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Abstract: A large body of research has shown the presence of a complex pathway of communica-
tions between the gut and the brain. It is now recognized that, through this pathway, the microbiota
can influence brain homeostasis and plasticity under normal and pathological conditions.

This review aims at providing an overview of preclinical and clinical pieces of evidence supporting
the possible role of gut-brain axis modulation in physiological aging, in a neurodevelopmental dis-
order, the autism spectrum disorders and in a substance abuse disorder, the alcohol addiction.

Since the normalization of gut flora can prevent changes in the behavior, we postulate that the gut-
brain axis might represent a possible target for pharmacological and dietary strategies aimed at im-
proving not only intestinal but also mental health. The present review also reports some regulatory
considerations regarding the use of probiotics, illustrating the most debated issues about the possi-
bility of considering probiotics not only as a food supplement but also as a “full” medicinal prod-

uct.
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1. INTRODUCTION

Since its origins, medicine has paid attention to the rela-
tionship between the state of health or disease and the condi-
tions of the digestive tract. For centuries the so-called
“mood theory” has been the foundation of diagnosis and
treatment of diseases since “moods” are a consequence of
the good or bad functioning of the digestive system. The hu-
moral theory, conceived by Hippocrates of Kos, represents
the oldest attempt, in the western world, to provide an etio-
logical explanation of the onset of diseases, overcoming the
superstitious, magical or religious conception [1].

Despite this, while the idea that the brain can alter the in-
testinal function has been documented and accepted, the
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idea that signs from the gut can affect mood, behavior, and
cognitive function is less common.

The mutual impact of the gastrointestinal tract on brain
function is well summarized in the concept of the “gut-brain
axis”, which provides a bidirectional homeostatic route of
communication between the “little” and the “big” brain. The
increasing knowledge of this complex system has highlight-
ed the multiplicity and the varied nature of the different com-
ponents of the axis. In particular, experimental studies dur-
ing the past years have shown that the neuronal circuits have
a pivotal but not unique role in the connections between the
gut and the brain. Hormonal and immunological routes, as
well as the enteric microbiota, integrate bidirectional infor-
mation, building a complex network, whose dysfunction can
have pathophysiological consequences, not only influencing
gastrointestinal efficiency but also modulating central func-
tions.

In the present review, we focus our attention on the influ-
ence of the gut-brain axis in the physiological brain decline
(aging) and specific mental disorders, including autism spec-
trum disorders and alcohol addiction. We summarize preclin-
ical and clinical pieces of evidence on the potential use of
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Fig. (1). Schematic representation of the microbiota-gut-brain axis interplay.
DCs= Dendritic Cells, EECs= EnteroEndocrine cells, GCs = Globet cells; GALT= Gut-Associated Lymphoid Tissue, HPA= Hypothalamus -

Pituitary-Adrenal axis.

probiotics in the prevention or management of these condi-
tions, with a particular emphasis on regulatory aspects.

2. ANATOMICAL AND PHYSIOLOGICAL ASPECTS
OF THE GUT-BRAIN AXIS: AN OVERVIEW

The brain-gut axis consists of a complex network of bidi-
rectional interconnections in which components of different
nature are involved (Fig. 1).

2.1. Neuronal Control

The gastrointestinal neuronal connections involve both
extrinsic innervation that consists of fibers belonging to the
central and the autonomic nervous systems (CNS and ANS,
respectively) and intrinsic innervation that represents the en-
teric nervous system (ENS).

The ENS consists of a network of hundreds of millions
of neurons and glial cells clustered in small ganglia, which

are connected by nerve bundles and organized in two major
layers: the myenteric plexus (or Auerbach’s plexus) and the
submucosal plexus (or Meissner’s plexus). The ENS con-
trols motor functions, regulate local blood flow, mucosal
transport and secretions, and interacts with the immune and
endocrine systems of the gut. Studies on the anatomy and
physiology of the ENS have shown, at the beginning of the
last century, that the peristaltic reflex (i.e., the propulsive ac-
tivity of the intestine induced by pressure) is a local nervous
mechanism that occurs in the absence of external nerve in-
puts. For this autonomy and for its complexity Michael D.
Gershon [2] compared the ENS to a second brain. The con-
trol of these functions is not, of course, completely indepen-
dent from the CNS. Through networks with the central and
peripheral nervous system, the ENS (the “gut’s brain”) con-
trol digestive functions, such as the motor activity of the ali-
mentary canal, secretions, bowel absorption of nutrients and
the splanchnic circle [3]. Sensory afferent fibers conduct vis-
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ceral sensory stimuli that originate in the nerve endings
found in the wall of the alimentary canal. In particular, vagal
fibers have a pivotal role in the relationship between the in-
testine and the brain (in particular with the hypothalamus)
[4]. The vagus nerve is the tenth of the twelve pairs of cra-
nial nerves and has the nucleus in the bulb called the nucleus
ambiguous. It has a parasympathetic component that con-
trols part of the smooth muscle and spinal nerves that regu-
late some viscera. The sympathetic system primarily exerts
an inhibitory influence on the gut, decreasing intestinal mo-
tor function and secretion via the release of neurotransmit-
ters such as noradrenaline. The autonomic input from the
gut is connected to the limbic system. Communications be-
tween the limbic and autonomic systems provide the neural
circuitry underlying the strong link between behavior and
gut function in health (such as stomach 'butterflies') and dis-
ease (such as irritable bowel syndrome) [5].

Enteric neurons use more than 50 neurotransmitters in sy-
naptic communication, some of which are also present in the
central and autonomous nervous system (e.g., acetylcholine;
serotonin). Nerve endings can also release peptidergic neuro-
transmitters (e.g., calcitonin gene-related peptide; somatos-
tatin, substance P, vasoactive intestinal peptide, nociceptin,
pancreatic polypeptide, gastrin, cholecystokinin, neurotensin
and bombesin), or gas as nitric oxide [6-14]. The interaction
of these neurotransmitters with their specific receptors gener-
ates excitatory or inhibitory responses.

Dietary changes and disturbances of the intestinal micro-
biome, with its metabolites and neuroactive compounds, im-
pact the functioning of the ENS and its connections with the
CNS since they may modify the mucosal permeability and
the secretion of hormones and immune cells. In addition, en-
teric neurons are vulnerable to aging-related degeneration,
as well as during pathological conditions.

2.2. Humoral Control

The humoral components of the gut-brain axis are main-
ly regulated by the hypothalamic-pituitary-adrenal (HPA)
axis and are represented by the enteroendocrine system and
the mucosal immune system.

The HPA axis is responsible for stress responses, result-
ing in the release of cortisol, adrenaline, and noradrenaline.
From a physiological point of view, the stress relationship
immediately leads to a reduction in energy consumption in
various areas of the body in favor of the musculoskeletal sys-
tem and the CNS, and in general a greater ability to use ener-
gy substrates, with the activation of gluconeogenesis, lipoly-
sis, and metabolic proteolysis [9]. Chronic psychological
stress is associated with a perturbation in the HPA axis and
is related to enhanced abdominal pain and altered intestinal
barrier function [5, 15]. Postnatal alterations of the HPA
axis due to different emotional events can cause not only
pathophysiological modifications of the behavior and the
neuroendocrine system but also of the homeostasis of the
gastrointestinal tract in adults [16]. Maternal separation is a
typical experimental model that induces, during the first peri-
od after birth, chronic stress in the offspring. The effect of
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this condition could cause in adulthood anxious and depres-
sive behavior, and predispose to visceral sensitivity, abdomi-
nal pain and altered intestinal motility, all typical symptoms
of irritable bowel syndrome in humans [17]. Actually, mod-
erate stress (that could be considered positive stimulatory be-
havior) during the postnatal period induces, on the contrary,
a protective effect on the progeny, reducing the possibility
to develop colitis [18, 19]. Altogether, this evidence show
that the modulation of the HPA axis is a critical point that
can “disturb” the homeostatic balance with acute but also
long-term effects. Peripheral corticotrophin-releasing factor
(CRF) signaling also participates in the stress-related altera-
tions of the intestinal homeostasis. In particular, CRF-recep-
tor 1 (CRFR1) in the colon increases intestinal permeability
through mast cell degranulation-dependent mechanism and
CRF-CRFR1 pathway enhances propulsive motor functions
and induces visceral hyperalgesia both in animals and hu-
mans, all features of stress-related intestinal disorders [20].
Furthermore, the stress-linked release of CRF does not only
act via the HPA axis, as hypothalamic and amyg-
dala-derived CRF may also activate mucosal mast cells to in-
crease TNF-a, which can change gut permeability [21].

The enteroendocrine cells (EECs) are the primary “gut
sensors”; these cells are dispersed throughout the gastroin-
testinal mucosa and secrete hormones and amines in re-
sponse to the three macronutrient types - carbohydrates, pro-
teins, and lipids [22]. Under appropriate stimulation, they
are capable of sensing luminal content, modulating the physi-
ological and homeostatic gastrointestinal functions, and pro-
ducing and releasing a plethora of hormones and signaling
molecules (i.e. histamine, somatostatin, gastrin, and seroton-
in). Interestingly, 95% of the total amount of serotonin is
produced in the gastrointestinal tract. Serotonin is a poly-
functional signaling molecule, playing a major role in pro-
moting intestinal motility through a combination of neuronal
and mucosal mechanisms [23]. In the CNS, serotonin plays
an important role in regulating mood, sleep, body tempera-
ture, sexuality, and appetite [24]. Quite interestingly, since
the microbiota, microbiome and disruption of the gut-brain
axis were linked to various metabolic, immunological, physi-
ological, neurodevelopmental, and neuropsychiatric diseases
it has been suggested that intestinal serotonin, produced by
intestinal enterochromaffin cells, picked up and accumulated
by circulating platelets, participates and has a crucial role in
the regulation of membrane permeability in the intestine,
brain, and other organs [25]. Indeed, intestinal serotonin
may act as a hormone-like continuous regulatory signal for
the whole body, including the brain. This regulatory signal
function is mediated by platelets and is primarily dependent
on and reflects the intestine's actual health condition [25].
Such recent postulation could explain why gut dysbiosis
could be associated with several human disorders as well as
neurodevelopmental and neuropsychiatric disruptions [25].

Secretory products can act locally in the mucosa, reach
distant targets through their release into the bloodstream or
act directly on nerve endings close to the site of release. In
this regard, direct or indirect communication of EECs with
nerves is a major mechanism underlying EEC function in
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the gut mucosa through peptide release. Hormones released
by EECs act on receptors located on the vagal and spinal
neurons and influence neuronal pathways in the bidirection-
al brain-gut communication [26]. This information sends
positive or negative feedback to the CNS, which modulates
functions of the gastrointestinal tract, glucose homeostasis,
and satiety.

In physiological conditions, the human gut contains
more immune cells than the rest of the body. This is a reflec-
tion of the fact that intestinal mucosa is continuously ex-
posed to a myriad of antigens derived from the diet and lumi-
nal flora. Activation of the immune system can occur in vari-
ous structures of the gut-associated lymphoid tissue, includ-
ing isolated follicles distributed throughout the small intes-
tine and colon or Peyer’s patches in the small intestine,
which contain different secondary follicles, each consisting
of a germinal center B cells surrounded by T lymphocytes.
The epithelium overlying these structures contains highly
specialized epithelial cells, called M cells, aimed at transport-
ing luminal antigens into the dome area of the follicle,
where antigen-presenting cells, such as dendritic cells (DC-
s), promote the activation of T lymphocytes and B lympho-
cytes. Lamina propria DCs can extend protrusions directly
into the gut lumen for uptake, both commensals and patho-
genic bacteria [27]. Therefore, the intestinal epithelial barri-
er represents a highly dynamic structure that limits but does
not exclude, antigens from entering the tissues. Indeed, the
gut lamina propria is a site of active surveillance, in which
various immune cells contribute to maintain the immunologi-
cal homeostasis (tolerance towards symbiotic bacteria and di-
etary antigens) as well as ensure prompt response against
pathogens [28]. The ongoing mucosal immune response
causes no tissue damage since the effector cell responses are
tightly controlled by counter-regulatory mechanisms (i.e.,
the action of regulatory DC and T cells, T cell apoptosis)
[29]. In the gut, there is also an active cross-talk between the
immune cells and nervous systems, which occurs through a
complex set of neurotransmitters, cytokines and hormones
and undoubtedly plays a crucial role in the regulation of an
immune response [22]. Inflammatory mediators released lo-
cally can activate sensory nerves and send signals to the ner-
vous system. Through the induction of the so-called “inflam-
matory reflex,” efferent nerves also convey signals from the
nervous system to the periphery where the release of neural
mediators affects immune responses and inflammation [4].
High level of circulating LPS increases gut permeability via
Toll-like receptors (TLRs), a critical pathway for intestinal
homeostasis [30]. Notably, bacterial associated-TLRs activa-
tion impacts not only on gastrointestinal functions but also
on distant districts as the CNS, through neuronal and circu-
lating connections [31].

3. THE GUT MICROBIOTA

The intestine is the most ancient apparatus of the organ-
ism and has evolved in a world dominated by bacteria creat-
ing a condition not only of coexistence with bacteria but al-
so of mutual benefit, known as symbiosis. This compromise
has allowed the intestine and bacterial colonies to evolve to-
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gether and to penetrate so much that the relationship be-
tween them is indissoluble.

The gastrointestinal tract hosts 10'* bacterial cells (with
their genomes) differently distributed in the entire apparatus,
but to date, only 30% of total microorganisms have been
identified by using the classical technique of microbiology.
The concept that the fetus develops in a sterile environment
has been accepted for many years (known as “sterile womb
paradigm”), although new bacterial identification techniques
are opening the possibility that the first bacterial coloniza-
tion may occur in utero [32]. Interesting, different mode of
childbirth (natural or cesarean) changes the composition of
the intestinal microbiota [33]. Breast-fed and formula-fed in-
fants present a different relative abundance of some phyla of
bacteria [34]. The microbiota of breast-fed babies is more
heterogeneous than that of formula-fed babies and contains
a higher taxonomic diversity [35]. Mammary microbiota de-
rives from the entero-mammary pathway through which ma-
ternal gut commensal bacteria across the intestinal barrier to
the lymph/blood circulation, reaching the mammary gland
epithelium. The bacteria, together with the breast skin micro-
biota are ingested through the infant suction. The sequential
system of the microbiota lasts a few weeks with the gradual
introduction of different bacterial species. Gut microbiota
shows a spatial and temporal distribution in humans [36]
and rodents [37]. During the weaning, bacterial colonization
further changes into adulthood. Actually, even the adult bac-
terial ecosystem may vary, influenced by various factors, as
the location where we leave. In this regard, a study has in-
vestigated and compared human intestinal microbiota from
children characterized by a modern western diet and a rural
diet, showing how the relative abundance of some phyla dif-
fers between the two groups [38]. In addition, at the beginn-
ing of life, the microbiota also undergoes significant
changes toward the old age. These alterations are due to the
various physiological changes that the elderly go through,
such as modifications in lifestyle, nutritional behavior, in-
crease in infection rates and inflammatory diseases, (requir-
ing more medication). All of these issues certainly affect al-
so the composition and activity of the microbiota, even if the
course and mechanisms behind these changes are not yet
completely understood. As well as probiotics and dietary ef-
fects on microbiome composition, it should be noted that the
nutraceutical, sodium butyrate, not only maintains the gut
barrier integrity and modulate immune responses, but can en-
hance the butyrate-producing bacteria [39]. Such evidences
disclose a direct link between the gut and the brain. For ex-
ample, an increase in gut permeability and decreased bu-
tyrate may contribute to the elevation in proinflammatory cy-
tokines, which via induction of indoleamine 2,3-dioxyge-
nase may potentiate neuro-regulatory kynurenines, such as
kynurenic acid and quinolinic acid, thereby altering brain
functions [40]. Another crucial aspect that links gut and
brain functioning is the impact of the gut on mitochondrial
function, both in immune and CNS cells, with an emphasis
on the consequences for transdiagnostic processes across
psychiatry, but with relevance to wider medical conditions
[41].
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The microorganisms have a symbiotic connection with
the host and do many essential health-promoting functions.
The gut microbiota plays essential roles in protecting against
pathogens, metabolizing dietary nutrients and drugs, produc-
tion of vitamins, immune responses and influence the absorp-
tion and distribution of dietary fat [42].

3.1. Role in the Brain Homeostasis

The idea that the microbiome can have a role in the phy-
siological homeostasis of the brain is becoming more evi-
dent. It is progressively recognized that the gastrointestinal
microbiota contributes substantially to determining the devel-
opment of the CNS. The novel conceptual model of a “mi-
crobiota-gut-brain axis” confers to the commensal microor-
ganisms a key role, not only in the control of metabolic, im-
mune and trophic functions of the intestine but also for the
proper physiology of the CNS. The parallel development of
the CNS and the microbiota in early-life and the bi-direction-
al communication between these organs puts the bacterial
components in a position where they may exert substantial
influence over the developing brain [43]. Different studies
conducted in animals with altered commensal flora suggest
that rodent behavioral responses are impaired when the bac-
terial status of the gut is altered because of inflammation, in-
fection or drugs [44]. Concerning cognition, it was original-
ly supposed to be exclusively controlled by the CNS, with
mechanisms contributing to the formation and storage of me-
mories, but nowadays, other systems, including the immune
system and the intestinal microbiome may also be involved.
Studies conducted in germ-free mice have shown that these
animals have a deficit in non-spatial memory and an im-
paired working memory, accompanied by decrease in brain-
derived neurotrophic factor (BDNF), nerve growth factor
(NGF) and c-FOS, proteins playing a crucial role in hippo-
campal-dependent memory formation [45-47]. Cognitive im-
pairment is not only a geriatric related disorder but, on the
contrary, is often correlated to metabolic syndromes (type 2
diabetes, obesity) [48-50], in which microbiota composition
seems to play a role in attributing cognitive traits [51]. In hu-
mans, impaired cognitive function in patients with hepatic
encephalopathy is associated with alterations in the intesti-
nal microbiome [52].

The microbiome can interact with the brain through the
vagal afferent nerves that convey sensory information from
viscera to the CNS [53]. This represents one of the possible
mechanisms that allow the gut microbiota to modulate the
brain-gut axis. Gut bacteria can produce neurotransmitters
(serotonin, y-aminobutyric acid) [54], that through the sys-
temic circulation, potentially impact brain development. In
early-life, serotonin is considered as an essential signaling
molecule that regulates the development of many systems
throughout the body.

4. GUT-BRAIN AXIS DEREGULATION

4.1. Role in Aging

Aging is a physiological process that progressively af-
fects the entire organism in several ways, from a cellular to
a functional level. Changes associated with age manifest
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themselves as a decline in several abilities, including senso-
ry, motor, metabolic, and higher cognitive functions [55].

It is widely recognized that the evolutionary dynamics
and fluctuations of gut microbiota undergo profound modifi-
cations during aging. Indeed, several studies have ascer-
tained that the main alterations occurring in the pattern of mi-
crobiota throughout life derive both from external factors
(nutrition, stress, lifestyle, antibiotic exposure and infection)
and from the individual features of the host [56-58]. The
host factors influencing the composition and the functionali-
ty of the gut microbiota are mainly characterized by genetic
factors, intestinal senescence processes and immunosenes-
cence mechanisms, which are amplified from 65 years of
age [59-61]. One of the main events strictly related to aging
is represented by reduced intestinal motility and following
constipation [62], which in turn induces a decrease in bacte-
rial excretion and an enhancement in the breakdown of pan-
creatic enzymes that negatively affects the gut homeostasis
[63]. Furthermore, it is important to underline that within the
intestinal tract of a young/adult individual, numerous struc-
tures (such as Peyer’s patches, cryptopatches and lymphoid
follicles) cooperate synergistically in order to ensure im-
mune tolerance to symbiotic and commensal microorganism
as well as to food protein, establishing an important barrier
against pathogens and intestinal homeostasis and ensuring
the correct functionality of the inflammatory and immune re-
sponse of the digestive system [64, 65]. During aging, how-
ever, there is a progressive decrease in Peyer’s patches, asso-
ciated with a defective action of T and B cells, chronic acti-
vation of macrophages in the intestinal lumen and an in-
crease in the growth of pathogenic bacteria [66-68]. These
morpho-functional modifications compromise the innate and
adaptive immune processes, which are the basis of lower
antigen-specific antibody titers, lower tolerance to harmless
antigen and to chronic inflammation processes, a pheno-
menon termed “inflammaging” [69, 70]. Recently it has
been hypothesized a direct correlation between “inflammag-
ing” and the structure and composition of the microbiome
gut [71]. In healthy adults, Bacteroidetes (mostly the genus
Bacteroides) and Firmicutes (largely the genus Eubacteria)
represent the taxa dominant (95% and 93%, respectively),
while Actinobacteria [including genus Bifidobacterium], Pro-
teobacteria and Verrucomicrobia are present only in a very
small fraction [72, 73]. In the elderly, the characterization of
the different taxa present in the gut microbiome does not al-
ways show unique characteristics, as considerable variability
depending on dietary habits, antibiotic treatment and pres-
ence of chronic pathologies were disclosed [74, 75]. Howev-
er, recent studies have shown that during aging numerous
Firmicutes subgroups decrease in number with a correspond-
ing increase in Bacteroidetes [76]. Numerous authors have
also shown a significant decrease in Bifidobacteria, which
play a primary role in maintaining correct intestinal function
and protecting it from pathogenic infections, while other
studies found enrichment in microbiota known to trigger an
inflammatory response (Escherichia, Enterobacteriaceae,
Clostridium difficile,etc. .) [77-79]. Remarkably, the gut of
centenarians does not show significant differences when
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compared to other adult populations, suggesting that a
healthy microbiome might represent a key factor to maintain
the longevity [77, 79]. A further correlation between “inflam-
maging” and gut microbiota derives from the study by Biagi
et al., who described a significant enhancement of the pro-in-
flammatory cytokines IL-6 and IL-8 in the elderly popula-
tion; this event was strictly linked with an increase in Proto-
bacteria levels, a decrease in bacterial species able to pro-
duce butyrate and an elevation in the general inflammatory
status [77]. However, this series of information does not
clearly demonstrate whether or not the intestinal flora is ca-
pable of inducing age-dependent changes in the “inflammag-
ing” phenomena or whether it is profoundly influenced by
the systemic inflammatory state.

As for the cause-effect relationship between the “inflam-
maging” processes and the modification of the intestinal bac-
terial flora, it is now widely recognized that alteration of gut
microbiota diversity and stability during aging induces a pro-
found gut barrier dysfunction, with a consequent increased
intestinal permeability (leaky gut), enhancement of the sys-
temic circulation of proinflammatory cytokines and bacteri-
a-derived products, as well as blood-brain barrier weakening
[80]. Indeed, it has been postulated that the consequence of
the functional impairment of both barriers has the potential
to accelerate the “inflammaging” mechanisms in the brain,
triggering a chronic inflammatory state and microglia activa-
tion [81]. Currently, several mechanisms have been identi-
fied on how gut bacteria could affect the CNS, by the gut-
brain axis communication. For instance, the aged-related
chronic intestinal inflammatory process triggers the overpro-
duction of pro-oxidant and pro-inflammatory metabolites,
such as nitric oxide, chemokines, prostaglandins and cy-
tokines which diffuse by the “leaky gut” to the systemic
blood circulation, reaching the brain where negatively dis-
rupt the neuronal homeostasis and survival [82, 83]. Remark-
ably, it has been demonstrated that circulating cytokines (T-
NF-a and IL-6) induce a modification of the blood-brain bar-
rier’s permeability, facilitating the easy influx in the brain of
peripheral immune cells and inflammatory markers, which
in turn might promote neuronal damage [83, 84]. During ag-
ing, cognitive decline represents a typical manifestation of
physiological neurodegeneration. Age-related cognitive de-
cay is due to a progressive impairment of the underlying
brain cell processes due to neuroinflammation, oxidative
stress, reduced synaptic plasticity and neurogenesis, thus
leading to a consequent and irreversible neuronal loss,
shrinkage of neurons, reduction of synaptic spines and lower
numbers of synapses [85, 86]. The basic cognitive functions
most affected by age are attention and memory. Neverthe-
less, higher-level cognitive functions, such as language pro-
cessing and decision-making may also be affected by age.
Hippocampal-dependent cognitive functions rely on the con-
struction of new neurons and maintenance of dendritic struc-
tures to elicit the synaptic plasticity needed for learning and
the formation of new memories. Although the mechanism
leading to impaired cognitive functions in the elderly is com-
plex, persistent oxidative stress, impaired neurogenesis and
aberrations of the immune system likely play an important
role. Age-related changes in long-term potentiation (LTP)
and long-term depression (LTD), the two major forms of sy-
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naptic plasticity strictly linked to learning and memory [87,
88], result from neuroinflammatory changes, oxidative
stress, and a decrease in N-methyl-D-aspartate receptor func-
tion and expression [89]. The hippocampal structure repre-
sents the main brain region responsible for the formation
and consolidation of new memories, with the pivotal contri-
bution of adult hippocampal neurogenesis, which provide a
continuous supply of new neurons and neuroplasticity
throughout life [90, 91]. Early inflammatory responses
strongly reduce adult neurogenesis and hippocampal home-
ostasis, with detrimental effects on learning and memory pro-
cesses [92]. The recent discovery of the presence of adult
neurogenesis in the human dentate gyrus and its consistent
decline in aging prevention [93, 94], open very interesting
challenges on the role of a virtuous lifestyle aimed at stimu-
lating human adult neurogenesis and slowing its decay.

Epidemiological studies support the hypothesis that mod-
ifiable lifestyle-related factors are associated with cognitive
deterioration, opening new avenues for its prevention [95].
Diet and physical exercise, in particular, have become the ob-
ject of intense research in relation to cognitive decline [96,
97]. Nutritional factors affect adult neurogenesis and cogni-
tive functions too. It has been demonstrated in aged mice
that polyunsaturated fatty acids supplementation enhances
hippocampal functionality, improves performance in many
hippocampus-dependent memory tasks and provides a
plethora of neuroprotective effects both in physiological and
pathological conditions [98, 99]. Moreover, the po-
lyphenol-rich extracts from grape, olive and blueberry may
potentiate neurotrophic factors activity, inhibit neuroinflam-
mation, attenuate cognitive decline and improve neuronal
function in old mice [100-107]. Physical exercise is a recog-
nized potent enhancer of adult hippocampal neurogenesis
mediated by neurotrophic factors [108-112], and it has
emerged as a potential therapy or an adjunctive therapeutic
strategy for cognitive decline [113].

Finally, a recent study has demonstrated that the gut mi-
crobiota plays a pivotal role in the bioavailability of antioxi-
dants, unsaturated fatty acids and polyphenols that protect
neurons from senescence and apoptosis [114].

The correlation between gut microbiota composition, in-
creased gut barrier permeability and neurological alteration
has been recently highlighted by the discovery of the neuro-
protective and therapeutic effects exerted by probiotic admin-
istration [115]. Indeed, many lines of preclinical evidence
have demonstrated that probiotic supplementation can repre-
sent a useful approach for increasing gut epithelial integrity,
protecting gut barrier leaking, inhibiting proinflammatory
processes and counteracting the onset or propagation of neu-
rodegenerative disorders [116, 117]. For example, it has
been evidenced that probiotics improve memory deficits, at-
tenuate aging-related disruption of the intestinal barrier and
reduce neuroinflammation in a mouse model of accelerated
senescence [118].

The phenomena of gut dysbiosis can induce or exacer-
bate a series of pathologies collectively denominated geria-
tric syndromes and, in particular, Parkinson’s disease and
Alzheimer’s disease. In fact, numerous studies have found a
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high percentage of metabolic and gastrointestinal patholo-
gies such as obesity, diabetes, microbial dysbiosis, constipa-
tion, diarrhea, comorbid with neurodegenerative diseases,
suggesting a causal role played by the gut-brain axis in the
development of neurodegenerative syndromes [119-121].

The gut-brain axis is regulated by direct and indirect
mechanisms through vagus nerve stimulation, immunologi-
cal changes, gut hormonal system activation and microbio-
ta’s metabolites [122, 123]. In this two-way communication,
the brain can impact the gut microbiota through the action of
the HPA axis, which regulates the stressful events. Indeed, it
has been shown that stress may affect the microbiota profile
and diversity, with the reduction of the anti-inflammatory
bacteria such as Lactobacillus and the concomitant transloca-
tion in the gut of proinflammatory bacteria such as Clostri-
dia [124, 125].

Therefore, the gut inflammatory process might trigger an
inflammatory pathway from the gut to the brain by the gut-
brain axis and these events might be implicated in the patho-
physiology of those neurodegenerative diseases with a major
inflammatory component.

4.2. Autism Spectrum Disorders

The human gut microbiota is nowadays considered an
important factor that can influence brain physiology and be-
havior. On the other hand, it is widely recognized that the
dysregulation of the gut-brain axis contributes to the devel-
opment of several brain disorders, including autism spec-
trum disorders (ASD). Affected ASD subjects suffer from
multiple gastrointestinal symptoms (i.e. constipation, abdom-
inal pain, diarrhea, gas, and vomiting) with a higher preva-
lence than in neurotypical individuals [126, 127]. Notably,
an association between the gastrointestinal manifestations
and the clinical symptomatology of ASD has also been ob-
served. In fact, autistic features are more frequent and severe
in ASD children showing comorbid gastrointestinal
problems [128].

The etiology of ASD is not known but the predominant
view indicates a multifactorial etiology, including genetic,
epigenetic and environmental factors [129, 130]. Important-
ly, the microbiota is a crucial element at the intersection of
genes and environment, as its composition and function are
dependent on genetic background and are shaped by multi-
ple environmental factors [127, 131].

The human brain development occurs in parallel with
the maturation of the intestinal flora during prenatal and ear-
ly postnatal stages. Any imbalance in the quantitative and
qualitative composition of intestinal microorganisms during
critical periods might affect both the intestinal nervous sys-
tem and the CNS, suggesting that the microbiome-gut-brain
axis may represent a predisposing factor in the occurrence of
neurodevelopmental disorders later in life.

Brain functions in normal and pathological conditions
are influenced by the intestinal microbiota through the en-
docrine, immune, and autonomic nervous systems. Howev-
er, the hypothesized gut-brain axis pathways and their rele-
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vance to ASD is beyond the scope of this review. We refer
the reader to recently published reviews [83, 132, 133].

Several preclinical studies carried out in the last years
have provided mechanistic insight in the gut-brain dysregula-
tion in different pathological conditions, including ASD.
The impact of distinctive microbiota compositions on early
life control of the emotional state, motor activity and cogni-
tive function has been extensively investigated in mice mod-
els following manipulation of the microbiota [134-136]. Th-
ese studies generally suggest that antibiotic-treated or ger-
m-free adult mice show alterations in brain function and
structure [83, 137]. Indeed, impairment of synaptic plastici-
ty, learning and memory, along with alterations in social and
emotional behaviors are generally associated with these mod-
els [44, 127, 138, 139].

Interestingly, a previous report has shown that the bacte-
rial cell wall peptidoglycan can cross the murine placenta
and reach the developing fetal brain thereby inducing a neu-
roproliferative response that correlated with deficits in cogni-
tive behavior in cell wall peptidoglycan-exposed pups fol-
lowing birth [140]. Among the different mechanisms, a re-
cent work has demonstrated that the microbiota profoundly
modulates the properties and function of microglial cells
[141]. Accordingly, germ-free mice display alterations in the
gene expression pattern and in the morphological features of
microglia since immature microglial cells have been found
in the brain cortex of these mice [141]. These results suggest
that gut microbiota plays a role in the maturation stage of
naive microglia in the brain. Importantly, the manipulation
of microbiota from prenatal stages can affect microglia in a
gender- and time-dependent manner [142]. A recent study in-
dicates that antibiotic-treated or germ-free mice exhibit defic-
its in fear extinction and display immature-type microglia
along with changes in gene expression in excitatory neurons,
glia and other cell types [143]. Importantly, these effects
were reversed following recolonization of germ-free mice
with microbiota from healthy untreated mice immediately af-
ter birth, suggesting that during critical periods microbio-
ta-derived chemical signaling is essential in preserving sy-
naptic plasticity and cognitive function [143]. Given the wel-
l-established role of microglia in synaptic plasticity [144], it
is believed that changes in microglial activity directly affect
neuronal function via synaptic pruning alteration [145]. By
using diffusion tensor imaging, a recent work revealed that
changes in white matter structural integrity occur in a di-
et-dependent manner via modulation of synaptic pruning
[146].

Interestingly, these immune-mediated changes may be as-
sociated with developmental modifications in specific brain
regions, among which it is worth mentioning the amygdala.
Indeed, it has been established that alterations in amygdala
functioning is able to influence other brain areas, such as the
prefrontal cortex and sensory processing in the cortex and
thalamus [147, 148]. In this scenario, non-clinical data have
demonstrated a key role for amygdala microglia reactivity in
shaping male-typical play behavior [149], as well as driving
brain sexual differentiation [150]. Therefore, the gut micro-
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biome might contribute, through the amygdala, to the male-
characteristics typically associated with ASD.

The composition and function of the intestinal microbial
community are also critical for ensuring proper brain devel-
opment in humans, especially in the light of the ability of
the gut flora to produce several neuroactive compounds and
metabolites which are transmitted via afferent fibers of the
vagus nerve and are diffused to various parts of the brain
[151]. Noteworthy, the trafficking of these molecules is en-
hanced due to the increased permeability of both intestinal
and blood-brain barriers occurring under chronic low-grade
inflammation [152]. Increased permeability has also been de-
scribed in preterm infants and in ASD individuals, further
supporting the gut—-immune—brain axis theory of ASD [153].
Individuals with ASD also exhibit alterations in the levels of
neurotransmitters and hormones, such as catecholamines,
serotonin, melatonin, glutamate, y-aminobutyric acid, oxy-
tocin and arginine-vasopressin, vitamin D, and endogenous
opioids [154]. Other neuroactive compounds are elevated in
ASD, such as 3-(3 hydroxyphenyl)-3-hydroxypropionic
acid. 4-ethylphenylsulfate, p-cresol, and propionic acids
[155, 156]. Altogether these factors contribute to the pheno-
typic heterogeneity typically associated with the complex
multifactorial etiology of ASD.

Notably, ASD has been associated with hyperserotone-
mia in conjunction with reduced levels of N-acetylserotonin
(NAS) and melatonin, suggesting that dysregulation of this
metabolic pathway is relevant to gut—brain communication
possibly via impaired mitochondria functioning [157]. In
this frame, also the levels of the short-chain fatty acid includ-
ing butyrate, propionate and acetate, are altered in ASD pa-
tients [158]. Interestingly, among other effects, butyrate acts
as a histone deacetylase inhibitor thereby triggering the acti-
vation of the mitochondrial melatonergic pathways leading
to increased acetyl-CoA levels and ATP production [147,
159].

Previous studies conducted in humans also suggest an in-
terplay between microbiota perturbation and the severity of
neuropsychiatric symptomatology [160, 161]. A recent large
systematic review and meta-analysis compared the composi-
tion of gut microbiota in children with and without ASD
[162]. Authors found that the microbiota of ASD individuals
displays a greater abundance of Bacteroidetes (Bacteroides
and Parabacteroides) and some Firmicutes genera (specifi-
cally Clostridium, Faecalibacterium and Phascolarctobac-
terium) along with reduced levels of Coprococcus and Bifi-
dobacteria. The qualitative and quantitative alterations in mi-
crobiota composition were related not only to the comorbid
gastrointestinal manifestation but also to the severity of the
autistic symptomatology, suggesting that dysbiosis in ASD
patients influences the severity of ASD symptomatology, al-
though the causal link remains to be established. Controver-
sial results were found throughout the literature. One limit-
ing factor is that a unique microbiota profile does not exist
as each one of us has a distinct identity which is also subject
to changes depending on dietary habits, lifestyle and age
[163]. Therefore, balance and diversity within the bacterial
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composition in a dynamic fashion are crucial to ensure ap-
propriate physiological activity of the immune, metabolic,
and nervous systems. On the contrary, disruption of the natu-
ral balance between good and bad bacteria might lead not on-
ly to intestinal but also to extra-intestinal diseases as previ-
ously described.

On these premises, maintaining a well-balanced composi-
tion of the intestinal microbiota through a healthy lifestyle
and a correct diet, as well as considering the use of antibi-
otics, prebiotics, probiotics, might be effective in the treat-
ment of the gastrointestinal symptomatology and/or the con-
current psychiatric conditions [136].

A previous study investigating the effects of treatment
with oral vancomycin in ASD found a short-term improve-
ment in communication and behavior testing [164]. More re-
cently, a randomized controlled trial exploring treatment
with either minocycline or placebo in addition to risperi-
done, showed that this combination therapy was successful
in decreasing irritability and hyperactivity/noncompliance
score in autistic children, although further studies are neces-
sary to establish the long-term effect of this approach [165].

Although there is low direct causal evidence that the ma-
nipulation of microbiota is effective in the treatment of
ASD, it is increasingly hypothesized that the use of probiot-
ic strains might improve gastrointestinal symptoms in ASD
individuals [166]. Of note, oral treatment with Bacteroides
fragilis (a commensal bacterium) in a mouse model display-
ing features of ASD, normalized the microbial composition,
restructured gut permeability caused by dysbiosis, and rev-
ersed behavioral abnormalities through the production of
neuroactive metabolites [167].

Clinical studies evaluating the use of probiotics in gas-
trointestinal disorders and neuropsychiatric conditions, in-
cluding ASD, are ongoing, showing also positive results. It
has to be noted that whereas a single bacterial strain provid-
ed beneficial results in irritable bowel disorders, on the other
hand, the multi-strains probiotic formulation may be more ef-
fective in treating both behavioral and gastrointestinal mani-
festations of ASD [168-170]. In conclusion, probiotics repre-
sent a relatively safe option and could be recommended for
children with ASD as adjuvant therapy, even though wide-s-
cale randomized controlled trials are crucial to confirm the
efficacy of probiotics in ASD.

Finally, fecal microbiota transplantation, which repre-
sents the injection of filtrate stools from a healthy donor to a
patient, has proven successful in an open-label trial in combi-
nation with vancomycin [171]. Indeed, autistic-like features
and associated GI symptoms were significantly improved
and this effect persisted up to two years following treatment
[172]. Notably, the clinical outcome was paralleled by in-
creases in the levels of Bifidobacterium and Prevotella spe-
cies in the intestinal microbiome.

Certainly, clinical trial design assessing the efficacy of
the above-mentioned approaches might suffer from several
limitations. Therefore, future studies should consider a thor-
ough diagnostic assessment along with a rigorous descrip-
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tion of the phenotypic heterogeneity of ASD patients. Clini-
cal studies should also evaluate lifestyle, diet, intake of pro-
biotics/antibiotics, as well as gastrointestinal history and ex-
amination. This approach will possibly lead to the stratifica-
tion of multiple cohorts of patients rather than one-type
ASD. Subgroup analyses (e.g., responders vs non-responder-
s) should also be considered in the planned clinical studies.

On these premises, the regulatory approach in ASD is
rather complex. Indeed, gut-brain comorbidities (for exam-
ple, sleep problems; epilepsy and gastrointestinal disorders)
are highly prevalent in ASD, with many patients also having
a learning disability. Therefore, the development of pharma-
cological treatments targeting single symptoms in ASD is
generally not recommended by regulators (https://www.e-
ma.europa.eu/en/documents/scientific-guideline/guideline-
clinical-development-medicinal-products-treatment-autis-
m-spectrum-disorder-asd_en.pdf. Accessed 18 May 2020).
However, sponsors can claim an indication for targeting a
single symptom if data robustly show that the effect on that
symptom is specific to ASD. In general, clinically relevant
efficacy should be demonstrated usually in combination
with other treatments for ASD (since it is difficult for a sin-
gle compound to demonstrate efficacy on all characteristics
of ASD). Importantly, robust efficacy on one core symptom
(investigated with appropriate scales also validated for the
studied age range) and clinically relevant improved function-
ing need to be demonstrated in both short and long term
studies (like randomized, double-blind, parallel-group trials)
with the maintenance of effect on one core symptom and
function established in the long term studies (https://www.e-
ma.europa.eu/en/documents/scientific-guideline/guideline-
clinical-development-medicinal-products-treatment-autis-
m-spectrum-disorder-asd_en.pdf. Accessed 18 May 2020).
A duration greater than 12 weeks might be necessary if the
treatment effect is time-dependent or if tolerance built over
time. As for the primary endpoints studied, investigators
could focus on one or two of the core symptoms with other
core symptoms specified as a key secondary endpoint.
Prospective applicants/researchers should approach regula-
tors to obtain scientific advice on their clinical development
initiatives/programs so that the data obtained from clinical
trials would be robust enough to support a marketing autho-
rization  (https://www.ema.europa.ecu/en/human-regulato-
ry/research-development/scientific-advice-protocol-assis-
tance). We do want to stress the point that regulators have re-
viewed all too many studies that were not designed well
with primary and secondary endpoints including their esti-
mands not able to demonstrate efficacy and safety in the
company’s claimed indication (which is the population that
the medicinal product is intended to be used in clinical prac-
tice in line with the license). So, regulators encourage both
academics and industry to approach them and request scien-
tific advice so that issues are ironed out early in a products’
development.

4.3. Alcohol Use Disorders

A more recent field of investigation addressed the possi-
ble role of the gut-brain axis also in the field of alcohol de-
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pendence. In the present review, we do focus our attention
on alcohol abuse, in particular, the potential role of intestinal
environment on the management of alcohol use disorders
(AUD)-related psychiatric symptoms (anxiety, depression,
craving), and also of physical damages induced by its uncon-
trolled consumption [173-176].

Concerning the physical damages due to continuous alco-
hol intake, the main problem regards the increased reactive
oxygen species production as consequences of lipid oxida-
tion by ethanol that occurs in the liver. In this regard, the use
of antioxidant compounds of natural origin, also as diet sup-
plementation, is considered a useful tool to counteract the
deleterious effect of free radicals in the organism [177-179].
Among these, polyphenols, micronutrients widely present in
the plant kingdom, show potential beneficial properties for
human health. In a preclinical mouse model of alcohol
abuse, our research has demonstrated that both polyphenols
[101] contained in extra virgin olive oil (as hydroxytyrosol,
tyrosol, oleuropein), and resveratrol [180, 181], a non-
flavonoid polyphenol mainly present in grapes, may provide
powerful protection against ethanol-induced oxidative stress
by reducing serum-free oxygen radicals without affecting
the free oxygen radicals defense.

In alcoholic men during withdrawal, it has also been
shown that the prolonged consumption of a blend of po-
lyphenols containing hydroxytyrosol, tyrosol and also oleu-
ropein modulated serum levels of neurotrophins, known to
play subtle roles in the addiction processes. In particular, the
increased level of BDNF, but not NGF, was counteracted by
the natural compound supplementation, with a time course,
suggesting that monitoring serum BDNF and/or NGF in alco-
holics during withdrawal could contribute to characterize al-
cohol dependence profiles and could be important to im-
prove recovery processes throughout antioxidant compounds
supplementation [105].

Recently, a link between polyphenols and microbiota mo-
dulation has been disclosed. Animal studies have shown that
gut microorganisms can influence the activity of flavonoids
[182], but little is known about how food flavonoids shape
the gut microbiota in humans. By analyzing data from over
240 healthy men, a research conducted by Ivey [183] identi-
fied six types of microbial communities associated with the
consumption of flavonoids, observing a strong association
between the intake of blueberries and tea and specific micro-
bial communities. This study supports the idea that
flavonoid intake could modulate the composition of the mi-
crobial community. In particular what emerges is that, rather
than the total amount of microorganisms in the intestine, the
relative abundance of specific phyla of bacteria is a critical
point that could be responsible, at least in part, of the imbal-
ance between healthy vs unhealthy state. The prevalence of
a phylum may reflect altered metabolic capacity (carbohy-
drate and protein metabolism), also affecting the normal mi-
cronutrient balance, making the organism susceptible to the
onset of morbid states.

In experimental models of alcohol addiction, different
studies have demonstrated that alcohol consumption induced
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dysbiosis and bacterial overgrowth [184, 185]. This condi-
tion is associated with the development of oxidative stress,
altered intestinal permeability, endotoxemia, and steatohep-
atitis, suggesting that intestinal dysbiosis may potentially
contribute to the pathogenesis of liver disease through the
production of pro-inflammatory factors and promoting liver
pathology.

In a study conducted in germ-free mice fed with ethanol,
authors implanted stool from patients with or without alco-
holic hepatitis, analyzing the effect on liver damage. Mice
that received microbial tools from a patient with severe alco-
holic hepatitis developed more severe liver inflammation
with an increased number of liver T lymphocyte subsets and
Natural Killer T, higher liver necrosis, greater intestinal
permeability and higher translocation of bacteria, respect to
mice transplanted with a microbial tool from those subjects
without alcoholic hepatitis [186].

Alcoholic hepatitis is the most serious form of liver dis-
ease. To date, the possibilities of treatment are still limited
and the etiopathological mechanisms to be explored. A re-
cent study [187] evaluated the contribution of the microbiota
in the transmission and course of alcoholic hepatitis in vivo,
also providing preliminary human data and potential thera-
peutic solutions. The administration of specific bacterio-
phages for E. faecalis producing the cytolysin exotoxin im-
proved significantly the clinical picture, suggesting its
prospective clinical use to manage this pathological condi-
tion [187].

Concerning alcohol use disorders, a recent paper illus-
trates how alcohol consumption changes gut microbiota, in
an AUD murine model. Moreover, in the same study, the im-
pact of these alterations was correlated with alcohol with-
drawal-induced anxiety and behavioral changes [188].

Recent evidence demonstrates how certain behavioral
characteristics can lead to a higher risk of addiction through
a link with the microbiome-intestine-brain axis, suggesting
the possibility of investigating whether diversity and bacte-
rial composition could be associated with traits related to
AUD. A recent study conducted by Jadhav and co [188]
show how the predisposition to the development of AUD
would be related to the microbiota and altered expression of
dopaminergic receptors. This study is among those aimed at
identifying biomarkers of vulnerability to the development
of alcohol dependence. Through the study of the inter-indivi-
dual vulnerability of rat models to which dependence was in-
duced, a different bacterial profile and an altered expression
of dopaminergic receptors (increased D1 and decreased D2
receptors in the striatum of withdrawal rats) were demons-
trated in the group defined as “vulnerable”, characterized by
a more marked dependent profile, compared to “resilient”
[188].

Some clinical trials have been carried out, based on the
possibility to modulate gut microbiota through the consump-
tion of probiotics, to obtain beneficial effects in AUD. In a
completed clinical trial (ClinicalTrials.gov Identifier: NC-
T01501162), Han and co investigated the therapeutic effects
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of the probiotic mixture composed by Lactobacillus
subtilis/Streptococcus faecium (1500 mg/day) in patients
with alcoholic hepatitis. In detail, 117 patients were prospec-
tively randomized to receive the 7 days of probiotics or
placebo. All patients enrolled were not allowed to consume
alcohol for the period of treatment. Liver function test (en-
zyme activity), serum proinflammatory cytokines,
lipopolysaccharide, and colony-forming units by stool cul-
ture were examined and compared after therapy. Abstinence
is the most imperative behavior for patients with alcoholic
hepatitis. In addition, supplementation with cultured L. sub-
tilis/S. faecium was associated with the re-establishment of
intestinal flora and improvement of LPS in patients with al-
coholic hepatitis.

Concerning the use of probiotics in alcohol-related liver
diseases (i.e. alcoholic hepatitis and liver cirrhosis), two
other clinical trials are in the phase of patients recruiting. In
the first study, coordinated by Aleksander Krag, Odense Uni-
versity Hospital (ClinicalTrials.gov Identifier: NC-
T03863730) investigators hypothesized that the gut micro-
biota and its metabolites are major drivers of fibrosis in hu-
man liver disease and that modulating the intestinal flora
may alter disease progression by reducing the activity of hep-
atic stellate cells. For this aim patients will consume, twice
every day for 24 weeks, Profermin Plus®, a product based
on fermented oats, Lactobacillus plantarum, barley malt,
lecithin, and thiamin. The primary outcome will be to evalu-
ate an attenuation of liver hepatic stellate cell activity after
treatment, and secondarily to measure hepatic inflammation
markers and metabolites and the reduction in fibrosis mark-
ers. In the second study, coordinated by Mack Mitchell, Uni-
versity of Texas Southwestern Medical Center (ClinicalTrial-
s.gov Identifier: NCT01922895), researchers will evaluate if
a diet supplemented with a probiotic nutrient (Lactobacillus
rhamnosus daily for 180 days) can improve alcoholic hepati-
tis and gut complications compared to routine standard care.
The MELD (Model for End-Stage Liver Disease) scoring
system for assessing the severity of the chronic liver disease
will be monitored to assess the validity of the treatment.

Alcohol dependence is defined in ICD-10 (International
Statistical Classification of Diseases, Injuries and Causes of
Death 10" version) as a primary, chronic disease with genet-
ic, psychosocial, and environmental factors influencing its
development and manifestations. The disease is often pro-
gressive and fatal. Recent marketing authorizations applica-
tions at the level of the European Medicines Agency pur-
sued indications in both alcohol withdrawal syndrome as
well as maintenance of alcohol abstinence (https://eur-lex.eu-
ropa.eu/legal-content/EN/TXT/PDF/?uri=uriserv:0J.C .20
18.030.01.0010.01.ENG; Accessed 18 May 2020). Sponsors
pursuing clinical development programs for these objectives
for alcohol withdrawal syndrome should decrease the severi-
ty of symptoms, prevent more severe withdrawal clinical
manifestations such as seizure and delirium and facilitate the
entry of the patient into a treatment program in order to
achieve and maintain long-term abstinence from alcohol.
While for alcohol abstinence maintenance, continued absti-
nence should be demonstrated following the active treatment
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Fig. (2). An outline illustrating how the microbiota-gut-brain axis could participate in the physiological regulation of brain homeostasis, and
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phase (3 to 6 months) through a double-blind withdrawal
phase in responders without treatment for 15 months after
randomization. According to the European Medicines Agen-
cy guideline on the development of medicinal products for
use in alcohol dependence, for a product to be licensed for
the maintenance of alcohol abstinence, confirmatory effica-
cy clinical trials should be randomized, double-blind, paral-
lel-group and placebo-controlled and designed to demons-
trate superiority vs. placebo. It is also very important to try
to minimize methodological issues (relating to the design of
the studies) that can arise in pursuing clinical trials in this
setting, and these should be risk mitigated a priori (for exam-
ple considerations of sample size, the appropriate selection
of the patient population in this setting, as well as carefully
planned post-hoc analyses) to establish efficacy in the ap-
plied target indications (https://www.ema.europa.cu/en/docu-
ments/scientific-guideline/guideline-development-medici-
nal-products-treatment-alcohol-dependence en.pdf. Acces-
sed 18 May 2020).

As for gestational alcohol consumption or paternal pre-
conceptual alcohol exposure inducing Fetal Alcohol Spec-
trum Disorders (FASD) in the newborns, only a few data are
available on the relationship heathy-gut vs healthy-brain.
FASD are complex malformative conditions of the newborn
and the child due to the teratogenic effect of alcohol taken
during pregnancy and caused by preconceptual paternal alco-
hol drinking throughout epigenetics mechanisms [189-193].
FASD is the most common cause of mental retardation de-
veloped in childhood, therefore totally avoidable, through
the complete abstaining of the pregnant woman from the in-
take of alcohol [194-196]. The outcomes of alcohol on the fe-
tus range from the absence of damage to abortion, including
a spectrum of clinical expressions as neonatal congenital
morphological defects and neurological development disrup-

tions [195, 197, 198]. Although FASD is a quite common
cause of mental disabilities, there are still no crystal data on
its incidence leading to an underestimation of the problem.
Indeed, the global prevalence of FASD is about 2-4% in the
newborns [199]. A study in the mouse [200] on the influ-
ence of prenatal alcohol exposure on the serotoninergic sys-
tem in the gastrointestinal system disclosed decreased sero-
tonin concentrations in the gut mucosa and longitudinal mus-
cle myenteric plexus (females only). Furthermore, an eleva-
tion in mucosal and longitudinal muscle myenteric plexus
tryptophan concentration was only observed in prenatally ex-
posed female mice. These findings show that prenatal alco-
hol exposure may elicit a decrease in the conversion of tryp-
tophan to serotonin in both muscle and mucosa, effect more
pronounced in females, changes probably associated with
the estrous cycle [200]. Other earlier human and animal mod-
el studies clearly demonstrated that prenatal alcohol expo-
sure affects intestine formation/functioning development
and nutrients absorption [190, 201-203]. Further lines of in-
vestigation deal now with the use of antioxidants’ supple-
mentation to prevent or counteract the deleterious effects of
alcohol consumption during gestation [204-211].

CONCLUSION

The intense research in recent years on the role of gut-
brain axis, has undoubtedly endorsed the hypothesis of a
close relationship between gut health and the health of the
“higher” functions. As summarized in the present review,
central disorders of different types (from physiological ag-
ing to alcohol dependence, till autism spectrum disorders)
have in common alterations in the bowel district (Fig. 2).

The evidence that intestinal disturbances are often not on-
ly the consequence of altered psychological states, but could
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contribute, together with other factors, to the onset of central
function disorders, opens the way for new fields of investiga-
tion and promises new therapeutic strategies. The use of pro-
biotics and/or natural antioxidants represents today a new
and interesting strategy to obtain important benefits, without
substantial side effects, in the control of many clinical mani-
festations related to central-type disorders. Certainly, we are
still far from being able to replace the current pharmacologi-
cal protocols for the control of psychiatric disorders due to
the lack of answers to questions that can expand the applica-
bility of these supplements to an exclusive and not only pro-
phylactic therapeutic use. Further preclinical and clinical
studies are necessary, for example to evaluate the duration
over time of the beneficial effects of probiotics and/or natu-
ral antioxidants after the end of the supplementation, a criti-
cal point for any drug therapy. “A healthy gut for a healthy
brain” represents not only a slogan, but an increasingly con-
solidated concept that undoubtedly deserves further investi-
gation for the understanding of the etiopathogenesis of many
central diseases.
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