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Different bacterial families colonize most mucosal tissues in the human organism such
as the skin, mouth, vagina, respiratory, and gastrointestinal districts. In particular, the
mammalian intestine hosts a microbial community of between 1,000 and 1,500 bacterial
species, collectively called “microbiota.” Co-metabolism between the microbiota and
the host system is generated and the symbiotic relationship is mutually beneficial. The
balance that is achieved between the microbiota and the host organism is fundamental
to the organization of the immune system. Scientific studies have highlighted a direct
correlation between the intestinal microbiota and the brain, establishing the existence
of the gut microbiota—brain axis. Based on this theory, the microbiota acts on the
development, physiology, and cognitive functions of the brain, although the mechanisms
involved have not yet been fully interpreted. Similarly, a close relationship between
alteration of the intestinal microbiota and the onset of several neurological pathologies
has been highlighted. This review aims to point out current knowledge as can be found
in literature regarding the connection between intestinal dysbiosis and the onset of
particular neurological pathologies such as anxiety and depression, autism spectrum
disorder, and multiple sclerosis. These disorders have always been considered to be
a consequence of neuronal alteration, but in this review, we hypothesize that these
alterations may be non-neuronal in origin, and consider the idea that the composition of
the microbiota could be directly involved. In this direction, the following two key points
will be highlighted: (1) the direct cross-talk that comes about between neurons and
gut microbiota, and (2) the degree of impact of the microbiota on the brain. Could we
consider the microbiota a valuable target for reducing or modulating the incidence of
certain neurological diseases?

Keywords: gut microbiota, neurological disorders, gut microbiota-brain axis, enteric nervous system, anxiety and
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INTRODUCTION

The mammalian intestine hosts a microbial community
of approximately 1,000-1,500 bacterial species called the
“microbiota;” destined to evolve over the course of the host’s
life and over the generations and subject to environmental
changes. It has been amply demonstrated that the composition
of the intestinal microbiota is also influenced by diet, age,
lifestyle, and the presence of inflammatory processes (Na et al.,
2017; Kim and Jazwinski, 2018), so it is accurate to say that
the composition of the microbiota differs substantially from
individual to individual. The microbial genome sequences
contain approximately 3 x 10° genes, 150 times the length of the
human genome. In addition, the commensal microorganisms
that reside in the intestine exceed human somatic cells at a ratio
of about 10:1 (Na et al., 2017). In healthy adults, the microbiota
is primarily composed of five bacterial phyla: Firmicutes (79.4%),
Bacteroidetes (16.9%), Actinobacteria (2.5%), Proteobacteria
(1%), and Verrucomicrobia (0.1%) (Davenport et al., 2014).
Normally, the gut microbiota consists of a high diversity and
abundance of microbial populations, and this condition is known
as “eubiosis.” Over the span of a lifetime, a wide range of factors,
including an incorrect diet, sleep disorders, obvious pathological
conditions, drug abuse, pharmacological therapy, and many
others, can alter diversity and abundance of the microbiota
leading to a state of “dysbiosis” (Iebba et al., 2016). The symbiotic
relationship between the gut microbiota and the host organism
has been described as mutually beneficial: the host provides
the nutrients and a suitable habitat for the microbiota, while
the gut microbiota supports the hosts intestinal development
and maturation by providing nutrients. Therefore, a state of
co-metabolism is generated between the microbiota and the
host system (Obrenovich, 2018). Over the past 15 years, it
has been highlighted how the microbiota is able to control
and influence certain segments of the physiology of the host
such as the immune system, the digestive system, and the
brain (Morrison and Preston, 2016; Rooks and Garrett, 2016;
Dinan and Cryan, 2017). For example, the microbiota plays a
vital role in the formation of the host’s immune system, and
it can be said that there is real cross-talk between these two
districts, which allows the development of the host’s tolerance
to the harmless antigens of the microbiota. Studies in germ-free
animals (GF) have shown that the lack of the gut microbiota
leads to significant deficiency in the functioning of the immune
system (Belkaid and Harrison, 2017).

Until a few years ago, it was a common opinion that a
fetus developed in a completely sterile uterine environment
and that the first intestinal colonization occurred from birth
onwards. However, recent studies have disproved this conception
and have demonstrated the presence of microorganisms in the
placenta, amniotic fluid, and umbilical cord (Aagard et al.,
2014; Pelzer et al, 2017). It has been hypothesized that the
fetus begins to colonize its own developing gastrointestinal
tract by swallowing the amniotic fluid and the bacteria it
contains in the uterus. In addition, fetal and newborn meconium
contains microorganisms (Walker et al., 2017). It is only with
childbirth, however, that infants are exposed to most of the

microorganisms responsible for intestinal colonization and the
development of the microbiota. Moreover, the type of delivery a
newborn undergoes is very important since the initial intestinal
microbiota of the baby could resemble, in terms of composition,
the microorganisms with which it came into contact during
delivery. For example, following a vaginal birth, the baby
comes into contact with the vaginal microbiota, while following
a caesarean section the child comes into contact with the
epidermal microbiota (Shao et al., 2019). It has also been shown
that babies born through natural childbirth could develop a
more varied microbiota than babies born by cesarean section
(Nagpal and Yamashiro, 2018; Jagodzinski et al., 2019). Despite
microbial exposure in utero, most of the microorganisms that
will colonize the infant’s intestine are acquired after childbirth.
The initial colonization pattern is believed to be chaotic, and
numerous studies suggest that environmental factors and diet
are responsible for major changes in composition (Savage et al.,
2018). In a child, during the first phase of intestinal colonization,
the microorganisms present are predominantly aerobic, such as
Enterobacteria, Staphylococci, and Streptococci, many of which
have a pathogenic potential. Subsequently, microorganisms
become predominantly anaerobic. The composition of the
intestinal community continues to change during the first year
of life and thereafter in response to external factors such as
diet and the use of antibiotics (Hill et al., 2017). It has been
highlighted that a significant difference in the composition of
the baby’s intestinal microbiota occurs in relation to the type
of milk he drinks, the type of weaning he undergoes, and the
different types of foods he consumes (Brahm and Valdés, 2017).
Breastfeeding (BF) is the nourishment conceived by nature for
newborns and infants, although in the last decades, it is very
frequently replaced with various milk formulations (formula-fed,
FF). In general, it is possible to say that BF has proven to be a
protective factor for many inflammatory bowel diseases as well
as for neurodevelopment, while the use of the various types of
milk formulated for children has been shown to increase the risk
of intestinal diseases, following an incorrect formation of the
intestinal microbiota (Le Doare et al., 2018). BF infants have a
more uniform intestinal microbial population than FF infants.
This aspect has very important implications for the future of
the child: in fact, the study of the intestinal microbiota of a BF
newborn could furnish fundamental information on the correct
development of the immunitary system, the immune response
and tolerance and for the tendency to develop fewer allergic,
inflammatory, and autoimmune pathologies (Vieira Borba et al.,
2018). The composition of breast milk includes proteins, fats and
carbohydrates, as well as immunoglobulins, endocannabinoids,
and indigestible polysaccharides. Some of these polysaccharides
act as real prebiotics capable of selectively stimulating the growth
of beneficial bacteria (Sayres and Visentin, 2018); most of these
are Bifidobacteria, indispensable for strengthening the protection
of the intestinal mucosa through their specific activity against
pathogens and through the increase in immunoglobulin A,
related to the modulation of the intestinal immune system.
After weaning, the composition of the intestinal microbiota still
varies in relation to the type of feeding, while after 3 years of
life, in the absence of disturbances such as long-term dietary
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changes or the repeated use of antibiotics and drugs, the bacterial
composition of the intestinal microbiota remains approximately
stable until old age. In general, over the course of life, the
Bifidobacteria decrease while the Bacteroidetes and Firmicutes
increase (Derrien et al., 2019).

Much scientific evidence has suggested that the intestinal
microbiota maintains bidirectional interaction with critical parts
of the central nervous system (CNS) as well as the immunitary
system through both direct and indirect pathways (Petra et al,,
2015; Fung et al, 2017). In addition, intestinal microbiota
dysbiosis has been closely linked to various diseases, such
as obesity, type 2 diabetes mellitus, hypertension, necrotizing
enterocolitis, and many inflammatory bowel diseases (Weiss and
Hennet, 2017; Allaire et al., 2018). Moreover, the existence of a
close correlation between the intestinal microbiota and the brain
has become increasingly evident even though the mechanisms
involved are not completely clear: the existence of a gut-brain
axis has become the main focus of neuroscience (Cryan et al.,
2019). Evidence that dysfunction of the microbiota can play
a key role in the development of certain neurological diseases
is provided by the discovery that intervention that restores
microbiota health and integrity may have a positive influence on
the course, symptoms, and clinical conditions of said diseases
(Julio-Pieper et al., 2014; Patel and DuPont, 2015; Fiorentino
et al., 2016; Boyton and Altmann, 2019; Garg et al, 2019).
This is the main reason why the intestine is called the “second
brain” (Ali et al., 2019). In this direction, it would be interesting
to consider neurological disorders and pathologies related to
neurodegeneration, not as of being of “neural origin,” but rather
as being linked to other external factors, and the health of the
intestinal microbiota could be one of these factors. In the light
of what has been stated, it is clear how important the first
phase of intestinal colonization is. A consecutive question is,
“To what degree can proper intestinal colonization affect the
possibility of developing neurological disorders?” Therefore, the
main purpose of this review is to consider the alteration of
the microbiota as a likely cause of numerous neurological and
degenerative disorders.

In the following sections we will first deepen current
knowledge on the dysfunction of the microbiota in several
cerebral diseases, and their “non-neuronal origin”; later, we
will compare these scientific data with the classical knowledge
that identifies the brain as the primary cause of some specific
disorders. Our attempt, as already mentioned, will be to shift
the direction of the interpretation of these pathologies “from
the microbiota to the brain” instead of “from the brain to the
microbiota.”

NEUROLOGICAL DISORDERS AND
MICROBIOTA: FROM THE MICROBIOTA
TO THE BRAIN

Neurological disorders are diseases of the central and peripheral
nervous system that can impair the functioning of brain, spinal
cord, cranial and peripheral nerves, autonomous nervous system,
nerve roots, and neuromuscular plaque. The causes can be

many: (a) diseases due to gene alteration; (b) degenerative
diseases characterized by the progressive loss of populations of
neurons that are selectively vulnerable; (c) diseases of blood
vessels that may cause bleeding in the brain; (d) diseases
due to problems in the development of the nervous system;
(e) disorders due to injury to the spinal cord or brain; (f)
convulsive disorders; (g) brain tumors; (h) more or less severe
infections (Dugger and Dickson, 2017; Chi et al.,, 2018). Up
to now, neurological disorders have always been considered to
be a specific consequence of morphological and/or functional
alterations of some neuronal segment. In this review, we will
NOT consider them as such, but rather as the result of the
alteration of the gut microbiota. Three neurological disorders
will be explored below: anxiety—depression, autistic spectrum
disorder (ASD), and multiple sclerosis. Despite the fact that these
pathological conditions have completely different characteristics,
they seem to have some points in common:

e involve the CNS;

e can present themselves in pathological form at a very early
stage in life;

e are closely related to intestinal dysbiosis.

Can we identify intestinal dysbiosis as the actual cause of
some of these neurological disorders? Could intestinal dysbiosis
be considered to be the common denominator of the three
neurological disorders that we are considering? We will try this
approach with the help of current literary knowledge.

Anxiety and Depression

Anxiety and depression are psychiatric and neurological
disorders that occur in 25% of the global population. In addition,
these two pathological states seem to be closely related: in fact,
90% of patients with anxiety disorders also develop depression
and 85% of patients with depression show significant anxiety
(Bui and Fava, 2017). The phenomena of anxiety and depression
can occur as early as childhood or adolescence, as well as at
any other time in an individual’s life. These two pathologies,
both in early and late forms, considerably differ in terms of
clinical symptoms (Groeneweg-Koolhoven et al., 2017). In recent
decades, the increase in depressive symptoms has also led to an
increase in the number of teenage deaths from suicide (Jorm
et al., 2017; Matsumoto et al., 2017; Weinberger et al., 2018;
Twenge et al,, 2019). The states of anxiety and depression
are constantly associated with changes in the composition and
stability of the intestinal microbiota and this close correlation
has been studied (Dinan and Cryan, 2013; Tognini, 2017; Zhao
et al., 2018; Thomaz et al, 2019). In an important scientific
study on animal models, it was found that the transfer of the
microbiota from models with depression to that of other animals
deprived of their microbiota also determined the transfer of the
behavioral and physiological characteristics of the depression
(Kelly et al., 2016). Since it is currently widely accepted that our
intestinal microbiota is essential for brain processes (myelination,
neurogenesis, microglia activation, and psychological processes
such as mood and cognition) (Dinan and Cryan, 2016), the early
formation of a well-balanced microbiota and its maintenance
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throughout life seems to reduce the occurrence of a wide variety
of diseases, including behavioral and neuropsychiatric disorders
(Cenit et al., 2017). Childhood and adolescence are the most
dynamic and vulnerable periods in the life of an individual for
developing and achieving the composition of the microbiota and
certain events and conditions may be important contributors
including diet, drugs, stress, and infections (Borre et al., 2014;
Erny et al, 2015). Still, although the composition of the gut
microbiota may vary in adulthood as a result of the effects of
harmful or negative factors, the symbiotic link between the host
and microbiota are established early in life (Desbonnet et al.,
2015). Stress-related disorders encourage the increase of some
bacterial species (Kelly et al,, 2015). A study conducted on a
group of healthy students showed that, following an extremely
stressful period, fewer species of Lactobacillus were present in
the stool. Moreover, a condition of chronic stress induced in
mice reduced Lactobacillus, Eubacterium rectale, Lachnospira,
Butyricicoccus, Sutterella, and Faecalibacteria and increased
the number of pathogenic species Clostridium, Proteobacteria,
Actinobacteria, and Enterobacteriaceae (Tian et al., 2019). An
important and well-organized experimental work revealed that
an altered composition of the intestinal microbiota induced
in mice through the use of massive doses of antibiotics in a
period corresponding to the early adolescence of the animals,
led to alterations in cognitive function and the appearance of
symptoms related to anxiety and depression (Zeraati et al., 2019).
It has been suggested that the type of diet can have positive or
negative effects on depression: in particular, human studies have
shown that an inversely proportional correlation exists between
the consumption of omega-3 polyunsaturated fatty acids and
anxiety—depression; that is, the more the assumption of omega-
3, the less anxiety—depression (Grosso et al., 2014; Oppedisano
et al, 2020). Finally, treatment with different probiotics has
been particularly effective in reducing depressive behavior in
animal models. For example, the administration of a probiotic
cocktail, composed of Lactobacillus rhamnosus and Lactobacillus
helveticus, reduced their symptoms of depression and anxiety.

Autism Spectrum Disorder

ASDs include a set of alterations in neurological development
characterized by deficits in social interaction and
communication, and repetitive and stereotyped behavior.
ASD can vary in terms of symptomatic severity, varying from
mild to very severe. The main symptoms of ASD appear as
early as the first year of life and include delays in language
development, repetitive movements, very few interests, limited
or absent eye contact, limited sharing of feelings or interests,
significant discomfort arising from a change in routine, failure
to start and maintain conversations, strong attachments to
specific objects, excessive reaction to sounds or visual cues, loss
of interest in social relationships, and difficulty in engaging
in imaginary play. To date, there is no specific treatment
for these disorders and early medical behavioral therapy has
been shown to improve but not resolve problems relating
to mental capacity, language, and social ability (Howlin and
Magiati, 2017; Lord et al., 2018). ASD is a pathology with an
unclear and multifactorial etiology, yet several causes have been

identified, which include genetic anomalies, dysregulation of the
immune system, inflammatory processes, and interaction with
environmental factors (Famitafreshi and Karimian, 2018).

ASD disorders are often associated with gastrointestinal co-
morbidities and a large proportion of patients (23-70%) also
suffer from constipation, diarrhea, abdominal pain, flatulence,
and intestinal gas (Mulle et al., 2013). They are also associated
with food restriction and eating problems (such as “selective
and picky eaters” who show aversion to specific colors, textures,
odors, or other food characteristics) (Cermak et al., 2010). The
consequences of this are reduced dietary quality, nutritional
deficiency, and altered composition of the intestinal microbiota
(Berding and Donovan, 2016). Generally, the composition of
the intestinal microbiota of autistic children shows substantial
differences: the data in the scientific literature indicate overall a
reduction of Bacteroides with a ratio (% ASD children/% control
children) equal to 0.71; a reduction of Bifidobacterium with a
ratio equal to 0.52; a reduction of Escherichia coli with a ratio
of 0.3; an increase in Faecalibacterium with a ratio of 1.32; and
an increase in Lactobacillus with a ratio of 2.17. The presence
of Clostridium remains substantially unchanged (Tomova et al.,
2015). Although it cannot be said that there are specific bacteria
compatible and associated with the onset of ASD, it is clear
that these neurological disorders are accompanied by lower
levels of beneficial bacteria and higher levels of harmful bacteria
(Iglesias-Vazquez et al., 2020). It has been hypothesized that
the increase in Faecalibacterium in ASD children is responsible
for the progression of inflammatory processes, with increased
levels of type I interferon, and the alteration of the intestinal
barrier. In addition, the reduction of Bifidobacteria, the main
producers of lactic acid capable of suppressing the growth of
pathogenic bacteria, leads to an alteration of the immunitary
system (Hashemi et al., 2017). The reduction of Bifidobacterium
also results in reduced levels of short-chain fatty acids (SCFAs),
common in ASD children.

In ASD patients, an important correlation exists between
the aforementioned active neuropeptides and disability.
Their incorrect interaction involves a series of inflammatory
disorders, autoimmune conditions, neurodegenerative and
metabolic disorders, as well as problems regarding mood,
behavior, cognitive function, autistic spectrum dysfunction,
stress, and pain (Lerner et al., 2017). A likely mechanism could
be that proteic transducers escape from the gastrointestinal
tract and enter the bloodstream exerting a systemic effect
(Mead and Ashwood, 2015).

The bacteria that make up the gut microbiota and their
metabolites could play a critical role in the pathophysiology of
ASD (Xu et al.,, 2019). In fact, some experiments have shown
that patients who have had their intestinal microbiota remodeled
through the administration of antibiotics or bacterial transfer
therapy in the intestine, presented with attenuated symptoms
of ASD (Kang et al, 2017). The administration of probiotics
was sufficient to vary the composition of the microbiota and
to guarantee greater control of the intestinal barrier (Doenyas,
2018). The mechanisms studied so far that correlate the intestinal
microbiota with ASD disorders are manifold and concern
the breakdown of the integrity of the intestinal barrier, the

Frontiers in Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 616883


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Maiuolo et al.

Gut Microbiota and Brain Disorders

production of toxins, and the formation of intestinal dysbiosis
(Ding et al., 2017). Another extremely important aspect concerns
the increase in neurotoxins produced by the intestinal system
of ASD children that act distally on the brain (Yang and Chiu,
2017). It is also important to highlight the fact that the microbiota
and the metabolites formed by it are indispensable for the
maintenance of cerebral white matter and the integrity of the
blood-brain barrier (Golubeva et al., 2017).

Autoimmunity and Multiple Sclerosis

Innate immunity is the host’s first defensive line for eliminating
invading and foreign pathogens. Through this type of immunity,
in fact, critical mechanisms are activated for the rapid detection
and elimination of pathogens. This type of immunity does
not have immune memory and can only be based on specific
receptors, which have been selected during the evolutionary
process and which can only bind to the same unchanged
antigens. Conversely, adaptive immunity has evolved with the
aim of providing a vast repertoire of antigenic recognition
of self- and non-self-molecules. Adaptive immunity uses the
strictly regulated interaction between the cells presenting the
antigen and the B and T lymphocytes. These cells consequently
activate the immunological effector pathways in order to contrast
the specific pathogen. In addition, adaptive immunity has
an immunological memory capable of recognizing an antigen
that has already been encountered and destroying it (Vatner
and Janssen, 2019). Autoimmunity occurs when the immune
system loses self-tolerance and begins to counteract its own
molecules and cells. If this characteristic of immunological
imbalance persists constantly in the body, more or less
serious autoimmune diseases develop (Stetson, 2018). Multiple
sclerosis (MS) is a demyelinating autoimmune disease of the
nervous system and is characterized by chronic inflammation,
breakdown of the BBB, and infiltration of immune cells into
the CNS. The latter lead to the destruction of the myelin
sheath with axonal loss and progressive disability (Matveeva
et al, 2018; Maiuolo et al, 2019ab). In general, it has
been shown, in fact, that in MS, the inflammatory process
involves T lymphocytes, CD4 and CD8, B lymphocytes, activated
monocytes, and astrocytes. Oxidative stress was also a key
factor in the pathogenesis of MS: in particular, macrophages
and microglia produce reactive oxygen species (ROS) and
reactive nitrogen species (RNS) and secrete pro-inflammatory
cytokines. These conditions develop neurodegeneration and
excitotoxicity (Corasaniti et al., 2007; Oppedisano et al., 2020).
It is clear, therefore, that MS is a multi-factorial pathology
and genetic, environmental, and immunological factors are
included in its etiology. Multiple sclerosis appears particularly
in young women (female:male ratio = 3:1), especially in those
women who have suffered intestinal disorders since birth (Jose
et al., 2018; Sauma and Casaccia, 2020). It has been recently
shown that an alteration of the intestinal microbiota leads to
over-stimulation of immune cells with a higher incidence of
the development of autoimmune diseases such as rheumatoid
arthritis, systemic lupus erythematosus, and MS (Brown et al.,
2019). In particular, there is increasing evidence (found in
animal models) according to which there is a relationship

between the type of intestinal microflora and the progression of
MS. According to these scientific data, autoimmune reactions
can be produced by molecular mimicry and by the excessive
production of lymphocytes (Chu et al,, 2018). Compared to
healthy controls, patients with MS show a decrease in the
proportion of Faecalibacterium and Fusobacterium and an
increase in Escherichia, Shigella, Clostridium, Eubacterium rectal,
Corynebacterium, and Firmicutes (Tremlett et al, 2016a,b,c
Tremlett and Waubant, 2017). Some metabolic by-products of
the intestinal microflora activate the transcription of the gene
foxp3, responsible for the codification of the FOXP3 protein, a
transcriptional regulator also known as scurfin; FOXP3 binds
to the promoters of the genes involved in the development and
regulation of T-cell receptors, promoting the attenuation of the
immune response (Zhang et al,, 2019). These microbiota by-
products include SCFAs, responsible for activating the FOXP3
pathway and modulating the immune response. When intestinal
dysbiosis occurs, this whole regulatory process decays and
pathways that lead to autoimmunity are triggered (Khan and
Ghazanfar, 2018). In some scientific papers, it has been shown
that Bacteroidetes, present in the intestinal microbiota, produce
lipid 654, which behaves as a ligand for human and mouse
Toll-like receptor 2 (TLR2), a toll-like receptor with a role in
the immunitary system (Selmi, 2017). An important scientific
study showed that lipid 654 was present in the serum of all
the healthy subjects examined. Conversely, extremely low lipid
levels were found in MS patients, indicating, for the first time,
this lipid as a serum biomarker of MS (Farrokhi et al., 2013;
Browne et al., 2019). There are some bacteria, such as Clostridium
perfringens, which produce natural toxins that are involved in
the early stages of MS (Wagley et al.,, 2019). These toxins are
absorbed by the intestine, enter the bloodstream, and cause
symptoms typical of those that occur in more or less the early
stages of MS, such as blurred vision, lack of coordination, or
spastic paralysis (Tsunoda, 2017). The suspicion that these toxins
could be the potential cause of MS was already described in
the 90s, since man is not a natural host of C. perfringens, but
becomes so in the case of intestinal dysbiosis, which allows this
bacterial family to gain the upper hand (Savva et al., 2019).
The migration of these toxins to the CNS occurs precisely
as a result of their binding to the receptors present in the
vascular system and, in this way, they are conveyed to the
myelinated and non-myelinated areas of the brain (Anwar et al,,
2019). Experimental MS patients showed an exacerbation of
their intestinal balance following the administration of first- and
second-line drugs recommended for this pathology. This worsens
the picture of the already-compromised microbiota. For example,
the administration of the drug Glatiramer Acetate induces
a reduction in the “good” Bacteroidaceae, Faecalibacterium,
Lactobacillaceae, and Clostridium as compared to untreated
patients (Abdurasulova et al., 2018). BE as already mentioned,
provides the child with a fundamental matrix of immune
information regarding the formation of his microbiota. The
data available in literature show a clear link between BF and
the reduced development of some autoimmune diseases such
as MS, diabetes, and celiac disease (Vieira Borba et al., 2018).
However, further scientific studies are needed to understand
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the mechanisms behind this link. To date, this correlation is
also supported by the discovery that in patients with MS the
administration of specific probiotics manages to increase several
bacterial taxa of the intestinal microbiota that are normally
reduced and/or absent. At the immune level, the administration
of specific probiotics induces an anti-inflammatory response
with the consequent reduction of inflammatory cells, such as
monocytes and dendritic cells (Tankou et al., 2018).

CLASSICAL KNOWLEDGE OF
ANXIETY-DEPRESSION, ASD, AND MS:
BRAIN ORIGIN OF DISEASES

Neurodegenerative diseases are characterized by progressive
dysfunction and loss of neurons, which leads to the distinct
involvement of a particular functional system. In normal
physiological conditions, the death of neuronal cells is mainly
limited to the result of aging. In fact, mature neurons have the
ability to manage and overcome different stressful conditions in
order to maintain cellular homeostasis (Kole et al., 2013; Maiuolo
et al., 2020). However, in diseases, the loss of specific neurons of
the brain is a fundamental pathological characteristic (Kovacs,
2017) and cell death is the final destiny for a neuron that has
accumulated more stressful events than it can recover from: this
condition is commonly present in neurodegenerative diseases
(Hollville et al., 2019).

For this reason, neurodegenerative diseases can be classified
according to (1) the clinical characteristics they present; (2) the
anatomical distribution of the neurodegeneration in act; and (3)
the main molecular abnormalities encountered (Chi et al., 2018).
A common element of many neurodegenerative diseases are
aberrant protein aggregates, and their location and composition
vary in different diseases (Dugger and Dickson, 2017). Loss
of neurons can be appreciated in most neurodegenerative
diseases, including Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease, and amyotrophic lateral sclerosis
(SLA). Until now, anxiety—depression, AD, and MS have all
been considered to be disorders, the onset of which is mainly
neurological in origin and have been addressed and treated
as such. Below, we will describe our principal knowledge of
these pathological disorders, the recommended therapies, and the
scientific limitations known so far. Anxiety and depression are
considered neuropsychiatric disorders and are found in normal
cerebral conditions—that is, in the absence of morphological
alterations—yet with reduced activity (Marwood et al., 2018).
Although the causes of anxiety—depressive disorders are not yet
known, it is believed that stress and genetic predisposition are
essential factors. In general, stress activates the adrenal glands
and leads to the overproduction of cortisol, which chronically
stimulates certain brain structures such as the hippocampus
and amygdala. This hyperstimulation reduces the volume and
functionality of these districts by favoring the onset of the
symptoms of anxiety and depression (Fiksdal et al., 2019).
Some scientific studies have reported volumetric modifications of
parts of the brain in patients suffering from anxiety-depressive
symptoms: conducted measurements through nuclear magnetic

resonance (NMR) and positron emission tomography (PET)
showed a reduction of the amygdala-hippocampus complexes
and prefrontal cortexes of these patients as compared to the
control group (Gupta et al., 2019). Following pharmacological
therapy, the morphological and functional recovery of the
aforementioned anatomical structures was found, and in
animal models, the antidepressant therapy determined the
multiplication of stem cells in the hippocampus and in the
amygdala (Ebrahimi-Ghiri et al., 2019). Nevertheless, it is
important to emphasize that pharmacological therapy does not
completely solve anxiety—depressive symptoms (Akil et al., 2018).
The anxiety-depressive syndrome is considered prodromal for
numerous neurological diseases of degenerative, inflammatory,
or vascular nature: in fact, patients suffering from “neurological
depression” may develop these diseases more frequently than the
general population. Some epidemiological studies have shown the
existence of a bi-directional relationship between neurological
disorders and depressive disease: PD, AD, and epilepsy are
often preceded by episodes of anxiety—depression (Jacobson and
Newman, 2017; Pede et al., 2017; Steffens, 2017). Therefore
anxiety—depression can be considered to be a risk factor for
neurological disorders. To date, behavioral-cognitive therapy is
the first-line treatment for depression and anxiety disorders,
although it has been shown to be ineffective in 50% of patients
(Cuijpers et al., 2014; Leuzinger-Bohleber et al., 2019), since few
patients receive high-quality therapy. In fact, most affected people
obtain non-optimal results in terms of inadequate dosages, the
appearance of side effects, and interaction with drugs taken
for other diseases. Many are not treated at all (David and
Gourion, 2016). Psychological intervention through drug therapy
is particularly recommended, and these associated therapies have
shown benefits for the treatment of both depression and anxiety
(Tolin, 2017; Marwood et al., 2018).

As has already been described, ASD is a pathology with an
unclear and multifactorial etiology: in fact, among the causes
considered to date, there are genetic abnormalities, dysregulation
of the immune system, inflammatory processes, and interaction
with environmental factors. Precisely for this reason, the
diagnosis of this disorder is particularly problematic. Neural
systems, involved in ASD, include the upper right temporal
area, amygdala, prefrontal cortex, hippocampus, and Broca
area, responsible for emotions, memory motor coordination,
phonological processing, and executive functions. It follows that
a certain vulnerability in the socio-behavioral system may be
a risk factor for ASD (Ecker et al., 2015). To date, there is
no specific treatment for these disorders and early medical
behavioral therapy has been shown to improve, but not solve,
deficits in mental capacity and linguistic and social abilities
(Howlin and Magiati, 2017; Lord et al, 2018). In addition,
support services are overburdened or insufficient (Shattuck et al.,
2012; Hollocks et al., 2019). ASD not only involves affected
patients and their families but also has an economic impact
on overall spending: in fact, there are significant direct costs
associated with ASD, which include expenses related to provision
of special education, housing, and medical care programs, and
indirect costs such as loss of productivity affecting individuals
with ASD (Buescher et al, 2014). At present, the prevailing
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practice follows a pattern of “wait and see” (whether delays
worsen the situation or allow it to resolve itself) or “wait to
fail” (identification occurs when ASD is established). It has been
shown that over 50% of children with ASD do not receive
a correct diagnosis before the sixth year of age and today
scientific knowledge is aimed at determining a more precocious
intervention (Baio et al, 2018). For most people, the obvious
symptoms of ASD will not become apparent until childhood or
later with the first problems being reported at around 32 months
of life. Differences in social communicative characteristics will
gradually emerge during the second year, so it would be difficult
to act more quickly than the known practice (Estes et al., 2015;
Sacrey et al., 2019). The North American Prodrome Longitudinal
Study (NAPLS) has considered the possibility that young patients
with ASD may develop a full-blown psychosis during their
lifetime. The results obtained showed a correlation between
ASD and psychosis in 18% of patients with ASD. However, due
to the difficulty of the study, which tends to follow enrolled
patients for a long time, there is a need to expand research
(Foss-Feig, 2019).

Multiple sclerosis, as has already been said, is an autoimmune
inflammatory disease that affects the CNS, brain, and spinal
cord, characterized by demyelination and axonal loss. Although
the etiology of MS remains unknown it is a common opinion
that the disease is caused by an immune dysregulation
triggered by genetic and environmental factors. The loss of
function of the axons classifies MS as both a progressive
and degenerative disease. Current pharmacological therapy
includes the administration of anti-inflammatory corticosteroids,
immunomodulators, or humanized monoclonal antibodies, all of
which could help to alter the course of the disease. In summary,
we can say that significant progress has been made in the area of
MS therapy, but testing should continue in order to increase the
arsenal of new therapeutic agents that can prevent or minimize
the neuronal and/or axonal degeneration that occurs. Because
of the innumerable, indefinite causes of this disease, there is a
tendency to consider it neurological in origin, since the main
symptoms lie in this seat. It would be well, however, to start to
change the classic point of view.

MICROBIOTA-BRAIN COMMUNICATION

Recent scientific literature has highlighted the close correlation
existing between the intestinal microbiota and brain development
as well as a correspondence between alteration of the intestinal
microbiota and the onset of some neurological pathologies
such as anxiety and depression (Strandwitz, 2018), PD, AD
(Sun and Shen, 2018), multiple sclerosis (Berer et al., 2017),
cerebral ischemia (Nam, 2019), and ASD (Fattorusso et al.,
2019). Based on these scientific findings, it is clear that any
form of intestinal dysbiosis is able to favor the development
of neurological diseases. For just this reason, it is fundamental
to know and understand the instruments of dialogue that exist
between the intestine and the brain. The intestine can interact
with the brain through direct communication, which includes
three main mechanisms:

e the enteric nervous system;
o the enteroendocrine cells (EECs) of the gut;
e neurotransmitters produced by the gut microbiota.

Enteric Nervous System

Functional aspects of the gastrointestinal tract such as peristaltic
movements, the transport of substances, and the local flow of
blood are all regulated by a network of neuronal ganglia known as
the enteric nervous system (ENS) (Furness, 2000; Furness et al.,
2004). It is known that the neurons of the ENS communicate
with each other using the same “language” as in the CNS (Giuffre
etal., 2020). The ENS consists of two ganglion plexuses composed
of neurons and glia that regulate a variety of gastrointestinal
functions and are essential for life (Furness, 2006). These plexuses
are located between the layers of the gastrointestinal tract and are
characterized by about 20 subtypes of neurons that differ by the
expression of several neuropeptides (Furness, 2000; Furness et al.,
2004). The ENS shares many features with the brain, including
the production of neurotransmitters that are used for synaptic
transmission, the ultrastructural features present in neuron-glia
interaction, and transcriptional programs (Rao and Gershon,
2016; De Vadder et al., 2018). The ENS is capable of operating
independently of the brain and spinal cord, but, in healthy
subjects, it works in collaboration with them together with input
from the vagal, sympathetic, and parasympathetic systems. This
is in order to regulate many gastrointestinal functions, such as
motility. This direct cross-talk makes the ENS an important target
for the pathogenesis of many neurological disorders (Liddle,
2018), and its dysfunction is related to gastrointestinal disorders
including severe constipation, anorexia, and gastroparesis. It is
also interesting to note that these symptoms are all common
in patients with neurological conditions (Chalazonitis and Rao,
2018). The hypothalamic-pituitary—adrenal axis interacts with
intestinal epithelium cells via the vagus nerve. Some preclinical
studies have shown that the vagus nerve plays a central role in
neural communication between the microbes of the intestine and
centrally mediated behavioral effects. In particular, following a
vagotomy performed early in childhood, these subjects had a
lower risk of developing neurological disorders (Svensson et al.,
2015). Vagus nerve stimulation is a medical treatment used to
treat epilepsy and other neurological conditions and consists in
the application of appropriate electrical impulses to the nerve.
It is assumed that these electrical impulses exert antiepileptic
(Fornai et al., 2011), antidepressant (Sackeim et al., 2007), and
anti-inflammatory action by altering the nerve excitability in the
cells involved (Breit et al., 2018). A close correlation between the
ENS and the microbiota has been demonstrated by the reduced
number of enteric neurons and intestinal motility observed in
GF mice (McVey Neufeld et al.,, 2012). In addition important
experiments have shown an intrinsically attenuated excitability
in afferent primary neurons together with a defective intestinal
mucosa in GF mice, despite the development and continuous
influx of the ENS (Kabouridis et al., 2015). It is interesting to
note that with the administration of the conventional microbiota,
the recovery of GF mice saw the density and physiology of the
ENS in the intestine normalized (Kashyap et al., 2013). Every
microorganism can have a different effect on the ENS: some
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commensal bacteria may have a local effect interacting with the
ENS, while pathogenic bacteria benefit from the ENS by creating
an environment more suited to their growth and advantageous
for their effects (Giuffre et al., 2020). The control exercised by
the gut microbiota takes place through the vagus nerve and the
ENS (Borre et al., 2014; Kaelberer et al., 2018): classic examples
are provided by the bacteria Lactobacillus rhamnosus, which
can modulate anxious behavior, and Bifidobacterium longum
NCC3001, which exerts anxiolytic effects. It has been shown in
mice that these effects are lost after vagotomy (Bercik et al.,
2011; Bravo et al,, 2011). The microbiota supports the ENS
formed at birth and participates in its homeostasis throughout
adult life. In fact, in GF mice, it has been shown that the
ENS is highly compromised especially in those areas where
bacteria are normally found. Increasing evidence shows that
some neurodegenerative diseases such as PD can originate in the
intestine and spread to the brain by means of the vagus nerve
(Klingelhoefer and Reichmann, 2017). The possibility of a close
correlation between the dysfunction of the ENS, the microbiota,
and the diseases of the CNS has been considered, even if this
hypothesis must be further analyzed and deepened.

Enteroendocrine Cells

EECs reside within the mucosa of the gastrointestinal tract
and are electrically excitable. These cells produce more than 20
peptides/hormones in response to signals generated by nutrients,
non-nutrient chemicals, food-born toxins, and microorganisms
in the bowel lumen (Furness et al., 2013). They influence a variety
of physiological functions including digestion and absorption
of nutrients, defense responses against harmful/toxic substances,
and food aversions (Latorre et al., 2016). These secreted products
can act locally, through a paracrine mechanism that activates
other EECs, they can be released into the bloodstream, reaching
distant targets, or they can act directly on nerve endings near
the release site. It is well known that EECs possess many
characteristics similar to those of neurons: among these, it
is appropriate to remember the receptors of neurotrophins, a
family of proteins that induces the survival, development, and
function of neurons, and pre- and post-synaptic proteins (Janssen
and Depoortere, 2013). The expression of synaptic proteins
increases the possibility that the EECs will come into contact
with the nerves; there is also a neural circuit that connects the
intestinal lumen with the nervous system (Kaelberer et al., 2018).
Therefore, it can be said that the EECs represent the first level
of integration from the intestinal lumen to the brain capable
of generating appropriate functional responses. In particular,
the vagal afferent pathways transmit stimuli generated by the
EECs to the brain, representing an intermediate station in the
bidirectional communication of the brain-intestine axis (Al
Omran and Aziz, 2014). A detailed list of EECs, their location,
and secreted hormones is shown in Table 1.

Neurotransmitters Produced by the Gut

Microbiota
The intestinal microbiota is also able to synthesize many
neurotransmitters such as dopamine, serotonin, norepinephrine,

TABLE 1 | EEC subtypes, localization, and secreted hormones (taken and
modified from Grochowska et al., 2019).

Major cell types Localization Maijor secretory Function
hormones
A (X-like) Pancreas Ghrelin o Appetite control
G cell Stomach, Gastrin o Gastrin secretion
duodenum
D cell Pancreas, Somatostatin o Gastrointestinal
stomach, hormone release;
intestine e Gastrointestinal
motility;
e Mucosal immunity
L cell lleum, colon, Glucagon-like e Appetite control;
duodenum Peptide-1; e Gastrointestinal
Glucagon-like motility;
Peptide-2; e Energy homeostasis
Peptide YY (PYY);
K cell Stomach Gastric inhibitory e Insulin secretion
peptide (GIP)
| cell Duodenum Cholecystokinin e Appetite control;
(CCK); o Gastrointestinal
motility;
e Bile acid and
digestive enzyme
release;
e Mucosal immunity
Enterochromaffin ~ Small intestine, ~ Serotonin (5-HT) e Appetite control;
cell colon, appendix e Gastrointestinal motor
and secretory function;
e mucosal immunity
N cell Small intestine Neurotensin e Gastrointestinal
motility;
e Mucosal immunity
M cell Peyer’s patches  Motilin e Gastrointestinal
motility
S cell Small intestine,  Secretin o Acidity;
duodenum e Body fluid
homeostasis
Enterochromaffin-  Gastric glands Histamine o Acidity;
like cell e Mucosal immunity

and 8-amino butyric acids (GABA) that also exercise their
own effects on the brain. For example, Bifidobacterium infantis
has been shown to elevate tryptophan levels in blood plasma
and thus influence central serotonin transmission; Lactobacillus
and Bifidobacterium can produce GABA; Escherichia, Bacillus,
and Saccharomyces spp. can produce noradrenaline; Candida,
Streptococcus, Escherichia, and Enterococcus spp. can produce
serotonin; Bacillus can produce dopamine; Lactobacillus can
produce acetylcholine (Lyte, 2014). These neurotransmitters
can go through the mucous layer of the intestine and enter
the bloodstream, but they are not able to cross the blood-
brain barrier. The impact on brain function, therefore, could
be indirect by acting on the enteric nervous system (Dinan
and Cryan, 2017). SCFAs, which include butyrate, propionate,
and acetate, are essential metabolic products of gut microbial
activity and may affect the brain, energy balance, and metabolism
(Dinan et al., 2015). In addition, SCFAs have neuroactive
properties. High doses of propionate, in young rats, induced
a neuroinflammatory response and behavioral alterations while
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FIGURE 1 | Role of early colonization. In this cartoon the role of early colonization is shown. In particular, when the colonization is caratecrized by appropriate and
beneficial bacteria the health status is mantained. On the contrary, whether bad bacteria early colonize the intestinal tract we can have damages in this organ and

probably probably a predisposition to onset of some neurological diseases.

butyrate reduced the depressive behavior, exerting an effect on
the CNS (Foley et al,, 2014). To date, it is known that SCFAs act
preferably as epigenetic modulators through histone deacetylases
(Stilling et al., 2014). The gut-brain axis has another signaling
pathway that involves immunity through cytokines. Cytokines,
produced in the intestine, can flow into the bloodstream and,
under altered conditions, can affect areas of the brain such as the
hypothalamus (El Aidy et al., 2014).

DISCUSSION AND CONCLUSION

This review summarizes the knowledge, to date, on the
importance of the intestinal microbiota and how the intestinal
bacterial component manages to communicate with the brain
(Quigley, 2017). In particular, the continuous cross-talk existing
between the intestine and the brain and how the intestinal
microbiota maintains constant and continuous interaction with
the nervous system is highlighted. Intestinal dysbiosis, in fact, is
directly involved in many brain disorders (Westfall et al., 2017;
Russo et al.,, 2018). The causes of neurodegenerative diseases
are still unknown, but it is certain that several factors including
genetics, lifestyle, and aging play key roles. For example,
healthy intestinal barrier function seems crucial for maintaining
neurological health (Di Meo et al., 2018) and studies have been
conducted to assess microbial composition in patients suffering
from neurodegenerative diseases (Mohajeri et al,, 2018). The
microbiota is able to determine the severity of neurodegenerative
diseases through two mechanisms:

e immuno-mediated neurodegeneration (Chen et al., 2016;
Dombrowski et al., 2017);

e direct effect of metabolites (GABA, histamine, dopamine,
norepinephrine and serotonin) on cells of the CNS
(Corasaniti et al,, 2007; Bano and Ankarcrona, 2018;
Strandwitz, 2018).

In PD, it is interesting to observe that the compromised
parts are the most caudal of both the CNS and the enteric

nervous system (Clairembault et al., 2015). For this reason,
the intestine and its effects on the CNS were investigated and
many researchers are trying to evaluate whether PD begins in
this organ; what is certainly undisputed is the role of the gut
microbiota in the pathology of PD. In humans there are data
showing that in the pathophysiology of PD, truncal vagotomy
reduces the risk of PD (Perez-Pardo et al., 2017; Lionnet et al.,
2018). Several alterations in the composition of the microbiota
have been found in patients with PD which include a reduction
in Firmicutes, Clostridium saccharolyticum, Clostridium leptum,
and Faecalibacterium. In addition, a reduction of Prevotella
occurs in the early stages of PD and could work as a biomarker
for PD (Keshavarzian et al., 2015; Hill-Burns et al., 2017; Hopfner
et al., 2017; Petrov et al, 2017). In the light of this scientific
evidence, we can state that the bacterial composition of the colon
may be predictive for PD (Li et al., 2017), although further
assessments should be conducted.

Several studies in recent years have been carried out and have
highlighted the involvement of the intestinal microbiota in the
onset and pathophysiology of AD (Hu et al., 2016; Jiang et al.,
2017). In particular, significantly decreased Clostridium leptum
and Clostridium saccharolyticum were observed in AD as well as
an increased Bacteroidetes phylum and Alistipes genus (Gerhardt
and Mohajeri, 2018). A disbiotic intestinal microbiota produces
and releases a mixture of metabolic products that increase the
production of cytokines and inflammatory mediators. These
compounds induce the amyloid aggregation present in AD by
accumulating AP, hyperphosphorylating the Tau protein, and
inducing chronic inflammation in the brain. In addition, during
aging, regenerative capacities are reduced, leading to an increase
in neurodegenerative processes and the clinical manifestations of
dementia (Penke et al., 2017).

Among neurological disorders, three pathological conditions
have been examined that occur very commonly in the population,
which are closely related to the alteration of the microbiota and
which can appear at early or very early times in life. These
three pathologies are anxiety and depression, autism spectrum
disorders, and multiple sclerosis, and despite having completely
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different specific characteristics, they have the following points in
common:

e are diseases related to the malfunction of the nervous
system;

e are closely related to intestinal dysbiosis;

e occur in pathological form in a very early period of
life: the phenomena of anxiety and depression can occur
as early as childhood or adolescence, but also at any
time in an individual’s life. Autism spectrum disorders
develop and appear during the first year of life. Multiple
sclerosis appears particularly in young women (female:male
ratio = 3:1), especially in those women who have had
intestinal disorders since birth (Sauma and Casaccia, 2020).

This review does not intend to focus attention only on the
close gut-brain communication, which is already well-known
and studied in-depth, but intends to look at this problem from
an identical but opposite perspective, and that is: “What if these
pathologies actually had a non-neural onset?” and “Is it possible
that these pathologies develop due to an altered microbial
composition in the gut?”

If so, an evaluation of the intestinal microbial composition
would be fundamental as an early preventive tool against brain
diseases. The moment of intestinal colonization, during the very
early stages of life, could be fundamental and determinative; in
fact, if this process were to occur inadequately, an imbalance
in the composition of the microbiota would be set off, which
could persist throughout life. So, another vital question is: “How
important is the breastfeeding process?” This type of feeding
could provide the infant with an already mature and balanced
“immune culture” capable of reacting promptly to a wide variety
of external pitfalls.

In this direction, it could try to cure not the neurological
cause, but directly correct the composition of the microbiota. So,
whenever there are any dysbiosis conditions present, it would be
desirable to:

e carry out prenatal and neonatal screening to find out
the exact composition of the microbiota and in case
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should be investigated thoroughly. This hypothesis is represented
in Figure 1.

AUTHOR CONTRIBUTIONS

JM and VMo conceptualized and designed the manuscript. JM,
MG, and VMo wrote the manuscript. RM, FO, SN, FB, VMu,
CC, FS, MS, EP, SR, MZ, and CM revised the manuscript
critically. All authors contributed to the article and approved the
submitted version.

FUNDING

The work has been supported by the public resources from the
Italian Ministry of Research. This work has been supported by
PON-MIUR 03PE000_78_1 and PON-MIUR 03PE000_78_2.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2021.616883/full#supplementary- material

Allaire, J. M., Crowley, S. M., Law, H. T., Chang, S. Y., Ko, H.J., Vallance, B. A., et al.
(2018). The intestinal epithelium: central coordinator of mucosal immunity.
Trends Immunol. 39, 677-696. doi: 10.1016/}.it.2018.04.002

Anwar, Z., Regan, S. B, and Linden, J. (2019). Enrichment and detection
of Clostridium perfringens toxinotypes in retail food samples. J. Vis. Exp.
152:¢59931.

Baio, J., Wiggins, L., Christensen, D. L., Maenner, M. J., Daniels, J., Warren, Z.,
et al. (2018). Prevalence of autism spectrum disorder among children aged 8
Years — Autism and developmental disabilities monitoring network, 11 Sites,
United States, 2014. MMWR Surveill. Summ. 67, 1-23. doi: 10.15585/mmwr.
$$6802al

Bano, D., and Ankarcrona, M. (2018). Beyond the critical point: an overview of
excitotoxicity, calcium overload and the downstream consequences. Neurosci.
Lett. 663, 79-85. doi: 10.1016/j.neulet.2017.08.048

Belkaid, Y., and Harrison, O. J. (2017). Homeostatic immunity and the microbiota.
Immunity 46, 562-576. doi: 10.1016/j.immuni.2017.04.008

Bercik, P., Park, A. J., Sinclair, D., Khoshdel, A., Lu, J., Huang, X, et al. (2011). The
anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal pathways

Frontiers in Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 616883


https://www.frontiersin.org/articles/10.3389/fnins.2021.616883/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2021.616883/full#supplementary-material
https://doi.org/10.17116/jnevro201811808262
https://doi.org/10.17116/jnevro201811808262
https://doi.org/10.1016/j.neubiorev.2017.08.019
https://doi.org/10.1007/978-1-4939-0897-4_6
https://doi.org/10.1016/j.it.2018.04.002
https://doi.org/10.15585/mmwr.ss6802a1
https://doi.org/10.15585/mmwr.ss6802a1
https://doi.org/10.1016/j.neulet.2017.08.048
https://doi.org/10.1016/j.immuni.2017.04.008
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Maiuolo et al.

Gut Microbiota and Brain Disorders

for gut-brain communication. Neurogastroenterol. Motil. 23, 1132-1139. doi:
10.1111/§.1365-2982.2011.01796.x

Berding, K., and Donovan, S. M. (2016). Microbiome and nutrition in autism
spectrum disorder: current knowledge and research needs. Nutr. Rev. 74,
723-736. doi: 10.1093/nutrit/nuw048

Berer, K., Gerdes, L. A., Cekanaviciute, E., Jia, X., Xiao, L., Xia, Z., et al. (2017). Gut
microbiota from multiple sclerosis patients enables spontaneous autoimmune
encephalomyelitis in mice. Proc. Natl. Acad. Sci. U.S.A. 114, 10719-10724.
doi: 10.1073/pnas.1711233114

Borre, Y. E., O’Keeffe, G. W., Clarke, G., Stanton, C., Dinan, T. G., and Cryan,
J. F. (2014). Microbiota and neurodevelopmental windows: implications for
brain disorders. Trends Mol. Med. 20, 509-518. doi: 10.1016/j.molmed.2014.
05.002

Boyton, R.J., and Altmann, D. M. (2019). Muco-obstructive lung diseases. N. Engl.
J. Med. 381:€20. doi: 10.1056/nejmc1907962

Brahm, P., and Valdés, V. (2017). Benefits of breastfeeding and risks associated with
not breastfeeding. Rev. Chil. Pediatr. 88, 15-21.

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., and Dinan,
T. G. (2011). Ingestion of Lactobacillus strain regulates emotional behavior and
central GABA receptor expression in a mouse via the vagus nerve. Proc. Natl.
Acad. Sci. U.S.A. 108, 16050-16055. doi: 10.1073/pnas.1102999108

Breit, S., Kupferberg, A., Rogler, G., and Hasler, G. (2018). Vagus nerve as
modulator of the brain-gut axis in psychiatric and inflammatory disorders.
Front. Psychiatry 9:44. doi: 10.3389/fpsyt.2018.00044

Brown, E. M., Kenny, D., and Xavier, R. J. (2019). Gut microbiota regulation
of T cells during inflammation and autoimmunity. Annu. Rev. Immunol. 37,
599-624. doi: 10.1146/annurev-immunol-042718-041841

Browne, R. W., Jakimovski, D., Ziliotto, N., Kuhle, J., Bernardi, F., Weinstock-
Guttman, B., et al. (2019). High-density lipoprotein cholesterol is associated
with multiple sclerosis fatigue: A fatigue-metabolism nexus? J. Clin. Lipidol. 13,
654-663.el.

Buescher, A. V. S., Cidav, Z., Knapp, M., and Mandell, D. S. (2014). Costs of
autism spectrum disorders in the United Kingdom and the United States. JAMA
Pediatr. 168, 721-728. doi: 10.1001/jamapediatrics.2014.210

Bui, E., and Fava, M. (2017). From depression to anxiety, and back. Acta Psychiatr.
Scand. 136, 341-342. doi: 10.1111/acps.12801

Cenit, M. C,, Sanz, Y., and Codoner-Franch, P. (2017). Influence of gut microbiota
on neuropsychiatric disorders. World J. Gastroenterol. 23, 5486-5498. doi:
10.3748/wjg.v23.i30.5486

Cermak, S. A., Curtin, C., and Bandini, L. G. (2010). Food selectivity and sensory
sensitivity in children with autism spectrum disorders. J. Am. Diet. Assoc. 110,
238-246. doi: 10.1016/j.jada.2009.10.032

Chalazonitis, A., and Rao, M. (2018). Enteric nervous system manifestations of
neurodegenerative disease. Brain Res. 1693(Pt B), 207-213. doi: 10.1016/].
brainres.2018.01.011

Chen, H., Lin, W., Zhang, Y., Lin, L., Chen, J., Zeng, Y., et al. (2016). IL-
10 promotes neurite outgrowth and synapse formation in cultured cortical
neurons after the oxygen-glucose deprivation via JAK1/STAT3 pathway. Sci.
Rep. 6:30459.

Chi, H,, Chang, H. Y., and Sang, T. K. (2018). Neuronal cell death mechanisms
in major neurodegenerative diseases. Int. J. Mol. Sci. 19:3082. doi: 10.3390/
ijms19103082

Chu, F., Shi, M., Lang, Y., Shen, D., Jin, T., Zhu, J., et al. (2018). Gut microbiota
in multiple sclerosis and experimental autoimmune encephalomyelitis: current
applications and future perspectives. Mediators Inflamm. 2018:8168717.

Clairembault, T., Leclair-Visonneau, L., Neunlist, M., and Derkinderen, P. (2015).
Enteric glial cells: New players in Parkinson’s disease? Mov. Disord. 30, 494-498.
doi: 10.1002/mds.25979

Corasaniti, M. T., Maiuolo, J., Maida, S., Fratto, V., Navarra, M., Russo, R, et al.
(2007). Cell signaling pathways in the mechanisms of neuroprotection afforded
by bergamot essential oil against NMDA-induced cell death in vitro. Br. J.
Pharmacol. 151, 518-529. doi: 10.1038/sj.bjp.0707237

Cryan, J. F. O,, Riordan, K. J., Cowan, C. S. M., and Sandhu, K. V., Bastiaanssen,
T. F. S.,, Boehme, M., (2019). The microbiota-gut-brain axis. Physiol. Rev. 99,
1877-2013.

Cuijpers, P., Karyotaki, E., Weitz, E., Andersson, G., Hollon, S. D., and van Straten,
A. (2014). The effects of psychotherapies for major depression in adults on

remission, recovery and improvement: a meta-analysis. J. Affect. Disord. 159,
118-126. doi: 10.1016/j.jad.2014.02.026

Davenport, E. R., Mizrahi-Man, O., Michelini, K., Barreiro, L. B., Ober, C., and
Gilad, Y. (2014). Seasonal variation in human gut microbiome composition.
PL0S One 9:¢90731. doi: 10.1371/journal.pone.0090731

David, D. J., and Gourion, D. (2016). [Antidepressant and tolerance: determinants
and management of major side effects]. Encephale 42, 553-561.

De Vadder, F., Grasset, E., Manneras Holm, L., Karsenty, G., Macpherson, A. J.,
Olofsson, L. E., et al. (2018). Gut microbiota regulates maturation of the adult
enteric nervous system via enteric serotonin networks. Proc. Natl. Acad. Sci.
U.S.A. 115, 6458-6463. doi: 10.1073/pnas.1720017115

Derrien, M., Alvarez, A. S., and de Vos, W. M. (2019). The gut microbiota in the
first decade of life. Trends Microbiol. 27, 997-1010. doi: 10.1016/j.tim.2019.
08.001

Desbonnet, L., Clarke, G., Traplin, A., O’Sullivan, O., Crispie, F., Moloney,
R. D, et al. (2015). Gut microbiota depletion from early adolescence in mice:
implications for brain and behaviour. Brain Behav. Immun. 48, 165-173. doi:
10.1016/j.bbi.2015.04.004

Di Meo, F., Donato, S., Di Pardo, A., Maglione, V., Filosa, S., and Crispi, S.
(2018). New therapeutic drugs from bioactive natural molecules: the role of gut
microbiota metabolism in neurodegenerative diseases. Curr. Drug. Metab. 19,
478-489. doi: 10.2174/1389200219666180404094147

Dinan, T. G., and Cryan, J. F. (2013). Melancholic microbes: A link between
gut microbiota and depression? Neurogastroenterol. Motil. 25, 713-719. doi:
10.1111/nmo.12198

Dinan, T. G., and Cryan, J. F. (2016). Mood by microbe: towards clinical
translation. Genome Med. 8:36.

Dinan, T. G., and Cryan, J. F. (2017). Brain-gut-microbiota axis and mental health.
Psychosom. Med. 79, 920-926. doi: 10.1097/psy.0000000000000519

Dinan, T. G., Stilling, R. M., Stanton, C., and Cryan, J. F. (2015). Collective
unconscious: how gut microbes shape human behavior. J. Psychiatr. Res. 63,
1-9. doi: 10.1016/j.jpsychires.2015.02.021

Ding, H. T., Taur, Y., and Walkup, J. T. (2017). Gut microbiota and autism: key
concepts and findings. J. Autism Dev. Disord. 47, 480-489. doi: 10.1007/s10803-
016-2960-9

Doenyas, C. (2018). Gut microbiota, inflammation, and probiotics on neural
development in autism spectrum disorder. Neuroscience 374, 271-286. doi:
10.1016/j.neuroscience.2018.01.060

Dombrowski, Y., O’Hagan, T., Dittmer, M., Penalva, R., Mayoral, S. R., Bankhead,
P., etal. (2017). Regulatory T cells promote myelin regeneration in the central
nervous system. Nat. Neurosci. 20, 674-680.

Dugger, B. N., and Dickson, D. W. (2017). Pathology of neurodegenerative diseases.
Cold Spring Harb. Perspect. Biol. 9:a028035. doi: 10.1101/cshperspect.a028035

Ebrahimi-Ghiri, M., Nasehi, M., and Zarrindast, M. R. (2019). Anxiolytic and
antidepressant effects of ACPA and harmaline co-treatment. Behav. Brain Res.
364, 296-302. doi: 10.1016/j.bbr.2019.02.034

Ecker, C., Bookheimer, S. Y., and Murphy, D. G. (2015). Neuroimaging in autism
spectrum disorder: brain structure and function across the lifespan. Lancet
Neurol. 14, 1121-1134. doi: 10.1016/S1474-4422(15)00050-2

El Aidy, S., Dinan, T. G., and Cryan, J. F. (2014). Immune modulation of
the brain-gut-microbe axis. Front. Microbiol. 5:146. doi: 10.3389/fmicb.2014.0
0146

Erny, D., de Angelis, D., Jaitin, P., Wieghofer, P., Staszewski, O., David, E.,
et al. (2015). Host microbiota constantly control maturation and function of
microglia in the CNS. Nat. Neurosci. 18, 965-977. doi: 10.1038/nn.4030

Estes, A., Zwaigenbaum, L., Gu, H., St John, T., Paterson, S., Elison, J. T., et al.
(2015). Behavioral, cognitive, and adaptive development in infants with autism
spectrum disorder in the first 2 years of life. . Neurodev. Disord. 7:24.

Famitafreshi, H., and Karimian, M. (2018). Overview of the recent advances in
pathophysiology and treatment for autism. CNS Neurol. Disord. Drug Targets
17, 590-594. doi: 10.2174/1871527317666180706141654

Farrokhi, V., Nemati, R, Nichols, F. C., Yao, X., and Anstadt, E. (2013). Bacterial
lipodipeptide, lipid 654, is a microbiome-associated biomarker for multiple
sclerosis. Clin. Transl. Immunol. 2:e8. doi: 10.1038/cti.2013.11

Fattorusso, A., Di Genova, L., Dell'Isola, G. B. M., Mencaroni, E., and Esposito, S.
(2019). Autism spectrum disorders and the gut microbiota. Nutrients 11:521.
doi: 10.3390/nu11030521

Frontiers in Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 616883


https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://doi.org/10.1093/nutrit/nuw048
https://doi.org/10.1073/pnas.1711233114
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1056/nejmc1907962
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.3389/fpsyt.2018.00044
https://doi.org/10.1146/annurev-immunol-042718-041841
https://doi.org/10.1001/jamapediatrics.2014.210
https://doi.org/10.1111/acps.12801
https://doi.org/10.3748/wjg.v23.i30.5486
https://doi.org/10.3748/wjg.v23.i30.5486
https://doi.org/10.1016/j.jada.2009.10.032
https://doi.org/10.1016/j.brainres.2018.01.011
https://doi.org/10.1016/j.brainres.2018.01.011
https://doi.org/10.3390/ijms19103082
https://doi.org/10.3390/ijms19103082
https://doi.org/10.1002/mds.25979
https://doi.org/10.1038/sj.bjp.0707237
https://doi.org/10.1016/j.jad.2014.02.026
https://doi.org/10.1371/journal.pone.0090731
https://doi.org/10.1073/pnas.1720017115
https://doi.org/10.1016/j.tim.2019.08.001
https://doi.org/10.1016/j.tim.2019.08.001
https://doi.org/10.1016/j.bbi.2015.04.004
https://doi.org/10.1016/j.bbi.2015.04.004
https://doi.org/10.2174/1389200219666180404094147
https://doi.org/10.1111/nmo.12198
https://doi.org/10.1111/nmo.12198
https://doi.org/10.1097/psy.0000000000000519
https://doi.org/10.1016/j.jpsychires.2015.02.021
https://doi.org/10.1007/s10803-016-2960-9
https://doi.org/10.1007/s10803-016-2960-9
https://doi.org/10.1016/j.neuroscience.2018.01.060
https://doi.org/10.1016/j.neuroscience.2018.01.060
https://doi.org/10.1101/cshperspect.a028035
https://doi.org/10.1016/j.bbr.2019.02.034
https://doi.org/10.1016/S1474-4422(15)00050-2
https://doi.org/10.3389/fmicb.2014.00146
https://doi.org/10.3389/fmicb.2014.00146
https://doi.org/10.1038/nn.4030
https://doi.org/10.2174/1871527317666180706141654
https://doi.org/10.1038/cti.2013.11
https://doi.org/10.3390/nu11030521
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Maiuolo et al.

Gut Microbiota and Brain Disorders

Fiksdal, A., Hanlin, L., Kuras, Y., Gianferante, D., Chen, X., Thoma, M. V., et al.
(2019). Associations between symptoms of depression and anxiety and cortisol
responses to and recovery from acute stress. Psychoneuroendocrinology 102,
44-52. doi: 10.1016/j.psyneuen.2018.11.035

Fiorentino, M., Sapone, A., Senger, S., Camhi, S. S., Kadzielski, S. M., Buie, T. M.,
et al. (2016). Blood-brain barrier and intestinal epithelial barrier alterations in
autism spectrum disorders. Mol. Autism 7:49.

Foley, K. A., MacFabe, D. F., Vaz, A., Ossenkopp, K. P., and Kavaliers, M.
(2014). Sexually dimorphic effects of prenatal exposure to propionic acid and
lipopolysaccharide on social behavior in neonatal, adolescent, and adult rats:
implications for autism spectrum disorders. Int. J. Dev. Neurosci. 39, 68-78.
doi: 10.1016/j.ijjdevneu.2014.04.001

Fornai, F., Ruffoli, R., Giorgi, F. S., and Paparelli, A. (2011). The role of locus
coeruleus in the antiepileptic activity induced by vagus nerve stimulation. Eur.
J. Neurosci. 33, 2169-2178. doi: 10.1111/j.1460-9568.2011.07707.x

Foss-Feig, J. H. (2019). Clinical profiles and conversion rates among young
individuals with autism spectrum disorder who present to clinical high risk
for psychosis services. J. Am. Acad. Child Adolesc. Psychiatry 58, 582-588.
doi: 10.1016/j.jaac.2018.09.446

Fung, T. C., Olson, C. A., and Hsiao, E. Y. (2017). Interactions between the
microbiota, immune and nervous systems in health and disease. Nat. Neurosci.
20, 145-155. doi: 10.1038/nn.4476

Furness, J. B. (2000). Types of neurons in the enteric nervous system. J. Auton.
Nerv. Syst. 81, 87-96. doi: 10.1016/s0165-1838(00)00127-2

Furness, J. B. (2006). The Enteric Nervous System. (Oxford: Blackwell Pub), 1-274.

Furness, J. B., Jones, C., Nurgali, K., and Clerc, N. (2004). Intrinsic primary afferent
neurons and nerve circuits within the intestine. Prog. Neurobiol. 72, 143-164.
doi: 10.1016/j.pneurobio.2003.12.004

Furness, J. B., Riviera, L. R., Cho, H. J., Bravo, D. M., and Challagan, B. (2013).
The gut as a sensory organ. Nat. Rev. Gastroenterol. Hepatol. 10, 729-740.
doi: 10.1038/nrgastro.2013.180

Garg, A, Sui, P., Verheyden, J. M., Young, L. R., and Sun, X. (2019). Consider the
lung as a sensory organ: a tip from pulmonary neuroendocrine cells. Curr. Top.
Dev. Biol. 132, 67-89. doi: 10.1016/bs.ctdb.2018.12.002

Gerhardt, S., and Mohajeri, M. H. (2018). Changes of colonic bacterial composition
in Parkinson’s disease and other neurodegenerative diseases. Nutrients 10:708.
doi: 10.3390/nu10060708

Giuffre, M., Moretti, R., Campisciano, G., Barcelos Morais da Silveira, A., Monda,
V. M., Comar, M., et al. (2020). You talking to me? Says the enteric nervous
system (ENS) to the microbe. how intestinal microbes interact with the ENS.
J. Clin. Med. 9:3705. doi: 10.3390/jcm9113705

Golubeva, A. V., Joyce, S. A., Moloney, G., Burokas, A., Sherwin, E., Arboleya, S.,
et al. (2017). Microbiota-related changes in bile acid & tryptophan metabolism
are associated with gastrointestinal dysfunction in a mouse model of autism.
EBioMedicine 24, 166-178.

Grochowska, M., Laskus, T., and Radkowski, M. (2019). Gut
microbiota in neurological disorders. Arch. Immunol. Ther. Exp. 67,
375-383.

Groeneweg-Koolhoven, I, Ploeg, M., Comijs, H. C., Penninx, B., van der Mast,
R. C., and Schoevers, R. A. (2017). Apathy in early and late-life depression.
J. Affect. Disord. 223, 76-81.

Grosso, G., Pajak, A., Marventano, S., Castellano, S., Galvano, F., Bucolo, C,, et al.
(2014). Role of omega-3 fatty acids in the treatment of depressive disorders: a
comprehensive meta-analysis of randomized clinical trials. PLoS One 9:¢96905.
doi: 10.1371/journal.pone.0096905

Gupta, Y., Lama, R. K., and Kwon, G. R. (2019). Prediction and classification
of Alzheimer’s disease based on combined features from apolipoprotein-E
genotype, cerebrospinal fluid, MR, and FDG-PET Imaging biomarkers. Front.
Comput. Neurosci. 13:72. doi: 10.3389/fncom.2019.00072

Hashemi, Z., Fouhse, J., Im, H. S., Chan, C. B, and Willing, B. P. (2017).
Dietary pea fiber supplementation improves glycemia and induces changes in
the composition of gut microbiota, serum short chain fatty acid profile and
expression of mucins in glucose intolerant rats. Nutrients 9:1236. doi: 10.3390/
nu9111236

Hill, C. J., Lynch, D. B., Murphy, K., Ulaszewska, M., Jeffery, I. B. O., Shea, C. A.,
et al. (2017). Evolution of gut microbiota composition from birth to 24 weeks
in the INFANTMET Cohort. Microbiome 5:4.

Hill-Burns, E. M., Debelius, J. W., Morton, J. T., Wissemann, W. T., Lewis,
M. R, Wallen, Z. D,, et al. (2017). Parkinson’s disease and parkinson’s disease

medications have distinct signatures of the gut microbiome. Mov. Disord. 32,
739-749. doi: 10.1002/mds.26942

Hollocks, M. J., Lerh, J. W., Magiati, I., Meiser-Stedman, R., and Brugha, T. S.
(2019). Anxiety and depression in adults with autism spectrum disorder: a
systematic review and meta-analysis. Psychol. Med. 49, 559-572. doi: 10.1017/
50033291718002283

Hollville, E., Romero, S. E., and Deshmukh, M. (2019). Apoptotic cell death
regulation in neurons. FEBS J. 286, 3276-3298. doi: 10.1111/febs.14970

Hopfner, F., Kiinstner, A., Miiller, S. H., Kiinzel, S., Zeuner, K. E., Margraf, N. G.,
etal. (2017). Gut microbiota in Parkinson’s disease in a northern german cohort.
Brain Res. 1667, 41-45. doi: 10.1016/j.brainres.2017.04.019

Howlin, P., and Magiati, I. (2017). Autism spectrum disorder: outcomes in
adulthood. Curr. Opin. Psychiatry 30, 69-76. doi: 10.1097/yc0.0000000
000000308

Hu, X., Wang, T., and Jin, F. (2016). Alzheimer’s disease and gut microbiota. Sci.
China Life Sci. 59, 1006-1023.

Iebba, V., Totino, V., Gagliardi, A., Santangelo, F., Cacciotti, F., Trancassini, M.,
et al. (2016). Eubiosis and dysbiosis: the two sides of the microbiota. New
Microbiol. 39, 1-12.

Iglesias-Vazquez, L., Van Ginkel Riba, G., Arija, V., and Canals, J. (2020).
Composition of gut microbiota in children with autism spectrum disorder:
a systematic review and meta-analysis. Nutrients 12:792. doi: 10.3390/
nul2030792

Jacobson, N. C., and Newman, M. G. (2017). Anxiety and depression as
bidirectional risk factors for one another: a meta-analysis of longitudinal
studies. Psychol. Bull. 143, 1155-1200. doi: 10.1037/bul0000111

Jagodzinski, A., Zielinska, E., Laczmanski, L., and Hirnle, L. (2019). The early
years of life. Are they influenced by our microbiome? Ginekol. Pol. 90, 228-232.
doi: 10.5603/gp.2019.0041

Janssen, S., and Depoortere, I. (2013). Nutrient sensing in the gut: new road to
therapeutics? Trends Endocrinol. Metab. 24, 92-100. doi: 10.1016/j.tem.2012.
11.006

Jiang, C., Li, G., Huang, P., Liu, Z., and Zhao, B. (2017). The gut microbiota and
Alzheimer’s disease. J. Alzheimers Dis. 58, 1-15.

Jorm, A. F., Patten, S. B, Brugha, T. S., and Mojtabai, R. (2017). Has increased
provision of treatment reduced the prevalence of common mental disorders?
Review of the evidence from four countries. World Psychiatry 16, 90-99. doi:
10.1002/wps.20388

Jose, S., Bhalla, P., and Suraishkumar, G. K. (2018). Oxidative stress decreases the
redox ratio and folate content in the gut microbe, Enterococcus durans (MTCC
3031). Sci. Rep. 8:12138.

Julio-Pieper, M., Bravo, J. A., Aliaga, E., and Gotteland, M. (2014). Review
article: intestinal barrier dysfunction and central nervous system disorders—
a controversial association. Aliment. Pharmacol. Ther. 40, 1187-1201. doi:
10.1111/apt.12950

Kabouridis, P. S., Lasrado, R., McCallum, S., Chng, S. H., Snippert, H. J., Clevers,
H., et al. (2015). Microbiota controls the homeostasis of glial cells in the gut
lamina propria. Neuron 85, 289-295. doi: 10.1016/j.neuron.2014.12.037

Kaelberer, M. M., Buchanan, K. L., Klein, M. E., Barth, B. B., Montoya, M. M., Shen,
X., et al. (2018). A gut-brain neural circuit for nutrient sensory transduction.
Science 361:eaat5236. doi: 10.1126/science.aat5236

Kang, D. W., Adams, J. B., Gregory, A. C., Borody, T., Chittick, L., Fasano, A.,
et al. (2017). Microbiota transfer therapy alters gut ecosystem and improves
gastrointestinal and autism symptoms: an open-label study. Microbiome 5:10.

Kashyap, P. C., Marcobal, A., Ursell, L. K., Larauche, M., Duboc, H., Earle, K. A,,
etal. (2013). Complex interactions among diet, gastrointestinal transit, and gut
microbiota in humanized mice. Gastroenterology 144, 967-977. doi: 10.1053/j.
gastro.2013.01.047

Kelly, J. R., Borre, Y., O’ Brien, C., Patterson, E., El Aidy, S., Deane, J., et al.
(2016). Transferring the blues: depression-associated gut microbiota induces
neurobehavioural changes in the rat. J. Psychiatr. Res. 82,109-118. doi: 10.1016/
j-jpsychires.2016.07.019

Kelly, J. R,, Kennedy, P. J., Cryan, ]. F., Dinan, T. G., Clarke, G., and Hyland, N. P.
(2015). Breaking down the barriers: the gut microbiome, intestinal permeability
and stress-related psychiatric disorders. Front. Cell. Neurosci. 9:392. doi: 10.
3389/fncel.2015.00392

Keshavarzian, A., Green, S. J., Engen, P. A, Voigt, R. M., Nagib, A., Forsyth, C. B.,
etal. (2015). Colonic bacterial composition in parkinson’s disease. Mov. Disord.
30, 1351-1360. doi: 10.1002/mds.26307

Frontiers in Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 616883


https://doi.org/10.1016/j.psyneuen.2018.11.035
https://doi.org/10.1016/j.ijdevneu.2014.04.001
https://doi.org/10.1111/j.1460-9568.2011.07707.x
https://doi.org/10.1016/j.jaac.2018.09.446
https://doi.org/10.1038/nn.4476
https://doi.org/10.1016/s0165-1838(00)00127-2
https://doi.org/10.1016/j.pneurobio.2003.12.004
https://doi.org/10.1038/nrgastro.2013.180
https://doi.org/10.1016/bs.ctdb.2018.12.002
https://doi.org/10.3390/nu10060708
https://doi.org/10.3390/jcm9113705
https://doi.org/10.1371/journal.pone.0096905
https://doi.org/10.3389/fncom.2019.00072
https://doi.org/10.3390/nu9111236
https://doi.org/10.3390/nu9111236
https://doi.org/10.1002/mds.26942
https://doi.org/10.1017/s0033291718002283
https://doi.org/10.1017/s0033291718002283
https://doi.org/10.1111/febs.14970
https://doi.org/10.1016/j.brainres.2017.04.019
https://doi.org/10.1097/yco.0000000000000308
https://doi.org/10.1097/yco.0000000000000308
https://doi.org/10.3390/nu12030792
https://doi.org/10.3390/nu12030792
https://doi.org/10.1037/bul0000111
https://doi.org/10.5603/gp.2019.0041
https://doi.org/10.1016/j.tem.2012.11.006
https://doi.org/10.1016/j.tem.2012.11.006
https://doi.org/10.1002/wps.20388
https://doi.org/10.1002/wps.20388
https://doi.org/10.1111/apt.12950
https://doi.org/10.1111/apt.12950
https://doi.org/10.1016/j.neuron.2014.12.037
https://doi.org/10.1126/science.aat5236
https://doi.org/10.1053/j.gastro.2013.01.047
https://doi.org/10.1053/j.gastro.2013.01.047
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.3389/fncel.2015.00392
https://doi.org/10.3389/fncel.2015.00392
https://doi.org/10.1002/mds.26307
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Maiuolo et al.

Gut Microbiota and Brain Disorders

Khan, U., and Ghazanfar, H. T. (2018). T lymphocytes and autoimmunity. Int. Rev.
Cell Mol. Biol. 341, 125-168.

Kim, S., and Jazwinski, S. M. (2018). The gut microbiota and healthy aging: a
mini-review. Gerontology 64, 513-520. doi: 10.1159/000490615

Klingelhoefer, L., and Reichmann, H. (2017). The gut and nonmotor symptoms in
Parkinson’s disease. Int. Rev. Neurobiol. 134, 787-809.

Kole, A.J., Annis, R. P., and Deshmukh, M. (2013). Mature neurons: equipped for
survival. Cell Death Dis. 4:¢689. doi: 10.1038/cddis.2013.220

Kovacs, G. G. (2017). Concepts and classification of neurodegenerative diseases.
Handb. Clin. Neurol. 145, 301-307. doi: 10.1016/b978-0-12-802395-2.00021-3

Latorre, R., Sternini, C., De Giorgio, R., and Greenwood-Van Meerveld, B. (2016).
Enteroendocrine cells: a review of their role in brain-gut communication.
Neurogastroenterol. Motil. 28, 620-630. doi: 10.1111/nmo.12754

Le Doare, K., Holder, B., Bassett, A., and Pannaraj, P. S. (2018). Mother’s milk:
a purposeful contribution to the development of the infant microbiota and
immunity. Front. Immunol. 9:361. doi: 10.3389/fimmu.2018.00361

Lerner, A., Neidhéfer, S., and Matthias, T. (2017). The gut microbiome feelings
of the brain: a perspective for non-microbiologists. Microorganisms 5:66. doi:
10.3390/microorganisms5040066

Leuzinger-Bohleber, M., Hautzinger, M., Fiedler, G., Keller, W., Bahrke, U,
Kallenbach, L., et al. (2019). Outcome of psychoanalytic and cognitive-
behavioural long-term therapy with chronically depressed patients: a controlled
trial with preferential and randomized allocation. Can. J. Psychiatry 64, 47-58.
doi: 10.1177/0706743718780340

Li, W., Wu, X,, Hu, X,, Wang, T., Liang, S., Duan, Y., et al. (2017). Structural
changes of gut microbiota in Parkinson’s disease and its correlation with clinical
features. Sci. China Life Sci. 60, 1223-1233. doi: 10.1007/s11427-016-9001-4

Liddle, R. A. (2018). Parkinson’s disease from the gut. Brain Res. 1693(Pt B),
201-206.

Lionnet, A., Leclair-Visonneau, L., Neunlist, M., Murayama, S., Takao, M., Adler,
C. H,, etal. (2018). Does Parkinson’s disease start in the gut? Acta Neuropathol.
135, 1-12. doi: 10.1097/01.nt.0000365754.34451.1¢

Lord, C., Elsabbagh, M., Baird, G., and Veenstra-Vanderweele, J. (2018). Autism
spectrum disorder. Lancet 392, 508-520.

Lyte, M. (2014). Microbial endocrinology and the microbiota-gut-brain axis. Adv.
Exp. Med. Biol. 817, 3-24. doi: 10.1007/978-1-4939-0897-4_1

Maiuolo, J., Gliozzi, M., Musolino, V., Carresi, C., Nucera, S., Scicchitano, M.,
et al. (2020). Environmental and nutritional “stressors” and oligodendrocyte
dysfunction: role of mitochondrial and endoplasmatic reticulum impairment.
Biomedicines 8:553. doi: 10.3390/biomedicines8120553

Maiuolo, J., Gliozzi, M., Musolino, V., Carresi, C., Nucera, S., Macri, R., et al.
(2019a). The role of endothelial dysfunction in peripheral blood nerve barrier:
molecular mechanisms and pathophysiological implications. Int. J. Mol. Sci.
20:3022. doi: 10.3390/ijms20123022

Maiuolo, J., Macri, R., Bava, 1., Gliozzi, M., Musolino, V., Nucera, S., et al. (2019b).
Myelin disturbances produced by sub-toxic concentration of heavy metals: the
role of oligodendrocyte dysfunction. Int. J. Mol. Sci. 20:4554. doi: 10.3390/
ijms20184554

Marwood, L., Wise, T., Perkins, A. M., and Cleare, A. . (2018). Meta-analyses of the
neural mechanisms and predictors of response to psychotherapy in depression
and anxiety. Neurosci. Biobehav. Rev. 95, 61-72. doi: 10.1016/j.neubiorev.2018.
09.022

Matsumoto, M., Ooga, T., Kibe, R., Aiba, Y., Koga, Y., Benno, Y., et al. (2017).
Colonic absorption of low-molecular-weight metabolites influenced by the
intestinal microbiome: a pilot study. PLoS One 12:€0169207. doi: 10.1371/
journal.pone.0169207

Matveeva, O., Bogie, J. F. J., Hendriks, J. J. A., Linker, R. A., Haghikia, A., and
Kleinewietfeld, M. (2018). Western lifestyle and immunopathology of multiple
sclerosis. Ann. N. Y. Acad. Sci. 1417, 71-86. doi: 10.1111/nyas.13583

McVey Neufeld, K. A., Mao, Y. K., Bienenstock, J., Foster, J. A., and Kunze, W. A.
(2012). The microbiome is essential for normal gut intrinsic primary afferent
neuron excitability in the mouse. Neurogastroenterol. Motil. 25, 183-e88.

Mead, J., and Ashwood, P. (2015). Evidence supporting an altered immune
response in ASD. Immunol. Lett. 163, 49-55. doi: 10.1016/j.imlet.2014.11.006

Mobhajeri, M. H., La Fata, G., Steinert, R. E., and Weber, P. (2018). Relationship
between the gut microbiome and brain function. Nutr. Rev. 76, 481-496. doi:
10.1093/nutrit/nuy009

Morrison, D. J., and Preston, T. (2016). Formation of short chain fatty acids by
the gut microbiota and their impact on human metabolism. Gut Microbes 7,
189-200. doi: 10.1080/19490976.2015.1134082

Mulle, J. G., Sharp, W. G., and Cubells, J. F. (2013). The gut microbiome: a new
frontier in autism research. Curr. Psychiatry Rep. 15:337.

Na, S., Na, L., Xinwang, D., and Haitao, N. (2017). Interaction between the gut
microbiome and mucosal immune system. Mil. Med. Res. 4:14.

Nagpal, R., and Yamashiro, Y. (2018). Gut microbiota composition in healthy
japanese infants and young adults born by C-section. Ann. Nutr. Metab.
73(Suppl. 3), 4-11. doi: 10.1159/000490841

Nam, H. S. (2019). Gut microbiota and ischemic stroke: the role of trimethylamine
N-oxide. J. Stroke 21, 151-159. doi: 10.5853/j0s.2019.00472

Obrenovich, M. E. M. (2018). Leaky gut, leaky brain? Microorganisms 6:107. doi:
10.3390/microorganisms6040107

Oppedisano, F., Maiuolo, J., Gliozzi, M., Musolino, V., Carresi, C., Nucera, S.,
et al. (2020). The potential for natural antioxidant supplementation in the early
stages of neurodegenerative disorders. Int. J. Mol. Sci. 21:2618. doi: 10.3390/
{jms21072618

Patel, R, and DuPont, H. L. (2015). New approaches for bacteriotherapy:
prebiotics, new-generation probiotics, and synbiotics. Clin. Infect. Dis.
60(Suppl. 2), S108-S121.

Pede, V. B, Jaiswal, S. V., and Sawant, V. A. (2017). Study of prodromal and
residual symptoms of depression. Ind. Psychiatry J. 26, 121-127. doi: 10.4103/
ipj.ipj_19_18

Pelzer, E., Gomez-Arango, L. F., Barrett, H. L., and Nitert, M. D. (2017). Review:
maternal health and the placental microbiome. Placenta 54, 30-37. doi: 10.
1016/j.placenta.2016.12.003

Penke, B., Bogar, F., and Fiil6p, L. (2017). B-Amyloid and the pathomechanisms
of Alzheimer’s disease: a comprehensive view. Molecules 22:1692. doi: 10.3390/
molecules22101692

Perez-Pardo, P., Hartog, M., Garssen, J., and Kraneveld, A. D. (2017). Microbes
tickling your tummy: the importance of the gut-brain axis in parkinson’s
disease. Curr. Behav. Neurosci. Rep. 4, 361-368. doi: 10.1007/s40473-017-
0129-2

Petra, A. L, Panagiotidou, S., Hatziagelaki, E., Stewart, J. M., Conti, P., and
Theoharides, T. C. (2015). Gut-microbiota-brain axis and its effect on
neuropsychiatric disorders with suspected immune dysregulation. Clin. Ther.
37,984-995. doi: 10.1016/j.clinthera.2015.04.002

Petrov, V. A,, Saltykova, I. V., Zhukova, I. A, Alifirova, V. M., Zhukova, N. G.,
Dorofeeva, Y. B., et al. (2017). Analysis of gut microbiota in patients with
Parkinson’s disease. Bull. Exp. Biol. Med. 162, 734-737.

Quigley, E. M. M. (2017). Microbiota-brain-gut axis and neurodegenerative
diseases. Curr. Neurol. Neurosci. Rep. 17:94.

Rao, M., and Gershon, M. D. (2016). The bowel and beyond: the enteric nervous
system in neurological disorders. Nat. Rev. Gastroenterol. Hepatol. 13, 517-528.
doi: 10.1038/nrgastro.2016.107

Rooks, M. G., and Garrett, W. S. (2016). Gut microbiota, metabolites and host
immunity. Nat. Rev. Immunol. 16, 341-352. doi: 10.1038/nri.2016.42

Russo, R., Cristiano, C., Avagliano, C., De Caro, C., La Rana, G., and Raso,
G. M. (2018). Gut-brain axis: role of lipids in the regulation of inflammation,
pain and CNS diseases. Curr. Med. Chem. 25, 3930-3952. doi: 10.2174/
0929867324666170216113756

Sackeim, H. A., Brannan, S. K., Rush, A. J., George, M. S., Marangell, L. B.,
and Allen, J. (2007). Durability of antidepressant response to vagus nerve
stimulation (VNS). Int. J. Neuropsychopharmacol. 10, 817-826.

Sacrey, L. R, Zwaigenbaum, L., Bryson, S., Brian, J., Smith, I. M., Raza, S., et al.
(2019). Developmental trajectories of adaptive behavior in autism spectrum
disorder: a high-risk sibling cohort. J. Child Psychol. Psychiatry 60, 697-706.
doi: 10.1111/jcpp.12985

Sauma, S., and Casaccia, P. (2020). Gut-brain communication in demyelinating
disorders. Curr. Opin. Neurobiol. 62, 92-101. doi: 10.1016/j.conb.2020.01.005

Savage, J. H., Lee-Sarwar, K. A,, Sordillo, J. E., Lange, N. E., and Zhou, Y. (2018).
Diet during pregnancy and infancy and the infant intestinal microbiome.
J. Pediatr. 203, 47-54. doi: 10.1016/j.jpeds.2018.07.066

Savva, C. G,, Clark, A. R,, Naylor, C. E., Popoff, M. R., Moss, D. S., Basak, A. K,,
et al. (2019). The pore structure of Clostridium perfringens epsilon toxin. Nat.
Commun. 10:2641.

Frontiers in Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 616883


https://doi.org/10.1159/000490615
https://doi.org/10.1038/cddis.2013.220
https://doi.org/10.1016/b978-0-12-802395-2.00021-3
https://doi.org/10.1111/nmo.12754
https://doi.org/10.3389/fimmu.2018.00361
https://doi.org/10.3390/microorganisms5040066
https://doi.org/10.3390/microorganisms5040066
https://doi.org/10.1177/0706743718780340
https://doi.org/10.1007/s11427-016-9001-4
https://doi.org/10.1097/01.nt.0000365754.34451.1c
https://doi.org/10.1007/978-1-4939-0897-4_1
https://doi.org/10.3390/biomedicines8120553
https://doi.org/10.3390/ijms20123022
https://doi.org/10.3390/ijms20184554
https://doi.org/10.3390/ijms20184554
https://doi.org/10.1016/j.neubiorev.2018.09.022
https://doi.org/10.1016/j.neubiorev.2018.09.022
https://doi.org/10.1371/journal.pone.0169207
https://doi.org/10.1371/journal.pone.0169207
https://doi.org/10.1111/nyas.13583
https://doi.org/10.1016/j.imlet.2014.11.006
https://doi.org/10.1093/nutrit/nuy009
https://doi.org/10.1093/nutrit/nuy009
https://doi.org/10.1080/19490976.2015.1134082
https://doi.org/10.1159/000490841
https://doi.org/10.5853/jos.2019.00472
https://doi.org/10.3390/microorganisms6040107
https://doi.org/10.3390/microorganisms6040107
https://doi.org/10.3390/ijms21072618
https://doi.org/10.3390/ijms21072618
https://doi.org/10.4103/ipj.ipj_19_18
https://doi.org/10.4103/ipj.ipj_19_18
https://doi.org/10.1016/j.placenta.2016.12.003
https://doi.org/10.1016/j.placenta.2016.12.003
https://doi.org/10.3390/molecules22101692
https://doi.org/10.3390/molecules22101692
https://doi.org/10.1007/s40473-017-0129-2
https://doi.org/10.1007/s40473-017-0129-2
https://doi.org/10.1016/j.clinthera.2015.04.002
https://doi.org/10.1038/nrgastro.2016.107
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.2174/0929867324666170216113756
https://doi.org/10.2174/0929867324666170216113756
https://doi.org/10.1111/jcpp.12985
https://doi.org/10.1016/j.conb.2020.01.005
https://doi.org/10.1016/j.jpeds.2018.07.066
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Maiuolo et al.

Gut Microbiota and Brain Disorders

Sayres, S., and Visentin, L. (2018). Breastfeeding: uncovering barriers and
offering solutions. Curr. Opin. Pediatr. 30, 591-596. doi: 10.1097/mop.
0000000000000647

Selmi, C. (2017). Autoimmunity in 2016. Clin. Rev. Allergy Immunol. 53, 126-139.

Shao, Y., Forster, S. C., Tsaliki, E., Vervier, K., Strang, A., Simpson, N., et al. (2019).
Stunted microbiota and opportunistic pathogen colonization in caesarean-
section birth. Nature 574, 117-121. doi: 10.1038/s41586-019-1560- 1

Shattuck, P. T., Narendorf, S. C., Cooper, B., Sterzing, P. R., Wagner, M., and Taylor,
J. L. (2012). Postsecondary education and employment among youth with an
autism spectrum disorder. Pediatrics 129, 1042-1049. doi: 10.1542/peds.2011-
2864

Steffens, D. C. (2017). Late-life depression and the prodromes of dementia. JAMA
Psychiatry 74, 673-674. doi: 10.1001/jamapsychiatry.2017.0658

Stetson, D. B. (2018). Editorial overview: autoimmunity: a new frontier awaits.
Curr. Opin. Immunol 55, iii-iv.

Stilling, R. M., Dinan, T. G., and Cryan, J. F. (2014). Microbial genes, brain &
behaviour - epigenetic regulation of the gut-brain axis. Genes Brain Behav. 13,
69-86. doi: 10.1111/gbb.12109

Strandwitz, P. (2018). Neurotransmitter modulation by the gut microbiota. Brain
Res. 1693, 128-133. doi: 10.1016/j.brainres.2018.03.015

Sun, M. F,, and Shen, Y. Q. (2018). Dysbiosis of gut microbiota and microbial
metabolites in Parkinson’s disease. Ageing Res. Rev. 45, 53-61. doi: 10.1016/j.
arr.2018.04.004

Svensson, E., Horvath-Puho, E., Thomsen, R. W., Djurhuus, J. C., Pedersen, L.,
Borghammer, P., et al. (2015). Vagotomy and subsequent risk of Parkinson’s
disease. Ann. Neurol. 78, 522-529. doi: 10.1002/ana.24448

Tankou, S. K., Regev, K., Healy, B. C., Tjon, E., Laghi, L., Cox, L. M., et al. (2018). A
probiotic modulates the microbiome and immunity in multiple sclerosis. Ann.
Neurol. 83, 1147-1161. doi: 10.1002/ana.25244

Thomaz, F., Bastiaanssen, S., Caitlin, S., Cowan, M., Claesson, M. J., Dinan,
T. G, et al. (2019). Making sense of the microbiome in psychiatry. Int. J.
Neuropsychopharmacol. 22, 37-52. doi: 10.1093/ijnp/pyy067

Tian, T., Xu, B,, Qin, Y., Fan, L., Chen, J., Zheng, P., et al. (2019). Clostridium
butyricum miyairi 588 has preventive effects on chronic social defeat stress-
induced depressive-like behaviour and modulates microglial activation in mice.
Biochem. Biophys. Res. Commun. 516, 430-436. doi: 10.1016/j.bbrc.2019.06.053

Tognini, P. (2017). Gut microbiota: a potential regulator of neurodevelopment.
Front. Cell. Neurosci. 11:25. doi: 10.3389/fncel.2017.00025

Tolin, D. F. (2017). Can cognitive behavioral therapy for anxiety and depression be
improved with pharmacotherapy? A Meta-analysis. Psychiatr. Clin. North Am.
40, 715-738. doi: 10.1016/j.psc.2017.08.007

Tomova, A., Husarova, V., Lakatosova, S., Bakos, J., Vlkova, B., Babinska, K., et al.
(2015). Gastrointestinal microbiota in children with autism in Slovakia. Physiol.
Behav. 138, 179-187. doi: 10.1016/j.physbeh.2014.10.033

Tremlett, H., and Waubant, E. (2017). The multiple sclerosis microbiome? Ann.
Transl. Med. 5:53.

Tremlett, H., Fadrosh, D. W., Faruqi, A. A., Hart, J., Roalstad, S., Graves, J., et al.
(2016a). Associations between the gut microbiota and host immune markers
in pediatric multiple sclerosis and controls. BMC Neurol. 16:182. doi: 10.1186/
512883-016-0703-3

Tremlett, H., Fadrosh, D. W., Faruqi, A. A., Hart, J., Roalstad, S., Graves, J., et al.
(2016b). Gut microbiota Composition and relapse risk in pediatric MS: a pilot
study. J. Neurol. Sci. 363, 153-157. doi: 10.1016/j.jns.2016.02.042

Tremlett, H., Fadrosh, D. W., Faruqi, A. A., Zhu, F., Hart, J., Roalstad, S., et al.
(2016¢). Gut microbiota in early pediatric multiple sclerosis: a case-control
study. Eur. J. Neurol. 23, 1308-1321. doi: 10.1111/ene.13026

Tsunoda, I. (2017). Lymphatic system and gut microbiota affect immunopathology
of neuroinflammatory diseases, including multiple sclerosis, neuromyelitis

optica and Alzheimer’s disease. Clin. Exp. Neuroimmunol. 8, 177-179. doi:
10.1111/cen3.12405

Twenge, J. M., Cooper, A. B., Joiner, T. E., Duffy, M. E., and Binau, S. G. (2019).
Age, period, and cohort trends in mood disorder indicators and suicide-related
outcomes in a nationally representative dataset, 2005-2017. J. Abnorm. Psychol.
128, 185-199. doi: 10.1037/abn0000410

Vatner, R. E., and Janssen, E. M. (2019). STING, DCs and the link between innate
and adaptive immunity. Mol. Immunol. 110, 13-23. doi: 10.1016/j.molimm.
2017.12.001

Vieira Borba, V., Sharif, K., and Shoenfeld, Y. (2018). Breastfeeding and
autoimmunity: programing health from the beginning. Am. J. Reprod.
Immunol. 79:¢12778. doi: 10.1111/2ji.12778

Wagley, S., Bokori-Brown, M., Morcrette, H., Malaspina, A., and D’Arcy, C.
(2019). Evidence of Clostridium perfringens epsilon toxin associated with
multiple sclerosis. Mult. Scler. 25, 653-660. doi: 10.1177/135245851876
7327

Walker, R. W., Clemente, ]. C., Peter, I, and Loos, R. J. F. (2017). The prenatal gut
microbiome: Are we colonized with bacteria in utero? Pediatr. Obes. 12(Suppl.
1), 3-17. doi: 10.1111/ijpo.12217

Weinberger, A. H., Gbedemah, M., Martinez, A. M., Nash, D., Galea, S., and
Goodwin, R. D. (2018). Trends in depression prevalence in the USA from 2005
to 2015: widening disparities in vulnerable groups. Psychol. Med. 48, 1308-1315.
doi: 10.1017/s0033291717002781

Weiss, G. A., and Hennet, T. (2017). Mechanisms and consequences of intestinal
dysbiosis. Cell. Mol. Life Sci. 74, 2959-2977. doi: 10.1007/s00018-017-2509-x

Westfall, S., Lomis, N., Kahouli, I, Dia, S. Y., Singh, S. P., and Prakash, S. (2017).
Microbiome, probiotics and neurodegenerative diseases: deciphering the gut
brain axis. Cell. Mol. Life Sci. 74, 3769-3787. doi: 10.1007/s00018-017-2550-9

Xu, M., Xu, X,, Li, ], and Li, F. (2019). Association between gut microbiota
and autism spectrum disorder: a systematic review and meta-analysis. Front.
Psychiatry 10:473. doi: 10.3389/fpsyt.2019.00473

Yang, N. J.,, and Chiu, I. M. (2017). Bacterial signaling to the nervous system
through toxins and metabolites. J. Mol. Biol. 429, 587-605. doi: 10.1016/j.jmb.
2016.12.023

Zeraati, M., Enayati, M., Kafami, L., Shahidi, S. H., and Salari, A.-A.
(2019). Gut microbiota depletion from early adolescence alters adult
immunological and neurobehavioral responses in a mouse model of multiple
sclerosis. Neuropharmacology 157:107685. doi: 10.1016/j.neuropharm.2019.107
685

Zhang, Y., Zhang, J., Liu, H., He, F., Chen, A., Yang, H., et al. (2019). Meta-analysis
of FOXP3 gene rs3761548 and rs2232365 polymorphism and multiple sclerosis
susceptibility. Medicine 98:e17224. doi: 10.1097/md.0000000000017224

Zhao, Z.X., Fu,]., Ma, S. R., Peng, R, Yu, J. B, Cong, L., et al. (2018). Gut-brain axis
metabolic pathway regulates antidepressant efficacy of albiflorin. Theranostics 8,
5945-5959. doi: 10.7150/thno.28068

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Maiuolo, Gliozzi, Musolino, Carresi, Scarano, Nucera, Scicchitano,
Oppedisano, Bosco, Ruga, Zito, Macri, Palma, Muscoli and Mollace. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 616883


https://doi.org/10.1097/mop.0000000000000647
https://doi.org/10.1097/mop.0000000000000647
https://doi.org/10.1038/s41586-019-1560-1
https://doi.org/10.1542/peds.2011-2864
https://doi.org/10.1542/peds.2011-2864
https://doi.org/10.1001/jamapsychiatry.2017.0658
https://doi.org/10.1111/gbb.12109
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1016/j.arr.2018.04.004
https://doi.org/10.1016/j.arr.2018.04.004
https://doi.org/10.1002/ana.24448
https://doi.org/10.1002/ana.25244
https://doi.org/10.1093/ijnp/pyy067
https://doi.org/10.1016/j.bbrc.2019.06.053
https://doi.org/10.3389/fncel.2017.00025
https://doi.org/10.1016/j.psc.2017.08.007
https://doi.org/10.1016/j.physbeh.2014.10.033
https://doi.org/10.1186/s12883-016-0703-3
https://doi.org/10.1186/s12883-016-0703-3
https://doi.org/10.1016/j.jns.2016.02.042
https://doi.org/10.1111/ene.13026
https://doi.org/10.1111/cen3.12405
https://doi.org/10.1111/cen3.12405
https://doi.org/10.1037/abn0000410
https://doi.org/10.1016/j.molimm.2017.12.001
https://doi.org/10.1016/j.molimm.2017.12.001
https://doi.org/10.1111/aji.12778
https://doi.org/10.1177/1352458518767327
https://doi.org/10.1177/1352458518767327
https://doi.org/10.1111/ijpo.12217
https://doi.org/10.1017/s0033291717002781
https://doi.org/10.1007/s00018-017-2509-x
https://doi.org/10.1007/s00018-017-2550-9
https://doi.org/10.3389/fpsyt.2019.00473
https://doi.org/10.1016/j.jmb.2016.12.023
https://doi.org/10.1016/j.jmb.2016.12.023
https://doi.org/10.1016/j.neuropharm.2019.107685
https://doi.org/10.1016/j.neuropharm.2019.107685
https://doi.org/10.1097/md.0000000000017224
https://doi.org/10.7150/thno.28068
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	The Contribution of Gut Microbiota–Brain Axis in the Development of Brain Disorders
	Introduction
	Neurological Disorders and Microbiota: From the Microbiota to the Brain
	Anxiety and Depression
	Autism Spectrum Disorder
	Autoimmunity and Multiple Sclerosis

	Classical Knowledge of Anxiety–Depression, Asd, and Ms: Brain Origin of Diseases
	Microbiota–Brain Communication
	Enteric Nervous System
	Enteroendocrine Cells
	Neurotransmitters Produced by the Gut Microbiota

	Discussion and Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References


