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Abstract: Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder with multifac-
torial etiology, characterized by impairment in two main functional areas: (1) communication and
social interactions, and (2) skills, interests and activities. ASD patients often suffer from gastrointesti-
nal symptoms associated with dysbiotic states and a “leaky gut.” A key role in the pathogenesis of
ASD has been attributed to the gut microbiota, as it influences central nervous system development
and neuropsychological and gastrointestinal homeostasis through the microbiota–gut–brain axis. A
state of dysbiosis with a reduction in the Bacteroidetes/Firmicutes ratio and Bacteroidetes level and other
imbalances is common in ASD. In recent decades, many authors have tried to study and identify
the microbial signature of ASD through in vivo and ex vivo studies. In this regard, the advent
of metabolomics has also been of great help. Based on these data, several therapeutic strategies,
primarily the use of probiotics, are investigated to improve the symptoms of ASD through the mod-
ulation of the microbiota. However, although the results are promising, the heterogeneity of the
studies precludes concrete evidence. The aim of this review is to explore the role of intestinal barrier
dysfunction, the gut–brain axis and microbiota alterations in ASD and the possible role of probiotic
supplementation in these patients.

Keywords: autism spectrum disorder; intestinal barrier dysfunction; leaky gut; microbiota–gut–brain
axis; probiotics; children

1. Introduction
1.1. Autism Spectrum Disorder

ASD is a complex neurodevelopmental disorder with multifactorial etiology, charac-
terized by the impairment of two main functional areas: (1) continuous communication
and social interaction deficits, and (2) restrictive and repetitive behaviors and interests. The
incidence among sexes is a male/female rate of 3:1 [1,2].

ASD diagnostic criteria are available in the Diagnostic and Statistical Manual of Mental
Disorders-5 [3], describing persistent deficits in social communication and social interac-
tion across multiple contexts, such as deficits in social–emotional reciprocity; nonverbal
communicative behaviors; and developing, maintaining and understanding relationships.
Moreover, ASD children present behavior restricted and repetitive patterns of interests or
activities, as manifested by at least two of the following: (a) repetitive or stereotyped motor
movements, use of objects or speech; (b) insistence on sameness, inflexible adherence to
routines or ritualized patterns of verbal or nonverbal behavior; (c) fixated and restricted
interests that are abnormal in intensity or focus; and (d) hyper- or hypo-reactivity to sensory
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input or unusual interest in sensory aspects of the environment. Such symptoms must
be present in the early period of development, be generally evident at the age of 3 and
cause significant clinical impairment of global functioning. In 2014 in the United States, the
Centers for Disease Control (CDC) estimated 1 case out of 68 children of the age of 8 [4], and
in 2018, the CDC reported an ASD prevalence rate of 1 in 44 or an incidence rate of 2.3% [5].

Considering the great geographical variability and the methodologic differences em-
ployed in prevalence studies, the actual prevalence of ASD is estimated to be higher than
2.5% in the United States and 1.5% in Denmark, Finland and Sweden. In Italy, the preva-
lence of children diagnosed with ASD is estimated to be 1 out of 77 among children between
9 and 17 years old, with a higher risk for the male sex; the number of male patients is four
times higher than the number of female patients.

1.2. ASD Etiopathogenesis

The disease is now defined as a complex disorder with multifactorial etiopathology
because it seems to be determined by the contribution of many risk factors, such as genetics,
epigenetics and environmental factors.

Much evidence supports genetic factors as the predominant cause of ASD. Emphasis
on the genetic component from epidemiological data derives from familiarity and the
high incidence of the autistic behavioral phenotype in the context of genetic diseases with
well-known etiology. The amount of ASD cases with a genetic base represents 10–20% of
the overall number of autistic patients. Concordance studies on twins have shown very
suggestive data; the concordance among monozygotic twins has been shown to be variable
from 70% to 90%, whereas that between dizygotic twins is between 0–10% [6]. Moreover,
ASD incidence is estimated to be 2% among siblings, with a 100 times higher risk than
the normal population (0.02%). Furthermore, the recurrence risk is significantly higher in
families with a first diagnosis of ASD than it is in the normal population. In particular,
families with a first child diagnosed with ASD have greater probabilities of having an
autistic second child depending on the child’s sex, as follows: 15–25% if the child is male,
and 5–15% if the child is female. Last, the presence of many first-grade relatives diagnosed
with ASD testifies to the importance of the genetic hypothesis [7,8]. There are ASD forms
that are similar to genetic syndromes, and these forms represent 10% of all ASD diagnoses.
Beyond the findings of specific alterations that cause specific syndromes, genetic anomalies
implied in ASD can be caused by mutations in one gene or in the total number of copy
variations (CNVs). Besides specific genetic alterations that cause well-known clinical
pictures, there are uncommon genetic variants (with a documented presence of less than
1% of the general population). These mutation sites are in correspondence with genes of
great importance in the process of neurodevelopment, and the most documented are CNVs,
such as microdeletion or microduplication; nonsense mutation with the insertion of a stop
codon; and missense mutation with the creation of aberrant products, such as inactive
proteins or proteins with reduced biological activity [9].

Some relevant examples include genes that code for synaptic transmembrane proteins,
such us neuroligine 3 and 4 and neurexine 1 and 3, which are crucial for synaptic function;
others are SHANK family genes (SHANK 1, 2, 3) that codify for proteins involved in
synapsis formation and dendritic spine maturation. In detail, SHANK 3 is involved in
dendritic development and in a pathway with reelin, a protein that is essential for the
stabilization and the laminar organization of the cerebral cortex [10]. Even if the scientific
community well accepts the role of genetic anomalies, many studies have shown similar
associations with environmental risk factors.

A plethora of environmental risk factors have been taken into consideration, and most
of them refer to the pre/peri-natal period because the maximum development of the central
nervous system (CNS) is in this period. Risk factors that influence neurodevelopment and
provoke long-term alterations in the brain’s physiology include pre-natal exposition to
viral infections (e.g., Cytomegalovirus and Rubivirus); environmental toxic substances,
such as pesticides, phthalates, solvents, environmental pollutants, and heavy metals; stress;
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alcohol intake; and diet [11]. An association between maternal conditions and ASD risk
has been demonstrated.

1.3. Physiological Aspects of ASD

The most common predisposing factors of ASD are neurodevelopment anomalies
during the first and the second trimester of pre-natal life [12]. Other causes are less frequent
but not completely negligible. Among these, cerebellar damage has been identified in the
peri-natal period, which increases the risk of developing autism by 30 times. Neuropathol-
ogy post-mortem studies on histological samples of CNS taken from autistic patients have
shown the presence of cytoarchitectonic anomalies, which can involve various brain regions.
Among these, reduced apoptosis and/or enhanced cellular proliferation (particularly evi-
dent in macrocephalic patients), neuronal migration alteration or anomalies in the process
of cellular maturation and differentiation have been described [13]. From a functional point
of view, neuropathological anomalies bring the formation of an atypical neural network
characterized by reduced long-distance connectivity and exceeding local connectivity [14].

1.4. Gastrointestinal Involvement in ASD

A bidirectional interaction between the gastrointestinal (GI) tract, gut microenviron-
ment and CNS, called the ‘microbiota–gut–brain axis’, regulates intestinal and neurological
homeostasis. An impairment of this complex system can promote, in the presence of other
contributing factors, the pathogenesis of nervous-system-related diseases, such as ASD.

Enteric symptoms (including constipation, diarrhea, recurrent abdominal pain/bloating
and gastroesophageal reflux) are frequent among ASD patients, who often present alter-
ations in intestinal motility and dysfunction of the epithelial barrier.

The aim of this review is to explore the current scientific evidence on the role of intestinal
barrier dysfunction, the gut–brain axis and microbiota alteration in ASD and the possibility
of modulating gut microbiota (GM) in these patients using probiotic supplementation.

2. Intestinal Permeability in ASD

Children with ASD frequently exhibit GI tract problem symptoms. These illnesses’
underlying causes, though, are still poorly understood. It is speculated that the patho-
physiology of ASD may be influenced by the GM and its metabolites [15–17]. Numerous
articles have identified the impact of GI alteration, GM and CNS function, as well as the
potential participation of the microbiome–gut–brain axis [18]. Given that the prevalence of
GI symptoms in ASD children may reach 70%, microbiome and gut–brain connections are
likely to play a significant role in ASD [19].

Additionally, the severity of ASD is correlated with the prevalence of GI symptoms [20],
demonstrating the role of the gut in the pathogenesis of ASD [21,22]. ‘Leaky Gut syndrome’
refers to a situation in which the small or large intestine’s epithelial barrier function is
compromised, resulting in increased types and quantities of molecules and cells that can
flow from the gut to the circulatory system and vice versa [23].

The intestinal microbiota, mucous layer, intestinal epithelium, elements of innate
and acquired immunity, hormonal and neuroenteric systems, vascular–lymphatic system
and digestive enzymes comprise the functional unit of intestinal permeability. It serves
as the body’s first line of protection against toxic, immunogenic and pro-inflammatory
substances by maintaining a delicate balance between the intestinal lumen’s antigenic
charge and the intricate structure of the intestinal mucosa. It is crucial for preserving good
health, stopping systemic and intestinal inflammation and suppressing the immune system.
Only trace amounts of antigens can pass through the normal intestinal barrier to engage
with the innate and adaptive immune systems. A change in its function may promote
bacterial and antigen transit, which may then result in pathogenic diseases [24]. The core
of intestinal permeability is the occlusive, tough intracellular connections. These tight
junctions comprise a system of numerous proteins in the paracellular space between each
cell in the gut lining. They are indeed responsible for the epithelial barrier’s functionality.
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This insurmountable but selective barrier is reinforced by a thick mucus coating and
interacts steadily with luminal contents and enteric bacteria.

It is well known that the gut and the brain have a strong relationship and regularly
interact. Neuropeptides that allow two-way communication between the gut and the
brain include substance P, calcitonin gene-related peptide, neuropeptide Y and vasoactive
intestinal polypeptide [25]. Cortisol, a key player in developing anxiety and depressive dis-
orders, is also released by the hypothalamic–pituitary–adrenal axis and controls intestinal
motility, integrity and hypersecretion [26]. The GM can sequentially affect the function of
the CNS through neuronal, endocrine, immunological and metabolic processes because
communication is bidirectional [27].

The relationship between the gut and the brain in the etiology of autism is assumed
to be increased gut permeability, which has been linked to ASD. For instance, it was
demonstrated that the injection of propionic acid (that is produced by intestinal bacteria) in
rats’ brains [28] results in neuroinflammation and symptoms resembling those of ASD [29].
This might explain why children with ASD experience worsened symptoms when exposed
to food preservatives containing propionic acid. In this particular case, increased gut
permeability would allow propionic acid to enter the bloodstream and eventually leak into
the blood–brain barrier.

Intestinal permeability prevents intestinal contents from entering the bloodstream
and suppressing subsequent immunological inflammatory responses and GI illnesses [30].
As a result, an intact gut barrier decreases inflammatory responses. De Magistris et al.
showed that 36.7% of ASD children have aberrant intestinal permeability compared to
less than 5% of control children [31]. Similar data were reported by D’Eufemia et al., who
reported that 43% of ASD children with GI symptoms have impaired intestinal perme-
ability [32]. Recently, to investigate the association between intestinal permeability and
behavior, Teskey et al. measured the intestinal fatty acid binding protein as a marker of
intestinal epithelial damage in the plasma of children with ASD and found that an increase
in this protein correlates with a severe deficit in communication, social interaction and
maladaptive behavior [15].

A broader understanding of the role of the intestinal barrier in autism can greatly help
predict the best treatment option for a given patient.

3. Microbiota–Gut–Brain Axis Involvement in ASD

Two millennia ago, Hippocrates stated that “All disease begins in the gut” [33]. A
growing interest in systems and organs closely related to the CNS has been triggered by the
high prevalence of some specific medical comorbidities, such as GI disorders, in individuals
with ASD compared to peers with typical development.

Over the past decade, the bidirectional communication between the gut and the
brain, the so-called “gut–brain axis,” has been the focus of preclinical and clinical research,
investigating its possible role in the etiopathogenesis of some neuropsychiatric condi-
tions, including ASD [34]. This interplay of bidirectional communication connecting mind
and body provides a physiological rationale for interpreting these conditions within the
biopsychosocial model. The biopsychosocial model examines the reciprocal and complex
interactions among biological, psychological and environmental factors contributing to
disease [35], mainly due to the growing knowledge of this axis [36].

The enteric nervous system (ENS) is a well-defined entity capable of regulating the
intestinal functions of mobility, secretion and mucosal transport entirely autonomously
from the CNS [27]. As demonstrated in the animal model, the ENS, even when the gut
is entirely denervated by the CNS, it can function on its own. However, it maintains a
bidirectional communication pathway with the CNS [27].

The CNS, after integrating a variety of information regarding internal and external
environmental changes, performs parasympathetic control through the vagus nerve with
cholinergic efferents acting on the myenteric plexus (motor movements) and Meissner’s
plexus (secretions of the submucosal glands), and with sympathetic control through the
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splanchnic nerves that reduce the motility of the intestine and blood supply to the splanch-
nic circulation [27]. The pronounced synergy and continuous exchange of information
along this axis is possible because of the vast neurochemical assets available to the en-
teric nervous system. In in vivo studies, the peripheral stimulation of vagal fibers has
been shown to lead to dopamine release in the reward system [37]. This type of neuronal
network, which connects the GI tract with different levels of the CNS involving the afore-
mentioned neural pathways, humoral signaling molecules and hormones [22,38], is the
functional basis of the gut–brain axis [39].

Notably, the hypothalamic–pituitary–adrenal axis is also involved in this network. It
is responsible for coordinating the body’s adaptive responses following stressful events,
modulating the composition of the GM and the integrity of the intestinal barrier through
the secretion of norepinephrine and dopamine at the neuroendocrine level. The resulting
dysbiosis state and altered permeability can induce the translocation of bacterial com-
ponents, which promotes the secretion of adrenocorticotropic hormone, corticosterone,
prostaglandins and proinflammatory cytokines [26].

Increasing evidence has demonstrated the existence of a complex and still not well-
understood two-way connection among the GM, intestine and CNS. In recent years, as
microbiological and neuroscientific knowledge has advanced and the role played by the
GM in host physiology has become more evident, there has been a shift in the conception
of the gut–brain axis, and the term has been renamed the “microbiota–gut–brain axis” [40].
Indeed, communication between gut microbes and the gut–brain axis occurs through
multiple pathways and mechanisms, including immune, neural, metabolic and endocrine
pathways that arbitrate bidirectional signaling locally in the gut and peripherally [22,41].

Interest in the microbiota–gut–brain axis was ignited when Lozupone et al. demon-
strated an increased hypothalamic–pituitary–adrenal axis response to stress in germ-free
mice compared with non-germ-free mice [42]. Bravo et al. showed that supplementation
with Lacticaseibacillus rhamnosus can modify GABA receptor expression in cortical regions,
the hippocampus and the amygdala, with subsequent reduction in anxiety- and depression-
related behaviors and stress-induced corticosterone levels, suggesting the involvement
of the neuroendocrine axis. Interestingly, these effects were reversed after vagotomy,
suggesting a crucial role of the peripheral nervous system in the gut–brain connection [43].

Interactions with gut microbes occur in the intestinal barrier, which is an essential
and highly dynamic interface between the host and the outside world consisting of several
structures, including secretory immunoglobulin (Ig) A molecules, antimicrobial peptides,
lysozyme and secretory phospholipase A2, intestinal epithelial cells and adaptive immune
cells (macrophages, T cells, B cells and dendritic cells) [22].

Understanding the mechanisms that cause dysfunction in gut–brain communica-
tion has made essential contributions to understanding the basic pathophysiology of the
microbiota–gut–brain axis in patients with ASD and has encouraged the proposal of new
therapeutic perspectives [44].

Indeed, microorganisms harbored in the GI tract can modulate the activation of
cells of the immune system and intestinal epithelium, transducing inflammatory or anti-
inflammatory signals to the enteric nervous system and, consequently, to the CNS [45].
Several authors have hypothesized that alterations in the GM may contribute to the ex-
pression of the autistic phenotype or exacerbate the severity of symptoms in individuals
genetically predisposed to ASD [46–48]. In fact, the microbiota covers many functions; it
supports nutrient digestion, regulates metabolism, processes hazardous substances, partici-
pates in detoxification and organizes control of the immune system. Microbiota composition
is influenced by many factors, including genes, the maternal microbiome, nutrition, brain
activity and mood. This means that something that starts as an emotion in the brain affects
the gut and the signals generated by the microbiota. These signals are, in turn, transmitted
to the brain, often making that emotional state more intense and prolonged [49].
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It has been hypothesized that ASD can result from any disruption that can alter the
balance of the microbiota and the gut and that the disruption of a single part of this delicate
mechanism can potentially impact any link in the chain [50].

Recent studies have shown that some bacteria belonging to the phylum Bacter-
oidetes [Barnesiella, Parabacteroides, Bacteroides, Odoribacter, Prevotella, Proteobacteria
(e.g., Proteus and Parasutterella) and Alistipes] are more abundant in ASD patients as
compared to the general population, whereas Actinobacteria, (Bifidobacterium species) are
often less abundant in ASD patients [51,52].

A detailed discussion of microbiota in ASD subjects can be found in Sections 4 and 5.
Alterations in gut microbial composition can lead to altered levels of neuroactive

molecules, such as short-chain fatty acids (SCFAs), particularly propionic acid, acetic acid
and butyric acid, and lipopolysaccharides that can induce changes in the CNS through
the endocrine pathway [53], and they have all been found to be overexpressed in ASD
populations [54], although the results remain mostly contradictory [55–58].

Studies in animal models have shown an overgrowth of Firmicutes species (spp.), a
reduction in Bacteroidetes spp. and increased butyric acid levels in male mice with autistic-
like behaviors [59,60].

Several studies have demonstrated that SCFAs can permeate the blood–brain bar-
rier [61] and modulate the neural characteristics of brain cells [62–64]. In fact, the adminis-
tration of propionic acid in mouse models, pre-natally through a pregnant mother [65,66] and
in the early years of life [65–68], as well as increasing dietary propionic acid in children [69],
have facilitated the onset of autism-like behaviors in all animal and human studies.

SCFAs of bacterial species act on specific GI and immune pathways, and this may im-
pair gut metabolic function and increase immune response and mitochondrial dysfunction,
resulting in increased oxidative stress. Sustained oxidative stress may, in turn, enhance
intestinal permeability and increase inflammation.

Microglial activation in the brain can further increase inflammation, resulting in the mal-
function of synapses and manifestation of behavioral abnormalities and neuropathology [70–74].

Like mammalians, also in Drosophila, an alteration in the GM can cause an epithelial oxida-
tive burst, causing changes in gut permeability and affecting longevity and behaviors [75–77].

The GM can release metabolites that can modulate levels of psychoactive compounds
in the CNS or produce these neuroactive substances on their own [22,78]. Among the
different neurotransmitters involved in ASD that appear to be regulated by the microbiome
are serotonin, glutamate and dopamine [79,80].

For example, Bifidobacterium spp. and Lactobacillus spp. are producers of γ-aminobutyric
acid (GABA) [79,81,82]; Candida spp., Escherichia spp., Enterococcus spp. and Streptococcus
spp. are producers of serotonin [81]; Escherichia spp. and Saccharomyces spp. generate nore-
pinephrine; Lactobacillus spp. is a producer of acetylcholine; and Bacillus spp. and Serratia
spp. are producers of dopamine [83]. In addition, elevated levels of norepinephrine have
been detected with increased amounts of Bacillus, Enterococcus, Escherichia, Saccharomyces or
Streptococcus spp. in the intestine [79,81].

Serotonin is a neurotransmitter that plays a fundamental role in mood regulation
through its influence on microglial cells in the CNS [84]. Enterochromaffin cells distributed
along the intestinal mucosa produce 95% of it [85]. In the study by Yano et al., it was shown
that indigenous spore-forming bacteria in mouse and human microbiota promote serotonin
biosynthesis from enterochromaffin cells and have a significant impact on host physiology
by modulating GI motility and platelet function, suggesting direct metabolic signaling
from gut microbes to enterochromaffin cells [84]. The GM possesses enzymes that regulate
tryptophan metabolism pathways, leading to the production of serotonin, kynurenine or
indole derivatives. Therefore, by controlling the amount of tryptophan, the microbiota can
influence the brain’s amount of serotonin [86].

Hyper- and hypo-glutamine patterns at different developmental stages underlie the
neurotransmitter communication hypothesis in the pathogenesis of ASD. Various studies
on the antagonists of NMDARs or AMPARs have shown clinical benefits in ASD [87].
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Similarly, the excitatory glutamate pathway is likely one of the factors involved in the
etiopathogenesis of ASD. It is part of gut–brain communication, as it mediates trans-
synaptic signaling. It is also implicated in cell adhesion, linking pre- and postsynaptic
neurons, and it shapes neural networks by specifying synaptic functions [88]. In addition,
a correlation between ASD phenotypes and glutamate/glutamine levels in various brain
areas has been displayed through the use of in vivo neuroimaging of ASD individuals [87].

Furthermore, altered dopamine signaling has been associated with ASD in both mice
and humans. A study by DiCarlo et al. suggested that mice that are homozygous for
the T356M DNA variant of the SLC6A3 gene, which encodes the dopamine transporter,
manifests altered dopamine signaling and metabolic dysfunction, weigh less and have
reduced body fat [89]. The authors found a significant decrease in Fusobacterium abundance
at the oral level. Moreover, there is a positive association among Fusobacterium abundance,
better glucose management and decreased body fat [89].

However, neurotransmitters produced in the gut are unlikely to reach the brain
because of the presence of the blood–brain barrier. A likely exception is GABA because its
transporters are present in the blood–brain barrier. However, the CNS can be indirectly
affected by neurotransmitters produced in the gut because they can act on the enteric
nervous system [90,91].

In fact, the blood–brain barrier is another crucial anatomo-functional structure of
the microbiota–gut–brain axis. Indeed, it modulates the trafficking of specific molecules
and contributes to the maintenance of normal neuronal activity. It is also implicated in
immunological functions and protects the brain from bacteria and microbial molecules
during the CNS developmental phase and in adulthood [92,93]. Balanced GM is necessary
to develop and maintain a normal blood–brain barrier.

In addition, structural changes, including increased activation of microglial cells, have
been observed post-mortem in the brains of autistic individuals [58,76]. All of this underlies
the hypothesis that ASD is a condition caused or at least accompanied by immune activation
in the brain that leads to a neuroinflammatory state and could then lead to malfunctioning
synapses [76]. In the inflammatory phase, arginine vasopressin is released from the brain,
and it is a metabolite known to act on social behavior and is considered a biomarker for
ASD [76]. Furthermore, there is a reduced number of Purkinje cells in the cerebellum of
ASD patients [35,94], which makes them susceptible to the tetanus neurotoxin produced by
Clostridia tetani [94]. In fact, a high amount of Clostridium spp. was found in subjects with ASD,
which could explain the decrease in Purkinje cells in the cerebellum of these subjects [94].

To date, clinical studies investigating neurological function, metabolites related to blood–
brain barrier integrity, microbial involvement and GI function in the context of ASD remain
lacking and have yet to determine whether they can be exploited as targets for therapies.

4. Dysbiosis in ASD Patients

The hypothesis that GI dysbiosis plays a role in the etiopathogenesis of ASD remains
a topic as complex as it is crucial. GM changes widely from birth to adulthood, and there is
still much debate about the timing of gut bacterial colonization. Recent data suggest that
microbes’ initial gut colonization may begin before birth, during pregnancy or through
placental colonization [95], although this remains controversial [96,97]. Further colonization
begins during and immediately after birth via vaginal delivery (vertical transmission) [98]
or, in the case of Cesarean delivery, through contact with the environment immediately
afterward (horizontal transmission) [99].

The microbiome fluctuates dynamically as diet and environmental factors change over
the course of development [100].

Overall, this transfer of microbial agents to the fetus can help in shaping the immune
system, metabolic control and even behavioral aspects [101]. For example, the maternal
Bacteroides (B.) fragilis capsular polysaccharide A contributes to the formation of Treg
cells in the intestinal mucosa of the fetus, protecting against inflammation and enhancing
tolerance to food antigens [102]. Conversely, the composition of the maternal microbiota
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depends on various influences, such as diet, antibiotic exposure and other environmental
factors. A primate study confirmed the role of a high-fat maternal diet in shaping the gut
microbiome of offspring [103]. Moreover, maternal consumption of probiotics is correlated
with a reduced risk of preterm delivery [104] and the development of allergic diseases
in offspring [105]. (On the other hand, antibiotic treatment may limit or alter the fetus’s
exposure to bacteria and their products, causing aberrant primitive immunity.)

In mouse models, antibiotic therapy during pregnancy reduces IL-17-producing cells
and increases the risk of neonatal sepsis [106]. Hsiao et al. reported that, by stimulating
the maternal immune system throughout pregnancy, the offspring show abnormalities
in behavior resembling those observed in ASD [107]. Furthermore, by analyzing the
offspring’s intestinal microbiota and intestinal mucosa, dysbiosis and increased intestinal
permeability were found. However, oral probiotic supplementation with B. fragilis during
weaning could improve behavioral abnormalities and dysbiosis [107]. Maternal immune
activation is also associated with elevated levels of circulating IL-6 and IL-17A [108], which
are involved in differentiating Th17 cells. This underlies the hypothesis that the effect of the
microbiota on the immune response consists of modulation to maintain a proper balance
between pro-inflammatory and anti-inflammatory states mediated by Th17 and Treg cells,
respectively [109]. From this, it follows that the GM may be involved in the multifactorial
etiology of cognitive and behavioral disorders and protection from them.

Other post-natal factors that shape the gut microbial community include nutritional habits
(breast or formula feeding), antibiotic therapy, infections, stress and host genetics [110–112].

In general, it has been seen that human breast milk promotes the growth of beneficial
bacteria, such as Bifidobacteria [113], which are specialized in the digestion of oligosaccha-
rides contained in human milk [114], with Bifidobacterium longum among them [115]. It was
found in a study that children with autism experience a significantly shorter breastfeed-
ing period [116]. In addition, a higher risk of developing ASD was observed in children
who were not breastfed [76]. Similarly, infants born vaginally have a microbiota with a
dominance of Lactobacillus, Prevotella and Snethia spp. [114], whereas those delivered by Ce-
sarean delivery have an altered microbiota composition with a dominance of Staphylococcus,
Corynebacterium, Propionibacterium spp. [114,117], E. coli and Clostridium difficile [118].

In a Swedish study based on a population-based registry with approximately 2.6 million
children, elective Cesarean delivery compared with natural vaginal delivery was observed
to be associated with a 20% significantly higher risk of developing ASD in the child [119].
On the other hand, no association was reported in the sibling control analysis. Therefore,
the authors concluded that Cesarean delivery and ASD are not associated with each
other [119]. Similarly, a British study with more than 18,000 participants found no link
between Cesarean delivery and ASD [120].

It is an accepted fact that antibiotic use in the first 1000 days of life can have detrimental
effects on the normal constitution of the microbiota with long-term effects [121]. It has also
been reported that many children with ASD take relatively high doses of oral antibiotics
in the first years of life, which could be a factor leading to dysbiosis [122]. It has been
observed that even several months after the cessation of antibiotic treatment, recovery
of the microbiota to the pre-therapy state is incomplete in a substantial percentage of
individuals [123]. Thus, early antibiotic use in infants may alter microbial colonization of
the gut and result in decreased taxonomic diversity [123].

The hypothesis about the possible role of the GM in the pathogenesis of autism began
with the consideration of Clostridium and the hypothesis that the neurotoxic effects of
Clostridium could be linked to the onset of ASD [94]. Several studies have demonstrated an
increased abundance of species belonging to Clostridium in the fecal samples of autistic
children [75,124]. It has also been hypothesized that subacute and chronic Clostridium
tetani infection may be responsible for the neurodevelopmental disorder [94]. This has
been supported by investigations with promising results on the administration of oral
vancomycin, minimally absorbed by the intestinal mucosa and thus specifically targeting
the intestinal lumen and its microbiota in ASD [125].
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Dysbiosis can also be affected by emotional and physiological stress, as it can alter the
pattern of mucus secretion [126], induce a temporary reduction in gastric emptying [127,128]
and cause local immune activity by altering intestinal permeability [129]. All these effects
can have a severe impact on the proliferation of intestinal microorganisms.

Moreover, to date, the precise relationship between host genetics and microbial dys-
biosis in ASD is unknown. The genetic background is quite complex, and more than
1000 point mutations are associated with this disorder [130–132]. In a study by Liu et al.,
there was evidence of how host genetics shape the fecal microbial community [133]. Many
ASD-associated mutations occur in genes encoding synaptic cytoplasmic and cell adhesion
molecules, scaffolding proteins and various molecules involved in neurotransmission or
the regulation of synaptic protein synthesis [132].

For example, a missense mutation in neuroligin 3 protein [134], which regulates
dendritic growth and neuronal morphology, has been identified in patients with ASD [135].
Multiple mutations in the gene encoding the synaptic scaffolding protein “SH3 and multiple
ankyrin repeat domains 3” (SHANK3) have been found to be associated with ASD [136],
altering cortical neuronal connectivity and increasing the risk of ASD diagnosis [137].
SHANK3 mutations alter the enteric nervous system, leading to abnormalities in GI motility
and structural alterations in the GI tract [138–140].

Other environmental factors that may alter microbial profiles and contribute to the
etiology of ASD include several drugs, including the antiepileptic valproate, that alter gut
microbial function, including SCFA production [141]. The risk of ASD diagnosis has also
been proven to increase in infants born to mothers who are prescribed valproate [142].

In addition, diet plays a key role in determining the composition and function of the
gut microbiome [110,143].

ASD children often consume a more selective diet and refuse to eat certain foods,
likely because of hyper/hyposensitivity to sensory input associated with ASD [144,145].
Therefore, a selective diet could influence the composition of the GM. Significant changes
in the human GM have been demonstrated after eating an all-animal or plant-based diet
for only four days [146]. In general, the intake of a diet rich in vegetables, fruits and fiber is
associated with increased richness and taxonomic diversity of the GM [147].

On this subject, in recent years, the emergence of metabolomics has made it possible
to detect alterations in metabolites in ASD effectively [148], and major metabolomic studies
on blood samples are summarized in Table 1. Decreased levels of antioxidants, high levels
of bacterial-derived phenolic compounds and a high concentration of SCFAs have been
reported to be found in the urine, stools and blood of children with autism [149–152]. These
factors may result in abnormal neuron mitochondrial function, epigenetically regulating
ASD-related gene expression [53,153]. In addition, free amino acid levels are much higher in
autistic children than they are in controls and correlate with increased proteolytic bacteria,
such as Clostridium and Bacteroides [153]. In a study by Noto et al., elevated levels of
3-(3-hydroxyphenyl)-3-hydroxypropanoic acid, 3,4-dihydroxybutyric acid, phenylalanine,
tyrosine, p-hydroxyphenylacetic acid and homovanillic acid, the latter four of which are
involved in the tyrosine pathway leading to the neurotransmitter catecholamine, were
found in the urine of 21 ASD children compared to their siblings [154].

Table 1. Metabolites in blood samples of ASD subjects from metabolomic studies.

References N of
Subjects

Analytical
Technique Increased Metabolites Decreased Metabolites Metabolic Process Involved

Kuwabara et al.
(2013) [155]

32 ASD
40 controls CE–TOF-MS Taurine, arginine Lactic acid, 5-oxoproline

• Oxidative stress
• Mitochondrial

dysfunction

West et al.
(2014) [156]

52 ASD
30 controls

LC–MS and
GC–MS

Aspartate, glutamate, DHEA
sulfate, serine, glutaric acid,
5-aminovaleric acid lactam,
5-hydroxynorvaline, succinin
acid, 3-aminoisobutyric acid,
2-hydroxyvaleric acid

Homocitrulline, lactic acid,
2-hydroxyvaleric acid, cystine,
myristic acid, isoleucine, creatinine,
methylhexadecanoic acid,
4-hydroxyphenyllactic acid, citric
acid, heptadecanoic acid

• Oxidative stress
• Mitochondrial disease or

dysfunction
• Energy production
• Homocitrulline

metabolism
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Table 1. Cont.

References N of
Subjects

Analytical
Technique Increased Metabolites Decreased Metabolites Metabolic Process Involved

Wang et al.
(2016) [157]

173 ASD
163 controls

UPLC/Q-TOF
MS/MS

Phytosphingosine, sphingosine
1-phosphate, pregnanetriol,
LysoPC(20:3(5Z,8Z,11Z)),
LysoPC(18:3(6Z,9Z,12Z)),
9,10-epoxyoctadecenoic acid

L-acetylcarnitine, decanoylcarnitine,
adrenic acid, uric acid, arachidonic
acid, docosahexaenoic acid,
docosapentaenoic acid

• Mitochondrial
dysfunction

• Fatty acid β-oxidation

Anwar et al.
(2018) [158]

38 ASD
31 controls LC–MS

Nε-carboxymethyl-lysine,
threonine, hydroimidazolone age
derived from methylglyoxal,
arginine, glutamine,
glutamicacid, nω-
carboxymethylarginine,
glutamic semialdehyde,
α-aminoadipic semialdehyde

3-deoxyglucosone, tryptophan,
nε-fructosyl-lysine,
n-formylkynurenine,
hydroimidazolone age derived
from glyoxal

• Glucose glycation
• Oxidative stress
• Protein glycation

Barone et al.
(2018) [159]

83 ASD
79 controls

ESI-Tandem
MS/MS

Hexadecenoylcarnitine,
octadecenoylcarnitine,
acetylcarnitine,
methylmalonyl/3-OH-
isovalerylcarnitine, citrulline,
decanoylcarnitine,
tetradecadienoylcarnitine,
dodecanoylcarnitine,
hexadecanoylcarnitine

• Biosynthesis of
amino acids

• Fatty acid metabolism
• Mitochondrial

dysfunction
• Gastrointestinal

disturbances

Delaye et al.
(2018) [160]

22 ASD
29 controls

Amino acid
chromatographs Glutamate, glycine, serine • Neurotransmitter

metabolism

Grayaa et al.
(2018) [161]

36 ASD
38 controls GC–MS 24-Hydroxycholesterol 25-Hydroxycholesterol,

7α-hydroxycholesterol

• Cytotoxicity
• Cholesterol metabolism
• Apoptosis
• Synaptic dysfunction
• Oxidative stress

Karhson et al.
(2018) [162]

59 ASD
53 controls LC–MS/MS Anandamide

• Retrograde
endocannabinoid
signaling

Lv et al.
(2018) [163]

60 ASD
30 controls MS/MS

Carnosyl carnitin, free carnitine,
twenty-four carbonyl carnitine,
octyl carnitine, glutaryl carnitine

• Mitochondrial
dysfunction

• Fatty acid metabolism

Aran et al.
(2019) [164]

93 ASD
93 controls LC–MS/MS

N-arachidonoylethanolamine,
n-oleoylethanolamine,
n-palmitoylethanolamine,

• Retrograde
endocannabinoid
signaling

Kelly et al.
(2019) [165]

403 children
including
52 ASD

UPLC-MS/MS

Trimethylamine N-oxide,
cinnamoylglycine, oleoyl
ethanolamide, linoleoyl
ethanolamide,
docosahexaenoylcarnitine,
prolylhydroxyproline,
alpha-ketobutyrate, palmitoyl
ethanolamide, erythritol,
serotonin

N-formylphenylalanine,
5-hydroxyindoleacetate, pyrraline,
n-formylanthranilic acid,
sphingomyelin (d18:1/25:0,
d19:0/24:1, d20:1/23:0, d19:1/24:0)

• Endocannabinoid
metabolism

• Xenobiotics and
tryptophan metabolism

• Amino acid mebolism
• Phospholipid metabolism
• Fatty acid metabolism
• Urea cycle
• Sphingolipid metabolism

Orozco et al.
(2019) [166]

167 ASD
193 controls H-NMR Glycine, serine, ornithine,

cis-aconitate

• Carbon metabolism
• TCA cycle
• Urea cycle

Rangel-Huerta
et al. (2019)
[167]

20 ASD
30 controls

UPLC–
MS/MS

1-methylnicotinamide, 3-Indoxyl
sulfate, 4-methyl-2-oxopetane,
5-bromotryptophan, sebacate,
dodecanedioate, aspartate,
orotate, galactitol,
N-acetyl-aspartyl,
6-hydroxyindole sulfate,
cortisone, methionine,
tryptophan, arginine
-glutamylmethionine,
ursodeoxycholate,
sphingomyelins, kynurenine,
choline phosphate,
decanoylcarnitine,
2-keto-3-deoxyglutamate,
arachidate, behenate, fructose

Glutamate, 1-stearoyl-glycerol-
phosphatidyl-etholamine,
1-palmitoyl-glycerol-phosphatidyl-
etholamine, nicotinamide

• Amino acid, lipid and
nicotinamide metabolism

• Neurotransmitter
metabolism
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Table 1. Cont.

References N of
Subjects

Analytical
Technique Increased Metabolites Decreased Metabolites Metabolic Process Involved

Smith et al.
(2019) [168]

516 ASD
164 controls

Triple
Quadrupole
LC–MS

Glutamine, ornithine, glycine,
ornithine to isoleucine ratio,
ornithine to valine ratio,
glutamine to leucine ratio,
glycine to leucine ratio,
glutamine to isoleucine ratio,
ornithine to leucine ratio,
glutamine to valine ratioglycine
to isoleucine ratio, glycine to
valine ratio

Isoleucine, leucine, valine
• Amino acid metabolism
• Neurological

impairments

Shen et al.
(2022) [169]

5 ASD
5 controls

UPLC/Q-TOF
MS/MS L-Glutamine

L-Glutamate, alanine, aspartate,
O-phospho-4-hydroxy-Lthreonine,
pyridoxamine, 4-pyridoxate

• Niacin and niacinamide
metabolism

• Vitamin B6 metabolism
• Arginine biosynthesis
• Sphingolipid metabolism

Wang et al.
(2022) [170]

29 ASD
30 controls LC–MS/MS

Valine, palmitoleic acid,
epsilon-caprolactam, arachidonic
acid, prostaglandin D2

Choline, 5-aminoimidazole
ribonucleotide,
1-acylglycerophosphocholine,
deoxyribose, benzoic acid,
3-butynoate, ornithine

• Arachidonic acid
metabolism

• Serotonergic synapse
• Choline metabolism

ASD, Autism Spectrum Disorder; CE–TOF-MS, Capillary Electrophoresis–Time-Of-Flight Mass Spectrometry; LC–
MS, Liquid Chromatography–Mass Spectrometry; GC–MS, Gas Chromatography–Mass Spectrometry; MS/MS
Tandem Mass Spectrometry; UPLC/Q-TOF-MS Ultra-High Performance Liquid Chromatography–Quadrupole
Time-Of-Flight Mass Spectrometry; H-NMR, Hydrogen-1 Nuclear Magnetic Resonance; TCA, Tricarboxylic Acid
Cycle; DHEA, Dehydroepiandrosterone.

In addition to the factors mentioned above, the alteration of neurotransmitters is an-
other potential mechanism linking dysbiosis to the development of ASD. Hyposerotonemia
has been reported in the brains and blood of individuals with ASD [140,171]. According to
some authors, the disruption of this biomarker could relate to intestinal dysbiosis because,
as mentioned earlier, 95% of circulating serotonin is produced from intestinal enterochro-
maffin cells [85]. According to DeTheije et al., the low-grade inflammatory gut state of ASD
children may induce enterochromaffin cells, mast cells and platelets to produce serotonin
synthesis, inducing intestinal dysmotility and tryptophan consumption [172]. Moreover,
dysbiosis can reduce tryptophan availability by decreasing amino acid uptake from the
diet [173]. Consequently, despite higher levels of circulating serotonin from the gut, the
effective availability of this neurotransmitter to the CNS may actually be decreased. Unfor-
tunately, neither tryptophan supplementation nor selective serotonin reuptake inhibitors
have ever proved effective [50].

There is still debate on the exact function of GM in ASD, and despite the opposing
results of some studies, the comprehensive assessment of microbiome modifications due to
both genetic and environmental influences could be useful in planning preventive strategies
that act on the microbiota.

5. Alterations in Microbial Composition in ASD

There are many reasons why research has focused on alterations in GM as a risk factor
for the development of ASD symptoms. For example, in a 2019 study by Sharon et al., it
was found that germ-free mice exhibit behavior that resembles ASD after colonization with
the fecal microbiota of human donors with autism [70]. In this study, subjects with ASD
had a different abundance of Clostridiaceae, Lactobacillales, Enterobacteriaceae and Bacteroides
compared to the control group. They also remarked that mice treated with the GM of ASD
patients present alternative splicing of many ASD-related genes in the brain. In addition,
a reduction in some metabolite profiles was observed in the ASD group, particularly
5-aminovaleric acid and taurine [70].

Bacterial species composition differs widely among individuals [174], although the
microbiota of the GI tract is fairly preserved at the phylum level, where Firmicutes and
Bacteroidetes prevail [174,175]. Many studies use fecal samples as a noninvasive proxy for
GM because of the difficulties of sampling gut tissue (e.g., via colonoscopy). Although
fecal microbiota seems to be of high representation in the colonic biota, it is a poorer proxy
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for other areas of the GI tract [176,177]. Stool sampling is still the preferred method for
most studies of the intestinal microbiome in humans because fecal material comprises a
subgroup of microorganisms that inhabit both the lumen and the mucosa.

Next-generation sequencing technologies through amplification, specifically by the
PCR of the 16S ribosomal RNA gene for taxonomic classification, have contributed a
culture-independent and very efficient approach for studying GM.

It is known that patients with ASD, compared with neurotypical children, largely
present an altered intestinal microbial composition [178]. However, no particular microbial
strains that might be associated with changes in various aspects such as age, diet, sex,
population and ASD severity have been identified to be altered in all microbiota studies on
ASD [179,180]. Patients with ASD often have microbial imbalances of various types, even
though alterations in GM in patients with autism are not always the same across studies.

A commonly noticed phenomenon in the feces of ASD children is a reduced ratio of
Bacteroidetes and Firmicutes, which might result from a reduction in the relative abun-
dance of the phylum Bacteroidetes, responsible for digesting polysaccharides [114,180–183].
Therefore, Settanni et al. supported the hypothesis that people with ASD have abnor-
mal carbohydrate digestion and intestinal mucosal dysbiosis [179,184]. Conflicting data
were reported in the study conducted by De Angelis et al. on 30 subject children who
reported higher numbers of Bacteroidetes than Firmicutes in ASD compared with those
of the controls [185]. However, these findings were not statistically relevant [185]. In
the same study, the phyla Verrucomicrobia and Fusobacteria were represented in lower
concentrations in the feces of ten ASD compared to ten controls [185]. The significantly
increased bacteria in ASD were Akkermansia spp., Anaerophilum, Dorea spp., Clostridium spp.,
Barnesiella intestinihominis, Enterobacteriaceae, Roseburia spp., Faecalibacterium spp. (especially
Faecalibacterium prausnitzii), Parasutterella excrementihominis, Turicibacter spp., Pseudomonas,
Prevotella oris and Prevotella copri. The significantly reduced bacteria in ASD were E. coli,
Bifidobacterium, Oscillospira, Fusobacterium, Subdoligranulum spp. and Streptococcus spp. The
least represented strains in children with ASD were Lactobacillus, Lactococcus, Enterococcus
spp., Collinsella spp. (except Collinsella aerofaciens) and Staphylococcus [185].

In a study by Kang et al., the fecal microbiota of twenty autistic children with GI
problems was compared with that of twenty neurotypical individuals. It showed signifi-
cantly lower bacterial diversity in children with ASD [122,186]. In addition, they reported
a decreased abundance of the Coprococcus, Prevotellaceae and Veillonellaceae in patients with
autism [187]. Prevotella spp. are commensal intestinal microbes specialized in vitamin B1
synthesis and the degradation of vegetable polysaccharides. Thus, a vitamin B1 deficiency
could be determined by a lower abundance of Prevotella spp. Minor differences have been
observed in the genus Sutterella, which is less represented in ASD children [122]. These re-
sults suggest a changed composition of the microbiota in children with ASD that potentially
could have biochemical and functional implications for the guest.

In earlier research, some Prevotella spp. (P. oralis, P. ruminicola, P. tanneries) were found
to be reduced in patients with irritable bowel syndrome [36]. This research suggests that
GI symptoms in ASD are related to altered balance in the microbiota [187].

In other past research, the amount of the genus Akkermansia was reported to decrease
in children with ASD, whereas the amount of Desulfovibrio spp. increased [135,182]. The
latter bacteria are recognized as being harmful, as they might exacerbate ASD patterns and
GI disorders [188].

In a recent systematic review and meta-analysis conducted by Iglesias-Vázquez et al.,
including 18 studies with 493 autistic children and 404 healthy controls, it was found that
GM is composed primarily of the genera Bacteroidetes, Actinobacteria and Firmicutes, all of
which are more numerous in autistic children than they are in healthy controls [189].

Autistic children displayed a significantly increased abundance of the genera Bacteroides,
Phascolarctobacterium, Clostridium, Parabacteroides and Faecalibacterium and minor amount
of Coprococcus and Bifidobacterium. The authors concluded by suggesting the actual exis-
tence of dysbiosis in autistic children that could influence the development and severity
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of autistic symptomatology [189]. However, controversial results have been reported
among the studies included in the analysis. For Bacteroidetes, most studies identified
a higher abundance in autistic children [21,122,179,190–192], whereas others reported
opposite results [180,193,194]; for Firmicutes, some studies have shown greater percent-
ages in children with ASD [180,193,194], whereas others have shown greater percentages
in healthy controls [21,190,192], with others even indicating no distinction between the
groups [122,191]. For Actinobacteria, the relative abundance was not significantly different
between those with ASD and the controls.

In a study by William et al., the microbiota was analyzed on intestinal biopsies of the
cecum and terminal ileum, and significantly more Sutterella spp. were found in twenty-
three children with ASD compared to those in nine controls. Sutterella spp. are usually
poor in healthy GM and were not detected in any of the healthy controls. However, they
were found in 12 of the 23 individuals with ASD [195]. Kushak et al. also studied microbial
composition in duodenal biopsies comparing 19 ASD children with 21 controls without
finding significant differences between phyla, but the authors observed some alterations
at the genera and strain levels [196]. In particular, Burkholderia spp. was significantly
augmented in subjects with ASD compared with the controls. Oscillospira, Actinomyces,
Ralstonia and Peptostreptococcus were increased, and the genera Bacteroides, Devosia, Neisseria,
Prevotella and Streptococcus were underrepresented in autistic children compared with the
controls. In addition, lower abundances of Escherichia coli were reported [196].

Kushak et al. were unable to identify significant differences at the phylum level, as
other research has cited [180,182,183,185], likely because all other studies analyzed the
GM composition of fecal specimens and not duodenal mucosal biopsies. As previously
mentioned, stool samples broadly represent the GM composition of the large bowel [197].
Kushak et al. instead mapped the GM composition of the small bowel, and in their conclu-
sions, the authors suggested that microbial alterations in the large gut may have a more
important effect on ASD than do alterations in the small bowel. Hence, a clearer portrayal
of the GM environment may be obtained by collecting mucosal specimens from throughout
the gut tract to confront the microbiota and better understand the interrelationships of GM
functioning and interaction with the host.

A decreased amount of Bacteroides, with a significantly increased Firmicutes/Bacteroidetes
ratio, was found in the ileum and cecum biopsies of 15 autistic children (7 controls) [183].
Firmicutes amounts were slightly increased in the autistic group. The Betaproteobacteria
(Proteobacteria) class was significantly more copious in the fecal specimens from the cecum
of autistic patients [183].

In addition, sibling control studies in the literature have led to discordant results.
In a Slovak study conducted by Tomova et al. on 29 participants, including ASD

children, their siblings and healthy controls, they reported that the amounts of Lactobacillus
spp., Desulfovibrio spp. and Clostridia spp. were significantly increased in the stools
of subjects with ASD compared to those of their siblings and the controls. Moreover,
Bifidobacterium spp. was decreased in autistic children [182]. Desulfovibrio spp. could be
an essential factor in GI inflammation because its main metabolic byproduct, hydrogen
sulfide, is cytotoxic to colonicmucosa [198]. In addition, when administered to rodents,
Desulfovibrio spp. reduces working memory [199].

Desulfovibrio spp. abundance has been associated by researchers with the severity
of behavioral symptoms in communication, social interaction and restricted/repetitive
behavior in autism. In non-autistic siblings of children with ASD, a lower abundance of
Bacteroidetes and Bifidobacterium spp. and a higher amount of Desulfovibrio spp. were
shown than those in autistic children. Therefore, the authors hypothesized that the levels of
bacterial strains may be the key turning factor between healthy and ASD phenotypes [182].

In contrast, no significant differences were found in a study conducted by Gondalia et al.
on the microbial composition of 51 subjects with ASD and their 53 nonautistic siblings [193].
Likewise, another study that included 59 ASD children and 44 nonautistic siblings also
reported no significant differences in GM composition [200]. These findings imply that
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siblings’ microbiota are similar and independent of their autism phenotype [193], likely
due to the shared environment and genetic inheritance [56].

Compared with neurotypical healthy subjects, autistic children have been demon-
strated to have a significantly higher amount of Clostridium spp., which has been as-
sociated with disease severity according to the Childhood Autism Rating score (CARs
score) [178,201,202]. In a study conducted by Finnegold et al. on fecal samples from
33 autistic children, they observed a significantly higher rate of Clostridium perfringens
producing beta2-toxin gene in ASD children compared to that in 13 controls [186]. Sim-
ilarly, Alshammari et al. observed a greater presence of Clostridium perfringens in ASD
children than that in the controls [203,204]. In addition, Beta2 toxin has been linked to
more GI abnormalities, such as food poisoning and diarrhea [181]. Fisher et al. found that
stool samples from patients with ASD had 79% beta2 toxin, whereas it was only 38% in
the controls [181].

In a review, the authors suggested that a subacute tetanic infection with Clostridium
tetani, an opportunistic pathogen, could cause some cases of ASD following the production
of tetanus neurotoxin [94]. It inhibits the discharge of synaptic vesicles holding neuro-
transmitters by irreversibly cleaving synaptobrevin. Synapses with cleaved synaptobrevin
degrade, and the decreased synaptic activity is correlated with the decreased social behavior
found in ASD [94].

In addition, fungal gut dysbiosis has been found in the autistic population in addition
to bacterial changes. The yeast Candida albicans, which makes ammonia and other toxins
likely associated with ASD-related behavior, has been identified in the guts of autistic chil-
dren more often than in those of non-ASD children [201,205]. A study by Kantarcioglu et al.
found a higher amount of Candida spp. in the intestines of 415 autistic individuals com-
pared with that in 403 controls [205]. The authors estimated that about 60% of the healthy
population are asymptomatic carriers of Candida spp., which appears to be associated
with some autistic behaviors [205]. In ASD subjects, altered microbiota diversity promotes
the rise of Candida spp., which, once settled in the intestine, prevents the recolonization
of commensal microbiota [180]. Candida spp. produces ammonia and toxins and also
causes the malabsorption of minerals and carbohydrates, which could play a role in the
pathophysiology of ASD [205].

All the cited studies have reportedd a dysbiotic bacterial profile in ASD children. The
direction of causation, i.e., whether alterations in microbial profiles are related to the onset
of ASD, is still under study.

6. Role of Probiotics in ASD

Evidence of the beneficial effects of probiotic and symbiotic formulations in individ-
uals with ASD has been evaluated over the years through numerous studies (Table 2).
Supplementation with probiotics allows for the use of an easy and noninvasive approach in
modulating the composition and functions of GM and likely also in affecting host immune
signaling, resulting in improved or prevented inflammation [187,206].

Table 2. Clinical studies of probiotic and synbiotic supplementation in children with ASD.

References Study Type Probiotic Strains
(Doses) Duration Sample

Size (N) Study Population Main Results

Single strain

Parracho et al.
(2010) [207]

Randomized,
double-blind,
placebo-
controlled

L. plantarum WCSF1
(4.5 × 1010

CFU/capsule)
3 weeks 39

4–16-year-old
children with
ASD,
UK

• ↑ Lactobacilli and Enterococci, ↓
Clostridium cluster XIVa in stools

• Improved total behavior scores
(DBC-P scores)

• No major differences in
GI symptoms

• Improved stool consistency
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Table 2. Cont.

References Study Type Probiotic Strains
(Doses) Duration Sample

Size (N) Study Population Main Results

Kaluzna-
Czaplinska et al.
(2012) [208]

Prospective,
open-label,
no controls

L. acidophilus Rosell-11
(5 × 109 CFU/capsule)

Twice daily for
2 months 22

4–10-year-old
children with ASD,
90% male,
Poland

• ↑ D-arabinitol urine levels
(p < 0.05) before and after treatment

• ↓ D-arabinitol and the ratio of
D-/L-arabinitol in urine

• Improvement in the ability to
concentrate and carry out orders

Partty et al.
(2015) [209]

Randomized,
placebo-
controlled

L. rhamnosus GG
ATCC 53,103
(1 × 1010 CFU)

Once daily for
7 months (1 month
pre-delivery and
6 months post)
13-year follow-up

75

Infant intervention
(n = 40) Controls
(n = 35),
Finland

• At 13 y, 17.1% of the placebo arm
had ADHD or Asperger’s
Syndrome or ADHD vs. 0% of
individuals in the probiotic
arm (p = 0.008)

• ↓ Bifidobacterium spp. in children
with neurologica impairment at
6 months of age compared to
controls (p = 0.03)

Combinations

West et al.
(2013) [210]

Prospective,
open-label,
no control

Delpro®: L.
acidophilus, L. casei,
L. delbrueckii,
Bifidobacterium longum,
Bifidobacterium bifidum +
immunomodulator
Del-Immune V®

(1 × 108 CFU)

Three times daily
for 3 weeks 33

3–16-year-old
children with
ASD + GI
issues, USA

• 48% of participants ↓ diarrhea
• 52% of participants ↓constipation
• 88% of participants improved

behavior (↓ ATEC score)

Tomova et al.
(2015) [182]

Prospective,
open-label,
controlled

Three strains of
Lactobacillus,
two strains
of Bifidobacteria, one
strain of Streptococcus

Three times daily
for 4 months 29

2–9-year-old
children with ASD
(n = 10),
5–17-year-old
siblings of ASD
children (n = 9),
2–11-year-old
control children
(n = 10),
Slovakia

• ↓ Bifidobacteria and Desulfovibrio
spp. in stools

• Normalization
Bacterioides/Firmicutes ratio

• ↓ Fecal TNF-α

Shaaban et al.
(2018) [211]

Prospective,
open-label

L. acidophilus,
L. rhamnosus,
Bifidobacteria longum
(100 × 106 CFU)

Once daily for
3 months 30

5–9 year old
children with ASD
(n = 30, 63% male),
Controls (n = 30,
matched
age/gender),
Egypt

• ↑ Bifidobacteria and lactobacilli
in stools

• Improved behavior
(↓ ATEC scores)

• ↓ Total GI symptom severity
(6-GSI scores)

Arnold et al.
(2019) [212]

Randomized,
placebo-
controlled,
cross-over
pilot study

Visbiome® (formerly
VSL#3) L. acidophilus,
L. plantarum; L. para-casei,
L. delbrueckii subsp.
Bulgaricus, Streptococcus
thermophiles,
Bifidobacterium longum,
Bifidobacterium breve,
Bifidobacterium infantis
(90 × 1010 CFU/packet)

Twice a day for
8 weeks 13

3–12-year-old
children with
ASD + anxiety + FGID

• PedsQL GI score temporarily
improved (p = 0.14)

• ↓ Parent-targeted GI symptoms
(p = 0.02)

• No shift in gut microbiome
diversity or family level
composition of species

Santocchi et al.
(2020) [213]

Randomized,
placebo-
controlled

Visbiome® (formerly
VSL#3, for composition
see above)
(450 billion
CFU/packet)

6 months: Two
packets/day for
4 weeks, one
packet/day for
5 months

63

18–72 month-old
children with ASD
(n = 31),
Controls with ASD
(n = 32, matched
age/gender),
Italy

• No significant changes in ASD
severity score (ADOS-CSS score)

• No significant difference in blood
biomarkers (IL-6, TFN-α) or fecal
calprotectin

Subgroup analysis:
- No GI group, n = 46
• ↓ Total autistic severity scores

(ADOS) (p = 0.026)
- GI group, n = 17
• ↓ GI severity total (p = 0.0191), ↓

stool smell (p < 0.001), and ↓
flatulence (p = 0.0187)

Synbiotic

Sanctuary et al.
(2019) [214]

Randomized,
double-blind,
controlled,
cross-over

Bifidobacterium infantis
UCD272 (2 × 109

CFU/day) + BCP
(0.15 g/lb body
weight/day) vs.
BCP alone
(0.15 g/lb body
weight/day)

Once daily for
5 weeks, 2-week
washout,
5 weeks

8

2–11-year-old
children with
ASD + GI
comorbidity,
America

• ↓ GI pain in both group
• ↓ Frequency of diarrhea in BCP

arm (p = 0.021)
• ↓ In total aberrant behavior

scores in BCP only (p = 0.006)
• ↓ IL-13 (post symbiotic

intervention, p = 0.006) and
TNF-α release in stimulated cells
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Table 2. Cont.

References Study Type Probiotic Strains
(Doses) Duration Sample

Size (N) Study Population Main Results

Wang et al.
(2020) [215]

Randomized,
placebo-
controlled

Bifidobacterium infantis
Bi-26, L. rhamnosus
HN001, Bifidobacterium
lactis BL-04 and L.
paracasei LPC-37 + FOS

Once daily for
108 days
(measures taken at
30, 60 and 108
days)

50

Phase 1:
2–8-year-old
children with ASD
(n = 26), Controls
(n = 24, matched
age/gender)
Phase 2: RCT
Intervention (n = 16),
Controls (n = 10),
China

Phase 2—probiotic + FOS intervention
vs. placebo:
• ↓ in ASD severity scores (60 days,

p = 0.04; 108 days, p = 0.009)
• ↓ in severity of GI symptoms (30

days, p = 0.002; 60 days p = 0.001;
108 days, p < 0.001)

• ↑ Bifidobacterium longum and ↓
Ruminococcus and Clostridium
spp.

• ↑ SCFAs, ↓ plasma zonulin and ↓
plasma serotonin

ADOS, Autistic Symptoms and Subthreshold Score; ATEC, Autism Treatment Evaluation Checklist Structure;
BCP, Bovine Colostrum Product; CFU, Colony Forming Unit; DBC, Developmental Behavior Checklist; FGID,
Functional GI Disorders; FOS, fructo-oligosaccharide; GI, gastrointestinal; 6-GSI, 6-Item Gastrointestinal Severity
Index; IL, interleukin; L., Lactobacillus; PedsQL, Pediatric Quality of Life Inventory; SCFAs, short chain fatty acids;
TNF-α, tumor necrosis factor alpha; ® registered trademark; ↑ increased; ↓ decreased.

In a recent study conducted in an animal model of obsessive-compulsive disorder,
the administration of L. casei Shirota reduced obsessive-compulsive disorder symptoms,
which are likely secondary to the regulation of serotonin-related gene expression [216].
In another mouse model study, treatment with Bacteroides fragilis effectively reduced gut
permeability and altered levels of tight junction proteins and cytokines, proving to be an
attractive treatment for improving a leaky gut and behavioral symptoms [107].

In a randomized placebo-controlled trial conducted by Parracho et al., supplemen-
tation with L. plantarum WCSF1 for three months in children with ASD resulted in an
amelioration of gut symptoms (p < 0.01) but also, more importantly, in an improvement in
behavioral scores (p < 0.05) [207]. The authors observed an augmentation in enterococci
and lactobacilli and a decrease in Clostridium cluster XIVa compared with those in the
placebo group [207].

Kałużna-Czaplińska and Blaszczyk performed an open-label study by supplementing
22 ASD children aged 4 to 11 years with L. acidophilus Rosell-11 for two months [208]. The
authors found that probiotic supplementation helps to mitigate behavioral issues that are
characteristic of ASD and significantly reduce urinary levels of D-arabinitol, a metabolite
of Candida spp., compared with the baseline (p < 0.05) [208].

West et al. examined the efficacy of Delpro®, a probiotic supplement with a mixture
of five strains of bifidobacterial and lactobacilli with the addition of the immunomodulator
Del-Immune V® (L. rhamnosus V, cell lysate) in children with ASD (n = 33, 3–16 years) [210].
After three weeks of treatment, participants reported a 48% reduction in diarrhea severity
and a 52% reduction in constipation severity [210]. In addition, 88% of the children showed
an improvement in ASD symptoms with a decrease in ASD severity scores [210].

Another pilot study by Tomova et al. treated ASD children (n = 10, 5–17 years), their sib-
lings (n = 9) and neurotypical controls (n = 10) with a mixture of probiotics (Bifidobacterium,
Lactobacillus and Streptococcus spp.) for four months [182]. The researchers described a
significant reduction in Bifidobacterium and Desulfovibrio spp. and in the normalization of
the Bacteroidetes/Firmicutes ratio in the stools of children with ASD, but also a reduction in
TNF-α levels, a key inflammatory cytokine in intestinal inflammation (p < 0.05) [182].

Treating ASD children (n = 30, 5–9 years old) for three months with a mixture of
probiotics (L. acidophilus, L. rhamnosus, and Bifidobacterium longum), Shaaban et al. found a
significant increase in Bifidobacteria and Lactobacilli in stool samples along with a reduction
in autism severity scores compared to baseline results (p = 0.0001) and total GI symptom
severity (p < 0.0001) [211].

A more recent cross-over, a randomized placebo-controlled pilot study by Arnold
et al., evaluated the magnitude of the effect and safety of VISBIOME (formerly VSL#3), a
mixture of eight probiotic strains of Lactobacilli, Bifidobacteria and Streptococcus thermophiles in
children with ASD and comorbidities of anxiety and GI disorders (n = 13, 3–12 years) [212].
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Probiotic supplementation produced nonsignificant and temporary improvements in GI
symptoms compared with the placebo (p = 0.02) and did not change bacterial species
diversity and microbiome composition [212].

Also, in another recent randomized double-blind placebo-controlled clinical trial con-
ducted by Santocchi et al., VISBIOME was administered in preschool children with ASD
(n = 63, 18–72 months) for six months [213]. Probiotic treatment did not lead to signifi-
cant differences in autism severity or in fecal or blood inflammatory markers between
groups [213]. In the subgroup analysis of patients without GI symptoms, probiotic supple-
mentation significantly reduced total autism severity scores compared with the placebo
(p = 0.026). Similarly, in the subgroup of patients with GI manifestations, there was a signif-
icant decrease in GI symptom severity scores compared with the placebo (p = 0.0191) [213].

Furthermore, if probiotics are used together with prebiotics, a substrate selectively
used by host microorganisms that confers a health benefit, synbiotics are created, which
are a mixture that includes live microorganisms and substrates selectively used by host
microbiota that confer a health benefit to the host [217].

In a randomized clinical trial conducted by Sanctuary et al., children with ASD and
GI comorbidities such as chronic constipation, diarrhea and/or irritable bowel syndrome
(n = 8, 2–11 years) were randomized to receive Bifidobacterium infantis UCD272 in combina-
tion with a bovine colostrum product (BCP), a prebiotic or BCP alone [214]. Subjects had
both treatments for five weeks, but in a different order according to randomization with a
2-week washout period. These supplementations showed that both were well tolerated by
the patients; both treatments significantly reduced abdominal pain; a significant reduction
in the incidence of diarrhea was only found in the BCP arm (p = 0.021); there was a decrease
in the total aberrant behavior scores in the BCP group (p = 0.006); and there were no overall
alterations in the GM or associated metabolites (fecal, urinary or blood) in either treatment
arm [214]. According to researchers, an improvement in GI symptoms may be due to a
significant reduction in the percentage of helper T lymphocytes (CD4+ T cells) expressing
IL-13, a cytokine involved in allergic disorders, after treatment with a symbiotic, and in
the percentage of CD8+ T cells expressing TNF-α (a cytokine involved in inflammatory
responses) after treatment with BCP alone observed in the analysis of blood samples after
treatment [214]. However, this study had a significant limitation determined by the low
number of patients and the lack of a placebo arm [214].

In a 2020 randomized controlled trial, Wang et al. administered a probiotic mix-
ture (one packet per day containing L. rhamnosus HN001, Bifidobacterium lactis BL-04,
Bifidobacterium infantis Bi-26 and L. paracasei LPC-37) in combination with a prebiotic con-
sisting of fructo-oligosaccharides (FOS) or a placebo in ASD children (n = 26, 2–8 years)
for 30–108 days [215]. Supplementation showed a significant improvement in GI mani-
festations (diarrhea, constipation and fecal odor) in the treatment arm (p < 0.001), signifi-
cantly reduced autism severity scores (p = 0.009), increased levels of Bifidobacterium longum
(p < 0.001) and reduced levels of potentially pathogenic species, such as Clostridium spp.
(p < 0.05) [215]. In addition, the normalization of blood serotonin and fecal SCFAs levels
and decreased blood levels of zonulin (a marker of intestinal permeability) were observed
(p < 0.01) [215].

Finally, in a study conducted by Pärtty et al., supplementation with L. rhamnosus
GG was performed for its potential preventive role in neurodevelopmental diseases [209].
Seventy-five infants were randomized to receive the probiotic or placebo for 6 months with
a 13-year follow-up. The researchers found that, after 13 years of follow-up, no children
in the probiotic arm developed Asperger’s syndrome or attention-deficit/hyperactivity
disorder (ADHD) (0%) compared with 17.1% in the placebo arm (p = 0.008). In addition,
children with neurological impairment significantly showed a minor abundance of fecal
Bifidobacteria in the first six months of life compared to healthy children (p = 0.03) [209].

In a 2019 systematic review conducted by Qin Xiang et al. on the effects of prebi-
otics/probiotics on ASD and its associated symptoms, the authors stated that the literature
supporting the role of probiotics in alleviating GI or behavioral symptoms in ASD indi-
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viduals is limited because there is no standardized probiotic regimen because of various
species, concentrations and varying durations of supplementation [218].

Preliminary results on probiotic supplementation in ASD suggest that it is a promising
approach to decrease the severity of ASD symptoms and to address GI comorbidities by
exploiting probiotics’ capability to decrease the inflammatory potential of GM.

Nevertheless, given the heterogeneity of clinical trials, the possibility of producing an
evidence base for targeted treatments is limited to date.

7. Conclusions

ASD is a complex disease that is typical of early age-related brain development
that affects the quality of life of not only patients but also caregivers. The etiology of
ASD remains unknown, but several factors may contribute to its onset, including genetic
variations and environmental influences, especially during the peri-natal period. Scientific
evidence in recent years has attributed a key role to GM in the pathogenesis of ASD, as
it influences the development of the CNS and neuropsychological and GI homeostasis
through the microbiota–gut–brain axis. Indeed, a state of dysbiosis with a reduction
in the Bacteroidetes/Firmicutes ratio and the level of Bacteroidetes is common in the ASD
community. Not surprisingly, there is a high incidence of functional GI disorders, especially
diarrhea, chronic constipation and irritable bowel syndrome, which are often associated
with dysbiotic states and a “leaky gut” in ASD subjects. In recent decades, many authors
have attempted to study and identify the microbial signature on intestinal mucosa biopsies
and fecal samples in ASDs through in vivo and ex vivo studies. In this regard, the advent
of metabolomics has also been of great support. Based on these data, various therapeutic
strategies, primarily probiotics, have been investigated to improve ASD symptoms through
microbiota modulation. However, the heterogeneity of the studies precludes concrete
evidence, although preliminary results are promising. To date, a holistic approach with a
multidisciplinary team appears to be the winning weapon for the management of patients
with ASD in clinical practice.

Author Contributions: Conceptualization, R.F., F.C. and V.N.D.; methodology, V.N.D., A.D.G., C.D.
and F.C.; validation, F.S., R.F. and F.C.; investigation, S.C., A.D.G., V.N.D., M.L. and C.D.; data
curation, S.C., A.D.G. and F.C.; writing—original draft preparation, S.C., A.D.G., V.N.D., F.S., C.D.
and M.L.; writing—review and editing, R.F. and F.C.; supervision, R.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are presented within the manuscript’s text and tables.

Conflicts of Interest: R.F. has participated as a clinical investigator, an advisory board member, a
consultant, and/or a speaker for Abvvie, Noos, Biogaia and NNI. The other authors declare no
conflicts of interest.

References
1. Prosperi, M.; Turi, M.; Guerrera, S.; Napoli, E.; Tancredi, R.; Igliozzi, R.; Apicella, F.; Valeri, G.; Lattarulo, C.; Gemma, A.; et al. Sex

Differences in Autism Spectrum Disorder: An Investigation on Core Symptoms and Psychiatric Comorbidity in Preschoolers.
Front. Integr. Neurosci. 2021, 14, 594082. [CrossRef] [PubMed]

2. Loomes, R.; Hull, L.; Mandy, W.P.L. What Is the Male-to-Female Ratio in Autism Spectrum Disorder? A Systematic Review and
Meta-Analysis. J. Am. Acad. Child Adolesc. Psychiatry 2017, 56, 466–474. [CrossRef] [PubMed]

3. American Psychiatric Association. American Psychiatric Association Diagnostic and Statistical Manual of Mental Disorders.
Diagn. Stat. Man. Ment. Disord. 2013, 55, 220–223.

4. Baio, J.; Wiggins, L.; Christensen, D.L.; Maenner, M.J.; Daniels, J.; Warren, Z.; Kurzius-Spencer, M.; Zahorodny, W.; Rosenberg, C.R.;
White, T.; et al. Prevalence of Autism Spectrum Disorder among Children Aged 8 Years—Autism and Developmental Disabilities
Monitoring Network, 11 Sites, United States, 2014. MMWR. Surveill. Summ. 2018, 67, 1–23. [CrossRef] [PubMed]

http://doi.org/10.3389/fnint.2020.594082
http://www.ncbi.nlm.nih.gov/pubmed/33584212
http://doi.org/10.1016/j.jaac.2017.03.013
http://www.ncbi.nlm.nih.gov/pubmed/28545751
http://doi.org/10.15585/mmwr.ss6706a1
http://www.ncbi.nlm.nih.gov/pubmed/29701730


Nutrients 2023, 15, 1620 19 of 27

5. Maenner, M.J.; Shaw, K.A.; Bakian, A.V.; Bilder, D.A.; Durkin, M.S.; Esler, A.; Furnier, S.M.; Hallas, L.; Hall-Lande, J.; Hudson, A.;
et al. Prevalence and Characteristics of Autism Spectrum Disorder among Children Aged 8 Years—Autism and Developmental
Disabilities Monitoring Network, 11 Sites, United States, 2018. MMWR Surveill. Summ. 2021, 70, 1–16. [CrossRef] [PubMed]

6. Abrahams, B.S.; Geschwind, D.H. Advances in autism genetics: On the threshold of a new neurobiology. Nat. Rev. Genet. 2008,
9, 341–355. [CrossRef]

7. Piven, J.; Palmer, P.; Jacobi, D.; Childress, D.; Arndt, S. Broader autism phenotype: Evidence from a family history study of
multiple-incidence autism families. Am. J. Psychiatry 1997, 154, 185–190. [PubMed]

8. Ozonoff, S.; Young, G.S.; Carter, A.; Messinger, D.; Yirmiya, N.; Zwaigenbaum, L.; Bryson, S.; Carver, L.J.; Constantino, J.N.;
Dobkins, K.; et al. Recurrence risk for autism spectrum disorders: A baby siblings research consortium study. Pediatrics 2011,
128, e488-95. [CrossRef]

9. Persico, A.M.; Napolioni, V. Autism genetics. Behav. Brain Res. 2013, 251, 95–112. [CrossRef]
10. Trobiani, L.; Meringolo, M.; Diamanti, T.; Bourne, Y.; Marchot, P.; Martella, G.; Dini, L.; Pisani, A.; De Jaco, A.; Bonsi, P. The

neuroligins and the synaptic pathway in Autism Spectrum Disorder. Neurosci. Biobehav. Rev. 2020, 119, 37–51. [CrossRef]
11. Brown, A.S. Epidemiologic studies of exposure to prenatal infection and risk of schizophrenia and autism. Dev. Neurobiol. 2012,

72, 1272–1276. [CrossRef]
12. DiCicco-Bloom, E.; Lord, C.; Zwaigenbaum, L.; Courchesne, E.; Dager, S.R.; Schmitz, C.; Schultz, R.T.; Crawley, J.; Young, L.J. The

developmental neurobiology of autism spectrum disorder. J. Neurosci. 2006, 26, 6897–6906. [CrossRef] [PubMed]
13. Stoner, R.; Chow, M.L.; Boyle, M.P.; Sunkin, S.M.; Mouton, P.R.; Roy, S.; Wynshaw-Boris, A.; Colamarino, S.A.; Lein, E.S.;

Courchesne, E. Patches of Disorganization in the Neocortex of Children with Autism. N. Engl. J. Med. 2014, 370, 1209–1219.
[CrossRef] [PubMed]

14. Courchesne, E.; Pierce, K. Why the frontal cortex in autism might be talking only to itself: Local over-connectivity but long-distance
disconnection. Curr. Opin. Neurobiol. 2005, 15, 225–230. [CrossRef] [PubMed]

15. Teskey, G.; Anagnostou, E.; Mankad, D.; Smile, S.; Roberts, W.; Brian, J.; Bowdish, D.M.E.; Foster, J.A. Intestinal permeability
correlates with behavioural severity in very young children with ASD: A preliminary study. J. Neuroimmunol. 2021, 357, 577607.
[CrossRef]

16. Davies, C.; Mishra, D.; Eshraghi, R.S.; Mittal, J.; Sinha, R.; Bulut, E.; Mittal, R.; Eshraghi, A.A. Altering the gut microbiome to
potentially modulate behavioral manifestations in autism spectrum disorders: A systematic review. Neurosci. Biobehav. Rev. 2021,
128, 549–557. [CrossRef]

17. Zheng, Y.; Prince, N.; van Hattem, C.; Garssen, J.; Pardo, P.P.; Kraneveld, A.D. The interaction between intestinal bacterial
metabolites and phosphatase and tensin homolog in autism spectrum disorder. Mol. Cell Neurosci. 2023, 124, 103805. [CrossRef]

18. Bienenstock, J. Commensal communication to the brain: Pathways and behavioral consequences. Microb. Ecol. Health Dis. 2012,
23, 19007. [CrossRef]

19. Chaidez, V.; Hansen, R.L.; Hertz-Picciotto, I. Gastrointestinal problems in children with autism, developmental delays or typical
development. J. Autism Dev. Disord. 2014, 44, 1117–1127. [CrossRef]

20. Gorrindo, P.; Williams, K.C.; Lee, E.B.; Walker, L.S.; McGrew, S.G.; Levitt, P. Gastrointestinal dysfunction in autism: Parental
report, clinical evaluation, and associated factors. Autism Res. 2012, 5, 101–108. [CrossRef]

21. Liu, S.; Li, E.; Sun, Z.; Fu, D.; Duan, G.; Jiang, M.; Yu, Y.; Mei, L.; Yang, P.; Tang, Y.; et al. Altered gut microbiota and short chain
fatty acids in Chinese children with autism spectrum disorder. Sci. Rep. 2019, 9, 287. [CrossRef] [PubMed]

22. Cryan, J.F.; O’riordan, K.J.; Cowan, C.S.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.; Fulling,
C.; Golubeva, A.V.; et al. The microbiota-gut-brain axis. Physiol. Rev. 2019, 99, 1877–2013. [CrossRef] [PubMed]

23. Fasano, A. Leaky gut and autoimmune diseases. Clin. Rev. Allergy Immunol. 2012, 42, 71–78. [CrossRef] [PubMed]
24. Turner, J.R. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 2009, 9, 799–809. [CrossRef]
25. Holzer, P.; Farzi, A. Neuropeptides and the microbiota-Gut-brain axis. Adv. Exp. Med. Biol. 2014, 817, 196–219.
26. Farzi, A.; Fröhlich, E.E.; Holzer, P. Gut Microbiota and the Neuroendocrine System. Neurotherapeutics 2018, 15, 5–22. [CrossRef]
27. Sharma, M.; Prakash, J.; Yadav, P.; Srivastava, K.; Chatterjee, K. Gut-brain axis: Synergistic approach. Ind. Psychiatry J. 2021,

30 (Suppl. S1), S297.
28. Al-Lahham, S.H.; Peppelenbosch, M.P.; Roelofsen, H.; Vonk, R.J.; Venema, K. Biological effects of propionic acid in humans;

metabolism, potential applications and underlying mechanisms. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2010, 1801, 1175–1183.
[CrossRef]

29. Matta, S.M.; Hill-Yardin, E.L.; Crack, P.J. The influence of neuroinflammation in Autism Spectrum Disorder. Brain. Behav. Immun.
2019, 79, 75–90. [CrossRef]

30. Ulluwishewa, D.; Anderson, R.C.; McNabb, W.C.; Moughan, P.J.; Wells, J.M.; Roy, N.C. Regulation of tight junction permeability
by intestinal bacteria and dietary components. J. Nutr. 2011, 141, 769–776. [CrossRef]

31. De Magistris, L.; Familiari, V.; Pascotto, A.; Sapone, A.; Frolli, A.; Iardino, P.; Carteni, M.; De Rosa, M.; Francavilla, R.;
Riegler, G.; et al. Alterations of the intestinal barrier in patients with autism spectrum disorders and in their first-degree relatives.
J. Pediatr. Gastroenterol. Nutr. 2010, 51, 418–424. [CrossRef] [PubMed]

32. D’Eufemia, P.; Celli, M.; Finocchiaro, R.; Pacifico, L.; Viozzi, L.; Zaccagnini, M.; Cardi, E.; Giardini, O. Abnormal intestinal
permeability in children with autism. Acta Paediatr. Int. J. Paediatr. 1996, 85, 1076–1079. [CrossRef] [PubMed]

http://doi.org/10.15585/mmwr.ss7011a1
http://www.ncbi.nlm.nih.gov/pubmed/34855725
http://doi.org/10.1038/nrg2346
http://www.ncbi.nlm.nih.gov/pubmed/9016266
http://doi.org/10.1542/peds.2010-2825
http://doi.org/10.1016/j.bbr.2013.06.012
http://doi.org/10.1016/j.neubiorev.2020.09.017
http://doi.org/10.1002/dneu.22024
http://doi.org/10.1523/JNEUROSCI.1712-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16807320
http://doi.org/10.1056/NEJMoa1307491
http://www.ncbi.nlm.nih.gov/pubmed/24670167
http://doi.org/10.1016/j.conb.2005.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15831407
http://doi.org/10.1016/j.jneuroim.2021.577607
http://doi.org/10.1016/j.neubiorev.2021.07.001
http://doi.org/10.1016/j.mcn.2022.103805
http://doi.org/10.3402/mehd.v23i0.19007
http://doi.org/10.1007/s10803-013-1973-x
http://doi.org/10.1002/aur.237
http://doi.org/10.1038/s41598-018-36430-z
http://www.ncbi.nlm.nih.gov/pubmed/30670726
http://doi.org/10.1152/physrev.00018.2018
http://www.ncbi.nlm.nih.gov/pubmed/31460832
http://doi.org/10.1007/s12016-011-8291-x
http://www.ncbi.nlm.nih.gov/pubmed/22109896
http://doi.org/10.1038/nri2653
http://doi.org/10.1007/s13311-017-0600-5
http://doi.org/10.1016/j.bbalip.2010.07.007
http://doi.org/10.1016/j.bbi.2019.04.037
http://doi.org/10.3945/jn.110.135657
http://doi.org/10.1097/MPG.0b013e3181dcc4a5
http://www.ncbi.nlm.nih.gov/pubmed/20683204
http://doi.org/10.1111/j.1651-2227.1996.tb14220.x
http://www.ncbi.nlm.nih.gov/pubmed/8888921


Nutrients 2023, 15, 1620 20 of 27

33. Sudo, N.; Chida, Y.; Aiba, Y.; Sonoda, J.; Oyama, N.; Yu, X.N.; Kubo, C.; Koga, Y. Postnatal microbial colonization programs the
hypothalamic-pituitary-adrenal system for stress response in mice. J. Physiol. 2004, 558, 263–275. [CrossRef]

34. Dinan, T.G.; Cryan, J.F. Gut microbiota: A missing link in psychiatry. World Psychiatry 2020, 19, 111–112. [CrossRef]
35. Martin, C.R.; Osadchiy, V.; Kalani, A.; Mayer, E.A. The Brain-Gut-Microbiome Axis. CMGH 2018, 6, 133–148. [CrossRef]
36. Drossman, D.A. Editorial: Gastrointestinal illness and the biopsychosocial model. J. Clin. Gastroenterol. 1996, 22, 252–254.

[CrossRef]
37. Han, W.; Tellez, L.A.; Perkins, M.H.; Perez, I.O.; Qu, T.; Ferreira, J.; Ferreira, T.L.; Quinn, D.; Liu, Z.W.; Gao, X.B.; et al. A Neural

Circuit for Gut-Induced Reward. Cell 2018, 175, 665–678.e23. [CrossRef] [PubMed]
38. Foster, J.A.; Rinaman, L.; Cryan, J.F. Stress & the gut-brain axis: Regulation by the microbiome. Neurobiol. Stress 2017, 7, 124–136.
39. Aziz, Q.; Thompson, D.G. Brain-gut axis in health and disease. Gastroenterology 1998, 114, 559–578. [CrossRef]
40. Zhu, X.; Han, Y.; Du, J.; Liu, R.; Jin, K.; Yi, W. Microbiota-gut-brain axis and the central nervous system. Oncotarget 2017,

8, 53829–53838. [CrossRef]
41. Molina-Torres, G.; Rodriguez-Arrastia, M.; Roman, P.; Sanchez-Labraca, N.; Cardona, D. Stress and the gut microbiota-brain axis.

Behav. Pharmacol. 2019, 30, 187–200. [CrossRef]
42. Lozupone, C.A.; Stombaugh, J.I.; Gordon, J.I.; Jansson, J.K.; Knight, R. Diversity, stability and resilience of the human gut

microbiota. Nature 2012, 489, 220–230. [CrossRef]
43. Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of

Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050–16055. [CrossRef] [PubMed]

44. Prosperi, M.; Santocchi, E.; Guiducci, L.; Frinzi, J.; Morales, M.A.; Tancredi, R.; Muratori, F.; Calderoni, S. Interventions on
Microbiota: Where Do We Stand on a Gut–Brain Link in Autism? A Systematic Review. Nutrients 2022, 14, 462. [CrossRef]

45. Buie, T.; Fuchs, G.J.; Furuta, G.T.; Kooros, K.; Levy, J.; Lewis, J.D.; Wershil, B.K.; Winter, H. Recommendations for evaluation and
treatment of common gastrointestinal problems in children with ASDs. Pediatrics 2010, 125, S19–S29. [CrossRef] [PubMed]

46. Ezzat, O. Quality of Life and Subjective Burden on Family Caregiver of Children with Autism. Am. J. Nurs. Sci. 2017, 6, 33–39.
[CrossRef]

47. Leigh, J.P.; Du, J. Brief Report: Forecasting the Economic Burden of Autism in 2015 and 2025 in the United States. J. Autism Dev.
Disord. 2015, 45, 4135–4139. [CrossRef] [PubMed]

48. Park, H.R.; Lee, J.M.; Moon, H.E.; Lee, D.S.; Kim, B.N.; Kim, J.; Kim, D.G.; Paek, S.H. A short review on the current understanding
of autism spectrum disorders. Exp. Neurobiol. 2016, 25, 1–13. [CrossRef]

49. Molloy, C.A.; Manning-Courtney, P. Prevalence of chronic gastrointestinal symptoms in children with autism and autistic
spectrum disorders. Autism 2003, 7, 165–171. [CrossRef]

50. Fattorusso, A.; Di Genova, L.; Dell’isola, G.B.; Mencaroni, E.; Esposito, S. Autism spectrum disorders and the gut microbiota.
Nutrients 2019, 11, 521. [CrossRef]

51. McElhanon, B.O.; McCracken, C.; Karpen, S.; Sharp, W.G. Gastrointestinal symptoms in autism spectrum disorder: A meta-
analysis. Pediatrics 2014, 133, 872–883. [CrossRef] [PubMed]

52. Lefter, R.; Ciobica, A.; Timofte, D.; Stanciu, C.; Trifan, A. A descriptive review on the prevalence of gastrointestinal disturbances
and their multiple associations in autism spectrum disorder. Medicina 2020, 56, 11. [CrossRef]

53. Stilling, R.M.; Dinan, T.G.; Cryan, J.F. Microbial genes, brain & behaviour-epigenetic regulation of the gut-brain axis. Genes Brain
Behav. 2014, 13, 69–86. [PubMed]

54. Wang, L.; Christophersen, C.T.; Sorich, M.J.; Gerber, J.P.; Angley, M.T.; Conlon, M.A. Elevated fecal short chain fatty acid and
ammonia concentrations in children with autism spectrum disorder. Dig. Dis. Sci. 2012, 57, 2096–2102. [CrossRef]

55. Cryan, J.F.; Dinan, T.G. Mind-altering microorganisms: The impact of the gut microbiota on brain and behaviour. Nat. Rev.
Neurosci. 2012, 13, 701–712. [CrossRef]

56. Louis, P. Does the human gut microbiota contribute to the etiology of autism spectrum disorders? Dig. Dis. Sci. 2012, 57, 1987–1989.
[CrossRef]

57. Mangiola, F.; Ianiro, G.; Franceschi, F.; Fagiuoli, S.; Gasbarrini, G.; Gasbarrini, A. Gut microbiota in autism and mood disorders.
World J. Gastroenterol. 2016, 22, 361–368. [CrossRef] [PubMed]

58. Vuong, H.E.; Hsiao, E.Y. Emerging Roles for the Gut Microbiome in Autism Spectrum Disorder. Biol. Psychiatry 2017, 81, 411–423.
[CrossRef] [PubMed]

59. De Theije, C.G.M.; Koelink, P.J.; Korte-Bouws, G.A.H.; Lopes da Silva, S.; Korte, S.M.; Olivier, B.; Garssen, J.; Kraneveld, A.D.
Intestinal inflammation in a murine model of autism spectrum disorders. Brain. Behav. Immun. 2014, 37, 240–247. [CrossRef]

60. de Theije, C.G.M.; Wopereis, H.; Ramadan, M.; van Eijndthoven, T.; Lambert, J.; Knol, J.; Garssen, J.; Kraneveld, A.D.; Oozeer, R.
Altered gut microbiota and activity in a murine model of autism spectrum disorders. Brain. Behav. Immun. 2014, 37, 197–206.
[CrossRef]

61. Karuri, A.R.; Dobrowsky, E.; Tannock, I.F. Selective cellular acidification and toxicity of weak organic acids in an acidic
microenvironment. Br. J. Cancer 1993, 68, 1080–1087. [CrossRef] [PubMed]

62. El-Ansary, A.K.; Bacha, A.B.; Kotb, M. Etiology of autistic features: The persisting neurotoxic effects of propionic acid.
J. Neuroinflamm. 2012, 9, 74. [CrossRef] [PubMed]

http://doi.org/10.1113/jphysiol.2004.063388
http://doi.org/10.1002/wps.20726
http://doi.org/10.1016/j.jcmgh.2018.04.003
http://doi.org/10.1097/00004836-199606000-00002
http://doi.org/10.1016/j.cell.2018.08.049
http://www.ncbi.nlm.nih.gov/pubmed/30245012
http://doi.org/10.1016/S0016-5085(98)70540-2
http://doi.org/10.18632/oncotarget.17754
http://doi.org/10.1097/FBP.0000000000000478
http://doi.org/10.1038/nature11550
http://doi.org/10.1073/pnas.1102999108
http://www.ncbi.nlm.nih.gov/pubmed/21876150
http://doi.org/10.3390/nu14030462
http://doi.org/10.1542/peds.2009-1878D
http://www.ncbi.nlm.nih.gov/pubmed/20048084
http://doi.org/10.11648/j.ajns.20170601.15
http://doi.org/10.1007/s10803-015-2521-7
http://www.ncbi.nlm.nih.gov/pubmed/26183723
http://doi.org/10.5607/en.2016.25.1.1
http://doi.org/10.1177/1362361303007002004
http://doi.org/10.3390/nu11030521
http://doi.org/10.1542/peds.2013-3995
http://www.ncbi.nlm.nih.gov/pubmed/24777214
http://doi.org/10.3390/medicina56010011
http://www.ncbi.nlm.nih.gov/pubmed/24286462
http://doi.org/10.1007/s10620-012-2167-7
http://doi.org/10.1038/nrn3346
http://doi.org/10.1007/s10620-012-2286-1
http://doi.org/10.3748/wjg.v22.i1.361
http://www.ncbi.nlm.nih.gov/pubmed/26755882
http://doi.org/10.1016/j.biopsych.2016.08.024
http://www.ncbi.nlm.nih.gov/pubmed/27773355
http://doi.org/10.1016/j.bbi.2013.12.004
http://doi.org/10.1016/j.bbi.2013.12.005
http://doi.org/10.1038/bjc.1993.485
http://www.ncbi.nlm.nih.gov/pubmed/8260358
http://doi.org/10.1186/1742-2094-9-74
http://www.ncbi.nlm.nih.gov/pubmed/22531301


Nutrients 2023, 15, 1620 21 of 27

63. Erny, D.; De Angelis, A.L.H.; Jaitin, D.; Wieghofer, P.; Staszewski, O.; David, E.; Keren-Shaul, H.; Mahlakoiv, T.; Jakobshagen, K.;
Buch, T.; et al. Host microbiota constantly control maturation and function of microglia in the CNS. Nat. Neurosci. 2015,
18, 965–977. [CrossRef] [PubMed]

64. MacFabe, D.F. Short-chain fatty acid fermentation products of the gut microbiome: Implications in autism spectrum disorders.
Microb. Ecol. Health Dis. 2012, 23, 19260. [CrossRef]

65. Foley, K.A.; MacFabe, D.F.; Kavaliers, M.; Ossenkopp, K.P. Sexually dimorphic effects of prenatal exposure to lipopolysaccharide,
and prenatal and postnatal exposure to propionic acid, on acoustic startle response and prepulse inhibition in adolescent rats:
Relevance to autism spectrum disorders. Behav. Brain Res. 2015, 278, 244–256. [CrossRef]

66. Foley, K.A.; Ossenkopp, K.P.; Kavaliers, M.; MacFabe, D.F. Pre- and neonatal exposure to lipopolysaccharide or the enteric
metabolite, propionic acid, alters development and behavior in adolescent rats in a sexually dimorphic manner. PLoS ONE 2014,
9, e87072. [CrossRef]

67. MacFabe, D.F. Enteric short-chain fatty acids: Microbial messengers of metabolism, mitochondria, and mind: Implications in
autism spectrum disorders. Microb. Ecol. Health Dis. 2015, 26, 28177. [CrossRef]

68. Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large effects
of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698–3703. [CrossRef]

69. Mellon, A.F.; Deshpande, S.A.; Mathers, J.C.; Bartlett, K. Effect of oral antibiotics on intestinal production of propionic acid. Arch.
Dis. Child. 2000, 82, 169–172. [CrossRef]

70. Sharon, G.; Cruz, N.J.; Kang, D.W.; Gandal, M.J.; Wang, B.; Kim, Y.M.; Zink, E.M.; Casey, C.P.; Taylor, B.C.; Lane, C.J.; et al. Human
Gut Microbiota from Autism Spectrum Disorder Promote Behavioral Symptoms in Mice. Cell 2019, 177, 1600–1618.e17. [CrossRef]

71. Thomas, A.M.; Segata, N. Multiple levels of the unknown in microbiome research. BMC Biol. 2019, 17, 48. [CrossRef] [PubMed]
72. Karimi, P.; Kamali, E.; Mousavi, S.M.; Karahmadi, M. Environmental factors influencing the risk of autism. J. Res. Med. Sci. 2017,

22, 27.
73. Ristori, M.V.; Quagliariello, A.; Reddel, S.; Ianiro, G.; Vicari, S.; Gasbarrini, A.; Putignani, L. Autism, gastrointestinal symptoms

and modulation of gut microbiota by nutritional interventions. Nutrients 2019, 11, 2812. [CrossRef]
74. Montalto, M.; D’Onofrio, F.; Gallo, A.; Cazzato, A.; Gasbarrini, G. Intestinal microbiota and its functions. Dig. Liver Dis. Suppl.

2009, 3, 30–34. [CrossRef]
75. Parracho, H.M.R.T.; Bingham, M.O.; Gibson, G.R.; McCartney, A.L. Differences between the gut microflora of children with

autistic spectrum disorders and that of healthy children. J. Med. Microbiol. 2005, 54, 987–991. [CrossRef] [PubMed]
76. Madore, C.; Leyrolle, Q.; Lacabanne, C.; Benmamar-Badel, A.; Joffre, C.; Nadjar, A.; Layé, S. Neuroinflammation in Autism:

Plausible Role of Maternal Inflammation, Dietary Omega 3, and Microbiota. Neural Plast. 2016, 2016, 3597209. [CrossRef]
77. Srikantha, P.; Hasan Mohajeri, M. The possible role of the microbiota-gut-brain-axis in autism spectrum disorder. Int. J. Mol. Sci.

2019, 20, 2115. [CrossRef] [PubMed]
78. Dinan, T.G.; Cryan, J.F. Gut instincts: Microbiota as a key regulator of brain development, ageing and neurodegeneration.

J. Physiol. 2017, 595, 489–503. [CrossRef]
79. Cryan, J.F.; O’Riordan, K.J.; Sandhu, K.; Peterson, V.; Dinan, T.G. The gut microbiome in neurological disorders. Lancet. Neurol.

2020, 19, 179–194. [CrossRef]
80. Chen, Y.; Xu, J.; Chen, Y. Regulation of neurotransmitters by the gut microbiota and effects on cognition in neurological disorders.

Nutrients 2021, 13, 2099. [CrossRef]
81. Dinan, T.G.; Stilling, R.M.; Stanton, C.; Cryan, J.F. Collective unconscious: How gut microbes shape human behavior. J. Psychiatr.

Res. 2015, 63, 1–9. [CrossRef]
82. Reardon, S. Gut-brain link grabs neuroscientists. Nature 2014, 515, 175–176. [CrossRef]
83. Lyte, M. Probiotics function mechanistically as delivery vehicles for neuroactive compounds: Microbial endocrinology in the

design and use of probiotics. BioEssays 2011, 33, 574–581. [CrossRef] [PubMed]
84. Yano, J.M.; Yu, K.; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.; Hsiao, E.Y.

Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell 2015, 161, 264–276. [CrossRef] [PubMed]
85. Gershon, M.D.; Tack, J. The serotonin signaling system: From basic understanding to drug development for functional GI

disorders. Gastroenterology 2007, 132, 397–414. [CrossRef] [PubMed]
86. Agus, A.; Planchais, J.; Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell Host Microbe

2018, 23, 716–724. [CrossRef]
87. Eltokhi, A.; Santuy, A.; Merchan-Perez, A.; Sprengel, R. Glutamatergic dysfunction and synaptic ultrastructural alterations in

schizophrenia and autism spectrum disorder: Evidence from human and rodent studies. Int. J. Mol. Sci. 2021, 22, 59. [CrossRef]
88. Chen, J.; Yu, S.; Fu, Y.; Li, X. Synaptic proteins and receptors defects in autism spectrum disorders. Front. Cell Neurosci. 2014,

8, 276. [CrossRef]
89. DiCarlo, G.E.; Mabry, S.J.; Cao, X.; McMillan, C.; Woynaroski, T.G.; Harrison, F.E.; Reddy, I.A.; Matthies, H.J.G.; Flynn, C.R.;

Wallace, M.T.; et al. Autism-Associated Variant in the SLC6A3 Gene Alters the Oral Microbiome and Metabolism in a Murine
Model. Front. Psychiatry 2021, 12, 655451. [CrossRef]

90. De Caro, C.; Iannone, L.F.; Citraro, R.; Striano, P.; De Sarro, G.; Constanti, A.; Cryan, J.F.; Russo, E. Can we ‘seize’ the gut
microbiota to treat epilepsy? Neurosci. Biobehav. Rev. 2019, 107, 750–764. [CrossRef]

http://doi.org/10.1038/nn.4030
http://www.ncbi.nlm.nih.gov/pubmed/26030851
http://doi.org/10.3402/mehd.v23i0.19260
http://doi.org/10.1016/j.bbr.2014.09.032
http://doi.org/10.1371/journal.pone.0087072
http://doi.org/10.3402/mehd.v26.28177
http://doi.org/10.1073/pnas.0812874106
http://doi.org/10.1136/adc.82.2.169
http://doi.org/10.1016/j.cell.2019.05.004
http://doi.org/10.1186/s12915-019-0667-z
http://www.ncbi.nlm.nih.gov/pubmed/31189463
http://doi.org/10.3390/nu11112812
http://doi.org/10.1016/S1594-5804(09)60016-4
http://doi.org/10.1099/jmm.0.46101-0
http://www.ncbi.nlm.nih.gov/pubmed/16157555
http://doi.org/10.1155/2016/3597209
http://doi.org/10.3390/ijms20092115
http://www.ncbi.nlm.nih.gov/pubmed/31035684
http://doi.org/10.1113/JP273106
http://doi.org/10.1016/S1474-4422(19)30356-4
http://doi.org/10.3390/nu13062099
http://doi.org/10.1016/j.jpsychires.2015.02.021
http://doi.org/10.1038/515175a
http://doi.org/10.1002/bies.201100024
http://www.ncbi.nlm.nih.gov/pubmed/21732396
http://doi.org/10.1016/j.cell.2015.02.047
http://www.ncbi.nlm.nih.gov/pubmed/25860609
http://doi.org/10.1053/j.gastro.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17241888
http://doi.org/10.1016/j.chom.2018.05.003
http://doi.org/10.3390/ijms22010059
http://doi.org/10.3389/fncel.2014.00276
http://doi.org/10.3389/fpsyt.2021.655451
http://doi.org/10.1016/j.neubiorev.2019.10.002


Nutrients 2023, 15, 1620 22 of 27

91. Pascale, A.; Marchesi, N.; Govoni, S.; Barbieri, A. Targeting the microbiota in pharmacology of psychiatric disorders. Pharmacol.
Res. 2020, 157, 104856. [CrossRef] [PubMed]

92. Serlin, Y.; Shelef, I.; Knyazer, B.; Friedman, A. Anatomy and physiology of the blood-brain barrier. Semin. Cell Dev. Biol. 2015,
38, 2–6. [CrossRef] [PubMed]

93. Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Tóth, M.; Korecka, A.; Bakocevic, N.; Guan, N.L.; Kundu, P.; et al.
The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl. Med. 2014, 6, 263ra158. [CrossRef]

94. Bolte, E.R. Autism and Clostridium tetani. Med. Hypotheses 1998, 51, 133–144. [CrossRef]
95. Collado, M.C.; Rautava, S.; Aakko, J.; Isolauri, E.; Salminen, S. Human gut colonisation may be initiated in utero by distinct

microbial communities in the placenta and amniotic fluid. Sci. Rep. 2016, 6, 23129. [CrossRef]
96. Kennedy, K.M.; Gerlach, M.J.; Adam, T.; Heimesaat, M.M.; Rossi, L.; Surette, M.G.; Sloboda, D.M.; Braun, T. Fetal meconium does

not have a detectable microbiota before birth. Nat. Microbiol. 2021, 6, 865–873. [CrossRef] [PubMed]
97. Walker, R.W.; Clemente, J.C.; Peter, I.; Loos, R.J.F. The prenatal gut microbiome: Are we colonized with bacteria in utero? Pediatr.

Obes. 2017, 12, 3–17. [CrossRef]
98. Jiménez, E.; Marín, M.L.; Martín, R.; Odriozola, J.M.; Olivares, M.; Xaus, J.; Fernández, L.; Rodríguez, J.M. Is meconium from

healthy newborns actually sterile? Res. Microbiol. 2008, 159, 187–193. [CrossRef]
99. Principi, N.; Esposito, S. Gut microbiota and central nervous system development. J. Infect. 2016, 73, 536–546. [CrossRef]
100. Zmora, N.; Suez, J.; Elinav, E. You are what you eat: Diet, health and the gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 2019,

16, 35–56. [CrossRef]
101. Perez, P.F.; Doré, J.; Leclerc, M.; Levenez, F.; Benyacoub, J.; Serrant, P.; Segura-Roggero, I.; Schiffrin, E.J.; Donnet-Hughes, A.

Bacterial imprinting of the neonatal immune system: Lessons from maternal cells? Pediatrics 2007, 119, e724-32. [CrossRef]
102. Round, J.L.; Mazmanian, S.K. Inducible Foxp3+ regulatory T-cell development by a commensal bacterium of the intestinal

microbiota. Proc. Natl. Acad. Sci. USA 2010, 107, 12204–12209. [CrossRef] [PubMed]
103. Ma, J.; Prince, A.L.; Bader, D.; Hu, M.; Ganu, R.; Baquero, K.; Blundell, P.; Alan Harris, R.; Frias, A.E.; Grove, K.L.; et al. High-fat

maternal diet during pregnancy persistently alters the offspring microbiome in a primate model. Nat. Commun. 2014, 5, 3889.
[CrossRef] [PubMed]

104. Myhre, R.; Brantsæter, A.L.; Myking, S.; Gjessing, H.K.; Sengpiel, V.; Meltzer, H.M.; Haugen, M.; Jacobsson, B. Intake of probiotic
food and risk of spontaneous preterm delivery. Am. J. Clin. Nutr. 2011, 93, 151–157. [CrossRef]

105. Bertelsen, R.J.; Brantsæter, A.L.; Magnus, M.C.; Haugen, M.; Myhre, R.; Jacobsson, B.; Longnecker, M.P.; Meltzer, H.M.; London, S.J.
Probiotic milk consumption in pregnancy and infancy and subsequent childhood allergic diseases. J. Allergy Clin. Immunol. 2014,
133, 165–171.e8. [CrossRef]

106. Deshmukh, H.S.; Liu, Y.; Menkiti, O.R.; Mei, J.; Dai, N.; O’Leary, C.E.; Oliver, P.M.; Kolls, J.K.; Weiser, J.N.; Worthen, G.S. The
microbiota regulates neutrophil homeostasis and host resistance to Escherichia coli K1 sepsis in neonatal mice. Nat. Med. 2014,
20, 524–530. [CrossRef] [PubMed]

107. Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.; Petrosino, J.F.; et al.
Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell 2013,
155, 1451–1463. [CrossRef] [PubMed]

108. Hsiao, E.Y.; McBride, S.W.; Chow, J.; Mazmanian, S.K.; Patterson, P.H. Modeling an autism risk factor in mice leads to permanent
immune dysregulation. Proc. Natl. Acad. Sci. USA 2012, 109, 12776–12781. [CrossRef] [PubMed]

109. Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev.
Immunol. 2009, 9, 313–323. [CrossRef]

110. Nicholson, J.K.; Holmes, E.; Kinross, J.; Burcelin, R.; Gibson, G.; Jia, W.; Pettersson, S. Host-gut microbiota metabolic interactions.
Science 2012, 336, 1262–1267. [CrossRef]

111. Tamburini, S.; Shen, N.; Wu, H.C.; Clemente, J.C. The microbiome in early life: Implications for health outcomes. Nat. Med. 2016,
22, 713–722. [CrossRef]

112. Kushak, R.I.; Buie, T.M.; Murray, K.F.; Newburg, D.S.; Chen, C.; Nestoridi, E.; Winter, H.S. Evaluation of intestinal function in
children with autism and gastrointestinal symptoms. J. Pediatr. Gastroenterol. Nutr. 2016, 62, 687–691. [CrossRef]

113. Arora, S.K.; Dewan, P.; Gupta, P. Microbiome: Paediatricians’ perspective. Indian J. Med. Res. 2015, 142, 515–524. [CrossRef]
114. Dinan, T.G.; Cryan, J.F. The impact of gut microbiota on brain and behaviour: Implications for psychiatry. Curr. Opin. Clin. Nutr.

Metab. Care 2015, 18, 552–558. [CrossRef]
115. Groer, M.W.; Gregory, K.E.; Louis-Jacques, A.; Thibeau, S.; Walker, W.A. The very low birth weight infant microbiome and

childhood health. Birth Defects Res. Part C-Embryo Today Rev. 2015, 105, 252–264. [CrossRef]
116. Kang, D.W.; Adams, J.B.; Gregory, A.C.; Borody, T.; Chittick, L.; Fasano, A.; Khoruts, A.; Geis, E.; Maldonado, J.; McDonough-

Means, S.; et al. Microbiota Transfer Therapy alters gut ecosystem and improves gastrointestinal and autism symptoms:
An open-label study. Microbiome 2017, 5, 10. [CrossRef]

117. Mohajeri, M.H.; Brummer, R.J.M.; Rastall, R.A.; Weersma, R.K.; Harmsen, H.J.M.; Faas, M.; Eggersdorfer, M. The role of the
microbiome for human health: From basic science to clinical applications. Eur. J. Nutr. 2018, 57, 1–14. [CrossRef]

118. Ghaisas, S.; Maher, J.; Kanthasamy, A. Gut microbiome in health and disease: Linking the microbiome-gut-brain axis and
environmental factors in the pathogenesis of systemic and neurodegenerative diseases. Pharmacol. Ther. 2016, 158, 52–62.
[CrossRef]

http://doi.org/10.1016/j.phrs.2020.104856
http://www.ncbi.nlm.nih.gov/pubmed/32389857
http://doi.org/10.1016/j.semcdb.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25681530
http://doi.org/10.1126/scitranslmed.3009759
http://doi.org/10.1016/S0306-9877(98)90107-4
http://doi.org/10.1038/srep23129
http://doi.org/10.1038/s41564-021-00904-0
http://www.ncbi.nlm.nih.gov/pubmed/33972766
http://doi.org/10.1111/ijpo.12217
http://doi.org/10.1016/j.resmic.2007.12.007
http://doi.org/10.1016/j.jinf.2016.09.010
http://doi.org/10.1038/s41575-018-0061-2
http://doi.org/10.1542/peds.2006-1649
http://doi.org/10.1073/pnas.0909122107
http://www.ncbi.nlm.nih.gov/pubmed/20566854
http://doi.org/10.1038/ncomms4889
http://www.ncbi.nlm.nih.gov/pubmed/24846660
http://doi.org/10.3945/ajcn.110.004085
http://doi.org/10.1016/j.jaci.2013.07.032
http://doi.org/10.1038/nm.3542
http://www.ncbi.nlm.nih.gov/pubmed/24747744
http://doi.org/10.1016/j.cell.2013.11.024
http://www.ncbi.nlm.nih.gov/pubmed/24315484
http://doi.org/10.1073/pnas.1202556109
http://www.ncbi.nlm.nih.gov/pubmed/22802640
http://doi.org/10.1038/nri2515
http://doi.org/10.1126/science.1223813
http://doi.org/10.1038/nm.4142
http://doi.org/10.1097/MPG.0000000000001174
http://doi.org/10.4103/0971-5916.171275
http://doi.org/10.1097/MCO.0000000000000221
http://doi.org/10.1002/bdrc.21115
http://doi.org/10.1186/s40168-016-0225-7
http://doi.org/10.1007/s00394-018-1703-4
http://doi.org/10.1016/j.pharmthera.2015.11.012


Nutrients 2023, 15, 1620 23 of 27

119. Curran, E.A.; Dalman, C.; Kearney, P.M.; Kenny, L.C.; Cryan, J.F.; Dinan, T.G.; Khashan, A.S. Association between obstetric
mode of delivery and autism spectrum disorder: A population-based sibling design study. JAMA Psychiatry 2015, 72, 935–942.
[CrossRef]

120. Curran, E.A.; Cryan, J.F.; Kenny, L.C.; Dinan, T.G.; Kearney, P.M.; Khashan, A.S. Obstetrical Mode of Delivery and Childhood
Behavior and Psychological Development in a British Cohort. J. Autism Dev. Disord. 2016, 46, 603–614. [CrossRef]

121. Knight, R.; Callewaert, C.; Marotz, C.; Hyde, E.R.; Debelius, J.W.; McDonald, D.; Sogin, M.L. The Microbiome and Human Biology.
Annu. Rev. Genom. Hum. Genet. 2017, 18, 65–86. [CrossRef]

122. Kang, D.W.; Park, J.G.; Ilhan, Z.E.; Wallstrom, G.; LaBaer, J.; Adams, J.B.; Krajmalnik-Brown, R. Reduced Incidence of Prevotella
and Other Fermenters in Intestinal Microflora of Autistic Children. PLoS ONE 2013, 8, e68322. [CrossRef]

123. Borre, Y.E.; Moloney, R.D.; Clarke, G.; Dinan, T.G.; Cryan, J.F. The impact of microbiota on brain and behavior: Mechanisms & ther-
apeutic potential. Adv. Exp. Med. Biol. 2014, 817, 373–403.

124. Finegold, S.M.; Molitoris, D.; Song, Y.; Liu, C.; Vaisanen, M.L.; Bolte, E.; McTeague, M.; Sandler, R.; Wexler, H.; Marlowe, E.M.; et al.
Gastrointestinal microflora studies in late-onset autism. Clin. Infect. Dis. 2002, 35, S6–S16. [CrossRef]

125. Sandler, R.H.; Finegold, S.M.; Bolte, E.R.; Buchanan, C.P.; Maxwell, A.P.; Väisänen, M.L.; Nelson, M.N.; Wexler, H.M. Short-term
benefit from oral vancomycin treatment of regressive-onset autism. J. Child Neurol. 2000, 15, 429–435. [CrossRef]

126. Rubio, C.A.; Sveander, M.; Duvander, A. A model to evaluate acute and chronic stress in the colonic mucosa of rats. Dis. Colon
Rectum 1989, 32, 26–29. [CrossRef]

127. Murakami, T.; Kamada, K.; Mizushima, K.; Higashimura, Y.; Katada, K.; Uchiyama, K.; Handa, O.; Takagi, T.; Naito, Y.; Itoh, Y.
Changes in Intestinal Motility and Gut Microbiota Composition in a Rat Stress Model. Digestion 2017, 95, 55–60. [CrossRef]

128. Rubio, C.A.; Sveander, M.; Munck-Wikland, E.; Witt, H.; Fagerberg, J. Evaluation of the protracted stress in the esophageal
mucosa of rats. In Vivo 1995, 9, 187–191.

129. Spitz, J.; Hecht, G.; Taveras, M.; Aoys, E.; Alverdy, J. The effect of dexamethasone administration on rat intestinal permeability:
The role of bacterial adherence. Gastroenterology 1994, 106, 35–41. [CrossRef]

130. Levy, D.; Ronemus, M.; Yamrom, B.; Lee, Y.h.; Leotta, A.; Kendall, J.; Marks, S.; Lakshmi, B.; Pai, D.; Ye, K.; et al. Rare de novo and
transmitted copy-number variation in autistic spectrum disorders. Neuron 2011, 70, 886–897. [CrossRef]

131. Sanders, S.J.; Ercan-Sencicek, A.G.; Hus, V.; Luo, R.; Murtha, M.T.; Moreno-De-Luca, D.; Chu, S.H.; Moreau, M.P.; Gupta, A.R.;
Thomson, S.A.; et al. Multiple recurrent de novo copy number variations (CNVs), including duplications of the 7q11.23
Williams-Beuren syndrome region, are strongly associated with autism. Neuron 2011, 70, 863. [CrossRef]

132. Guang, S.; Pang, N.; Deng, X.; Yang, L.; He, F.; Wu, L.; Chen, C.; Yin, F.; Peng, J. Synaptopathology Involved in Autism Spectrum
Disorder. Front. Cell Neurosci. 2018, 12, 470. [CrossRef]

133. Liu, S.; Da Cunha, A.P.; Rezende, R.M.; Cialic, R.; Wei, Z.; Bry, L.; Comstock, L.E.; Gandhi, R.; Weiner, H.L. The Host Shapes the
Gut Microbiota via Fecal microRNA. Cell Host Microbe 2016, 19, 32. [CrossRef]

134. Jamain, S.; Quach, H.; Betancur, C.; Råstam, M.; Colineaux, C.; Gillberg, C.; Soderstrom, H.; Giros, B.; Leboyer, M.;
Gillberg, C.; et al. Mutations of the X-linked genes encoding neuroligins NLGN3 and NLGN4 are associated with autism. Nat.
Genet. 2003, 34, 27. [CrossRef]

135. Xu, M.; Xu, X.; Li, J.; Li, F. Association between gut microbiota and autism spectrum disorder: A Systematic Review and
Meta-Analysis. Front. Psychiatry 2019, 10, 473. [CrossRef]

136. Durand, C.M.; Betancur, C.; Boeckers, T.M.; Bockmann, J.; Chaste, P.; Fauchereau, F.; Nygren, G.; Rastam, M.; Gillberg, I.C.;
Anckarsäter, H.; et al. Mutations in the gene encoding the synaptic scaffolding protein SHANK3 are associated with autism
spectrum disorders. Nat. Genet. 2007, 39, 25. [CrossRef]

137. Pagani, M.; Bertero, A.; Liska, A.; Galbusera, A.; Sabbioni, M.; Barsotti, N.; Colenbier, N.; Marinazzo, D.; Scattoni, M.L.; Pasqualetti,
M.; et al. Deletion of Autism Risk Gene Shank3 Disrupts Prefrontal Connectivity. J. Neurosci. 2019, 39, 5299. [CrossRef]

138. Hosie, S.; Ellis, M.; Swaminathan, M.; Ramalhosa, F.; Seger, G.O.; Balasuriya, G.K.; Gillberg, C.; Råstam, M.; Churilov, L.;
McKeown, S.J.; et al. Gastrointestinal dysfunction in patients and mice expressing the autism-associated R451C mutation in
neuroligin-3. Autism Res. 2019, 12, 1043. [CrossRef]

139. Sauer, A.K.; Bockmann, J.; Steinestel, K.; Boeckers, T.M.; Grabrucker, A.M. Altered Intestinal Morphology and Microbiota
Composition in the Autism Spectrum Disorders Associated SHANK3 Mouse Model. Int. J. Mol. Sci. 2019, 20, 2134. [CrossRef]

140. Leembruggen, A.J.L.; Balasuriya, G.K.; Zhang, J.; Schokman, S.; Swiderski, K.; Bornstein, J.C.; Nithianantharajah, J.; Hill-Yardin,
E.L. Colonic dilation and altered ex vivo gastrointestinal motility in the neuroligin-3 knockout mouse. Autism Res. 2020, 13, 691.
[CrossRef]

141. Poolchanuan, P.; Unagul, P.; Thongnest, S.; Wiyakrutta, S.; Ngamrojanavanich, N.; Mahidol, C.; Ruchirawat, S.; Kittakoop, P.
An anticonvulsive drug, valproic acid (valproate), has effects on the biosynthesis of fatty acids and polyketides in microorganisms.
Sci. Rep. 2020, 10, 9300. [CrossRef]

142. Christensen, J.; Grnøborg, T.K.; Srøensen, M.J.; Schendel, D.; Parner, E.T.; Pedersen, L.H.; Vestergaard, M. Prenatal Valproate
Exposure and Risk of Autism Spectrum Disorders and Childhood Autism. JAMA 2013, 309, 1696. [CrossRef]

143. Valdes, A.M.; Walter, J.; Segal, E.; Spector, T.D. Role of the gut microbiota in nutrition and health. BMJ 2018, 361, 36–44. [CrossRef]
144. Marco, E.J.; Hinkley, L.B.N.; Hill, S.S.; Nagarajan, S.S. Sensory processing in autism: A review of neurophysiologic findings.

Pediatr. Res. 2011, 69, 48–54. [CrossRef]

http://doi.org/10.1001/jamapsychiatry.2015.0846
http://doi.org/10.1007/s10803-015-2616-1
http://doi.org/10.1146/annurev-genom-083115-022438
http://doi.org/10.1371/journal.pone.0068322
http://doi.org/10.1086/341914
http://doi.org/10.1177/088307380001500701
http://doi.org/10.1007/BF02554720
http://doi.org/10.1159/000452364
http://doi.org/10.1016/S0016-5085(94)94155-6
http://doi.org/10.1016/j.neuron.2011.05.015
http://doi.org/10.1016/j.neuron.2011.05.002
http://doi.org/10.3389/fncel.2018.00470
http://doi.org/10.1016/j.chom.2015.12.005
http://doi.org/10.1038/ng1136
http://doi.org/10.3389/fpsyt.2019.00473
http://doi.org/10.1038/ng1933
http://doi.org/10.1523/JNEUROSCI.2529-18.2019
http://doi.org/10.1002/aur.2127
http://doi.org/10.3390/ijms20092134
http://doi.org/10.1002/aur.2109
http://doi.org/10.1038/s41598-020-66251-y
http://doi.org/10.1001/jama.2013.2270
http://doi.org/10.1136/bmj.k2179
http://doi.org/10.1203/PDR.0b013e3182130c54


Nutrients 2023, 15, 1620 24 of 27

145. Chistol, L.T.; Bandini, L.G.; Must, A.; Phillips, S.; Cermak, S.A.; Curtin, C. Sensory Sensitivity and Food Selectivity in Children
with Autism Spectrum Disorder. J. Autism Dev. Disord. 2018, 48, 583–591. [CrossRef]

146. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.;
Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. [CrossRef]

147. Jandhyala, S.M.; Talukdar, R.; Subramanyam, C.; Vuyyuru, H.; Sasikala, M.; Reddy, D.N. Role of the normal gut microbiota. World
J. Gastroenterol. 2015, 21, 8836–8847. [CrossRef]

148. Piras, C.; Mussap, M.; Noto, A.; De Giacomo, A.; Cristofori, F.; Spada, M.; Fanos, V.; Atzori, L.; Francavilla, R. Alterations of
the Intestinal Permeability are Reflected by Changes in the Urine Metabolome of Young Autistic Children: Preliminary Results.
Metabolites 2022, 12, 104. [CrossRef]

149. Ming, X.; Stein, T.P.; Barnes, V.; Rhodes, N.; Guo, L. Metabolic perturbance in autism spectrum disorders: A metabolomics study.
J. Proteome Res. 2012, 11, 5856–5862. [CrossRef]

150. DeCastro, M.; Nankova, B.B.; Shah, P.; Patel, P.; Mally, P.V.; Mishra, R.; La Gamma, E.F. Short chain fatty acids regulate tyrosine
hydroxylase gene expression through a cAMP-dependent signaling pathway. Mol. Brain Res. 2005, 142, 28–38. [CrossRef]

151. Yu, R.; Wu, Z.; Wang, S.; Zhang, M.; Zhou, G.; Li, B. Isolation, identification and characterization of propionic acid bacteria
associated with autistic spectrum disorder. Microb. Pathog. 2020, 147, 104371. [CrossRef]

152. Lussu, M.; Noto, A.; Masili, A.; Rinaldi, A.C.; Dessì, A.; De Angelis, M.; De Giacomo, A.; Fanos, V.; Atzori, L.; Francavilla, R. The
urinary 1H-NMR metabolomics profile of an italian autistic children population and their unaffected siblings. Autism Res. 2017,
10, 1058–1066. [CrossRef] [PubMed]

153. De Angelis, M.; Francavilla, R.; Piccolo, M.; De Giacomo, A.; Gobbetti, M. Autism spectrum disorders and intestinal microbiota.
Gut Microbes 2015, 6, 207–213. [CrossRef]

154. Noto, A.; Fanos, V.; Barberini, L.; Grapov, D.; Fattuoni, C.; Zaffanello, M.; Casanova, A.; Fenu, G.; De Giacomo, A.;
De Angelis, M.; et al. The urinary metabolomics profile of an Italian autistic children population and their unaffected siblings.
J. Matern. Neonatal Med. 2014, 27, 46–52. [CrossRef]

155. Kuwabara, H.; Yamasue, H.; Koike, S.; Inoue, H.; Kawakubo, Y.; Kuroda, M.; Takano, Y.; Iwashiro, N.; Natsubori, T.; Aoki, Y.; et al.
Altered metabolites in the plasma of autism spectrum disorder: A capillary electrophoresis time-of-flight mass spectroscopy
study. PLoS ONE 2013, 8, e73814. [CrossRef] [PubMed]

156. West, P.R.; Amaral, D.G.; Bais, P.; Smith, A.M.; Egnash, L.A.; Ross, M.E.; Palmer, J.A.; Fontaine, B.R.; Conard, K.R.; Corbett, B.A.;
et al. Metabolomics as a tool for discovery of biomarkers of autism spectrum disorder in the blood plasma of children. PLoS ONE
2014, 9, e112445. [CrossRef]

157. Wang, H.; Liang, S.; Wang, M.; Gao, J.; Sun, C.; Wang, J.; Xia, W.; Wu, S.; Sumner, S.J.; Zhang, F.; et al. Potential serum biomarkers
from a metabolomics study of autism. J. Psychiatry Neurosci. 2016, 41, 27–37. [CrossRef] [PubMed]

158. Anwar, A.; Abruzzo, P.M.; Pasha, S.; Rajpoot, K.; Bolotta, A.; Ghezzo, A.; Marini, M.; Posar, A.; Visconti, P.; Thornalley, P.J.; et al.
Advanced glycation endproducts, dityrosine and arginine transporter dysfunction in autism—A source of biomarkers for clinical
diagnosis. Mol. Autism 2018, 9, 3. [CrossRef]

159. Barone, R.; Alaimo, S.; Messina, M.; Pulvirenti, A.; Bastin, J.; Ferro, A.; Frye, R.E.; Rizzo, R.; Fiumara, A.; Meli, C.; et al. A subset
of patients with autism spectrum disorders show a distinctive metabolic profile by dried blood spot analyses. Front. Psychiatry
2018, 9, 636. [CrossRef]

160. Delaye, J.B.; Patin, F.; Lagrue, E.; Le Tilly, O.; Bruno, C.; Vuillaume, M.L.; Raynaud, M.; Benz-De Bretagne, I.; Laumonnier, F.;
Vourc’h, P.; et al. Post hoc analysis of plasma amino acid profiles: Towards a specific pattern in autism spectrum disorder and
intellectual disability. Ann. Clin. Biochem. 2018, 55, 543–552. [CrossRef]

161. Grayaa, S.; Zerbinati, C.; Messedi, M.; HadjKacem, I.; Chtourou, M.; Ben Touhemi, D.; Naifar, M.; Ayadi, H.; Ayedi, F.; Iuliano, L.
Plasma oxysterol profiling in children reveals 24-hydroxycholesterol as a potential marker for Autism Spectrum Disorders.
Biochimie 2018, 153, 80–85. [CrossRef] [PubMed]

162. Karhson, D.S.; Krasinska, K.M.; Dallaire, J.A.; Libove, R.A.; Phillips, J.M.; Chien, A.S.; Garner, J.P.; Hardan, A.Y.; Parker, K.J.
Plasma anandamide concentrations are lower in children with autism spectrum disorder. Mol. Autism 2018, 9, 18. [CrossRef]
[PubMed]

163. Lv, Q.Q.; You, C.; Zou, X.B.; Deng, H.Z. Acyl-carnitine, C5DC, and C26 as potential biomarkers for diagnosis of autism spectrum
disorder in children. Psychiatry Res. 2018, 267, 277–280. [CrossRef]

164. Aran, A.; Eylon, M.; Harel, M.; Polianski, L.; Nemirovski, A.; Tepper, S.; Schnapp, A.; Cassuto, H.; Wattad, N.; Tam, J. Lower
circulating endocannabinoid levels in children with autism spectrum disorder. Mol. Autism 2019, 10, 2. [CrossRef] [PubMed]

165. Kelly, R.S.; Boulin, A.; Laranjo, N.; Lee-Sarwar, K.; Chu, S.H.; Yadama, A.P.; Carey, V.; Litonjua, A.A.; Lasky-Su, J.; Weiss, S.T.
Metabolomics and communication skills development in children; evidence from the ages and stages questionnaire. Metabolites
2019, 9, 42. [CrossRef]

166. Orozco, J.S.; Hertz-Picciotto, I.; Abbeduto, L.; Slupsky, C.M. Metabolomics analysis of children with autism, idiopathic-
developmental delays, and Down syndrome. Transl. Psychiatry 2019, 9, 243. [CrossRef]

167. Rangel-Huerta, O.D.; Gomez-Fernández, A.; de la Torre-Aguilar, M.J.; Gil, A.; Perez-Navero, J.L.; Flores-Rojas, K.; Martín-
Borreguero, P.; Gil-Campos, M. Metabolic profiling in children with autism spectrum disorder with and without mental
regression: Preliminary results from a cross-sectional case–control study. Metabolomics 2019, 15, 99. [CrossRef]

http://doi.org/10.1007/s10803-017-3340-9
http://doi.org/10.1038/nature12820
http://doi.org/10.3748/wjg.v21.i29.8787
http://doi.org/10.3390/metabo12020104
http://doi.org/10.1021/pr300910n
http://doi.org/10.1016/j.molbrainres.2005.09.002
http://doi.org/10.1016/j.micpath.2020.104371
http://doi.org/10.1002/aur.1748
http://www.ncbi.nlm.nih.gov/pubmed/28296209
http://doi.org/10.1080/19490976.2015.1035855
http://doi.org/10.3109/14767058.2014.954784
http://doi.org/10.1371/journal.pone.0073814
http://www.ncbi.nlm.nih.gov/pubmed/24058493
http://doi.org/10.1371/journal.pone.0112445
http://doi.org/10.1503/jpn.140009
http://www.ncbi.nlm.nih.gov/pubmed/26395811
http://doi.org/10.1186/s13229-017-0183-3
http://doi.org/10.3389/fpsyt.2018.00636
http://doi.org/10.1177/0004563218760351
http://doi.org/10.1016/j.biochi.2018.04.026
http://www.ncbi.nlm.nih.gov/pubmed/29730299
http://doi.org/10.1186/s13229-018-0203-y
http://www.ncbi.nlm.nih.gov/pubmed/29564080
http://doi.org/10.1016/j.psychres.2018.06.027
http://doi.org/10.1186/s13229-019-0256-6
http://www.ncbi.nlm.nih.gov/pubmed/30728928
http://doi.org/10.3390/metabo9030042
http://doi.org/10.1038/s41398-019-0578-3
http://doi.org/10.1007/s11306-019-1562-x


Nutrients 2023, 15, 1620 25 of 27

168. Smith, A.M.; King, J.J.; West, P.R.; Ludwig, M.A.; Donley, E.L.R.; Burrier, R.E.; Amaral, D.G. Amino acid dysregulation
metabotypes: Potential biomarkers for diagnosis and individualized treatment for subtypes of autism spectrum sisorder. Biol.
Psychiatry 2019, 85, 345–354. [CrossRef]

169. Shen, L.; Zhang, H.; Lin, J.; Gao, Y.; Chen, M.; Khan, N.U.; Tang, X.; Hong, Q.; Feng, C.; Zhao, Y.; et al. A combined proteomics
and metabolomics profiling to investigate the genetic heterogeneity of autistic children. Mol. Neurobiol. 2022, 59, 3529–3545.
[CrossRef]

170. Wang, L.; Zheng, R.; Xu, Y.; Zhou, Z.; Guan, P.; Wu, Y.; Zhou, J.; Cheng, Z.; Zhang, L. Altered metabolic characteristics in plasma
of young boys with autism spectrum disorder. J. Autism Dev. Disord. 2022, 52, 4897–4907. [CrossRef]

171. Hanley, H.G.; Stahl, S.M.; Freedman, D.X. Hyperserotonemia and Amine Metabolites in Autistic and Retarded Children. Arch.
Gen. Psychiatry 1977, 34, 521–531. [CrossRef] [PubMed]

172. De Theije, C.G.M.; Wu, J.; Da Silva, S.L.; Kamphuis, P.J.; Garssen, J.; Korte, S.M.; Kraneveld, A.D. Pathways underlying the gut-to-
brain connection in autism spectrum disorders as future targets for disease management. Eur. J. Pharmacol. 2011, 668 (Suppl. S1),
S70–S80. [CrossRef] [PubMed]

173. Kraneveld, A.D.; Szklany, K.; de Theije, C.G.M.; Garssen, J. Gut-to-Brain Axis in Autism Spectrum Disorders: Central Role for the
Microbiome. Int. Rev. Neurobiol. 2016, 131, 263–287.

174. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, J.H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.; Fitzgerald, M.G.;
Fulton, R.S.; et al. Structure, function and diversity of the healthy human microbiome. Nature 2012, 486, 207–214.

175. Arumugam, M.; Raes, J.; Pelletier, E.; Paslier, D.L.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; Batto, J.M.; et al.
Enterotypes of the human gut microbiome. Nature 2011, 473, 174–180. [CrossRef] [PubMed]

176. Tang, Q.; Jin, G.; Wang, G.; Liu, T.; Liu, X.; Wang, B.; Cao, H. Current Sampling Methods for Gut Microbiota: A Call for More
Precise Devices. Front. Cell Infect. Microbiol. 2020, 10, 151. [CrossRef]

177. Yasuda, K.; Oh, K.; Ren, B.; Tickle, T.L.; Franzosa, E.A.; Wachtman, L.M.; Miller, A.D.; Westmoreland, S.V.; Mansfield, K.G.;
Vallender, E.J.; et al. Biogeography of the intestinal mucosal and lumenal microbiome in the rhesus macaque. Cell Host Microbe
2015, 17, 385–391. [CrossRef]

178. Sivamaruthi, B.S.; Suganthy, N.; Kesika, P.; Chaiyasut, C. The Role of Microbiome, Dietary Supplements, and Probiotics in Autism
Spectrum Disorder. Int. J. Environ. Res. Public Health 2020, 17, 2647. [CrossRef]

179. Pulikkan, J.; Maji, A.; Dhakan, D.B.; Saxena, R.; Mohan, B.; Anto, M.M.; Agarwal, N.; Grace, T.; Sharma, V.K. Gut Microbial
Dysbiosis in Indian Children with Autism Spectrum Disorders. Microb. Ecol. 2018, 76, 1102–1114. [CrossRef]

180. Strati, F.; Cavalieri, D.; Albanese, D.; De Felice, C.; Donati, C.; Hayek, J.; Jousson, O.; Leoncini, S.; Renzi, D.; Calabrò, A.; et al.
New evidences on the altered gut microbiota in autism spectrum disorders. Microbiome 2017, 5, 24. [CrossRef]

181. Settanni, C.R.; Bibbò, S.; Ianiro, G.; Rinninella, E.; Cintoni, M.; Mele, M.C.; Cammarota, G.; Gasbarrini, A. Gastrointestinal
involvement of autism spectrum disorder: Focus on gut microbiota. Expert Rev. Gastroenterol. Hepatol. 2021, 15, 599–622.
[CrossRef] [PubMed]

182. Tomova, A.; Husarova, V.; Lakatosova, S.; Bakos, J.; Vlkova, B.; Babinska, K.; Ostatnikova, D. Gastrointestinal microbiota in
children with autism in Slovakia. Physiol. Behav. 2015, 138, 179–187. [CrossRef] [PubMed]

183. Williams, B.L.; Hornig, M.; Buie, T.; Bauman, M.L.; Cho Paik, M.; Wick, I.; Bennett, A.; Jabado, O.; Hirschberg, D.L.; Lipkin, W.I.
Impaired carbohydrate digestion and transport and mucosal dysbiosis in the intestines of children with autism and gastrointestinal
disturbances. PLoS ONE 2011, 6, e24585. [CrossRef] [PubMed]

184. Gyawali, S.; Patra, B.N. Trends in concept and nosology of autism spectrum disorder: A review. Asian J. Psychiatr. 2019, 40, 92–99.
[CrossRef]

185. De Angelis, M.; Piccolo, M.; Vannini, L.; Siragusa, S.; De Giacomo, A.; Serrazzanetti, D.I.; Cristofori, F.; Guerzoni, M.E.;
Gobbetti, M.; Francavilla, R. Fecal Microbiota and Metabolome of Children with Autism and Pervasive Developmental Disorder
Not Otherwise Specified. PLoS ONE 2013, 8, e76993. [CrossRef]

186. Finegold, S.M.; Summanen, P.H.; Downes, J.; Corbett, K.; Komoriya, T. Detection of Clostridium perfringens toxin genes in the
gut microbiota of autistic children. Anaerobe 2017, 45, 133–137. [CrossRef]

187. Navarro, F.; Liu, Y.; Rhoads, J.M. Can probiotics benefit children with autism spectrum disorders? World J. Gastroenterol. 2016,
22, 10093–10102. [CrossRef]

188. Kovtun, A.S.; Averina, O.V.; Alekseeva, M.G.; Danilenko, V.N. Antibiotic Resistance Genes in the Gut Microbiota of Children with
Autistic Spectrum Disorder as Possible Predictors of the Disease. Microb. Drug Resist. 2020, 26, 1307–1320. [CrossRef]

189. Iglesias–vázquez, L.; Riba, G.V.G.; Arija, V.; Canals, J. Composition of gut microbiota in children with autism spectrum disorder:
A systematic review and meta-analysis. Nutrients 2020, 12, 792. [CrossRef]

190. Ma, B.; Liang, J.; Dai, M.; Wang, J.; Luo, J.; Zhang, Z.; Jing, J. Altered Gut Microbiota in Chinese Children With Autism Spectrum
Disorders. Front. Cell Infect. Microbiol. 2019, 9, 40. [CrossRef]

191. Coretti, L.; Paparo, L.; Riccio, M.P.; Amato, F.; Cuomo, M.; Natale, A.; Borrelli, L.; Corrado, G.; Comegna, M.; Buommino, E.; et al.
Gut Microbiota Features in Young Children With Autism Spectrum Disorders. Front. Microbiol. 2018, 9, 3146. [CrossRef] [PubMed]

192. Finegold, S.M.; Dowd, S.E.; Gontcharova, V.; Liu, C.; Henley, K.E.; Wolcott, R.D.; Youn, E.; Summanen, P.H.; Granpeesheh, D.;
Dixon, D.; et al. Pyrosequencing study of fecal microflora of autistic and control children. Anaerobe 2010, 16, 444–453. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.biopsych.2018.08.016
http://doi.org/10.1007/s12035-022-02801-x
http://doi.org/10.1007/s10803-021-05364-3
http://doi.org/10.1001/archpsyc.1977.01770170031002
http://www.ncbi.nlm.nih.gov/pubmed/860890
http://doi.org/10.1016/j.ejphar.2011.07.013
http://www.ncbi.nlm.nih.gov/pubmed/21810417
http://doi.org/10.1038/nature09944
http://www.ncbi.nlm.nih.gov/pubmed/21508958
http://doi.org/10.3389/fcimb.2020.00151
http://doi.org/10.1016/j.chom.2015.01.015
http://doi.org/10.3390/ijerph17082647
http://doi.org/10.1007/s00248-018-1176-2
http://doi.org/10.1186/s40168-017-0242-1
http://doi.org/10.1080/17474124.2021.1869938
http://www.ncbi.nlm.nih.gov/pubmed/33356668
http://doi.org/10.1016/j.physbeh.2014.10.033
http://www.ncbi.nlm.nih.gov/pubmed/25446201
http://doi.org/10.1371/journal.pone.0024585
http://www.ncbi.nlm.nih.gov/pubmed/21949732
http://doi.org/10.1016/j.ajp.2019.01.021
http://doi.org/10.1371/journal.pone.0076993
http://doi.org/10.1016/j.anaerobe.2017.02.008
http://doi.org/10.3748/wjg.v22.i46.10093
http://doi.org/10.1089/mdr.2019.0325
http://doi.org/10.3390/nu12030792
http://doi.org/10.3389/fcimb.2019.00040
http://doi.org/10.3389/fmicb.2018.03146
http://www.ncbi.nlm.nih.gov/pubmed/30619212
http://doi.org/10.1016/j.anaerobe.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20603222


Nutrients 2023, 15, 1620 26 of 27

193. Gondalia, S.V.; Palombo, E.A.; Knowles, S.R.; Cox, S.B.; Meyer, D.; Austin, D.W. Molecular Characterisation of Gastrointestinal
Microbiota of Children with Autism (with and without Gastrointestinal Dysfunction) and Their Neurotypical Siblings. Autism
Res. 2012, 5, 419–427. [CrossRef] [PubMed]

194. Plaza-Díaz, J.; Gómez-Fernández, A.; Chueca, N.; de la Torre-Aguilar, M.J.; Gil, Á.; Perez-Navero, J.L.; Flores-Rojas, K.;
Martín-Borreguero, P.; Solis-Urra, P.; Ruiz-Ojeda, F.J.; et al. Autism spectrum disorder (ASD) with and without mental re-
gression is associated with changes in the fecal microbiota. Nutrients 2019, 11, 337. [CrossRef]

195. Williams, B.L.; Hornig, M.; Parekh, T.; Ian Lipkin, W. Application of novel PCR-based methods for detection, quantitation, and
phylogenetic characterization of Sutterella species in intestinal biopsy samples from children with autism and gastrointestinal
disturbances. mBio 2012, 3, e00261-11. [CrossRef]

196. Kushak, R.I.; Winter, H.S.; Buie, T.M.; Cox, S.B.; Phillips, C.D.; Ward, N.L. Analysis of the Duodenal Microbiome in Autistic
Individuals: Association with Carbohydrate Digestion. J. Pediatr. Gastroenterol. Nutr. 2017, 64, e110–e116. [CrossRef]

197. Mayer, E.A.; Knight, R.; Mazmanian, S.K.; Cryan, J.F.; Tillisch, K. Gut microbes and the brain: Paradigm shift in neuroscience.
J. Neurosci. 2014, 34, 15490–15496. [CrossRef]

198. Carbonero, F.; Benefiel, A.C.; Alizadeh-Ghamsari, A.H.; Gaskins, H.R. Microbial pathways in colonic sulfur metabolism and links
with health and disease. Front. Physiol. 2012, 3, 448. [CrossRef]

199. Ritz, N.L.; Burnett, B.J.; Setty, P.; Reinhart, K.M.; Wilson, M.R.; Alcock, J.; Singh, S.B.; Barton, L.L.; Lin, H.C. Sulfate-reducing
bacteria impairs working memory in mice. Physiol. Behav. 2016, 157, 281–287. [CrossRef]

200. Son, J.S.; Zheng, L.J.; Rowehl, L.M.; Tian, X.; Zhang, Y.; Zhu, W.; Litcher-Kelly, L.; Gadow, K.D.; Gathungu, G.; Robertson, C.E.;
et al. Comparison of fecal microbiota in children with autism spectrum disorders and neurotypical siblings in the simons simplex
collection. PLoS ONE 2015, 10, e0137725. [CrossRef]

201. Iovene, M.R.; Bombace, F.; Maresca, R.; Sapone, A.; Iardino, P.; Picardi, A.; Marotta, R.; Schiraldi, C.; Siniscalco, D.; Serra, N.; et al.
Intestinal Dysbiosis and Yeast Isolation in Stool of Subjects with Autism Spectrum Disorders. Mycopathologia 2017, 182, 349–363.
[CrossRef] [PubMed]

202. Van De Sande, M.M.H.; Van Buul, V.J.; Brouns, F.J.P.H. Autism and nutrition: The role of the gut-brain axis. Nutr. Res. Rev. 2014,
27, 199–214. [CrossRef] [PubMed]

203. Pulikkan, J.; Mazumder, A.; Grace, T. Role of the Gut Microbiome in Autism Spectrum Disorders. Adv. Exp. Med. Biol. 2019,
1118, 253–269.

204. Alshammari, M.K.; AlKhulaifi, M.M.; Al Farraj, D.A.; Somily, A.M.; Albarrag, A.M. Incidence of Clostridium perfringens and its
toxin genes in the gut of children with autism spectrum disorder. Anaerobe 2020, 61, 102114. [CrossRef]

205. Kantarcioglu, A.S.; Kiraz, N.; Aydin, A. Microbiota-Gut-Brain Axis: Yeast Species Isolated from Stool Samples of Children with
Suspected or Diagnosed Autism Spectrum Disorders and In Vitro Susceptibility Against Nystatin and Fluconazole. Mycopathologia
2016, 181, 1–7. [CrossRef] [PubMed]

206. Cristofori, F.; Dargenio, V.N.; Dargenio, C.; Miniello, V.L.; Barone, M.; Francavilla, R. Anti-inflammatory and immunomodulatory
effects of probiotics in gut inflammation: A door to the body. Front. Immunol. 2021, 12, 578386. [CrossRef] [PubMed]

207. Parracho, H.M.R.T.; Gibson, G.R.; Knott, F.; Bosscher, D.; Kleerebezem, M.; McCartney, A.L. A double-blind, placebo-controlled,
crossover-designed probiotic feeding study in children diagnosed with autistic spectrum disorders. Int. J. Probiotics Prebiotics
2010, 5, 69–74.
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