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/Abstract

brain functions.

N

The intestinal microbiome consists of a bacterial community that lies largely in the distal bowel where almost
100 trillion of microorganisms are present.The gut and the brain are strictly interconnected by a physiological com-
munication system known as the gut-brain axis, involving endocrine, nutritional and immunologic mechanisms. The
gut-brain axis plays a crucial role in the modulation of several brain areas and alterations in its function are often asso-
ciated with psychiatric conditions.The current review, besides providing an overview of the microbiome composition
and its diet-based changes, will focus on the recent advances in the understanding of how the gut-brain axis influences
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Composition and Diversity of the Intestinal Mi-
cro Biota

In the human body a vast number of organisms, including
bacteria, archaea, viruses and unicellular eukaryotes live and coex-
ist, and all together have been referred to as the microbiota, com-
mensal microflora, or normal flora [1]. The overall human micro-
biota that habits our body are present in virtually every surface
exposed to the external environment and is estimated to contain as
many as 1014 bacterial cells, 10-fold greater than the number of
human cells [2-4]. The most heavily colonized organ is the gastro-
intestinal (GI) tract, rich in molecules that are important substrates
and nutrients for microbes, whereas the colon alone is estimated
to be colonized by over 70% of the entire human microbial com-

munity [2-4]. The intestinal microbiome represents a complex en-
docrine organ and, due to its complexity of functions, it is often
referred to as “a forgotten organ” [5].

Gut microbiota in adults is mainly composed of strict an-
aerobes, which largely dominate the facultative anaerobes and the
aerobes [6]. In particular, although the presence of more than 50
bacterial phyla has been described to date in the human gut, the
microbiota population is profoundly dominated by only 2 of them,
accounting for approximately 60%-90%: the Bacteroidetes and
the Firmicutes, whereas Proteobacteria, Verrucomicrobia, Acti-
nobacteria, Fusobacteria and Cyanobacteria are present in minor
proportions [2,7]. The estimated number of bacterial species pres-
ent in the mammalian gut varies widely between different stud-
ies, although it is generally accepted that adults harbor more than
1,000 microbial species [8,9]. A recent analysis involving multiple
subjects has suggested that, overall, the human gut microbiota is
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composed of more than 35,000 bacterial species [10]. These bacte-
rial species have variable distribution along the length of the GI
tract, with cell numbers varying from 10 to 103 bacteria per gram
of contents in the stomach and duodenum, increasing to between
104 and 107 bacteria per gram in the jejunum and ileum (small
intestine), and reaching to between 1011 and 1012 bacteria per
gram in the colon (large intestine) [5,11]. Moreover, the micro-
bial composition and the amount of different bacterial species vary
between the different sites in the small intestine and colon [10].
Comparing healthy individuals’ biopsy samples from both sites,
the small intestine was found to be enriched with certain members
of the Bacillus class of Firmicutes phyla and Actinobacteria, while
members of the Bacteroidetes phylum and the Lachnospiraceae
subgroup of Firmicutes were more prevalent in the colonic tract
[10].In addition to the longitudinal variation of the intestinal mi-
crobiota observed along the length of the GI tract, latitudinal varia-
tions also exist, involving the microbial composition in transverse
section of the intestine [12]. In fact, it has been observed that the
microbial composition in the intestinal lumen differs significantly
from that in the immediate proximity of the epithelium, with many
lumen-colonizing species being unable to access the intestinal
epithelial layer [12]. As an example, the genera Bacteroides, Bi-
fidobacterium, Streptococcus, Enterococcus, Clostridium, Lacto-
bacillus and Ruminococcusare present in the microbial flora of the
lumen, whereas only Clostridium, Lactobacillus, and Enterococ-
cuscan be detected in the mucus layer and epithelial crypts of the
small intestine [12].

The composition of the human gut microbiota has been ob-
served to change substantially during the different epochs of life,
in parallel to diet changes over the years [13,14]. Microbial coloni-
zation of the human gut begins at birth, when the neonate intestine
is believed to be sterile or contains a very low level of microbes
[15]. The human gut is quickly colonized during and after deliv-
ery, when the neonate passes through the birth canal. Thus, the
intestinal microbiota of infants and the vaginal microbiota of their
mothers show similarities [16], whereas differences in the micro-
bial composition have been described between infants delivered
through cesarean section compared to those vaginally delivered
[17]. During the first year of life, the gut microbial composition is
relatively simple althoughit varies widely between different indi-
viduals [16,18]. Afterward, the intestinal microbiota community of
children starts to be similar to that of young adults and stabilizes
[16,18]. It is believed that during the early stages of life both the
initial colonization and the diet play a crucial role in shaping the
adult intestinal microbiota [19].

Besides the mother’s microbiota composition, gut micro-
bial diversity is also influenced by different internal and external
factors. Among the external factors, the environmental microbial
load, diet and feeding habits and drug therapy appear to signifi-

cantly affect microbial composition. With regard of the drug thera-
py, for example, the use of broad-spectrum antibiotics, commonly
prescribed in clinical practices, has been shown to reduce the gut
microbiota diversity and delay the colonization by some probiotic
strains, such as Lactobacillus sp. [20]. The major internal factors
influencing microbial composition include microbial interactions,
environmental temperature, intestinal acidity, physiological peri-
stalsis, bile acids, host secretions and immune responses, bacterial
mucosal receptors, and the host’s genetic factors, that likely work
indirectly by acting on the general host metabolism [11,18]. How-
ever, despite the enormous amount of different factors that can in-
fluence the gut microbial composition, the microbial community
in the human gut is fairly stable at the phylum level [11]. As stated
above, the Bacteroidetes and Firmicutes are the major phyla found
and are conserved in all individuals, although the relative propor-
tions of these phyla can vary. Additionally, within phyla, at the
level of genera and species, the human gut composition is also
considerably different between individuals [21,22].

A conceivable explanation for the microbiota diversity, al-
though not experimentally proved, is likely the functional redun-
dancy within microbial groups of the gut microbiota; different
bacterial species within the major phyla might be able to carry out
a functional process at the same rate, ensuring the maintenance of
proper specific functions within the gut [9,11]. From birth to wean-
ing, maternal and neonatal dietsare also critical for shaping the gut
microbiota [13,23]. Breast milk isrich in a wide variety of important
prebiotics, such as the human milk oligosaccharides,impactingboth
on growth and body mass regulation, as well as nucleotides, im-
munoglobulins, cytokines and short-chain fatty acids (SCFAs)
[23,24]. Oligosaccharides are fermented by Bifidobacteria that,
along with lactic acid bacteria, represent the most prevalent bacte-
rial species in the gut of breastfed infants and are important for the
production of SCFAs and for the maintenance of gut homeostasis
[24,25]. Conversely, the microbiota of formula-fed infants typi-
cally shows a higher diversity including Bacteroidetes, Clostridia,
and Bifidobacteria, with an overall increase in facultative anaero-
bic bacteria associated with pathogenesis, such as Staphylococcus,
Enterobacteriaceae, and Streptococcus [23,26].

The infant’s gut microbiota changes are strongly correlated
with a shift from breastmilk/formula diet to a solid diet, causing
an increase in the Bacteroidetes to Firmicutes ratio, along with a
reduction in Proteobacteria and Bifidobacteriaand an overall in-
crement in functional genes characteristic of an adult microbio-
ta [18,27].A drastic variation in the compositionof the intestinal
microbiota has been observed comparing young healthy adults
to elderly individuals, due to age-related factors associated with
physiological and morphological changes in the gut [28,29]. In
elderly people, a decrease of intestinal microbiota diversity and
composition has been observed, associated with a reduction in the
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levels of bacterial species such as Bifidobacteria and Bacteroides,
and a concomitant increase in the proportion of Ruminococcus,
Clostridium, Enterobacteriaceae, and Lactobacillus [8,23].

Microbiota, Function and Host Metabolism

The gut microbiota encode alargely greater number of genes
than its human host. Therefore the microbial community exerts and
is involved in a variety ofspecificmetabolic functions and physi-
ological processes. For example, bacterial cells in the gut are-
able to protect the host from pathogens, synthesize a variety of
vitamins and amino acids, allow biotransformation of bile acids,
store host fat, and regulate brain physiology and behavior [30-32].
Additionally, many intestinal bacteria produce antimicrobial sub-
stances, known as bacteriocins, and compete for nutrients in their
immediate surroundings and for sites of attachment in the intestine
lining, thereby preventing colonization by pathogens. This action
is known as the barrier or competitive-exclusion effect[33].More-
over, intestinal bacteria can produce a variety of neurotransmitters
such as y-aminobutyric acid (GABA), serotonin, melatonin, cate-
cholamines and histamine, as well as gasses, such as hydrogen and
ammonia, which areinvolved in the communication between vari-
ous components of the microbiota and areessential for the func-
tioning of the nervous, neuroendocrine and immune systems[34].

A main function of the intestinal bacteria is to provide vi-
tal biochemical pathways for digestive processes, such as those
involved in the metabolism of carbohydrates, resulting in the re-
covery of energy and substrates absorbed by the host and also rep-
resenting a source of energy and nutrients for bacterial growth and
proliferation [33].Bacteroidetes phyla mainly produce the SCFAs
acetate and propionate, whereas butyrate is predominately synthe-
sized by Firmicutes. Through the production of SCFAs, mainly
derived from the fermentation of undigested carbohydrates in the
colon and large intestine, the gut microbiota is able to regulate
several host physiology processes and immune functions via epi-
genetic mechanisms, such as the regulation of the functions of reg-
ulatory T cells, the regulation of the metabolism of lipid, glucose,
and cholesterol in various tissues, and the control on the release of
several satiety hormones [23].

The intestinal epithelium represents the main interface be-
tween the immune system and the external environment. Interac-
tions between gut microbiota and their metabolites with the im-
mune system promote the enhancement of an immune response
of the host in the human gut and at distant organs. Thus, the state
of the gut microbiota directly affects the innate and acquired im-
mune system [35].The interactions between the microbiome and
mucosal cells are regulated by the production of different cytok-
ines and chemokines, both inflammatory (interleukin-8 and inter-
leukin-1) and anti-inflammatory (interleukin-10 and transforming

growth factor beta) [3].Since the bacterial gut flora is often found
at sites enriched with immune cells including epithelial cells, mu-
cus, immunoglobulin A, and antimicrobial peptides, the interac-
tions between all these components seem to play an important role
in the regulation of a homeostasisbetween microbiota and the host
gut, by limiting the contact between the microbiota and host tissue,
preventing microbial translocation, and regulating the gut micro-
biota composition [36]. In addition, the gut microbiota may acti-
vate a peripheral immune response by releasing certain molecules,
such as LipoPolysaccharides (LPS) and peptidoglycans, which
can be translocated from the gut through the intestinal mucosal
barrier, acting as potent promoters of the innate immune system.
Therefore, the intestinal microbiota composition influences bar-
rier integrity: an increase in gut permeability and translocation of
bacteria and their products inside the internal tissues (a mechanism
referred to as the permeable intestine or “leaky gut” [37, 38] has
been implicated in several pathophysiological conditions, such as
obesity, several human chronic diseases and psychosomatic symp-
toms [34].

Role of Diet in Microbiota Composition

Changes in diet composition, even within a short duration,
have a drastically direct impact on the gut microbiota in adult indi-
viduals [39]. It has been reported that a high-fat diet, as is the case
of the so-called Western diet, causes a change in the Bacteroides
to Firmicutes ratio with a significant reductions in Bifidobacteria,
Bacteroides, and butyrate-producing bacteria [40-42]. In addition,
an increasein the relative abundance of Collinsella, bacteria as-
sociated with Obesity has been observedin humans with Western
diet [42].

On the other hand, the Mediterranean diet - rich in fruits,
vegetables, cereals, and legumes, with low consumption of meat -
has been found to be associated with an increase in Bacteroides and
Clostridium phyla and decrease in Proteobacteria and Bacillaceae
[43]. These changes in the gut microbiota composition associated
with the Mediterranean diet have been linkedto anti-inflammatory
effects and, consequently, with a significant reduction in mortality
and in the incidence of several chronic diseases, such as cancer,
autoimmune and neurodegenerative diseases [44]. Moreover, the
Mediterranean diet causes a significant increase in SCFAs that are
critical for the maintenanceof the intestinal barrier [45].

Carbohydrates, proteins, bile acids, fatty acids, vitamins
and polyphenols likewisecan affect the microbiota composition.
Carbohydrates are metabolized by the gut microbiota and are then
absorbed in the intestine as simple sugars. Carbohydrate fermenta-
tion produces highly-efficient energy with production of important
metabolites, such as SCFAs[46].Indigestible carbohydrates, such
as cellulose and hemicelluloses present in plants, are often metab-
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olized in the distal part of the colon, mostly by Bacteroides or Ru-
minococcus species, and, therefore, abundance in the Bacteroides
species has been reported in individuals that use rural diets[47].
Dietary regiments rich in fibers belonging to a group of carbohy-
drates or carbohydrate-containing compounds not easily digested,
have been associated with a high diversity of the gut microbiota,
by elevating the relative abundance of Bifidobacteria and Lacto-
bacilli in the human intestine, essentials for the maintenance of
a healthy microbiota [48].Changes in the composition of dietary
carbohydrates are also implicated in affecting the microbiota com-
position. Of note, a recent study in healthy individuals showed that
a short-term gluten-free diet determines a significant reduction in
the Veillonellaceae family (class Clostridia), pro-inflammatory
bacteria involved in lactate fermentation [49].

Protein-rich diet is often associated with an increase in
Bacteroides levels in the gut, because Bacteroidesareinvolved in
the initial proteolysis [50]. In addition, protein-rich dietary con-
sumption has been found to result in an abundance of Atopodium,
Clostridium, Prevotella, Veillonellasps, and the bile-tolerant bac-
teria Alistipes and Bilophila, with a reduction in Firmicutes[51].
Moreover, protein-rich animal-based diet in mice results in a sig-
nificant increase in Bilophilawadsworthia, a gut-specific bacteri-
um associated with colitis and a variety of inflammatory chronic
gastrointestinal diseases [52].

Intestinal flora is also important for bile acid synthesis, and
intestinal Bacteroides sp. in bile acid deconjugationhas been re-
ported to promote the protection of the colonic epithelium cells
from genotoxic agents [53].0mega 3 and omega 6 are polyunsat-
urated fatty acids (PUFAs), biosynthetic derivatives of alfalino-
leicand linoleic acids. They are found mainly in fish and in some
plant oils, with proved positive effects on neuroprotection and on
brain function, metabolism, and behavior [54]. PUFAs, especially
omega 3, have been investigated for their crucial role in regulat-
ing the microbial composition and metabolism during early-life
stress [55]. Importantly, most of the beneficial anaerobic bacte-
ria including Roseburia, Bifidobacteria, and Lactobacillus sp. are
widely found in the distal end of the gut, a preferred site for PUFA
metabolism from linoleic acid [56].

The intestinal microbiota also appears to be associated with
the synthesis of a variety of vitamins, thus enriching the immune
system and the microbiota diversity [57]. Most of the microbial-
produced vitamins are absorbed in the colon, while most of the
dietary-derived vitamins are absorbed in the proximal part of the
small intestine [58]. In germ-free mice, vitamin A deficiency has
been linkedto a loss of gut T-helper TH17 cells in the small intes-
tine, and to a significant reduction in the gut bacteria belonging to
Clostridiaceae [59]. Similarly, high doses of vitamin D3 have been
correlated with changes in the gut microbiota composition, with

reductions in gamma Proteobacteria in the upper GI tract [60].
Indeed, deficits of vitamin D are associated with various prolifera-
tive, neuropsychiatric, inflammatory and metabolic disorders [23].
In addition, the intestinal microbiota also plays a role in the syn-
thesis of biotin and folate, vitamins closely involved in the epige-
netic regulation of colonic epithelial proliferation, in DNA repair,
and in various anabolic pathways, such as synthesis of nucleotides,
vitamins, and some amino acids [23].

Polyphenols are a heterogeneous group of compounds char-
acterized by hydroxylated phenyl moieties, found in grapes, apple,
pear, cherries, berries, tea, coffee, red wine, dry legumes, cereals
and chocolate [61]. Small portions of polyphenols are metabolized
in the small intestine, but the majorities are fermented in the large
intestine by some intestinal bacterial species including Bifidobac-
terium sp., Lactobacillus sp., Bacteroidetes sp., Eubacterium sp.
and Escherichia coli. Polyphenols are known to induce numerous
beneficial effects associated with inflammation, neuroprotection,
antioxidation, cardiovascular diseases, cerebral ischemia and met-
abolic disorders [61,62].

A growing body of evidence suggests that the microbiota
may be responsible for some of the beneficial effects of polyphe-
nols, and an association between polyphenols and an increment in
the gut microbiota composition diversity has been suggested [62].
For example, the polyphenol catechin, found in green tea, has been
shown to markedly inhibit the growth of Clostridium sp., whereas
the growth of Bifidobacterium sp. and Lactobacillus sp. remains
unaffected and, in another recent study, catechin inhibited “in
vitro” the fecal growth of Bacteroidetes and Firmicutes [63,64].
Moreover, resveratrol, commonly found in grape, has been found
to promote fecal numbers of Bifidobacterium sp. and Lactobacil-
lus in a murine model, and, similarly, consumption of red wine
containing resveratrol showed significant increases in Enterococ-
cus, Prevotella, Bacteroides, Bifidobacterium, Bacteroidesuniform
is,Blautiacoccoides, and Eggerthellalenta, where as Lactobacillus
numbers remained unaffected [65,66].

Gut Brain-Axis

The gut-brain axis acts as an integrative physiological sys-
tem merging nutritional, endocrine, immunologic, efferent, and af-
ferent neuronal signals between the GI system and the brain.The
evidence that the microbiome can impact on brain functions stems
from clinical observations. For example, rifaximin, a semisynthet-
ic rifamycin-based antibiotic that reduces intestinal production and
absorption of ammonia by altering microbiota composition, has
been shown to be effective in improving behavioral, mental, and
intellectual abnormalities in patients with hepatic encephalopa-
thy [67]. Other evidence arises from the observation that several
psychiatric disorders frequently coexisting with common gastro-

Volume 2017; Issue:06



Citation: Gherardi G,Sciarra F, Krashia P, NobiliA, Bonaventura GD et al.(2017) The Intricate Interaction between Enteric Microbiota and Brain: Principles and Clinical

Implications.J Dig Dis Hepatol2017: JDDH-127.

intestinal conditions, such as irritable bowel syndrome, are also
associated with disturbances of the intestinal microbiota [68]. Vari-
ous experimental studies carried out on animal models of psychi-
atric disorders, including those affecting early brain development,
and neurological disorders such as multiple sclerosis,have further
extended the notion that the microbiome interacts with the brain
[69-71].

Thus, the microbiome and its regulating factors are rapidly
becoming an important field of research, and nutritional interven-
tions across the lifespan play a key role in assuring a physiologi-
cal brain health. The complex network of communication between
the gut microbiome and the brain is mainly mediated through the
Autonomic Nervous System (ANS), the enteric nervous system,
the immune system, and the bacterial metabolites [72]. Here, we
report recent advances in our understanding of how the intestinal
microbiota communicates with the brain via the gut-brain axis to
influence brain development and behavior.

ANS Mediation

The enteric nervous system, or second brain, embedded in
the gut wall along the GI tract, is a rather autonomous part of the
ANS, and itis further innervatedby primary visceral afferent nerve
fibers from both the sympathetic and parasympathetic branches
of the ANS [73]. After ingestion of food or drink, the nutrients
in the GI tract initiate complex neuronal and hormonal responses,
informing the brain of the ongoing change in the nutritional status
(FiguFigure 1:The gut-brain axis.

Figure 1: The gut-brain axis.

The brain and the gut are strongly bi-directionally intercon-
nected. After food ingestion, the nutrients in the GI tract trigger
complex neural and hormonal responses informing the brain of
the change in the nutritional status. The connectivity between gut
and brain is mediated by neuronal, immunological, endocrine and
metabolic pathways. The vagus nerve is the major nerve for medi-
ating the effects of gut microbiota on different neurophysiological
function: the afferent fibers project from the gut to the subcortical
and cortical areas of the brain, meanwhile effector fibers project
to the smooth muscles and secretory glands of the gut. The EECs,
located in gut epithelium, release signaling molecules or hormones

that act directly on the receptors located along the afferent fibers
of the vagus nerve or reach the brain through the bloodstream. The
gut microbiota can both induce the immunitary system to produce
an immune modulatory response and release neurotransmitters and
hormones that reach the brain by the circulatory system.

Although the enteric nervous system can function on its
own, stimulation by the ANS parasympathetic and sympathetic
branches can modulate GI function including motility, secretion
and absorption. The afferent fibers project information from the
gut to the subcortical and cortical centers of the brain including the
cerebral cortex, cingulate, and insular regions, whereas effector fi-
bers project to the smooth muscles and secretory glands of the gut
(Figure 1)[74]. This bidirectional communication helps to main-
tain a proper GI homeostasis, and cognitive functions.The vagus
nerve is themajor nerve of the parasympathetic system of the ANS
and is crucial for mediating the effects of gut microbiota on differ-
ent neurophysiological functions [72].For example, experimental
observations by Bravo and co-workers in 2011 demonstrated that
the probiotic Lactobacillus rhamnosus is able to alter the mRNA
expression of GABAreceptorsin cortical brain areas,andsimilar al-
terations have been involved in the pathogenesis of anxiety and de-
pression [75]. Interestingly, the same Authors showed that neuro-
chemical and behavioral effects were absent in vagotomized mice,
identifying the vagus nerve as a major modulatory constitutive
communication pathway between the bacteria exposed to the gut
and the brain.Similarly, it was shown that the ability of the probiot-
ic Bifidobacterium to normalize anxiety-like behavior is dependent
on the vagus nerve integrity [76]. Together, these findings highlight
the important role of bacteria in the bidirectional communication
of the gut-brain axis and suggest that certain organisms may prove
to be useful therapeutic adjuncts in stress-related disorders such as
anxiety and depression.

Enteroendocrine Cells

The vagus nerve does not project directly into the gut lumen,
butits activation is partly dependent on the secretion of biologi-
cal signals produced by specialized endocrine cells (comprising
approximately 1% of the GI tract epithelial cells)that are capable
of sensing luminal content and of producing and releasing signal-
ing molecules.Thus, these enteroendrocrine cells (EECs) elaborate
informative molecules which are then transmitted to the brain by
both the blood circulation and the vagus nerve,making them criti-
cal foranormal bidirectional gut-brain communication. Important-
ly, gut microbiome and EECs are in direct contact along the GI
tract, and this colocalization permits a strong mutual interaction
allowing for the commensal bacterial to stimulate EECs in order
to secrete various gut peptides. Moreover, the nutrients and food
components in the gut act on proper receptors, mostly located on
EECs[77,78]; collectively, these cellsfrom our largest endocrine
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organ [73].Approximately 12 major EECtypes have been identi-
fied, altogether secreting more than twenty hormones. The hor-
mones released by EECs can act on vagusnerve terminals, immune
cells and other cells, or organs at remote sites including pancreatic
islets.

The effects exerted through nutrient receptors on EECsin-
clude changes in food intake, changes in gastric emptying and in-
testinal transit, release of digestive enzymes, induction of nutrient
transporters and digestive enzymes, an increase in intestinal barrier
function, pancreatic insulin secretion and modulation of immune
responses.These effects are mainly mediated by the vagus nerve,
being the major constituent of a neural reflex mechanism involved
in the control of innate immune responsesand inflammation dur-
ing pathogen invasion [79-81],beyond the regulation of metabolic
homeostasis, GI motility and secretion and regulation of both the
endocrine and exocrine pancreatic secretion [73].Various experi-
mental observations demonstrated the role of the vagus nerve in
the peptide hormone function. For instance,Koda and coworkers
demonstrated that vagotomy abolished the function of the gut pep-
tide PYY, ,.and vagotomized mice displayed a clear hypoPhagic
phenotype [82].This peptide, produced by gut EECs, is highly as-
sociated with reduction in food consumption[83].

Immune System Mediation

It is nowwidely recognized that the interaction with com-
mensal microflora, present in the GI tract, are crucial for the
proper function of the mammalian immune system [84].In fact,
the microbiome isoften found at sites enriched with immune
cells, playing an important role in the homeostatic relationship
between the microbiota and the host mucus, immunoglobulin A,
and antimicrobial peptides [85]. Several important effects of the
microbiota on the host immune system have been determined
by studies on germ-free animals. These animals are character-
ized by serious alteration in the development of gut-associated
lymphoid tissues [84,86] and in antibody production, and have
fewer and smaller Peyer’s patches and mesenteric lymph nodes
when compared with animals housed under specific pathogen-free
conditions. These alterations in inducible structures are rescued
following the introduction of gut bacteria, indicating a crosstalk
between bacteria and the host immune system.The immune sys-
tem is not only involved in maintaining homeostasis between the
gut microbiota and the gut, but it may also act as an intermedi-
ary between the gut microbiota and the brain [87].The gut mi-
crobiota may mediate an immune response by releasing certain
molecules, which are potent promoters of the innate immune sys-
tem. For example, peripheral administration of LPS or interleukin-
1B leads to an activation of the vagus nerve, as shown by an in-
crease of neuron electrical activity and c-Fos expression [88,89].

To the evidence that interleukin-1p activates central neu-
ronal circuitries originating in the nucleus of the solitary tract
(NTS),Ek and collaborators [90] added the functional evidence
that circulating interleukin-1f stimulates vagal sensory activity via
prostaglandin-dependent mechanisms, as the effect of interleukin-
1B administration was attenuated in animals pre-treated with the
cyclooxygenase inhibitor, indomethacin. Additionally, preclini-
cal and clinical studies have shown that peripheral immune ac-
tivation following LPS administration can lead to behavioral
alterations[91,92]. Interestingly, such mental deficitsare signifi-
cantly attenuated in vagotomised animals [88], suggesting that
the behavioral alterationsare dependent on the magnitude of the
immune activation. In addition to behavioral modulation, the mi-
crobiome has recently been implicated in the shaping of the brain’s
resident immune cells, the microglia. In fact, a substantial contri-
bution of the host microbiota to microglia homeostasis has been
reported [93]. The Authors observed that germ-free mice display
defects in microglia with altered cell proportions and an immature
phenotype, leading to impaired innate immune responses. Notably,
microglia impairment can be rescued by complex microbiota, pro-
viding more evidence for the link between microbiota and brain
health.

Microbiome and Brain Health: Clinical Implications

The experimental evidence that the microbiome can influ-
ence brain function has aroused great interest towards the link
between microbiome dysfunction and human neuropsychiatric
conditions. For instance, epidemiological studies report that GI
distress is a common comorbidity in autism patients [94], and cor-
relates well with symptom severity [95]. Moreover, a study reveals
a higher prevalence of inflammatory bowel disease in autism pa-
tients when compared to controls [96]. On the basis of these epide-
miological studies, preclinical investigations performed on mouse
models demonstrated a crucial role of microbiome alterations in
autism-like defects in offspring. Similarly, Hsiao and collaborators
[97], using a maternal immune activation model (MIA; strongly
linked to the development of neurochemical and behavioral abnor-
malities in offspring, [98]demonstrated that MIA mouse offspring
displayed GI barrier, microbiota alterations and an abnormal intes-
tinal cytokine profile characterized by high levels of the inflam-
matory marker interleukin-6, in addition to autism-like neurode-
velopmental features. Notably, oral treatment of MIA offspring
with the human commensalBacteroidesfragilisrescued gut perme-
ability, and ameliorated behavioral social defects.More recently it
has been reported that maternal high-fat diet causes gut microbiota
dysbiosis in mouse offspring that additionally show a reduction
in the number of oxytocin-immunoreactive neurons in the hypo-
thalamus and social deficits. Interestingly, both social defects and
microbiome dysbiosiswere prevented when the offspring were co-
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housed with offspring of mothers following a regular diet [99]. The
notion that the gut microbiota is also implicated in stress-related
mood disorders, such as depression, has been recently suggested
by the change in the composition of commensal bacteria observed
in patients suffering from major depression [100]. In fact, the Au-
thors found that the gut microbiotic composition of patients was
characterized by significant changes in the relative abundance of
Firmicutes, Actinobacteria and Bacteroidetes. Additionally, the
Authors showed that the transplantation of dysbiotic stool from
patients in germ-free animals resulted in depression-like behav-
iors, when compared with the same germ-free mice transplanted
with stool from healthy individuals.

Conclusions and Future Perspectives

Here,we have reported only a small fraction of the published
data on the relationship between the microbiome and brain health
and on the role of diet in the shaping of the gut bacteria compo-
sition. Nevertheless, we strongly believe that further studies are
neededin order to better characterize the molecular mechanisms by
which the gut microbiome or the products of the microbiome-host
interactionsare able to alter brain functions and thus drive brain
pathology. It is clear from this summary that thorough clinical in-
vestigations are needed in order to unlock the therapeutic potential
of diet for different neuropsychiatric conditions and we are confi-
dent that the use of probiotics will be further explored as adjuvant
therapy inthe standard care inseveral mental illnesses in the near
future.

Acknowledgements

M.D. was supported by the Italian Ministry of Health (Pro-
getto Giovani Ricercatori Project Code GR-2011-02351457) and
by the Alzheimer’s Association (NIRG-11-204588). We thank
Sherry Lynn Jones for her assistance in checking the English lan-

guage.

References
1. Kunz C, Kuntz S, Rudloff S (2009) Intestinal flora. AdvExp Med Bi-
0l639: 67-79.

2. Ley RE, Peterson DA, Gordon JI (2006) Ecological and evolutionary
forces shaping microbial diversity in the human intestine. Cell124:
837-848.

3. Neish AS (2009) Microbes in gastrointestinal health and disease. Gas-
troenterology 136: 65-80.

4.  Whitman WB, Coleman DC, Wiebe WJ (1998) Prokaryotes: the un-
seen majority. Proc Natl AcadSci USA95: 6578-6583.

5. O’Hara AM, Shanahan F (2006) The gut flora as a forgotten organ.
EMBO Rep 7: 688-693.

6. Harris MA, Reddy CA, Carter GR (1976) Anaerobic bacteria from the
large intestine of mice. Appl Environ Microbiol31: 907-912.

9.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Schloss PD, Handelsman J (2004) Status of the microbial census. Mi-
crobiolMolBiol Rev68: 686-691.

Claesson MJ, O’Sullivan O, Wang Q, Nikkila J, Marchesi JR, et al.
(2009) Comparative analysis of pyrosequencing and a phylogenetic
microarray for exploring microbial community structures in the human
distal intestine. PLoS One 4: e6669.

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R (2012)
Diversity, stability and resilience of the human gut microbiota. Nature
489: 220-230.

Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, et
al. (2007) Molecular-phylogenetic characterization of microbial com-
munity imbalances in human inflammatory bowel diseases. Proc Natl
AcadSci USA104: 13780-13785.

Sekirov |, Russell SL, Antunes LC, Finlay BB (2010) Gut micro biota in
health and disease. Physiol Rev 90: 859-904.

Swidsinski A, Loening-Baucke V, Lochs H, Hale LP (2005) spatial or-
ganization of bacterial flora in normal and inflamed intestine: a fluo-
rescence in situ hybridization study in mice. World J Gastroenterol 11:
1131-1140.

N, Arboleya S, Valdés L, Stanton C, Ross P, et al. (2014) de Los
Reyes-Gavilan CG The human intestinal microbiome at extreme ages
of life. Dietary intervention as a way to counteract alterations. Front
Genet 5: 406.

N, Kozil A, Weir TL (2014) Diet and the development of the human
intestinal microbiome. Front Microbiol 5: 494.

Jiménez E, Marin ML, Martin R, Odriozola JM, Olivares M, et al.
(2008) Is meconium from healthy newborns actually sterile? Res Mi-
crobiol 159: 187-193.

Mandar R, Mikelsaar M (1996) Transmission of mother’s microflora to
the newborn at birth. Biol Neonate 69: 30—-35.

Huurre A, Kalliomaki M, Rautava S, Rinne M, Salminen S, et al. (2008)
Mode of delivery - effects on gut microbiota and humoral immunity.
Neonatology93: 236-240.

Mackie RI, Sghir A, Gaskins HR (1999) Developmental microbial ecol-
ogy of the neonatal gastrointestinal tract. Am J ClinNutr 69: 1035S-
1045S.

Zoetendal EG, Akkermans ADL, Akkermans-van Vliet WM, de Visser
JAGM, de Vos WM (2001) The host genotype affects the bacterial
community in the human gastrointestinal tract. Micro Ecol Health Dis
13: 129-134.

Cryan JF, O'Mahony SM (2011) The microbiome-gut-brain axis: from
bowel to behavior. NeurogastroenterolMotil 23: 187—-192.

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, et al.
(2005) Diversity of the human intestinal microbial flora. Science 308:
1635-1638.

Gill SR, Pop M, Deboy RT, Eckburg PB, Turnbaugh PJ, et al. (2006)
Metagenomic analysis of the human distal gut microbiome. Science
312: 1355-1359.

Sandhu KV, Sherwin E, Schellekens H, Stanton C, Dinan TG, et al.
(2017) Feeding the microbiota-gut-brain axis: diet, microbiome, and
neuropsychiatry. Transl Res 179: 223-244.

Volume 2017; Issue:06


https://www.ncbi.nlm.nih.gov/pubmed/19227535
https://www.ncbi.nlm.nih.gov/pubmed/19227535
https://www.ncbi.nlm.nih.gov/pubmed/16497592
https://www.ncbi.nlm.nih.gov/pubmed/16497592
https://www.ncbi.nlm.nih.gov/pubmed/16497592
https://www.ncbi.nlm.nih.gov/pubmed/19026645
https://www.ncbi.nlm.nih.gov/pubmed/19026645
https://www.ncbi.nlm.nih.gov/pubmed/9618454
https://www.ncbi.nlm.nih.gov/pubmed/9618454
https://www.ncbi.nlm.nih.gov/pubmed/16819463
https://www.ncbi.nlm.nih.gov/pubmed/16819463
https://www.ncbi.nlm.nih.gov/pubmed/938042
https://www.ncbi.nlm.nih.gov/pubmed/938042
https://www.ncbi.nlm.nih.gov/pubmed/15590780
https://www.ncbi.nlm.nih.gov/pubmed/15590780
https://www.ncbi.nlm.nih.gov/pubmed/19693277
https://www.ncbi.nlm.nih.gov/pubmed/19693277
https://www.ncbi.nlm.nih.gov/pubmed/19693277
https://www.ncbi.nlm.nih.gov/pubmed/19693277
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3577372/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3577372/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3577372/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1959459/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1959459/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1959459/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1959459/
https://www.ncbi.nlm.nih.gov/pubmed/20664075
https://www.ncbi.nlm.nih.gov/pubmed/20664075
https://www.ncbi.nlm.nih.gov/pubmed/15754393
https://www.ncbi.nlm.nih.gov/pubmed/15754393
https://www.ncbi.nlm.nih.gov/pubmed/15754393
https://www.ncbi.nlm.nih.gov/pubmed/15754393
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4240173/https:/www.ncbi.nlm.nih.gov/pubmed/?term=de%20Los%20Reyes-Gavil%C3%A1n%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=25484891
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4240173/https:/www.ncbi.nlm.nih.gov/pubmed/?term=de%20Los%20Reyes-Gavil%C3%A1n%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=25484891
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4240173/https:/www.ncbi.nlm.nih.gov/pubmed/?term=de%20Los%20Reyes-Gavil%C3%A1n%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=25484891
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4240173/https:/www.ncbi.nlm.nih.gov/pubmed/?term=de%20Los%20Reyes-Gavil%C3%A1n%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=25484891
National Maize Research Programme
National Maize Research Programme
https://www.ncbi.nlm.nih.gov/pubmed/18281199
https://www.ncbi.nlm.nih.gov/pubmed/18281199
https://www.ncbi.nlm.nih.gov/pubmed/18281199
https://www.ncbi.nlm.nih.gov/pubmed/8777246
https://www.ncbi.nlm.nih.gov/pubmed/8777246
https://www.ncbi.nlm.nih.gov/pubmed/18025796
https://www.ncbi.nlm.nih.gov/pubmed/18025796
https://www.ncbi.nlm.nih.gov/pubmed/18025796
https://www.ncbi.nlm.nih.gov/pubmed/10232646
https://www.ncbi.nlm.nih.gov/pubmed/10232646
https://www.ncbi.nlm.nih.gov/pubmed/10232646
http://library.wur.nl/WebQuery/wurpubs/121423
http://library.wur.nl/WebQuery/wurpubs/121423
http://library.wur.nl/WebQuery/wurpubs/121423
http://library.wur.nl/WebQuery/wurpubs/121423
https://www.ncbi.nlm.nih.gov/pubmed/21303428
https://www.ncbi.nlm.nih.gov/pubmed/21303428
https://www.ncbi.nlm.nih.gov/pubmed/15831718
https://www.ncbi.nlm.nih.gov/pubmed/15831718
https://www.ncbi.nlm.nih.gov/pubmed/15831718
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3027896/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3027896/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3027896/
http://www.translationalres.com/article/S1931-5244(16)30264-X/abstract
http://www.translationalres.com/article/S1931-5244(16)30264-X/abstract
http://www.translationalres.com/article/S1931-5244(16)30264-X/abstract

Citation: Gherardi G,Sciarra F, Krashia P, NobiliA, Bonaventura GD et al.(2017) The Intricate Interaction between Enteric Microbiota and Brain: Principles and Clinical
Implications.J Dig Dis Hepatol2017: JDDH-127.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hinde K, Lewis ZT (2015) MICROBIOTA. Mother’s littlest helpers. Sci-
ence 348: 1427-1428.

Sela DA, Chapman J, Adeuya A, Kim JH, Chen F, et al. (2008) The
genome sequence of Bifidobacterium longum subsp. infantis reveals
adaptations for milk utilization within the infant microbiome. Proc Natl
AcadSci USA 105: 18964—18969.

Guaraldi F, Salvatori G (2012) Effect of breast and formula feeding on
gut microbiota shaping in newborns. Front Cell Infect Microbiol 2: 94.

Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, et al. (2011)
Succession of microbial consortia in the developing infant gut micro-
biome. Proc Natl AcadSci USA 108: 4578-4585.

Claesson MJ, Cusack S, O’Sullivan O, Greene-Diniz R, de Weerd H, et
al. (2011) Composition, variability, and temporal stability of the intesti-
nal microbiota of the elderly. Proc Natl AcadSci USA 108: 4586—4591.

O’Toole PW, Jeffery IB (2015) Gut microbiota and aging. Science 350:
1214-1215.

Béackhed F, Ding H, Wang T, Hooper LV, Koh GY, et al. (2004) The gut
microbiota as an environmental factor that regulates fat storage. Proc
Natl AcadSci USA 101: 15718-15723.

Cryan JF, Dinan TG (2015) More than a gut feeling: the microbiota
regulates neurodevelopment and behavior. Neuropsychopharmacol-
ogy 40: 241-242.

MacDonald TT, Monteleone G (2005) Immunity, inflammation, and al-
lergy in the gut. Science 307: 1920-1925.

Guarner F, Malagelada JR (2003) Gut flora in health and disease. Lan-
cet 361: 512-519.

Slyepchenko A, Maes M, Jacka FN, Kohler CA, Barichello T, et al.
(2017) Gut Microbiota, Bacterial Translocation, and Interactions with
Diet:Pathophysiological Links between Major Depressive Disorder
and Non-Communicable Medical Comorbidities. PsychotherPsycho-
som 86: 31-46.

Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhi-
tov R (2004) Recognition of commensal microflora by Toll-like recep-
tors is required for intestinal homeostasis. Cell 118: 229-241.

Belkaid Y, Hand T (2014) Role of the microbiota in immunity and in-
flammation. Cell 157: 121-141.

Diehl GE, Longman RS, Zhang JX, Breart B, Galan C et al, (2013)
Microbiota restricts trafficking of bacteria to mesenteric lymph nodes
by CX(3)CR1(hi) cells. Nature 494: 116-120.

Fasano A (2011) Zonulin and its regulation of intestinal barrier func-
tion: the biological door to inflam—~mation, autoimmunity, and cancer.
Physiol Rev 91: 151-175.

Albenberg LG, Wu GD (2014) Diet and the intestinal microbiome: as-
sociations, functions, and implications for health and disease. Gastro-
enterology 146: 1564-1572.

Kallus SJ, Brandt LJ (2012) The intestinal microbiota and obesity. J
ClinGastroenterol 46: 16-24.

Murphy EA, Velazquez KT, Herbert KM (2015) Influence of high-fat
diet on gut microbiota: a driving force for chronic disease risk. Cur-
rOpinClinNutrMetab Care 18: 515-520.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, et al. (2009)
The effect of diet on the human gut microbiome: a metagenomic analy-
sis in humanized gnotobiotic mice. Sci Transl Med 1: 6ra14.

Marlow G, Ellett S, Ferguson IR, Zhu S, Karunasinghe N, et al. (2013)
Transcriptomics to study the effect of a Mediterranean-inspired diet on
inflammation in Crohn’s disease patients. Hum Genomics 7: 24.

Federica Del Chierico, Pamela Vernocchi, Bruno Dallapiccola, Loren-
za Putignani (2014) Mediterranean diet and health: food effects on gut
microbiota and disease control. Int J MolSci 15: 11678-11699.

Peng L, He Z, ChenW, Holzman IR, Lin J (2007) Effects of butyrate on
intestinal barrier function in a Caco-2 cell monolayer model of intesti-
nal barrier. Pediatr Res 61: 37-41.

Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, et al. (2012)
Host-gut microbiota metabolic interactions. Science 336: 1262-1267.

De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, et al.
(2010) Impact of diet in shaping gut microbiota revealed by a compara-
tive study in children from Europe and rural Africa. Proc Natl A cad Sci
U SA107: 14691-14696.

Melanson KJ, Angelopoulos TJ, Nguyen VT, Martini M, Zukley L, et al.
(2006) Consumption of whole-grain cereals during weight loss: effects
on dietary quality, dietary fiber, magnesium, vitamin B-6, and obesity.
J Am Diet Assoc 106: 1380-1388.

Bonder MJ, Tigchelaar EF, Cai X, Trynka G, Cenit MC, et al. (2016)
The influence of a short-term gluten-free diet on the human gut micro-
biome.Genome Med 8: 45.

Gary D. Wu, Jun Chen, Christian Hoffmann, Kyle Bittinger, Ying-Yu
Chen, et al. (2011) Linking long-term dietary patterns with gut micro-
bial enterotypes. Science 334: 105-108.

Zhao Y, Wu J, Li JV, Zhou NY, Tang H, et al. (2013) Gut microbiota
composition modifies fecal metabolic profiles in mice. J Proteome Res
12: 2987-2999.

Devkota S, Wang Y, Musch MW, Leone V, Fehlner-Peach H, et al.
(2012) Dietary-fat-induced taurocholic acid promotes pathobiont ex-
pansion and colitis in 1110-/- mice. Nature 487: 104-108.

Stamp DH (2002) Three hypotheses linking bile to carcinogenesis in
the gastrointestinal tract: certain bile salts have properties that may be
used to complement chemotherapy. Med Hypotheses 59: 398-405.

Inger Lauritzen, Nicolas Blondeau, Catherine Heurteaux, Catherine
Widmann, Georges Romey, et al. (2000) Polyunsaturated fatty acids
are potent neuroprotectors. EMBO J 19: 1784-1793.

Pusceddu MM, El Aidy S, Crispie F, O’Sullivan O, Cotter P, et al. (2015)
N-3 polyunsaturated fatty acids (PUFAs) reverse the impact of early-
life stress on the gut microbiota. PLoS One 10: e0139721.

Estelle Devillard, Freda M. Mcintosh, Sylvia H. Duncan, R. John
Wallace(2007) Metabolism of linoleic acid by human gut bacteria: dif-
ferent routes for biosynthesis of conjugated linoleic acid. J Bacteriol
189: 2566-2570.

Andrew L. Kau, Philip P. Ahern, Nicholas W. Griffin, Andrew L. Good-
man, and Jeffrey |. Gordon(2011) Human nutrition, the gut microbiome
and the immune system. Nature 474: 327-336.

Volume 2017; Issue:06


https://www.ncbi.nlm.nih.gov/pubmed/26113704
https://www.ncbi.nlm.nih.gov/pubmed/26113704
https://www.ncbi.nlm.nih.gov/pubmed/19033196
https://www.ncbi.nlm.nih.gov/pubmed/19033196
https://www.ncbi.nlm.nih.gov/pubmed/19033196
https://www.ncbi.nlm.nih.gov/pubmed/19033196
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3472256/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3472256/
https://www.ncbi.nlm.nih.gov/pubmed/20668239
https://www.ncbi.nlm.nih.gov/pubmed/20668239
https://www.ncbi.nlm.nih.gov/pubmed/20668239
https://www.ncbi.nlm.nih.gov/pubmed/20571116
https://www.ncbi.nlm.nih.gov/pubmed/20571116
https://www.ncbi.nlm.nih.gov/pubmed/20571116
https://www.ncbi.nlm.nih.gov/pubmed/26785481
https://www.ncbi.nlm.nih.gov/pubmed/26785481
https://www.ncbi.nlm.nih.gov/pubmed/15505215
https://www.ncbi.nlm.nih.gov/pubmed/15505215
https://www.ncbi.nlm.nih.gov/pubmed/15505215
https://www.ncbi.nlm.nih.gov/pubmed/25482171
https://www.ncbi.nlm.nih.gov/pubmed/25482171
https://www.ncbi.nlm.nih.gov/pubmed/25482171
https://www.ncbi.nlm.nih.gov/pubmed/15790845
https://www.ncbi.nlm.nih.gov/pubmed/15790845
https://www.ncbi.nlm.nih.gov/pubmed/12583961
https://www.ncbi.nlm.nih.gov/pubmed/12583961
https://www.karger.com/Article/Abstract/448957
https://www.karger.com/Article/Abstract/448957
https://www.karger.com/Article/Abstract/448957
https://www.karger.com/Article/Abstract/448957
https://www.karger.com/Article/Abstract/448957
https://www.ncbi.nlm.nih.gov/pubmed/15260992
https://www.ncbi.nlm.nih.gov/pubmed/15260992
https://www.ncbi.nlm.nih.gov/pubmed/15260992
https://www.ncbi.nlm.nih.gov/pubmed/24679531
https://www.ncbi.nlm.nih.gov/pubmed/24679531
https://www.ncbi.nlm.nih.gov/pubmed/23334413
https://www.ncbi.nlm.nih.gov/pubmed/23334413
https://www.ncbi.nlm.nih.gov/pubmed/23334413
https://www.ncbi.nlm.nih.gov/pubmed/21248165
https://www.ncbi.nlm.nih.gov/pubmed/21248165
https://www.ncbi.nlm.nih.gov/pubmed/21248165
https://www.ncbi.nlm.nih.gov/pubmed/24503132
https://www.ncbi.nlm.nih.gov/pubmed/24503132
https://www.ncbi.nlm.nih.gov/pubmed/24503132
https://www.ncbi.nlm.nih.gov/pubmed/22064556
https://www.ncbi.nlm.nih.gov/pubmed/22064556
https://www.ncbi.nlm.nih.gov/pubmed/26154278
https://www.ncbi.nlm.nih.gov/pubmed/26154278
https://www.ncbi.nlm.nih.gov/pubmed/26154278
https://www.ncbi.nlm.nih.gov/pubmed/20368178
https://www.ncbi.nlm.nih.gov/pubmed/20368178
https://www.ncbi.nlm.nih.gov/pubmed/20368178
https://www.ncbi.nlm.nih.gov/pubmed/24283712
https://www.ncbi.nlm.nih.gov/pubmed/24283712
https://www.ncbi.nlm.nih.gov/pubmed/24283712
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4139807/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4139807/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4139807/
https://www.ncbi.nlm.nih.gov/pubmed/17211138
https://www.ncbi.nlm.nih.gov/pubmed/17211138
https://www.ncbi.nlm.nih.gov/pubmed/17211138
https://www.google.co.in/webhp?sourceid=chrome-instant&ion=1&espv=2&ie=UTF-8#q=Host-gut+microbiota+metabolic+interactions.+Science&*
https://www.google.co.in/webhp?sourceid=chrome-instant&ion=1&espv=2&ie=UTF-8#q=Host-gut+microbiota+metabolic+interactions.+Science&*
https://www.ncbi.nlm.nih.gov/pubmed/20679230
https://www.ncbi.nlm.nih.gov/pubmed/20679230
https://www.ncbi.nlm.nih.gov/pubmed/20679230
https://www.ncbi.nlm.nih.gov/pubmed/20679230
https://www.ncbi.nlm.nih.gov/pubmed/16963343
https://www.ncbi.nlm.nih.gov/pubmed/16963343
https://www.ncbi.nlm.nih.gov/pubmed/16963343
https://www.ncbi.nlm.nih.gov/pubmed/16963343
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3368382/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3368382/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3368382/
https://www.ncbi.nlm.nih.gov/pubmed/23631562
https://www.ncbi.nlm.nih.gov/pubmed/23631562
https://www.ncbi.nlm.nih.gov/pubmed/23631562
https://www.ncbi.nlm.nih.gov/pubmed/22722865
https://www.ncbi.nlm.nih.gov/pubmed/22722865
https://www.ncbi.nlm.nih.gov/pubmed/22722865
https://www.ncbi.nlm.nih.gov/pubmed/12208178
https://www.ncbi.nlm.nih.gov/pubmed/12208178
https://www.ncbi.nlm.nih.gov/pubmed/12208178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC302016/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC302016/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC302016/
https://www.ncbi.nlm.nih.gov/pubmed/26426902
https://www.ncbi.nlm.nih.gov/pubmed/26426902
https://www.ncbi.nlm.nih.gov/pubmed/26426902
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1899373/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1899373/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1899373/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1899373/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3298082/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3298082/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3298082/

Citation: Gherardi G,Sciarra F, Krashia P, NobiliA, Bonaventura GD et al.(2017) The Intricate Interaction between Enteric Microbiota and Brain: Principles and Clinical
Implications.J Dig Dis Hepatol2017: JDDH-127.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

LeBlanc JG, Milani C, de Giori GS, Sesma F, van Sinderen D, et al.
(2013) Bacteria as vitamin suppliers to their host: a gut microbiota per-
spective. CurrOpinBiotechnol 24: 160-168.

Gaboriau-Routhiau V, Rakotobe S, Lécuyer E, Mulder I, Lan A, et al.
(2009) The key role of segmented filamentous bacteria in the coordi-
nated maturation of gut helper T cell responses. Immunity 31: 677-
689.

Bashir M, Prietl B, Tauschmann M, Mautner SI, Kump PK, et al. (2016)
Effects of high doses of vitamin D3 on mucosa-associated gut micro-
biome vary between regions of the human gastrointestinal tract. Eur J
Nutr 55: 1479-1489.

Pandey KB, Rizvi SI (2009) Plant polyphenols as dietary antioxidants
in human health and disease. Oxid Med Cell Longev 2: 270-278.

Cardona F, Andrés-Lacueva C, Tulipani S, Tinahones FJ, Queipo-Or-
tufio MI (2013) Benefits of polyphenols on gut microbiota and implica-
tions in human health. J NutrBiochem 24: 1415-1422.

Tzounis X, Vulevic J, Kuhnle GG, George T, Leonczak J, (2008) Fla-
vanolmonomer-induced changes to the human faecal microflora. Br J
Nutr 99: 782-792.

Xue B, Xie J, Huang J, Chen L, Gao L, et al. (2016) Plant polyphenols
alter a pathway of energy metabolism by inhibiting fecal Bacteroidetes
and Firmicutes in vitro. Food Funct 7: 1501-1507.

Larrosa M, Luceri C, Vivoli E, Pagliuca C, Lodovici M, et al. (2009)
Polyphenol metabolites from colonic microbiota exert anti-inflamma-
tory activity on different inflammation models. MolNutr Food Res 53:
1044-1454.

Queipo-Ortufio MI, Boto-Ordofiez M, Murri M, Gomez-Zumaquero JM,
Clemente-Postigo M, et al. (2012) Influence of red wine polyphenols
and ethanol on the gut microbiota ecology and biochemical biomark-
ers. Am J ClinNutr 95: 1323-1334.

Schiano TD (2010) Treatment options for hepatic encephalopathy.
Pharmacotherapy 30: 16S-21S.

Mak AD, Wu JC, Chan Y, Chan FK, Sung JJ (2012) Dyspepsia is
strongly associated with major depression and generalised anxiety
disorder - a community study. Aliment PharmacolTher 36: 800-810.

Ulrike Fiebiger, Stefan Bereswill, Markus M. Heimesaat (2016) Dis-
secting the Interplay Between Intestinal Microbiota and Host Immunity
in Health and Disease: Lessons Learned from Germfree and Gnotobi-
otic Animal Models. Eur J Microbiollmmunol (Bp) 6: 253-271.

Kraneveld AD, Szklany K, de Theije CG, Garssen J (2016) Gut-to-
Brain Axis in Autism Spectrum Disorders: Central Role for the Micro-
biome. Int Rev Neurobiol 131: 263-287.

Collins SM, Surette M, Brick P (2012) The interplay between the intes-
tinal microbiota and the brain. Nat Rev Microbial 10: 735-742.

Pavlov VA, Tracey KJ (2012) The vague nerve and the inflammatory
reflex--linking immunity and metabolism. Nat Rev Endocrinal8: 743-
754.

Furness JB, Rivera LR, Cho HJ, Bravo DM, Callaghan B (2013) The
gut as a sensory organ. Nat Rev GastroenterolHepatol 10: 729-740.

Rinaman L (2007) Visceral sensory inputs to the endocrine hypothala-
mus. Front Neuroendocrinal 28: 50-60.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, et al.
(2011) Ingestion of Lactobacillus strain regulates emotional behav-
ior and central GABA receptor expression in a mouse via the vagus
nerve. Proc Natl AcadSci U S A 108: 16050-16055.

Bercik P, Park AJ, Sinclair D, Khoshdel A, Lu J, et al. (2011) The
anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal
pathways for gut-brain communication. NeurogastroenterolMotil 23:
1132-1139.

Rehfeld JF (2004) A centenary of gastrointestinal endocrinology.
HormMetab Res 36: 735-41.

Janssen S, Depoortere | (2013) Nutrient sensing in the gut: new roads
to therapeutics?. Trends EndocrinolMetab 24: 92-100.

Tracey KJ (2002) The inflammatory reflex. Nature 420: 853-859.

Tracey KJ (2009) Reflex control of immunity. Nat Rev Immunol 9: 418-
428.

Andersson U, Tracey KJ (2011) HMGB1 is a therapeutic target for ster-
ile inflammation and infection. Annu Rev Immunol 29: 139-162.

Koda S, Date Y, Murakami N, Shimbara T, Hanada T, et al. (2005) The
role of the vagal nerve in peripheral PYY3-36-induced feeding reduc-
tion in rats. Endocrinology 146: 2369-2375.

Batterham RL, Cowley MA, Small CJ, Herzog H, Cohen MA, et al.
(2002) Gut hormone PYY(3-36) physiologically inhibits food intake.
Nature 418: 650-654.

Macpherson AJ1, Harris NL (2004) Interactions between commensal
intestinal bacteria and the immune system. Nat Rev Immunol 4: 478-
485.

Belkaid Y, Hand TW (2014) Role of the microbiota in immunity and
inflammation. Cell 157: 121-141.

Falk PG, Hooper LV, Midtvedt T, Gordon JI (1998) Creating and main-
taining the gastrointestinal ecosystem: what we know and need to
know from gnotobiology. MicrobiolMolBiol Rev 62: 1157-1170.

Bengmark S (2013) Gut microbiota, immune development and func-
tion. Pharmacol Res 69: 87-113.

Goehler LE, Gaykema RP, Hansen MK, Anderson K, Maier SF, et at.
(2000) Vagal immune-to-brain communication: a visceral chemosen-
sory pathway. AutonNeurosci 85: 49-59.

Niijima A (1996) The afferent discharges from sensors for interleukin 1
beta in the hepatoportal system in the anesthetized rat. J AutonNerv-
Syst 61: 287-291.

Ek M, Kurosawa M, Lundeberg T, Ericsson A (1998) Activation of vagal
afferents after intravenous injection of interleukin-1beta: role of endog-
enous prostaglandins. J Neurosci 18: 9471-9479.

Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW (2008)
From inflammation to sickness and depression: when the immune sys-
tem subjugates the brain. Nat Rev Neurosci 9: 46-56.

Lawson MA, Parrott JM, McCusker RH, Dantzer R, Kelley KW, et al.
(2013) Intracerebroventricular administration of lipopolysaccharide
induces indoleamine-2,3-dioxygenase-dependent depression-like be-
haviors. J Neuroinflammation 10: 87.

Volume 2017; Issue:06


https://www.ncbi.nlm.nih.gov/pubmed/22940212
https://www.ncbi.nlm.nih.gov/pubmed/22940212
https://www.ncbi.nlm.nih.gov/pubmed/22940212
https://www.ncbi.nlm.nih.gov/pubmed/19833089
https://www.ncbi.nlm.nih.gov/pubmed/19833089
https://www.ncbi.nlm.nih.gov/pubmed/19833089
https://www.ncbi.nlm.nih.gov/pubmed/19833089
https://www.ncbi.nlm.nih.gov/pubmed/26130323
https://www.ncbi.nlm.nih.gov/pubmed/26130323
https://www.ncbi.nlm.nih.gov/pubmed/26130323
https://www.ncbi.nlm.nih.gov/pubmed/26130323
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2835915/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2835915/
https://www.ncbi.nlm.nih.gov/pubmed/17977475
https://www.ncbi.nlm.nih.gov/pubmed/17977475
https://www.ncbi.nlm.nih.gov/pubmed/17977475
https://www.ncbi.nlm.nih.gov/pubmed/26882962
https://www.ncbi.nlm.nih.gov/pubmed/26882962
https://www.ncbi.nlm.nih.gov/pubmed/26882962
https://www.ncbi.nlm.nih.gov/pubmed/19557820
https://www.ncbi.nlm.nih.gov/pubmed/19557820
https://www.ncbi.nlm.nih.gov/pubmed/19557820
https://www.ncbi.nlm.nih.gov/pubmed/19557820
https://www.ncbi.nlm.nih.gov/pubmed/22552027
https://www.ncbi.nlm.nih.gov/pubmed/22552027
https://www.ncbi.nlm.nih.gov/pubmed/22552027
https://www.ncbi.nlm.nih.gov/pubmed/22552027
https://www.ncbi.nlm.nih.gov/pubmed/20412036
https://www.ncbi.nlm.nih.gov/pubmed/20412036
https://www.ncbi.nlm.nih.gov/pubmed/22957985
https://www.ncbi.nlm.nih.gov/pubmed/22957985
https://www.ncbi.nlm.nih.gov/pubmed/22957985
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5146645/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5146645/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5146645/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5146645/
https://www.ncbi.nlm.nih.gov/pubmed/27793223
https://www.ncbi.nlm.nih.gov/pubmed/27793223
https://www.ncbi.nlm.nih.gov/pubmed/27793223
http://www.nature.com/nrmicro/journal/v10/n11/abs/nrmicro2876.html
http://www.nature.com/nrmicro/journal/v10/n11/abs/nrmicro2876.html
https://www.ncbi.nlm.nih.gov/pubmed/23169440
https://www.ncbi.nlm.nih.gov/pubmed/23169440
https://www.ncbi.nlm.nih.gov/pubmed/23169440
http://www.nature.com/nrgastro/journal/v10/n12/abs/nrgastro.2013.180.html
http://www.nature.com/nrgastro/journal/v10/n12/abs/nrgastro.2013.180.html
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1945046/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1945046/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3179073/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3179073/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3179073/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3179073/
https://www.ncbi.nlm.nih.gov/pubmed/21988661
https://www.ncbi.nlm.nih.gov/pubmed/21988661
https://www.ncbi.nlm.nih.gov/pubmed/21988661
https://www.ncbi.nlm.nih.gov/pubmed/21988661
https://www.ncbi.nlm.nih.gov/pubmed/15655701
https://www.ncbi.nlm.nih.gov/pubmed/15655701
http://www.sciencedirect.com/science/article/pii/S1043276012002160
http://www.sciencedirect.com/science/article/pii/S1043276012002160
http://www.nature.com/nature/journal/v420/n6917/abs/nature01321.html
http://www.nature.com/nri/journal/v9/n6/execsumm/nri2566.html
http://www.nature.com/nri/journal/v9/n6/execsumm/nri2566.html
http://annualreviews.org/doi/abs/10.1146/annurev-immunol-030409-101323
http://annualreviews.org/doi/abs/10.1146/annurev-immunol-030409-101323
https://academic.oup.com/endo/article-lookup/doi/10.1210/en.2004-1266
https://academic.oup.com/endo/article-lookup/doi/10.1210/en.2004-1266
https://academic.oup.com/endo/article-lookup/doi/10.1210/en.2004-1266
http://www.nature.com/nature/journal/v418/n6898/abs/nature00887.html
http://www.nature.com/nature/journal/v418/n6898/abs/nature00887.html
http://www.nature.com/nature/journal/v418/n6898/abs/nature00887.html
http://www.nature.com/nri/journal/v4/n6/abs/nri1373.html
http://www.nature.com/nri/journal/v4/n6/abs/nri1373.html
http://www.nature.com/nri/journal/v4/n6/abs/nri1373.html
http://www.sciencedirect.com/science/article/pii/S0092867414003456
http://www.sciencedirect.com/science/article/pii/S0092867414003456
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC98942/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC98942/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC98942/
http://www.sciencedirect.com/science/article/pii/S1043661812001661
http://www.sciencedirect.com/science/article/pii/S1043661812001661
https://www.ncbi.nlm.nih.gov/pubmed/11189026
https://www.ncbi.nlm.nih.gov/pubmed/11189026
https://www.ncbi.nlm.nih.gov/pubmed/11189026
https://www.ncbi.nlm.nih.gov/pubmed/8988487
https://www.ncbi.nlm.nih.gov/pubmed/8988487
https://www.ncbi.nlm.nih.gov/pubmed/8988487
http://www.jneurosci.org/content/18/22/9471.short
http://www.jneurosci.org/content/18/22/9471.short
http://www.jneurosci.org/content/18/22/9471.short
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919277/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919277/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919277/
https://jneuroinflammation.biomedcentral.com/articles/10.1186/1742-2094-10-87
https://jneuroinflammation.biomedcentral.com/articles/10.1186/1742-2094-10-87
https://jneuroinflammation.biomedcentral.com/articles/10.1186/1742-2094-10-87
https://jneuroinflammation.biomedcentral.com/articles/10.1186/1742-2094-10-87

Citation: Gherardi G,Sciarra F, Krashia P, NobiliA, Bonaventura GD et al.(2017) The Intricate Interaction between Enteric Microbiota and Brain: Principles and Clinical
Implications.J Dig Dis Hepatol2017: JDDH-127.

93.

94.

95.

96.

Erny D, Hrabi de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, et
al. (2015) Host microbiota constantly control maturation and function
of microglia in the CNS. Nat Neurosci 18: 965-977.

Coury DL, Ashwood P, Fasano A, Fuchs G, Geraghty M, et al. (2012)
Gastrointestinal conditions in children with autism spectrum disorder:
developing a research agenda. Pediatrics 130: 160-168.

Adams JB, Johansen LJ, Powell LD, Quig D, Rubin RA (2011) Gas-
trointestinal flora and gastrointestinal status in children with autism—
comparisons to typical children and correlation with autism severity.
BMC Gastroenterol 11: 22.

Kohane IS, McMurry A, Weber G, MacFadden D, Rappaport L, et al.
(2012) The co-morbidity burden of children and young adults with au-
tism spectrum disorders. PLOSONE 7: 33224.

97.

98.

99.

100.

Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER, et al. (2013)
Microbiota modulate behavioral and physiological abnormalities asso-
ciated with neurodevelopmental disorders. Cell 155: 1451-1463.

Knuesel |, Chicha L, Britschgi M, Schobel SA, Bodmer M, et al. (2014)
Maternal immune activation and abnormal brain development across
CNS disorders. Nar Rev Neurol 10: 643-660.

Buffington SA, Di PriscoGV, Auchtung TA, Ajami NJ, Petrosino JF, et
al. (2016) Microbial Reconstitution Reverses Maternal Diet-Induced
Social and Synaptic Deficits in Offspring. Cell1 165: 1762-1775.

Zheng P, Zeng B, Zhou C, Liu M, Fang Z, et al. (2016) Gut microbiome
remodeling induces depressive-like behaviors through a pathway me-
diated by the host's metabolism. Mol Psychiatry 21: 786-796.

10

Volume 2017; Issue:06


http://www.nature.com/neuro/journal/v18/n7/abs/nn.4030.html
http://www.nature.com/neuro/journal/v18/n7/abs/nn.4030.html
http://www.nature.com/neuro/journal/v18/n7/abs/nn.4030.html
http://pediatrics.aappublications.org/content/130/Supplement_2/S160.short
http://pediatrics.aappublications.org/content/130/Supplement_2/S160.short
http://pediatrics.aappublications.org/content/130/Supplement_2/S160.short
https://www.ncbi.nlm.nih.gov/pubmed/21410934
https://www.ncbi.nlm.nih.gov/pubmed/21410934
https://www.ncbi.nlm.nih.gov/pubmed/21410934
https://www.ncbi.nlm.nih.gov/pubmed/21410934
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0033224
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0033224
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0033224
http://www.sciencedirect.com/science/article/pii/S0092867413014736
http://www.sciencedirect.com/science/article/pii/S0092867413014736
http://www.sciencedirect.com/science/article/pii/S0092867413014736
http://www.nature.com/nrneurol/journal/v10/n11/abs/nrneurol.2014.187.html
http://www.nature.com/nrneurol/journal/v10/n11/abs/nrneurol.2014.187.html
http://www.nature.com/nrneurol/journal/v10/n11/abs/nrneurol.2014.187.html
http://www.sciencedirect.com/science/article/pii/S0092867416307309
http://www.sciencedirect.com/science/article/pii/S0092867416307309
http://www.sciencedirect.com/science/article/pii/S0092867416307309
http://www.nature.com/mp/journal/v21/n6/abs/mp201644a.html
http://www.nature.com/mp/journal/v21/n6/abs/mp201644a.html
http://www.nature.com/mp/journal/v21/n6/abs/mp201644a.html

