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ABSTRACT

The age-old phrase ‘gut feeling’ is increasingly finding a scientific basis. The human gut houses a massive colony of
microorganisms that not only maintain intestinal function, but also have far-reaching connections to the brain through
a complicated ‘microbiota-gut-brain’ (MGB) axis. This axis has now been established to have implications in the
management of various neuro-psychological conditions including Autism spectrum disorder (ASD), a condition that
affects the way people communicate, behave and interact with others. Once considered a rare disorder, it is now
estimated to have a prevalence of about 1 in 54 children in the United States. It is unfortunate that the existing cogni-
tive-behavioral therapy protocols for ASD are prolonged and expensive, and that there is no currently approved med-
ication for the core symptoms of the disorder. Scientists are now exploring the MGB axis for establishing possible
therapeutic targets to alleviate the symptoms of ASD. This review attempts to highlight how the MGB axis works,
and to capture the essence of the mechanisms that implicate the MGB axis in the pathogenesis of ASD. Further re-
search in this direction may convincingly establish the role of novel treatment options for ASD ranging from probiotics
and dietary modifications to newer modalities like fecal transplants, vagal nerve stimulation and gene therapy. Mi-
crobes, and not just behavioral intervention therapy, may hold the key to treating ASD.

Introduction

The human gastrointestinal (GI) tract contains a large colony of microorganisms collectively known as the gut ‘mi-
crobiota’. It includes a host of viruses, bacteria, protozoa, fungi, and archaea in astronomical numbers. The number
of bacteria alone in this microbial colony has been estimated to be approximately 3.8x10'*- a figure that is even larger
than the total number of human cells (Sender et al. 2016). Over the last decade, there has been growing interest in
evaluating how the gut microbiota affects the ‘gut-brain axis’- a bidirectional interaction between the gut and the
brain. There is increasing evidence that the gut microbiota influence a complex interplay between the humoral, neural,
immune, and endocrine systems, all of which link the peripheral intestinal system to the cognitive and emotional
centers of the brain (Crumeyrolle-Arias et al. 2014).

The importance of the microbiota-gut-brain axis in mental and psychological health is underlined by reports of various
GI tract symptoms occurring in patients with neurological and psychological disorders. Major depressive disorders
are reportedly associated with loss of appetite and weight changes (Privitera et al, 2013). Patients with anxiety disor-
ders (Mussell et al. 2008), schizophrenia (Severance et al. 2015) and Parkinson’s disease (Edwards et al. 1993) com-
monly report GI tract symptoms like nausea and diarrhea. Mood disturbances, anxiety and stress have been recognized
to play a role in GI tract disorders such as irritable bowel syndrome, inflammatory bowel disease (Graff et al. 2009)
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and peptic ulceration (Lim et al. 2014). The focus of the current study was to review the impact of the gut microbiota
on the development of Autism spectrum disorder (ASD), a neuro-developmental disorder characterized by impair-
ments in behavior, social and communication skills.

Methodology

This study aimed to review the functioning of the microbiota-gut-brain axis and the mechanisms by which the gut
microbiota influence the pathogenesis of ASD. Original articles and meta-analyses for the review were selected by
means of an internet search in PubMed, ScienceDirect, Hindawi and Google Scholar. The search criteria included the
terms ‘gut-brain axis’, ‘gut-brain communication’, ‘microbiota and mental health’, ‘microbiota and autism’, ‘gut mi-
crobiota and ASD’. Manuscripts written in English alone were included in this review.

Discussion

Enteric nervous system

The enteric nervous system (ENS) is one of the three divisions of the autonomic nervous system (Langley 2010), the
others being the sympathetic and the parasympathetic systems. The ENS forms a large division of the peripheral
nervous system (PNS) (Figurel) that regulates the functioning of the GI tract independent of the central nervous
system (CNS) input. Known as the “second” brain of the human body, it consists of an intricate network of more than
100 million neurons in the gut (Furness 2006).
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Figure 1. Interconnections between the ENS and components of the peripheral nervous system (Reproduced from Rao
and Gershon 2016).

The neural control mechanism of the gut is highly complex (Figure 2), unlike the rest of the PNS. The ENS is adapted
for integrative neuronal activity and independent control of the GI tract without the need for signals from the brain or
spinal cord (Furness et al. 2014). Since the ENS and CNS share common neurotransmitters, signal pathways and
anatomical characteristics, the pathophysiological mechanisms underlying CNS disease are often associated with GI
symptoms (Figure 2).
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Figure 2. The relationship between the CNS, ENS and the functioning of the gut. The ENS is situated close to the
gastrointestinal effectors it controls. Enteric mast cells signal the presence of foreign antigens to the ENS by releasing
a number of paracrine mediators as part of an inflammatory response. The ENS then initiates propulsive motility that
expels the source of antigenic stimulation from the bowel. This results in the clinical symptoms of abdominal pain
and diarrhea. Impulses from the CNS to the mast cells have an effect on the ENS similar to that of an antigenic-
stimulation, resulting in similar symptoms (Reproduced from Wood et al. 1999).

Microbiota-gut-brain axis: a complex, interactive communication system

Although the ENS can function independent of the CNS, there is a constant interaction between the two systems
through what is called the microbiota-gut-brain (MGB) axis. Broadly defined, the MGB-axis is a complex interplay
between the gut microbiota, ENS, neuroendocrine, neuroimmune, parasympathetic and sympathetic systems and the
CNS (Figure 3). This complex communication and interaction system results in the CNS being able to influence enteric
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behavior and, correspondingly, the gut being able to communicate with the brain (John Hopkins Medicine 2021). The
CNS functions more as a receiver of impulses than a transmitter, as proved by the fact that about 90% of fibers of the
vagus nerve (the X" cranial nerve and the longest of the 12 cranial nerves) are those that carry impulses from the gut
towards the brain (Forsythe et al. 2014). These impulses to the CNS, in turn, trigger off reflexes that regulate the
motility of the GI tract (Furness et al. 2014).

The two-way interaction between the gut and the cognitive and emotional centers of the CNS has been sub-
stantiated by various studies. These include reports of mood changes arising from the transmission of impulses from
the bowel to the CNS, association between various psychological disorders and GI tract symptoms referred to earlier
(Privitera et al. 2013, Mussell et al. 2008, Severance et al. 2015, Edwards et al. 1993, Graff et al. 2009, Lim et al.
2014), and studies that have demonstrated improvement of learning, memory and depression by stimulating the vagus
nerve (‘vagal nerve stimulation’, VNS). The vagus nerve is one the main components of the parasympathetic nervous
system that controls the body’s ‘rest and digest’ and ‘feed and breed’ responses, as opposed to the sympathetic nervous
system that generates a ‘fight or flight’ response to impending danger. VNS modulates the transmission of impulses
from the gut to the brain (Rush et al. 2000; George et al. 2000), and in the process also improves the functioning of
certain cognitive and mood centres of the brain. There also recent
reports of ‘bacteriotherapy’ or fecal microbiota transplants (FMT) being able to improve symptoms in neurological
disorders with a dysfunctional MGB axis (Vendrik et al. 2020). Studies have revealed promising effects of FMT in
conditions such as ASD, multiple sclerosis, Parkinson's disease, epilepsy, stroke, Alzheimer's disease and Guillain-
Barré syndrome. In an interesting clinical trial, 18 children with ASD and GI tract symptoms demonstrated significant
long-term improvement in their behavioural ASD symptoms 7 to 8 weeks after receiving daily doses of human gut
microbiota with a drink or via enema (Kang et al. 2017).
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Figure 3. Microbiota-gut-brain axis. Pathways either directly or indirectly influence the bidirectional interactions
between the gut microbiota and the CNS, involving endocrine, immune, and neural pathways (Reproduced from
Thakur et al. 2014)

Autism spectrum disorder

The Autism spectrum disorder (ASD) is a gamut of neurodevelopmental disorders affecting 1 in 54 children in the
United States. Comprising of autism, pervasive developmental disorders and Asperger's disorder, these disorders are
broadly characterized by impairments in social interaction and communication and the presence of repetitive and
stereotyped interests and behaviors (Johnson and Myers 2007). Though the American Psychiatric Association (APA)
has laid down specific criteria for the diagnosis of ASD (American Psychiatric Association 2021), there is an overlap
between the symptoms of ASD and non-ASD disorders. Interestingly, GI tract disturbances also figure in the broad
scheme of these disorders (Figure 4).
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Figure 4. The symptom constellation in ASD. ADHD, attention deficit hyperactivity disorder; OCD, obsessive com-
pulsive disorder (Reproduced from Rosen et al. 2021)

Ever since the disorder was first characterized, its diagnosis has been based on behavioral observations (Luyster et al.
2009) and criteria laid down by the APA (Klin et al. 2000) rather than any hard-core biomarkers. It is only recently
that genetic markers of ASD have been identified by the process of ‘reverse phenotyping’, a technique that character-
izes phenotypes based on particular genetic sequences (Benger et al. 2018). The genetic marker data so obtained has
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helped establish the role of genes such as the CHD8 and the ‘psychiatric risk gene’ transcription factor 4 (TCF4) in
the pathogenesis of ASD. Interestingly, re-
search has revealed that variations in specific ‘autism genes’ also cause alterations in the MGB axis, indicating an
underlying link between autism and the gut. This has been corroborated by experiments reporting the development of
autism-like symptoms in germ-free mice, and reports of children with ASD having a distinct set of gut microbes and
experiencing more GI tract symptoms compared to their non-ASD counterparts. A meta-analysis of 15 studies with a
total of 2215 children (McElhanon et al. 2014) demonstrated that children with ASD were 2 to 4 times more likely
than non-ASD children to experience abdominal pain, constipation and diarrhea. Evidence from such studies has
spurred scientists on to decode the MGB-axis in ASD and explore the possibility of using this as a therapeutic target
for a condition that currently has no approved medication.

Microbiota-gut-brain axis in ASD

Intestinal barrier pathway: The ‘leaky gut’ hypothesis
The epithelial integrity of the intestinal wall, also known as the ‘intestinal barrier’, is maintained by the metabolites
of the gut microbiota. Defects in this barrier have been linked to factors such as altered gut microbiota, introduction
of pathogenic bacteria, environment toxins and dietary macromolecules. These lead to a functionally impaired intes-
tinal barrier with increased permeability, a condition known as ‘leaky gut’. This ‘leakiness’ allows bacteria to cross
over from the intestine into the blood and activate the secretion of cytokines by the brain, triggering an immune
response (Figure 5) (Wu et al. 2015) that eventually affects specific cognitive functions of the brain.

Children with ASD have been demonstrated to have higher levels of immune-mediated inflammatory cyto-
kines such as interleukins, tumor necrosis factor-o (TNF-a) and transforming growth factor beta-1 (Masi et al. 2015)
when compared to their non-ASD counterparts, leading to the postulate that their guts are ‘leakier’ than normal. Given
that normal neural development in infants is altered by actions of these cytokines, it stands to reason that a stronger
intestinal barrier would protect and positively impact their brain function. This explains why probiotics are being
thoroughly investigated, both in the antenatal period and in children with ASD, for their possible role in mitigating
some of the symptoms of ASD. There is also a potential underlying genetic basis for the cytokine variations seen in
ASD (Liu et al. 2021), and this opens up prospects for exploring prenatal testing and targeted gene therapy for ASD
in future.

Neuronal Pathways

Mpyelin is an insulating sheath that envelopes nerve cells and facilitates efficient transmission of electrical nerve im-
pulses. Any alteration in the amount of myelin, and hence the thickness of the nerve sheath, can affect the transmis-
sion of nervous signals and result in the development of various neurological symptoms. Recent studies have found
that a robust gut microbial colony is vital in regulating myelin-related genes in the prefrontal cortex of the brain- an
area that is postulated to be affected in ASD. Experiments in germ-free mice axons demonstrated increased mye-
lination in this region of the brain, a phenomenon that was reversed only on colonizing the brain with orthodox gut
microbiota (Hoban et al. 2016). The results of this study support the association between healthy gut microbiota and
a normally functioning prefrontal cortex. The clinical implication of this finding is that MGB axis dysfunction possi-
bly correlates with the social dysfunction seen in ASD (Amaral et al. 2008).

The vagus nerve forms another vital neuronal pathway in the MGB-axis. It senses the microbiota metabo-
lites and then transfers this information to the CNS to generate a specific response. Stress inhibits the vagus nerve
and has deleterious effects on the gut microbiota and the GI tract. Targeting this nerve through procedures like VNS
would thus be of interest to restore the balance in the MGB axis (Bonaz et al. 2018). In conventional VNS, a device
is placed subcutaneously in the chest wall, and a wire from it is threaded to the left vagus nerve. When activated, the
device sends electrical signals and ‘stimulates’ the vagus nerve. Such stimulation has been shown to have promising
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results in ASD. VNS in ASD patients with seizures not only reduced seizure frequency, but also resulted in an im-
provement in verbal skills, mood and alertness (Engineer et al. 2017).

Instestinal barrier pathway
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Figure 5. Different mechanisms implicating the microbiota-gut-brain axis in the pathogenesis of ASD. (Reproduced
from Srikantha and Mohajeri 2019)

The serotonin pathway

The ENS utilizes more than 30 neurotransmitters (chemical messengers) for its normal functioning. Amongst these,
serotonin, an important regulator of mood and cognition (Cryan and Leonard 2000), is postulated to be of significance
in the MGB-axis in ASD. In addition to a well-defined role in adults, serotonin modulates neurodevelopment in chil-
dren- specifically in the domains related to social function, repetitive behavior, and sensory development. Elevated
levels of serotonin have been reported in children with ASD, suggesting the importance of serotonergic systems in the
pathogenesis of ASD (Schain and Freedman 1961). Similar findings have been reported in adults with ASD. Serotonin
availability is significantly lower in the CNS of adults with ASD compared with controls (Andersson et al. 2020). The
findings of this study and many others endorse a significant association of serotonin with ASD. Since more than 90
percent of the body’s serotonin is synthesized by the gut bacteria, and not in the CNS, it makes sense to target the
MGB-axis to modify central serotonin levels which could then possibly alleviate the symptoms of ASD. Though the
usage of selective serotonin reuptake inhibitors (SSRIs) currently has no evidence of benefit in children with ASD,
serotonin still remains a promising heritable biomarker that could help identify individuals who may be more likely
to benefit from future treatment protocols.
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Immune system pathway

ASD has been associated with a host of immunological abnormalities such as autoimmunity, activation of the ‘im-
mune-like’ microglia and astroglia cells in the brain and increased T-cell activation (van Sadelhoff et al. 2019). Re-
search over the past two decades suggests that pre-and post-natal immune dysregulation is a significant risk factor for
ASD. Prenatal insults in the form of maternal infections may trigger immunological activation and increase the risk
of ASD in the child. Postnatally, the affected children continue to demonstrate distinct profiles of immune dysregula-
tion, inflammation, and endogenous autoantibodies (Meltzer and Van de Water 2017).

Besides the above systemic and CNS immunological imbalances, patients with ASD have also been found to
harbor immune-related disturbances in their GI tract and the composition of the gut microbiota (Figure 5). It has also
been suggested that specific amino-acids can strengthen the intestinal barrier, modify the mucosal immune system and
target aberrant gut-CNS signaling pathways. It is hoped that such immunomodulation techniques can influence CNS
neuronal activity and address the behavioral problems associated with ASD (van Sadelhoff et al. 2019)

Metabolite pathway

Metabolites such as short-chain fatty acids (SCFAs) produced by the gut bacteria have been demonstrated to be a
source of energy for epithelial cells. The presence of such metabolites helps in the maintenance of the intestinal epi-
thelial barrier and the important anti-inflammatory and immunological protection that it provides (Richards et al.
2016). Bacteria-derived SCFAs have also been recognized to be one of the key mediators of the gut-brain axis, and
alterations in their production have been reported to occur in many neuro-psychological conditions.

In subjects with ASD, there is evidence from animal and epidemiological studies that SCFAs may be one of
the environmental triggers for the condition (MacFabe 2015). Elevated levels of SCFAs have been reported in stool
samples of children with ASD (Wang et al. 2012). In particular, propionic acid, a major SCFA produced by ASD-
associated gut bacteria, has been shown to induce reversible ASD-like behavioral deficits in rats (Foley et al. 2015) It
is postulated that the major effects of the SCFAs may occur through the alteration of mitochondrial function or by the
modulation of specific ASD-genes, both of which may prove to be useful biomarkers and therapeutic targets in ASD.

Conclusion

The human gut houses a massive colony of microorganisms- the gut microbiota- that has been recognized to have
far-reaching connections to the brain through a complex ‘microbiota-gut-brain axis’. This axis has implications in
the management of various neuro-psychological conditions including ASD. It is now widely recognized that ASD
symptoms co-exist with GI tract symptoms and altered gut microbiota. The current study attempts to review the im-
pact of the gut microbiota on the development of ASD, and elucidates how it could affect various pathways impli-
cated in the disorder. The ‘leaky gut’ hypothesis suggests that the intestinal barrier in children with ASD is compro-
mised, making them prone to the deleterious effects of cytokines. This indicates a promising therapeutic role of pro-
biotics, both in the antenatal and postnatal periods, to alleviate the symptoms of ASD. The existence of neuronal
pathways in the gut-brain axis implicates vagal nerve stimulation as a promising treatment modality for the disorder.
The elucidation of serotonergic, immune-mediated and metabolite pathways opens up avenues for targeted therapies
for ASD. Gut microbiota may thus hold the key to the treatment, and possibly even the prevention of ASD in future.

Limitations

Though the current study attempts to elucidate the commonly described pathways implicating an altered MCB-axis
in ASD, it is not an exhaustive review on the intricacies of the topic. Each of the described pathways has finer bio-
logical substrates and connotations that need further research and clarity. Genetic aberrations described in relation to
some of the proposed pathways, in addition to other under-explored biomarkers, may provide a more wholesome
understanding of ASD.
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