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Abstract: Aim: This article aims to explore the role of the human gut microbiota (GM) in the patho-
genesis of neurological, psychiatric, and neurodevelopmental disorders, highlighting its influence
on health and disease, and investigating potential therapeutic strategies targeting GM modulation.
Materials and Methods: A comprehensive analysis of the gut microbiota’s composition and its in-
teraction with the human body, particularly, its role in neurological and psychiatric conditions, is
provided. The review discusses factors influencing GM composition, including birth mode, breast-
feeding, diet, medications, and geography. Additionally, it examines the GM’s functions, such as
nutrient absorption, immune regulation, and pathogen defense, alongside its interactions with the
nervous system through the gut–brain axis, neurotransmitters, and short-chain fatty acids (SCFAs).
Results: Alterations in the GM are linked to various disorders, including Parkinson’s disease, multiple
sclerosis, depression, schizophrenia, ADHD, and autism. The GM influences cognitive functions,
stress responses, and mood regulation. Antibiotic use disrupts GM diversity, increasing the risk of
metabolic disorders, obesity, and allergic diseases. Emerging therapies such as probiotics, prebiotics,
and microbiota transplantation show promise in modulating the GM and alleviating symptoms
of neurological and psychiatric conditions. Conclusions. The modulation of the GM represents
a promising approach for personalized treatment strategies. Further research is needed to better
understand the underlying mechanisms and to develop targeted therapies aimed at restoring GM
balance for improved clinical outcomes.

Keywords: gut microbiota (GM); neuroinflammation; gut–brain axis; neurological disorders;
probiotics; autism

1. Introduction

The genetic heritage and environmental interactions of all microorganisms in a defined
environment that colonize the human gastrointestinal system are defined as the gut micro-
biome (GMe). Instead, the term gut microbiota (GM) represents the set of all individual
microorganisms, from bacteria to fungi, to protozoa to viruses [1]. The GM, along with
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the oral microbiota, presents the widest composition of microorganisms both qualitatively
and quantitatively. Some oral diseases can affect both the airway and the GM. It is im-
portant to keep oral pathogens at the lowest possible load [2–5]. Several microorganisms
have long been recognized as the causative agents of disease. Gastrointestinal pathogens
such as Salmonella spp. or Clostridioides difficile are entrenched in public awareness, while
research into the effects of the beneficial bacteria of the GM has been overshadowed until re-
cently [6–9]. By increasing knowledge of its role, the GM has added a new dimension to the
long-standing view that the mere presence of a single pathogenic microorganism leads to a
given disease. For example, C. difficile can be found in up to 14% of healthy, asymptomatic
individuals, while it appears to be a stable member of the eubiosi GM community [10–12].
In healthy individuals, the abundance and pathogenicity of the bacterium may be sup-
pressed by the majority presence of a diverse microorganism composition the GM [13–15].
C. difficile infection is almost always preceded by broad-spectrum antibiotic therapy (usually
for an unrelated issue), which causes a drastic reduction in ecosystem diversity, after which
C. difficile can proliferate uncontrollably and become infectious [16–19]. The pathogenesis
of C. difficile is a clear example of the importance of a dynamic GM, although there are
many other studies linking abnormalities in the GM’s unhealthy microorganism diversity
(dysbiosis) to a wide range of diseases [20]. In many of these cases, there is insufficient
evidence to distinguish between coincidence and causation with the heterogeneity of the
GM community within each individual and between individuals, making comparisons
difficult. While alterations in the GM have been identified in several diseases and disorders,
the physiological consequences of these changes are difficult to define, making it difficult
to link them more definitively to the disease process. This is particularly true in cases of
systemic diseases and may be even more so when considering psychiatric diagnoses such as
schizophrenia [21–25]. Indeed, C. difficile infection can have a significant impact on feelings
of anxiety and depression. However, the ability of GM to interact with the host’s nervous
system could suggest a hitherto unrecognized link between the GM and neurological and
psychological disease and disorders, and there is some evidence from research on both
C. difficile and ulcerative colitis [26–28]. Current research suggests that alteration of the
GM is associated with human health and disease, such as altered fat storage, associated
with metabolic syndrome (such as obesity), cancer and other [29–32]. A pathological shift
in the delicate balance of bacteria normally found in the gut encourages inflammatory
responses, while beneficial bacteria (probiotics) promote anti-inflammatory properties and
immune modulation [33,34]. For example, the relationship between GM, both beneficial
and pathological, and autism symptomatology has been investigated in recent years, while
gastrointestinal symptoms are commonly reported. Given the increasing prevalence of
autism spectrum disorders and gastrointestinal problems, possibly related to pathological
GM, combined with the immunological importance of vital bacteria and their importance
for health, it is important to investigate the possible association between autism and the
GM [35–37].

2. Methodology of Searching

The literature review was conducted over the last 10 years, between 2014 and 2024,
using the scientific platforms PubMed, Scopus, and Web of Science. The search was
aimed at identifying relevant studies on the interaction between GM and neurological
and neuropsychiatric diseases, with a focus on the GM–brain axis (GBA). The following
keywords were used: gut microbiota, GM-brain axis, dysbiosis, neurodevelopmental
disorders, Parkinson’s disease, and mental health. These were combined with Boolean
operators (AND, OR) to refine the results.

Inclusion criteria included original articles and reviews published in English within
the last 10 years with a focus on the relationship between GM and neurological or neuropsy-
chiatric disorders. Non-peer-reviewed articles, opinion pieces, and conference abstracts
were excluded.
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The search initially yielded 800 articles. After a review of titles and abstracts for
relevance, 574 articles were subjected to full reading. Eventually, 228 publications were
included in the review for their scientific relevance and significant contribution to the topic.

Identification:

• Records identified through database searching: 800

Screening:

• Records screened (titles and abstract): 800
• Records excluded: 226 (800–574)

Eligibility:

• Full-text articles assessed for eligibility: 574
• Full-text articles excluded (off-topic): 348

Included:

• Studies included in qualitative synthesis: 228

3. Objectives

The article discusses several key aspects of the GBA and its implications. Firstly, it
explores the bidirectional communication between the central nervous system (CNS), auto-
nomic nervous system (ANS), enteric nervous system (ENS), and hypothalamic–pituitary–
adrenal axis (HPA), highlighting the importance of this network in influencing both mental
and physical well-being. Another topic addressed is the role of the gut microbiota in
producing neurotransmitters such as serotonin, dopamine, catecholamines, GABA, and
ATP, demonstrating how intestinal bacteria can directly affect brain chemistry. The article
delves into specific bacterial species that can modulate the GBA through the production
of neurotransmitters or similar molecules, emphasizing the interconnectedness between
the GM and brain functions. It also examines the link between gut dysbiosis and various
neurological and psychiatric disorders, including Parkinson’s disease, multiple sclerosis,
depression, schizophrenia, and bipolar disorder, showing how intestinal health can influ-
ence these pathological conditions. Lastly, attention is given to developmental neurological
disorders, such as autism spectrum disorder (ASD) and attention-deficit/hyperactivity dis-
order (ADHD). In this context, factors related to GM, including composition and intestinal
permeability, are explored as having a significant role in their development. Overall, the ar-
ticle covers five main research areas, offering a comprehensive and detailed overview of the
importance of the GM in brain functions and neurological disorders. (1) GM Composition
and Influencing Factors: exploration of how factors like diet, antibiotics, birth mode, and
geography affect GM diversity and balance. (2) GBA and Biochemical Interactions: analysis
of the bidirectional communication between GM and the nervous system, emphasizing the
role of neurotransmitters, SCFAs, and the HPA axis in health and disease. (3) Neurological
and Psychiatric Disorders: examination of GM’s role in the pathogenesis of conditions
such as Parkinson’s disease, autism, ADHD, depression, and schizophrenia. (4) Thera-
peutic Strategies: evaluation of emerging treatments targeting GM modulation, including
probiotics, prebiotics, and fecal microbiota transplantation. (5) Health Implications of
GM Dysbiosis: discussion of the consequences of GM imbalances, including its links to
metabolic, immune, and inflammatory disorders.

4. Discussion
4.1. Composition of Human Gut Microbiota

The human GM is estimated to consist of 10–100 trillion microorganisms together
with the genes of their cells. The totality of this genome is estimated at 3.3 million genes,
compared to approximately 22,000 genes in the human body [3,38,39]. There is about
99.9% identity of the human genome, but there may be 70–90% variation among the
microorganisms’ genomes of different individuals [15,40–43]. The genetic complement of
the GM, or in other words, the set of “microorganisms (eukaryotic archaea, bacteria and
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viruses), the genetic information they carry and the environment in which they interact”, is
believed to exceed that of the human genome by 100 times [4,44,45]. Until recently, the main
method of isolating and recording the microorganisms of the GM was their culture [46–50].
the various bacteria are classified into Gram positive and Gram negative, depending on the
ability of their cell wall to retain the pigment or not after treatment with alcohol [51–53]. The
GM remains relatively stable throughout life, with average changes. Its basic constitution
is formed in the early years [54,55]. The commonly accepted theory so far is that the
gastrointestinal system of the newborn is sterile, but also, several studies found that the
microorganisms pass to the fetus through the placenta, umbilical cord, and amniotic fluid,
but this remains under debate [56–58]. In the first months of life, anaerobic microorganisms
predominate, mainly, Bacteroides, Bifidobacterium, and species from the Lactobacillaceae family,
which are classified in the phyla Bacteroidota, Bacillota, and Actinomycetota, respectively.
Pseudomonadota is also added from breast milk. Studies show that approximately 28% of
bacteria in infants comes from breast milk. Later, with the introduction of other different
aliments (from ages 5 months to 2 years), bacteria of the Ruminococcaceae and Lachnospiraceae
families, which belong to the Bacillota phyla, also appear in the GM. Around the age of 2 or
3 years, strains of the Verrucomicrobia phylum are also found. From around the age of 5, the
GM of children begins to resemble that of adults (Figures 1 and 2) [59–62].
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Figure 1. The main taxa found during childhood. These taxa and some of their species are implicated
in neurological and psychiatric diseases due to their increased population in the microbiota, such
as Actinomycetota (Bifidobacterium spp.), Verrucomicrobia (Akkermansia spp.), Bacillota (Faecalibacterium
spp.), Bacteroidota (such as Prevotella spp.), and Fusobacteriota (such as Fusobacterium spp.). Credits:
Original figure by I.A. Charitos.

Studies have shown that the GM of adolescents still has some differences compared to
that of adults. These differences are found at the level of the bacterial genus and mainly
concern Bifidobacterium, which appears at almost twice the percentage compared to adults
(Figure 3). Credits: Original figure by I.A. Charitos [63–65].
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Figure 2. The main bacteria at level of families found during childhood in the gut microbiota. Several
species from these families have a connection with neurological and psychiatric diseases or disorders
such as Bacteroides spp., Doria spp., Bifidobacteria spp., Prevotella spp. and others.
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Figure 3. The main genera found in pediatric population.

In adults, the main phyla of the GM are Bacillota and Bacteroidota, which account for
90% of the GM. Actinomycetota, Pseudomonadota, Fusobacteriota, and Verrucomicrobiota are
found in smaller percentages. The genus Clostridium accounts for 95% of the Bacillota and
the remainder is represented by the genera Bacillus, Enterococcus, and Ruminococcus and
the Lactobacillaceae family. Bacteroidetes consists mainly of Bacteroides and Prevotella, while
the main genus of Actinomycetota is the Bifidobacterium. Everyone’s GM displays different
clusters of microorganisms that shape everyone’s intestinal microbiota type. The enterotype
is specific and stable for each person throughout his life, and in the case of change, it returns
to the original composition. The most important difference between these types lies in
the way energy is produced from the available elements of the intestinal content. The
intestine types seem to be determined by eating habits, mainly during childhood age
(Figure 4) [66–69].
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Figure 4. The three enterotypes are recognized based on the predominant bacterium: (1) Bacteroides,
(2) Prevotella, and (3) Ruminococcus. In the first intestinal type, Slackia, Parabacteroides, Clostridiales,
Alkaliphilus, Lactobacillus, Catenibacterium, and Geobacter coexist. Eggerthella, Veillonella, Ruminococ-
caceae, Holdemania, Peptostreptococcaceae, Staphylococcus, Leuconostoc, Desulfovibrionaceae, Rhodospirillum,
Helicobacter, Escherichia, Shigella, and Akkermansia muciniphila also occur in the second intestinal type.
Credits: Original figure by I.A. Charitos The third enteric type also includes Gordonibacter, Sphingobac-
terium, Staphylococcus, Marvinbryantia, Symbiobacterium, Dialister, and Akkermansia muciniphila. Credits:
Original figure by I.A. Charitos.

4.2. The Main Factors That Affect the Gut Microbiota’s Composition

Several factors influence the composition of the GM. In neonates and infants, gesta-
tional age at birth plays a significant role. Premature birth results in delayed intestinal
colonization, with limited microbiome diversity, reduced Bifidobacterium and Bacteroides,
and an increase in potentially pathogenic bacteria such as Enterobacteriaceae. Breastfeeding
is also affected by prematurity, impacting the composition of the GM [70–72]. The mode of
birth further influences GM. During natural labor, the newborn is colonized by maternal
microbiota including Prevotella, Sneathia, Bifidobacterium longum, and others, alongside
organisms such as Escherichia coli, Staphylococcus, Bacteroides fragilis, and Streptococcus. In
contrast, cesarean-section births lead to colonization by hospital-associated microorgan-
isms like Staphylococcus and Corynebacterium, with reduced diversity and the absence of
Escherichia, Shigella, and Bacteroides [73–76]. Diet and feeding mode also significantly affect
the GM composition. Breastfeeding promotes healthier GM, characterized by increased
Bifidobacterium spp. and decreased C. difficile and E. coli. The quality of breast milk is
influenced by maternal gut health during pregnancy [77,78]. Age-related changes in diet
lead to variations in GM. Adults over 70, for example, experience changes linked to dietary
monotony and inflammatory conditions. Furthermore, geographic and cultural differences
in diet contribute to GM variations, with diet being a key regulator of microbiota com-
position. Specific bacteria, including Latilactobacillus sakei and Faecalibacterium prausnitzii,
are affected by diet, and obesity and BMI also play a crucial role in altering the GM com-
position, particularly in children. Obese children show increased Bacillota and decreased
Bacteroidota, while variations in BMI result in microbiota differences [79–84]. In cases of
conditions such as anorexia nervosa, significant changes in GM occur, with an increase in
Enterobacteriaceae and Methanobrevibacter smithii, and a decrease in Roseburia, Ruminococcus,
and Clostridium [85–87]. Furthermore, the use of antibiotics and xenobiotics, and drug
abuse, has a substantial impact on GM. The type of antibiotic, dosage, and administration
period affect microbiota composition. Macrolides, for example, decrease Actinomycetota
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and increase Bacteroides and Bacillota, while Penicillin and Clarithromycin have similar,
though less severe, effects. The misuse of antibiotics, particularly in early childhood, has
been linked to reduced microbiota diversity and the development of allergic diseases
such as asthma and food allergies, largely influenced by specific strains of the Clostridia
genus [88–93].

Furthermore, it has been proven that negative changes (dysbiosis) in the composition
of the GM (are related also to several pathological conditions [94–97]. As we mentioned,
deviations from a healthy lifestyle directly affect the GM and are related to many metabolic
diseases (unhealthy gut metabolome), which, in turn, can lead to an exacerbation of
symptoms or new-onset neurocognitive disorders. It must be mentioned that the first
association of various diseases with the intestine is attributed to the father of medicine
Hippocrates [94,98–101].

4.3. The GBA Biochemical Interactions

Until recently, studies on the GBA focused on digestion and satiety. In recent years,
however, emphasis has been placed on the degree of influence of higher functions, psy-
chological state, and behavior by GBA communication [102–105]. Several research efforts
are constantly being made in the direction of correlating various brain functions with GM.
Animal studies more directly indicate the GBA communication [106–110]. The GM–brain
axis includes the central nervous system (CNS), the autonomic nervous system (ANS), the
enteric nervous system (ENS), the hypothalamic–pituitary–adrenal axis (HPA), and their
neurotransmitters. The ANS collects information from the ENS and, through its sympa-
thetic and parasympathetic branches, conveys it to the CNS. Conversely, it carries impulses
from the CNS to the periphery. The HPA axis functions as a key regulator of the body’s
response to various stressful situations [111]. The ENS is connected to the ANS, but also
to the peripheral nervous system (PNS), and controls the behavior of the gastrointestinal
tract, specifically, its motility, local blood flow, and absorbency, but also the secretions of
the intestinal mucosa, and regulates endocrine and immune function [112,113]. Enteric
neurons are connected to the ANS but do not have a direct neuronal connection with the
CNS. They are organized in microcircuits, which receive stimuli from local factors and can
respond to them directly, without the mediation of the CNS. Nevertheless, there is usually
communication between the two systems—through neural circuits, which initially connect
the ENS to the ANS and, indirectly, to the CNS—and one affects the other [114–116]. The
ANS consists of sympathetic and parasympathetic nervous systems. The sympathetic
nervous system is related to the control of gut motility, intestinal mucosal secretions, and
vascular regulation by depressing the ENS and through the direct vasoconstriction of his
action. The main neurotransmitters of the sympathetic nervous system are, in addition to
noradrenaline (NE), neuropeptide Y (NPY) and ATP. The parasympathetic nervous system
is mainly represented by the pneumogastric (or vagus) nerve [117–120]. The pneumogastric
nerve is the 10th cranial nerve and its action on the gastrointestinal tract is related to food
intake, digestion, the maintenance of the gastrointestinal barrier, and immunity. More
specifically, the endings of the pneumogastric nerve in the intestinal mucosa act as chemore-
ceptors and are activated by hormones, peptides, and other elements, which release the
endothelial and neuroendocrine cells of the intestine [121–123]. At the same time, the
mechanoreceptors of the pneumogastric nerve sense the distension of the gastrointestinal
tract. The result of these stimuli is causing an increase in the secretion of gastric fluids,
insulin, and glucagon, with an effect on the digestion process. The pneumogastric nerve
contributes to the maintenance of the intestinal barrier mainly by activating the mucus cells
in the intestinal wall and strengthening the connections between them [124,125]. Finally,
inflammatory mediators such as cytokines and chemical mediators from mast cells, but
also several pathogens, activate the pneumogastric nerve. The result is the activation of
the cholinergic anti-inflammatory pathway, in which stimuli carried by the pneumogastric
nerve, mediated by acetylcholine, regulate the action of macrophages around inflamma-
tion [126–128]. The HPA axis is part of the limbic system, which is associated with emotion
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and memory. The HPA axis, with its complexity of endocrine pathways, plays a regulatory
role in the response to stressful situations, but also in metabolism, immune responses,
and the ANS [129,130]. In response to stressful situations, the hypothalamus secretes
adrenocorticotrophic hormone-releasing factor (CRF), which causes the pituitary to release
adrenocorticotropin-releasing hormone (ACTH), which leads to the secretion of cortisol
from the adrenal glands [131]. Glucocorticoids that enter the circulation mobilize energy
reserves, activate lipolysis and, through the mediation of the ANS, lead to vasoconstriction,
and are, therefore, a consequence of the response to the stress-inducing stimulus and,
therefore, to the psychological state (Figure 5) [129,132].
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4.4. The Bacteria Neurotransmitters

An important role in the GBA connection is also played by a multitude of chemicals,
which act as neurotransmitters. Many of these neurotransmitters are, in turn, linked to
the GMe. Among the most important neurotransmitters are catecholamines (adrenaline,
noradrenaline, and dopamine), serotonin, γ-aminobutyric acid (GABA) and adenosine
triphosphatase (ATP), and histamine [133,134]. Serotonin is synthesized in the midbrain,
specifically, in its nucleus seam. Recent research, however, has shown that some of it is also
synthesized in intestinal nerves along the intestinal tract. Serotonin’s precursor is trypto-
phan, an amino acid derived from proteins that are consumed in foods such as meat, dairy,
and fruit. Serotonin then binds to its various receptors with the corresponding effect [135].
Certain GM bacterial species, such as E. coli, are thought to be able to use tryptophan
as well, indirectly reducing serotonin levels [136,137]. Besides serotonin, tryptophan is
also a precursor of kynurenic acid. It seems that GM also plays a role in determining the
direction that the metabolism of tryptophan will take, thus influencing the adequacy or
lack of serotonin in the body [138]. Serotonin’s relationship with the gut is also indirectly
demonstrated by the fact that drugs such as selective serotonin reuptake inhibitors, in
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addition to their action on the CNS, also affect several symptoms of chronic diseases of
the gastrointestinal tract [139,140]. The basic precursor of all catecholamines is the amino
acid L-tyrosine, which is first converted into L-dopa by the enzyme tyrosine hydroxylase
and then into dopamine. The main regulator of the action of tyrosine hydroxylase is en-
dogenous neuropeptide Y (NPY). Dopamine is the first catecholamine in the production
chain and is mainly synthesized in the CNS [141,142]. Adrenaline and noradrenaline are
synthesized either locally in the postganglionic nerve fibers of the sympathetic system
or centrally in the adrenal glands. Each of the catecholamines binds to specific receptors.
Noradrenaline decreases blood flow to the gut and adrenaline increases it. The action of
dopamine depends on its concentration, as in low doses, it causes vasodilation, and in
high doses, it causes vasoconstriction [143,144]. The participation of catecholamines in
the regulation of gut motility is expressed by its reduction by adrenaline and, conversely,
its increase by noradrenaline. In addition to the perfusion and motility of the intestine,
adrenaline and noradrenaline also affect the absorption of nutrients [145,146]. Dopamine,
on the other hand, seems to be less involved in the absorption of various substances,
but is related to the reward and satisfaction system after digestion. Studies show that
dopamine’s involvement in the reward system is directly regulated by stimuli from the
gastrointestinal tract. New evidence shows that catecholamines are also involved in the
immune mechanism of the gut, but not in the expected way. It seems that these substances
reduce the immune response of the intestinal mucosa and increase the “aggressiveness”
of different bacteria [147]. Adenosine triphosphatase (ATP), in addition to being a basic
source of energy, also has a role as a neurotransmitter. Although its relationship to the
GBA is not clear, its receptors have been identified along the intestinal tract, and in areas
of gut inflammation, the concentration of ATP is increased. GABA is the main inhibitory
neurotransmitter of the CNS. In the gastrointestinal tract, however, the action of GABA is
reversed as it mainly causes stimulation. Its action is mainly related to intestinal peristalsis
and immunity [148,149].

4.5. Bacteria That Affect GM–Brain Axis

Several studies conclude that GM bacteria, in addition to influencing neurotransmitters
and their precursors, also secrete factors with a similar effect. For example, members of
the genera Candida, Streptococcus, Escherichia, and Enterococcus have been shown to secrete
serotonin, members of Escherichia, Bacillus, and Saccharomyces produce dopamine and
noradrenaline, members of the genus Lactobacillus produce acetylcholine, and Bifidobacterium
synthesizes GABA [150,151]. In addition to the above, the bacteria of the GM also secrete
several other substances. Some of these substances, although not neurotransmitters in
the strict sense of the term, act in a similar way to the nervous system. Among these
substances are those from the bacteria metabolism such as short-chain fatty acids (SCFAs),
with butyric, propionic, and acetic acid as main representatives, which have a particularly
important position [152,153]. The SCFAs have a protective local effect on the intestine, as
they contribute to its integrity, mucus production, and intestinal immunity. The blood–
brain barrier is crossed by SCFAs; moreover, they are isolated in the cerebrospinal fluid,
exerting a neuroprotective effect, and are possibly involved in neurodevelopmental and
neurodegenerative processes [152,154].

For example, propionic acid is produced mainly by Bacteroidota, Bacillota, and Lach-
nospiraceae, while butyric acid is produced by Faecalibacterium prausnitzii, Eubacterium rectale,
Eubacterium hallii, Coprococcus comes, and Coprococcus eutactus. In conclusion, the function
of the GM–brain axis appears to be based on four mechanisms. The first is the impulses
carried from the periphery to the brain via the pneumogastric nerve and spinal nerves. The
following is the stimuli that are conveyed through cytokines and the various 23 types of
hormones. The last mechanism is the action of the derivatives of the GM microorganisms
themselves, either directly in the brain through the blood circulation, or indirectly by
affecting intermediate mechanisms [155–157].
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4.6. Gut Microbiota and Neurological and Psychiatric Diseases and Disorders

In recent years, the studies that associate disturbances in the intestinal microbiome
and, by extension, in the gut–brain axis, with various pathological conditions are increasing.
Relatively recently, interest has also shifted towards neurological, psychiatric, and neu-
rodevelopmental disorders, which are possibly influenced by variations in the GM [158].
Suspicion of the influence of the GBA on psychiatric diseases has been around for quite
some time. The relationship between stress and the GMe is bidirectional [159]. Studies
have shown that stress can alter GM through the activation of the HPA and the autonomic
nervous system (ANS). Conversely, it is now proven that changes in GM can cause or limit
stress in the body [160,161]. Most relevant studies have been carried out in animal models.
For example, it has been shown that in germ-free rodents, the addition of a specific species
of Bifidobacteria led to increased activation of the stress-relevant stress axis. The introduc-
tion of Lactiplantibacillus plantarum had the opposite effect by reducing anxiety [162,163].
Parkinson’s disease is another neurological condition that is beginning to be associated
with the GM composition. It is a neurodegenerative disease mainly characterized by the
loss of dopaminergic neurons in the substantia nigra of the brain, accompanied by the
accumulation of α-synuclein in the neurons [164–166]. There is now evidence to support
the appearance of α-synucleinopathy (αS-pathy) already in the initial stages of the disease
in the ENS [167]. Patients experience gastrointestinal disturbances due to increased in-
testinal permeability due to the reduced concentration of SCFAs. The composition of the
GM in patients with Parkinson’s disease shows significant differences. Specifically, there
is an increase mainly in Bifidobacterium, Akkermansia, Oscillibacter, Alistipes, and the Lacto-
bacillaceae family and a decrease in Roseburia, Fusicatenibacter, and Faecalibacterium, which
produce butyric acid and have an anti-inflammatory effect. The association of Parkinson’s
disease with changes in the GM paves the way for studies in other alpha-synucleinopathies
such as Alzheimer’s disease [168–170]. Multiple sclerosis is an inflammatory disease of the
CNS of immune etiology. Of the neurological diseases that have been associated to some
extent with GM, some indicative ones are mentioned [171]. Comparisons of GM in multiple
sclerosis patients and healthy individuals show differences not so much in qualitative as in
quantitative composition, with some populations of microorganisms appearing in greater
or lesser numbers. More specifically, the population of Akkermansia muciniphila appears
proportionally increased in patients with multiple sclerosis in recent research. The Akker-
mansia has been linked to inflammatory pathways and the activation of the complement
system [172]. This connection of multiple sclerosis with the composition of the GM has
opened new therapeutic avenues and related research is constantly being carried out [173].
The link between depression and bowel disorders has been identified for quite some time,
although the exact mechanism has not yet been confirmed. Among the pathophysiological
mechanisms that have been proposed is the one related to permeability of the intestinal
mucosa. According to this mechanism, stressful situations affect the intestinal epithelial
barrier, resulting in an increase in its permeability [174].

This allows Gram-negative bacteria to meet the ENS and immune cells. An immune
response is induced with accumulation of inflammation factors. Accumulated cytokines
lead to the stimulation of the pneumogastric nerve, which, in turn, activates the HPA axis,
resulting in mood disorders [175–178]. At the same time, in patients with depression, a
decrease in the diversity and differentiation of the GM and a predominance of Bacillota,
Bacteroidota, and Actinomycetota [179–181] has been observed. Schizophrenia and the rela-
tionship with GM disturbances is a relatively new field of research. Inflammatory processes
have been shown to be involved in the pathophysiology of the disease [182–184]. Distur-
bances in GM may alter the permeability of the intestinal wall and, thus, contribute to
inflammation, through the action of cytokines [98,185]. At the same time, bacterial species
that produce butyric acid have been identified in reduced concentrations in schizophrenia.
Finally, the confirmed action of GM derivatives on the hematological barrier can explain
the enhancement of CNS inflammation in disorders of its composition [186]. The existence
of an inflammatory process of the CNS in schizophrenia has now been proven. Specific
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changes in the GM, such as a reduction in α-diversity markers, have been documented
in patients with schizophrenia. Bacteria such as Veillonellaceae and Lachnospiraceae have
been associated with disease severity. Differences in GM composition have also been
identified in schizophrenia patients before and after receiving treatment [187]. Bipolar
disorder affects approximately 40 million people worldwide and is mainly expressed by
mood swings [188,189]. The relationship of the disease with gastrointestinal disorders such
as irritable bowels has long been proven. Patients with bipolar disorder show evidence of
peripheral inflammation with an increase in cytokines during disease flares. Also, inflam-
matory processes seem to coexist with changes in tryptophan metabolism in these patients.
These changes, as already mentioned, are also related to the action of the GM [190]. More
specifically, there is a decrease in the populations of microorganisms such as Faecalibac-
terium, and an increase in the populations of the Lactobacillaceae family and Enterococcus, as
well as Actinomycetota phyla. At the same time, the pharmaceutical preparations used to
treat bipolar disorder have also been shown to affect the balance between the individual
populations of GM. In this way, the relationship between the change in the composition of
the GM and the manifestation of bipolar disorder is indirectly demonstrated [191].

4.7. Gut Microbiota and Neurodevelopmental Disorders

The neurodevelopmental disorders include ASD, intellectual disability, attention
deficit hyperactivity disorder (ADHD), communication disorders, developmental motor
disorders including tics, and specific learning disabilities [192]. The most sensitive periods
for the appearance of neurodevelopmental disorders are considered the fetal period, child-
birth, the breastfeeding period, and, in general infancy. During this period, factors such as
stress, eating habits, and the mother’s endocrinological and immune status, but also the
composition of the mother’s gut and vaginal microbiota, as well as the route of delivery, can
affect the development of the child’s CNS, leading or not to the appearance of neurodevel-
opmental disorders [193,194]. In ADHD, hypermobility with changes in the composition of
the GM appeared in the literature much more recently, and mainly after the corresponding
studies concerning autism spectrum disorders. Most of these theories are since several
conditions associated with the onset of ADHD in a person are also associated with changes
in the GM. Given the function of the GBA, as already mentioned, a theoretical etiological
model for ADHD is created [195–197]. More specifically, the relationship between the mode
of birth and ADHD has already been suggested through the increased rates of its occurrence
in people born by the caesarean section. Research indicates that children born by caesarean
section may have a higher risk of developing ADHD compared to those born via vaginal
delivery. The mode of birth affects the initial colonization of the newborn’s gut microbiota,
which plays a crucial role in neurodevelopment [198–200]. Infants are exposed to different
microbial environments than those born vaginally, potentially impacting the gut–brain axis.
Additionally, the stress response during vaginal delivery triggers the release of hormones
that aid brain development, a process that might be less pronounced in caesarean section
births. Perinatal factors, such as complications during labor that necessitate emergency
CS, are also linked to an increased risk of ADHD. While there is evidence suggesting a
link between caesarean section and ADHD, the relationship is complex and influenced
by multiple factors, necessitating further research to clarify the underlying mechanisms.
Increased rates of the disorder are also found in people who were born prematurely, as well
as in people who did not breastfeed in their newborn age. There are also studies linking
ADHD to taking certain antibiotics at a young age [200–203]. However, these studies
are not proof of the relationship, as there is a large degree of discrepancy between them.
Indeed, in a cohort study in twins suggests that there is no association between ADHD
and ASD diagnoses and early-life antibiotic use when environmental and genetic family
factors are considered. Finally, in a population-based cohort study, the results suggest that
early life antibiotic exposure has minimal impact on the risk of ASD and/or ADHD. Thus,
the risk increase should not postpone reasonable antibiotic use. What could be taken as a
conclusion is that the age of taking antibiotics plays a role in the later onset of ADHD, with
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a greater burden at younger ages. All the conditions are also related to changes in GM, thus
raising the question of the association of ADHD with these changes [204–206] (Table 1).

Table 1. Different disorders, the type of GM involved, and the main results with relevant citations.

Disorder Type of GM Involved Main Findings

Parkinson’s disease
Bifidobacterium, Akkermansia, Oscillibacter,
Alistipes, Lactobacillaceae, Roseburia,
Fusicanibacter, Faecalibacterium

Increased intestinal permeability due to reduced
concentration of SCFAs; significant differences in GM
composition; increased Bifidobacterium, Akkermansia,
Oscillibacter, Alistipes, Lactobacillaceae; decreased
Roseburia, Fusicanibacter, Faecalibacterium [175,181].

Multiple sclerosis Akkermansia muciniphila
Proportional increase in Akkermansia muciniphila;
linked to inflammatory pathways and activation of the
complement system [182–184].

Depression Bacillota, Bacteroidota, Actinomycetota

Decreased diversity and differentiation of GM;
predominance of Bacillota, Bacteroidota, Actinomycetota;
increased intestinal permeability leading to immune
response and mood disorders [188,189,192].

Schizophrenia Veillonellaceae, Lachnospiraceae

Reduced concentrations of butyric acid-producing
bacteria; specific changes in GM such as reduction in
α-diversity markers; association with disease severity;
differences in GM composition before and after
treatment [195–197].

Bipolar disorder Faecalibacterium, Lactobacillaceae,
Enterococcus, Actinomycetota

Decrease in Faecalibacterium; increase in Lactobacillaceae,
Enterococcus, Actinomycetota; pharmaceutical
treatments affect GM balance [198–201].

Of all the neurodevelopmental disorders, the appearance of ASD has been most
extensively linked to the presence of changes in GM. Years of observations have linked
gastrointestinal disorders to autism. More specifically, increased incidence rates of diarrheal
stools, constipation, flatulence, etc. have been demonstrated. The link between autism and
inflammatory bowel disease has also been described in these individuals, which is called
“autistic enterocolitis” [207]. At the same time, disturbances in the permeability of the
intestine have been observed in people with ASD, resulting in the increased absorption of
pathogenic substances such as endotoxemia with neurotoxins. Changes in the composition
and balance among the various microorganisms of the GM appear to be related to the
ASD phenotype [208,209]. A series of studies and meta-analyses in animal models and in
humans in recent years has tried to prove the existence of this relationship, with particularly
encouraging results. Regarding the composition of the GM, studies have shown an increase
in the populations of Bacillota phyla, compared to those of Bacteroidota phyla, with a simulta-
neous decrease in Alistipes, Bilophila, Prevotella, and Veillonella and a significant increase in
Collinsella, Corynebacterium, and the lactobacillaceae family in individuals with ASD. An
increase has also been observed in the microbial populations of Clostridium and Akkermansia
species in children with ASD compared to normal individuals [210–212]. Also, according
to one study, bacteria of the genus Desulfovibrio were detected in almost half of the subjects
with ASD and almost none in the normal subjects. Although the existence and, even more
so, the nature, of a causal relationship between changes in the GM and autism has not been
proven with certainty, several theories have been proposed in this direction [213]. Most theo-
ries concerning environmental influences focus on the fetal and perinatal period. Infections
during pregnancy, and mainly, febrile infections with antipyretics, have been described in
the prenatal history of individuals with autism [214,215]. Also, caesarean birth has been
confirmed in a percentage of around 12–13% of people with ASD. This mode of birth alters
the microbial colonization of the newborn, as instead of the normal microorganism of the
mother’s vagina, the newborn is colonized mainly with skin microbiota [216]. The mode of
birth affects the newborn’s initial microbiota colonization. Babies born by caesarean section
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are primarily colonized with skin microbiota, which can lead to GM imbalances (dysbiosis).
This dysbiosis may influence neurodevelopment and is associated with an increased risk
of ASD. The altered microbiota can affect gut permeability, immune system development,
and the production of microbial metabolites, potentially contributing to ASD symptoms.
Further research is needed to understand these mechanisms fully. Reference is also made to
the administration of antibiotic substances both to the mother during pregnancy and to the
newborn in the perinatal period. Antibiotic use has been shown to alter the GM, but there
is insufficient evidence to demonstrate the permanence of these changes [217]. Alterations
in the GM in individuals with ASD may cause rivalries between different strains, resulting
in a reduction in microorganism diversity and function in the GM. Various metabolites
and/or conjugates/derivatives of the microorganisms may change their action with the
change in diversity in the GM, or the GM may be weakened, resulting in the appearance
of the corresponding symptoms [218,219]. For example, the Clostridia species produces
a substance, namely, 3-(3-hydroxyphenyl)-3 hydroxypropionic acid, which is considered
harmful, as it reduces the concentrations of catecholamines. This substance is found to
be elevated in autism and is blamed for the appearance of symptoms such as stereotypies
in animal research models. Studies linking autism to the GM have paved the way for
therapeutic interventions aimed at the GM could possibly reduce autism symptoms [220].
Probiotics are live bacteria that are found in various foods and their intake has several
positive effects on the body. Specific species of probiotics, such as Bacteroides fragilis, have
been shown in animal studies to improve behavioral disturbances, stereotypies, and anxiety
symptoms often seen in ASD. Similar results are obtained from studies also in animals with
the administration of some species of the Lactobacillaceae family [221–223]. Prebiotics are
non-digestible nutritional substances, which serve as “food” for the non-pathogenic strains
of the GM. Administration of prebiotics to people with autism, usually in combination with
probiotics, had positive effects on the symptoms of the disorder. Taking certain antibiotics,
such as vancomycin and metronidazole, had similar results, probably due to the limitation
of PathoBact in the intestinal tract [224,225]. A more ambitious approach to treating ASD
through the GM is transfer therapy and the transplantation of fecal microorganism (fecal
microbial transplant) [226–228]. Although numerous studies have suggested an associa-
tion between alterations in the GM and the symptoms of ASD, there is still no conclusive
evidence demonstrating a direct causal link in humans, so further research is required.

5. Conclusions

The present study highlights several key findings regarding the GBA, which refers
to the interactions between the central nervous system, the gastrointestinal system, and
the microorganisms that live in the intestinal tract. Existing studies, including those
in pediatric populations such as children with autism, suggest that changes in the GM
could indeed be related to gastrointestinal disorders. This provides a rationale for why
gastrointestinal disorders commonly occur in children with autism. Specific bacterial taxa,
such as increased populations of Bacillota and decreased populations of Bacteroidota, have
been identified in individuals with ASD. Other notable changes include increased levels
of Clostridium and Akkermansia species. While similar changes in GM composition have
been observed in ADHD, the evidence is less consistent. Further research is needed to
determine if the same bacterial species are associated with both ASD and ADHD. GM
dysbiosis can lead to conditions affecting mood, causing anxiety, depression, and other
neuropsychiatric symptoms. While numerous studies suggest associations between GM
changes and neurodevelopmental disorders, definitive causal relationships, especially in
humans, have not been established. Many findings are based on animal models, and
extrapolating these results to humans requires caution. The GM shows variability from
person to person under normal conditions. Large-scale systematic studies with clinical
correlations are needed to understand how to effectively modify GM for therapeutic
purposes. Overall, the study of the GM holds promise for future therapeutic and diagnostic
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possibilities, including the use of potential biomarkers in various diseases and disorders.
However, further research is essential to translate these findings into clinical practice.
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