, 10466),
Streptococcus thermophilus etc., histamine-by different spe-
cies of Lactobacillus and Lactococcus, Citrobacter freundii,
Hafnia alvei (NCIMB, 11999), Morganella morganii (NCIMB,
10466), Streptococcus thermophiles (NCFB2392) etc. [74].

The endocrine regulation pathway is described as the
result of glucocorticoids, mineralocorticoids, or catechola-
mines (released after the stress-induced reaction of the hypo-
thalamic-pituitary-adrenal axis) influencing the composition
of the gut microbiota, with possible disturbances of barrier
functions and immune responses. Dysbiosis under the influ-
ence of stress was confirmed in vivo, and autoimmune dis-
eases, including MS are generally associated with shifts in
the function of the hypothalamic-pituitary-adrenal (HPA)
axis. The immunoregulation pathway presupposes the role of
gut microbiota in antigen presenting in regulating the pro-
duction of cytokines and the function of lymphocytes. The
production of SCFAs such as acetate (produced by gut an-
aerobes in humans), propionate (produced by Bacteroidetes),
and butyrate (produced by Firmicutes), can modify the im-
mune response and participate in the development of in-
flammatory processes in the CNS. The metabolic system
regulation pathway is connected with the release of immune
antigens (peptidoglycan, lipopolysaccharide) from the gut
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microbiota as well as polysaccharide A. The synthesis of
cross-reactive antibodies (mainly IgA) may also be stimu-
lated by gut bacteria [73].

As illustrated in Fig. 2, several factors contribute to dis-
orders in the integrity of tight junctions and the increase in
permeability of the gut barrier, such as western diets, satu-
rated fatty acids, salt, gluten, alcohol, food additives (espe-
cially emulsifiers and artificial sweeteners) and antibiotics.
Nonsteroidal anti-inflammatory drugs (NSAIDs) are also
known to contribute to this disturbance, as well as stress-
induced reactions with the activation of the corticotropin-
releasing factor - mast cell axis. The protective effect on the
gut barrier is inherent in calorie restriction or fasting,
SCFAs, vitamins D and A, polyphenols, omega-3 polyun-
saturated fatty acids, zinc, mucoprotectors and certainly in
prebiotics and probiotics [76]. The influence of the afore-
mentioned substances disturbing the gut barrier may be real-
ized either directly or by modulation of the composition of
gut microbiota. This situation is associated with a decrease in
overall microbial diversity and an increment in the Fir-
micutes/Bacteroidetes ratio. The consequence of dysbiosis is
an increase in lipopolysaccharide levels and in the Th17/
Treg ratio, which triggers intestinal inflammation and con-
tributes to a disorder of the integrity of the tight junctions.
The latter leads to the inflammatory basis for neurodegenera-
tive disorders [76, 77].

The significance of increased gut permeability and altera-
tions in gut microbiota is emphasized in the main patho-
physiological mechanisms of MS (Fig. 3), such as increases
in oxidative and nitrosative stress, pro-inflammatory immune

Short chain fatty acids,
Vitamin A/D,
Phytonutrients,
Omega 3- fatty acids,
Zinc, Probiotics,
Prebiotics

\%/

Gut Dysb|05|s

HPA axis activation,
Sympathetic activation

Saturated fatty acids,
Gluten, Salt,
Alcohol, Artificial
sweeteners,
Antibiotics

Leaky gut syndrome,
Systemicinflammation,
Immune dysregulation,
Infection susceptibility

Fig. (2). Factors responsible for gut dysbiosis. The imbalance between several factors may lead to gut dysbiosis, which eventually results in
leaky gut syndrome, systemic inflammation, immune dysregulation, and increased susceptibility to certain infections. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).



Modulating Gut Microbiota

Current Neuropharmacology, 2021, Vol. 19, No. 11 1971

Gut dysbiosis

l

Increases gut barrier permeability

l

Increases circulating microbes/microbial
products and inflammatory factors

I

Increases Blood Brain Barrier permeability

I

Neuronal demyelination, Axonal damage
and Neurodegeneration

|

Multiple
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Fig. (3). Gut dysbiosis, a potential contributor to the pathogenesis of Multiple sclerosis. Imbalance in gut microbiota may increase gut barrier
permeability, circulating microbes/microbial products and inflammatory factors, which eventually results in increased blood-brain barrier
permeability, neuronal demyelination, axonal damage, and neurodegeneration. (4 higher resolution / colour version of this figure is available

in the electronic copy of the article).

responses (especially Th17 cell proliferation and activation),
alteration in tryptophan metabolism and depressed mental
states [78]. There are data directly confirming the develop-
ment of leaky gut syndrome in patients with MS. Increased
intestinal permeability was registered in these patients [79],
and highly significant increases in IgA and IgG antibodies
were found against gliadin and gluten [80]. It has recently
been suggested that alterations in the regulation of local
melatonergic pathways represent an important link between
CNS disorders in MS and gut microbiota, as well as gut
permeability. Decreasing serotonin availability as a precursor
for melatoninergic pathways is considered to lead to the in-
creased frequency of depression at the different stages of MS
(and the changes in the gut are evident in the early stages of
MS, including in pediatric patients) [78].

Evidence also supports the breakdown of the blood-brain
barrier (BBB) linked to the presence of gut-derived mole-
cules and cells in the bloodstream. The lipopolysaccharides
from gram-negative bacteria and lipoteichoic acid from
gram-positive bacteria can bind to the Toll-like receptors
(TLR2 and TLR4) expressed by the brain endothelial cells.
Activation of these receptors is a well-known response to
antigens with the initiation of pro-inflammatory transcription
factor NF-xB and the MAP kinase pathway. Antibodies and
pro-inflammatory cytokines may also have a role in the
breakdown of the BBB, as well as T cells which can cross
the BBB after activation, which may happen with the par-
ticipation of gut-associated lymphoid tissues. Activated
Th17 and IL-17A can disrupt the BBB [76, 81, 82]. In this
context, it is important to mention that the recent evidence
supports the role of the dysregulation of the BBB and tran-

sendothelial migration of activated leukocytes among the
earliest cerebrovascular abnormalities in MS [83].

As the essential feature of the BBB, microglia regulate
the pro-inflammatory activity of astrocytes by the release of
VEGF-B (pro-inflammatory factor) and TGF-a (alleviating
inflammatory responses in this case), with activated astro-
cytes having a destructive effect on neurons. In this context,
the influence of the gut microbiota is possible through the
restoration of VEGF-B / TGF-a balance, and it has been
shown in the generally used experimental autoimmune en-
cephalomyelitis model of MS in mice that the metabolites of
dietary tryptophan produced by microbiota are able to exert
such an effect. The result is the limitation of pro-
inflammatory programs in microglia and further suppression
of the activation of detrimental astrocytes, with the involve-
ment of the aryl hydrocarbon receptor being of great impor-
tance. Besides, SCFAs may also modulate microglia and
astrocyte activity [76, 84-86]. Thus, butyrate was found to
ameliorate demyelination in an in vivo model and exert a
direct protective influence on oligodendrocytes in vivo [75].
Sodium butyrate, being an HDAC inhibitor, is widely inves-
tigated on brain injury models and the study [87] defines
restoration of the blood-brain barrier as the main mechanism
of its action with the upregulation of tight junction-
associated proteins expression. The recent review [88] em-
phasizes the possibilities of SCFAs crossing the BBB con-
sidering the abundant expression of H'-coupled monocar-
boxylate transporter in endothelial cells. The brain uptake of
SCFAs, including butyrate, after parenteral administration in
rats, was demonstrated long ago [89], but even more signifi-
cant data are those indicating the higher concentration of
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SCFAs including butyrate in human brain tissue compared to
that in plasma [90].

As summarized in review [73], a decrease in butyrate (as
Faecalibacterium metabolite) and lipid 654 (Bacteroides
metabolite) are important links in MS development, while an
increment is observed in the content of proinflammatory
cytokines in serum, CD4+CD25+ regulatory T cells (targeting
the brain and spinal cord), and toxins B and D (C. perfringens)
[70]. All these changes present promising targets for phar-
macological intervention, including the use of probiotics and
prebiotics.

Furthermore, the role of the endogenous cannabinoid
system in the integration of gut microbiota and neuroin-
flammation (including that in MS) has been addressed re-
cently [91]. This system, which contributes to the maintenance
of homeostasis, and related bioactive lipids are involved in
metabolic, GI and neuroimmune regulatory mechanisms at
multiple central and peripheral levels. In particular, a struc-
tural convergence was suggested between the endocannabi-
noids and microbiota-encoded metabolites, such as active, long-
chain N-acyl amide able to interact with GPCR in a similar
way as endocannabinoids do. Activation of these receptors
by microbial N-acyl amides in humans is mostly localized in
the immune cells within the gut, thus supporting the possibil-
ity of neuroinflammatory processes modulation within the
gut-brain axis. The experimental data supporting this concept
were obtained in a model of MS by Mestre et al. 2018 [91],
while there is a large body of data showing a reduced sever-
ity of MS in experimental models after the activation of the
endogenous cannabinoid system. The role of the endogenous
cannabinoid system in the control of gut barrier function as
well as BBB permeability is also being discussed [91]. Be-
sides, an influence on the Toll-like receptors and suppression
of neuroinflammation has also been reported for docosanoic
acid, some probiotics, and prebiotics [68, 75].

Within the gut-brain axis concept, the contribution of the
GI peptides is also of high significance. Peptidergic growth
factors as cytoprotectors with multi-directed action are sup-
posed to beneficially affect CNS-disorders [92]. Thus, a sta-
ble gastric pentadecapeptide BPC 157 has demonstrated high
efficacy in the cuprizone-induced MS model, consistently
decreasing nerve damage in all damaged areas (and especially
in those areas that otherwise were most affected), counteracted
cerebellar ataxia and impaired forelimb function [93].

Together with the studies elucidating the different
mechanisms of function and modulation of the microbiota-
gut-brain axis, there are studies of particular interest address-
ing the relevance of changes in the gut microbiota for the
progression of MS, through regulation of the adaptive auto-
immune responses [94, 95]. These studies have shown that
transplantation of fecal content from patients with MS to
germ-free mice leads to the worsening of the course of ex-
perimental autoimmune encephalomyelitis. Akkermansia
muciniphila and Acinetobacter calcoaceticus (the increase in
these species was significantly associated with the course of
MS) induced proinflammatory reactions, while Parabacter-
oides distasonis (reduced in patients with MS) stimulated IL-
10" FoxP3" Tregs. These results are also supported by in vitro
findings in human peripheral blood mononuclear cells and
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clearly determine microbiota as a target for MS treatment
[84, 94, 95].

Fecal microbial transplantation is considered to be a
promising intervention to ameliorate gut dysbiosis in MS
patients (nevertheless, additional data in the form of clinical
research with special attention to treatment design are
needed) [96]. Up till now, it has been shown (in a limited
quantity of patients) that this intervention can lead to the
amelioration of neurological symptoms and improvement in
quality of life [70, 97].

The decrease in anti-inflammatory pathways associated
with changes in certain bacterial species is also considered to
be significant [70, 98, 99]. Thus, reduced proportions of
Faecalibacterium, Eubacterium rectale, Corynebacterium,
and Fusobacteria were seen in MS patients compared to
healthy controls [70, 100]. The reduced quantity of Faecali-
bacterium leads to a reduced level of butyrate production,
which is the prerequisite for a decrease in Treg cells, APCs,
and the release of pro-inflammatory cytokines [70, 98].
Lowered levels of Bacteroides stercoris and Bacteroides
coprocola were registered in MS patients; moreover, a nega-
tive correlation between the number of Prevotella copri and
the risk of MS development was established [101]. The shifts
in the microbiota-gut-brain axis in MS are also supported by
clinical findings. Clostridium perfringens toxins B and D,
which are not detectable in healthy volunteers, are supposed
to contribute to proinflammatory changes in the retina by
affecting barrier veins or by binding to vascular system re-
ceptors [70, 102]. The ability of these toxins to induce a lack
of movement coordination or blurred vision has been con-
firmed [98]. The significant decrease in serum concentration
of Bacteroidetes species’ metabolite lipid 654 is even sug-
gested to be a MS biomarker [70, 103]. The evidence regard-
ing gut microbiota disturbances in MS compared with
healthy controls is summarized in Table 1.

6. SYNBIOTICS AND MS

The data supported above substantiate the expediency of
probiotic and prebiotic use in MS. The direct evaluation of
such interventions was intensively studied experimentally.
Great progress has been made in the development of experi-
mental approaches to study neurodegeneration [109]. Animal
models allow the linking of microbiome shifts and micro-
glia-associated changes to the development of neurogenesis
and myelination disorders [72]. For this reason, the attention
of most researchers is focused on research at the level of the
whole organism, and relatively few works elucidate certain
mechanisms of MS counteraction in vitro studies. Thus, it
has been shown that Streptococcus thermophilus favorably
modulates cytokine secretion against MS peptide in mice
(mouse spleen cells immunized with agonist MBPg; 99 peptide).
A significant increment in the expression of anti-inflammatory
IL-4, IL-5, IL-10 together with the reduced secretion of pro-
inflammatory IL-1f and IFN-y were registered [110].

6.1. Experimental Studies of Synbiotics on In vivo Models
of MS

The data concerning microflora modulation on in vivo
models of MS are summarized in Table 2. Most of these data



Modulating Gut Microbiota

Current Neuropharmacology, 2021, Vol. 19, No. 11 1973

Table 1. Gut microbiota disturbances (families, genera, and species) in multiple sclerosis compared with healthy controls.
Increased References Decreased References
Escherichia [70] Faecalibacterium [70, 100, 101, 104]
Shigella [70] Eubacterium (E. rectale) [70, 101, 104]
Clostridium [70, 100, 101, 104, 105] Corynebacterium [70]
Firmicutes [70] Fusobacteria [70, 106]
(genus Fusobacterium or Leptotrichia)

Blautia [104, 107] Bacteroides [70, 104, 107]
Dorea [104, 107] Parabacteroides [104, 107]
Streptococcus [101, 104] Prevotella [101, 104, 107, 108]

Ruminococcus [100, 104] Butyricimonas [104, 108]
Acinetobacter [94, 104] Lachnospiraceae [104, 106]

Bifidobacterium [101, 104, 106] Ruminococcaceae [104, 106]
Eggerthella [101, 104] Lactobacillus [104, 107]
Pseudomonas [104, 107] Coprobacillus [104, 107]
Mycoplana [104, 107] Erysipelotrichaceae [104, 107]
Haemophilus [104, 107] Veillonellaceae [104, 107]
Bilophila [104, 106] Collinsella [104, 107, 108]
Sutterella [101, 104] Adlercreutzia [104, 107]
Akkermansia [94, 95, 104, 108] Slackia [104, 108]

Note: This summarizes sources [70, 104]. Some discrepancies regarding certain genera may be the result of the well-known influence of differing methods used for microbiome

studies, or to differences in the patient population.

were obtained on a model of experimental autoimmune en-
cephalomyelitis (EAE). Despite certain limitations (such as
variability of disease susceptibility, severity, and course de-
pending on the species and strain choice, and, if rodents are
used, the differences from MS course in clinics are the ques-
tionable involvement of CD8+ cells, insufficient axonal loss,
strain dependence of white matter or grey matter demyelina-
tion severity), this model is considered to be adequate in its
representation of principal links of MS pathogenesis and has
been widely used in studying inflammation, CNS penetra-
tion, demyelination, axonopathy, and neuron loss mediated
by immune cells [111].

The Cuprizone-induced model is characterized by oli-
godendrocyte dysfunction and is a straightforward model
used to investigate brain-intrinsic inflammatory responses,
together with demyelination/remyelination processes. In re-
gard to the latter, it is even described as an ideal model
[111], taking into account its simplicity, high reliability and
reproducibility. Still, the variable degree of demyelination
depending on the strain, age, and sex of the laboratory ani-
mals is reported, together with lack of immune system in-
volvement (seen in the other toxin-induced demyelination
models), including the absence of CD8+ cells and B cells
involvement, as well as lack of inflammatory lesions within
the brain. Great prospects are supposed for the models using
cuprizone in combination with actively induced EAE, result-

ing in inflammatory forebrain lesions [111]. Unfortunately,
the experimental data on probiotics efficacy evaluation on
the cuprizone-induced model are scarce. The study [112] is
of great interest in this context, demonstrating that inflam-
matory responses during remyelination depend upon the mi-
crobiota, whereas the regenerative responses of oligodendro-
cyte progenitor cells are largely independent of it. The study
cited above has demonstrated the prospects of GI peptides
use in MS just on cuprizone-induced model [93].

Proceeding with the aim of this review, the evidence re-
garding antibiotic treatments on the mentioned models is not
summarized here. It is stressed that the effects of probiotics
on the mice with experimental autoimmune encephalomyeli-
tis are strain-dependent, either stimulating or suppressing
clinical symptoms [73, 113]. In some cases, neutrality was
revealed, and the absence of exacerbation was emphasized
[114]. Indeed, the multifactorial pathways associated with
the microbiota-gut-brain axis (described above) presuppose
the influence of the individual strain as well as the timing of
such intervention on the further development of the disease.

6.2. Clinical Studies of Synbiotics Efficacy in MS

The aspects described above also substantiate a need for
the clinical evaluation of such treatments. The data from
clinical research which addressed the evaluation of micro-
flora modulation in patients with MS are summarized in
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Table 2. Efficacy of microflora modulation in in vivo models of multiple sclerosis
Species and Strain of Model Intervention Main Findings Refs.
Laboratory Animals
Lactobacilli
C57BL/6 mice EAE (immunization Lactobacillus paracasei Delayed progression and reversal of the clinical and [70, 115,
with a synthetic peptide and L. plantarum in a thera- histological signs of the disease. 116]
from myelin oligoden- peutic regimen or before and The mechanism is associated with attenuation of
drocyte glycoprotein after immunization pro-inflammatory Th1 and Th17 cytokines followed by
in CFA, administration IL-10 induction in MLNS, spleen, and blood.
of pertussis toxin) Monotherapy with the strains used in the study
appeared to be inefficient.
C57BL/6 EAE Lactobacilli (three strains, Reduction of clinical and histological signs of the [73,116]
Mice (MOGss.55)' L. paracasei DSM 13434, disease, that correlated with attenuation of pro-
L. plantarum DSM 15312 and inflammatory Th1 and Th17 cytokines followed by
DSM 15313) before and after IL-10 induction in MLNS, spleen, and blood.
induction of the model Monotherapy with the strains used in the study
appeared to be inefficient.
SJL/J mice EAE (PLP139,151)2 Lactobacillus helveticus A significant decrease in the incidence and clinical [117]
SBT2171 intraperitoneally signs, reduction in the quantity of Th17 cells in the
before and after induction of spinal cord associated with downregulation of IL-6
the model production and the subsequent Th17 differentiation and
spinal cord infiltration.
Lewis rat Immunization with Lactobacillus casei 393, In all cases, the total disease burden was reduced [73,118]
MBP,.45 in Difco’s or commercially available (27—63%), maximal disease score and time of onset
incomplete adjuvant products containing Lactoba- (but not the duration of disease) were decreased.
cillus casei DN 114-001 or Most notably, in the other experiments on SJL/J mice,
Lactobacillus rhamnosus or no efficacy was seen in any of the lactobacilli
Lactobacillus casei given preparations.
orally seven times during a
44-day experiment
SJL/J and EAE (PLPy30.151) > in Lactobacillus casei strain Absence of exacerbation of neurological symptoms, [114]
C57BL/6 SJL/J mice and EAE Shirota before and after induc- | tendency towards improvement of neurological symp-
Mice (MOGss.55) ' tion of the model toms in the SJL/J mouse.
in C57BL/6 mice Enhanced production of IL-10 and an increase in the
percentage of CD4(+) CD25(+) T regulatory cells.
Transient upregulation of IL-17 production by antigen-
stimulated lymphocytes, confirming that IL-17
responses at peripheral sites may not always result in a
worsening of autoimmune diseases.
C57BL/6 mice EAE Lactobacillus reuteri DSM Reduction of TH1/TH17 cells and their associated [119]
(MOGss.55) ' 17938 before and after immu- cytokines IFN-y/IL-17, restoration of the diversity of
nization gut microbiota.
C57BL/6 mice Cuprizone-induced Lactobacillus casei strain T2 Improvement of the motor [120]
model (IBRC-M10783), oral admini- behaviors in the Y-maze test (all regimens of treat-
stration of 1(1x[110° CFU/ml ment), decrease in IL-17 serum level (especially after
probiotic for 4 weeks before or the combined treatment),
after induction of the model, reversal of cuprizone-induced IDO gene expression
the combined treatment with and miR-155 expression, reversal of the decrease in
vitamin D (20 IU/day) after miR-25 expression.
induction of the model was It is supposed that the probiotic it seems that can shift
also evaluated. responses from Th17 to Tregs and play a role in the
recovery of demyelination processes.
Lewis rats Immunization with Lactobacillus casei Shirota Increased the duration of clinical symptoms, [73,121]
guinea pig myelin basic started at the age of 2 weeks, adjuvation is supposed for both Th1 and
protein with CFA induction of the model at the Th2 responses.
age of 7 weeks

(Table 2) contd....
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Species and Strain of Model Intervention Main Findings Refs.
Laboratory Animals
Lactococcus
C57BL/6 mice EAE Recombinant Lactococcus Decrease in inflammatory cell infiltration and injury [73,122]
(MOGss.55) ' lactis strain that produces and signs in the spinal cord associated with reduced IL-17
releases LPS-free Hsp65 and increased IL-10 production in mesenteric lymph
orally in a prophylactic regi- nodes and spleen.
men The significant increase in the number of natural and
inducible CD4+Foxp3+ regulatory T (Treg) cells and
CD4+LAP+ Tregs expressing the membrane-bound
TGEF-B - in spleen, inguinal and mesenteric lymph
nodes, and spinal cord.
Bifidobacteria
Lewis rats Immunization with Bifidobacterium animalis Significant reduction in the duration of clinical symp- [73,121]
(LEW/HanHsD) guinea pig myelin basic | started at the age of 2 weeks, toms, normalization of body weight dynamics.
protein (MBP) with induction of the model at the
CFA age of 7 weeks
Bacteroides fragilis
SJL/J mice EAE Bacteroides fragilis producing Resistance to the development of the disease with [73,123]
(PLP30.151)° a bacterial capsular polysac- protection against CNS demyelination.
charide Ag (decolonization Activated rates of conversion of CD4+ T cells into IL-
after the destruction of gut 10- producing Foxp3+ Treg cells, thus shifting the
bacteria with a combination of balance towards the anti-inflammatory cytokines.
antibiotics)
C57BL/6 mice EAE Zwitterionic capsular polysac- Delayed onset and progression of the disease, [73, 124,
(MOGss.55) ' charide A of Bacteroides enhanced levels of anti-inflammatory cytokines. 125]
fragilis before and after induc- | The mechanism of action is associated with the expan-
tion of the model sion of CD4 T cells.
Pediococcus acidilactici
C57BL/6 mice EAE Pediococcus acidilactici R037 Decreased severity of the disease, inhibition of the [73,126]
(MOGss.55) ' (heat-killed) from 14 days antigen-specific production of inflammatory cytokines
before immunization associated with primary induction of Foxp3(-) IL10-
producing T regulatory type 1 (Trl) cells in mesenteric
lymph nodes.
Escherichia coli strain Nissle
C57/BL6J mice EAE (MOGss s5) ' Escherichia coli strain Nissle Reduction in the severity of the disease, suppression of [127]
1917 secretion of inflammatory cytokines and an activated
production of the anti-inflammatory cytokine IL-10 by
autoreactive CD4 T cells, both in peripheral lymph
nodes and CNS. Modulation of activation and/or dif-
ferentiation of T cells, thus influencing their migration
from the periphery to the CNS is supposed.
SJL or C57BL/ 6 EAE Zwitterionic capsular polysac- | Reduction in the severity of the disease, the increase in | [73, 128]
mice (MOGss.s5) 'or EAE charide A of Bacteroides CD103 expressing dendritic cells that accumulated in
(PLP30.151)° fragilis in prophylactic or the cervical lymph nodes. The mechanism is attributed
therapeutic regimen to the enhancement in the conversion of CD4+ T cells
into IL-10- producing Foxp3+ Treg cells.
Prevotella histicola
HLA-DR3.DQ8 Immunization with Prevotella histicola starting 7 Decrease in pro-inflammatory Thl and Th17 cellsand | [73, 129]
double-transgenic PLPy;.110 days after immunization, 7 increase in the frequencies of CD4 FoxP3" regulatory
mice lacking MHC doses on alternate days T cells, tolerogenic dendritic cells, and suppressive
class II genes macrophages substantiating the favorable modulation
of systemic immune responses.

(Table 2) contd....
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Species and Strain of Model Intervention Main Findings Refs.
Laboratory Animals
Combined probiotics
C57BL/6 mice EAE IRTS containing Lactobacillus ca- Delayed onset and less severe course of the disease, [70,
(MOGss.55) ' sei, Lactobacillus acidophilus, Lac- inhibition of the pro-inflammatory Th1/Th17 polarization, 115,
tobacillus reuteri, Bifidobacterium while inducing IL10+ producing or/and 130]
bifidum, and Streptococcus thermo- Foxp3+ regulatory T cells, both in the peripheral immune
philus in a prophylactic regimen system and at the site of inflammation.
C57BL/6 mice EAE Lactobacillus plantarum A’ Bifi- Delay in the time of disease onset, decrease in mononuclear | [131]
(MOGss.55) ' dobacterium animalis PTCC 1631or | infiltration into the CNS, enhancement of the population of
a mixture of both strains orally daily CD4+CD25+Foxp3+-expressing T-cells in the lymph
for 22 days beginning simultane- nodes and the spleen. These effects were more significant
ously with induction of the disease when the combination of both strains was used.
The inhibition of the disease associated cytokines and
increment in anti-inflammatory cytokines, favoring Th2
and Treg differentiation via up-regulation of Foxp3 and
GATA3 in the brain and spleen, inhibition of the differen-
tiation of Th1 and Th17 cells.
Lewis rats Immunization Lactobacillus casei strain Shirota Absence of autoimmune disease exacerbation after the use [114]
with guinea pig and Bifidobacterium breve strain of both strains,
MBP or other Yakult before and after induction of in one of the regimens - tendency to suppression of neuro-
antigens the model in different regimens logical symptoms.
Additional data obtained using vaccination approaches
SJL mice EAE Vaccination with Salmonella ex- Reduced development [73,
(PLP30.151) 2 pressing and progression of the disease, suppression of the devel- 132,
E. coli colonization factor antigen I opment and expansion of Th1 and Th17 cells, normaliza- 133]
fimbriae, with further transfer of tion of cytokine balance.
isolated CD25* and CD25-CD4* T It was ascertained that CFA/I fimbriae offer an alternative
cells to naive mice strategy to adapt T, cells and modulate the expansion of
myelin specific T, cells to suppress autoimmune disease.
SJL/J mice EAE Vaccination with Salmonella-CFA/1 Reduction in disease severity and duration, enhanced pro- [73,
(PLP30.151) 2 vaccine expressing functional CFA/I | duction of TGF-f, (not IL-10), the optimal induction of the 134]
fimbriae from Escherichia coli in a protective T(reg) cells in conjunction with immune devia-
therapeutic regimen. tion by Th2 cells.

'EAE (MOGss.ss) - experimental autoimmune encephalomyelitis induced by immunization with MOGss.ss peptide in CFA and administration of Pertussis toxin. ’EAE (PLP)3.5;) -
experimental autoimmune encephalomyelitis induced by immunization with PLP,3.15; peptide in CFA and administration of Pertussis toxin.

Table3. Efficacy of microflora modulation by combined probiotics in multiple sclerosis - results of the clinical studies.
Study Sample Probiotics Main Findings Refs.
n=9 in the treat- Probiotic mixture VSL3 contain- | Increased abundance of many species predominated by Lactobacillus, Streptococcus, | [135]

ment group, pa-
tients with relaps-
ing-remitting MS,
n=13 in the healthy
control group
(pilot study)
The dynamics of
the studied pa-
rameters was de-
termined in each
group (prior to, at
discontinuation of
therapy, and 3
months thereafter)

ing 3x10"/g of viable lyophilized
bacteria including four strains of
Lactobacillus (Lactobacillus
paracasei DSM 24734, Lactoba-
cillus plantarum DSM 24730,
Lactobacillus acidophilus DSM
24735, and Lactobacillus del-
brueckii subspecies bulgaricus
DSM 24734), three strains of
Bifidobacterium (Bifidobacterium
longum DSM 24736, Bifidobacte-
rium infantis DSM 24737, and
Bifidobacterium breve DSM
24732), and one strain of Strepto-
coccus (Streptococcus thermophi-
lus DSM 24731).

and Bifidobacterium was seen in both healthy controls and MS patients. In controls,
the significant increase in the relative abundance of these strains resulted in the re-
duced evenness (as the measure of representation of all species)
due to the possible competitive interaction.

At the immune level, the probiotic effect was predominantly seen on monocytes and
dendritic cells. The decreased frequency of intermediate monocytes
(CD14""CD16"™) was seen in MS subjects (9.07% vs. 7.58%, p = 0.039), while
decreased mean fluorescence intensity of costimulatory marker CD80 on classical
monocytes was registered in controls (88 vs. 80.6, p=0.048). These changes were
considered by the authors as an anti-inflammatory peripheral innate immune re-
sponse, as well as the decreased mean fluorescence intensity of human leukocyte
antigen-antigen D related (HLA-DR) on myeloid derived dendritic cells
(CD45+LIN- CD11c+) following administration of the probiotic (1890 vs. 1510, p =
0.016) in MS patients. These immunomodulatory effects did not persist after discon-

tinuation of the probiotic.

(Table 3) contd....
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Study Sample Probiotics Main Findings Refs.
n=30 per group, Probiotic containing The improvement in expanded disability status scale dynamics was registered after [136]
patients with Lactobacillus acidophilus, the probiotic use compared with placebo
relapsing-remitting Lactobacillus casei, (-0.3+0.6 vs.+0.1 £0.3,
MS (receiving Bifidobacterium bifidum and p=0.001), as well as inflammatory factors such as high-sensitivity CRP serum level
interferon Lactobacillus fermentum (-1.3£3.5vs. 0.4 £ 1.4 mg/mL, p=0.01).
beta-1a therapy), (each 2x10° CFU/g) daily These parameters were considered as the primary outcomes. The positive changes in
comparison of the for 12 weeks the secondary outcomes were also seen, including mental health parameters - Beck
results of Depression Inventory (-5.6 £4.9 vs.
probiotic treatment -1.1 £3.4,p <0.001), general health questionnaire (9.1 £ 6.2 vs. 2.6 + 6.4,
with the results in p <0.001) and depression anxiety and stress scale (16.5+12.9 vs. 6.2+ 11.0,
placebo group p =0.001). The additional benefits were the improvements of the metabolic profile,
among which the serum insulin and the calculated values of assessment-estimated
insulin resistance, beta cell function was the most favorably changed
(in all cases p<0.001).
n=24 per group, Probiotic containing The positive effect was reached after the probiotic use in the primary outcomes, [137]
patients with Bifidobacterium infantis, namely the expanded disability status scale dynamics (-0.52 £+ 0.04 vs. +0.17 £ 0.07,
relapsing-remitting Bifidobacterium lactis, p <0.001), as well as the reduction in IL-6 (-0.2 = 0.1 vs. 0.07 = 0.08, pg/mL;
MS (receiving Lactobacillus reuteri, P =0.01) and a significant increase in IL-10
interferon Lactobacillus casei, (+0.46 £0.16 vs. -0.3 £0.22, pg/mL;
beta-1a therapy), Lactobacillus plantarum and p<0.001) plasma levels. These shifts were considered as balancing the inflammatory
comparison of the Lactobacillus fermentum and anti-inflammatory responses. The other biomarker of inflammatory processes
results of (each 2 x 10° CFU/d) for activation - high-sensitivity CRP level in serum - was also decreased (p = 0.03).
probiotic treatment 16 weeks Among the secondary outcomes pronounced decrease was observed in the plasma
with the results in concentration of MDA
placebo group (-0.31+£0.75 vs. +0.15 £ 0.79, pmol/L; p < 0.001) as well as 8-hydroxy-2'-
deoxyguanosine (-6.72 +2.03 vs. +3.15 £ 1.57, ng/mL; P < 0.001) in the probiotic
compared to placebo group. These oxidative stressors are expected to be significant
for the symptoms reduction in MS patients.
The mental health parameters (as the secondary outcomes) were also improved by
the probiotic, namely Beck Depression Inventory (-5.08 £ 0.71 vs. -2.62 £ 0.78,
p = 0.026), general health questionnaire-28 (-6.7 + 1.17 vs.-3.04 £ 1.13, p=0.03)
and depression, anxiety, and stress scale (-12.5 + 1.81 vs. -3.33 £2.26, P = 0.003).
n=20 per group, Probiotic containing Compared with placebo, probiotic supplementation downregulated gene expression [138]
patients with relaps- Lactobacillus acidophilus, of the pro-inflammatory cytokines IL-8 (p < 0.001) and TNF-a mRNA (p < 0.001)
ing-remitting MS, Lactobacillus casei, in peripheral blood mononuclear cells of patients with MS.
comparison of the Bifidobacterium bifidum, and
results of Lactobacillus fermentum
probiotic treatment (each 2 x 10° CFU /g)
with the results in
placebo group

Table 3. Thus, the existing evidence supports the great sig-
nificance of the microbiome as a potential target for pharma-
cological intervention, as well as high prospects for micro-
biome modulation and correction in neurodegenerative dis-
eases including MS. Fascinating results are expected from
this field in the future.

CONCLUSION

MS is a progressive neuromuscular disorder character-
ized by the loss of the myelin sheath of neurons. Because of
its complicated etiologies, effective therapeutic strategies for
MS have been of great interest for decades. The concept of
gut microbial modulation is being actively explored, and
several pieces of evidence exist that support the link between
alterations in gut microbial composition with certain pa-
thologies. The relationship between gut microbiota composi-
tion and neurodegenerative disorders, including MS has be-
come a novel and promising field of research that could pro-
vide insights into the understanding of pathological mecha-

nisms of the disease and could offer effective therapeutic
alternatives. Numerous options are known to modulate gut
microbiota for correction of pathogenic dysbiosis, but the
intake of probiotics is the most widely studied and one of the
most effective ways. Consumption of probiotics alone or in
combination with prebiotics (synbiotics) can improve gut
dysbiosis and thus provide a positive impact on the leaky gut
syndrome, systemic inflammation, immune regulation, and
infection susceptibility, which may result in the improve-
ment of MS pathogenesis as evidenced by several in vivo
studies and clinical trials. However, clinical trials on larger
scales are suggested to explore the efficacy and safety profile of
different species of probiotics in human populations as well
as to establish certain schemes of probiotics treatment as part
of regular or alternative treatment of MS or its prophylaxis.

LIST OF ABBREVIATIONS

APC = Antigen Presenting Cell
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BBB
CNS
CRP
DP
EMA
FAO

FOS

GIT

GOS
GPCR
HDAC
HFD
HPA axis
IFN-y
IgAs
MAP kinase
MS
NF-«B

NSAIDs
PPAR-y

PUFAs
SCFAs
TCM
TGF-a
TLR
TOS
Treg
VEGF-B
WHO

Blood brain barrier

Central nervous system
C-reactive protein

Degree of polymerization
European Medicine Agency

Food and Agricultural Organization of
the United Nations

Fructo-oligosaccharides
Gastro-intestinal tract

Galacto- oligosaccharides

G protein-coupled receptor
histone deacetylases

High fat diet
Hypothalamic-pituitary-adrenal axis
Interferon gamma
Immunoglobulins A

Mitogen activated protein kinase
Multiple sclerosis

Nuclear factor kappa light chain enhan-
cer of activated B cells

Nonsteroidal anti-inflammatory drugs

Peroxisome proliferator activated re-
ceptor gamma

Polyunsaturated fatty acids

Short chain fatty acids

Traditional Chinese medicines
Transforming growth factor alpha
Toll-like receptors

Trans-galacto- oligosaccharides
Regulatory T cells

Vascular endothelial growth factor B

World Health Organization
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