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Abstract

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by deficits in social communication,
social interaction, and restrictive, repetitive behaviors. Changes in diagnostic criteria and better awareness have led to
a higher prevalence of autism. ASD has a heterogenous etiology with genetics and environmental factors playing major
roles. GI symptoms like constipation, diarrhea and abdominal discomfort are prevalent in children with ASD and affect
up to 70% of patients. Recent research has drawn attention to gut dysbiosis which has been linked to gastrointestinal
and neurodevelopmental symptoms. Increased intestinal permeability and microbial metabolite differences have also
been implicated in the pathophysiology of ASD, with certain microbial species, like Clostridia playing a major role.
Probiotics, ketogenic diets and fecal microbiota transplantation are all therapeutic interventions that have shown
potential in reducing ASD symptoms. However, more research is needed to establish the safety and long-term efficacy
of these interventions. This paper explores the relationship between gut microbiota and ASD and its potential as a
therapeutic target. Further studies such as using a multi-omics approach would be beneficial to better understand the
interactions of gut microbes and ASD, possibly allowing for novel therapeutic interventions.
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1. Introduction to ASD

Autism spectrum disorder is a neurodevelopmental disorder encompassing 2 domains of deficits in social
communication and social interaction & restricted, repetitive patterns of behavior, interest and activities[1]. There has
been a significant increase in the prevalence of ASD in the past few decades, precisely from 1.1% in 2008 to 2.3% in
2018. This is likely associated with changes in the criteria for diagnosis, more awareness, and better performing
screening and diagnostic modalities. Since autism also lacks specific biomarkers, making a diagnosis is difficult [2,3].
Autism is mainly associated with motor abnormalities (in about 79%), gastrointestinal symptoms (in up to 70%) and
sleep disorders (in about 50-80%). Intellectual disability (at about 45%) and epilepsy (up to 30%) are also seen with
autism spectrum disorder. [4]

ASD is very heterogenous in its etiology which is influenced by age and developmental factors. Genetics play a crucial
role in the etiology of ASD. This can be seen in studies done in twins that showed heritability ranging from 64-91% with
little influence of environmental factors.[4] Only one-third of the instances of ASD can be attributed to genetic causes.
It's likely that the pathophysiology of ASD is influenced by environmental variables and epigenetic effects.[10] Autism
affects males more than females on a 4:1 ratio. [5] An important risk factor for an increased likelihood of ASD is
advanced maternal and paternal age. Inadequate maternal education and socioeconomic position also increase the
vulnerability to ASD. [6] Some prenatal factors like valproate intake, maternal diabetes, selective serotonin reuptake
inhibitor treatment, toxic chemical exposure, maternal infection, physical health and overall condition of the mother
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were shown to influence the onset of ASD. Fetal complications during birth, cesarean delivery, hypoxia, umbilical cord
complications can also be risk factors for ASD. Postnatally, antibiotic intake, nutritional factors and breastfeeding can
influence the onset of ASD. [7,8,9]

2. Gastrointestinal involvement in ASD

Gastrointestinal symptoms are frequently reported in children with ASD, with a variety of presentations such as
constipation, diarrhea, food allergies, abdominal pain, reflux, vomiting, gaseousness and foul smelling stools.[10] Out of
these, constipation seems to be the most prevalent reported symptom[11,12], although some studies have shown that
chronic diarrhea, gaseousness, abdominal discomfort and distension were the most frequent GI symptoms. [13] GI
symptoms are four times more prevalent in people with ASD than the general population. [11] This is substantiated by
another study where children with asd experienced more GI symptoms than comparison groups with a standardized
mean difference of 0.82 (0.24), and an odds' ratio of 4.42 (95% CI, 1.90-10.28). The analysis also reflected higher rates
of symptoms like diarrhea, constipation and abdominal pain. [14]

Even though constipation and food restriction were the most common Gl symptoms in both ASD and normal
development children, they were found to be more severe in ASD patients. Those children with GI symptoms and ASD
were found to have more anxiety, somatic issues and complaints than children with ASD and no GI symptoms. [15]
Similarly, one study found a strong association between constipation and language impairment in children with ASD,
implying the need to address and treat the GID. [12] It also supported the concerns of parents of children with ASD who
were attentive and aware of some form of GI distress, even if they didn’t know its exact nature. [12]

3. Gut Microbiome

There are trillions of microorganisms coexisting in the human body that are essential to many physiologic functions like
digestion, metabolism, and immunologic response. Of these, the gut microbiome in particular is essential for producing
vitamins as well. A well balanced and varied gut microbiome is crucial for better health outcomes. There are many
individual differences in the body’s microbial population that are affected by food, lifestyle, genetics and environmental
factors. When these gut microbiota are altered, disrupting the equilibrium, it is referred to as dysbiosis. This dysbiosis
has been linked to many psychiatric disorders such as mood disorders, schizophrenia and anxiety disorders. [16] There
are many changes in GI physiology in ASD patients including microbiota alterations, increased intestinal permeability,
gut infection. Dysbiosis at a young age shows its effects on health throughout life, therefore it is important to address
changes in childhood. A strong indicator of this is that many autistic children take high doses of oral antibiotics in the
early years of life. [17]

In 2019, Sharon and colleagues studied the behavior of germ-free mice after being colonized with fecal microbiota from
children with ASD. They noticed more autistic behavior in mice colonized with ASD microbiota from ASD showed an
alternative splicing of ASD-related genes in the brain. [18,19]

Clostridium bacterial concentrations were found to be higher in ASD patients. [18,20] The neurotoxins that Clostridium
makes were shown to exacerbate autistic symptoms according to the Childhood Autism Rating scale. This scale is
normally used to determine the severity of ASD.[21,22] More evidence of the influence of Clostridium in ASD can be
shown by the improvement in symptoms by the oral vancomycin treatment. [20]

Certain bacterial concentrations were found to be decreased such as Bifidobacterium, Enterococcus, and
Bacteroidetes.[18,20,23] The Bacteroidetes phylum is responsible for polysaccharide digestion and hence this research
supports the causality of the theory that ASD patients have difficulty in the digestion of carbohydrates. [20,24] The
microbial alterations in ASD patients are not always consistent changed as seen between many studies. [20,24] This
could be due to changes in aspects like gender, age, diet, population and severity of autism.

4. Intestinal permeability and metabolite differences in ASD

Increased intestinal permeability and microbial metabolites is a major mechanism in disruption of gastrointestinal
functioning. Autistic children and their siblings were found to have increased gut permeability in comparison to their
controls. [22] This increased gut permeability was predicted to be a result of decreased expression of barrier forming
proteins and increased expression of pore forming proteins of tight junctions. [25]
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The production of LPS and proinflammatory cytokines by Gram negative bacteria have been implied as factors for
disruption of the gut brain axis and blood brain barrier in patients with ASD. [25,26]

This “leaky gut” in ASD patients helps toxins cross the gut barrier to the organs and form an autoimmune response. This
could be the reason behind the peculiar eating habits of autistic patients. Some of the proteins involved in this food
sensitivity are lysozyme, calprotectin, and zonulin. [27] I-FABP is a biomarker of intestinal epithelial damage. An
increase in I-FABP was found to be correlated with more severe deficits in communication, social interaction,
maladaptive behavior and overall more severe behavioral phenotypes in very young children with ASD. [28] Similarly,
haptoglobin, an acute phase reactant, was also found to be correlated to behaviour. [28]

SCFA’s are known to influence early brain development by affecting dopamine and serotonin secretion on crossing the
blood brain barrier. [27] These SCFA’s are important in the regulation of immune cell response by modulating the
secretion of T cell cytokines. [297] This is of significance as SCFA’s are increased in stool and serum of children with
ASD. SCFA producing gut bacteria such as Clostridia, Desulfovibrio and Bacteroides are also increased in feces of
children with ASD. [30,31]

Gut microbial composition is affected by Enterochromaffin cells producing 5-HT. [32] 5-HT and severity of GI symptoms
were found to be positively correlated. [33] A Clostridium species overgrowth biomarker- a phenylalanine metabolite
[3-(3-hydroxyphenyl)-3-hydroxypropanoic acid] was found to be elevated in the urine of patients with ASD. It was also
found to be associated with ASD-like behaviors in mice models. [347]

Despite all these studies that state otherwise, other studies showed no changes in gut permeability in autistic children.
This implies that a disturbance of the gut barrier is not always a symptom of autism but mainly was found in ASD
children that had intestinal abnormalities. [35,36] Further research and studies are needed in this area to understand
the importance of the intestinal barrier in the pathogenesis of gastrointestinal dysfunction in ASD.

5. Therapeutic implications of Gut Microbiome in ASD

Probiotics are living microorganisms given as supplementation treatment to have positive health outcomes. They help
by strengthening the intestinal barrier, stimulating an immune response, reducing the overgrowth of pathogens,
increased mucine expression and producing antioxidants and vitamins. [37] In a case study, where ASD patients with
serious cognitive impairment were treated for 4 weeks with VSL#3, a mixture of live cells of 10 different probiotics,
autistic symptoms and severity of GI symptoms. [38] They also conducted 4 month supplementation with 3 probiotics
containing Lactobacillus strains, 2 Bifidobacterium strains, a Streptococcus strain which caused the ratio of
Bacteroidetes/Firmicutes to stabilize. It also caused a decrease in Bifidobacterium and Desulfovibrio species. [38]
Similarly improved GI symptoms and autistic behaviours were seen with 3 month supplementation with probiotics
having 3 strains of Lactobacillus acidophilus, Lactobacillus rhamnosus and Bifidobacterium longus. This supplementation
also caused an increase in the beneficial bacteria Bifidobacteria and Lactobacilli. [39] Multiple studies have shown that
strains of Lactobacillus decrease social impairments in animal models. [19] Supplementation with Lactobacillus
acidophilus strain showed lower amounts of D-arabinitol in the urine of ASD children and an enhanced ability to follow
instructions. [40] This decrease in autistic symptoms on treatment with probiotics shows the influence of gut microbiota
on behavioral symptoms and possibly the etiology of ASD. [41] Such treatment of autistic symptoms with probiotics can
improve compliance and adherence of these patients to other rehabilitation and educational treatments. It would also
help reduce the overall costs of the disease. [37]

Ketogenic diets have shown to have an effect on the symptoms of ASD patients. Research in human and animal models
has shown potential positive effects of ketogenic diets with high-fat content (65-90%) used to lower ASD symptoms.
[42] They have shown to possibly trigger reductions in total gut microbial counts and compositional remodeling in the
animal model, highlighting their ability to mitigate some of the neurological symptoms associated with ASD. [43]
Contrary to this, in terms of the maternal aspect of the rodent model, mothers fed with a high-fat diet eight weeks before
mating had offspring showing impaired social interaction and repetitive behaviors similar to ASD. [44] High- fat diets
may regulate the gut microbiome by accelerated growth of bile-tolerant bacteria and by reducing microbial diversity,
especially by saturated fatty acids. This may increase the risk of gastrointestinal disease. Omega-3 has anti-
inflammatory properties and exerts an overall positive effect on the gut microbiome. [45] This shows us that varying
fatty acid compositions along with a structured ketogenic diet could have many therapeutic implications on
gastrointestinal symptoms of ASD. Another interesting finding regarding therapeutic diets for ASD was that of a gluten-
free and casein-free diet significantly reducing intestinal permeability.[46]
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Nutritional deficiencies of vitamins, minerals, and fatty acids have commonly been observed in children with ASD.
Vitamin E, vitamin D, vitamin B12, pantothenic acid, folate, and biotin were found in lower concentrations in ASD
patients. Concentrations of calcium, magnesium, iodine, iron, chromium, and selenium were also found to be lower in
children in ASD. [47],[48] Further research into the extent and types of these nutritional deficiencies needs to be
explored in order for supplements to be a therapeutic option. Omega-3 fatty acids are one such food supplement
considered to be a complementary and therapeutic agent. [49]

Fecal microbiota transplant is beneficial to patients with ASD. Microbiota Transfer Therapy encompassing extended
fecal microbiota transplant, antibiotic treatment, a bowel cleanse, and a stomach-acid suppressant was found to cause
significant improvements in gastrointestinal symptoms and those of ASD. It even led to an improvement in social skill
deficits. [50] Many of the changes from fecal microbiota transplants were found to be lasting and even improved two
years after completion of the treatment. [51] Post treatment with microbiota transplants, plasma and fecal metabolite
profiles of ASD patients became more similar to their typical developing peers. [52]

6. Future direction

The increasing rates of Autism Spectrum Disorder (ASD) have the need to identify accurate etiological and pathogenetic
factors. Among these factors, evidence on the impact of gut dysbiosis in the etiology of ASD has accumulated over the
last few decades. Gut dysbiosis plays a crucial role in the health of the gastrointestinal (GI) tract as well as in central
nervous system (CNS) development and neurophysiological homeostasis. Numerous pathways through which gut
microbes exert their effects have been explored, and further research into these pathways could pave the way for novel
therapeutic avenues and an improvement in the quality of life for ASD patients.

However, interventions targeting gut dysbiosis require further evaluation, particularly through standardized treatment
regimens in larger randomized controlled trials. Fecal Microbiota Transplantation (FMT) and Microbiota Transfer
Therapy (MTT) appear to be promising treatments that help restore gut dysbiosis in ASD patients. Nonetheless, a long-
term outlook cannot yet be guaranteed, and the tolerance and safety of FMT still need further study. Utilizing larger
sample sizes in these studies may aid in identifying specific groups of microbes that could play a definitive role in
managing or potentially curing ASD.

The extensive role of microbes in ASD is evident from an etiological perspective and their association with ASD
symptoms. Although gut dysbiosis has been linked to ASD pathogenesis, it is unlikely that a single microbe will be
identified as a hallmark of ASD. This is partly due to inconsistent analytical techniques, such as the use of different scales
for evaluating ASD symptoms, and the lack of highly accurate criteria and biomarkers for diagnosis. Additionally, the
presence of various variables among study participants, such as age, sex, dietary lifestyles, and GI symptoms,
complicates analysis. Existing studies have primarily focused on changes in gut bacteria, with few or no studies
investigating other gut microbiota like fungi, protozoa, viruses, and archaea. Implementing a multi-omics approach in
future research could provide more comprehensive insights
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