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Abstract: Background: Autism spectrum disorder is a multifactorial phenomenon whose genetic,
biological, environmental, and nutritional factors outline the heterogeneous phenotype of the disease.
A limitation in social connections with others, stereotyped reactions, and specific interests and
preferences characterize the behavioral manifestations of a person with autism. Also, weaknesses
are found in emotional, cognitive, and metacognitive development, significantly burdening the
individual’s quality of life. Lately, it has gained widespread acceptance that the gut microbiome and
neurotransmission constitute two decisive etiological factors of autism both in the prenatal period
and postnatally. This study aims to investigate data on the interaction between the quantitative and
qualitative composition of the gut flora and neurotransmission in humans, as well as their influences
on the appearance and progression of the symptoms of autism spectrum disorder. At the same
time, it captures the role of digital technology in diagnosing and intervening in autism, which is
mainly related to the individual subjects under study. Methods: The current research employs an
exploratory review to provide a concise overview of the complex neuronal functions associated with
neurotransmitter action and the homeostasis mechanisms that allow the brain and the human body to
survive and perform optimally. Results: A review of 111 sources highlighted the connection of dietary
habits with synthesizing and releasing neurotransmitters and their influence on the emergence of
autism-related behaviors. Conclusions: The literature review’s findings revealed the importance
and influence of nutritional factors on neurotransmission performance and behavioral, social, and
cognitive development among individuals with autism. Moreover, it is noteworthy that combining a
healthy lifestyle and the targeted use of digital tools can improve the intensity of autism symptoms.

Keywords: gut microbiome; neurotransmitters; autism spectrum disorders; information and commu-
nication technologies

1. Introduction

The human microbiome is the medium via which genes interact with their surround-
ings. The study of microbiomes provides insights into the individual’s neurodevelopmental
course and behavioral phenotypes. This has resulted in a better understanding of factors
influencing human cognitive, behavioral, and nutritional development, particularly in
neuropsychiatric conditions ranging from affective disorders to autism [1].

A person’s eating habits shape the microbial community of the gut, affecting the
brain’s function and the quality of his life. Research data highlight the critical role of
gut microflora in maintaining body homeostasis. Conversely, dysbiosis of the microbiota
affects the functioning of the immune system and is related to illnesses of the stomach,
neuroendocrine system, and behavior [2].

Gut microorganisms participate in releasing some of the principal neurotransmitters
(NTs) of the brain, which act on the gut-brain axis and regulate the organism’s food intake
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and energy balance [3]. In particular, the intestinal microflora, through certain bacteria,
can change the levels of precursor substances such as tryptophan, affecting serotonin’s
synthesis. Also, some species of lactobacilli produce neurotransmitters such as gamma-
aminobutyric acid (GABA), dopamine, and acetylcholine, which are not directly involved
in brain activity, through the enteric nervous system [4]. Autism spectrum disorder (ASD)
is a neurodevelopmental disorder with diverse and complex features involving social
communication, restricted interests, and stereotyped repetitive behaviors. Several studies
support that nutritional status is of prominent importance in the frequency and severity
of the dominant symptoms of autism. Comorbid conditions include gastrointestinal prob-
lems associated with significant behavioral challenges such as aggression, self-injury, and
rigid, stereotyped attitudes. Consequently, adequate and balanced nutrition contributes to
optimal brain function, promoting the prevention of cognitive disorders [5,6].

Since the incidence of gastrointestinal symptoms in children with ASD ranges from
9% to 91%, the gut microbiome (GM) has been a vital factor in studying gastrointestinal
disorders in autism compared to its symptomatology. The mode of birth and the age of the
mother are factors that influence the composition of the intestinal microflora, influencing
the manifestation of autism. However, some research reports that the severity of symptoms
in ASD can affect the individual’s eating habits and, by extension, the diversity of the
intestinal microbiome [7]. Given that autism is represented by a multiplicity of intricate
and varied behavioral expressions and a broader heterogeneity in phenotype, one of the
primary mechanisms of pathogenesis is the brain’s signaling systems’ functioning [8].

The assessment of the heterogeneous symptoms of ASD results mainly from behavioral
observation, creating the imperative to adopt objective methods in disease assessment [9].
Artificial intelligence applications enhance the analysis of cognitive processes by creating
large-scale simulations of the neural mechanisms behind intelligence, improving both the
diagnosis and treatment of autism [10,11].

The heterogeneous phenotype of ASD combined with its increasing prevalence has
particularly troubled the research community in recent decades. The severe abnormalities
in gastrointestinal function and neurotransmission observed in individuals with autism
are two crucial etiological factors for the onset of the disease. Therefore, investigating the
mutual interaction of diet, gut microflora, and ASD is essential, to identify dominant and
individual parameters that influence the onset and progression of autism symptomes.

This research explores the relationship between gut flora’s quantitative and qualitative
makeup and human neurotransmission. Furthermore, it aims to investigate how these
factors may influence the onset and progression of symptoms associated with autism
spectrum disorder. In addition, the role of Information and Communication Technologies
(ICTs) in the function of certain neurotransmitters and the symptomatology of ASD is
recognized. The literature was searched in international databases such as PubMed, Scopus,
and Google Scholar using exploratory research that provides patterns and insights into
an issue, setting the stage for future research and often generating new hypotheses about
old or new subjects [12,13]. This study highlights the link between eating habits and
neurotransmitters in autism spectrum disorder behaviors, emphasizing the role of ICTs. It
underscores the importance of the gut microbiome and neurotransmission in ASD symptom
development and suggests further research on improving dietary habits.

The research topic’s theoretical foundation is outlined in three subsections, focusing
on gut microbiota, neurotransmitters, and autism spectrum disorder.

1.1. Gut Microbiome

The gut microbiome is an ecosystem of microorganisms that include bacteria, viruses,
fungi, protozoa, and archaea that coexist for the benefit of the organism through digestive,
endocrine, and immune functions. The metabolic products of the microbiome, including
neurotransmitters and neuromodulators, affect the enteric nervous system function and the
development and formation of the central nervous system (CNS), justifying the conceptual
microbiota—gut-brain connection [14].
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The enteric nervous system is characterized as the “second brain”, compared to
the brain, by its size, complexity, and similarity—in neurotransmitters and signaling
molecules [15].

The structural composition of the gut microflora appears to be significantly influenced
but also determined by factors such as lifestyle or diet [16]. The establishment of the
gut microbiome begins during the prenatal period, continues with the birth of the infant,
and evolves into adolescence and adulthood. Diet and antibiotics are the main factors
influencing the composition of the gut microflora throughout human life. However, the
gut microbiome diverges over time, restoring dysfunctions [17].

Changes in the gut microbiome can trigger epigenetic changes, affecting brain function
and behavioral manifestations. Furthermore, human epidemiological studies report a co-
occurrence of gastrointestinal disturbances in patients with ASD, reflecting the association
of gut dysbiosis with ASD [18,19]. Consequently, maintaining gastrointestinal balance
affects a person’s emotional state, motivation, behavior, and cognitive functions. It is a
crucial element in controlling brain chemistry through its communication with the CNS,
influencing the neuro-endocrine systems linked to stress, anxiety, and memory function [20,21].

1.2. Neurotransmitters

Man develops mental, emotional, and independent brain activities because of the
interaction of 100 billion neurons, nerve cells, and structural and functional units of the
nervous system. Each neuron makes approximately 1000 complex, asymmetric, dynamic,
and specialized synapses and contacts other neurons [22].

The nervous system controls behavior, as thoughts, feelings, and behaviors are created
after biochemical processes that occur in neurons, the cells of the nervous system. Neuro-
transmitters are information providers between neurons, which receive and send chemical
and electrical signals, promoting neuroplasticity. The cellular structure includes the cell
body, dendrites, axons that carry information to other neurons, and synapses, microscopic
and specialized structures that form contact points between cells [23,24] (Figure 1).
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Figure 1. The structure of a neuron [25].

The fundamental structural elements of the neuron employ this particular formation.
Thus, a neuron consists of the following components: the cell body, which serves as
the nucleus of the cell; the axon, a nerve fiber; the dendrites receiving signals from other
neurons and transferring them to the cell body; the terminal ends of the neuron transmitting
signals to other neurons; and the myelin sheath, which envelops the neuron’s axons [23-25].
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The categorization of a neuroactive compound as a neurotransmitter requires the
following: (a) production and release to be made by the same neuron, while storage takes
place in the presynaptic terminal; (b) the creation of a specific behavior in the postsy-
naptic neuron; (c) its exogenous administration having the same effect; and (d) a specific
mechanism to stop its induced action on the postsynaptic cell [26].

A neurotransmitter is a chemical compound released presynaptically from a neuron
at a nerve synapse, affecting the postsynaptic neuron in a specific way. In transmitting
information, neurotransmitters can increase nerve transmission, causing an excitatory effect,
or decrease it, creating an inhibitory effect. Once produced, neurotransmitters are stored in
synaptic vesicles, the terminal endings of the neuronal axon that releases them [23].

Natural sources of NTs exist as byproducts of essential metabolic processes and
ecological interactions, or they can be synthesized artificially. However, the natural way
of composing them in the daily diet limits neuropsychiatric, neurodevelopmental, and
neurological dysfunctions. A healthy diet affects the synthesis, production, and release of
neurotransmitters and mostly the person’s general state of health. Both trace elements and
vitamins are essential for neurotransmitters and affect the central nervous system [27].

Neurotransmission is a crucial process for organisms, enabling the transmission of
information along the nervous system upon receiving a stimulus. Specifically, a void
appears between two neurons, a synaptic cleft that allows them to communicate. The
synapse is a microscopic structure essential to the information’s transit from one neuron to
another through the substances secreted, the neurotransmitters. Axon stimulation activates
the synaptic vesicles of the presynaptic neuron that release the neurotransmitter across
the synaptic cleft. Following this, the chemical is absorbed by the postsynaptic neuron’s
receptors, resulting in neurotransmission [23-25,28] (Figure 2).
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Figure 2. The communication of neurons through synapses—neurotransmission [28].

Based on how they act, neurotransmitters are classified into three categories: (A) Exci-
tatory neurotransmitters (glutamate or glutamic acid, histamine) activate the target cells
to take action. (B) Inhibitory neurotransmitters (gamma-aminobutyric acid—GABA, sero-
tonin) cause an inhibitory effect on the receiving neuron. (C) Modulatory neurotransmitters
(acetylcholine, norepinephrine, dopamine) simultaneously send a message to different
neurons, affecting the action of other neurotransmitters [29].
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Catecholamines [CATs], also known as “stress hormones”, are a set of monoamines
that interact with the endocrine and nervous systems and function as hormones and neuro-
transmitters. Norepinephrine (noradrenaline), epinephrine (adrenaline), and dopamine
carry signals in the body and brain. They act on the gastrointestinal tract, enhancing
nutrient absorption, immunity, and the microbiome [30]. Foods such as lean meat, fish,
eggs, legumes, nuts, leafy greens, vegetables, whole grains, dairy, low-sugar fruits, seafood,
olive oil, etc., increase the levels of norepinephrine and epinephrine in the body [29].

Dopamine regulates movement and emotional responses, influencing sleep, memory,
learning, concentration, adaptability, decision-making, pleasure, and mood. It also aids
in the unlearning of phobic associations [29,31]. Eating foods rich in tyrosine (a precursor
substance), such as apples, oranges, bananas, cheese, nuts, peas, broccoli, and cauliflower,
increases the amount of dopamine [29].

GABA is considered the foremost inhibitory neurotransmitter of the central nervous
system. Foods that strengthen the body with a significant amount of GABA are cereals,
lupine, tomato, sweet potato, and spinach [29]. It regulates the sleep—wake cycle, motor
activity, and memorization, aids brain cell metabolism, and enhances concentration, think-
ing efficiency, and memory. Research reports that any disturbance in the microflora of the
gastrointestinal system can affect and limit microbial GABA synthesis [32].

Glutamic acid or glutamate is an excitatory neurotransmitter, crucial for brain function.
In foods, glutamate occurs in two forms—as “bound glutamate” with another amino acid to
trigger protein synthesis (mushrooms, seafood, stews), contributing to learning and mem-
ory, and as “free glutamate”, which creates various problems such as hyperstimulation in
the digestive-nervous system and neurodevelopmental disorders. Low levels of glutamate
in the body can cause anxiety, decreased energy, insomnia, memory loss, and depression,
while eating foods high in glutamate causes increased levels of excitotoxicity [29].

Serotonin is a neurotransmitter that controls most brain functions. Dysregulation of
the serotonergic system is related to the pathogenesis of several neuropsychiatric disor-
ders [33]. It is produced in the gut and brain and is considered a natural mood stabilizer.
Tryptophan is the precursor to serotonin, and foods (seafood, cheese, milk, poultry) rich
in the amino acid tryptophan increase the serotonin level. Decreased levels of serotonin
lead to depression, stress, unexplained irritability, panic attacks, obsessions, and deficits in
episodic memory [29].

The release of acetylcholine, which comes from the parasympathetic nervous sys-
tem and is involved in muscle contraction in the neuromuscular system, marks the first
identification of a neurotransmitter in the peripheral nervous system. Acetylcholine plays
a crucial role in the central nervous system (CNS) by influencing memory, attention, sleep,
and learning. In addition, as a neuromodulating agent, it works on cognitive and motor
functions [26]. Consuming foods rich in choline, such as breast milk, eggplant, spinach,
beans, broccoli, egg meat, etc., its precursor substance, can increase acetylcholine levels [29].

1.3. Autism Spectrum Disorders

Autism is a neurodevelopmental disorder characterized by deficits in social com-
munication, repetitive, persistent behavior, and restricted interests, with impacts on the
individual’s quality of life [34]. Moreover, ASD is marked by mitochondrial dysfunction,
oxidative stress, and neurotransmitter imbalance in the cortex, hippocampus, and cere-
bellum, influencing language, personality, social interaction, self-control, planning, and
executive function [21].

The incidence of ASD has increased remarkably in recent years, reaching 1-1.5% of
the world’s population, with research results indicating that one in 36 to 68 children has
autism. The interaction of genetic and environmental factors is the core etiology, where
20% of ASD cases are related to alterations in the genetic mechanism. The high age of the
parents, pesticides, premature birth, the exposure of the pregnant woman to infections or
drugs during pregnancy, and polluted air, constitute some environmental parameters with
an increased risk of ASD [35]. Especially when combined postnatally with oxidative stress
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and the appearance of inflammation, they significantly affect the neurodevelopment and
neurotransmission of the individual [36].

Early infancy is a time when children’s behavior is most closely associated with the
onset of ASD symptoms. During this time, their brains develop in response to environmen-
tal cues, learning, and diet. In the early postnatal period of children with ASD, a different
development of the cortex, cerebellum, hippocampus, and amygdala is observed [11,24,37].

ASD is most often associated with gastrointestinal symptoms, anxiety, and immune
dysregulation. Some of the gastrointestinal symptoms experienced by people with autism
are diarrhea, abdominal pain, discomfort, and gastric reflux. Additionally, postmortem
studies of individuals with autism show an increased gut permeability, highlighting the
association of gut dysbiosis with the pathophysiology of the disease [38]. Recent research
explores the gut microbiota’s role in autism, highlighting its potential health and disease
implications, noting that changes in its composition can disrupt brain—gut coordination [34].

The following three sections relate to the connection of the gut microbiota with neuro-
transmission and their impact on ASD, the connection of certain neurotransmitters with
the development of the disorder, and the contribution of ICT to the overall development of
the disease. Finally, the study concludes with Sections 5 and 6 concerning the discussion
and conclusions of the research.

2. Gut Microflora and Its Connection to NTs in ASD
2.1. Eating Habits in ASD

The causes of limited prevention in children with ASD are related to various bio-
logical and environmental factors such as gastrointestinal concerns, behavioral rigidity,
reinforcement patterns, and family-promoted dietary restrictions [39].

Eating disorders are disorders in which there is an inability or refusal to consume
sufficient nutritious food, necessary for the survival of the individual. Research has proven
that a large percentage of children with ASD show feeding problems, with negative con-
sequences at social, psychological, and developmental levels. The dietary selectivity
demonstrated by children with autism is most often due to the sensory sensitivity that
characterizes them, which is why they defend themselves by refusing the intake of various
foods [40]. Several times their nutritional difficulties have been linked to problems in the
gastrointestinal system, in sensory processing (tactile, visual, and auditory sensitivities), but
also with problematic behaviors such as anxiety, irritability, and emotional instability [41].

Parents of children with autism describe their children’s unusual eating behavior,
which affects both the adequate intake of necessary nutrients and their development.
Specifically, they argue that their diet is framed by the selective consumption of specific
foods such as carbohydrates and sugary foods, their ritual attitude, or even the refusal to
feed [42]. The food’s color, texture, form, and temperature belong to the factors considered
in the selection process. The combination of these criteria, with the rejection of enough fruits,
vegetables, or proteins and the parallel preference for processed foods and starches, leads
to weight gain. In addition, children with ASD show gastrointestinal problems (such as
constipation, diarrhea, cramps, and gastroesophageal reflux), food allergies, and metabolic
abnormalities, with effects on their neurobiological, social, and cognitive development [43].

The poor diet in children with autism is a vital cause of emotional problems, espe-
cially when it concerns the consumption of foods that contain dyes, artificial flavors, and
preservatives. Chemical substances added to the food production procedure, to improve
its taste or overall image, most often have carcinogenic effects or cause intolerance and
allergies [44].

2.2. Effects of Selective Nutrition of Children with Autism on N'Ts

The causes of autism are not clearly defined. The role of the gut microflora in autism
is gaining more and more interest from the scientific community. The gut microbiota is
crucial to human health. Any alteration in its composition can affect the balance in the
communication between gastrointestinal microflora and the brain [34].
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Gut bacteria influence cells in the gastrointestinal tract that produce neurotransmitters
and digestive hormones in the gut, which affect the brain and behavioral response. Factors
that can differentiate gut bacteria, such as diet, environment, probiotics, and antibiotics,
influence the function of the vagus nerve, which is the communication channel between
the brain and the gastrointestinal system and the main component of the parasympathetic
nervous system [45].

The study by Fouquier et al. [46] is regarded as the first to establish a connection
between the severity of behavioral symptoms at various times and the makeup of the gut
microbiome in people with ASD. In particular, they argue that the composition of gut
microbes has a causal role in autism symptoms such as social withdrawal or inappropriate
speech. Consequently, the gut microbiome constitutes a prime therapeutic target in autism.
In addition, it is emphasized that interindividual variation in the gut microbiome may lead
to different phenotypes in individuals, reinforcing the heterogeneous nature of ASD.

The quality of nutrition seems to influence the manifestation of symptoms in people
with ASD and consequently their quality of life. Foods such as processed sugar, complex
carbohydrates, fast food, high-carbohydrate foods, animal fat, and unsaturated fatty acids
are factors associated with inflammation and intestinal disorders [47].

Gut microbes create essential neurochemical substances affecting behavior, social
development, and cognitive function. Therefore, they are part of the unconscious system
that impacts behavior control and coping with stressors. Notably, the absence of microbes
can cause disturbances in the organism’s development, such as in the functioning of the
serotonergic system related to emotional regulation. Furthermore, researchers have noted
that rodents that were not bred with bacteria display limited sociability, with distinct
autistic behavioral patterns [4].

Metabolites produced by the gut microbiota affect neural processes, brain structure,
and function [34,38]. Intestinal short-chain fatty acids (SCFAs) are generated by the bacterial
fermentation of dietary carbohydrates and are considered key signaling molecules. Some of
them are acetic acid (AA), butyric acid (BA), and propionic acid (PPA), which have an effect
on the digestive tract and a regulatory role in the intestinal neuroendocrine process [48].
Short-chain fatty acids can influence the neurotransmitter phenotype, as increased or
decreased levels of SCFAs have been observed in children with autism. In particular, SCFAs
can cross the blood-brain barrier, modulating neurotransmission and behavior. More
specifically, they have an impact on the biosynthesis of catecholamines, changing cerebral
function and causing behavior characterized by anxiety and cardiovascular instability,
symptoms seen in autism [34,48,49].

2.3. Dysbiosis Prevention—Treatment in ASD

Traditional Chinese, Ayurvedic, and Hippocratic medicine have recognized the impor-
tance of nutrition and the functioning of the digestive system in mental process regulation.
Studies of modern medicine indicate the role played by stress and emotional and cognitive
factors in the overall functioning of the organism [38]. Maintaining the balance of microbial
composition is referred to as eubiosis. Gut microbes have an essential role in gut motility,
the maintenance of gut integrity, the regulation of the immune system, and the absorption
and production of nutrients, as well as intestinal barrier homeostasis [35].

The term “dysbiosis” describes the decrease in helpful bacteria and the rise in pathogens
that limits the diversity of microbes in the small intestine [50]. The impact of this on in-
dividual health has been linked to the development of diseases like inflammatory bowel
disease, obesity, diabetes, asthma, and autism [35].

According to studies, exposing the fetus to a balanced diet is especially important, as
it can significantly moderate the effect of environmental chemicals and toxic substances.
Specifically, a prenatal diet rich in folate and folic acid, omega-3 fatty acids, B vitamins,
and vitamin D can limit or neutralize environmental toxins while providing antioxidant
properties. Consequently, it differentiates the interaction of ecological chemicals, ASD, and
the broader neurodevelopmental course prenatally and postnatally [36].
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Folic acid is recommended for pregnant women due to its potential to protect against
ASD deficits, improve social skills and executive functioning, and alleviate hyperactivity
and language delay symptoms. Additionally, the child’s behavioral, motor, and cogni-
tive development, particularly in communication skills, is significantly influenced by the
inclusion of iron, vitamin D, and specific eating habits [43].

In addition, the combination of prebiotics and probiotic supplements in sufficient
quantities positively affects bowel function. In particular, prebiotics are plant fibers or
complex proteins that contribute to gut homeostasis and improve metabolic, endocrine, im-
mune, and nervous functions. Probiotics are live bacteria that are an emerging therapeutic
approach in ASD, as they can reduce the inflammatory state of the gut, enhance microbial
flora, and improve behavior in children with ASD [51].

According to various research studies, nutrition supplements act adjunctively with
other interventions and can improve various symptoms of autism. Some supplements
given with positive results in the symptoms of ASD are omega-3 fatty acids, probiotics,
vitamin B6 with magnesium, B12, vitamins C, A, and D, iron, and folic acid. In particular, it
has been established that a lack of omega-3 fatty acids can affect the development of the
nervous system in childhood, presenting deficits in concentration, hyperactivity, dyslexia,
dyspraxia, and symptoms of autism. In addition, the controlled administration of vitamins
may enhance the interaction of neurotransmitters in the brain, subsequently influencing
the autistic person’s behavior and cognitive development [44].

The role of amino acids is especially significant to the body’s functioning. Jennings and
Basiri [5] characteristically state that certain amino acids used in protein synthesis, called
essential amino acids, are taken in with food, while those that are not considered essential
amino acids are synthesized in the human body. However, those amino acids, whose
intake is through a healthy diet, possess a noteworthy impact on the CNS, controlling the
body and mind. In addition, some of them help regulate CNS neurotransmitters such as
serotonin and dopamine. Examples include tryptophan and tyrosine, which respectively
increase serotonin and dopamine levels.

Several diets that have shown promise when used with individuals with ASD are
the ketogenic diet, the Mediterranean diet, the gluten- and casein-free diets, the specific
carbohydrate diet, and the low-oxalate diet [47]. However, considering that children
with autism are particularly picky eaters, restrictive diets could cause a further restriction
of variety in food intake and macronutrient and micronutrient deficiencies. Therefore,
adopting a gluten- or casein-free diet presupposes individual measurements to rule out
further aggravating factors. In contrast, the Mediterranean diet effectively improves gut
microflora and neurobehavioral and cardiovascular diseases [51]. However, a healthy
diet at the individual level should include factors directly related to the individual’s
lifestyle and concerns, genetic data, the gut microbiome, personal characteristics and habits,
dietary preferences, medical history, the possibility of physical exercise, and environmental
conditions [52].

Integrating daily activities like exercise, yoga, and meditation boosts the brain circula-
tion. This enhanced blood flow helps the brain absorb essential micronutrients, improving
neurotransmitter function and overall cognitive performance [53,54].

2.4. Gut Microbiome and Neurotransmitters

Neurotransmitter imbalance is involved in a variety of diseases, including anxiety,
depression, insomnia, autism, multiple sclerosis, and functional gastrointestinal disorders.
The complex two-way communication network between the CNS and the gut, called the
gut-brain axis, includes the autonomic nervous system, the enteric nervous system, the
endocrine system, the hypothalamic—pituitary—adrenal axis (HPA), the immune system,
and the microflora and its metabolites [30,33,50]. Gut dysbiosis affects the gut-brain
axis [GBA], which relates the function of the gastrointestinal tract to a set of functions
and emotional-cognitive brain regions, such as the limbic system, the prefrontal cortex,
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and the hypothalamus. This results in the creation of a predisposition to disorders such
as ASD [55].

Numerous research works discuss the two-way communication between the gut, the
central nervous system (CNS), and its microbiome—the BGM system. Three routes of
communication—neuronal, endocrine, and immunoregulatory mechanisms—connect the
gut microbiota to the brain [38,56]. The CNS influences the composition and function of
the gut microbiota through the autonomic nervous system. This is achieved indirectly
through the gastrointestinal (GI) tract, mucus secretion, intestinal barrier permeability, and
neurotransmitter release [38].

Research in recent years points to the role of gut microflora in mood disorders and
neuropsychiatric diseases. The ability of gut microorganisms to create a variety of neu-
rotransmitters, including acetylcholine, noradrenaline, dopamine, and serotonin, is high-
lighted. Therefore, an insufficient gut microbiome can impact neurotransmitter synthesis
and production, affecting an individual’s emotional and cognitive development. As an
example, we mention that the altered levels of serotonin, dopamine, and noradrenaline
can adversely impact one’s emotional and behavioral condition through neuroendocrine
pathways, causing symptoms of depression in people with ASD [50]. Certain types of
bacteria produce molecules that affect the metabolism of the nervous system, directly or
indirectly, characterizing this process as chemical signaling [35].

The human body’s homeostasis, with a focus on gastrointestinal (GI) physiology,
is significantly influenced by neurotransmitters such as serotonin and catecholamines.
Norepinephrine (NE), epinephrine (E), dopamine (DA), and serotonin act to regulate
and control blood flow, gut functionality, nutrient absorption, the immune system, and
the microbiome. Although it was frequently held that monoamines solely functioned
as neurotransmitters and neuromodulators in the central nervous system, science has
highlighted their essential contribution to the gut microbiome. Because of this, their
indirect role in brain regulation and the cognitive mechanism is underlined [57].

Human nutrition strengthens mental and physical health; on that account, it is nec-
essary to include daily foods rich in vitamins, minerals, trace elements, and fatty acids.
Amino acids that the body takes in through the diet, such as tryptophan, tyrosine, and
phenylalanine (which contributes to the production of tyrosine), act as precursors for the
production of neurotransmitters. In addition, they are a source of energy for cell devel-
opment and survival, and their lack can affect a person’s cognitive function, mood, and
emotional state [58-61].

First and foremost, neurotrophins are a class of proteins that have been revealed
to play a crucial part in the nervous system’s operation, but they additionally exert an
influence over other functional areas. Notably, they control the regulation, generation,
maintenance, differentiation, proliferation, and death of neurons in the peripheral and
central nervous system. In addition, they were found to contribute to the angiogenesis
mechanism and immune and reproductive system functions, such as those of brain-derived
neurotrophic factor [62].

Brain-derived neurotrophic factor (BDNF) is a neurotrophin (protein) that supports
the survival of existing neurons, while promoting the growth and differentiation of new
neurons and synapses. It contributes to the formation of dendritic structure and synaptic
transmission, positively impacting neuroplasticity. In addition, it exhibits increased activity
in the hippocampus and cerebral cortex, enhancing learning, memory, and the higher
cognitive mechanism. Studies report that changes in the gut microbiota affect levels of
BDNE, while studies indicate increased levels in children with ASD, causing effects on
mood, pain, and cognitive function [4,33,63,64].

3. Composition of the Gut Microbiota in ASD

The microbiota, a crucial mediator of risk factors in ASD, is influenced by genetic
background and environmental factors like feeding patterns, age, infection, and antibiotic
treatment. Clinical studies reveal altered gut microbiota profiles in subjects with ASD
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compared to neurotypical controls. Colonized during birth, the human gut contains 100
trillion microorganisms, affecting the appearance and development of ASD. Extensive oral
antibiotic treatment in ASD-affected children before 3 years of age may cause anaerobic
bacteria proliferation, destabilize gut microbiota, and open opportunities for pathogens that
contribute to ASD. Bacteroidetes, Clostridia, and Desulfovibrio are common bacteria that can
cause gastrointestinal symptoms and autistic behaviors by altering the intestinal immune
system and producing neurotoxins [65].

The neurological mechanisms underlying ASD could be greatly affected by metabolic
imbalances resulting from changes in gut flora. Specifically, the microbiota’s production of
chemicals like short-chain fatty acids (SCFAs), propionate, and butyrate can influence brain
function, potentially contributing to immune and mitochondrial dysfunction, potentially
leading to ASD. Zou et al. [66] found that children with autism spectrum disorder have
unique gut bacterial compositions and greater species diversity and richness than their
non-ASD peers. This suggests their gut microbiota may contain harmful bacteria that could
worsen their symptoms. Therefore, addressing these microbial imbalances is essential for
improving their well-being and quality of life.

The adult gut microbiota comprises four key bacterial groups that make up over 90% of
the total bacterial population. These groups are as follows: (a) Bacteroidetes: Gram-negative
bacteria, including the genera Bacteroides and Prevotella. (b) Firmicutes: Gram-positive
bacteria, both aerobic and anaerobic, such as Lactobacillus, Clostridium, and Ruminococcus.
(c) Proteobacteria: this group includes species like Entero-bacter. (d) Actinobacteria: notably
represented by Bifidobacterium. In addition to these, the gut microbiota also includes
Fusobacteria and Verrucomicrobia [67].

The gut microbiota profile affects immunological, metabolic, and neurological systems
and varies by person, age, lifestyle, and nutrition. Balance and diversity are crucial for
proper functioning. Dysbiosis, a condition where the number of beneficial bacteria de-
creases, can lead to harmful bacteria colonizing the intestinal tract, causing gastrointestinal
issues and potentially extra-intestinal physiological complications [68].

Recent studies suggest that alterations in the gut microbiota in early life can influ-
ence emotional and cognitive development. At the same time, the diversity of the gut
microbiota is a determining factor for the effective use of behavioral abilities and brain
development [69]. According to Kang et al. [70], gut problems are linked to ASD symptoms
in humans and animal models, with gut microbes and their metabolites potentially causing
gastrointestinal distress and ASD behavioral symptoms.

Mihailovich et al. [71] report that the gut microbiome is a dynamic ecosystem in which
the phyla Firmicutes and Bacteroidetes are the most abundant in healthy adults. In contrast,
Actinobacteria, Fusobacteria, Proteobacteria, and Verrucomicrobiota are less prevalent. Study [72]
had similar results, finding that the main gut microbiota components in children with ASD
and healthy control groups were Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
and Verrucomicrobia. The most abundant bacterial classes in both groups were Clostridia,
Bacteroides, and unidentified Actinobacteria, with no significant differences identified.

The research indicates that autistic symptoms are associated with a less diverse gut
microbiome, characterized by a lower abundance of specific bacteria such as Prevotella,
Coprococcus, and Veillonellaceae. Additionally, ASD-related differences in the microbiota
composition may lead to the loss of crucial microbial interactions, resulting in reduced
diversity and functionality [73].

Vernocchi et al. [74] state that the Pasteurellaceae family is linked to ASD patients.
It promotes intestinal inflammation due to dysregulated innate immune responses, as
demonstrated in mice models with varying adaptive immunity genotypes. Moreover,
Bacteroidetes were primarily associated with gastrointestinal symptoms linked to autism
severity. Bacteroides fragilis, despite its high propionic acid concentrations, which could
potentially cause toxic effects, has been connected to detrimental impacts in neurodevelop-
mental processes, including autism spectrum disorders (ASDs). Also, Roseburia, a genus of
bacteria found in higher abundance in ASD patients, is known to degrade starch, contribut-
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ing to the synthesis of short-chain fatty acids. Additionally, the study showed that patients
with ASD exhibited higher levels of Prevotella, Sutterella, and Lactobacillus than those with
neurotypical development. Conversely, useful microorganisms like Bifidobacterium de-
creased in all ASD subjects, potentially causing the reorganization of important microbes
and contributing to some ASD symptoms.

In another study, Ye et al. [65] found a higher abundance of microorganisms such
as Ruminococcus and Faecalibacterium in children with ASD. Faecalibacterium is associated
with interferon-gamma, which is involved in brain plasticity and synapse formation. In
addition, they observed lower levels of protective bacteria, such as Bifidobacterium, along-
side increased levels of Faecalibacterium (the butyrate producer) and Klebsiella (known to
cause infections).

More specifically, the research shows that children with autism spectrum disorder
(ASD) have lower levels of Bifidobacteria in their stools compared to neurotypical children.
This difference is related to changes in key metabolites derived from tryptophan metabolism.
Importantly, dietary interventions containing Bifidobacterium strains or other bacterial
compounds have been shown to enhance gut health and reduce the severity of ASD [75].

Morton et al. [76] identified a stable core microbiome comprised of Bacteroides, Pre-
votella, Bifidobacteria, Desulfovibrio, and butyrate producers, indicating a potential causal link
to autism symptoms. Study [77] highlighted the importance of examining confounding
variables in comparing the gut bacterial profiles associated with ASD and neurotypical
development, thereby identifying robust microbial signatures across cohorts. In particular,
it highlights the importance of controlling for and consistently assessing age, gender, and
gut function when evaluating ASD datasets across studies.

The research indicates that children with ASD often exhibit a lower Bacteroidetes/Firmicutes
ratio. However, it is important to note that this ratio is not a definitive marker and can some-
times remain stable or even increase in these children. This highlights the complexity of
understanding the gut microbiome of ASD, underscoring the need for further investigation
into these microbial patterns [78].

Stratis et al. [79] reported an altered microbial community at both the bacterial and fun-
gal levels. Furthermore, they observed a significant increase in the Firmicutes/Bacteroidetes
ratio in autistic individuals due to a substantial decrease in Bactermites. Inflammatory
conditions like inflammatory bowel disease and obesity were associated with a rise in the
ratio of Firmicutes to Bacterodites. In addition, the gut microbiota of autistic individuals
showed an increased abundance of Collinsella, Corynebacterium, Dorea, and Lactobacillus,
with a decreased abundance of Alistipes, Bilophila, Dialister, Parabacteroids, and Veillonella.
According to the studies, the prolonged use of antibiotics alters the bacterial microflora
of the gut, preventing community reconstitution and leading to an altered abundance of
Bacteroidetes, Lactobacilli, Ruminococcus, and Lachnospiraceae.

Yang et al. [80] point out that a significant 9% to 91% of individuals with ASD report
gastrointestinal symptoms, including diarrhea, constipation, and abdominal pain. These
gastrointestinal issues are not just common; they are closely linked to disruptions in the
gut microbiota and may significantly influence the intensity of ASD clinical symptom:s.
Addressing these gut health concerns could be crucial for improving overall well-being in
individuals with ASD.

According to the findings of studies [66—68,72-75,78,80], we summarize in the figure
below (Figure 3) the composition of the intestinal microflora in ASD compared to individu-
als with neurotypical development. Specifically, it includes bacterial phyla more abundant
in ASD (black color), bacterial genera more prevalent in ASD (left column of bacteria),
bacterial genera less prevalent in ASD (right column of bacteria), and bacterial phyla with
no difference between ASD and the control group (purple color).
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Gut Microbial Composition in ASD
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Figure 3. The composition of the gut microbiota in ASD.

4. ASD and NTs

ASD is a neurodevelopmental disorder characterized by limited communication and
social interaction, stereotyped repetitive behaviors and interests, and a particular sensory
responsiveness. The increase in prevalence observed, with apparent symptoms in the first
months of children’s life, indicates the existence of neurochemical factors that affect the
development of the central nervous system. The results of molecular imaging studies
and genetic data highlight the connection of neurotransmitters with the course of autism
development [81]. Chemical substances such as neuropeptides, hormones, hormone-like
substances, and neurotransmitters (serotonin, norepinephrine, dopamine) act as messen-
gers of messages in the brain’s neuronal network. Some of those are closely associated with
interpreting social cues, mainly due to their action with the amygdala and hippocampus, fa-
cilitating cognitive development. Therefore, when any disorder occurs in their composition
or action, it can lead to social behaviors analogous to ASD [64].

The gut microbiota influences the structure and function of the enteric and central
nervous systems, with implications for human behavior and brain regulation. The number
of bacteria in the gut affects both the stimulation and the function of the vagus nerve. The
enteric nervous system, also known as the second brain, constitutes the greatest system
of neurons and protective cells (glia) after the central nervous system [82]. In addition,
the intestinal dysbiosis seen in people with autism can cause an increase in intestinal
permeability to neurotoxic substances, with effects on the body. These may occur as
microorganisms from the gastrointestinal tract enter the bloodstream, with corresponding
effects on the CNS [83].

The essential neurotransmitters that significantly affect the brain and behavior are
acetylcholine, catecholamines, serotonin, and the amino acids glutamic acid and GABA [84].
Autism spectrum disorders are associated with alterations in the brain’s structural and func-
tional mechanisms as well as in neurotransmitters, which play a regulatory role in several
neurodevelopmental processes. Specifically, deviations in glutamatergic, glutamatergic,
GABAergic, serotonergic, dopaminergic, and oxytocinergic signaling are observed in indi-
viduals with ASD. Among these abnormalities in neurotransmission, the most chemically
and imaging-confirmed is the case of serotonin, where numerous studies support blood
hyperserotonemia in a large percentage of cases, up to approximately 45%. Data from
studies indicate that peripheral 5HT dysfunction indicates central deviations, influencing
brain architecture, mainly during the developmental period [85].

Maintaining the function and homeostasis of the central nervous system [CNS] re-
quires the balance of the excitation and inhibition of nerve cells [86]. Since serotonin and
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catecholamines are associated with many physiological processes, any change in their
composition or action can cause brain disorders. One of them is autism, where individuals
with ASD show qualitative and quantitative differences in the gut microflora [57].

According to the findings of studies [26,29,31,33,84,85,87,88], we summarize in the
following figure the association of certain neurotransmitters with ASD. Specifically, this
refers to central neurotransmitters, where any alteration in their synthesis and release leads
to dysfunctions that reflect symptoms of autism (Figure 4).
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Figure 4. ASD etiology is linked to modifications in NT production and release.

4.1. Serotonin

Several studies emphasize the role of serotonin in ASD, mainly through the gut-brain
axis. The central and peripheral serotonin systems are involved in ASD mechanisms, and
the function of the peripheral serotonergic system appears to act as a link in the brain—gut
axis in autism [89].

The gut produces around 95% of serotonin. Tryptophan is a precursor chemical re-
quired for its production and release. However, individuals with autism exhibit
a weakening of their metabolism because of the lower expression of genes encoding the
molecules involved in it. It leads to abnormal serotonin signaling, which exacerbates the
repetitive behaviors associated with ASD. The insufficient functioning of the serotonergic
system creates developmental alterations in cortical morphogenesis. As a result, alterations
in neural network connections may lead to autism [90]. In addition, serotonin directly
influences other neurotransmitters, inhibiting dopamine and glutamate release in the
frontal cortex, modulating glutamate and GABA transmission, and promoting glutamate
transmission in the prefrontal cortex [26].

4.2. Norepinephrine or Noradrenaline

Norepinephrine or noradrenaline is a critical component of the arousal mechanism that
can influence cognitive flexibility, working memory, inhibitory ability, and motor learning.
Study findings report increased noradrenergic activity in ASD, associated with elevated
plasma epinephrine and norepinephrine levels, as well as altered urinary excretion of some
catecholaminergic metabolites [91]. According to Gevi et al. [92], a data analysis of the urine
of children with autism showed a significant percentage of altered metabolites. Specifically,
higher dopamine levels were identified, along with a reduced activity of the enzyme
dopamine 3-hydroxylase, an enzyme necessary for the metabolism of catecholamines and
responsible for converting dopamine into noradrenaline. Lower levels of noradrenaline
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and adrenaline in the urine of children with ASD were linked to deficits in attention and
memory and learning difficulties.

4.3. Dopamine

According to Saha, the dopamine (DA) system has a functional role in ASD by reg-
ulating motor activity, goal-directed behaviors, and cognitive processes such as working
memory, attention, and perception. Changes in dopaminergic signaling pathways cause
decreased reward system activation, with consequences for decision-making [26]. Findings
from studies involving individuals with ASD have shown neuroanatomical defects in
the basal ganglia, frontal/prefrontal cortices, and dorsal striatum, areas associated with
dopaminergic signaling. Research highlights the connection of dopamine receptor D4
(DRD#4) with various neurobehavioral disorders. In particular, the DA 4 receptor is mainly
expressed in the prefrontal cortex, where higher cognitive functions such as the reaction to
several situations, inhibitory control, and other cognitive processes are involved, which are
often deficient in individuals with autism [93].

Several studies indicate the importance of dopaminergic dysfunction in ASD, since
dopamine signaling disturbances in the midbrain dopaminergic regulatory systems can
cause social deficits and stereotyped behavior [94]. Studies of the dopamine system in
ASD have found an increase in one of its metabolites in the cerebrospinal fluid of patients.
Further research links the pathogenesis of ASD to evidence of genetic variation in dopamine
signaling genes, its receptors, and genes involved in its transport [85].

4.4. Oxytocin

Oxytocin is a hormone produced in the hypothalamus. It has a neuromodulatory role
in the central nervous system and peripheral tissues. According to various studies, oxytocin
controls how a person reacts in respect to specific social cues involving the maintenance
instinct. Others point to its beneficial effect on social interaction, a sense of trust in others,
and enhanced emotional recognition after its administration, particularly in cases of autism.
Oxytocin plays an indirect role in activating the action of several neurotransmitters [87].

Specifically, oxytocin modulates inhibitory neurotransmission. Specifically, it con-
tributes to preserving the equilibrium of the inhibitory—stimulatory system, which is linked
to social dysfunction, playing a crucial part in regulating social cognition and behavior [85].
More precisely, oxytocin controls emotional perception amid stressful situations by affect-
ing the function of glutamic acid and GABA, facilitating adaptation. In addition, it has
a neuroprotective effect by increasing the resistance of neurons to toxins. What matters
is its effectiveness on serotonergic transmission by activating the immediate release of
serotonin, as it acts on serotonergic receptors. In addition, serotonin and its precursor
molecule, a metabolite of the amino acid tryptophan, stimulate oxytocin release [87].

4.5. GABA-Glutamate

Excitatory/inhibitory (E/I) imbalance refers to the lack of balance between excitatory
(glutamatergic) and inhibitory (GABAergic) systems as a causative factor for the onset
of autism symptoms [95]. The imbalance between excitatory and inhibitory neuronal
function suggests an alteration in synaptic excitation and inhibition, characterized by a de-
ficient glutamatergic and GABAergic (gamma-aminobutyric acid) metabolism that causes
hyperexcitability in the cerebral cortex. Overstimulation in the brain creates excessive
inhibition in certain areas, which may be related to increased levels of GABA in the pre-
frontal cortex. According to the studies, an immoderate or unstable excitatory metabolism
can lead to hyperinhibition, which can affect the recognition of emotions, empathy, social
communication, and the appearance of stereotypic behavior, areas that in autism are un-
derperforming [96,97]. It is emphasized that GABA is a critical neurotransmitter that is
excitatory during early developmental stages and is inhibitory in the mature central ner-
vous system. This function is mediated by the expression of chloride/cation transporters,
which are involved in neurogenesis processes [98,99].
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Several researchers focusing on the genetic cause of autism have discovered common
genetic variants associated with autism. These genes are involved in transporters, gluta-
mate and GABA receptors, and protein coding. Hollestein et al. [95] studied the possible
genetic basis of excitation/inhibition imbalance, various behavioral phenotypes, and brain
structure in autism. Combining the study’s genetic, phenotypic, and structural results, they
concluded that the balanced excitation/inhibition disorder varies across ASD phenotypes
and brain regions. Additionally, their study revealed that glutamate genes are associated
with the behavioral features of autism, while GABA genes are primarily associated with
sensory processing.

Glutamic acid is found in the brain’s nerve cells and is the dominant excitatory
neurotransmitter, providing a protective action on cognitive function and neural plasticity.
However, elevated glutamate levels are neurotoxic, causing damage to other neurons as
well as neuroinflammation linked to autism [100]. Specifically, increased blood glutamate
is associated with limited social skills. In addition, glutamate is converted to GABA, whose
dysfunction is reported in ASD, involving glutamate and GABA receptors [85].

Neurotransmitters are crucial for neuronal network communication, brain develop-
ment, memory performance, motor function, and behavior manifestation. Consequently,
the dysregulation of neurotransmitter function is causally related to ASD, as it affects
neuronal cell differentiation and communication, synaptogenesis, and the neurobiological
development of the brain [86].

5. The Contribution of Digital Technology

The rapid development of sciences and technologies inevitably led to the gradual
establishment of digital health. Digital health presupposes the interaction of advanced
medical technologies and digital communication, combined with disruptive innovative
ideas to deliver healthcare in the best possible way. Furthermore, “digital health” could
be defined as the cultural transformation of innovative technologies, where digital and
objective data are available to doctors, patients, and caregivers to collaborate in shared
decision-making and optimal care [101].

Digital health refers to individual fields such as wearable technology, telemedicine,
personalized medicine, and mobile health (mHealth). Digital technology has a pivotal role
in healthcare. Digital capabilities significantly enhance clinical assessment and decision-
making for medical scientists, leading to more accurate diagnoses and effective patient
treatment. Therefore, in health and education, artificial intelligence constructively uses ma-
chine learning, digital platforms, software, sensors, wearable devices, computer networks,
and robots [60].

The technological developments of the last decades have led to the application of new
neuroimaging methods, including positron emission tomography (PET) and single positron
emission computed tomography (SPECT), in combination with structural and functional
magnetic resonance imaging (MRI), to investigate the neural anatomical, functional, and
molecular bases of individuals with autism. Specific molecular imaging techniques have al-
lowed the study of biological processes in vivo at the cellular and molecular level, pointing
out that the alterations in the serotonergic, dopaminergic, glutamatergic, and GABAergic
systems are related to the appearance of disorders in the neuronal network of ASD. In
addition, neuroimaging investigations help evaluate the effective treatment of autism,
providing objective biomarkers that will aid in creating and assessing suitable treatment
strategies for the disease [102].

Detecting and diagnosing gastrointestinal problems in ASD is not an easy process,
given the limited social skills children display. In addition, several symptom manifestations
might not receive much attention, since they are part of the general behavior of children
with autism. Artificial intelligence (AI) helps diagnose and treat autism spectrum disorder
(ASD) by enhancing children’s cognitive, social-emotional, and communicative abilities.
In addition, Al is a reliable complementary method in the disorder detection of the gas-
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trointestinal system, creating the possibility of personalizing the diet and improving the
intestinal microbiome [103].

Specifically, artificial intelligence allows the gathering and analyzing of a complex
dataset of dietary responses using electronic health records, biosensors, wearable devices,
and nutritional assessments to provide personalized dietary recommendations. To achieve
the ongoing tracking of energy intake and expenditure, we cite the example of “smart”
dietary follow-up equipment like smartwatches and smartphones, which also include
activity data [52].

The National Institutes of Health, following advances in artificial intelligence in the
analysis and management of complex data in individual nutritional adaptations, created
the Nutrition for Precision Health program, supported by the All of Us Research Program
(see https:/ /commonfund.nih.gov/nutritionforprecisionhealth accessed on 5 November
2024). The project aims to develop algorithms that predict individual reactions to dietary
patterns and foods impacting everyday life [52].

Kaur et al. [45] highlight that machine learning can effectively integrate phenotypic,
genotypic, epigenetic, and microbiome information through a thorough data collection and
analysis. As a result, it paves the way for the growth of effective personalized interventions
for brain disorders.

Data science and digital health technologies enable long-term support for people with
ASD. For example, we mention smartphones that can process long-term and complex
physical and mental health data for utilization in diagnosis and monitoring. Additionally,
it is possible to analyze complex information using machine learning to predict and access
digital health interventions through software, video conferencing, chatbots, or virtual
reality [104].

The contribution of ICTs to the development of self-control and the promotion of
healthy eating habits is noteworthy. With plenty of interactive tools at its disposal, digital
learning highlights its importance and acts as a set of compensatory elements for the
inadequacies students have shown, while also offering vital support to special education. In
particular, the use of mobile learning technologies (tablets, smartphones) in the educational
process of children with autism is effective mainly through the innovative methods used,
while promoting students’ flexibility, autonomy, and adaptability [105,106].

In particular, smartphone applications or techniques that utilize distance education
can influence people’s dietary choices, directing their attention and interest to a healthy way
of eating. That is achieved through the individual’s interaction with digital tools, which
promote continuous encouragement, self-evaluation, and positive reinforcement [107].

In addition, digital technologies play a dominant role in the educational process.
Specifically, they enhance social-emotional, cognitive, and metacognitive skills, emphasiz-
ing the strengthening of emotional intelligence and the executive mechanism, especially in
people with increased educational needs [108-111].

Virtual reality (VR) has shown promise in ASD assessment and treatment. The ap-
plication of virtual environments in the educational process reduces anxiety, enhances
the development of social skills and the expression and management of emotions, and
strengthens the cognitive mechanism [111]. Moreover, the utilization of metacognitive
processes, with an emphasis on mindfulness practices, combined with virtual reality high-
lights the enhancement in the release of neurotransmitters related to the regulation of
stress, relaxation, self-control, and behavioral adaptability [112]. Simultaneously, memory,
attention, and executive functioning can be assessed using specific virtual reality apps.
Nonetheless, its application has to be focused on preventing unfavorable outcomes [111].

The use of digital games is particularly effective in the field of learning, where depend-
ing on the emotions they cause and the mental processes they activate, they can affect the
release and levels of neurotransmitters, influencing behavior and cognitive development
accordingly [113]. In particular, more and more studies are turning their attention to the
use of serious games (SGs) as an innovative form of intervention in the management of
the neurobehavioral and cognitive disorders of children with neurodevelopmental disor-
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ders such as ASD and ADHD. Their efficacious application is attained through training
cognitive skills such as memory, concentration, inhibitory control, and the recognition and
expression of emotions, utilizing computer platforms, mobile applications, software, and
video game consoles. Additionally, this can enhance the formation and restructuring of
neurobiological pathways, especially in children, since they show greater neuroplasticity
compared to adults [114].

In addition, applications of modern technology such as 3D animations, collaborative
virtual environments, and the 3D avatars, what is more, in many web apps help significantly
in the development of social skills of children with autism [115]. Notable in this respect
are the findings of experimental neuroscience studies, which report that human-robot
interaction promotes interactive social cues, including social praise. When the student
receives social praise from the robot, dopamine, a neurotransmitter linked to pleasure, is
released, elevating the learner’s self-esteem [116].

The application of serious games plays a fundamental role in the education of children
with autism, which is extensive in special education, by combining auditory, visual, tactile,
and intellectual stimuli to create internal motivation in students. In addition, it enhances
individualized learning and autonomy and promotes the development of many skills,
such as information processing, problem-solving, communication, memory, attention, and
cognitive flexibility [117]. Electronic educational games support the educational process by
building knowledge, improving weaknesses, and turning abilities into skills [118].

Consequently, using a variety of ICT applications improves autism diagnosis and
intervention, along with accessibility to schooling. Essentially, it raises the standard of the
learning environment and learning, turning it into an engaging, active process connected
to real life [119-121].

6. General Discussion

Genetic studies in patients with autism report the existence of a variety of genetic
mutations, which have a wide range of variability, with effects on brain function and
the individual’s immune status. Deficits in sensory processing and social compliance in
children with autism exacerbate their feeding disorders. This can result in the consolidation
of food intolerance and the creation of intense stress for the parents, with the adoption of
negative feeding patterns [103].

An integral component of microbial activities and neurochemical processes is a per-
son’s diet, which could be considered a principal form of therapy in combating the neu-
rodevelopmental disorders caused by ASD [51]. Early colonization, antibiotic use, stress,
and fiber fermentation can affect the gut microbiota and the development of autism. Dys-
biosis and colonization by pathogenic microbes can produce neurotoxins, affecting CNS
function [122]. Gut microbial dysregulation appears to alter a person’s immune response,
negatively affecting their social and cognitive performance. Several studies demonstrate
that symptoms associated with neurodevelopmental disorders, including autism, can be
controlled and improved by remodeling dietary habits and the aftermath of the gut micro-
biome composition [53,78]. Ther gut microflora influences the differentiation of cells in the
gastrointestinal space, releasing hormones and neurotransmitters that affect the brain and
the cognitive—social manifestation of the individual, such as in autism. Consequently, the
microbiome-gut-brain axis links the emotional and cognitive regions of the brain with the
peripheral gut machinery and is implicated in the pathogenesis of autism [43].

The data show a strong link between dietary intake, neurodevelopment, and cog-
nitive function in healthy children, with dietary components significantly influencing
central nervous system mechanisms. Studies indicate that ASD often coexists with dys-
biosis in children, with autism being attributed to the limited diversity of the microflora.
The gut microflora’s influence is attributed to the hormones and metabolites produced
by bacteria, although the exact causes are unknown [49,72]. The research suggests that
FDA-approved probiotics and metabolites can improve ASD symptoms by enhancing
the bacterial composition. Furthermore, culturing a specific combination of bacteria and
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fecal microbial transplantation offer an alternative to microbial transplantation, rebuilding
the gut microbiota, protecting it, and treating autism symptoms [122,123]. An adequate
nutritional intake promotes brain development during the prenatal and postnatal period
and enhances the formation of a functionally complete brain structure. The importance of
eating food lies in the intake of energy and the possibility of producing neurotransmitters,
as foods contain natural chemicals that contribute to the smooth functioning of the human
neurological system [27].

The gut’s intricate nervous system influences brain function, affecting mood, behavior,
and cognitive function. Its millions of neurons act as a second brain controlling the
gastrointestinal system [34]. The cells located along the intestinal tract are the largest
producers of hormones and neurotransmitters in the body, such as histamine, serotonin,
and catecholamines (dopamine, noradrenaline, and adrenalin) [82].

Gut microbial composition changes, impacting the byproducts and neurotransmitters
produced by gut microbes, affecting the human brain and neurochemistry. Microorganisms
produce several important neurotransmitters, including GABA, norepinephrine, dopamine,
acetylcholine, and serotonin [84,124]. Our diet impacts brain processes, regulating the
central and peripheral nervous systems. Primary components (proteins, carbohydrates,
fats) and secondary components (minerals, vitamins) provide energy and precursors for
neurotransmitters. Consequently, eating habits contribute to mental and physical well-
being and act as a synthetic neurotransmitter [29].

Several studies emphasizing the importance of microbial metabolism during the post-
natal period point out that neuroactive compounds produced by the gut microflora can
affect synaptogenesis and synaptic function in the developing brain. It is particularly notice-
able in people with genetic mutations that affect synaptic components or neurotransmitters
that function at various synapses [1]. Later research indicates that the gut microbiome
can regulate brain function by influencing the production, expression, and renewal of
neurotransmitters like serotonin, dopamine, norepinephrine, and epinephrine. Addition-
ally, it may affect the brain through bacteria or their metabolites, since they function as
signaling molecules in specific cell types within the mucosa [125]. Researchers report
that gut microbes can subliminally generate interoceptive inputs that influence memory,
emotional arousal, and behavioral expression in various emotional states [15,124]. Conse-
quently, the functioning of the nervous system is related to the composition and diversity
of the intestinal microflora [126]. Focusing on the function of neurotransmitters linked
to brain processes can directly alter the reaction of the brain mechanism. Specifically, the
differentiation (increase—decrease) of the precursors needed for synthesizing and releasing
neurotransmitters might produce the intended effects [127].

Considering the importance of neurotransmitters in the state of the brain, we can draw
conclusions about the gravity of their disturbed homeostasis and limited neurotransmission
in the functioning of the human body. Imbalanced levels of neurotransmitters (glutamate,
GABA, dopamine, serotonin, norepinephrine, acetylcholine, and histamine) are associated
with the pathophysiology of various disorders—diseases, such as ASD, sleep disorders,
schizophrenia, Parkinson’s disease, Alzheimer’s disease, and depression. Because of this, it
is especially crucial to detect and investigate the mechanisms of action of neurotransmitters
and the availability of the tools required to keep them at physiological levels [26].

The environment can act as a causative factor when it accumulates harmful elements
that pre-exist autism. However, some factors can be protective and reverse or limit the onset
of ASD symptoms. The support of an appropriate psychosocial environment, combined
with healthy nutritional habits prenatally and postnatally, is of crucial significance for
the progression of the disease. It is pointed out that a balanced maternal diet during
pregnancy is vital, as it strengthens fetal programming and brings about positive results in
its development [128]. In addition, a healthy diet that includes a balanced intake of long-
chain polyunsaturated fatty acids, amino acids, carbohydrates, and minerals contributes to
the development of the neural circuits of the brain that strengthen cognitive performance
and emotional competence [61].
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Artificial intelligence and neuroscience are interrelated fields of knowledge that con-
tribute to each other’s progress through interactive research studies. Artificial intelligence
has significantly improved our ability to identify neurological and neurodevelopmental
disorders [10]. It is worth noting that the use of artificial intelligence in medicine allows the
management, processing, and integration of data resulting from a range of complex medical
evaluations, for the benefit of a precise and personalized intervention. Its inventiveness
stems from its ability to overcome obstacles like a limited workforce, insufficient primary
care, complex assessment procedures, increased waiting lists, and demographic biases [9].

Specifically, the application of artificial intelligence to cases of healthy individuals and
patients can highlight nutritional risks related to genetic, behavioral, and environmental
factors or disease characteristics. The discovery of these data allows the creation of valid
adapted dietary recommendations, which prevent disease or work therapeutically against
its development [52,74]. Additionally, artificial intelligence (Al) and technology have been
successfully involved in the education sector, making it accessible for students with special
needs. Moreover, the application of assistive technologies empowers people to work toward
inclusive education and encourages its advancement [129].

In conclusion, the combination of alternative forms of addressing deficits in ASD,
when possible, including a nutritious diet, emerges more effectively, especially during the
first years of the child’s life, as opposed to taking medication, which concentrates on treating
symptoms and has adverse effects. In addition, giving priority to the utilization of ICTs as
autism intervention tools enables children’s social and cognitive development and paves
the way to their autonomy through engaging, structured audio-visual experiences [11].

7. Conclusions

In summary, the quality of a person’s diet determines the diversity of the gut micro-
biome, which affects the synthesis and production of neurotransmitters, whose healthy
operation is required to preserve the body’s equilibrium. Consequently, considering the
communication and interaction of the enteric nervous system with the mechanism of the
brain, any alterations in neurotransmission affect the organism’s overall health. In particu-
lar, this is evident in various cases of individuals with neurobiological disorders, including
ASD, where chemical messenger disturbances impact the behavioral, social, cognitive, and
metacognitive development of individuals with autism. Moreover, the gut microbiota’s
makeup significantly influences the severity of autistic symptoms. By conducting a further
analysis, we can unlock the potential for tailored dietary interventions that may greatly
benefit individuals on the autism spectrum. However, the change to a healthy way of
living that includes appropriate nutrition, exercise, and education, when applicable, com-
bining the usage of digital technologies, can result in a substantial improvement and the
elimination of ASD symptom:s.

Limitations and Suggestions for Future Research

The gut microflora is essential in ASD development symptoms, affecting neurotrans-
mitter efficiency, neuronal cell differentiation, synaptogenesis, and brain neuroplastic-
ity [24]. Consequently, higher-order activities are affected, combining different neural
networks’ cooperation in the executive system [130-132]. Furthermore, executive function
is directly related to the cognitive and metacognitive development of the individual, includ-
ing cases with ASD [11,37]. The present study did not investigate the interaction impact of
the gut microbiome and neurotransmitters on the development of metacognition. However,
because the development of metacognitive function enhances cognitive and socioemotional
factors, it is appropriate to motivate future research [11]. In addition, the study limitation of
a lack of an age demographic focus does not allow for a comprehensive investigation of gut
microbiota and neurotransmission effects in different age groups, providing the stimulus
for further studies.

Future studies must focus longitudinally on the bidirectional influence of ASD individ-
uals’ diet and neurotransmitter generation. Additionally, the potential for the modulation
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of gut-brain axis neurotransmission in autism is noteworthy. Therefore, it is of utmost
importance that preclinical investigations prioritize the search for individual diagnostic
biomarkers that cause dysbiosis and affect the synthesis and release of chemical substances.
In addition, it would be highly beneficial when selecting a therapy strategy to pursue an
in-depth investigation of the interaction between the gut microflora, the regulation of the
CNS, and the appearance of ASD symptoms.
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