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Abstract: Autism Spectrum Disorder (ASD), a neurodevelopmental disorder characterized by persistent
deficits in social interaction and social communication manifests in early childhood and is followed by
significant impairment in social and occupational functions in adolescence and adulthood. Although genetics
have been implicated, the exact causes of ASD have yet to be fully characterized. New evidence suggests that
dysbiosis or perturbation in gut microbiota (GM) and exposure to lead (Pb) may play important roles in ASD
etiology. Pb is a toxic heavy metal that has been linked to a wide range of negative health outcomes including
anemia, encephalopathy, gastroenteric diseases and more importantly cognitive and behavioral problems
inherent to ASD. Pb exposure can disrupt GM, which is essential for maintaining overall health. GM, consisting
of trillions of microorganisms, has been shown to play a crucial role in the development of various
physiological and psychological functions. GM interacts with the brain in a bidirectional manner referred to as
“Gut-Brain Axis (GBA).” In this review, following a general overview of ASD and GM, the interaction of Pb
with GM in the context of ASD is emphasized. Potential exploitation of this interaction for therapeutic purposes
is also touched upon.
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1. Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by persistent
deficits in social interaction and social communication as well as restricted and repetitive patterns of
behavior that manifest in early childhood. This is followed by significant impairment in social and
occupational functions in adolescence and adulthood that continues throughout the lifespan.
Although the exact causes of ASD have yet to be fully characterized, there is growing evidence that
multiple factors including the gut microbiota (GM) and environmental exposure to toxic substances
such as lead (Pb) can play important roles in its etiology. Pb is a toxic heavy metal that has been
linked to a wide range of negative health outcomes including anemia, encephalopathy, gastroenteric
diseases and more importantly cognitive and behavioral problems. Recent studies have revealed that
Pb exposure can disrupt GM, which is essential for maintaining overall health. GM, which consists
of trillions of microorganisms, has been shown to play a crucial role in the development of various
physiological and psychological functions. Indeed, its disruption, commonly referred to dysbiosis,
has been linked with numerous neurologic diseases including ASD. This review provides an
overview of the current understanding of the relationship between Pb, GM, and ASD. It also
identifies potential exploitation of this knowledge for novel therapeutic interventions in ASD.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Autism Spectrum Disorder (ASD)

ASD is a major medical and social challenge not only for those diagnosed, but also for their
caregivers and families. It is a developmental disability affecting social interaction, communication
as well as sensory processing. Genetically, it is highly heterogeneous and may be either inherited or
caused by novel mutations. To date, hundreds of genes have been identified that may contribute to
the serious deficits in communication, social cognition, and behavior associated with ASD. However,
these identified genes may account for 10-20% of all ASD cases. Thus, combination of genetic,
epigenetics, environmental factors and immune system are considered as central players in ASD
susceptibility [1,2]. Moreover, significant variations in symptoms, despite similar pathogenic changes
may be observed [1]. According to the American Psychiatric Association’s Diagnostic and statistical
Manual, (DSM-V), for a child to meet diagnostic criteria for ASD, he/she must have persistent deficits
in each of three areas of social communication and interaction (deficits in social-emotional reciprocity;
deficits in non-verbal communicative behaviors; deficits in developing, maintaining and
understanding relationships) plus at least two of four types of restricted, repetitive behaviors
(stereotyped motor movements and use of speech; inflexible adherence to routines and patterns;
fixated interests with abnormal intensity and focus; hyperactivity and hypo- or hyper-reactivity to
sensory input). Indeed, the vast majority of individuals diagnosed with ASD have unique and
atypical sensory experiences, especially regarding tactile, visual and auditory stimuli [3]. Curiously,
ASD shares some of the symptoms consistent with attention-deficit/hyperactivity disorder (ADHD),
namely inattention, hyperactivity, and impulsivity [4,5].

Due to improved access to healthcare facilities, and due to the growing awareness of mental
health, the prevalence of ASD has increased in recent years, and has become a cause of major concern
[6]. ASD is about 3 times more prevalent in boys than girls. In the United States (US), about one in
every 42 males and one in 189 females is diagnosed with ASD [7]. Most children are diagnosed after
age 4 though detection may be feasible as early as age 2. Early detection and intervention is crucial
for providing improvement opportunities. Behavioral, speech, language, occupational, and social
skills training are the main approaches applied. Effectiveness of early intervention with positive
outcomes especially in the realm of cognitive ability, daily living skills as well as motor skills was
recently reported [8]. These individuals also have an increased risk of other psychiatric conditions
such as anxiety and eating disorders. Unfortunately, the spectrum of neurodevelopmental disabilities
persists through life and as of yet, beyond modest symptomatic relief, no cure is available. Treatment
strategies often include behavioral, physical-, occupational- and speech-therapy.

2.1. Neurobiological Substrates Associated with ASD

The neurobiological substrates associated with ASD are not fully understood, but several studies
have identified brain regions and neural pathways that might be involved in its pathophysiology.
One of the most consistent findings is that individuals with ASD present with structural and
functional differences, compared to individuals without ASD. These include smaller cell size and
increased density of cells in the hippocampus, limbic system, entorhinal cortex and amygdala,
abnormal development of frontal and temporal lobes as well as lower gray matter and white matter
in all ages of individuals suffering from ASD. However, younger patients tend to manifest an increase
in neuronal size in the cerebellar nuclei, inferior olive, and vertical limb of Broca’s area [9,10]. More
recently, structural Magnetic Resonance Imaging (MRI) studies dealing with total brain volume,
regional brain structure and cortical area, and task-based functional MRI (fMRI), show dysfunctional
activation in critical areas controlling social communication and restrictive repetitive behavior [11].
Current hypothesis suggests that ASD symptomatology is driven by four brain regions controlling
social behavior. These include amygdala, orbitofrontal cortex (OFC), temporoparietal cortex (TPC),
and insula [12]. Specifically, the amygdala’s contribution to ASD is due to its major involvement in
intangible knowledge representations and gaze guidance. In addition, disruption of interconnected
circuitries in the visual cortex, inferior frontal gyrus, caudate nucleus, and hippocampus can
contribute to further cognitive and other symptoms [12]. A recent study reported that autistic
individuals showed different atypical regional gray matter volumetric changes in childhood,
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adolescence, and adulthood compared to their control peers, indicating that it is essential to consider
developmental stages of the brain when exploring brain structural abnormalities in autism [13].

2.2. Genetics and Epigenetics in ASD

As mentioned above, genetic and epigenetics also play an important role in the development of
ASD and several genes including those involved in synaptic function, neuronal signaling, and brain
development have been implicated. Some of the other genes in which rare mutations are associated
with ASD, often with other signs and symptoms, are ARID1B, ASH1L, CHD2, CHDS, DYRKI1A,
POGZ, SHANKS, and SYNGAP1. In most individuals where ASD is caused by rare gene mutations,
the mutations occur in only a single gene. Single nucleotide polymorphisms (SNPs) of a number of
candidate genes including CNTNAP2, MTHFR, OXTR, SLC25A12, and VDR have been identified
[14,15]. Some of the candidate genes responsible for 90-95% of all idiopathic autism cases, and related
to brain metabolism include AVPR1a, DISC1, DYX1C1, ITGB3, SLC6A4, RELN, RPL10 and SHANK3
[15].

Regarding epigenetics, hundreds of potential environmental factors that may contribute to ASD
risk have been identified [1]. These include advanced maternal and paternal age, maternal
complications or infections during pregnancy, prenatal exposure to anticonvulsants, particularly
valproic acid, toxic chemical exposure, smoking and alcohol use, nutrition, maternal diabetes,
enhanced steroidogenic activity, immune activation, altered zinc-copper cycles and treatment with
selective serotonin reuptake inhibitors [16]. It is noteworthy that epidemiological studies
demonstrate no evidence for vaccination posing an autism risk [16]. On the other hand, twin studies
involving 50 pairs of monozygotic twins discordant for ASD confirm autism-associated differentially
methylated regions, with methylation patterns at some CpG sites common to symptom groups [17].
It is of relevance to mention that there are four different ways epigenetic can promote or inhibit gene
expression. These consist of histone modifications or deacetylation, DNA methylation, RNA
interference, and RNA modifications [18]. Among others, increased DNA methylation of the GAD1
gene promoter was described in patients with ASD as an example of the role of epigenetic in ASD
pathophysiology [19].

In short, it can be concluded that ASD is a multifactorial disorder in which genetic and
environmental factors interact, triggering its development. However, precise causal mechanisms
remain to be elucidated.

2.3. Neurotransmitters in ASD

Given the complexity of ASD and structural brain abnormalities, it is not surprising that a
plethora of neurotransmitters including GABA, glutamate, serotonin, dopamine, acetylcholine, and
several peptides such as oxytocin, arginine-vasopressin, melatonin, orexin, opioids, as well as N-
acetyl aspartate and vitamin D have been implicated in its etiology [20]. Moreover, neurotransmitter
deficiencies in ASD patients were recently verified by functional magnetic resonance imaging [21]. A
recent review covers the specific involvement of each of the above transmitters in detail [20]. Here,
we provide a brief discussion of some of the more important players with emphasis on therapeutic
potentials.

Glutamate, the main excitatory neurotransmitter in the brain, targets both metabotropic
(mGIuR) and ionotropic (iGluR) receptors. The metabotropic receptors are G-protein coupled
receptors (GPCR), whereas ionotropic receptors are ligand-gated ion channels. To date, eight
different types of mGluRs have been identified. The 3 ionotropic receptors consist of N-methyl-D-
aspartate receptors (NMDARs), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs), and kainate receptors. Both mGluRs and iGluRs play an important role in synaptic
plasticity, which is important for learning and memory. Of mGluRs, mGIuR1 and mGIuR5 are the
most studied in ASD. Curiously, altered functioning of the mGluR5 receptor also occurs in Fragile X
syndrome, which is a major genetic cause of autism and is associated with the most common ASD
phenotypes. Genetic alterations have also been linked to the NMDA class of iGluRs where both
NMDA hyperfunction and hypofunction are associated with an ASD phenotype. Indeed, valproic
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acid which causes an overexpression of NMDA receptors has been used to model autism in rodents.
Reduced AMPA receptors have also been observed in ASD. Since the onset of ASD symptoms
coincides with the timing of synapse formation and maturation, and glutamatergic receptors are key
players in this scenario, a causative association between GluRs and ASD is suggested [22].

Gamma aminobutyric acid (GABA), derived from glutamate, is the major inhibitory
neurotransmitter and has a complex balancing act with its precursor. GABA also acts on both
traditional ionotropic and metabotropic receptors. However, the functional properties of GABA
receptor signaling in the immature brain are significantly different from, and in some ways opposite
to those found in the adult brain. Thus, in the immature brain GABA may act as the main excitatory
neurotransmitter or a trophic factor influencing proliferation, migration, differentiation, synapse
maturation and cell death [23]. This unique feature of the early GABA signaling, as well as the
excitatory/inhibitory imbalance theory concerning abnormal social behavior [24], signify GABA’s
important role as a developmental signal and a major player not only in ASD etiology but also
symptom manifestations such as impairment in information processing and social behavior
dysfunction [20].

Serotonin (5-hydroxytryptamine, 5-HT) is an important neurotransmitter involved in several
developmental events, including cell division, cortical proliferation, migration, differentiation,
cortical plasticity, and synaptogenesis. Its role in various brain functions such as mood regulation,
learning and memory and sleep are well established. Indeed, selective serotonin reuptake inhibitors
are the most commonly used antidepressants. In relation to ASD, higher levels of 5SHT have been
detected in autistic children and in animal models of ASD, while reductions in both 5-HT2A and 5-
HT1A binding were observed in postmortem ASD brains [25,26]. Involvement of 5HT system in the
etiology of ASD during early brain development has been suggested [27].

Dopamine, a major catecholamine neurotransmitter, in addition to its well-established roles in
motor control and neuronal regulation of prolactin, is critically involved in reward circuitry and
addictive behaviors as well as in social cognition and behavior. Its link to ASD had been suggested
by numerous studies. In fact, it has been hypothesized that dopamine imbalances in specific brain
regions could lead to ASD [28]. Specifically, reduced dopamine release in the nucleus accumbens and
prefrontal cortex have been reported in autistic subjects. These and other findings have led to the
suggestion that social deficits in ASD is due to a dysfunction of the mesocorticolimbic dopaminergic
circuit, while the dysfunction of the nigrostriatal dopaminergic circuit is responsible for the
stereotype behaviors. Interestingly, administration of D1 dopaminergic receptor antagonists is
effective in reducing the stereotype behavior [20]. More recent imaging studies have confirmed
monoamine neurotransmitter deficits in cerebrospinal fluid of ASD patients [21].

Acetylcholine (ACh) is another excitatory neurotransmitter with extensive peripheral as well as
central functions. Thus, it is used by motor neurons at the neuromuscular junction, and acts at both
sympathetic and parasympathetic preganglionic neurons in the autonomic nervous system. It serves
as the neurotransmitter at all the parasympathetic innervated organs and as the neurotransmitter at
several sympathetic-innervated organs such as the sweat glands, and the piloerector muscle.
Importantly, it is considered a major neurotransmitter in the brain with an essential role in cognitive,
motor, and other important behavioral functions such as social interactions [29]. ACh actions are
mediated by both muscarinic, which are GPCRs and nicotinic receptors, which are ligand-gated ion
channels. Whereas at the neuromuscular junction and the autonomic ganglia, nicotinic receptors are
the sole mediators of the ACh, in the central nervous system (CNS) both nicotinic and muscarinic
receptors are at play. The more abundant nicotinic receptors in CNS consist of a4(32 and homomeric
a7 nAChRs. The main evidence of cholinergic system abnormalities in ASD includes a significant
reduction of nicotinic a4(32 subtype in the parietal and frontal as well as a reduction of cerebellar o4
nAChRs, which could be linked to the loss of Purkinje cells and to a compensatory increase in a7
nAChRs [20,30]. Moreover, administration of ABT-418, a neuronal nicotinic acetylcholine receptor
agonist, imparts a statistically significant improvement in ASD-associated psychiatric symptoms [31].

The a7 nicotinic receptor also has a promising role in the pathogenesis of ASD and other related
neuropsychiatric disorders such as ADHD, as it is involved in sensory processing, cognition, working
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memory, attention and is highly expressed in the hippocampus and frontal cortex, regions involved
in cognitive functions [32,33]. In addition, therapeutic potential of a7 nicotinic acetylcholine receptor
agonists in ASD or down syndrome has been suggested [34].

In summary, it may be suggested that dysfunction of any or a combination of the above-
discussed neurotransmitters may contribute to both the etiology and/or symptomatology of ASD.

2.4. Neuroinflammation in ASD

Several meta-analyses have confirmed a strong involvement of neuroinflammatory processes in
practically all neuropsychiatric and/or neurodegenerative diseases including ASD [2,35-44]. Thus, it
has been reported that individuals with ASD have significantly higher levels of several inflammatory
biomarkers, including tumor necrosis factor-alpha (TNF-c), interleukin-1 beta (IL-1f3), and C-reactive
protein (CRP) compared to healthy controls [37]. Although the exact triggers and/or players in
neuroinflammation associated with specific neurodegenerative/neuropsychiatric diseases have yet to
be fully characterized, a central role for microglia and commonality of immune dysfunction is well-
recognized [45]. There is evidence of innate immune dysfunction including aberrant innate cellular
function leading to microglial activation and neuroinflammation [41].

As mentioned earlier, no cure for ASD is yet available. However, research in this area and
potential use of anti-inflammatory drugs and antioxidants as well as mesenchymal stem cell-based
therapy have been suggested [40,44]. Recently, involvement of the histaminergic system and
potential therapeutic exploitation of this system in ASD and other conditions associated with
impairment in executive functioning was provided [39]. Therefore, from above discussions, it may
be deduced that an imbalance in neurotransmitter systems and/or induction of neuroinflammation
could precipitate ASD.

Moreover, a role for the gut-brain axis involving microbial-immune-neuronal crosstalk leading
to neuroinflammation has been established [38]. Below, further contribution of this axis and its
potential therapeutic exploitation is elaborated.

3. Gut Microbiota

The human gastrointestinal (GI) tract harbors a complex and dynamic population of
microorganisms. The collection of bacteria, archaea and eukarya colonizing the GI tract is termed the
‘gut microbiota” which has co-evolved with the host over thousands of years to form an intricate and
symbiotic relationship [46]. It has been estimated that human GI tract harbors a range of 2000 bacterial
species and was thought to contain over 100 times the amount of genomic content (microbiome)
compared to the human genome [47,48]. However, more recent studies suggest only a slightly higher
number of microbiomes compared to the human genome [49-51]. The gut microbiome is now
commonly referred to as a new metabolic ‘organ’ due to its immense impact on human equilibrium,
including host metabolism, physiology, nutrition, immune function, neurology, mental health, and
aging process [51-53].

3.1. Digestive System Innervation — Enteric Nervous System

The digestive system is innervated by CNS and by the enteric nervous system (ENS) that is
within the wall of the gastrointestinal tract. The ENS plays a crucial role in controlling many of the
functions of the digestive system, including the movement of food through the intestines, the
secretion of digestive enzymes and hormones, and the sensing of nutrients and other signals in the
gut. In fact, a large number of neurons are contained in the enteric nervous system, about 200-600
million in a human. This is more than the total numbers of neurons of all sympathetic and
parasympathetic ganglia combined and about the same number of neurons that are in the spinal cord.

The mechanism by which the ENS controls digestive function is complex and involves many
different types of neurons and signaling molecules. ENS is composed of thousands of small ganglia
that lie within the walls of the esophagus, stomach, small and large intestines, pancreas, gallbladder,
and biliary tree. Two major sets of ganglia are found: the myenteric (Auerbach) plexus between the
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external muscle layers, and the submucosal plexus (Meissner) that regulates the gut function. The
neurons of the myenteric plexus are responsible for regulating the contractions of the digestive
muscles, controlling the speed and force of peristalsis, and ensuring the efficient mixing and
propulsion of food through the digestive tract. These neurons use a variety of neurotransmitters
including acetylcholine, serotonin, dopamine, and nitric oxide, to communicate with each other and
with other parts of the digestive system. The submucosal plexus, on the other hand, is present in the
small and large intestines. Its neurons are responsible for regulating the secretion of digestive juices
and enzymes, controlling the blood flow to the digestive organs, and transmitting signals to the
myenteric plexus and the CNS about the state of the digestive system. Most recently, it was revealed
that enteric glia, located along nerve fibers in the gut mucosa, influence several important features of
the gut epithelium including barrier integrity, ion transport and capacity for self-renewal [54].
Moreover, enteric glia also interacts with the endocrine and immune cells within the intestinal wall
to maintain general homeostasis [55].

3.2. Gut-Brain Axis (GBA)

ENS is sometimes referred to as the “second brain” because it can operate independently of CNS
and can coordinate complex digestive functions even in the absence of CNS input. However, the ENS
also receives input from the CNS and can communicate bidirectionally with the brain via the vagus
nerve. Additionally, the brain and the gut can communicate via the endocrine and the immune
system involving the gut hormones and cytokines, which are under direct influence of GM.
Microbiota is also essential for maintaining the ENS integrity [56]. Thus, the relatively new concept
commonly referred to as the “Gut-Brain-axis (GBA)” encompasses the bidirectional communication
between the brain and the gut primarily involving GM.

Recent findings suggest that GBA represents a complex interplay that is crucial in CNS
development both pre- and post-natally. This hypothesis is supported by a series of experiments in
germ-free mouse models where development in specific parts of CNS, crucial in cognitive and
emotional responses, such as hippocampus and amygdala, is compromised in these mice [57,58].
Moreover, germ-free mice have an abnormal response to stress, which can be normalized by
recolonizing them with a complete microbiota (via stool transplant) or by monocolonization with
Bifidobacterium Infantis [59]. It is now well recognized that GM can affect the integrity and the diverse
functions of CNS including regulation of the mood and cognition [60-63].

3.3. Gut Microbiota — Genetics

In addition to the well-known effects of environmental factors on the composition of the
microbiota, host genetics also influences this composition [64]. It has been shown that monozygotic
twins have more similar GM compared to dizygotic twins strengthening the role of genes in GM [65].
Nonetheless, environmental factors such as diet, antibiotics, and stress affect the microbiome more
profoundly than the genetic component. It is estimated that human genetics could explain
approximately 2-8% of gut microbiome variation [64,66,67], whereas colonization of the gut by
microbes, especially in early life, is largely determined by environmental factors such as diet, and
even delivery mode (e.g., vaginal vs. cesarean birth) [68].

Considerable effort is currently expended on identifying specific genes involved in both ASD
and microbiota. It was reported recently that children who had certain genetic variants related to
immune function and inflammation showed a better response to microbiota transfer therapy (MicTT)
than those who did not have these variants [69]. Thus, genetic variations related to immune function
and inflammation may influence GM, which in turn, can have a bearing on development of ASD [69].
Importantly, an interaction between GM and host genes, either directly or indirectly through
epigenetic (discussed later) mechanisms may occur [70,71]. Therefore, beyond genetic predisposing
factors, elucidating GM composition, evolution and function could not only enhance our
understanding of contributory factors to a variety of diseases including ASD but could also suggest
novel intervention.
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3.4. Gut Microbiota — Neurotransmitters

GM may also indirectly influence the functioning of CNS by encoding genes for specific enzymes
that catalyze the conversion of some substrates into neurotransmitters or their precursors. Thus, GM
produces and responds to the same neurotransmitters such as serotonin, dopamine, noradrenaline,
acetylcholine, GABA, glutamate that the brain uses to regulate variety of behavior including mood
and cognition [72]. Indeed, an imbalance between these neurotransmitters is believed to result in
many neuropsychiatric and/or neurological diseases such as ASD, AD, PD, anxiety, and mood
disorders [60,73]. These neurotransmitters are byproducts of the food breakdown and/or may be
directly produced and secreted by GM. Many bacteria have been found to be able to produce large
quantities of mammalian neurotransmitters. For example, Bacillus mycoides and Bacillus subtilis
produce dopamine and noradrenaline, whereas some strains of E.Coli (E. Coli K12) produce
dopamine, noradrenaline, and serotonin. Also, many strains of Lactobacillus species are known to
produce GABA, ACh and histamine [74] as well as tryptophan hydroxylase, the enzyme that
catalyzes the rate-limiting step in the synthesis of serotonin. Further proof of associations between
dysbiosis and changes in neurotransmitters and short-chain fatty acids were observed in a prenatal
valproic acid model of ASD [75].

Consequently, the modulatory effect of the GM on CNS has been exploited for the development
of specific probiotics that can improve a number of CNS disorders including stress disorders [76],
mood and cognitive impairments [77,78], autoimmune diseases [79] as well as ASD [80].

3.5. Gut Microbiota - Short Chain Fatty Acids (SCFAs)

As briefly alluded to earlier, GM can interact with CNS through several pathways: First, through
produced metabolites. Second, directly via neurotransmitters and third, indirectly by influencing the
synthesis and release of enteric hormones. In fact, GM produces and releases crucial neuro-active
metabolites that play the role of neuromediators and neuromodulators. Among these, short chain
fatty acids (SCFA), aromatic amino acids and bile acids are the main substances affecting the nervous
system. SCFA have been associated with many different physiological processes, from GI functions
to immune functions and CNS development and maturation [81]. Indeed, decreased levels of SCFA
have been associated with degenerative diseases such as PD [82], anorexia nervosa [83] and ASD [84].
Alterations of SCFA (acetate, propionate, and butyrate) levels have also been reported in mood and
anxiety disorders, which are commonly associated with ASD [85]. GM also has an important role in
maintaining the integrity of the blood brain barrier (BBB) [60,86,87]. BBB, a semipermeable
endothelium, is a highly selective membrane preventing solutes and potential harmful elements in
the circulating blood from freely entering CNS. SCFA, however, can directly impact BBB integrity.
This is evidenced by impairment of BBB in germ-free mice and its restoration by recolonization with
Clostridium tyrobutyricum, which produces the SCFA (butyrate) and up-regulates the tight junction
proteins [88].

3.6. Gut Microbiota — Microglia

As mentioned, inflammation has been linked to the pathogenesis of ASD. Microglia, which are
the immune cells of the brain, play a critical role in the inflammatory response in CNS. One proposed
mechanism for microglial activation leading to neuroinflammation in ASD involves the disruption
of GBA. GM plays a critical role in regulating the immune system as evidenced by the fact that
dysbiosis, or alterations in the composition of GM, can lead to an inflammatory response in the gut,
which can propagate to CNS through a variety of mechanisms, including the vagus nerve and
circulating cytokines [89,90]. Indeed, it is now well-recognized that microglia and astrocytes underlie
neuroinflammation and synaptic susceptibility in ASD [91].

In addition to dysbiosis, other factors such as environmental toxins, including heavy metals,
especially lead, which will be discussed in the following section, have also been implicated in
microglial activation and neuroinflammation in ASD [92-94]. The activation of microglia and the
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subsequent release of pro-inflammatory cytokines can lead to synaptic dysfunction and neuronal
damage, contributing to the cognitive and behavioral symptoms of ASD [41-43,95].

3.7. Gut Microbiota — ASD

Gastrointestinal symptoms have been vastly described in patients with ASD. Children and
adolescents suffering from ASD, report abdominal pain, constipation, gastroesophageal reflux and
feeding problems [96-98]. A large prospective cohort study showed differences in the stooling
patterns and feeding behaviors as early as 6 months in children who were later diagnosed with ASD
[98,99]. These GI comorbidities are more common and more often persistent in children with ASD
than in children with other developmental delays [98-100]. Gastrointestinal symptoms seem to
correlate with ASD severity [97,101]. An open label study on Microbiota Transfer Therapy (MicroTT),
supports the effectiveness of this therapy as significant improvement was noted, which lasted at least
8 weeks after the treatment [102]. Additionally, a recent systematic review and meta-analysis on
microbiome components in ASD children showed multiple differences between the microbiota of
neurotypical children compared to ASD patients. For instance, increased levels of Bacteroides,
Parabacteroides, Faecalibacterium and Clostridium and decreased levels of Coprococcus and Bifidobaterium
were detected. There was also an augmentation in the Bacteroidetes/Firmicutes ratio compared to
controls, with an elevated Bacteroidetes and Firmicutes level overall. Proteobacteria and Tenericutes
concentrations were also found to be higher in the microbiota of children suffering from ASD
compared to neurotypical children [103]. In all, the levels of harmful microbiota were increased
whereas the levels of beneficial microbiota were decreased in patients with ASD. Interestingly, some
species of Bifidobacterium produce GABA, hence diminution of this bacterium in the microbiota may
be a possible explanation for the low level of this inhibitory neurotransmitter in ASD patients. This
is also consistent with the findings that neuromediators and/or neurotransmitters and their
precursors synthesized in the gut may have a direct bearing on the levels of the same in the brain
[60].

4. SCFAs- ASD

SCFAs such as butyrate, acetate, and propionate are metabolites produced by gut bacteria
during the fermentation of dietary fibers and play a crucial role in the bidirectional communication
between the gut and the brain [103]. These compounds can cross the blood-brain barrier and interact
with neuronal and glial cells, modulating various functions including neurotransmitter synthesis,
energy metabolism, and inflammation. It is of relevance to note that propionic acid (PPA), a highly
neurotoxic SCFA, is produced by Bacteroidetes [103-105]. PPA can cause alterations in
neurotransmitter levels, including decreased levels of GABA and increased levels of glutamate in the
brain [106]. Moreover, it can lead to gliosis, a neuro-inflammatory response [104]. Curiously, high
levels of Bacteroidetes and elevated PPA levels were reported in children suffering from ASD
[107,108]. Additionally, PPA administration used to generate a rodent model of ASD, resulted in
brain morphological changes, including alterations in the size and structure of cortex, hippocampus
and amygdala, brain regions that are associated with regulation of social behavior and cognition
[109].

5. LEAD (Pb)

Pb is a naturally occurring heavy metal with numerous industrial applications causing its
ubiquity in the environment and exposing the population, particularly children to it [110]. One of the
most common sources of exposure for children in US is the ingestion of Pb-contaminated dust and
soil from deteriorating lead-based paint in houses constructed earlier than 1978. Pb is highly toxic as
low levels of exposure can have harmful effects especially on the brain. It enters the body primarily
via inhalation and ingestion, although minimal amounts can penetrate through skin [111,112]. Pb
exposure has been linked to a range of adverse health outcomes, including intellectual disability,
behavioral and attentional problems, and developmental delays. Even acute exposure to Pb can cause
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encephalopathy and lead to coma, convulsions and even death. Children who survive severe lead
poisoning may be left with intellectual disability and behavioral disorders [113]. Indeed, it was
reported that early (childhood) Pb exposure causes a reduction in brain volume in adulthood [114].
A study using functional MRI evaluated the impact of chronic Pb exposure during infancy and early
childhood development and found impairments in cognitive functions such as memory, intelligence,
language, decision making capacity and social skills as well as decreased activation in language areas
(left frontal cortex adjacent to Broca’s area and left middle temporal gyrus that include Wernicke’s
area), whereas the right hemisphere homolog of Wernicke’s area was enhanced in these subjects,
confirming that Pb exposure affects the brain function and organization [115]. Another study
conducted by The Centers for Disease Control and Prevention (CDC) in US, in children aged 6 to 16
years, found that even low level of Pb exposure, as measured by blood Pb concentration, was
associated with deficits in cognitive and academic skills, suggesting that there is no safe level of Pb
exposure for children and that Pb exposure should be considered as a public health priority [116,117].
Similarly, prenatal Pb exposure is associated with deficits in executive function, and areas of planning
and decision-making mediated by the frontal lobe [118]. Finally, and importantly, Pb is suspected to
contribute to development of ASD [112,119].

5.1. Pb-ASD

Indeed, the causal association between Pb exposure and ASD is strongly supported by a large
body of epidemiological data and is consistent with the toxicological profile of Pb, especially in
children. For example, as early as 2013, a relationship between perinatal Pb exposures and ASD was
reported [120]. In 2016, Dickerson and colleagues suggested not only an association between ambient
Pb concentrations and ASD prevalence but also a possible synergistic effect of Pb with other metals
such as mercury and arsenic in ASD [121]. More convincingly, a prospective study evaluating the
relationship between low-level Pb exposure and autistic behaviors in Korean school-age children,
concluded that “even low blood lead concentrations at 7-8 years of age are associated with more
autistic behaviors at 11-12 years of age” [122]. Another compelling study in twins demonstrated the
etiological relevance of early life exposure to Pb and ASD manifestation, notwithstanding the shared
genetic risk factors of twins [123]. Further confirmations of Pb-ASD link were provided by various
investigators in different countries demonstrating strong correlation between Pb levels in the hair
and ASD symptoms [124-128]. Hence, a causal association between Pb exposure in children and ASD
is supported by a preponderance of epidemiological studies [112,119].

5.2. Pb — Calcium — Neurotransmitters

Pb affects several neuronal pathways, including cholinergic, dopaminergic, GABAergic, and
glutamatergic systems. One of the main targets of Pb with wide-range consequences is its disruption
of calcium-dependent pathways. It is well known that calcium (Ca) is vital in numerous molecular
pathways as the crucial second messenger, and without which, cellular response may not occur [129-
131]. Pb can compete with Ca for binding sites on Ca-dependent channels and transporters and hence
disrupt Ca homeostasis, which can lead to impairments in Ca-dependent neurotransmitter systems
such as GABA and glutamate. Indeed, it has been hypothesized that lead-induced alterations in
synaptic function and disruption of the delicate balance of excitatory and inhibitory
neurotransmission during critical periods of brain development, could contribute to the pathogenesis
of ASD [132].

Additionally, disruption of molecules involved in synaptic transmission, neuronal survival, and
plasticity, as well as interference with calcium-dependent enzymes and intracellular signaling
involved in the regulation of gene expression, protein synthesis and cell proliferation, can have
profound effect on neuronal circuitries and hence lead to behavioral abnormalities [119]. Pb can also
disrupt or damage BBB, which can further exacerbate its neurotoxicity. Since BBB of an immature
(developing) brain is more vulnerable to damage [133], the effects of Pb may be even more
pronounced in this population [119].
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5.3. Pb — Neuroinflammation

One of the ways Pb may affect the brain is through its inflammatory effects via interaction with
microglia, altering synaptic function and connectivity, causing changes in neurotransmitters and
abnormal neural development. Microglia, considered the local CNS immune cells play an important
role during CNS development by shaping neuronal connectivity, supporting gliogenesis and
myelination [134,135]. However, overactivation of microglia can lead to production of pro-
inflammatory mediators leading to neuroinflammation [136]. Indeed, a reactive state of glia referred
to as “gliosis” is indicative of neuroinflammation and is considered the pathological hallmark of all
types of neurodegenerative diseases [137]. Gliosis may be induced by a number of toxicants including
Pb [138]. Therefore, Pb through microglia activation and induction of neuroinflammation, can
contribute to ASD manifestation [138]. Other effects of Pb regarding mitochondrial damage
(discussed below) may be additional mechanisms of how Pb exposure can lead to ASD.

5.4. Pb — Mitochondria

Mitochondria, the powerhouse of the cellular energy machinery, and essential in life-sustaining
processes, is one of the most sensitive organelles, damage to which, can lead to serious consequences.
In this regard, Pb-induced mitochondrial damage/dysfunction can result in pathological processes
including ASD [112]. Mitochondrial damage following Pb exposure can result in oxidative stress,
apoptosis, autophagy as well as neuroinflammation, all of which may lead to neuropathology
including ASD [112,139]. In addition, capability of Pb to disturb Ca homeostasis (discussed above)
can contribute to its induction of ASD [139]. Specific pathways and mechanisms that lead to
mitochondrial damage by Pb are extensively discussed in a recent review [139].

5.5. Pb — Microbiota — ASD

GM is an important, if not critical player in maintenance of general health including behavioral
functions such as social interaction and cognition, impairments of which are hallmarks of ASD. Pb,
in addition to the aforementioned mechanisms contributing to ASD pathology, may also directly
interact with GM and provide an alternate route or mechanism. This relatively new discovery is a
rather important advance in our understanding of ASD for two reasons. First, practically all the
routes or mechanisms described so far for Pb, may also be influenced by GM. Second, since GM
manipulation appears to be much simpler compared to pharmacological or behavioral interventions
that are currently used, new therapeutics for ASD may be suggested. Below, following some
discussion of Pb-GM interaction, potential novel treatments are also touched upon.

GM as any other organ in the body, carries distinct functions some of which may be providing
protection against many toxicants including heavy metals such as Pb. However, this system can also
be overcome by excess exposure to a toxicant. Such disruption of GM or dysbiosis can lead to severe
health consequences including neuropsychiatric and/or neurodegenerative disease discussed above.
For example, Pb exposure has been shown to alter the composition of GM in animals and humans,
leading to changes in the abundance and composition of certain bacterial taxa and metabolic
pathways. These changes may result in immune dysfunction and/or neurotoxicity. Sadykov and
colleagues first discussed the dysbiosis induced by Pb toxicity where they reported that oral Pb
exposure for 2 weeks altered Phyla and Genus of the bacteria in rats [140]. Similarly, exposure of
zebrafish to Pb also resulted in significant changes in the microbial richness and diversity with a
marked increase in Firmicutes ad Bacteroidetes (inflammatory markers) and simultaneous reduction in
Proteobacteria and Fusobacteria (anti-inflammatory markers) [141]. A more recent study in zebrafish
also found elevated levels of Pseudomonas, Halomonadaceae, Arcobacter, and Polaribacter (all considered
detrimental bacteria) following exposure to Pb [142].

Exposure of Japanese quails for 49 days to Pb resulted in a remarkable increase in abundance of
Bacteroides - associated with inflammation and metabolic disorders, and a reduction of
Faecalibacterium and Bifidobacteria - considered to be beneficial gut bacteria. Pb exposure was also
accompanied by disrupted intestinal structure and altered immune status [143]. These and other
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studies confirm the negative impact of Pb exposure on GM where reduction in beneficial bacteria
such as Faecalibacterium and Bifidobacteria, and increase in potentially harmful bacteria like Bacteroides,
are observed [144].

Interestingly, Pb-induced dysbiosis may be time-dependent as dysbiosis was more prominent
in the first 4 weeks of Pb exposure compared to the last 4 weeks, possibly due to the ability of GM to
adapt and provide compensatory mechanisms to mitigate the negative effects of Pb [145]. As for
specific mechanism of Pb interaction with GM, it is likely that Pb causes a decrease in the gene
encoding nitrite reductase (NADPH), a necessary enzyme for detoxification [144]. It is also
noteworthy that patients with high levels of Pb in their urine had a lower abundance of Prevotella, a
bacterium reportedly associated with anti-inflammatory properties [145-147].

Thus, abundance of evidence from human or animal models confirm that Pb exposure can lead
to dysbiosis, which can in turn, lead to abnormal social or cognitive functions, hallmarks of ASD [148,

Figure 1].
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Figure 1. Schematic diagram depicting sequence of events initiated by Lead and leading to
ASD.

5.6. Pb— ASD — Therapeutics

Aside from manipulation of neurotransmitters and other culprits such as inflammation and
oxidative stress implicated in ASD, a number of other treatment options may also be afforded by pre-
or post-natal interventions via GM. It is of relevance to note that probiotics refer to live
microorganisms that create a health benefit for the host, whereas prebiotics are components of food
that are not necessarily digested by humans but essentially feed and promote beneficial bacteria in
the gut [149].

Thus, dietary supplementation with a galactooligosaccharide (GOS), considered a prebiotic, was
shown to promote fecal Pb excretion and reduces Pb accumulation in the blood and tissues of mice,
suggesting that GOS can be considered a potentially protective prebiotic against Pb toxicity [150],
and hence of therapeutic potential in ASD. Moreover, treatment of pregnant women, children or
adults with sodium butyrate or other probiotics, alone or in combination with other proposed
effective agents such as antipurinergics, or peptidergic (e.g., oxytocin) or the amino acid taurine, may
be suggested [45]. This suggestion is in line with established microbiome influences on neuro-
immune interactions and recent advocacy of probiotics use as a treatment strategy for multiple
sclerosis, another neurodegenerative disease [151,152].


https://doi.org/10.20944/preprints202304.0753.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0753.v1

12

6. Conclusions

ASD, a devastating developmental disorder affecting cognition and social interaction, may be
partially explained by toxic interaction of heavy metals such as Pb with gut microbiota. This
knowledge suggests potential novel intervention using probiotics to alleviate at least some of the
symptoms of ASD.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Schematic diagram depicting sequence of events initiated by lead and leading
to ASD.

Author Contributions: YT and MA initiated the conceptualization and provided the initial framework for
various sections. SB and NEK provided the first draft. YT, MA, and BG made the editions. SB, NEK, and BG
provided the figure. All authors have read and agreed to the published version of the manuscript.

Funding: NTH/NIAAA R03: NIEHS R01ES10563 and RO1ES07331.

Acknowledgments: YT was supported in part by NIH/NIAAA R03AA022479; MA was supported in part by
grants from the National Institute of Environmental Health Sciences (NIEHS) RO1ES10563 and RO1ES07331.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rylaarsdam, L.; Guemez-Gamboa, A. Genetic Causes and Modifiers of Autism Spectrum Disorder. Front
Cell Neurosci. 2019, 13, 385:1-385:15, d0i:10.3389/fncel.2019.00385

2. Toscano, C.V.A; Barros, L.; Lima, A.B.; Nunes, T.; Carvalho, H.M.; Gaspar, ].M. Neuroinflammation in
autism spectrum disorders: Exercise as a “pharmacological” tool. Neurosci Biobehav Rev. 2021,129, 63-74.
doi: 10.1016/j.neubiorev.2021.07.023.

3.  Marco, EJ; Hinkley, L.B.; Hill, S.S.; Nagarajan, S.S. Sensory processing in autism: a review of
neurophysiologic findings. Pediatr Res. 2011, 69, 48-54, d0i:10.1203/PDR.0b013e3182130c54

4. Murray, MJ. Attention-deficit/Hyperactivity Disorder in the context of Autism spectrum disorders. Curr
Psychiatry Rep. 2010, 12, 382-388, doi: 10.1007/s11920-010-0145-3.

5. Young, S.; Hollingdale, J.; Absoud, M.; Bolton, P.; Branney, P.; Colley, W.; Craze, E.; Dave, M.; Deeley, Q.;
Farrag, E.; Gudjonsson, G.; Hill, P.; Liang, H.L.; Murphy, C.; Mackintosh, P.; Murin, M.; O'Regan, F.;
Ougrin, D.; Rios, P.; Stover, N.; Taylor, E.; Woodhouse, E. Guidance for identification and treatment of
individuals with attention deficit/hyperactivity disorder and autism spectrum disorder based upon expert
consensus. BMC Med. 2020, 18, 146:1-146:29, doi: 10.1186/s12916-020-01585-y.

6. Hyman, S.L; Levy, S.E.; Myers, S.M. COUNCIL ON CHILDREN WITH DISABILITIES, SECTION ON
DEVELOPMENTAL AND BEHAVIORAL PEDIATRICS. Identification, Evaluation, and Management of
Children With Autism Spectrum Disorder. Pediatrics. 2020,145:1-145:69, doi:10.1542/peds.2019-3447

7. 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. ] Am Acad Child Adolesc Psychiatry, 2017, 56, 466-474, doi:
10.1016/j.jaac.2017.03.013.

8. Daniolou, S.; Pandis, N.; Znoj, H. The Efficacy of Early Interventions for Children with Autism Spectrum
Disorders: A Systematic Review and Meta-Analysis. ]. Clin. Med. 2022, 11, 5100:1-5100-28, doi:
10.3390/jcm11175100

9. Kemper, T.L.; Bauman, M. Neuropathology of infantile autism. ] Neuropathol Exp Neurol. 1998, 57, 645-
652, doi:10.1097/00005072-199807000-00001

10. Amaral DG, Schumann CM, Nordahl CW. Neuroanatomy of autism. Trends Neurosci. 2008, 31, 137-145,
doi:10.1016/j.tins.2007.12.005

11. Ha, S.; Sohn, L].; Kim, N.; Sim, H.]J.; Cheon, K.A. Characteristics of Brains in Autism Spectrum Disorder:
Structure, Function and Connectivity across the Lifespan. Exp Neurobiol. 2015, 24, 273-284:, doi:
10.5607/en.2015.24.4.273.

12.  Weston, C.S.E. Four Social Brain Regions, Their Dysfunctions, and Sequelae, Extensively Explain Autism
Spectrum Disorder Symptomatology. Brain Sci. 2019, 9, 130:1-130:41, doi: 10.3390/brainsci9060130.

13. Wang, H;Ma Z.H.; Xu L.Z; Yang, L,; Ji, Z.Z.; Tang, X.Z,; Liu, J.R.; Li, X.; Cao, Q.J.; Liu, J. Developmental
brain structural atypicalities in autism: a voxel-based morphometry analysis. Child Adolesc Psychiatry
Ment Health. 2022, 16, 7:1-7:11, d0i:10.1186/s13034-022-00443-4


https://doi.org/10.20944/preprints202304.0753.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0753.v1

13

14. Hashem, S,; Nisar, S.; Bhat, A.; Yadav, S.; Azeem, M.W.; Bagga, P.; Fakhro, K.; Frenneaux, M. Genetics of
structural and functional brain changes in autism spectrum disorder. Transl Psychiatry, 2020, 10, 229:1-
229:17. doi: 10.1038/s41398-020-00921-3.

15. Qiu, S; Qiu, Y,; Li, Y.; Cong, X. Genetics of autism spectrum disorder: an umbrella review of systematic
reviews and meta-analyses. Transl Psychiatry. 2022, 12, 249:1-249-15, doi:10.1038/s41398-022-02009-

16. Bolte S., Girdler S., Marschik P. B. The contribution of environmental exposure to the etiology of autism
spectrum disorder. Cell. Mol. Life Sci., 2019, 76, 1275-1297, doi: 10.1007/s00018-018-2988-4.

17. Wong, C.C; Meaburn, E.L.; Ronald, A, Price, T.S; Jeffries, A.R.; Schalkwyk, L.C.; Plomin, R.; Mill, J.
Methylomic analysis of monozygotic twins discordant for autism spectrum disorder and related
behavioural traits. Mol Psychiatry. 2014, 19, 495-503, d0i:10.1038/mp.2013.41

18. Kubota, T., Takae, H., Miyake, K. Epigenetic Mechanisms and Therapeutic Perspectives for
Neurodevelopmental Disorders. Pharmaceuticals 2012, 5, 369-383. doi: 10.3390/ph5040369

19. Younesian, S.; Yousefi, AM.; Momeny, M.; Ghaffari, SH.; Bashash, D. The DNA Methylation in
Neurological Diseases. Cells. 2022, 11, 3439:1-3439:22, d0i:10.3390/cells11213439

20. Marotta, R.; Risoleo, M.C.; Messina, G.; Parisi, L., Carotenuto, M.; Vetri, L.; Roccella, M. The
Neurochemistry of Autism. Brain Sci. 2020, 10, 163:1-163:18. doi: 10.3390/brainsci10030163.

21. McCarty, P.J.; Pines, A.R.; Sussman, B.L.; Wyckoff, S.N.; Jensen, A.; Bunch, R.; Boerwinkle, V.L.; Frye, R.E.
Resting State Functional Magnetic Resonance Imaging Elucidates Neurotransmitter Deficiency in Autism
Spectrum Disorder. J. Pers. Med. 2021, 11, 969:1-969:8. doi: 10.3390/jpm11100969.

22. Nisar, S.; Bhat, A.A.; Masoodi, T.; Hashem, S.; Akhtar, S.; Ali, T.A.; Amjad, S.; Chawla, S.; Bagga, P.;
Frenneaux M.P.; Reddy, R.; Fakhro, K.; Haris, M. Genetics of glutamate and its receptors in autism
spectrum disorder. Mol Psychiatry 2022, 27, 2380-2392, doi: 10.1038/s41380-022-01506-w

23. Owens, D.F,; Kriegstein, A.R.; Is there more to GABA than synaptic inhibition? Nat. Rev. Neurosci. 2002,
3, 715-727. doi: 10.1038/nrn919.

24. Yizhar, O.; Fenno, L.E.; Prigge, M.; Schneider, F.; Davidson, T.J.; O’Shea, D.J.; Sohal, V.S.; Goshen, I.;
Finkelstein, J.; Paz, ]J.T.; Stehfest, K.; Fudim, R.; Ramakrishnan, C.; Huguenard, J. R.; Hegemann, P.,
Deisseroth, K. Neocortical excitation/inhibition balance in information processing and social dysfunction.
Nature. 2011, 477:171-178. doi: 10.1038/nature10360.

25. Siemann, ]J.K,; Muller, C.L.; Forsberg, C.G.; Blakely, R.D.; Veenstra-VanderWeele, J.; Wallace, M.T. An
autism-associated serotonin transporter variant disrupts multisensory processing. Transl. Psychiatry. 2017,
7, €1067:1-e1067:9. doi: 10.1038/tp.2017.17.

26. Abdulamir, H.A.; Abdul-Rasheed, O.F.; Abdulghani, E.A. Serotonin and serotonin transporter levels in
autistic children. Saudi Med. J. 2018, 39, 487-494. doi: 10.15537/smj.2018.5.21751.

27. Yang, C.J.; Tan, H.P.; Du, Y.J. The developmental disruptions of serotonin signaling may involved in autism
during early brain development. Neuroscience. 2014, 267, 1-10. doi: 10.1016/j.neuroscience.2014.02.021.

28. Dichter, G.S.; Damiano, C.A.; Allen, J.A. Reward circuitry dysfunction in psychiatric and
neurodevelopmental disorders and genetic syndromes: Animal models and clinical findings. ]. Neurodev.
Disord. 2012, 4, 19:1-19:43, doi: 10.1186/1866-1955-4-19.

29. Wang, L.; Almeida, L.E.; Spornick, N.A.; Kenyon, N.; Kamimura, S.; Khaibullina, A.; Nouraie, M.; Quezado,
Z.M. Modulation of social deficits and repetitive behaviors in a mouse model of autism:The role of the
nicotinic cholinergicsystem. Psychopharmacology. 2015, 232, 4303-4316, doi: 10.1007/s00213-015-4058-z.

30. Lee, M.; Martin-Ruiz, C.; Graham, A.; Court, J.; Jaros, E.; Perry, R.; Iversen, P.; Bauman, M.; Perry, E.
Nicotinic receptor abnormalities in the cerebellar cortex in autism. Brain. 2002, 125, 1483-1495, doi:
10.1093/brain/awf160.

31. Takechi, K.; Suemaru, K.; Kiyoi, T.; Tanaka, A.; Araki, H. The a4f2 nicotinic acetylcholine receptor
modulates autism-like behavioral and motor abnormalities in pentylenetetrazol-kindled mice. Eur. ].
Pharmacol. 2016, 775, 57-66, doi: 10.1016/j.ejphar.2016.02.021.

32. De Jaco, A.; Bernardini, L.; Rosati, J.; Maria Tata, A. Alpha-7 nicotinic receptors in nervous system
disorders: From function to therapeutic perspectives. Cent. Nerv. Syst. Agents Med. Chem. (Former. Curr.
Med. Chem. Cent. Nerv. Syst. Agents) 2017, 17, 100-108, doi: 10.2174/1871524916666160729111446.

33. Yang, T.; Xiao, T.; Sun, Q.; Wang, K. The current agonists and positive allosteric modulators of a7 nAChR
for CNS indications in clinical trials. Acta Pharm. Sin. B. 2017, 7, 611-622, doi: 10.1016/j.apsb.2017.09.001.


https://doi.org/10.20944/preprints202304.0753.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0753.v1

14

34. Deutsch, S.I; Burket, J.A. An Evolving Therapeutic Rationale for Targeting the a7Nicotinic Acetylcholine
Receptor in Autism Spectrum Disorder. Curr Top Behav Neurosci. 2020, 45, 167-208, doi:
10.1007/7854_2020_136.

35. Hurley, L.L.; Tizabi, Y. Neuroinflammation, neurodegeneration, and depression. Neurotox Res. 2013, 23,
131-44, doi: 10.1007/s12640-012-9348-1.

36. Bjerklund, G.; Saad, K., Chirumbolo, S.; Kern, J.K.; Geier, D.A.; Geier, M.R;;Urbina, M.A. Immune
dysfunction and neuroinflammation in autism spectrum disorder. Acta Neurobiologiae Experimentalis. 2016,
76, 257-268, doi: 10.21307/ane-2017-025.

37. Akhondzadeh S. Microbiota and Autism Spectrum Disorder. Avicenna | Med Biotechnol. 2019, 11, 129.

38. 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. doi: 10.1016/j.bbi.2019.04.037.

39. Eissa, N.; Sadeq, A.; Sasse, A.; Sadek, B. Role of Neuroinflammation in Autism Spectrum Disorder and the
Emergence of Brain Histaminergic System. Lessons Also for BPSD? Front Pharmacol. 2020, 11, 886:1-886:16.
doi: 10.3389/fphar.2020.00886.

40. Wong, R.S.Y. Neuroinflammation in autism spectrum disorders: potential target for mesenchymal stem
cell-based therapy. Egypt | Neurol Psychiatry Neurosurg. 2022, 58, 91:1-91:13, doi: 10.1186/s41983-022-00525-
2

41. Hughes, HK.; Moreno, R.J.; Ashwood, P. Innate immune dysfunction and neuroinflammation in autism
spectrum disorder (ASD). Brain Behav Immun. 2023, 108, 245-254, doi: 10.1016/j.bbi.2022.12.001.

42. Lampiasi, N.; Bonaventura, R.; Deidda, L; Zito, F.; Russo, R. Inflammation and the Potential Implication of
Macrophage-Microglia Polarization in Human ASD: An Overview. Int | Mol Sci. 2023, 24, 2703:1-2703:18.
doi: 10.3390/ijms24032703.

43. Majhi, S.; Kumar, S.; Singh, L. A Review on Autism Spectrum Disorder: Pathogenesis, Biomarkers,
Pharmacological and Non-Pharmacological Interventions. CNS Neurol Disord Drug Targets. 2023, 22, 659-
677, doi: 10.2174/1871527321666220428134802.

44. Usui, N.; Kobayashi, H.; Shimada, S. Neuroinflammation and Oxidative Stress in the Pathogenesis of
Autism Spectrum Disorder. Int ] Mol Sci. 2023, 24, 5487:1-5487:22, d0i:10.3390/ijms24065487.

45. Gevezova, M.; Sarafian, V.; Anderson, G.; Maes, M. Inflammation and Mitochondrial Dysfunction in
Autism  Spectrum Disorder. CNS Neurol Disord Drug Targets. 2020, 19, 320-333. doi:
10.2174/1871527319666200628015039.

46. Backhed, F.; Ley, R.E,; Sonnenburg, J.L.; Peterson, D.A.; Gordon, ].I. Host-bacterial mutualism in the human
intestine. Science (New York, N.Y.). 2005, 307, 1915-1920, doi:10.1126/science.1104816.

47. Neish, A.S. Microbes in gastrointestinal health and disease. Gastroenterology. 2009, 136, 65-80.
doi:10.1053/j.gastro.2008.10.080

48. Zhu, B.; Wang, X,; Li, L. Human gut microbiome: the second genome of human body. Protein Cell. 2010, 8,
718-725:, doi: 10.1007/s13238-010-0093-z.

49. Shoemaker, W.R.; Chen, D.; Garud, N.R. Comparative Population Genetics in the Human Gut Microbiome.
Genome Biol Evol. 2022, 14, evab116:1-evab116:11. doi: 10.1093/gbe/evab116.

50. Chatterjee, G.; Negi, S.; Basu, S.; Faintuch, J.; O'Donovan, A.; Shukla, P. Microbiome systems biology
advancements for natural well-being. Sci  Total Environ. 2022, 838, 155915, doi:
10.1016/j.scitotenv.2022.155915.

51. VanEvery, H.; Franzosa, E.A.; Nguyen, L.H.; Huttenhower, C. Microbiome epidemiology and association
studies in human health. Nat Rev Genet. 2023, 24, 109-124. doi: 10.1038/s41576-022-00529-x.

52.  Goodrich, ] K.; Davenport, E.R.; Clark, A.G; Ley, R.E. The Relationship Between the Human Genome and
Microbiome Comes into View. Annu Rev Genet. 2017, 51, 413-433. doi: 10.1146/annurev-genet-110711-
155532.

53. Quan, Y,; Zhang, K.X,; Zhang, H.Y. The gut microbiota links disease to human genome evolution. Trends
Genet. 2023, S0168-9525(23)00032-X. doi: 10.1016/j.tig.2023.02.006.

54. Prochera, A.; Rao, M. Mini-Review: Enteric glial regulation of the gastrointestinal epithelium. Neurosci Lett.
2023, 137215, doi: 10.1016/j.neulet.2023.137215.

55. Seguella, L.; Palenca, I.; Franzin, S.B.; Zilli, A.; Esposito, G. Mini-review: Interaction between intestinal
microbes and enteric glia in health and disease. Neurosci Lett. 2023, 806, 137221. doi:
10.1016/j.neulet.2023.137221.


https://doi.org/10.20944/preprints202304.0753.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0753.v1

15

56. Vicentini, F.A.; Keenan, C.M.; Wallace, L.E.; Woods, C.; Cavin, ]J.; Flockton, A.R.; Macklin, W.B.; Belkind-
Gerson, J.; Hirota, S.A.; Sharkey, K.A. Intestinal microbiota shapes gut physiology and regulates enteric
neurons and glia. Microbiome 2021, 9, 210:1-210-24, doi: 10.1186/s40168-021-01165-z.

57. Ogbonnaya, E.S.; Clarke, G.; Shanahan, F.; Dinan, T.G.; Cryan, ]J.F.; O'Leary, O.F. Adult Hippocampal
Neurogenesis Is Regulated by the Microbiome. Biol Psychiatry. 2015, 78, e7-e9,
doi:10.1016/j.biopsych.2014.12.023.

58. Luczynski, P.; Whelan, 5.0.; O’Sullivan, C.; Clarke, G.; Shanahan, F.; Dinan, T.G.; Cryan, J.F. Adult
microbiota-deficient mice have distinct dendritic morphological changes: differential effects in the
amygdala and hippocampus. Eur | Neurosci. 2016, 44, 2654-2666. doi: 10.1111/ejn.13291.

59. 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. | Physiol.
2004, 558, 263-275. doi: 10.1113/jphysiol.2004.063388.

60. Doroszkiewicz, J.; Groblewska, M.; Mroczko, B. The Role of Gut Microbiota and Gut-Brain Interplay in
Selected Diseases of the Central Nervous System. International journal of molecular sciences. 2021, 22,
10028:1-10028-19, doi: 10.3390/ijms221810028.

61. Escobar, Y.H.; O’Piela, D.; Wold, L.E.; Mackos, A.R. Influence of the Microbiota-Gut-Brain Axis on
Cognition in Alzheimer’s Disease. | Alzheimers Dis. 2022, 87, 17-31. doi: 10.3233/JAD-215290.

62. Liang, X,; Fu, Y.; Cao, W.T.; Wang, Z.; Zhang, K; Jiang, Z.; Jia, X; Liu, C.Y.; Lin, H.R.; Zhong, H.; Miao, Z.;
Gou, W,; Shuai, M.; Huang, Y.; Chen, S.; Zhang, B.; Chen, Y.M.; Zheng, ].S. Gut microbiome, cognitive
function and brain structure: a multi-omics integration analysis. Transl Neurodegener. 2022, 11, 49:1-49:14,
doi: 10.1186/s40035-022-00323-z.

63. Queiroz, S.A.L.; Ton, AM.M,; Pereira, T.M.C.; Campagnaro, B.P.; Martinelli, L.; Picos, A.; Campos-Toimil,
M.; Vasquez, E.C. The Gut Microbiota-Brain Axis: A New Frontier on Neuropsychiatric Disorders. Front
Psychiatry. 2022, 13, 872594:1-872594:10. doi: 10.3389/fpsyt.2022.872594.

64. Lopera-Maya, E.A.; Kurilshikov, A.; van der Graaf, A.; Hu, S.; Andreu-Sanchez, S.; Chen, L.; Vila, A.V.;
Gacesa, R.; Sinha, T.; Collij, V.; Klaassen, M.A.Y; Bolte, L.A.; Gois, M.F.B.; Neerincx, P.B.T.; Swertz, M.A.;
LifeLines Cohort Study; Harmsen, H.J.M.; Wijmenga, C.; Fu, J.; Weersma, R K.; Zhernakova, A.; Sanna, S.
Effect of host genetics on the gut microbiome in 7,738 participants of the Dutch Microbiome Project. Nat
Genet. 2022, 54, 143-151. d0i:10.1038/s41588-021-00992-y

65. Goodrich, ].K.; Waters, J.L.; Poole, A.C.; Sutter, J.L.; Koren, O.; Blekhman, R.; Beaumont, M.; Van Treuren,
W.; Knight, R.; Bell, ].T.; Spector, T.D.; Clark, A.G.; Ley, R.E. Human genetics shape the gut microbiome.
Cell. 2014, 159, 789-799. doi: 10.1016/j.cell.2014.09.053.

66. Goodrich, ].K.; Davenport, E.R.; Beaumont, M.; Jackson, M.A.; Knight, R.; Ober, C.; Spector, T.D.; Bell, ].T;
Clark, A.G.; Ley, R.E. Genetic Determinants of the Gut Microbiome in UK Twins. Cell Host Microbe. 2016,
19,731-743. doi: 10.1016/j.chom.2016.04.017.

67. Rothschild, D.; Weissbrod, O.; Barkan, E.; Kurilshikov, A.; Korem, T.; Zeevi, D.; Costea, P.I.; Godneva, A.;
Kalka, I.N.; Bar, N.; Shilo, S.; Lador, D.; Vila, A.V.; Zmora, N.; Pevsner-Fischer, M.; Israeli, D.; Kosower, N.;
Malka, G.; Wolf, B.C.; Avnit-Sagi, T.; Lotan-Pompan, M.; Weinberger, A.; Halpern, Z.; Carmi, S.; Fu, J.;
Wijmenga, C.; Zhernakova, A.; Elinav, E.; Segal, E. Environment dominates over host genetics in shaping
human gut microbiota. Nature. 2018, 555, 210-215. doi: 10.1038/nature25973.

68. Pivrncova, E.; Kotaskova, I.; Thon, V. Neonatal Diet and Gut Microbiome Development After C-Section
During the First Three Months After Birth: A Systematic Review. Front Nutr. 2022, 9, 941549:1-941549:11.
doi: 10.3389/fnut.2022.941549.

69. Kang, D.W.; Adams, ]J.B.; Coleman, D.M.; Pollard, E.L.; Maldonado, ]J.; McDonough-Means, S.; Caporaso,
J.G.; Krajmalnik-Brown, R. Long-term benefit of Microbiota Transfer Therapy on autism symptoms and
gut microbiota. Sci Rep. 2019, 9, 5821:1-5821:9. doi: 10.1038/s41598-019-42183-0.

70.  Nichols, R.G.; Davenport, E.R. The relationship between the gut microbiome and host gene expression: a
review. Hum Genet. 2021, 140, 747-760. doi: 10.1007/s00439-020-02237-0.

71. Campisciano, G.; Biffi, S. Microbiota in vivo imaging approaches to study host-microbe interactions in
preclinical and clinical setting. Heliyon. 2022, 8, e12511:1-e12511:9. doi: 0.1016/j.heliyon.2022.e12511.

72. Chen, Y.; Xu, J.; Chen, Y. Regulation of Neurotransmitters by the Gut Microbiota and Effects on Cognition
in Neurological Disorders. Nutrients. 2021, 13, 2099:1-2099:21. doi: 10.3390/nu13062099.

73. Jameson, K.G.; Olson, C.A,; Kazmi, S.A.; Hsiao, E.Y. Toward Understanding Microbiome-Neuronal
Signaling. Mol Cell. 2020, 78, 577-583. doi: 10.1016/j.molcel.2020.03.006.


https://doi.org/10.20944/preprints202304.0753.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0753.v1

16

74. Strandwitz, P. Neurotransmitter modulation by the gut microbiota. Brain Res. 2018, 1693, 128-133. doi:
10.1016/j.brainres.2018.03.015.

75. Zhong, J-G.; Lan, W-T.; Feng, Y-Q.; Li, Y-H.; Shen, Y-Y.; Gong, J-H.; Zou, Z.; Hou, X. Associations between
dysbiosis gut microbiota and changes of neurotransmitters and short-chain fatty acids in valproic acid
model rats. Front Physiol. 2023, 14, 1077821. doi: 10.3389/fphys.2023.1077821.

76. Wang, H.; Braun, C.; Murphy, E.F.; Enck, P. Bifidobacterium longum 1714™ Strain Modulates Brain
Activity of Healthy Volunteers During Social Stress. Am | Gastroenterol. 2019, 114, 1152-1162. doi:
10.14309/ajg.0000000000000203.

77. Kim, C.S.; Cha, L.; Sim, M.; Jung, S.; Chun, W.Y; Baik, H.W.; Shin DM. Probiotic Supplementation Improves
Cognitive Function and Mood with Changes in Gut Microbiota in Community-Dwelling Older Adults: A
Randomized, Double-Blind, Placebo-Controlled, Multicenter Trial. ] Gerontol A Biol Sci Med Sci. 2021, 76,
32-40. doi: 10.1093/gerona/glaa090.

78. Kim, IB.; Park, S.C; Kim, Y.K. Microbiota-Gut-Brain Axis in Major Depression: A New Therapeutic
Approach. Adv Exp Med Biol. 2023, 1411, 209-224. doi: 10.1007/978-981-19-7376-5_10.

79. Evrensel, A. Microbiome-Induced Autoimmunity and Novel Therapeutic Intervention. Adv Exp Med Biol.
2023, 1411, 71-90. doi: 10.1007/978-981-19-7376-5_4.

80. Mehra, A.; Arora, G.; Sahni, G.; Kaur, M.; Singh, H.; Singh, B.; Kaur, S. Gut microbiota and Autism
Spectrum Disorder: From pathogenesis to potential therapeutic perspectives. | Tradit Complement Med. 2022,
13, 135-149. doi: 10.1016/j.jtcme.2022.03.001.

81. van de Wouw, M,; Schellekens, H.; Dinan, T.G.; Cryan, J.F. Microbiota-Gut-Brain Axis: Modulator of Host
Metabolism and Appetite. ] Nutr. 2017, 147, 727-745. doi: 10.3945/jn.116.240481.

82. Unger, M.M,; Spiegel, J.; Dillmann, K.U.; Grundmann, D.; Philippeit, H.; Biirmann, J.; Fafibender, K.;
Schwiertz, A.; Schifer, K.H. Short chain fatty acids and gut microbiota differ between patients with
Parkinson’s disease and age-matched controls. Parkinsonism Relat Disord. 2016, 32, 66-72. doi:
10.1016/j.parkreldis.2016.08.019.

83. Morita, C.; Tsuji, H.; Hata, T.; Gondo, M.; Takakura, S.; Kawai, K.; Yoshihara, K.; Ogata, K.; Nomoto, K.;
Miyazaki, K.; Sudo, N. Gut Dysbiosis in Patients with Anorexia Nervosa. PLoS One. 2015, 10, e0145274:1-
€0145274:13. doi: 10.1371/journal.pone.0145274.

84. Liu, S;Li, E,; Sun, Z; Fu, D.; Duan, G,; Jiang, M.; Yu, Y.; Mei, L,; Yang, P.; Tang, Y.; Zheng, P. Altered gut
microbiota and short chain fatty acids in Chinese children with autism spectrum disorder. Sci Rep. 2019, 9,
287:1-287:9. doi: 10.1038/s41598-018-36430-z.

85. Wu, M,; Tian, T.; Mao, Q.; Zou, T.; Zhou, C,; Xie, J.; Chen, J. Associations between disordered gut microbiota
and changes of neurotransmitters and short-chain fatty acids in depressed mice. Transl Psychiatry, 2020, 10,
350:1-350:10. doi.org/10.1038/s41398-020-01038-3

86. Parker, A.; Fonseca, S.; Carding, S.R. Gut microbes and metabolites as modulators of blood-brain barrier
integrity and brain health. Gut Microbes. 2020, 11, 135-157. doi: 10.1080/19490976.2019.1638722.

87. Tang, W.; Zhu, H.; Feng, Y.; Guo, R.; Wan, D. The Impact of Gut Microbiota Disorders on the Blood-Brain
Barrier. Infect Drug Resist. 2020, 13, 3351-3363. doi: 10.2147/IDR.5254403.

88. Macfabe, D.F. Short-chain fatty acid fermentation products of the gut microbiome: implications in autism
spectrum disorders. Microb Ecol Health Dis. 2012, 23,19260:1-19260:24. doi: 10.3402/mehd.v23i0.19260.

89. Mayer, E.A.; Padua, D.; Tillisch, K. Altered brain-gut axis in autism: comorbidity or causative mechanisms.
Bioessays. 2014, 36, 933-939. doi: 10.1002/bies.201400075.

90. Sharon, G.; Sampson, T.R.; Geschwind, D.H.; Mazmanian, S.K. The Central Nervous System and the Gut
Microbiome. Cell. 2016, 167, 915-932. doi: 10.1016/j.cell.2016.10.027.

91. Xiong, Y.; Chen, J.; Li, Y. Microglia and astrocytes underlie neuroinflammation and synaptic susceptibility
in autism spectrum disorder. Front  Neurosci. 2023, 17, 1125428:1-1125428:10. doi:
10.3389/fnins.2023.1125428.

92. Li, X.; Chauhan, A.; Sheikh, A.M,; Patil, S.; Chauhan, V.; Li, X.M.; Ji, L.; Brown, T.; Malik M. Elevated
immune response in the brain of autistic patients. | Neuroimmunol. 2009, 207, 111-116. doi:
10.1016/j.jneuroim.2008.12.002.

93. Rossignol, D.A.; Bradstreet, J.J.; Van Dyke, K.; Schneider, C.; Freedenfeld, S.H.; O’'Hara, N.; Cave, S,;
Buckley, J.A.; Mumper, E.A,; Frye, R.E. Hyperbaric oxygen treatment in autism spectrum disorders. Med
Gas Res. 2012, 2, 16:1-16:13. doi: 10.1186/2045-9912-2-16.


https://doi.org/10.20944/preprints202304.0753.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0753.v1

17

94. Davoli-Ferreira, M.; Thomson, C.A.; McCoy, K.D. Microbiota and Microglia Interactions in ASD. Front
Immunol. 2021, 12, 676255:1-676255:15. doi: 10.3389/fimmu.2021.676255.

95. Schafer, D.P.; Stevens, B. Microglia Function in Central Nervous System Development and Plasticity. Cold
Spring Harb Perspect Biol. 2015, 7, a020545:1-a020545:17. doi: 10.1101/cshperspect.a020545.

96. Ibrahim, S.H.; Voigt, R.G.; Katusic, S.K.; Weaver, A.L.; Barbaresi, W.J. Incidence of gastrointestinal
symptoms in children with autism: a population-based study. Pediatrics. 2009, 124, 680-686. doi:
10.1542/peds.2008-2933.

97. Chaidez, V.; Hansen, R.L.; Hertz-Picciotto, I. Gastrointestinal problems in children with autism,
developmental delays or typical development. ] Autism Dev Disord. 2014, 44,1117-1127. doi: 10.1007/s10803-
013-1973-x.

98. Hyman, S.L.; Levy, S.E.; Myers, S.M. COUNCIL ON CHILDREN WITH DISABILITIES, SECTION ON
DEVELOPMENTAL AND BEHAVIORAL PEDIATRICS. Identification, Evaluation, and Management of
Children With Autism Spectrum Disorder. Pediatrics. 2020, 145, €20193447:1-e20193447:64. doi:
10.1542/peds.2019-3447.

99. Bresnahan, M.; Hornig, M.; Schultz, A.F.; Gunnes, N.; Hirtz, D.; Lie, K.K; Magnus, P.; Reichborn-
Kjennerud, T.; Roth, C.; Schjelberg, S.; Stoltenberg, C.; Surén, P.; Susser, E.; Lipkin, W.I. Association of
maternal report of infant and toddler gastrointestinal symptoms with autism: evidence from a prospective
birth cohort. JAMA Psychiatry. 2015, 72, 466-474. doi: 10.1001/jamapsychiatry.2014.3034.

100. Buie, T.; Campbell, D.B.; Fuchs, G.J.3rd.; Furuta, G.T.; Levy, J.; Vandewater, ].; Whitaker, A.H.; Atkins, D.;
Bauman, M.L.; Beaudet, A.L.; Carr, E.G.; Gershon, M.D.; Hyman, S.L.; Jirapinyo, P.; Jyonouchi, H.; Kooros,
K.; Kushak, R.; Levitt, P.; Levy, S.E.; Lewis, ].D.; Murray, K.F.; Natowicz, M.R.; Sabra, A.; Wershil, B.K,;
Weston, S.C.; Zeltzer, L.; Winter, H. Evaluation, diagnosis, and treatment of gastrointestinal disorders in
individuals with ASDs: a consensus report. Pediatrics. 2010, 125, Suppl 1, S1-518. doi: 10.1542/peds.2009-
1878C.

101. Adams, J.B.; Johansen, L.J.; Powell, L.D.; Quig, D.; Rubin, R.A. Gastrointestinal flora and gastrointestinal
status in children with autism--comparisons to typical children and correlation with autism severity. BMC
Gastroenterol. 2011, 11, 22:1-22:13. doi: 10.1186/1471-230X-11-22.

102. Kang, D.W.; Adams, ].B.; Gregory, A.C.; Borody, T.; Chittick, L.; Fasano, A.; Khoruts, A.; Geis, E.;
Maldonado, J.; McDonough-Means, S.; Pollard, E.L.; Roux, S.; Sadowsky, M.].; Lipson, K.S.; Sullivan, M.B.;
Caporaso, ].G.; Krajmalnik-Brown, R. Microbiota Transfer Therapy alters gut ecosystem and improves
gastrointestinal and autism symptoms: an open-label study. Microbiome. 2017, 5, 10:1-10:16. doi:
10.1186/s40168-016-0225-7.

103. Iglesias-Vazquez, L.; Van Ginkel Riba, G.; Arija, V.; Canals J. Composition of Gut Microbiota in Children
with Autism Spectrum Disorder: A Systematic Review and Meta-Analysis. Nutrients. 2020, 12, 792:1-792:21.
doi: 10.3390/nu12030792.

104. Abdelli, L.S.; Samsam, A.; Naser, S.A. Propionic Acid Induces Gliosis and Neuro-inflammation through
Modulation of PTEN/AKT Pathway in Autism Spectrum Disorder. Sci Rep. 2019, 9, 8824:1-8824:12. doi:
10.1038/s41598-019-45348-z

105. Frye, R.E.; Nankova, B.; Bhattacharyya, S.; Rose, S.; Bennuri, S.C.; MacFabe, D.F. Modulation of
Immunological Pathways in Autistic and Neurotypical Lymphoblastoid Cell Lines by the Enteric
Microbiome Metabolite  Propionic  Acid.  Front Immunol. 2017, 8, 1670:1-1670:7. doi:
10.3389/fimmu.2017.01670.

106. Choi, J.; Lee, S.; Won, J.; Jin, Y.; Hong, Y.; Hur, T.Y.; Kim, J.H.; Lee, S.R.; Hong, Y. Pathophysiological and
neurobehavioral characteristics of a propionic acid-mediated autism-like rat model. PLoS One. 2018, 13,
€0192925:1- e0192925:17. doi: 10.1371/journal.pone.0192925.

107. 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.; Liu, M.; Molitoris, D.R.; Green, J.A.3rd. Pyrosequencing study of fecal
microflora of autistic and control children. Anaerobe. 2010,16, 444-453. doi: 10.1016/j.anaerobe.2010.06.008.

108. Deng, W.; Wang, S.; Li, F.; Wang, F.; Xing, Y.P.;Li, Y.; Lv, Y.;Ke, H; Li, Z,; Lv, P.J.; Hao, H.; Chen, Y; Xiao,
X. Gastrointestinal symptoms have a minor impact on autism spectrum disorder and associations with gut
microbiota and short-chain fatty acids. Front. Microbiol. 2022, 13, 1000419:1-1000419:14. doi:
10.3389/fmicb.2022.1000419.


https://doi.org/10.20944/preprints202304.0753.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0753.v1

18

109. Lobzhanidze, G.; Lordkipanidze, T.; Zhvania, M.; Japaridze, N.; MacFabe, D.F.; Pochkidze, N.; Gasimov,
E.; Rzaev, F. Effect of propionic acid on the morphology of the amygdala in adolescent male rats and their
behavior. Micron. 2019, 125, 102732:1-102732:8. doi: 10.1016/j.micron.2019.102732.

110. Virgolini, M.B.; Aschner, M. MOLECULAR MECHANISMS OF LEAD NEUROTOXICITY. Adv
Neurotoxicol. 2021, 5, 159-213. doi: 10.1016/bs.ant.2020.11.002.

111. Radulescu, A.; Lundgren, S. A pharmacokinetic model of lead absorption and calcium competitive
dynamics. Sci Rep. 2019, 9, 14225:1-14225:27. doi: 10.1038/s41598-019-50654-7.

112. Btazewicz, A.; Grabrucker, A.M. Metal Profiles in Autism Spectrum Disorders: A Crosstalk between Toxic
and Essential Metals. Int ] Mol Sci. 2022, 24, 308:1-308:19. doi: 10.3390/ijms24010308.

113. US Centres for Disease Control and Prevention (CDC). Childhood Lead Poisoning Prevention: CDC
updates blood lead reference value to 3.5ug/dL. Available online:
https://www.cdc.gov/nceh/lead/news/cdc-updates-blood-lead-reference-value.html (accessed on 16 April
2023)

114. Cecil, K.M.; Brubaker, C.J.; Adler, C. M,; Dietrich, K.N.; Altaye, M.; Egelhoff, ].C.; Wessel, S.; Elangovan, I;
Hornung, R; Jarvis, K.; Lanphear, B.P. Decreased brain volume in adults with childhood lead exposure.
PLoS Med. 2008, 27;5(5):e112. doi: 10.1371/journal.pmed.0050112.

115. Yuan, W.; Holland, S.K.; Cecil, K.M.; Dietrich, K.N.; Wessel, S.D.; Altaye, M.; Hornung, R.W.; Ris, M.D;
Egelhoff, J.C.; Lanphear, B.P. The impact of early childhood lead exposure on brain organization: a

functional magnetic resonance imaging study of language function. Pediatrics. 2006, 118, 971-977. doi:
10.1542/peds.2006-0467.

116. Breysse, P.N.; Cascio, W.E.; Geller, A.M.; Choiniere, C.J.; Ammon, M. Targeting Coordinated Federal
Efforts to Address Persistent Hazardous Exposures to Lead. Am | Public Health. 2022, 112, S640-5646. doi:
10.2105/AJPH.2022.306972.

117. LeBlanc, T.T.; Svendsen, E.R.; Allwood, P.B. Ubiquitous Lead— A Challenge for the Future of Public
Health. Am | Public Health. 2022; 112, S628-5628. doi: 10.2105/AJPH.2022.306980.

118. Fruh, V.; Rifas-Shiman, S.L.; Amarasiriwardena, C.; Cardenas, A.; Bellinger, D.C.; Wise, L.A.; White, R.F,;
Wright, R.O.; Oken, E.; Claus Henn, B. Prenatal lead exposure and childhood executive function and
behavioral difficulties in project viva. Neurotoxicology. 2019, 75, 105-115. doi: 10.1016/j.neuro.2019.09.006

119. Goel, A.; Aschner, M. The Effect of Lead Exposure on Autism Development. Int. ]. Mol. Sci. 2021, 22, 1637:1-
1637:12. d0i:10.3390/ijms22041637

120. Roberts, A.L,; Lyall, K.; Hart, J.E.; Laden, F.; Just, A.C.; Bobb, J.F.; Koenen, K.C.; Ascherio, A.; Weisskopf,
M.G. Perinatal air pollutant exposures and autism spectrum disorder in the children of Nurses” Health
Study II participants. Environ Health Perspect. 2013, 121, 978-984. doi: 10.1289/ehp.1206187.

121. Dickerson, A.S.; Rahbar, M.H.; Bakian, A.V.; Bilder, D.A.; Harrington, R.A.; Pettygrove, S.; Kirby, R.S,;
Durkin, M.S.; Han, I.; Moy¢, L.A.3rd.; Pearson, D.A.; Wingate, M.S.; Zahorodny, W.M. Autism spectrum
disorder prevalence and associations with air concentrations of lead, mercury, and arsenic. Environ Monit
Assess. 2016, 188, 407:1-407:15. doi: 10.1007/s10661-016-5405-1.

122. Kim, K.N.; Kwon, H.J.; Hong, Y.C. Low-level lead exposure and autistic behaviors in school-age children.
Neurotoxicology. 2016, 53, 193-200. doi: 10.1016/j.neuro.2016.02.004.

123. Arora, M.; Reichenberg, A.; Willfors, C.; Austin, C.; Gennings, C.; Berggren, S.; Lichtenstein, P.;
Anckarséter, H.; Tammimies, K.; Bolte, S. Fetal and postnatal metal dysregulation in autism. Nat Commun.
2017, 8, 15493:1-15493:10. doi: 10.1038/ncomms15493.

124. Saghazadeh, A.; Rezaei, N. Systematic review and meta-analysis links autism and toxic metals and
highlights the impact of country development status: Higher blood and erythrocyte levels for mercury and
lead, and higher hair antimony, cadmium, lead, and mercury. Prog Neuropsychopharmacol Biol Psychiatry.
2017, 79, 340-368. doi: 10.1016/j.pnpbp.2017.07.011.

125. Zhou, Q.; Huang, D.; Xu, C.; Wang, J.; Jin, Y. Hair levels of heavy metals and essential elements in Chinese
children with autism spectrum disorder. | Trace Elem Med Biol. 2021, 66, 126748. doi:
10.1016/j.jtemb.2021.126748.

126. Fiton, ]J.; Ustymowicz-Farbiszewska, J.; Krajewska-Kutak, E. Analysis of lead, arsenic and calcium content
in the hair of children with autism spectrum disorder. BMC Public Health. 2020, 20, 383:1-383:8. doi:
10.1186/s12889-020-08496-w.


https://doi.org/10.20944/preprints202304.0753.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0753.v1

19

127. Fiore, M.; Barone, R.; Copat, C.; Grasso, A.; Cristaldi, A.; Rizzo, R.; Ferrante, M. Metal and essential element
levels in hair and association with autism severity. | Trace Elem Med Biol. 2020, 57, 126409:1-126409:5. doi:
10.1016/j.jtemb.2019.126409.

128. Frye, R.E.; Cakir, J; Rose, S.; Delhey, L.; Bennuri, S.C.; Tippett, M.; Palmer, R.F.; Austin, C.; Curtin, P.;
Arora, M. Early life metal exposure dysregulates cellular bioenergetics in children with regressive autism
spectrum disorder. Transl Psychiatry. 2020, 10, 223:1-223:12, doi:10.1038/s41398-020-00905-3

129. Williams, C.L.; Smith, S.M. Calcium dependence of spontaneous neurotransmitter release. ] Neurosci Res.
2018, 96, 335-347. doi: 10.1002/jnr.24116.

130. Eshra, A.; Schmidt, H.; Eilers, J.; Hallermann, S. Calcium dependence of neurotransmitter release at a high
fidelity synapse. Elife. 2021, 10, €70408:1-e70408:34. doi: 10.7554/eLife.70408.

131. Li, L.; Liu, H.; Krout, M.; Richmond, J.E.; Wang, Y.; Bai, ].; Weeratunga, S.; Collins, B.M.; Ventimiglia, D.;
Yu, Y.; Xia, J; Tang, J; Liu, J.; Hu, Z. A novel dual Ca2+ sensor system regulates Ca2+-dependent
neurotransmitter release. | Cell Biol. 2021, 220, €20200812:1-e20200812:24, doi: 10.1083/jcb.202008121.

132. Wu, C,; Sun, D. GABA receptors in brain development, function, and injury. Metab Brain Dis. 2015, 30, 367-
379. doi: 10.1007/s11011-014-9560-1.

133. Shi, L.Z.; Zheng, W. Early lead exposure increases the leakage of the blood-cerebrospinal fluid barrier, in
vitro. Hum Exp Toxicol. 2007, 26, 159-167. doi: 10.1177/0960327107070560.

134. Cheadle, L.; Rivera, S.A.; Phelps, ].S.; Ennis, K.A.; Stevens, B.; Burkly, L.C.; Lee, W.A.; Greenberg, M.E.
Sensory Experience Engages Microglia to Shape Neural Connectivity through a Non-Phagocytic
Mechanism. Neuron. 2020, 108, 451-468.e9, d0i:10.1016/j.neuron.2020.08.002.

135. Davoli-Ferreira, M.; Thomson, C.A.; McCoy, K.D. Microbiota and Microglia Interactions in ASD. Front
Immunol. 2021, 12, 676255:1-676255:15, doi: 10.3389/fimmu.2021.676255.

136. Colonna, M.; Butovsky, O. Microglia Function in the Central Nervous System During Health and
Neurodegeneration. Annu Rev Immunol. 2017, 35, 441-468, doi: 10.1146/annurev-immunol-051116-052358.

137. O’Callaghan, J.P.; Sriram, K. Glial fibrillary acidic protein and related glial proteins as biomarkers of
neurotoxicity. Expert Opin. Drug Saf. 2005, 4, 433-442, doi: 10.1517/14740338.4.3.433.

138. Pathak, D.; Sriram, K. Molecular Mechanisms Underlying Neuroinflammation Elicited by Occupational
Injuries and Toxicants. Int ] Mol Sci. 2023, 24, 2272:1-2272:47. doi: 10.3390/ijms24032272.

139. Han, Q.; Zhang, W.; Guo, J.; Zhu, Q.; Chen, H.; Xia, Y.; Zhu, G. Mitochondrion: a sensitive target for Pb
exposure. | Toxicol Sci. 2021, 46, 345-358, doi: 10.2131/jts.46.345.

140. Sadykov, R.; Digel, I; Artmann, A.T.; Porst, D.; Linder, P.; Kayser, P.; Artmann, G.; Savitskaya, I,
Zhubanova, A. Oral lead exposure induces dysbacteriosis in rats. | Occup Health. 2009, 51, 64-73, doi:
10.1539/joh.m8009.

141. Xia, J; Lu, L;; Jin, C;; Wang, S.; Zhou, J.; Ni, Y.; Fu, Z; Jin, Y. Effects of short term lead exposure on gut
microbiota and hepatic metabolism in adult zebrafish. Comp Biochem Physiol C Toxicol Pharmacol. 2018, 209,
1-8. doi: 10.1016/j.cbpc.2018.03.007

142. Patsiou, D.; Del Rio-Cubilledo, C.; Catarino, A.L; Summers, S.; Mohd Fahmi, A.; Boyle, D.; Fernandes, T.F,;
Henry, TB. Exposure to Pb-halide perovskite nanoparticles can deliver bioavailable Pb but does not alter
endogenous gut microbiota in zebrafish. Sci Total Environ. 2020, 715, 136941:1 136941:12. doi:
10.1016/j.scitotenv.2020.136941.

143. Kou, H.;Fu, Y,; He, Y.; Jiang, J.; Gao, X.; Zhao, H. Chronic lead exposure induces histopathological damage,
microbiota dysbiosis and immune disorder in the cecum of female Japanese quails (Coturnix japonica).
Ecotoxicol Environ Saf. 2019, 183, 109588:1-109588:9. doi: 10.1016/j.ecoenv.2019.109588.

144. Liu, W.; Feng, H.; Zheng, S.; Xu, S.; Massey, L.Y.; Zhang, C.; Wang, X.; Yang, F. Pb Toxicity on Gut
Physiology and Microbiota. Front Physiol. 2021, 12, 574913:1-574913:12, doi: 10.3389/fphys.2021.574913.

145. Zhai, Q.; Li, T.; Yu, L.; Xiao, Y.; Feng, S.; Wu, J.; Zhao, J.; Zhang, H.; Chen, W. Effects of subchronic oral
toxic metal exposure on the intestinal microbiota of mice. Sci Bull (Beijing). 2017, 62, 831-840, doi:
10.1016/j.scib.2017.01.031.

146. Mangalam, A.; Shahi, S.K.; Luckey, D.; Karau, M.; Marietta, E.; Luo, N.; Choung, R.S.; Ju, J.; Sompallae, R.;
Gibson-Corley, K.; Patel, R.; Rodriguez, M.; David, C.; Taneja, V.; Murray, J. Human Gut-Derived
Commensal Bacteria Suppress CNS Inflammatory and Demyelinating Disease. Cell Rep, 2017, 20, 1269-
1277, doi: 10.1016/j.celrep.2017.07.031.

147. Shao, M.; Zhu, Y. Long-term metal exposure changes gut microbiota of residents surrounding a mining
and smelting area. Sci. Rep. 2020, 10, 4453:1-4453:9, doi: 10.1038/s41598-020-61143-7


https://doi.org/10.20944/preprints202304.0753.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0753.v1

20

148. Yu, L. Yu, Y,; Yin, R;; Duan, H.,; Qu, D; Tian, F.; Narbad, A.; Chen, W.; Zhai, Q. Dose-dependent effects of
lead induced gut injuries: An in vitro and in vivo study. Chemosphere. 2021, 266, 129130:1-129130:11, doi:
10.1016/j.chemosphere.2020.129130.

149. Markowiak, P.; Slizewska, K. Effects of Probiotics, Prebiotics, and Synbiotics on Human Health. Nutrients.
2017, 9, 1021:1-1021:30. doi: 10.3390/nu9091021.

150. Zhai, Q.; Wang, J.; Cen, S.; Zhao, J.; Zhang, H.; Tian, F.; Chen, W. Modulation of the gut microbiota by a
galactooligosaccharide protects against heavy metal lead accumulation in mice. Food Funct. 2019, 10, 3768-
3781, doi: 10.1039/c9f000587k.

151. Menees, K.B.; Otero, B.A,; Tansey, M.G. Microbiome influences on neuro-immune interactions in
neurodegenerative disease. Int Rev Neurobiol. 2022, 167, 25-57, doi: 10.1016/bs.irn.2022.07.006.

152. Kumar, N.; Sahoo, N.K.; Mehan, S.; Verma, B. The importance of gut-brain axis and use of probiotics as a
treatment strategy for multiple sclerosis. Mult Scler Relat Disord. 2023, 71, 104547, doi:
10.1016/j.msard.2023.104547.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202304.0753.v1

