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Abstract

Introduction: In recent years, the scientific evidence supporting a relationship between the
microbiota and various diseases has increased significantly; this trend has also been observed
for neurological diseases. This has given rise to the concept of the gut-brain axis and the
idea of a relationship between the gut microbiota and several neurological diseases whose
aetiopathogenesis is yet to be clearly defined.

Development: We review the role of the gut microbiota in the gut-brain axis and analyse
those neurological diseases in which alterations in the gut microbiota have been described as
a result of human studies: specifically, Parkinson’s disease, Alzheimer disease, amyotrophic
lateral sclerosis, neuromyelitis optica, and multiple sclerosis.

Conclusions: The body of evidence linking the gut microbiota to various neurological diseases
has grown considerably. Several interesting studies show a relationship between the gut micro-
biota and Parkinson’s disease, Alzheimer disease, neuromyelitis optica, and multiple sclerosis,
whereas other controversial studies implicate it in amyotrophic lateral sclerosis. Many of these
studies place considerable emphasis on modulation of inflammation, particularly by bacteria
capable of producing short-chain fatty acids. Despite these encouraging results, many questions
remain, and there is a need to demonstrate causality, determine the role of fungi or viruses,
and research possible treatment through diet, probiotics, or faecal microbiota transplantation.
© 2019 Sociedad Espanola de Neurologia. Published by Elsevier Espaia, S.L.U. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Papel de la microbiota intestinal en el desarrollo de diferentes enfermedades
neurologicas

Resumen

Introduccion: En los Ultimos afnos la produccion cientifica acerca de la microbiota y su
relacion con diversas patologias se ha disparado, hecho que se ha observado también entre
las enfermedades neuroldgicas. Fruto de estas investigaciones ha surgido el concepto del eje
intestino-cerebro, asi como la existencia de una relacion entre la microbiota intestinal y diversas
enfermedades neurologicas, muchas de las cuales sin etiopatogenia claramente definida.
Desarrollo: Se revisa la implicacion de la microbiota intestinal en el eje intestino cerebro, asi
como aquellas enfermedades neuroldgicas en que se ha descrito una alteracion en la microbiota
intestinal en estudios llevados a cabo en humanos, concretamente enfermedad de Parkin-
son, enfermedad de Alzheimer, esclerosis lateral amiotrofica, neuromielitis dptica y esclerosis
multiple.

Conclusiones: En la actualidad el cuerpo de evidencia que relaciona la microbiota intestinal
y diversas enfermedades neuroldgicas esta creciendo notablemente. Existiendo interesantes
estudios que relacionan la microbiota intestinal con la enfermedad de Parkinson, el Alzheimer, la
neuromielitis optica y la esclerosis multiple, asi como estudios controvertidos acerca del papel
de las bacterias intestinales en la esclerosis lateral amiotrofica. En muchas de estas relaciones
tiene un importante peso el papel de la modulacion de la inflamacion, especialmente de aquellas
bacterias capaces de producir acidos grasos de cadena corta. Aun quedan muchos interrogantes
por dilucidar, como realizar estudios disenados para demostrar causalidad, determinar el papel
de hongos o virus y los posibles tratamientos con dieta, probidticos o trasplante de heces.

© 2019 Sociedad Espanola de Neurologia. Publicado por Elsevier Espana, S.L.U. Este
es un art?culo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Introduction

At the beginning of the 21st century, 2 phenomena revolutionised
the role traditionally assigned to the microbiota in different states
of health and disease: the hologenome theory of evolution, which
attributed a major role to the microbiota in the physiology of
higher organisms,’2 and the development of metagenomics, which
improved the identification of microorganisms, eliminating the need
to grow them in cultures, which constitutes the main limitation of
the process.?

This led to a remarkable increase in the number of pub-
lished studies into the microbiota and in the number of functions
attributed to it, including central nervous system development and
maturation, and the development and modulation of the immune
response.* These studies introduced the concept of the *‘gut-brain
axis’’ and suggest an association between the gut microbiota and
various neurological diseases, whose aetiopathogenesis is unclear
in many cases.?

Gut-brain axis

The gut-brain axis is a bidirectional communication pathway
connecting the CNS, the gastrointestinal tract, and the gut
microbiota; it is mediated by products generated by bac-
teria, which act at the systemic level, and by endocrine
and neuronal mechanisms.®’ The alterations in CNS develop-
ment observed in axenic (germ-free) mice can be reversed
with microbial recolonisation at early ages; however, this
does not occur in adult mice, demonstrating the important
role of the microbiota in brain development.®°®

The gut microbiota interacts with the CNS by releas-
ing certain products into the intestines; these include
short-chain fatty acids (SCFA), secondary bile acids, and
tryptophan metabolites, which act in 2 different ways: prop-
agating bottom-up signals that start at the local level, or
crossing the intestinal barrier to enter the systemic circula-
tion, even acting on the CNS after crossing the blood-brain
barrier.’ We should underscore the role of tryptophan
metabolites, which use aryl hydrocarbon receptors to act
on astrocytes (neuroectodermal cells involved in a wide
range of CNS functions),’® and the influence of SCFAs on
blood-brain barrier permeability through modulation of the
expression of tight junction proteins.'

These microbial products enter the systemic circulation
and are able to modulate the immune system toward a more
inflammatory or tolerogenic environment, both locally and
at the CNS level, where SCFAs have extensively been shown
to influence the numbers and maturation of microglia,
the tissue macrophages of the CNS.'2'3 Immune modula-
tion occurs in both the innate and the adaptive immune
systems. '

This modulation is based on the products generated
after the metabolisation of different food components,
such as dietary fibre, tryptophan, or arginine, resulting
in polyamines, indols, and SCFAs; this can increase the
expansion of (tolerogenic) regulatory T cells, promote
an anti-inflammatory phenotype in dendritic cells, and
decrease the production of proinflammatory cytokines in
neutrophils and macrophages.’® The microbiota also regu-
lates the immune response by modifying host metabolites,
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such as secondary bile acids, which regulate dendritic
cells, macrophages, and natural killer cells, and through
metabolites produced de novo by bacteria, as is the
case with Bacteroides fragilis polysaccharide A, with
anti-inflammatory properties, or segmented filamentous
bacterium ATP, with proinflammatory properties.* '

The gut microbiota also modulates the hypothalamic-
pituitary-adrenal axis and catecholamine production and
activity. Studies with axenic mice have shown an increase
in adrenocorticotropin and corticosterone production in
response to stress and a decrease in brain-derived neu-
rotrophic factor levels, which normalise when the gut
microbiota is restored.'®' Regarding catecholaminergic
signalling, lack of gut microbiota causes changes in the
expression of serotonin 5-HT; receptors; turnover of
such neurotransmitters as serotonin, dopamine, or nore-
pinephrine; and changes in proteins that regulate the
development and function of neuronal synapses.?

From a neural viewpoint, the vagus nerve plays an
important role in this bidirectional axis; this nerve is the
main component of the parasympathetic nervous system,
which is able to detect different microbiota metabolites
and generate responses in the CNS, as well as cholinergic
responses to peripheral inflammation, resulting in alter-
ations in intestinal permeability and modulation of gut
microbiota composition.'®

As a result of these interactions between the intestine
and the brain, the gut microbiota is thought to influ-
ence emotion regulation, anxiety, cognitive function, and
different diseases, including autistic spectrum disorders,
attention deficit—hyperactivity disorder, Parkinson’s disease
(PD), Alzheimer disease (AD), stroke, epilepsy, multiple scle-
rosis (MS), and depression.'®'” We review the neurological
diseases that have been associated with the gut microbiota
in human studies.

Parkinson’s disease

Parkinson’s disease is a systemic neurodegenerative disease
secondary to a-synuclein deposition, which leads to Lewy
body formation and neuronal loss in the mesencephalic sub-
stantia nigra. This results in a clinical syndrome of motor
symptoms, mainly rigidity, bradykinesia, resting tremor,
and gait and balance problems, and non-motor symptoms,
including dementia, depression, anosmia, and gastrointesti-
nal disorders, particularly constipation.?’

PD has traditionally been thought to originate in the
intestine, subsequently propagating to the brain, based on
different observations, including increased «-synuclein lev-
els in the enteric nervous system and the appendix, the
association between a-synuclein expression and some infec-
tions, retrograde transport of a-synuclein through the vagus
nerve, the possible protective effects of vagotomy and
appendectomy, and the presence of constipation several
years before onset of motor symptoms.?’

PD has also been associated with small intestinal bac-
terial overgrowth, as measured with the breath test.
This finding is more prevalent in patients with PD and
has been linked to unpredictable fluctuations, delayed
response to levodopa or dose failure, longer off periods, and

poorer motor function. Furthermore, eradication of small
intestinal bacterial overgrowth is associated with improve-
ments in motor fluctuations with no impact on levodopa
pharmacokinetics.?%2

A recent meta-analysis observed greater prevalence of
Helicobacter pylori infection in patients with PD and poorer
clinical status in patients with the infection (as measured
with the UPDRS); H. pylori eradication was found to be asso-
ciated with clinical improvement.?

In the field of metagenomics, PD is by far the most exten-
sively studied of all neurological diseases.?”*° Only 2 of the
12 metagenomic studies conducted to date report changes
in the number of bacterial taxa (a-diversity); the results are
contradictory, however, since one study shows greater rich-
ness in patients with PD than in controls?® whereas the other
study reports the opposite.?’

The first metagenomic study, conducted in 2015, com-
pared 72 patients against 72 controls, finding decreased
abundance of Prevotellaceae and a positive correla-
tion between Enterobacteriaceae abundance and the
motor phenotype, particularly postural instability and gait
alterations.?® Alterations in these bacterial families were
also found in a study conducted a year later: Enterobacte-
riaceae were more abundant and Prevotellaceae were less
abundant in patients with PD than in controls; patients also
displayed lower concentrations of SCFAs (considered to be
anti-inflammatory).?

Four studies published between 2015 and 2017 found
an association between PD and certain gut microbiota
profiles. These findings demonstrate that certain microor-
ganisms that produce SCFAs (and therefore have an
anti-inflammatory profile) were more abundant in the fae-
ces of controls than in those of patients, whereas other
microorganisms with a more proinflammatory profile were
more abundant in the mucosa of patients with PD.?7-30.3!
Other researchers have also reported a decrease in the
abundance of hydrogen-producing bacteria and lower serum
lipopolysaccharide-binding protein levels in patients with
PD, which suggests greater intestinal permeability to this
lipopolysaccharide.>?

In PD, the microbiota profile has been linked to dif-
ferent bacterial metabolic pathways that affect xenobiotic
degradation: differences in the gut microbiota have been
observed between patients receiving different treatments,
which indicates that it may affect treatment toxicity and
effectiveness.*

Other studies aiming to establish an association between
symptoms and gut microbiota composition have found
changes in the abundance of certain taxa in patients with
poorer clinical profiles, more severe cognitive impairment,
gait alterations, postural instability,?®?® depression, and
REM sleep behaviour disorders.**

In addition to the cross-sectional studies previously cited,
another study with a 2-year follow-up period showed that
the abundance of certain taxa at the beginning of follow-
up was associated with poorer UPDRS scores, hallucinations,
delusions, and poor motivation or initiative; the authors con-
cluded that certain bacteria may predict the rate of disease
progression.

Lastly, a study into the virome of 31 patients not receiving
levodopa and 28 controls showed no significant differences
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in the abundance of prophages and plasmids, but did reveal
decreased total virus abundance in the patient group.3¢

Alzheimer disease

Although AD is the main cause of dementia, little is
known about its pathogenesis, aside from the presence
of B-amyloid plaques and neurofibrillary tangles of phos-
phorylated tau protein.>” Numerous microorganisms have
traditionally been associated with the pathogenesis of AD,
based on findings from autopsy studies; these pathogens
include Chlamydophila pneumoniae, Borrelia burgdorferi,
other spirochaetes, and herpes simplex virus type 1.3 An
association has also been suggested between periodontal
disease and B-amyloid accumulation in vulnerable brain
regions, as measured with amyloid PET imaging.*’

As is the case with PD, H. pylori infection has been linked
to the pathogenesis of AD. Patients with the infection have
been found to perform more poorly on the Mini—Mental State
Examination, verbal memory tasks, and serial digit learn-
ing tasks; the infection causes inflammation and even tau
hyperphosphorylation.“°

Research has been conducted into certain bacterial taxa,
known for their anti- or proinflammatory profiles, and
certain cytokines in patients with cognitive impairment,
classified according to presence of amyloid deposition.
Presence of amyloid deposits was associated with greater
abundance of proinflammatory taxa (Escherichia/Shigella),
which were in turn correlated with proinflammatory
cytokines, and with reduced abundance of Eubacterium rec-
tale and B. fragilis, 2 taxa with anti-inflammatory activity.*'

The association between the gut microbiota and AD has
also been addressed from a metagenomic perspective. A
study of a Chinese population compared 43 patients against
43 age- and sex-matched controls, and found differences at
different taxonomic ranks, from phylum to genus, suggesting
that the gut microbiota is altered in patients with AD.*?

These differences were also observed in another study of
25 patients with AD and 94 age- and sex-matched controls;
the researchers not only observed reduced microbial rich-
ness and diversity in the patient group, but also differences
in the abundance of phyla, with lower abundance of Fir-
micutes and greater abundance of Bacteroidetes, and such
genera as Bifidobacterium. Furthermore, the study found a
correlation between the 13 most abundant genera and CSF
levels of AD biomarkers (including AB4,/AB4o ratio, phospho-
rylated tau, and phosphorylated tau/AB4, ratio); the results
suggest a direct correlation between the more abundant
species and AD biomarkers in patients, and an inverse cor-
relation in controls.*

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive
disease characterised by degeneration of the upper and
lower motor neurons in the brain and spinal cord; this results
in focal weakness, which later progresses to affect most
muscles, including the diaphragm. The condition is fatal,
with patients dying of respiratory failure after a mean pro-

gression time of 3-5 years. Although the cause of ALS is not
well established, it is believed to involve both genetic and
environmental factors.*

The role of the gut microbiota as an environmental fac-
tor has been addressed in 2 metagenomics studies and in
another study using polymerase chain reaction techniques.
The latter study quantified certain bacterial genera in 50
patients with ALS and in 50 age- and sex-matched controls,
finding greater abundance of Escherichia coli and Enterobac-
teria and lower abundance of yeasts and Clostridium in the
patient group.®

In a previous study, published in 2016, a group of
researchers used metagenomics techniques to compare
microbial diversity in 6 patients with ALS and 5 controls,
and found differences in the Firmicutes/Bacteroidetes ratio
and in some genera defined by the authors as beneficial and
harmful microorganisms.“

However, the largest study into the gut microbiota in
ALS, including 25 patients and 32 age- and sex-matched con-
trols, did not find significant differences, except for a single
taxon (uncultured Ruminococcaceae) and the total number
of operational taxonomic units.*’

Neuromyelitis optica

Neuromyelitis optica (NMO) is a demyelinating disease that
mainly affects the optic nerve and spinal cord. Unlike in
the case of MS, the target antigen generating autoimmu-
nity is known in some patients with NMO. Three groups
of patients have been established: patients with anti-AQP4
antibodies, patients with anti—myelin oligodendrocyte gly-
coprotein antibodies, and seronegative patients. This has
led researchers to use the term ‘‘NMO spectrum disor-
ders.”’#® Patients with anti-AQP4 antibodies have been
shown to develop cross-reactivity to a homologous peptide
sequence within a protein of Clostridium perfringens, a bac-
terium found to be more abundant in patients with NMO
and able to generate a Th17 response, which is involved in
autoimmune diseases.*’>°

Research has also shown that patients with NMO spectrum
disorders present alterations in other taxa, and particularly
a significant increase in the abundance of Streptococcus,
which is corrected with immunomodulatory drugs. Studies
have shown lower faecal SCFA levels in these patients, and
a negative correlation between acetate and butyrate levels
and disease severity."

Multiple sclerosis

Multiple sclerosis is the most prevalent chronic inflamma-
tory disease of the CNS. This demyelinating disease results
from complex, dynamic interactions between the immune
system, glia, and neurons, resulting in intermittent symp-
toms and progressive neurodegeneration. While the cause of
MS is not well established, it is widely believed that genet-
ically predisposed individuals can develop the condition
when exposed to certain environmental factors, including
gut microbiota composition.'®->2
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The association between the gut microbiota and exper-
imental autoimmune encephalomyelitis, an animal model
of MS, is well established, based on evidence that the gut
microbiota modulates the immune response by regulating
the balance of Th1-Th17/Th2 cells, Treg cells, and humoural
immunity. "

Several studies support the association between the gut
microbiota and MS.? In 2015, a small study including 7
patients and 8 healthy controls, presenting certain method-
ological limitations, reported differences between patients
and controls at the genus level, as well as changes associated
with treatment.> A descriptive study conducted in Japan
and published the same year, including 20 Japanese patients
and 40 controls, found no differences in «-diversity but did
identify differences at the genus level in taxa involved in
SCFA production.® These differences in certain taxa have
also been observed in the North American population, both
in adults (31 patients and 36 controls)>® and in children (18
patients and 17 controls)®®; the latter study focused on the
genera involved in glutathione metabolism. In the paedi-
atric population, an inverse correlation has been observed
between the phylum Bacteroidetes and Th17 cells (which are
associated with autoimmunity), and a direct association has
been found between overall microbial richness and Th17.%”

In addition to the differences observed between patients
with MS and controls in microbial composition, a study
including 60 patients and 43 controls reported an association
between certain taxa and expression of immunity-related
genes, particularly those associated with dendritic cell
maturation, interferon signalling, and NF-kB signalling in
circulating T cells and monocytes.>?

Furthermore, 2 truly ground-breaking studies have been
published that combined case-control studies with in vitro
studies and studies of the experimental autoimmune
encephalomyelitis model; in these studies, researchers
colonised animals with certain taxa or with the microbiota
obtained from patients and controls, and subsequently eval-
uated disease progression. In the first of these studies,
including 71 patients with MS and 71 controls, the bacte-
rial taxa found to be more abundant in patients with MS
increased the inflammatory response both in vitro and in
mice monocolonised with those bacteria. In contrast, bac-
terial taxa found to be less abundant in patients were able
to stimulate differentiation to anti-inflammatory T cells
both in vitro and in monocolonised mice. Furthermore, mice
colonised with MS microbiota showed poorer progression
than those colonised with control microbiota.*® The second
study included 34 patients with MS and their unaffected
twins, who acted as controls. This study also found dif-
ferences between groups in the abundance of some taxa.
Furthermore, mice with spontaneous brain autoimmunity
colonised with faeces from patients presented a higher
incidence of autoimmunity and decreased IL-10 production
(anti-inflammatory).®°

The most recent study, published in 2018 and con-
ducted in the Spanish population, evaluated the differences
between patients with MS with and without treatment,
and included 15 patients receiving interferon beta-1b, 15
patients receiving no treatment, and 14 controls. In addi-
tion to differences in microbial taxa between patients with
and without the disease, differences were also observed
between treated and untreated patients in the abundance

of Prevotella copri, which has previously been suggested to
have a protective effect against MS. Patients receiving inter-
feron beta-1b presented a similar microbial composition to
that of controls; further research would address whether
treatment may revert dysbiosis associated with MS.°"

Conclusions

Recent years have seen a considerable increase in the available evi-
dence on the association between the gut microbiota and several
neurological diseases. Several interesting studies have suggested
an association between the microbiota and such conditions as PD,
AD, NMO, and MS, and some controversial studies have addressed
the role of intestinal bacteria in the pathogenesis of ALS. The gut
microbiota modulates the inflammatory state of lymphocytes, with
SCFA-producing bacteria playing a major role. Furthermore, the
microbiota has been linked to different biomarkers of AD.

With the exception of one study into PD, all the studies
conducted to date are cross-sectional, case-control studies, and
provide insufficient evidence to support a causal association.
Prospective studies are needed to demonstrate that the microbial
alterations observed in patients with neurological diseases are a
cause rather than an effect of the disease. Questions also remain
about the role of fungi and viruses within the microbiome, the role
of treatment with probiotics or fecal transplantation, the potential
benefit of reverting dysbiosis for the mature brain, and the useful-
ness of dietary interventions aimed at modulating the profile of the
gut microbiota.

Deeper understanding of the gut microbiota will enable novel
approaches to the prevention and treatment of neurological
diseases, a breakthrough comparable to the causal association
between H. pylori infection and peptic ulcer.
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