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Introduction: The microbiota-gut brain (MGB) axis is the bidirectional communication between the intestinal microbiota and the 
brain. An increasing body of preclinical and clinical evidence has revealed that the gut microbial ecosystem can affect 
neuropsychiatric health. However, there is still a need of further studies to elucidate the complex gene–environment interactions and 
the role of the MGB axis in neuropsychiatric diseases, with the aim of identifying biomarkers and new therapeutic targets, to allow 
early diagnosis and improving treatments.
Areas covered: To review the role of MGB axis in neuropsychiatric disorders, prediction and prevention of disease through 
exploitation, integration, and combination of data from existing gut microbiome/microbiota projects and appropriate other 
International ‘-Omics’ studies. The authors also evaluated the new technological advances to investigate and modulate, through 
nutritional and other interventions, the gut microbiota.
Expert opinion: The clinical studies have documented an association between alterations in gut microbiota composition and/
or function, whereas the preclinical studies support a role for the gut microbiota in impacting behaviors which are of relevance 
to psychiatry and other central nervous system (CNS) disorders. Targeting MGB axis could be an additional approach for treating 
CNS disorders and all conditions in which alterations of the gut microbiota are involved.
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1. Introduction

Our consideration of the healthy human holobiont has greatly 
changed over the last years, due to the increased knowledge 
about the approximately 1014 cells of 1.000 different species, 
identified to date, in the gastrointestinal tract (GIT), collectively 
named the gut microbiota, and their potential functional roles [1].

The human gut microbiota consists mostly of bacteria, but also
other microorganisms (i.e. archaea, fungi, parasites, and viruses)
resident in the GIT. Overall five phyla dominate the bacterial
composition of the gut microbiota with the 90% of phylotypes
identified in Firmicutes and Bacteroidetes, whereas Actinobacteria,
Proteobacteria, and Verrucomicrobia are minor components [2].
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By including roughly 3.3 million non-redundant microbial
genes, the gut microbiome (combined genetic material of the
gut microbiota) has ~150 times more genetic material than the
humangenome [3]. The gutmicrobiota is a highly dynamic system
with its density and composition affected bymany exogenous (e.g.
diet, drugs, infections, environmental factors) and endogenous (e.
g. age, sex, host genetic features) influencing factors [4].
Interesting, several classes of drugs impact on gut microbiota
composition and not only antimicrobial agents; for example, anti-
psychotics and antidepressant drugs can influence directly the gut
microbiota [5]. All of the environmental factors may uniquely
influence the microbiota composition, but it has been shown
that the diet, in particular, plays a major role in determining the
composition and changes of the gut microbiota [1].

It has been well studied that the gut microbiota contributes to
regulate essential functions for host homeostasis, including meta-
bolism, cardiovascular functions, and immune/inflammatory pro-
cesses [6]. Mapping the metagenome of hundreds of healthy
individuals on the integrated catalog of genes present in human
gut microbiota revealed large inter-individual variability in micro-
biota composition due to geographical and nutritional factors.
Nevertheless, one-third of the adult microbiota is similar within
most individuals, therefore suggesting a compositional variability
in which the microbiota stays within a functional range for the
host. Divergence of microbiota from its functional range, initiating
a condition known as dysbiosis, can be caused by one or more of
these conditions: deep changes in diversity, loss of commensals,
and bloom of pathobionts (members of the commensal micro-
biota that have the potential to induce pathology) [7]. An increas-
ing body of evidence revealed that an altered gut microbiota
might be involved in several gastrointestinal/systemic diseases
and in the individual’s neuropsychiatric health; indeed, thenumber
of central nervous system (CNS) pathologies with associated com-
positional alterations in the gut microbiota is rapidly increasing
(Table 1). The characterization of the host-microbiota communica-
tion pathways, above all the mainmicrobiota-gut brain (MGB) axis
network, remains a crucial step in the full understanding of human
holobiont; establishing, interpreting and modulating symbiosis

and dysbiosis will pave the way for future therapies [8]. This review is 
focused on the role of MGB axis in neuropsychiatric disorders, 
prediction and prevention of disease through exploitation, inte-
gration, and combination of data from existing gut microbiome/
microbiota projects and appropriate other International ‘-Omics’ 
studies. We also addressed the impact of the recent technological 
advances to investigate the microbiome and evidence-based treat-
ment modulating gut microbiota through nutritional and other 
interventions.

2. The microbiota-gut–brain axis

Over the past decade, it has become clear that the MGB axis is a 
bidirectional communication pathway between gut bacteria and 
the CNS that exerts a profound influence on neural develop-ment, 
neuroinflammation, activation of stress response and neu-
rotransmission, in addition to modulating complex behaviors, 
such as sociability and anxiety [38]. The gut microbiota can 
potentially influence, directly and indirectly, these central pro-
cesses through immune system activation (e.g. inflammatory 
cytokines and chemokines) [39], production of neurotransmitters 
(e.g. serotonin, gamma-aminobutyric acid [GABA] and glutamate), 
short-chain fatty acids (SCFAs) and key dietary amino acids as 
tryptophan (TRP) and its metabolites [39,40]. Furthermore, the gut 
microbiota can act through the permeability of gut barrier, 
with increase of circulating lipopolysaccharide (LPS) [41], 
modulating the levels of brain-derived neurotrophic factor 
(BDNF) and alter-ing neuroendocrine (hypothalamic-pituitary-
adrenal [HPA] axis)[42] andneural(e.g.vagus afferents,enteric 
nervous system) pathways [43](Figure1)(Table 2). On the other 
hand, the brain affects gut peristalsis, sensory and secretion 
function, mainly via the vagus nerve [44]. However, several and 
not yet fully under-stood mechanisms are involved in this 
complex bidirectional network in health and during diseases. 
Indeed, gut microbiota perturbations can lead to alterations of 
these pathways, that can precede the onset or lead to 
worsening of different neuropsy-chiatric disorders and their 
manifestations [43,45]. Recently, culture-independent 
sequencing techniques have added a new

Article highlights

● The gut microbiota is a highly dynamic and complex system with
approximately 1014 cells of 1.000 different species.

● The host-microbiota communication pathways, above all the main
microbiota-gut brain (MGB) axis network, are fundamental mechan-
isms to preserve a healthy human holobiont.

● Deep changes in diversity, loss of commensals, and bloom of pathobionts
can cause a dysbiosis and the leak of microbiota from its functional range.

● Sequencing technologies are revolutionizing the field of microbiota
research to fully understand the various aspects of host-microbial
mutualism.

● Promising applications in the medical field is allowing the identifica-
tion of metabolic patterns of metabolites at single patient level,
a useful tool to understand the etiology of a disease and to follow
its progression over time.

● Gut microbiota can affect neural circuits and behavior related to
stress response and his compositional alterations can lead to an
immune system activation, with local and systemic pro-
inflammatory state and more permissive intestinal barrier.

Targeted therapies focused on microbiota will likely play a large
role in the future.

Table 1. Examples of diseases for which alterations in gut microbiota composi-
tion have been evidenced in human clinical studies, next-generation-sequencing 
and representative references.
Pathologies Selected references

Allergy
Alzheimer disease

Autism spectrum disorders
Bone diseases
Cardiovascular diseases
Celiac disease
Colon-rectal cancer

Berni Canani et al., [9]; Huang et al., [10] 
Cattaneo et al., [127]; Mancuso and
Santangelo, [11]

Liu et al., [12]; Fattorusso et al., [93] Wen 
et al., [13]; Breban et al., [14] Tang et al., 
[15]; Li, [16]
D’Argenio, [17]
Song et al., [18]; Kang and Martin, [19]

Inflammatory bowel diseases
Major depressive disorder
Epilepsy
Graft versus host disease
Irritable bowel syndrome
Kidney diseases
Liver pathologies
Multiple sclerosis
Obesity

Franzosa et al., [20]; Pei et al., [21] Cheung et 
al., [90]
Peng et al., [22]; Lindefeldt et al., [159] Staffas 
et al., [23]; Yoshioka et al., [24] Tap et al., [25]; 
Xu et al., [26]
Nallu et al., [27]
Qin et al., [28]; Ma et al., [29] Cekanaviciute et 
al., [30]; Berer et al., [31] Le Chatelier, [6]; 
Bouter et al., [32]; Maruvada

Parkinson disease
Diabetes

et al., [33]
Bedarf et al., [119];Campos-Acuña et al., [34] 
Kostic et al., [35]; Forslund et al, [36];
Komaroff, [37]



dimension to the study of gut microbiota and the challenge to 
analyze the  large volume of sequencing data is increasingly  
addressed by the development of novel computational tools 
and methods.

3. Technological advances to investigate the gut 
microbiota and the MGB axis

The vast majority of microbiota studies use one of two deep 
sequencing approaches: 16S ribosomal RNA amplicon sequencing

or shotgun metagenomic sequencing. The 16S rRNA sequencing 
reveals the bacterial composition of a sample at the phylum to 
species level, while a metagenomics sequencing approach will 
reveal the entire genetic content of a sample. This latter approach 
allows the reconstruction of the bacterial composition of the 
sample up to the strain level and delivers information on the 
presence of metabolic pathways, i.e. the functional potential [57]. 
Several studies were performed to compare different next-
generation sequencing strategies and  platforms with vary 
results [58].

Until a few years ago, many parameters of the microbiota 
had been difficult to address, e.g. the spatial organization of 
bacteria in the intestine, their real-time metabolic activity, or 
their fitness state and viability. Now, with the advent of 
sequencing-independent technologies, such parameters can 
be evaluated using gnotobiology in combination with fluor-
escent in situ hybridization (FISH) [59], novel bacterial genetic 
tools [60], metabolomics [61], and flow cytometry [62].

The gut microbiota exerts many of its effects on the host by 
producing metabolites that have recently been shown to pene-
trate the host even into remote organs such as the CNS [63]. 
While the metabolic activity of the microbiota is often inferred 
from the pathways present in metagenomics datasets, only 
recent advances in mass spectrometry-based metabolomics 
have provided definitive assessments of the metabolites present 
[64]. To definitely identify novel bacterial strains and to function-
ally characterize bacteria from the gut microbiota, their isolation 
and cultivation are essential. While it was previously assumed 
that the vast majority of intestinal bacteria is uncultivable, at 
present we can cultivate approximately more than 50% of the 
bacteria present in freshly collected human feces [58]. 
Approximately 60% of the bacterial genera present in our intes-
tine form spores which likely facilitates their host-to-host trans-
mission [65]. Furthermore, three rapid PCR-based methods, the 
terminal-restriction fragment length polymorphism (T-RFLP) [66] 
and the temperature/denaturing gradient gel electrophoresis 
(DGGE/TGGE) [67,68] are used to generate a fingerprint of an 
unknown microbial community to provide a good basis for 
comparing communities, however these methods are now

Figure 1. Schematic representation of microbiota gut brain axis [HPA, hypothalamic-pituitary-adrenal; SCFAs, short-chain fatty acids] [54–56].

Table 2. Potential pathways involved in microbiota-gut brain communication.

Pathways Findings

Autonomic nervous
system

The vagus nerve is a major modulatory constitutive
communication pathway between the bacteria
exposed to the gut and the brain; for example,
chronic treatment with Lactobacillus rhamnosus
reduced stress-induced corticosterone and anxiety-
and depression-related behaviour via vagus nerve
[46,47].

Enteric nervous
system

The reintroduction of bacterial strains in germ free (GF)
mice results in a rapid increase in the circulating level
of 5-HT and other neuroactive metabolites, mediated
together with TRP, melatonin, gamma-aminobutyric
acid and acetylcholine, by the enteric nervous system
[48,49].

Neuroendocrine
system

GF mice show hyper-response to stress, reversible by
probiotic administration suggesting the involvement
of the endocrine system throughout the HPA axis
that affects stress response [50–52].

Neuro-immune
activation

Gut-microbiota related alterations as an elevation in the
circulating level of pro- and anti-inflammatory
cytokines such as IL-1, IL-6, TNF-α and inflammation-
related proteins including lipopolysaccharides (LPS)
are known to directly affect brain functions, mood,
behaviour and to elicit neuroinflammation [40,168].

Gut microbiota
metabolites

Amyloid, short fatty acids (SCFAs) such as butyrate, able to
control BDNF, neurotoxins such as beta-metylamino-L
alanine (BMAA) are produced by microbiota strains, and,
translocating from the intestinal mucosa to systemic
circulation, might interfere with the immune regulation
and brain functionality [7]. For example, in GF mice,
systemic injection of butyrate showed antidepressant
effect [53].

5-HT serotonin; BDNF, brain-derived neurotrophic factor; GF, germ-free; HPA,
hypothalamic-pituitary-adrenal; IL, interleukin; TNF, tumour necrosis factor;
TRP, tryptophan.



largely replaced by high throughput sequencing above 
men-tioned [69]. Finally, flow cytometry has long been 
appreciated as a technology that delivers multi-parametric 
information on the single cell level at a high throughput and 
with the opportu-nity for physical separation of cells (FACS 
sorting). As a recent example, the diagnosis of intestinal 
inflammation in mice has been possible through cytometric 
fingerprinting of the micro-biota based on DNA content and 
bacterial forward scatter (as a proxy for cell size) [62].

In conclusion, deep sequencing technologies have revolu-
tionized the field of microbiota research but to fully under-
stand the many aspects of host-microbial mutualism, 
complementary approaches are needed.

3.1. Methods and challenges of standardization and 
gnotobiology

Nowadays, researchers are investing many resources to study 
the relationship between the microbiota and the host with the 
aim to better understand the pathogenesis of diseases in 
which the microbiota is involved [70]. However, it is hard for 
different research groups to look at the same biological con-
ditions and to achieve the same observation even in the case 
of working with animal models. This is mainly due to the 
changes of the microbiota upon the interaction with different 
environmental factors, such as housing conditions, food, 
water, bedding, and temperature [71]. In most of the common 
research animal facilities, the experimental rodents are housed 
in individually ventilated cages (IVCs). This system uses HEPA-
filters and individual air system shows some advantages in 
protecting the animals from all microorganisms coming from 
the external environment and from other neighbor cages, 
therefore limiting the spread of pathogenic infections [72]. In 
this sense, every single cage is a unique environment and 
changes in the microbiota happen randomly in any cage 
mainly due to handling procedure of the animal caretakers. 
Altogether, these factors greatly induce variability in the com-
position of the microbiota between animal facilities and 
research institutions, and even within the same animal facility 
[73,74]. To standardize the microbiota within the same animal 
facility, to reduce the variability between facilities and to allow 
correct interpretation of experimental results, the control for 
all the different non-genetic variables that can affect the gut 
microbiota of genetically identical mice is mandatory [75].

Simple methods, such as co-housing and littermate-
controlled experiments, can be extremely helpful to standar-
dize the experimental conditions [76,77]. In addition, also 
gnotobiology, i.e. the study of animals in a germ-free environ-
ment, may be a powerful system to standardize the experi-
mental conditions. Gnotobiotic consortia are considered 
a pool of microorganisms with a defined composition that 
are vertically and horizontally transmissible, and stable over 
time under sterile conditions. To achieve this condition, it is 
mandatory to adopt certain standardized axenic handling and 
housing procedures (e.g. diet standardization and housing in 
flexible film isolators) [78,79]; this has recently allowed to 
study the role of a single bacterium and a single bacterial 
antigen in maintaining host-immune homeostasis [80].

3.2. Metabolomics approach for neurological diseases

Metabolomics is the study of the metabolome, defined as the 
set of metabolites (small molecules with molecular weight <1.5 
kDa) produced in a biological system [81]. The 
metabolome has a highly dynamic nature and represents a 
very rapid indicator of the modifications of a system. 
Therefore, metabolomics is considered the – Omics closest 
to phenotypic expression, because it reflects both the 
information contained in the genetic code and the influences 
derived from the interaction with the environment [61]. It has 
promising applications in the medical field such as allowing 
the identification of metabolic patterns of metabolites at single 
patient level, a useful tool to understand the etiology of a 
disease and to follow its progression over time, especially in 
the context of multifactorial and chronic diseases. 
Furthermore, the identification of unknown metabolites 
may allow to formulate new pathogenic hypotheses.

Liquid or Gas Chromatography-Mass spectrometry (GS-MS) 
and Spectroscopy are the most frequently used methods. The 
large amount of data obtained is processed by appropriate soft-
ware (Markerlynk) and then elaborated through multivariate sta-
tistical analysis methods. The final step is the chemical-physical 
identification of the metabolites. Structural hypotheses in this 
sense can be formulated by comparison with databases of meta-
bolites such as HumanMetabolome database (HMDB) and METLIN 
[82]. The most significant features obtained by metabolomics 
analyses in all evaluable studies about most important neuropsy-
chiatric disorders are represented in Table 3.

These data are far to be definitive and univocal; this is due to 
a multitude of variables, primarily the complexity of the 
micro-biota, the range of metabolites concentration and lack 
of stan-dardization. Nevertheless, results previously 
published in the literature raised positive expectations [41]. In 
fact, by modifying the diet and/or the microbiota, it may be 
feasible to improve clinical outcome in the early phase of the 
disease and to improve the patients’ quality of life.

4. MGB axis in neuropsychiatric disorders

Most of the neuropsychiatric disorders in children and adults 
are considered multifactorial diseases prompted by environ-
mental factors in genetically susceptible individuals [83]. 
However, additional work is needed to explain the exact com-
plex gene–environment interactions and to characterize the 
potential gut microbiota alterations that can precede, or 
aggravate (likely contributing), the onset (establishment/pro-
gression) of the different neuropsychiatric disorders and their 
manifestations. Indeed, the very high degree of phenotypic 
heterogeneity in neuropsychiatric disorders originates from 
epigenetic modifications due to the interaction between 
environmental risk factors and susceptible genetic loci without 
involving alteration in nucleotide sequence [84,85]. Such epi-
genetic modifications may lead to DNA methylation and var-ious 
other changes (e.g. phosphorylation and acetylation) that directly 
act on histone proteins with changes on genes tran-scription 
[86]. Evidence suggests that dysbiosis and altered gut 
permeability play a pathogenic role allowing the input of 
molecules (e.g. pro-inflammatory cytokines IL-6, TNF-α and IL-1β 
and several chemokines including MCP-1, CXCL-1, and MIP-



1α) potentially neurotoxic in the bloodstream and activating the 
immune system in an abnormal way [87]. Indeed, as men-
tioned, the gut microbiota has shown to have a direct influ-ence 
on the brain by modulating the immune system; an ultra-low 
state of immune activation is always present in gut due to 
microbial cells that continually stimulate the immune system 
which, in turn, controls microbial populations. This relation-ship 
has the aim to reinforce immunity barrier and therefore the 
containment of the microorganism themselves [88,89].

Some clinical studies have shown that patients affected by 
neuropsychiatric disorders such as autism spectrum 
disorders (ASD), schizophrenia, major depressive disorder 
(recently reviewed by Chung et colleagues [90] and not 
detailed in our review), epilepsy, Alzheimer’ and Parkinson’ 
diseases or multiple sclerosis (MS), could have alterations in 
their gut microbiota composition and MGB axis, but if it is 
directly correlated or proportional to disorders’ severity is not 
yet clarified [91,92]. Generally, they also experience an 
increased incidence of gastro-intestinal functional discomfort 
such as constipation, diarrhea, abdominal pain, heartburn or 
have irritable bowel syndrome as comorbidity [93,94]. Despite 
some studies in ASD [95,96] suggest that the improvements of 
GI symptoms match to that of mental symptoms, it remains an 
open question. Further clinical and preclinical investigations are 
needed, to specifically identify and counteract an MGB axis 
dysregulation. Indeed, the micro-biota, and as a consequence 
the MGB, is more accessible and modifiable than the human 
genome, providing potentially much-needed new opportunities 
for preventing or treating neuropsychiatric disorders.

4.1. MGB axis in autism spectrum disorders

‘Autism Spectrum Disorders’ comprise a complex group of 
brain development disorders characterized by social and com-
munication impairment along with the presence of repetitive/
restrictive behaviors and systemic comorbidities. Intestinal 
signs and symptoms, related to inflammation, are common 
features in children with ASD; almost half of them exhibit 
gastrointestinal dysfunction [97]. Despite is very challenging to 
determine the exact occurrence of GI disorders in these 
patients due to communication issues, diarrhea, bloating and 
constipation are the most frequent symptoms reported and are 
frequently associated with behavioral and emotional symptoms 
[98]. The prevalence of gastrointestinal symptoms suggests a 
possible link between gut microbiota and ASD. Recent data 
indicated a significant dysbiosis and a change in the stability, α 
and β diversity and composition of gut micro-biota in ASD 
children compared to healthy controls age-matched [99]. 
Therefore, gastrointestinal dysfunction, mild intestinal 
inflammation, and associated gut microbiota altera-tions could 
be considered as a complex pathophysiological process 
contributing to the development and/or maintenance of 
disease. The balance of inflammatory cytokines is skewed in 
children with ASD who display gastro-intestinal symptomatol-
ogy when compared to those children that did not [100] and 
the intestinal permeability seems to be increased [101]. The gut 
microbiota composition of ASD children has been found to 
differ from that of neuro-typical individuals [102]. Autistic 
symptoms have also been correlated to reduced diversity of

Table 3. Main metabolomic findings in neuropsychiatric disorders.

Disease
Significant gut microbiota differences between patients and

controls Significant differences of pathways/metabolites
Papers

evaluated

ASD ◽◽ Clostridium and Lactobacillus,
◽/◽◽ Bacteroidetes, Firmicutes

Tricarboxylic pathway (◽ succinic acid, ◽◽ citric acid)
Kynurenine pathway (◽ xanthurenic acid and quinolinic acid, ◽
kynurenic acid)
Serotonin pathways (◽◽ melatonin)

◽◽ bacterial degradation of TRP
◽ purine catabolites
◽glutathione and creatinine, ◽ glutamate, aspartate and

3-aminoisobutyric and glutaric acid
◽ isoleucine

Homocitrulline, fatty acids DHA and S1P significant predictors of
ASD

25

Schizophrenia ◽◽◽ Lactobacillaceae, ◽◽ Firmicutes, Halothiobacillaceae,
Brucellaceae, and Micrococcineae, ◽◽ Bacteroidetes,
Actinobacteria, Veillonellaceae

Antioxidant pathway (◽ uric acid and γ-tocopherol,◽allantoin)
◽ proline, glutamate and lactate
◽ arginine, glutamine, histidine andornithine
◽◽ phosphatidylcholine (C38:6)
◽◽ triglycerides

Glucose metabolism pathway (◽ ribose 5-phosphate high
diagnostic performance for first-episode drug-naïve)

14

ADHD No significant differences in Firmicutes, Bacteroidetes,
Proteobacteria, and Actinobacteria constituted the four
dominant phyla.
◽◽ Faecalibacterium

◽ NGF
◽ cortisol
◽ PUFA
◽ oxidative stress proteins (MAD, SOD, PON1, ARES, TAS, TOS, OSI)
◽◽ adiponectin

4

Epilepsy No significant differences in Firmicutes and Bacteroidetes in Drug-
sensitive patients.
In Drug-resistant patients Firmicutes ◽◽ and Bacteroides ◽

◽ threonine, TRP and creatinine
lactate, glyceraldehyde and trans-13-octadecenoic acid in serum
jointly enabled a precision of 92.9% for diagnosing seizures in
generalized, secondary generalized and partial seizures

2

PubMed database was used as the main systematic search engine to identify suitable studies on metabolomics in neuropsychiatric disorders up to October 2018.
The following key search terms were used: ‘gut brain axis OR gut microbiota’ AND ‘neuropsychiatric disorders autism OR autism spectrum disorders OR attention
deficit hyperactivity disorder OR schizophrenia OR epilepsy’ AND ‘metabolomics OR metabolome’. References of included articles were also searched manually to
identify relevant publications.

ASD, autism spectrum disorders; ADHD, attention deficit hyperactivity disorder; DHA, docosahexaenoic acid; NGF, nerve growth factor; PUFA, polyunsaturated fatty acid;
TRP, tryptophan.



gut microbiota [103] and there is growing evidence that 
improving behaviors in ASD might be achieved through mod-
ulation of the gut microbiota itself [104,105].

Dietary interventions have been already proposed as a 
therapeutic measure for ASD symptoms; indeed, at the time 
of diagnosis, several children have been treated with 
different restrictive diets [106]. Despite clinical studies are 
still limited and not standardized, a treatment with probiotic 
supplementation could be a better and more manageable 
alternative. A mixture of Bifidobacteria, Streptococci, and 
Lactobacilli is the most promising treatment for behavioral 
symptoms and gastrointestinal dysfunction in these patients 
[93]. Indeed, some studied showed that probiotic therapy with the 
above-mentioned strains may improve GI dysfunction [107], 
positively change gut microbiota composition with nor-
malization of Bacteroides/Firmicutes ratio and Desulfovibrio spp. 
abundance [108] and decrease the ATEC (Autism Treatment 
Evaluation Checklist) score [104] in children with ASD. Future 
research needs to assess contemporarily gut microbiota and 
metabolomic profiles, along with gastrointestinal symptoms 
and inflammation, behavioral and ASD symptoms, to obtain 
more complete information about their reciprocal relation-
ships and to find possible different endo-phenotypes with 
specific therapeutic targets.

4.2. MGB axis in schizophrenia

Schizophrenia is a heterogeneous neurodevelopmental disor-der 
with an annual incidence of 0.20/1,000 per year [109]. As well 
as ASD, the etiology of the schizophrenia and the rela-tionship 
with MGB axis are still unknowns. However, complex 
environmental and genomic factors are involved and emer-
ging pre- and clinical studies seem to demonstrate an associa-tion 
between an altered gut microbiota and schizophrenia, 
considering also the high rates of gastrointestinal disorders 
reported in schizophrenic patients [110].

A recent pilot study reported an altered gut microbiota com-
position in patients with a first-episode psychosis (increased abun-
dance of Lactobacillaceae, Halothiobacillaceae, Brucellaceae,  and 
Micrococcineae,  and decreased  Veillonellaceae) compared to 
healthy age-matched individuals [109]. These modifications were 
correlated positively with the severity of psychotic symptoms and the 
risk of remission at one year, whereas there was no correlation with 
response to antipsychotics treatment [109]. Finally, one inter-
ventional study using a mixture of probiotic (Lactobacillus rham-
nosus and Bifidobacterium animalis) was unsuccessful to 
demonstrate an influence on positive or negative symptoms [111].

4.3. MGB axis in neurodegenerative disorders

Alzheimer’s (AD) and Parkinson’s (PD) diseases are severe chronic 
neurodegenerative pathologies with dramatic consequences 
and a growing global incidence. Despite more than 50 years of 
intense research in the field, the available therapies are still only 
oriented towards symptomatic control. It is relevant to note that 
many neurodegenerative disorders share similar molecular 
mechanisms, involving misfolded protein aggregates, neuroin-
flammation, and oxidative stress, suggesting that an hitherto 
unidentified upstream, common pathogenetic event might be

involved [112]. Several studies suggest a possible 
‘microbiota-approach’ to neurodegeneration [113]. For 
instance, in PD the olfactory epithelium and the gut are early 
affected, two tissues with high concentration of micro-
organisms [114,115]. Some studies analyzed the gut 
microbiota in PD patients with the aim to link progressive 
stages of the disease with variations in gut microbiota 
composition and point out the differences com-pared to 
healthy controls [116]. A reduction in the abundance of 
Prevotellaceae/Prevotella spp. and Bacteroidaceae/Bacteroides 
spp. in fecal samples of PD patients as compared to healthy 
controls and an increase in the relative abundance of 
Lactobacillus and Enterobacteriacae have been reported 
[117,118]. Furthermore, the increase of these latter has been 
correlated with the severity of motor deficit PD-related [119].

In AD, the classic amyloid cascade hypothesis suggests that 
Aβ deposition is the first and main driver of neurodegenera-
tion with neuroinflammation and neuronal loss; recently, it has 
been proposed that Aβ is not the primum movens but it is 
released in response to a danger signal due to the presence or 
the recognition of other factors [120]. In this context, the 
microbiome has gathered interest: an altered gut microbiota 
can lead to an immune system activation [121], start a local and 
peripheral pro-inflammatory state, with a consequently more 
permissive intestinal barrier that allows pro-inflammatory and 
bacteria mediators to easily leave the gut reaching the brain 
and causing neuroinflammation [122]. Moreover, Aβ has been 
seen acting as an antimicrobial pep-tide both in vitro and in 
vivo as it is capable of entrapping bacteria, fungi or some of 
their components [123]

Alterations in the gut microbiota have been highlighted in 
murine models of AD; for example, the APP/PS1 mice had an 
inversed Bacteroides/Firmicutes ratio compared to controls 
[124]. Furthermore, in the same model, Minter et al. showed 
that circulating inflammation mediators and amyloid forma-
tion are influenced by an alteration of gut microbiota (increas-
ing of Lachnospiraceae) antibiotics-induced [125].

Analogous finding has been found in AD patients with reduced 
microbial diversity, a decrease number of Actinobacteria and 
Firmicutes (i.e. Ruminococcaceae, Clostridaceae, Turicibacteraceae) 
and an increase in Bacteroides compared to healthy indivi-
duals [126].

Finally, in the fecal microbiota of AD patients, a study 
showed a decreased concentration of Eubacterium rectale spp. 
and an increase in Shigella/Escherichia spp., with a potential 
overall pro-inflammatory effect compared to controls [127]. If 
the impact of gut microbiota on chronic neurodegenerative 
diseases will be confirmed, our perspective in the diagnostic 
and therapeutic approach to these disorders will be completely 
changed.

4.4. MGB axis in epilepsy

Nowadays, few pre- and clinical studies are present in the 
literature regarding the potential influence of gut microbiota 
in epilepsy, a heterogeneous group of neurological disorders 
affecting 65 million people worldwide and characterized to 
the predisposition of epileptic seizures. These studies investi-
gate the gut microbiota in a comparative manner (compara-
tive analysis between germ free [GF] and colonized mice or



healthy-patient groups) or with direct manipulation of gut 
microbiota (probiotics, prebiotics, antibiotics or ketogenic 
diet [KD; see below]) evaluating outcomes in the CNS (e.g. 
seizures frequency, quality of life questionnaire scores, epi-
lepsy-related symptoms). Only one case report linking epilepsy 
and gut microbiota has been published [128].

Peng and colleagues showed that α-diversity is increased 
and gut microbiota composition is enriched in rare flora (i.e. 
Clostridium XVIII, Dorea, Coprobacillus, Ruminococcus, 
Akkermansia, Neisseria, Coprococcus) in drug-resistant, but not 
in drug-sensitive, patients compared to healthy controls, 
assuming the role of gut microbiota and MGB connections in 
the treatment response [129].

Moreover, a pilot, open label and prospective study have 
reported that a mixture of probiotic (eight bacterial subspecies 
of Lactobacillus, Bacteroides and Streptococcus spp.) reduce 
seizures frequency and improve quality of life in patients 
with drug-resistant epilepsy [130]; unfortunately, the authors 
not performed a gut microbiota analysis. Anyway, the 
mechanisms that could mediate the potential direct or indirect 
influence of gut microbiota on epilepsy processes are still 
unknown.

4.5. MGB axis in multiple sclerosis

Multiple sclerosis is an immune-mediated neurologic disorder 
characterized by demyelination and axonal damage, divided in 
relapsing-remitting MS (RRMS), progressive-relapsing MS 
(PRMS), primary progressive MS (PPMS) and secondary pro-
gressive MS (SPMS) [131]. Several studies have been per-
formed to analyze the gut microbiota in MS patients 
compared to healthy controls with various findings. In RRMS 
patients, in different studies, it was observed a decreased 
abundance of Parabacteroides, Clostridium, Faecalibacterium 
or Prevotella and an increase in Firmicutes (i.e. Dorea and 
Blautia) [132–135]. Other studies also showed a higher abun-
dance of Akkermasia, Bilophila, Mycoplana, Pseudomonas,
(Chen et al., 2016), and a lower abundance of Sutterella in 
MS patients [132,136]. Finally, administration of different pro-
biotic (Bifidobacterium animalis and bifidum, Streptococcus 
thermophiles and Lactobacillus spp.) in both mouse and rat 
models of experimental autoimmune encephalomyelitis (EAE) 
might reduce the symptoms and improve cognitive scores 
[137]. Overall, these findings showed that the gut microbiota 
in RRMS patient is characterized by an abundance of pro-
inflammatory bacteria and, on the other hand, a decrease in 
bacteria responsible for T-regulatory and CD4+ responses with 
potential influence on MGB axis.

5. The role of the diet in MGB axis modulation

As a shared substrate between the host and the gut microbiota, 
diet affects the host via both direct intestinal absorption and 
microbial metabolite production with downstream effects. One 
example is the fermentation of dietary complex carbohydrates 
by gut microbiota to produce SCFAs that have nutritional, 
neuroactive and anti-inflammatory effects among others 
[138]. The development ofrich and stable gut microbiota is 
crucial for the proper development of many host physiologic

functions. In the setting of disease, the dysbiosis is character-
ized by decreased diversity and the predominance of a few 
pathogenic taxa which can adversely affect host health. Gut 
microbiota act on health primarily through the metabolites 
they produce, which is strongly dependent upon the substrates 
available through dietary intake [139]. In this light, nutrition 
showed to be essential to maintain mental health. 
A dysregulated diet, leading to obesity and metabolic syn-
drome, is known to have detrimental effects on cognition, 
leading to inflammation, insulin resistance and an impairment 
of the blood-brain barrier (BBB) [140].

There is now growing evidence, particularly for depression 
and schizophrenia, for an association between diet and mental 
health, independent to demographic and age factors or 
reverse causality [141]. This new field of research, focused to 
develop a rigorous evidence base to support the role of diet 
and nutrition in mental health, is named ‘Nutritional 
Psychiatry’. Since the first study published in 2009 [142] exam-
ining the connection with diet quality and mental disorder, 
this field has grown rapidly, with observational studies per-
formed in many different countries [143,144].

Nutritional deficiencies due to insufficient intake or absorp-
tion of nutrients needful to human health are a recognized risk 
factor for psychiatric disorders. Indeed, blood levels of folate 
and B12 are reduced in schizophrenia and are related to 
symptoms severity [145]. Restore vitamin-B levels with supple-
mentations could reduce symptoms and reverse some neuro-
logical deficits disorder-associated [145]. These supplements in 
nutrition interventions have often used to elude the difficul-
ties of dietary intakes; a recent meta-analysis of Sarris et al. 
confirmed the efficacy of vitamin D, S-adenosyl-methionine, 
omega-3 and methyl-folate as adjunctive therapies for depres-
sion, but only limited support for zinc, folic acid, vitamin C, 
and tryptophan [146].

Finally, diet is also one of the major factors influencing the 
gut microbiota composition and metabolism, contributing to 
host homeostasis and disease susceptibility [147]; therefore, it 
is extremely important to understand how diet can influence 
the gut microbiota, and while it is clear that what we eat is 
standing at the nexus between the host and the microbiota, 
this process is far from clarified. Nowadays, despite the exact 
mechanisms of action are not well known, nutrition is 
a complementary and alternative approach in several neurop-
sychiatric diseases. Evidence to date indicates that 
a Mediterranean style diet is advisable for patients with mental 
disorders [148,149] and the KD is widely used in drug-resistant 
epilepsy, as well as conditions ranging from ASD to chronic 
pain, MS and cancer [150].

5.1. Ketogenic diet and the MGB axis

The ketogenic diet is a high-fat and low-carbohydrate diet indu-
cing ketone bodies production, mimicking the biochemical 
changes of starvation. It has been used in the treatment of epi-
lepsy since the 1920s [151], including the metabolic disorders 
glucose transporter protein 1 deficiency syndrome (GLUT1-DS) 
and pyruvate dehydrogenase deficiency syndrome (PDHD) [152]. 
Randomized controlled trials in children with drug-resistant epi-
lepsy have reported 50% seizures reduction in 38–72% of patients



[153]. Even though the KD has been used in the treatment of 
epilepsy for almost a century, the mechanism of action remains 
unclear. In the KD, 80–90% of the energy is derived from fat, and 
hence, initiation of the KD represents a major shift in macronu-
trient composition for most patients, a shift which is likely to 
impact the gut microbiota substantially. The extensive study by 
Olson et al. [154] provides hard evidence for both the impact of 
the KD on the gut microbiota and for its necessity to observe the 
anti-seizures effect of the dietary treatment in two different mouse 
models of epilepsy. Furthermore, the study even suggests and 
provides evidence for the mechanism of the effect, i.e. through an 
increase in the hippocampal GABA/glutamate ratio.

The studies conducted so far in humans investigating the 
impact of the KD on the gut microbiota are limited by small 
sample sizes and different methods of bacteria measurements. 
Swidsinsky et al. [155] demonstrated a biphasic effect of a 1:1 
ketogenic diet on 10 patients with MS.

Xie et al. [156] showed that the gut microbiota profile of 
infants with epilepsy comprises large numbers of pathogens, 
such as Streptococcus, which differed from that of healthy 
controls. After one week on the KD, the gut microbiota chan-
ged significantly, with fewer pathogens and more beneficial 
bacteria. Furthermore, Zhang et al. [157] showed lower α-
diversity after KD therapy and revealed significantly decreased 
abundance of Firmicutes and increased levels of Bacteroidetes in 
children with epilepsy after six months on the diet. Tagliabue et 
al. [158] performed gut microbiota analysis in six patients with 
GLUT1-DS before and after three months on a classic KD. 
Compared to baseline, fecal microbial profiles revealed a 
statistically significant increase in Desulfovibrio spp., a bacterial 
group supposed to be involved in the exacer-bation of the 
inflammatory condition of the gut mucosa asso-ciated to the 
consumption of fats of animal origin.

Recently, Lindefeldt et al. showed, after three months of KD 
treatment a decrease of Actinobacteria (i.e. Bifidobacterium 
genus, Longum, and Adolescentis spp.), Eubacterium rectale 
and genus Dialister associated with an increase in 
Proteobacteria and genus Escherichia [159].

Then, the KD is associated with major changes in the gut 
microbiota composition and metabolism but remains to be 
determined the precise mechanisms by which the gut micro-
biota exerts its effect, especially in humans.

6. The role of probiotics and prebiotics in MGB axis 
modulation

In the last years, an increasing interest in using pre- and 
probiotics to optimize the gut microbiota, supported by evi-
dence related with anxiety and stress, led to several authors to 
test these compounds in neuropsychiatric disorders.

According to World Health Organization (WHO) definition, pro-
biotics are ‘Live microorganisms which, when administered/
ingested in adequate amounts, confer a health benefit to the 
host’ [160]. Probiotics are more specific than prebiotics, because 
there is less or none control on which specific bacteria will meta-
bolize and consequentially proliferate using the prebiotics admini-
strated. A pre- and probiotic combined compound, named 
symbiotic, might be more effective [161].

The probiotics are main composed of two bacteria genera: 
the lactic acid-producing bacteria Lactobacillus and 
Bifidobacterium. Some animal studies have shown the benefi-
cial effect of probiotics for the treatment of many diseases (e. 
g. AD, ASD, epilepsy) and to improve cognition outcomes, but 
only few clinical studies in humans on the effectiveness of 
probiotics in neuropsychiatric conditions have been rea-
lized [162].

For example, Lactobacillus rhamnosus, helventicus,  and fer-
mentum, have demonstrated to restore memory impairment 
stress-induced in mice [163] and spatial memory impairment 
due to microbiota alterations by ampicillin administration [164].

In patients with AD, a randomized and double-blind clinical 
trial reported positive effects of a Lactobacillus subspecies com-
bination (i.e. acidophilus, casei, bifidum, and  fermentum) on cog-
nitive functions [165]. Another randomized clinical trial 
controlled to placebo has highlighted that probiotic 
supplementation with Lactobacillus rhamnosus could reduce 
the risk of neuropsychiatric disorder development in 
childhood in 75 infants with ASD [166].

Furthermore, the effects of oral administrations of 
Lactobacillus and Bifidobacterium spp. rodent models of EAE 
or in patients with epilepsy or schizophrenia have been pre-
viously discussed [111,137].

Instead of probiotics or in combination with them, even 
prebiotics can be used to modulate the gut microbiota and 
the MGB axis. A prebiotic is ‘A substrate that is selectively 
utilized by host micro-organisms and confers a health benefit’ 
as proposed by the International Scientific Association for 
Probiotics and Prebiotics (ISAPP) [167]. These compounds 
comprise soluble fermentable fibers, non-digestible oligosac-
charides (NDOs) and human milk oligosaccharides (HMOs).

Although prebiotic therapies potentially could be beneficial 
due to their enhancement of Lactobacilli and Bifidobacteria,  few 
studies have been published regarding the beneficial effects of 
prebiotics on MGB axis both in animals and in humans. A study 
performed in male mice has shown that fructo-oligosaccharides 
(FOS), galacto-oligosaccharides (GOS) or a combination for 3 
weeks, could have antidepressant and anxiolytic effects and 
a decreased stress-induced corticosterone release [168].

In humans, administration of N-Acetylcysteine (NAC; 
1200 mg/day) for 8 weeks induced a decrease of repetitive 
behavior and irritability in 40 ASD infants compared to the 
placebo group [169]. Finally, Grimaldi et al. reported that 
administering GOS in ASD children improves autism features 
probably due to an increased abundance of Bifidobacterium 
spp. and Lactobacillus spp [170].

All together these findings seem to reveal that pre- and 
probiotics could be useful treatment options for neuropsy-
chiatric disorders, but several studies, possibly randomized 
clinical trials, are mandatory to understand the mechanisms 
involved and the real effectiveness, bearing in mind that 
correlation does not imply causation.

7. The role of fecal microbiota transplantation in 
MGB axis modulation

The fecal microbiota transplantation (FMT) is a treatment indi-
cated for severe Clostridium difficile infections and inflammatory



bowel diseases that modifies substantially the gut microbiota 
composition and potentially correct its alterations [171]. Very 
few studies have been performed to test FMT efficacy in neu-
ropsychiatric disorders [172].

In a study with rodents, the gut microbiota of PD patients is 
transferred by FMT in healthy mice with consequential devel-
opment of neuroinflammation and motor deficits [173]. 
Furthermore, FMT executed for constipation in three patients 
with MS and in two children with ASD has resulted in 
a significative improvement of neurological and autistic symp-
toms, respectively [174].

Moreover in ASD, a study with 18 children 
reported a decrease in behavioral and gastrointestinal 
symptoms for 8 weeks after a treatment with vancomycin for 
two weeks followed by FMT [175].

Finally, a case report in a patient with drug-resistant epi-
lepsy and Crohn’s disease treated with FMT for the latter 
condition achieved a seizures free condition without the 
need of antiepileptic treatment [128]. However, albeit FMT 
could potentially be advantageous for neuropsychiatric disor-
ders, its clinical use is still far away.

8. Expert opinion

Since the gut microbiota was first proposed to influence 
human health over one century ago, our understanding of 
its role has immensely improved. For the past decade, our 
scientific community has made astounding technological 
advances in microbiome characterization. Through basic 
science, translational, and clinical research, we have gained 
insight in brain-gut communication and enhanced our under-
standing of the complex multi-directional relationships that 
exist between gut, host, and environment.

Multi-omics approaches based on the analysis of different 
body fluids and tissues with various profiling platforms have 
the potential to provide deeper insights into MGB axis dis-
orders, including response to treatment and the contribu-
tion of environmental factors. Therefore, biomarker 
discovery experiments based on profiling approaches facili-
tated by recent technical development are likely to make 
a great contribution to uncovering disease mechanisms in 
complex neuropsychiatric disorders. Serious consideration 
should be given to the concurrent analysis of global meta-
bolic changes peripherally (e.g. in blood) and centrally (in 
cerebrospinal fluid, CSF) to establish how closely abnormal-
ities measurable in the blood are correlated to changes in 
the brain. Collectively, these technologies offer great pro-
mise for the identification of clinically relevant biomarkers 
for neurological and psychiatric conditions. Interventions 
with diet, pro- and pre-biotics and fecal transplantation in 
animal model shave shown that the microbiota could play 
a role in mental health by regulating inflammatory and 
endocrine secretions, synthetizing neuroactive compounds 
and interacting with the vagus nerve.

Recent data suggest that a dysbiosis might lead to the 
production of neurotoxins, systemic inflammation and/or to 
the onset of a dysmetabolic syndrome with a generalized 
effect even at the brain level [176]. Inheritance, mode of infant 
delivery, but also age-related changes in adults strongly affect

microbiota composition and might lead to the selective pro-
liferation of less frequent strains that could result in unpre-
dictable consequences even in distant organs or triggering 
a systemic negative response such as immune-depression or 
chronic inflammation [177,178].

Inflammation seems to be a critical pathophysiological fea-
ture of CNS disorders and may thus be a potential target for 
microbiota-based interventions. Neuroinflammation influences 
the prognosis of high-incidence disabilities as example, it is 
considered as one of the most important causes of idiopathic 
epilepsy, and it is associated with severe prognosis and drug 
resistance [179,180]. Due to a state of dysbiosis, a severe 
chronic inflammation background started in GIT would 
become systemic [45].

Neuro-mediated stimuli, pro-inflammatory cytokines, 
SCFAs, amino acids, endocrine neurotransmitters, reactive oxy-
gen species and many other pathogenetic metabolites pro-
duced in GIT increase Intestine Mucous Barrier and BBB 
permeability allowing an activated immune system to trigger 
a chronic neuroinflammation state. Since the MGB axis is 
a bidirectional communication pathway, a chronic state of 
neuroinflammation promotes, at the same time, immune sys-
tem dysregulation and gut microbiota alterations (Figure 2). It 
is well known that patients affected by chronic, systemic 
inflammatory disease such as immunological, rheumatic or 
inflammatory bowel diseases, these last ones also character-
ized by a compositional microbiota alteration, have increased 
risk of developing neurological comorbidities [181]. In this 
light, targeting the MGB axis could be an additional approach 
not only for CNS disorders but for all disorders in which a gut 
microbiota alteration is involved.

8.1. Five years view

In the next five years, our knowledge on the microbiota and the 
MGB axis will undoubtedly increase significantly. The massive 
commitment of the scientific community and the development 
of new – Omics, will allow clarification of the 
pathophysiological mechanisms underlying the interaction 
between gut micro-biota and local/systemic diseases (e.g. 
intestinal inflammatory diseases, neuropsychiatric disorders, 
metabolic syndromes). This could lead to a targeted therapy 
for the microbiota, pre-venting alterations or acting to restore 
normal intestinal flora.

In the next five years, we will probably have more specific 
medical treatments beyond pre- and pro-biotics supplements. 
The potential development of FMT treatment and the possi-
bility to isolate single strains to be used as specific therapy is 
already underway and may become shortly available for clin-
ical practice [185]. Furthermore, the findings on the exact 
function of the KD in epilepsy through the gut microbiota 
could be used in other neuropsychiatric disorders but also in 
cancer and metabolic syndromes. Besides contributing to clin-
ical management and treatment, identifying biomarkers of 
dysbiosis or symbiosis could help to prevent or recognize 
quickly several diseases. Moreover, the microbiome/micro-
biota mapping projects will allow, among others, to clarify 
the global inter-individual differences and detect microbiolo-
gical profiles to be used as a healthy control. Therefore, future 
studies will be able to improve our knowledge and open up



for new therapeutic options through manipulation of the gut 
microbiota by dietary changes, specific pre- and probiotic
supplements, or FMT.
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