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Abstract—Functional interaction of the gastrointestinal tract (GI) and the central nervous system (CNS) is
due to various relationships, which includes autonomic and enteral nervous systems as well as the immune
and neuroendocrine systems. The microbiota of the macroorganism plays the central role in this interaction.
Microbiota produces hundreds of biologically active substances that have a neurochemical effects through
neuroendocrine, immune, and metabolic pathways. The microbiota also synthesizes and releases products
(neurotoxins, neurotransmitters, lipopolysaccharides, amyloids, etc.) that can negatively affect the neuro-
chemistry of the CNS, stimulating the development of amyloidosis, synucleinopathies, and tauopathies,
thereby promoting the development and/or progression of neurodegenerative diseases. Under the influence
of external and internal factors, human microbiota can be changed and the symbionts/pathogens ratio is also
changed. The permeability of intestinal and blood-brain barrier varies. Metabolites produced by the altered
microflora are able to enter the bloodstream and possibly into the CNS, thereby disrupting its functioning.
Infections can play a significant role and even act as a cofactor in the induction of neurodegenerative diseases.
Disturbance of the functions of the GI can precede long before the neurodegenerative processes. Early diag-
nosis, detection, monitoring, and treatment of negative gastrointestinal symptoms, including normalization
of the microbiota, can lead to a significant improvement in the quality of life of patients with neurodegener-
ative diseases.
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INTRODUCTION
Functional interaction of the gastrointestinal tract

(GI) and the central nervous system (CNS) (gut–
brain axis) includes the vegetative nervous system and
the immune and neuroendocrine systems (Diaz Heijtz
et al., 2011; Forsythe et al., 2012; Aziz et al., 2013;
Schwartz and Boles, 2013; Holzer and Farzi, 2014;
Lyte and Cryan, 2014; Foster et al., 2016) (Fig. 1). The
main GI functions are controlled by the enteric ner-
vous system (ENS), which is a part of the peripheral
nervous system. The ENS is a specialized autonomous
nervous system, which is a part of the metasympa-
thetic nervous system and is virtually independent of
the effect of central mechanisms (Hansen, 2003; Fur-
ness et al., 2014; Obata and Pachnis, 2016). Internal
and external factors can also influence (sometimes
significantly) on the ENS function. For example, the
ENS activity can depend on ingredients contained in
the intestine, such as glucose, short chain fatty acids
(butyric, propionic, and acetic acid), as well as depend
on pH of the environment. Functional dependence of
the ENS can be both long-term and short-term. For
example, butyric acid, serotonin, cytokines can suffi-

ciently quickly (within seconds) stimulate the ENS
activity. In the long term, active substances can stimu-
late a change in ENS neurochemical phenotype can
affect gene expression changing the appropriate
amount of ENS neurons (Soret et al., 2010).

No doubt, functional interaction of GI and CNS
has a bilateral character and plays an important role in
coordination of metabolic and homeostatic functions
of the organism as well as in functional violations and
chronic diseases, such as diabetes, metabolic syn-
drome, obesity, a number of autoimmune diseases,
stress-induced and psychosomatic disorders, and some
neurodegenerative diseases (Backhed et al., 2005;
Bravo et al., 2012; Foster et al., 2013; Hornig, 2013; Udit
and Gautron, 2013; Dinan and Cryan, 2017).

Numerous evidence of the close interaction of
intestinal microbiota and the immune and the central
nervous systems of the macroorganism has been
shown in the last few years (Rhee et al., 2009; Lyte and
Cryan, 2014; Mayer et al., 2014, 2015; Dinan and
Cryan, 2017) (Fig. 1). The mechanisms of this interac-
tion are intensively studied both in the norm and in
different diseases of the intestine and CNS. Microbi-
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Fig. 1. Interaction of microbiota with the brain and other macroorganism organs. The nervous and humoral regulation in the
organism is performed by means of neurotransmitters, neuropeptides, and hormones that are simultaneously modulating signals
from the brain to the immune system. Besides specific receptors for the immune response, the immune system cells (2) have
receptors, particularly, to hormones (1) and neurotransmitters (3); the latter are involved in the regulation of immune reactions
affecting the proliferation of lymphocytes and macrophages, modulating the production of lymphokines and cytokines, etc. The
intestine has a bidirectional link with CNS using endocrine (1), immune (2), and neural pathways (3) (the gut–brain axis). Since
microbiota produces different neurotransmitters and active substances, it is included in the regulation systems of the gut–brain
axis (shown by arrows). Microbiota can directly activate ENS (3) using Toll-like receptors in neurons. Pathogenic microorgan-
isms and pathobionts located in places of the mucosal immune system (GI, lungs, urogenital system, nasopharynx, skin) and in
other parts of the organism can negatively affect the nerve tissue of the whole organism. Microbiota can stimulate different
immune reactions. When an antigen/pathogen invades, the immune reactions are directed to the antigen/pathogen elimination.
An increase in the concentration of secretory IgA in the organism, which controls the number of microbiota, is one of such reac-
tions. ENS contains the nerve endings in mucous plexuses that can come into contact with antigen-presenting cells to control the
intestine immune responses (2–3). In addition, the release of norepinephrine, acetylcholine, vasoactive peptides, and neuropep-
tides by the nerve fibers modulate IgA secretion. Stimulating/inhibiting the production of IgA by means of neurohumoral regu-
lation, the organism can control the number of microorganisms on the mucous membranes of the intestine, lungs, etc. The nervous
system can also regulate the immune function through the hypothalamic-pituitary-adrenal system stimulating the production of glu-
cocorticoids by kidneys that modulate the organism immune response (4). Microbiota can affect the cardiovascular system (CVS)
and, consequently, the blood supply of the brain. For example, microbiota can directly affect the nervus vagus (5) and, through it, the
heart activity; can also be involved in the processes of atherogenesis (6). The products of microbiota metabolism, lipopolysaccharides,
etc. can stimulate the contraction/relaxation of the blood vessels and heart (6). Microbiota and its metabolites can both stimulate and
negatively affect the CVS decreasing the heart work and increasing the probability of an infarction, stroke, and chronic heart failure
(CHF). A change in the intestinal microcirculation due to a decreased cardiac output and venous congestion is the important moment
in the progression of inflammation in patients with CHF (7). A change in the intestine microcirculation leads to an increase in the
permeability of the intestine mucosa with the violation of the epithelium barrier function; this promotes the bacterial colonization and
increased LPS penetration in the blood circulation system. The chronic intestine ischemia is usually manifested by prolonged consti-
pation that frequently accompanies Parkinson’s disease. Impaired renal function leads to the accumulation of toxic products of micro-
biota and contributes to systemic inflammation; this leads to an acceleration of the pathogenesis of CVS diseases and neurodegener-
ation. Cardiovascular diseases are the main reason for the mortality of patients with chronic renal failure. Microbiota in Fig. 1 includes
both microorganisms and their metabolites and the cell fragments, including microorganism RNA and DNA. ENS, enteric nervous
system; CVS, cardiovascular system; CHF, chronic heart failure. Mutual regulation of the gut–brain axis: (1) hormonal; (2) immune;
(3) nervous; (4) kidney–CNS link; (5) vagus nerve and heart link; (6) microbiota and CVS link; (7) intestine–heart mutual link.
Mutual regulatory links (microbiota–kidneys, CVS–kidneys, brain–CVS) are not shown.
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ota and the brain can influence each other. The brain
effect on microbiota can be manifested in a change of
peristalsis and permeability of GI walls as well as in the
secretion of active substances. The macroorganism
can regulate the hormone release in the intestinal
lumen through the regulation of the activity of enter-
ochromaffin cells, thereby affecting both microbiota
and the mucosal immune system (mucosa-associated
lymphoid tissue, MALT). On the other hand, active
substances secreted by enterochromaffin cells can
RUSSIAN JOURNAL OF D
affect the vagus nerve, causing, for example, changes
in the intestine peristalsis (up to the vomiting reflex).
Such association plays an important role in the pain
syndrome, the intestine homeostasis control, and even
in the control of the emotional state. The violation of
such gut–brain interaction can be observed in differ-
ent types of GI and CNS, diseases (Rhee et al., 2009;
Lyte and Cryan, 2014; Mayer et al., 2015).

The ability of GI bacteria to affect the immune,
endocrine, cardiovascular, and nervous systems of the
EVELOPMENTAL BIOLOGY  Vol. 49  No. 6  2018



ROLE OF MICROBIOTA IN NEURODEGENERATIVE DISEASES 299
host organism is of special interest (Sobol et al., 2005;
Bravo et al., 2012; Sobol et al., 2013; Bhattacharjee
and Lukiw, 2013; McVey Neufeld et al., 2013; Heintz
and Mair, 2014; Lyte and Cryan, 2014; Sobol, 2014,
2017b; Sobol and Belostotskaya, 2015; Dinan and
Cryan, 2017) (Fig. 1). This field is rapidly developing
with the emergence of new sequencing and bioinfor-
matic methods and is supplemented by new evidence
about the significant role of microbiota and the com-
plex character of relationships of microbial commu-
nities between themselves and the host organism
(Fig. 1).

The studies conducted on germ-free mice demon-
strated that microbiota can affect the passive electric
properties of ENS neurons, action potential, and
excitability of sensor neurons, thus providing the
potential association between GI microbiota and CNS
(Foster and McVey Neufeld, 2013; Hornig, 2013;
McVey Neufeld et al., 2013) (Fig. 1). In addition,
microbiota can activate Toll-like receptors located on
ENS neurons (Barajon et al., 2009). Thus, microbiota
can send signals to ENS and CNS (Bhattacharjee and
Lukiw, 2013; Foster and McVey Neufeld, 2013;
Hornig, 2013; McVey Neufeld et al., 2013).

Specialized endocrine glands and the nervous sys-
tem synthesize a limited number of active substances
(hormones and neurotransmitters), while microbiota
produces hundreds of biologically active substances
(Tkachenko and Uspenskii, 2006; Shenderov, 2011;
Sobol, 2014; Clarke et al., 2014; Holzer and Farzi,
2014; Lyte and Cryan, 2014; Wall et al., 2014; Oleskin
et al., 2016; Oleskin and Shenderov, 2016; Dinan and
Cryan 2017) that influence neurochemical reactions
through endocrine, immune, and metabolic pathways
(Galland, 2014; Lyte and Cryan, 2014; Oleskin et al.,
2016). It should be noted that, besides active sub-
stances, the cell fragments, as well as the cell wall of
microorganisms, can cause a receptor response of the
organism cells (for example, though Toll-like recep-
tors), including neurons (Sobol et al., 2005; Barajon
et al., 2009; McVey Neufeld et al., 2013).

The gastrointestinal tract physiology and motility
are affected by the signals (molecules) produced
directly in GI, as well as in CNS. In turn, neurotrans-
mitters, signaling molecules of the immune system,
hormones, and neuropeptides produced in GI can
affect the brain (Fig. 1) (Tkachenko and Uspenskii,
2006; Lyte, 2013; Galland, 2014; Selkrig et al., 2014;
Wall et al., 2014). The researchers have increasingly
begun to identify strong effects of microbiota on the
development of CNS (Lyte, 2013; Galland, 2014;
Selkrig et al., 2014; Sharon et al., 2016). Certain spe-
cies of lactobacilli in the intestine, for example, such as
Lactobacillus brevis and Bifidobacterium dentium, are
able to metabolize glutamate in gamma-aminobutyric
acid (GABA), the main inhibitory neurotransmitter of
human CNS (Barrett et al., 2012). Anxiety and
depression, as well as defects in the formation of syn-
RUSSIAN JOURNAL OF DEVELOPMENTAL BIOLOGY 
apses and cognitive violations, are associated with a
dysfunction in the GABA-ergic system of synaptic
regulation, including Alzheimer’s disease (Aziz et al.,
2013; Hornig, 2013; McVey Neufeld et al., 2013;
Mitew et al., 2013; Saulnier et al., 2013). However, the
involvement of GABA synthesized by microbiota in
neurochemical processes of CNS has been insuffi-
ciently studied.

The synthesis of brain-derived neurotrophic factor
(BDNF) can be another important example. It is
known that BDNF plays an important role in the
maintenance of the viability of neurons, contributes to
the survival and growth of neurons, as well as synapto-
genesis, has a pleiotropic effect on the development of
neurons and their differentiation and on the develop-
ment of synapses and synaptic plasticity, which under-
lie the development of nervous connections and cog-
nitive functions. The concentration of BDNF is
decreased in the brain and in the blood serum in
patients with increased anxiety, schizophrenia, and
Alzheimer’s disease (Carlino et al., 2013; Lu et al.,
2013; Mitew et al., 2013). In the experimental studies
conducted on germ-free mice, a decrease in the
expression of BDNF in the hippocampus and cerebral
cortex of such mice (which was associated with an
increase in the anxiety in behavior and the cognitive
dysfunction progression) was demonstrated (Bhat-
tacharjee and Lukiw, 2013; Carlino et al., 2013; Foster
et al., 2013; Lu et al., 2013).

The intestinal microbiota can produce dopamine
and its precursors from the food substrates, and
almost half of the dopamine in the organism is devel-
oped in GI (Eisenhofer et al., 1997; Wall et al., 2014).
It is possible that microbiota can affect the dopamine
level in the brain, the amount of which is decreased in
Parkinson’s disease. For example, the level of tyrosine
in nonmicrobial mice is decreased (Matsumoto et al.,
2013). Microbiota also produces acetylcholine, sero-
tonin, noradrenaline, and other biologically active
substances (Lyte and Cryan, 2014; Wall et al., 2014).

The fact that some members of the macroorganism
microbiota can activate glutamate receptors (that in
turn are involved in the regulation of synaptic plas-
ticity and cognitive functions) is another interesting
fact (Lakhan et al., 2013). Thus, microbiota for the
neuron activation involves the same types of receptors
that are involved at natural activation of the nerve
cells.

However, besides nutrients and bioactive mole-
cules, microbiota can synthesize and release the prod-
ucts (neurotoxins, neurotransmitters, lipopolysaccha-
rides, amyloids, and etc.) that can negatively influence
on the CNS neurochemical reactions stimulating the
development of amyloidosis, sinucleinopathy, and
tauopathy, thus contributing to the development
and/or progression of neurodegenerative diseases
(Derkinderen et al., 2011; Ball et al., 2013; Douglas-
Escobar et al., 2013; Albenberg and Wu, 2014; Asti and
 Vol. 49  No. 6  2018
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Gioglio, 2014). Lipopolysaccharides and fragments of
microorganism cell walls can facilitate the develop-
ment of amyloidosis. For example, they can initiate
the aggregation of beta amyloid (Asti and Gioglio,
2014). Herpes simplex virus (HSV-1) glycoprotein B
has a high degree of homology with beta amyloid and
can stimulate amyloidosis in vitro (Cribbs et al., 2000).
Bacterial amyloids (as well as all functional amyloids)
have structural and biochemical properties similar to
eukaryotic amyloids and neurodegenerative diseases
associated with them. In addition, infectious agents
can initiate autoimmune reactions leading to the
development of the disease (Carter, 2010), especially
in genetically predisposed individuals. Thus, microbi-
ota can stimulate different inflammatory reactions
contributing to the development and/or progression of
neurodegenerative diseases (Derkinderen et al., 2011;
Ball et al., 2013; Douglas-Escobar et al., 2013;
Schwartz and Boles, 2013; Albenberg and Wu, 2014;
Asti and Gioglio, 2014).

There is an assumption that the intestinal microbi-
ota cyanobacteria can produce an excess of neurotoxic
nonprotein amino acid beta-methylamino-L-alanine
(BMAA) (Brenner, 2013), increased concentrations of
which were detected in the brain of patients with amy-
otrophic lateral sclerosis and Parkinson’s and Alzhei-
mer’s diseases (Bhattacharjee and Lukiw, 2013).
BMAA neurotoxin is the amino acid that is not a part
of the proteins; however, it is involved in the processes
of incorrect protein folding associated with neurode-
generative diseases (Mulligan and Chakrabartty,
2013). Cyanobacteria have high adaptive properties
and are highly adapted to symbiotrophic relationships.
The stress, GI diseases, or lack of nutrition can cause
the additional BMAA production by cyanobacteria,
which can contribute to neurological dysfunction
(Bhattacharjee and Lukiw, 2013; Brenner, 2013).
Being human microbiota residents, different types of
cyanobacteria can generate different neurotoxins,
such as neurotoxic alkaloids (anatoxins and saxitox-
ins) (Brenner, 2013; Voloshko and Pinevich, 2014),
that also contribute to the development of human
neurological diseases (Bhattacharjee and Lukiw, 2013;
Brenner, 2013). These peculiarities of microbiota are
especially dangerous for elderly individuals, in which
the permeability of both GI and blood-brain barrier is
disturbed; as a result, the CNS becomes more vulner-
able to the toxic products of human microbiota (Tran
and Greenwood-Van Meerveld, 2013). In addition,
toxins of cyanobacteria can induce different GI com-
plications in humans, including liver damage, as well
as pneumonia, cancer, and different allergic reactions
(Voloshko and Pinevich, 2014).

A high level of amyotrophic lateral sclerosis/Par-
kinson’s disease morbidity (by 50–100 times) was dis-
tributed among Chamorro people from the Guam
Islands (Cox et al., 2003; Holtcamp, 2012) who used
flour from the seeds of neurotoxic sago palm (Cycas
micronesica) plants in large amounts. The roots of this
RUSSIAN JOURNAL OF D
plant generate symbiotic relationships with cyanobac-
teria of the Nostoc genus producing BMAA (Cox et al.,
2003; Holtcamp, 2012).

The results of the studies confirm the hypothesis
that an increased level of amyotrophic lateral sclerosis
morbidity can be caused by the quality of lake water for
the drinking water, in which the concentration of cya-
nobacteria is increased, and by environmental condi-
tions (Holtcamp, 2012; Torbick et al., 2014). BMAA
freely penetrates the blood-brain barrier, where it is
captured by the proteins and produces a long-lived
reservoir, releasing for a long period of time (Holt-
camp, 2012; Xie et al., 2013).

Modern studies demonstrate that there are several
mechanisms by which BMAA induces the dysfunction
and death of motor neurons; however, details are not
yet completely understood. BMAA can potentiate the
neurotoxic effect of other substances and factors
(Lobner et al., 2007). In addition, BMAA can stimu-
late/activate glutamate receptors: NMDA, calcium-
dependent AMPA, kainite and metabotropic recep-
tors, inducing an excessive activation of the glutama-
tergic system, which leads to excitotoxic death of neu-
rons (Lobner et al., 2007). The glutamate level in
patients with amyotrophic lateral sclerosis is higher
both in the blood plasma and in the cerebrospinal
fluid. Finally, BMAA can induce oxidative stress in
neurons (Lobner et al., 2007). The inclusion of BMAA
occurs in the L-serine region causing incorrect protein
folding, which is observed at such neurodegenerative
diseases as Alzheimer’s and Parkinson’s diseases and
amyotrophic lateral sclerosis. The studies in vitro
demonstrated that the BMAA association with the
protein can be suppressed in the presence of the excess
of L-serine (Dunlop et al., 2013). Low BMAA con-
centrations in the culture can selectively kill motoneu-
rons of the spinal cord in mice (Rao et al., 2006). Sub-
cutaneous injections of BMMA to newborn rats
caused a progressing neurodegeneration in the hippo-
campus, including the formation of intracellular neu-
rofibrillary structures, astrogliosis, and activation of
microglia (Karlsson et al., 2015). BMAA is also toxic
for glia cells (Chiu et al., 2015) and causes damage of
motoneurons and astrogliosis in ventral horns of the
spinal cord (Yin et al., 2014).

It was demonstrated in the studies on monkeys
(Chlorocebus sabaeus) homozygous for the apoE4
gene (apoprotein E is an important biochemical
marker of Alzheimer’s disease in humans) that oral
administration of BMAA led to histopathologically
significant signs of Alzheimer’s disease (formation of
amyloid plaques and accumulation of neurofibrillary
tangles). And L-serine had a protective effect against
neurotoxic effect of BMAA (Cox et al., 2016).

Postmortem studies of human brain tissues in
patients with sporadic neurodegenerative diseases,
such as amyotrophic lateral sclerosis, Alzheimer’s,
Parkinson’s, and Huntington’s diseases, demon-
EVELOPMENTAL BIOLOGY  Vol. 49  No. 6  2018
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strated the presence of BMMA (Bradley and Mash,
2009; Pablo et al., 2009). Thus, BMAA can play a cer-
tain role in the development of neurodegenerative dis-
eases.

At present, the point of view that pathogenic
microbes make a potential contribution to the organ-
ism aging and, probably, in the development of neuro-
degenerative diseases (particularly Alzheimer’s dis-
ease) is increasingly recognized (Miklossy, 2011; Cho
and Blaser, 2012; Heintz and Mair, 2014; Hill et al.,
2014; Huang et al., 2014; Mancuso et al., 2014). For
example, most changes, such as inflammatory reac-
tions, brain cell atrophy, amyloidosis, cognitive viola-
tions, etc., can be a consequence of different microbial
infections (see below) in Alzheimer’s disease (Cho
and Blaser, 2012; Bhattacharjee and Lukiw, 2013; Fos-
ter et al., 2013; Heintz and Mair, 2014; Kim et al.,
2013; Hill et al., 2014; Huang et al., 2014; Mancuso
et al., 2014).

Normally, pathogenic microorganisms and patho-
bionts of GI are under the control of the macroorgan-
ism immune system and symbiotic microbiota. How-
ever, an increase in the number of pathogens and
pathobionts and/or an increase in their metabolic
activity is observed sometimes; it can be associated
with a number of the following diseases: diabetes mel-
litus, metabolic syndrome, obesity, autoimmune dis-
eases, depression, and some stress-induced and neu-
rodegenerative diseases, etc. (Bravo et al., 2012; Bhat-
tacharjee and Lukiw, 2013; Heintz and Mair, 2014;
Hill et al., 2014).

ROLE OF THE MICROBIOTA 
IN THE INFLAMMATORY RESPONSES

Different species of bacteria, such as Bacillus,
Pseudomonas, Staphylococcus, Streptomyces, etc., have
amyloid structures that activate the organism immune
system. Such proteins were found in the blood of
patients suffering from Alzheimer’s disease (Hill et al.,
2014; Zhao et al., 2015). Amyloids are associated with
the cellular structures located on the surface of fungi
and bacteria and promote better adhesion to the sur-
faces. Amyloid proteins (fibers) known as “curli
fibrils” can form a special structure (biofilms) in order
to resist the macroorganism immune protection
(Schwartz and Boles, 2013; Asti and Gioglio, 2014).
Biofilms physically bind a large number of bacteria
together and represent a matrix of extracellular poly-
meric amyloids and other complex lipoproteins and
lipopolysaccharides in different structural forms
(Zhao et al., 2015). Some amyloids can be considered
as pathogen-associated molecular patterns (PAMP)
and are recognized by the Toll 2-like receptor of the
immune system (similarly to Aβ42) (Zhou et al., 2012;
Schwartz and Boles, 2013).

Besides amyloids, other molecules of microorgan-
ism walls (for example, lipopolysaccharides) also con-
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stantly activate the organism immune system. Taking
into account these facts, we can say that the macroor-
ganism is under the permanent pressure of the prod-
ucts of microorganisms. Devastating consequences of
this pressure increase with age, when the permeability
of the blood-brain barrier and GI barrier is violated
(Hattori and Taylor, 2009; Tran et al., 2013; Marques
et al., 2013).

An increased level of chronic inflammatory reac-
tions is a peculiarity of Alzheimer’s disease. Activated
microglia is a strong neuropathological stimulator that
leads to a permanent inflammation in the brain (Hill
and Lukiw, 2015; Lukiw, 2016; Minter et al., 2016;
Varatharaj and Galea, 2017). These progressing proin-
flammatory and neurodegenerative processes are pre-
sumably stimulated by an anomalous immune system
response (Lehnardt, 2010; Lukiw, 2016), which can be
caused in turn by acute or chronic infection as well as by
different products of the host organism microbiota
(Zhou et al., 2013; Zhao et al., 2015; Foster et al., 2016).

It is important to understand that most products
secreted by microbiota and cell wall components rep-
resent a very large class of strong proinflammatory
activators of the immune system that can cause the
release of proinflammatory cytokines, complement
proteins, activate microglia, etc. in the host organism
CNS (Zhao et al., 2015). The pathogenic effect of
microbiota can increase the permeability of GI (König
et al., 2016) and blood-brain barrier (Zhao et al., 2015;
Varatharaj and Galea, 2017) that additionally increases
amyloidosis and other types of inflammations in CNS.
Elevated blood-brain barrier permeability can be asso-
ciated with the pathogenesis of such neurodegenera-
tive diseases as Alzheimer’s disease, multiple sclerosis
(Varatharaj and Galea, 2017), epilepsy, etc.

An increase in the activation of microglia and the
production of proinflammatory cytokines changes the
nerve cell function and increases their death in the
experimental models of Parkinson’s disease and other
neurodegenerative diseases (Kannarkat et al., 2013;
Sanchez-Guajardo et al., 2013). Moreover, as is
known, the inflammatory environment increases the
aggregation of alpha-synuclein, which can addition-
ally activate microglia, thus contributing to significant
aggregation of alpha-synuclein and the disease pro-
gression (Gao et al., 2017). Therefore, a decrease the
inflammatory reaction (Valera and Masliah, 2016)
and dysbiotic disorders of intestinal microbiota can be
an additional therapeutic method to facilitate the
symptoms of Parkinson’s disease.

Microglia and astrocytes are the main cells respon-
sible for the innate immunity in CNS to combat the
penetration and spread of microorganisms and infec-
tious agents. Therefore, Toll-like receptors, whose
expression can be regulated by infection, inflamma-
tory reactions, and other stimuli, are expressed in
these cells (Bowman et al., 2003; McKimmie et al.,
2005; Arroyo et al., 2011; Carty and Bowie, 2011).
 Vol. 49  No. 6  2018
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The microbial products, such as amyloid, bacterial
lipoproteins, lipopolysaccharide, peptidoglycan, and
genetic material of microorganisms (DNA and RNA),
activate Toll-like receptors of microglia that subse-
quently induce the release of proinflammatory cyto-
kines and chemokines having a direct effect on CNS
homeostasis and neuropathology (Kielian, 2006;
Rivest, 2009; Arroyo et al., 2011; Yu and Ye, 2015). A
complex of Toll-like receptors 1 and 2 can recognize
the amyloids of biofilms produced by the Firmicutes,
Bacteroidetes, and Proteobacteria (Bhattacharjee and
Lukiw, 2013; Asti and Gioglio, 2014). Participating in
neuroinflammatory reactions, Toll-like receptors play
a significant role in neuropathology. In Alzheimer’s
disease, Toll-like receptors are involved in beta amy-
loid recognition and removal. Different types of Toll-
like receptors can both promote and inhibit the devel-
opment of the disease (Arroyo et al., 2011).

When activated, microglia are involved in inflam-
matory reactions and cytokines with chemokines
release, as well as nitrogen superoxide and oxide and
other active substances that serve for the subsequent
involvement of the immune system or beginning of rep-
aration processes (Glass et al., 2010). This microglia
reaction is short-lived and ends during the infectious
agent inactivation or tissue repair process. However, a
chronic inflammation, which increases pathological
changes in CNS, can cause permanent activation of
microglia due to the constant stimulation or violation
of the mechanisms for resolving inflammation (Glass
et al., 2010), since many proinflammatory agents are
neurotoxic (Hanisch, 2002; Glass et al., 2010). It is
important to note that the activation of Toll-like
receptors at different stages of the disease can lead to
different results. The activation of receptors at early
stages of the disease can decrease the accumulation of
beta amyloid. However, the activation of Toll-like
receptors with the progression of the disease will most
likely contribute to the chronic neuroinflammation
and neurotoxicity (Arroyo et al., 2011).

INFECTIONS AND NEURODEGENERATION
Infectious diseases affecting the central nervous

system can play a significant role in the induction of
neurodegenerative diseases (Bowery et al., 1992;
Mattson, 2004; Zambrano et al., 2008; Miklossy,
2011; Hill et al., 2014). Specific bacterial ligands, as
well as bacterial and viral DNA and RNA, are able to
increase the expression of proinflammatory molecules
that activate innate and adaptive components of the
immune system. Permanent infection leads to chronic
inflammation, neuron destruction, and Aβ deposi-
tion. It was demonstrated that Aβ is a pore-forming
(Di Scala et al., 2016) antimicrobial neurotoxin/pep-
tide (Soscia et al., 2010), which can be generated in
response to the microbial invasion (Soscia et al., 2010;
Miklossy, 2011). Lipopolysaccharides stimulate beta
amyloidosis (Dasari et al., 2011; Asti and Gioglio,
RUSSIAN JOURNAL OF D
2014), which can indicate the involvement of microbi-
ota in Alzheimer’s disease pathogenesis (Dasari et al.,
2011; Asti and Gioglio, 2014). It should be noted that
long-term consequences of different infections on the
macroorganism depend on the immune status,
accompanying cardiovascular and other diseases,
pharmacological treatment, and on the organism
genetics. For example, mutations in the genes of pre-
senelins and polypoproteins E increase the risk of Alz-
heimer’s disease (Licastro et al., 2007; Prusiner, 2013).

An increase in the amount of fungal and yeast pro-
teins, as well as their fragments, was demonstrated in
the blood of patients with Alzheimer’s disease; this
can indicate that chronic fungal infections can be
associated with an increased risk of Alzheimer’s dis-
ease (Prusiner, 2013; Alonso et al., 2014; Asti and Gio-
glio, 2014; Heintz and Mair, 2014). The following
examples can demonstrate a possible association of
pathogenic microorganisms with CNS diseases.

Herpes. A significant amount of data indicates that
neurotrophic herpes-1 virus (HSV-1), which is able to
persist for a long time in nervous tissues, can be asso-
ciated with Alzheimer’s disease (Letenneur et al.,
2008; Álvarez et al., 2012; Ball et al., 2013; Agostini et al.,
2014; Hill and Lukiw, 2014; Mancuso et al., 2014).
However, specific mechanisms of this association are
only beginning to be studied (Hill and Lukiw, 2014;
Hill et al., 2014). HSV-1 infects CNS and, as well as
cytomegalovirus, causes a latent infection, which is
repeatedly reactivated (Letenneur et al., 2008; Álvarez
et al., 2012). The activation of endogenous herpes
virus and other neurotropic viruses, as well as prions,
is closely related to neurological stresses stimulating
amyloidosis, inflammatory neurodegeneration, and
progression of cognitive impairments, which can con-
tribute in its turn to predisposition and/or early devel-
opment of schizophrenia and Alzheimer’s disease
(Hill et al., 2009; Ball et al., 2013; Manuelidis 2013). It
was found that HSV-1 stimulates the accumulation of
beta amyloid associated with Alzheimer’s disease
(Wozniak et al., 2011; Santana et al., 2012). Tau
pathology and neurodegeneration can be directly
related to HSV-1 infection. The anomalous dynamics
of microtubules, tau hyperphosphorylation, and sig-
nificant damage of neurites (finally leading to apopto-
sis) was observed in the culture of mouse nervous cells
infected with HSV-1 (Zambrano et al., 2008). Such
tauopathy was also observed in the culture of human
neuroblastoma cells infected with HSV-1 (Álvarez
et al., 2012). The accumulation of Aβ and phosphory-
lation of the tau protein is induced in neurons after the
herpes virus (HSV-1) infection both in vitro and in
vivo (Letenneur et al., 2008; Miklossy, 2011; Wozniak
et al., 2011; Santana et al., 2012).

Prions. The prion disease can occur in the case of
direct infection and hereditary transmission as well as
sporadically. The prion diseases are finally fatal neu-
rological disorders very similar to Alzheimer’s disease
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(Manuelidis, 2013; Prusiner, 2013). As well as beta
amyloid, prions cause the synaptic failure and amyloi-
dogenesis (Manuelidis, 2013; Prusiner, 2013; Chen et
al., 2014; Hernandez-Rapp et al., 2014). The proteins
similar to mammalian prions were found in the Sac-
charomyces cerevisiae yeasts (Allen et al., 2005) as well
as in some Podospora anserina fungi. The transmission
of such mammalian proteins as prions needs a very
thorough check, especially in the light of the fact that
the Saccharomyces cerevisiae is actively used in the
food industry.

Chlamydophila pneumoniae. Intracellular and
extracellular Chlamydophila pneumoniae antigens were
observed in patients with Alzheimer’s disease in the
temporal and frontal lobes of the brain. Chlamydia,
amyloid deposits, and neurofibrillary tangles were
present in the same brain regions in close contact with
each other (Hammond et al., 2010). Beta amyloid
deposits were observed in mice after the C. pneumo-
niae inhalation (Miklossy, 2011). It should be noted
that pneumonia is a frequent complication in Alzhei-
mer’s disease (Manabe et al., 2016) and significantly
increases the mortality in such patients (Foley et al.,
2015).

Toxoplasma gondii is an intracellular parasite that
can cause encephalitis and neurological dysfunction
causing chronic inflammatory reactions in the brain
and central nervous system. The olfactory dysfunction
observed in Alzheimer’s disease, multiple sclerosis,
and schizophrenia is frequently associated with a sig-
nificant increase in the level of immunoglobulin G
(antibodies) to the Toxoplasma gondii (Prandota,
2014).

Hepatitis C can significantly increase the risk of
Alzheimer’s disease, especially in elderly persons
(Chiu et al., 2013).

HIV. Human immunodeficiency virus (HIV),
which causes acquired immunodeficiency syndrome
(AIDS), affects the human immune system and, first
of all, the mucosal immune system (Sobol, 2017a). A
progressing increase in the permeability of GI and
blood brain barrier begins in HIV patients (Sobol,
2017a). The chronic inflammation, not treatable with
antiviral drugs, is a consequence of these processes
(Sobol, 2017a). Opportunistic infections occurring in
host after weakening immune system can affect differ-
ent organs. Antiretroviral therapy started in time allows
to suppress a significant progression of opportunistic
infections.

CNS is a potential HIV reservoir even in patients
receiving antiviral therapy. HIV-1 rapidly spreads in
the brain tissue during the infection. Different types of
macrophages, monocytes, and long-lived brain cells,
such as microglia and astrocytes, are the target of HIV
infection in the brain and central nervous system
(Churchill et al., 2009; Smith et al., 2012). Astrocytes
that provide the latency of HIV infection are appar-
ently not susceptible to antiviral treatment (Brew et al.,
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2015). HIV replication continues in CNS despite of
receiving efficient antiretroviral therapy and is inde-
pendent of the virus replication in the blood; this
assumes autonomous virus evolution in CNS (Har-
rington et al., 2009). Antiretroviral therapy is not very
efficient against HIV-induced inflammation in CNS
(Suh et al., 2014). The HIV-1 Tat (viral protein) pro-
motes the release of glutamate, inflammatory cyto-
kines, chemokines, and active oxygen forms from glial
cells and neurons and it also affects the cell responses
caused by NMDA in the hippocampus neurons
(Krogh et al., 2015). The factors released from infected
glial cells can directly or indirectly cause CNS impair-
ment. The death of neurons can be also caused by glu-
tamate excitotoxicity and by the factors inducing
apoptosis (Kramer-Hämmerle et al., 2005). Many of
the regulatory functions of astrocytes (synaptogenesis
and neurogenesis, regulation of neurotransmitters) are
violated during HIV infection (Brew et al., 2015). Viral
DNA in astrocytes can be associated with the patho-
genesis of HIV-associated dementia (Churchill et al.,
2009; Brew et al., 2015; Dickens et al., 2017). HIV
infects macrophages, including microglia and astro-
cytes, and is usually located in these cells in a latent
state. In most cases, astrocytes produce no infectious
virions, but nonstructural regulatory Nef, Rev, and
Tat proteins, which are toxic to neurons in culture
(Sabatier et al., 1991). Evidence of progressive brain
impairment by the Tat protein during its continuous
expression were recently presented (Dickens et al.,
2017). Even insignificant Tat expression in the brain
can lead to the expression of proinflammatory cyto-
kines, chronic glia activation, and structural brain dam-
ages, including synaptic impairment and a decrease in
the volume of the brain tissue (Dickens et al., 2017).
These results demonstrate that the modern scheme of
the treatment with antiretroviral drugs is probably
insufficient for the brain’s protection against the neg-
ative effect of nonstructural HIV proteins that con-
tinue to be expressed in the brain tissue, despite the
virus suppression in the blood (Dickens et al., 2017).

HIV-1 can cause severe neurological diseases,
including neurodegeneration (Heaton et al., 2010).
HIV-infected patients have an increased risk of the
development of Alzheimer’s (Xu and Ikezu, 2009) and
Parkinson’s (Moulignier et al., 2015) diseases. Amy-
loidosis and HIV-infection can promote the develop-
ment of each other (González-Scarano and Martín-
García, 2005; Widera et al., 2014). Histopathological
studies of the brain tissue samples of HIV-infected
patients demonstrated the atrophy of neurites and the
loss of neurons in those brain regions in which neuro-
pathology was observed in Alzheimer’s disease (Borja-
bad and Volsky, 2012; Widera et al., 2014).

Helicobacter pylori. The Helicobacter pylori, a caus-
ative agent of a gastric ulcer, can be also associated
with Alzheimer’s disease (Kountouras et al., 2006,
2010), since an increased number of specific IgG/IgA
antibodies to the Helicobacter pylori was found in the
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blood serum of patients (Malaguarnera et al., 2004;
Kountouras et al., 2010). Intraperitoneal injection of
the H. pylori filtrate induced cognitive impairments in
rats, and the production of dendritic spines in the hip-
pocampus was decreased (Wang et al., 2014). The
H. pylori filtrate injection significantly increased the
amount of beta amyloid (Aβ42) both in the hippocam-
pus and in the cerebral cortex, unlike the injections of
a filtrate of another species of intestinal bacteria
(Escherichia coli) that did not have any effect on the
cognitive functions in rats and on the production of
beta amyloid (Wang et al., 2014). Medical therapy
against the H. pylori has a beneficial effect on patients
with Alzheimer’s disease with the H. pylori infection
(Malaguarnera et al., 2004). Despite the fact that all
these studies are based on clinical observations, there
are still no direct evidences of the H. pylori involve-
ment in the pathogenesis of Alzheimer’s disease.

Parkinson’s disease can also be associated with the
Helicobacter pylori infection. The prevalence of this
infection is high among patients with Parkinson’s
disease and can cause motor disorders preventing the
absorption of levodopa (the main drug for the treat-
ment of Parkinson’s disease) (Holmqvist et al.,
2014). In addition, small intestinal bacterial over-
growth (SIBO) in the small intestine can be associated
with Parkinson’s disease; almost a quarter of patients
with Parkinson’s disease have SIBO (Parashar and
Udayabanu, 2017). In turn, normalization of the
composition of microbiota can lead to the improve-
ment of motor functions in Parkinson’s disease
(Sampson et al., 2016).

Spirochaetales. The chronic infection caused by
spirochete can cause slowly progressing dementia,
cortical atrophy, and amyloid deposition. There is a
significant association between Alzheimer’s disease
and different spirochete species that cause syphilis,
Lyme disease, etc. (Miklossy, 2011).

GI AND BLOOD BRAIN BARRIER 
DYSFUNCTION

Human CNS is constantly exposed to the effect of
its own microbiota as well as microorganisms of the
environment, including both symbiotic microorgan-
isms and pathobionts with pathogens. These can be
different types of bacteria, viruses, and fungi as well as
prion proteins. All this microbial load is probably
involved in the pathogenesis of Alzheimer’s disease
(Hill et al., 2014), gradually affecting both natural bar-
riers (GI and blood-brain) and the cells of the immune
and nervous systems. It should be noted that the per-
meability of both GI and blood-brain barrier increases
with age (Brenner, 2013; Montagne et al., 2015; Well-
ing et al., 2015). As a result, CNS is at a greater risk of
exposure to neurotoxins and toxic metabolites pro-
duced by GI microbiota (Brenner, 2013; Welling et al.,
2015). The translocation of toxic microbiota products
through weakened protective barriers (blood-brain
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and GI mucosa) can be critical in neurodegenerative
diseases (Montagne et al., 2015; van de Haar et al.,
2016; Varatharaj and Galea, 2017). It should be noted
that nonpathogenic GI microbiota can decrease the
blood-brain barrier permeability contributing to its
integrity (Braniste et al., 2014).

PARKINSON’S DISEASE AND MICROBIOTA
It is known that inflammatory reactions in the

intestine (Devos et al., 2013) and abnormal functions
of GI, such as constipation, dysphagia, nausea, gast-
roparesis, etc. (that frequently precede long before the
onset of motor symptoms of neurodegenerative dis-
ease) are observed in patients with Parkinson’s disease
(Braak et al., 2003; Kim and Sung, 2015). There is a
hypothesis of Braak, according to which anomalous
accumulation of alpha-synuclein (a marker protein
synthesized during Parkinson’s disease) is initiated in
the intestine and probably further spreads through the
nervus vagus to the brain (Del Tredici and Braak,
2008). This assumption is confirmed by pathophysio-
logical data (alpha-synuclein inclusions are already
observed at an early stage in ENS as well as in glosso-
pharyngeal and vagus nerves (Braak et al., 2003)). It
was demonstrated that the injection of alpha-synu-
clein isolated from the brain tissues of patients with
Parkinson’s disease directly to the intestine of healthy
rodents is sufficient for the development of synucle-
inopathy in the vagus nerve and brain stem
(Holmqvist et al., 2014). And alpha-synuclein moves
through rapid and slow axonal transport (Holmqvist
et al., 2014). It was recently demonstrated in germ-free
genetically modified mice with artificially reproduced
Parkinson’s disease (with an increased alpha-synu-
clein expression) that microbiota can stimulate synu-
cleinopathy, neuroinflammation, and typical motor
dysfunction, which was studied during different motor
tests (Sampson et al., 2016). Microbial metabolites
(short chain fatty acids) that can be involved in the
development of Parkinson’s disease were also identi-
fied (Sampson et al., 2016). Moreover, the transfer of
microbiota taken from individuals with Parkinson’s
disease caused a significant motor dysfunction in
germ-free genetically modified mice (Sampson et al.,
2016). It was suggested that intestinal microbiota can
play a significant role in the pathogenesis of Parkin-
son’s disease (Sampson et al., 2016).

Besides microorganisms themselves, the products
of their metabolism, as well as the cell fragments, can
have a negative effect on CNS. For example, epoxo-
mycin, a natural inhibitor of proteasomes (cellular
complexes involved in the degradation of ubiquiti-
nated proteins), is a toxin produced by actinomycetes.
Sixfold epoxomycin injection during 2 weeks to rats
resulted in subsequent development of symptoms typical
for Parkinson’s disease (tremor, bradykenisia, etc.).
Dopaminergic neurodegeneration in the substantia
nigra pars compacta region with the apoptosis of neu-
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rons and neuroinflammation was observed. Intracyto-
plasmic inclusions of α-synuclein/ubiquitin resem-
bling Lewy bodies were present in some remaining neu-
rons in the neurodegeneration region (McNaught et al.,
2004). Thus, epoxomycin is a dopaminergic neurotoxin,
which can cause neurodegeneration similar to Parkin-
son’s disease.

Lipopolysaccharides (LPS), endotoxins from
gram-negative bacteria, can also be involved in the
pathology of Parkinson’s disease (Liu and Bing, 2011).
LPS penetrate into the blood, since the permeability
of GI is increased in patients with Parkinson’s disease.
Penetrating into the brain, LPS then cause inflamma-
tory processes in glial cells, which release neurotoxic
factors in its turn stimulating microgliosis and other
neurodegenerative processes (Liu and Bing, 2011).

There are epidemiological evidences that pesticides
provoke the development of Parkinson’s disease (Ritz
et al., 2016), and some pesticides can affect the com-
position of microbiota (Gao et al., 2017). Thus, under
the influence of external/internal factors, human
microbiota can undergo changes; the ratio of symbi-
onts/pathogens changes. The permeability of intesti-
nal and blood-brain barriers changes. Metabolites
released by changed microbiota can enter the blood
circulation and probably CNS, thus violating its func-
tioning.

AUTISM AND MICROBIOTA
Recently, the existence of the association between

autism and microbiota was suggested (Frye et al.,
2015). The amount of neurotoxin-producing bacteria
can probably be increased in autism. Children with
autism symptoms also have increased concentration of
short chain fatty acids in the intestine (especially pro-
pionate). This peculiarity is probably caused by anom-
alously high Clostridia activity and by the presence of
the Sutterella wadsworthensis bacteria, the presence of
which is typical for individuals with autism symptoms
(Frye et al., 2015; Oleskin and Shenderov, 2016).
Intracerebroventricular (in the brain ventricles) propi-
onate injection in adult rats led to behavioral, bio-
chemical, electrophysiological, and neuropathologi-
cal effects similar to those that were observed in autism
(MacFabe et al., 2007, 2011). Propionate can also neg-
atively affect the bioenergetics of mitochondria (Frye
et al., 2015). Metabolites and antigens of gut microbi-
ota can negatively affect the mitochondrial function
(Frye et al., 2015). In turn, mitochondrial dysfunction
can negatively affect the function of GI (Frye et al.,
2015).

MULTIPLE SCLEROSIS
Physicians and researchers from Harvard (United

States) found that a change in the composition of
microbiota is observed in patients with multiple scle-
rosis as compared with healthy individuals; in turn,
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this correlates with a change in the activity of the genes
playing a certain role in immune response (Jangi et al.,
2016).

In another study, the authors analyzed microbiota
in the brain tissues of patients with multiple sclerosis
obtained during autopsy. The results were compared
with the brain tissue samples of individuals without
multiple sclerosis (Branton et al., 2016). 16S rRNA
sequencing demonstrated that proteobacteria (gram-
negative) are a dominant type of bacteria in white mat-
ter of the brain in patients with multiple sclerosis, and
they dominate with the disease progression. An
increase in the expression of inflammatory immune
response genes was also observed (Branton et al.,
2016). In addition, it was found that peptidoglycan (an
important component of the bacterial cell wall) can be
associated with inflammatory demyelination. The
authors also conclude that dysbiosis can underlie the
multiple sclerosis disease (Branton et al., 2016).

With 16S rRNA sequencing, it was found that the
percentage of Methanobrevibacter (the main methane-
forming Archaea in human intestine) and Akkerman-
sia was increased, while the Butyricimonas content was
decreased in patients with multiple sclerosis (Jangi
et al., 2016). All these changes in the composition of
microbiota correlate with changes in the expression of
the genes involved in the maturation of the immune
system cells. When analyzing exhaled air, the methane
level was higher in patients with multiple sclerosis than
in healthy individuals due to an increase in the amount
of Methanobrevibacter (Jangi et al., 2016). Bacteria
identified in this study (that are in an increased num-
ber in patients with multiple sclerosis) cause different
inflammatory reactions and can be associated with
autoimmune disorders. For example, the Methanobre-
vibacter is involved in the intestine inflammatory reac-
tions and in asthma (Verma et al., 2010).

Researchers from the Max Planck Institute of Neu-
robiology (Germany) also believe that intestinal
microbiota plays a large role in the development of
multiple sclerosis. Using the multiple sclerosis model
in mice (transgenic SJL/J mice), it was demonstrated
that there was no development of the disease in such
mice grown in a nonmicrobial environment, while the
introduction of commensal microbiota in the intestine
led to a spontaneous development of autoimmune
encephalomyelitis (Berer et al., 2011). The indigenous
(native) microbiota stimulated the activity of T- and
B-lymphocytes that started to attack myelin sheaths of
the brain, leading as a result to autoimmune destruc-
tion of myelin sheath of neurons. It was suggested that
similar processes can occur in individuals without the
appropriate genetic predisposition to multiple sclero-
sis (Berer et al., 2011).

These studies allow us to understand better how
intestinal microbiota can influence on the immune
system and, through it, on physiological processes
occurring in CNS. At the moment, it is unclear
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whether a change in the composition of microbiota is
a consequence of multiple sclerosis disease or a change
in the composition of microbiota stimulates the devel-
opment of multiple sclerosis. However, it can be
assumed that targeted normalization of intestinal
microbiota can contribute to a decrease in the conse-
quences of multiple sclerosis and, probably, to its
treatment.

POTENTIAL OF PROBIOTIC 
MICROORGANISMS 

IN NEURODEGENERATION
At present, the use of probiotics and nutritional

products for prevention and possible treatment of
CNS diseases that can normalize neuroendocrine,
neuroimmune, and humoral mechanisms (Bhat-
tacharjee and Lukiw, 2013) are studied. The effect of
probiotic microorganisms is very diverse and can
manifest itself in the following, probiotics: (1) posi-
tively modulate the immunity in infectious diseases;
(2) are involved in the synthesis of a number of vital
vitamins, especially vitamins of the groups B and K;
(3) synthesize important metabolites for the host
organism; (4) are involved in the fermentation of com-
plex carbohydrates; (5) compete and exhibit antago-
nistic activity relative to pathogenic microorganisms
in the gastro-intestinal tract; (6) can neutralize carcin-
ogens in GI; (7) administration of probiotics and the
products of their metabolism improves the state and
barrier function of GI. Probiotics can be successfully
used in neurogastroenterology (Saulnier et al., 2013).
There are data on the effect of probiotics and different
food ingredients on the development of multiple scle-
rosis disease (von Geldern and Mowry, 2012), on the
cognitive processes (Camfield et al., 2011), and on
mental disorders, including anxiety, autism, depres-
sion, and schizophrenia (Bravo et al., 2011; Bhattacha-
rjee and Lukiw, 2013; Douglas-Escobar et al., 2013).
However, administration of probiotics did not affect
stress-induced inflammatory reactions and cognitive
functions in recent experiments, in which healthy
male volunteers participated (Kelly et al., 2017).

To increase the therapeutic effect of probiotic
products, we created a new fermented probiotic
product (PP) with an increased content of metabolites
of probiotic bacteria (Sobol, C.V. and Sobol, Yu.Ts.,
2005; Sobol, 2017b). Stimulating the mechanisms of
intracellular signaling in different cells, PP increases
store-operated calcium entry and has the ability to
release intracellular calcium even in conditions of the
depletion of intracellular calcium stores by high
thapsigargin concentrations (Sobol et al., 2013; Sobol,
2017b). PP significantly stimulated capacitative cal-
cium entry in the PC-12 cells with Swedish double
mutation (K670M/N671L), with increased Аβ pro-
duction. Са2+ entry in nerve cells, observed during the
PP application (Sobol and Belostotskaya, 2015),
occurred not only through potential-dependent chan-
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nels, through which Ca2+ enters when microglia are
activated by prions and beta-amyloid (Silei et al.,
1999). Moreover, we observed no excitotoxicity phe-
nomenon when the spinal cord nervous tissue is stim-
ulated by PP, probably, due to the occurrence of neu-
ron desensitization mechanisms (unpublished).

It is known that a violation in Са2+ signaling is
observed in the nerve cells in Alzheimer’s disease, and
changes in Ca2+ homeostasis in the cell occur much
earlier than histological changes associated with Alz-
heimer’s disease appear (Bojarski et al., 2008). The
store dependent calcium entry in neurons is decreased
(Putney, 2000; Laferla, 2002; Gibson and Thakkar,
2017); it is apparently required to maintain the synap-
tic transmission stability (Zhang et al., 2016). An
increase in the concentration of Са2+ ions in endo-
plasmic reticulum of nerve cells, caused by mutations
in presenilin proteins and/or pathological changes
associated with the cell aging, is observed (Laferla,
2002; Gibson and Thakkar, 2017). These changes in
calcium signaling occur at the initial stages of the dis-
ease and can be involved in the processes of viola-
tion/loss of synaptic connections and probably viola-
tions in the brain neuroplasticity. With disease progres-
sion, beta amyloid oligomers also cause intracellular
calcium dysregulation, [Ca2+]i (Yu et al., 2009), which
leads to mitochondrial dysfunction (cytochrome C
release, swelling of mitochondria) and finally to apop-
tosis (Kim et al., 2002). Dysregulation of [Ca2+]i and
pore formation (Di Scala et al., 2016) can underlie the
mechanism of beta amyloid neurotoxicity (Mattson
et al., 1992; Laferla, 2002). Since an increase in the
store dependent Са2+ significantly decreases the pro-
duction of beta amyloid (Dreses-Werringloer et al.,
2008), it is possible that the use of PP can lead to a
decrease in the production of amyloid and normaliza-
tion of calcium homeostasis.

PP also stimulates basal respiration and causes
mild uncoupling of the electron transport and oxida-
tive phosphorylation in the rat heart mitochondria
(Sobol et al., 2013), thus decreasing the level of active
oxygen forms; this leads to a decrease in the oxidative
stress accompanying many neurodegenerative dis-
eases.

The growth of neuritis is a critical event in the
development of neurons, formation and remodeling of
synapses, in reactions to the damage and regenera-
tions. Changes in the hippocampus neurogenesis can
be considered as an integral part of Alzheimer’s dis-
ease (Maruszak et al., 2014; Oh et al., 2015). It was
previously demonstrated that PP stimulates neurito-
genesis and induces the differentiation of pheochro-
mocytoma cells (PC-12) in neuron-like cells (Sobol
et al., 2005). It cannot be ruled out that PP can have a
beneficial effect on neurogenesis.

PP stimulates the large intestine peristalsis (Sobol,
2017b), a violation of which is observed in old age and
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in Parkinson’s disease, long before the onset of motor
symptoms of neurodegenerative disease (Kim and
Sung, 2015). PP also has an antigenotoxic effect
(Sobol, 2015). Therefore, the prophylactic rectal route
of PP administration in the large intestine to improve
the intestine peristalsis and to decrease the toxic effect
of the stool is indicated both for elderly individuals and
for patients with neurodegenerative diseases (espe-
cially Parkinson’s disease).

As mentioned above, pneumonia is a frequent
complication in Alzheimer’s disease (Manabe et al.,
2016) and significantly increases the mortality of such
patients (Foley et al., 2015). It should be noted that
total pathogenic load on the organism increases with
age, the immune protection decreases; this increases
the risk of the development of neurodegenerative dis-
eases. PP has a significant antimicrobial effect and is
efficient against a wide range of pathogens (Sobol,
2017b). Simultaneously with the suppression of patho-
genic microorganisms, PP stimulates the immunity
and the growth of symbiotic microbiota (Sobol, 2017a,
2017b). Thus, PP has a complex effect on the organ-
ism, and it can be considered as the food with a poten-
tial to prevent and facilitate symptoms of neurodegen-
erative and accompanying diseases.

CONCLUSIONS

Involvement of microbiota in the intensity of
inflammatory processes, in incorrect protein folding,
amyloidosis, synucleinopathy, and accompanying
neurodegenerative diseases is the subject of further
studies. It becomes clear that the processes of the
development of neurodegenerative diseases are com-
plex, since the immune system, contact with patho-
genic and symbiontic microorganisms in pre- and
postnatal periods, genetic peculiarities of an individ-
ual, different stresses, the quality of internal and exter-
nal environment (the presence of herbicides, xenobi-
otics, antibiotics, etc.), pharmacological treatment,
and accompanying diseases are involved in these pro-
cesses. The impairment of the GI functions can pre-
cede long before neurodegenerative processes and be
caused by the effect of the central and/or enteric ner-
vous system as well as by the side effect of pharmaco-
logical drugs. Early diagnosis, detection, control, and
treatment of negative GI symptoms, including the
normalization of microbiota, can lead to a significant
improvement in the quality of life of patients with neu-
rodegenerative diseases.
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