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Abstract

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition marked
by significant impairments in social interaction, communication deficits, and the pres-
ence of restricted, repetitive patterns of behavior or activities. In recent years, the
prevalence of ASD has risen, making it a major public health concern. While the
etiology of ASD remains incompletely understood, it is believed to result from a
combination of genetic, epigenetic, and environmental factors. An emerging body of
research suggests that alterations in gut microbiota may also play a critical role in the
pathophysiology of ASD. This association is further supported by the frequent occur-
rence of gastrointestinal disturbances in individuals with ASD and growing evidence
of the gut-brain axis—a bi-directional communication pathway between the central

nervous system and the gastrointestinal tract.

The primary objective of this study is to investigate the gut microbial composition
in children with ASD compared to neurotypically developing (control) children. The
study seeks to elucidate the specific microbial differences and their potential contri-
butions to the pathophysiology of ASD, focusing on the role of microbial dysbiosis
in these children. Given the inconsistent findings in previous studies and the lack of
research on ASD and gut microbiota in the Pakistani population, this study also aims
to address this gap by examining the gut microbial profiles in Pakistani children with

ASD.

The study was conducted in three distinct phases. In the first phase, a comprehensive
meta-analysis was conducted to assess the relative abundance of specific gut microbial
phyla and genera in children with ASD compared to healthy controls. A systematic
search of electronic databases was carried out to identify relevant studies published up
to July 2023. A total of 21 studies were included in the meta-analysis, encompassing
data from 773 children with ASD and 629 neurotypically developing controls. The
meta-analysis was performed using RevMan 5.3 software. The results revealed signif-
icant differences in the gut microbial composition between ASD and control groups.

Children with ASD exhibited a higher relative abundance of Clostridium and Faeca-
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libacterium compared to healthy controls, while Bifidobacterium and Coprococcus
were found in lower relative abundance in the ASD group. Despite these findings,
the literature demonstrates a lack of consensus on which specific bacterial genera are
consistently altered in ASD versus control groups. This inconsistency highlights the
need for further research to clarify these microbial differences, particularly in under-

studied populations such as children in Pakistan.

The second phase of the study involved the direct assessment of gut microbial com-
position in a small cohort of children from Pakistan. Two children with ASD and two
neurotypically developing (control) children were enrolled in the study. Information on
social, demographic, and dietary factors was collected using detailed questionnaires,

ensuring that these variables were controlled for during the analysis.

Fecal samples were collected from each child and subjected to 16S rRNA sequenc-
ing to determine the microbial community composition. The results revealed notable
differences in gut microbial diversity between ASD and control children. Alpha diver-
sity, which measures the richness and evenness of microbial species within a sample,
was significantly lower in children with ASD compared to controls, indicating reduced
microbial diversity. Beta diversity, which reflects differences in microbial community
structure between groups, showed distinct clustering patterns for ASD and control
children, suggesting that the overall microbial composition differed between the two

groups.

At the phylum level, the relative abundance of Proteobacteria was significantly reduced
in ASD children compared to controls. At the genus level, Lachnospiraceae UCG-00/
was found to be less abundant in ASD children. These findings provide evidence of gut
microbial dysbiosis in Pakistani children with ASD, consistent with observations in

other populations, but also reveal unique microbial signatures specific to this cohort.

The third phase of the study focused on identifying metabolites produced by the gut
microbial genera that were prioritized based on the findings from both the meta-
analysis and the 16S rRNA sequencing data. Electronic databases were searched to

identify metabolites produced by the genera of interest, including Clostridium, Faec-
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alibacterium, Bifidobacterium, Coprococcus and Lachnospraceae UCG004. The identi-
fied metabolites included L-Acetone, D-lactic acid, Vinylacetyl CoA, and 10- formyl-
tetrahydrofolate. These metabolites were then mapped to their respective metabolic
pathways using Metaboanalyst. The analysis revealed key metabolic pathways that
are potentially influenced by the altered gut microbial composition in ASD children,

further implicating microbial dysbiosis in the metabolic disturbances observed in ASD.

This study provides comprehensive evidence of gut microbial dysbiosis in children with
Autism Spectrum Disorder. The results from the meta-analysis, 16S rRNA sequenc-
ing, and metabolite analysis indicate significant differences in the gut microbiota and
their metabolic output between ASD and neurotypically developing children. Specifi-
cally, ASD children were found to have lower microbial diversity and distinct microbial
signatures, with higher relative abundances of Clostridium and Fuaecalibacterium and
lower abundances of Bifidobacterium and Coprococcus. The presence of reduced alpha
diversity and altered beta diversity in ASD children underscores the potential role of

gut microbial imbalances in the disorder.

The identification of key microbial metabolites and their associated metabolic path-
ways further supports the hypothesis that gut microbiota may influence the neurode-
velopmental and metabolic features of ASD. These findings suggest that therapeutic
interventions targeting the gut microbiota, such as the administration of prebiotics
and probiotics, may hold promise for alleviating ASD symptoms by restoring microbial

balance and improving gut-brain communication.

This research represents an important step toward understanding the role of the gut
microbiome in Autism Spectrum Disorder, with implications for future studies and
potential treatments aimed at modulating gut microbial composition as a therapeutic

strategy for ASD.
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Chapter 1

Introduction

1.1 Background of the Study

The prevalence of ASD has escalated in the past decade and 1 out of 36 children
are being identified with ASD [1, 2]. Recently, the Diagnostic and Statistical Manual
of Mental Disorders Fifth Edition (DSM-V) has been used to diagnose this disorder.
Ideally, ASD must be diagnosed early in childhood but the diversity in symptoms,
inadequacy of biomarkers, and shortcomings in diagnostic methods hinder the early

diagnosis [3]. Some common signs and symptoms of ASD subjects are shown in the

figure 1.1.
Comn;umcsat;on Restricted and -
-an 5°F'a repetitive behavior Comorbidities
interactions
i i~ Sleeplessness
Depressions—|
diosyncratic  Constancy )
Eye contact Interest h toroutings I Immune disorders
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- Gestures Emotions=— > Echolalia | Intellectual
. Emoi e
Facial Expressions > Movements Mouangy Sensory gl disabilities
expressions outburst sensitivity
\ﬁ Gastrointestinal

disorders

FIGURE 1.1: A diverse range of symptoms and phenotypes along with various
comorbid health conditions depicted by Individuals with ASD.
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Currently, no proper treatment is available for ASD populations except behavioral
management therapies, educational interventions, and some drugs to alleviate the
spectrum of symptoms linked with ASD. This only ensures the improvement in the
quality of life of autistic individuals by relieving the symptoms associated with the
disorder. However it imparts an economic burden on society, and the lack of proper

treatment complicates the life of autistic populations [4].

The unavailability of proper drug protocol and the social, economic, and emotional
concerns intrigue the researchers for an in-depth search to unravel the pathophysiology,

diagnosis, and treatment of ASD.

The etiology of ASD remains obscure, with the involvement of genetic, epigenetic,

and environmental factors, labeling it as a multifactorial disorder.
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Genetic
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Ficure 1.2: Risk factors in the etiology of autism spectrum disorder.

Various genetic components, de novo mutations, and copy number variations are asso-
ciated with ASD, but the search for a main hub gene is still on the way. Moreover, the
associated genetic changes cannot demonstrate the spectrum of phenotypes observed
in ASD patients. Thus, the pathophysiology of ASD remains obscure, emphasizing
the role of various genetic, epigenetic, and environmental factors, and quests for ex-

ploring the fine interactions between these various factors [5]. ASD individuals exhibit
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a wide range of phenotypes of symptoms and various co-morbid health conditions are
associated with them, the most common being gastrointestinal (GI) problems includ-
ing vomiting, constipation, bloating, diarrhea, and abdominal pain. Studies report
the direct connection between the severity of GI problems and ASD behaviors. This
co-morbid medical condition emphasizes the possible role of microbes residing in the

human gut [6].

Gut microbes have also been shown to affect the development of the brain through
gut-brain interaction pathways. Gut-brain axis has also been linked to the biochem-
ical and behavioral changes in the brain, primarily due to the varied composition of
gut microbiota and its potentially harmful effects on the human brain. The varied
composition of gut microbes causes gut dysbiosis which has shown a strong connection

with neuropathological conditions [7].

Various symptoms associated with neurodevelopmental disorders have been linked to
be caused by variations in the composition of gut microbiota. Moreover, gut mi-
crobes have been shown to possess therapeutic potentials for ASD [8] Various studies
have shown the varied composition of gut microbiota in ASD when compared with
healthy populations, and numerous species have been shown to cause microbial dys-
biosis in ASD subjects. However, inconsistent results have been drawn by different
studies regarding the gut microbial composition. Previous studies showed a lower
percentage of Bifidobacterium and Coprococcus, and a higher relative abundance of
the genera Clostridium, Parabacteroides, Faecalibacterium, Bacteroides, and Phasco-

larctobacterium in ASD affected children as compared to healthy controls [9].

Various proteins and metabolites are produced as secondary metabolites gut micro-
biota. These metabolites not only exert their effects in the local gut environment but
also possess the ability to cross the Blood Brain Barrier (BBB) and enter into the
circulation. Once in circulation, these metabolites possess the potential to reach the
brain, where they not only interact with other proteins and alter metabolic pathways
but also can effect gene expression. These gut metabolites also influence the metabolic
pathways, altering their activities. The metabolites produced by the human gut mi-

crobiota are presumed to be one of the potent underlying mechanisms involved in the
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pathophysiology of ASD [10]. Therefore studies focusing on gut microbial composi-
tion, and analysis of various metabolites produced by the gut microbes could help

researchers to provide greater insight into the etiology of the multifactorial nature of

ASD.

1.2 Gap Analysis

The pathophysiology of ASD is complex and obscure, involving multiple factors rang-
ing from genetic, and epigenetic to environmental. One of the potent factors impli-
cated in the etiology of ASD is the gut microbiota owing to the crucial functions
performed by it, and manipulating the host gene expression and functions. Multiple
studies have shown the variations in gut microbial composition in ASD individuals
as compared to the neurotypically growing ones. Metabolites produced by gut micro-
biota affect the gut-brain physiology and are presumed to be involved in the underlying
pathogenesis of ASD. However, the studies conducted to depict the variations in gut
microbial composition in ASD individuals and controls show inconsistent results. Cer-
tain gut bacterial genera are reported to be highly abundant in ASD children than
in controls but the same is reported as vice-versa in certain other studies. Moreover,
the underlying caustive mechanism and pathways underpinning the involvement of
gut microbiota in ASD are not fully comprehended. Thus, various lines of study show
that gut microbiota is associated with ASD, but the exact mechanism behind the

interaction between the two is unclear.

1.3 Problem Statement

This is an established fact that gut microbial variations exist in ASD children as
compared to the controls, however, the results related to bacterial diversity are incon-
sistent therefore it is yet to be established which microbial species contribute to the

onset of ASD or are associated with the severity of symptoms.



Introduction 5

Thus, the underlying mechanisms governing the role of certain gut microbial species

needs to be explored in order to delineate the pathophysiology of ASD.

( Variations in
composition )

Effects on
pathophysiclogy

ASD and
Gut
Microbiota

Severity in
behavior

Severity
of

behaviors

FIGURE 1.3: The schematic diagram to represent the problem statement of the
study.

1.4 Proposed Solutions

The current study will is in effort to comprehend the variations of gut microbial
composition in ASD individuals, In addition, statistically significant results will be
generated to obtain consistent and reliable results regarding the alterations of gut
microbial composition in ASD individuals as compared to the controls. Moreover, the

mechanisms by which the microbial diversity contributes towards ASD is explored.

1.5 Research Questions

This research will answer the following questions:
Research Question 1

What is the level of gut microbial diversity in children with Autism Spec-
trum Disorder (ASD), and how does it differ from the diversity observed

in neurotypical children?
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This question aims to explore whether there are significant differences in the range
and variety of microbial species present in the gut of ASD children compared to their
neurotypical counterparts. It seeks to determine if gut microbial diversity is reduced,

increased, or altered in specific ways in ASD populations.

Research Question 2

What are the key variations in the composition of gut microbiota in chil-
dren with ASD compared to neurotypical Pakistani children, and how do

these compositional changes relate to the clinical features of ASD?

This research question focuses on identifying specific gut microbial species or groups
that differ in abundance between children with ASD and neurotypical children. It
also seeks to investigate if these compositional changes are linked to the behavioral,
cognitive, or gastrointestinal symptoms often observed in ASD, providing insights into

the potential microbiome-related mechanisms of the disorder.

Research Question 3

How do metabolites produced by gut microbiota influence the microbiota
gut-brain axis in children with ASD, and what is their role in the neuro-

logical and behavioral manifestations of the disorder?

This question addresses the functional aspect of the gut-brain connection by examining
the role of microbial metabolites—chemicals produced by gut bacteria in modulating
brain activity and behavior in ASD. The goal is to understand how these metabo-
lites may contribute to the development or progression of ASD symptoms through

interactions within the microbiota-gut-brain axis.

1.6 Aim of the Study

This study had been conducted with the aim to understand and elaborate the Micro-
biota Gut-Brain Axis alterations in ASD. The present research project quested for the
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diversity of gut microbiota, the way microbial variations effects metabolic pathways

and their connections to one another with respect to their implications in ASD.

1.7 Research Objectives for This Study

The main objectives of this study are discussed below:

1.7.1 Research Objective 1

To evaluate the diversity of gut microbiota in pediatric populations diagnosed with

Autism Spectrum Disorder (ASD).

1.7.2 Research Objective 2

To characterize the compositional differences in gut microbiota among children with

ASD.

1.7.3 Research Objective 3

To elucidate the functional dynamics of the microbiota-gut-brain axis in ASD by

analyzing microbial-derived metabolites.

Objectives

FIGURE 1.4: Pictorial representation of aims and objectives of current study.
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1.8 Research Philosophy and Significance

The role of genes, epigenetics, and environmental factors in the etiology of ASD is well
dicumented. Gut microbiota, however, has emerged as a potent risk factor among all
due to the same time frame of development and maturation as the Central Nervous
System (CNS), the evident variations in its composition, and its association with the
severity of autistic symptoms, but how exactly it affects the pathophysiology is still

unclear.

This study would explore the diversity of gut microbial profile in ASD children as well
as analyze the interactions of gut microbiota in onset and severity of ASD. The study
contributes towards the assessment of the gut microbial diversity in ASD children,
exploration of gut microbial abundance in children with ASD, and prioritization of
the metabolites produced by the gut microbes that could play some role in the onset
or development of ASD. This study intrigues to explore the etiology of ASD, aiming
to assist the researchers in figuring out the possibilities of treatment for this disorder.
This work would not only elucidate the mechanism by which the gut microbiota is
associated with the pathophysiology of ASD rather it will add more towards efficient
diagnosis and treatment strategies. Moreover, the knowledge obtained by the cur-
rent study can be employed by scientists to underpin the mechanisms regarding the

probable roles played by gut microbes in other diseases.

1.9 Research Methodology

1.9.1 Exploration of Variations in Gut Microbial Composi-

tion

The variations in gut microbial composition in autistic children has been quested
through meta-analysis. Meta-analysis refers to the process of systematically assess-

ing the results of previous studies to derive statistically proven conclusions [11]. In
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the current study, standard procedure of the meta-analysis has been adopted, forest
plot of the included studies are constructed, and conclusive results are drawn regard-
ing the variations in gut microbial composition in autistic children as compared to

neurotypically developed individuals.

1.9.2 Analysis of Gut Microbial Diversity

To validate variations of gut microbes in autistic children of Pakistani origin, 16S
rRNA gene-based metagenome analysis has been conducted. 16S rRNA gene has
been extensively employed as a phylogenetic marker in metagenome analysis as it
is present in all prokaryotes, its sequence changes slower over the time, possesses
hypervariable regions namely V1-V9 with sufficient sequence diversity to classify the
microbes, and the presence of conserved regions flanking the variable regions thus

allow the designing of universal primers [11].

Steps including sample collection, DNA isolation, 16S rRNA sequencing, and sequence
analysis using various computational tools have been proformed. After 16S rRNA
gene sequencing, Operational Taxonomic Unit (OTU) based methods that resolve
the sequencing errors by clustering the reads based on an already defined identity
threshold into OTUs are used for profiling the microbial abundance in the sequenced
data [12]. Detailed analysis of alpha and beta diversity measuring the diversity within
the individual sample and the diversity between the samples has been conducted. The
whole procedure is deciphered to result in a list of gut bacteria that could further be

distributed in separate lists of phylum, class, order, family, genus, and species [13].

1.9.3 Microbiota-Gut-Brain-Axis in ASD Through Metabo-

lites

Microbiota-Gut-Brain-Axis can be elucidated through the gut metabolites that have
the potential to cross the BBB under the dysbiotic environment and affect the brain

physiology. In the present study, metabolites produced in the gut by microbes have
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been identified, and the connection of these metabolites with ASD has been explored.
In order to achieve this objective, an in-silico methodology is developed to identify

the metabolites produced by microbes residing in human gut.

The metabolites produced by various bacterial species have been identified through
various online databases. The metabolic reactions of the identified metabolites have
been carried out through Google Co-Lab and Metaboanalyst. All of the steps to
achieve the objective have utilized databases and tools that are easily, freely, and

publically available [14-16].
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Chapter 2

Literature Review

2.1 Autism Spectrum Disorder

Autism Spectrum Disorder is defined as a complex, heterogeneous, and multifactorial
group of neurodevelopmental disorders manifesting short falls in three key domains
including communication skills, social interactions, and repetitive activity, response or
behavior [17]. Paul Eugen Bleuler, a Swiss psychiatrist initially used the word autism
in 1912 to explain some signs of schizophrenia. In 1943, Leo Kanner used autism in
the modern sense while describing 8 boys and 4 girls who could not establish effective

eye contact with the others [18].

2.2 Prevalence of ASD

The prevalence of ASD has increased manifold over the last decade.

2.2.1 World-Wide Prevalence

Centre for Disease Control (CDC) reports that 27.6 per 1,000 children with the age
of 8 years are being identified with ASD in United States, that is equivalent to 1 out

11



Literature Review 12

of 36 children aged 8 years. The disease also shows the gender biasness with the male

to female prevalence ratio of 3.8.

The sharp rise in the prevalence of ASD lies on the comparatively better diagno-
sis opportunities and awareness among the masses. However, such sudden increase
in the epidemiology intrigues the researchers to look deeper in to the etiology and

pathophysiology of this disorder [2].

The world-wide data on prevalence is shown in figure 1, showing the estimates of
prevalence from Asia, Europe, Africa, Australia, and America to be 0.4%, 0.5%, 1%,
1,7%, and 2.76% respectively [2, 19].

Asia 0.4%
Europe 0.5%
Africa 1%

Austrailia 1.7%

America 2.76%

FIGURE 2.1: Global prevalence of ASD in recent past [2, 19].

2.2.1.1 Prevalence of ASD in Pakistan

There is a lack of data on Pakistani population that could help in assessing the
prevalence of this disorder in Pakistan. However, in 2020, it was estimated by Pakistan

Autism Society that 350,000 children in Pakistan are suffering from ASD [20-25].
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2.3 ASD Symptomatology

The ASD patients find difficulties in communication and social interactions including
inability to develop non-verbal interactions including facial expressions, eye contact,
gestures and persistent deficits in social relationships like inability to share interests,
and expression and understanding of emotions. These defects end up in deteriorated
social relationships. They also exhibit restricted and repetitive behavior, activities or

interests.

These unusual behaviors may exist in the context of stereotyped use of objects, lan-
guage (idiosyncratic phrases, echolalia), and movements. A rigid constancy to rou-
tines, insistence on sameness, and extreme emotional outburst at small changes can
also exist [21]. Some of the key symptoms affecting the major targeted domains in

ASD are depicted in fig 2.2.

¢ Abnormal eye contact ¢ Aberrant social * Repetitive movements
¢ Unusual body approach ¢ Inflexible routines
language * Inability to reciprocate * Hypo or hyper activity
¢ Unable to develop ¢ Unable to start or and response
gestures respond to social ¢ Fixed interests and
* lack of facial interactions behaviors
expressions * Reduced sharing of « Inability to switch
* Socio-emotional interests between different
deficit * Reduced interests activities
with peers

F1GURE 2.2: Key symptoms affecting three major domains in ASD.

2.4 Diagnosis of ASD

Diagnosis of ASD is purely done on behavioral bases, primarily due to the lack of
early diagnostic markers. Diagnostic and Statistical Manual of Mental Disorders fifth

edition (DSM-V) intends to diagnose ASD in a simple and straightforward manner.
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DSM-V diagnoses a person with ASD having all issues in social interactions and com-
munication domain such as in-sufficient social-emotional mutual exchanges, defective
non-verbal cues for social communication, and an inability to develop, grow, and
understand relationships, and two out of four short-falls in repetitive or restricted ac-
tivity, behavior or response, including stereotypic motor movements, usage of things,
or verbal communication, inflexibility in routines, abnormal restricted fixed interests

and activities, and hypo or hyper activity to sensory stimulations.

The criteria introduces five specifiers for a better diagnosis of the disorder. The
first and second specifier explains the presence or absence of intellectual impairment,
language impairment respectively. The third, fourth, and fifth specifier depict the
presence or absence of any known genetic, environmental, or medical condition, as-
sociation to any behavioral, mental, or neurodevelopmental disorders, and catatonia

respectively [17-23].

intellectual
impairment
behavioral, genetic,
mental, environmenta
neurodevelo I, medical
pmental -f- condition
disorders SpeC| IerS
language
impairment catatonia

FIGURE 2.3: Different specifiers used for the diagnosis of ASD.

In addition to this, current severity specifiers that range from level 1 to 3, depending
upon the need of support, substantial support, and a very substantial support are

used for a better diagnosis of the disorder [21].
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FIGURE 2.4: Various factors including obscure pathophysiological mechanisms, di-
versity in symptoms, and lack of biomarkers result in the delayed diagnosis of ASD.

The early diagnosis is very critical in intervention strategies and aids in reducing the
social burden of autistic individuals. The ASD symptoms must be present during early
developmental phases during childhood but may not be recognizable until the social
demands exceed the limited capacities of the child to cope them and this is reason
that autism is generally diagnosed in the 2-3 years of age and the heterogeneity of the
symptoms also poses hindrance in diagnosis by the clinicians or the parents relate the
symptoms to some specific behaviors not related to autism, and some other medical
issues. Moreover, no clinical and molecular biomarkers are yet available that could

aid in early diagnosis [23].

2.5 Spectrum Disorder

Autism is referred to as a spectrum disorder because the affected persons differ from
one another with respect to the characteristics and severity of symptoms, including a
wide range spectrum of phenotypes. The cognitive ability ranges from profound in-

tellectual disability to above-average intellectual functioning, and language disability
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sweeps through the complete absence of speech to the fluent language [24]. Several co-
morbidities including epilepsy, intellectual disabilities, sleeplessness, sensory sensitiv-
ity, depression, immune disorders, and gastrointestinal disorders are also documented

that ultimately ends in making the phenotype more complex and heterogeneous [25].

2.6 ASD as Financial Burden

ASD patients pose a serious economic burden on the family and society. The per
capita costs of ASD is measured in some of the countries, and costs usually vary,
primarily due to the difference in geographic regions, diagnostic opportunities, and

awareness among the masses.

Recently, the economic cost of ASD is £ 2.3 billion in Scotland, $ 9645,503 in South
Korea, and $ 41.8 billion in China [26-28]. Furthermore, the annual cost for ASD
goes far to $ 268 billion in the US, which is further expected to rise by over $ 461
billion in 2025 [29].

2.7 Societal Pressures Associated with ASD

The co-morbid health issues, social and financial burden, and reduced acceptance
from the society further worsens the situation. If ASD is not diagnosed well in time,
it sweeps from childhood to the adulthood and persistently affects the personal, social,
and professional life of the individual. The inability to carry on the basic daily life
activities ranging from eating habits, reading, writing, learning, and social communi-

cation hampers the life of the individual [30, 31].

2.7.1 Family Life Disturbances

The effects of ASD on the society are not only limited to the social burden of autistic

individual but also the menace of family life of siblings and parents. The parental
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distress is evident in a recent study where families asserted that the autistic chil-
dren negatively affected their family relationships and siblings’ normal life along with

deleterious effects on their own social lifestyles.

The painful element lies on the fact that these children are usually unable to express
their sufferings, especially if they have language impairment that makes the parents
and child even more aggressive because the child is unable to express his/her basic

needs like hunger, thirst, sickness etc.

In some situations, parents have to socially isolate themselves because they are unable
to expose their child to the community who may not understand the actual condition

and might hurt the feelings of the parents as well as the child [31].

Moreover, a recent study in Saudi Arabia has shown that societal pressures, reduced
quality of life, depression, economic pressures, feelings of uneasiness, and discomfort
are common among the caregivers and parents of autistic children, that affects the
quality of care and support offered to autistic children, and ultimately worsens the

symptoms of ASD [32].

2.8 Pathophysiology of ASD

The underpinnings of the ASD etiology are complex and obscure, making it a challenge

for the scientific community.

2.8.1 Earlier Psychiatric View

Early infantile autism initially described by Kanner was identified as a severe psychi-
atric or behavioral disorder that was diagnosed in early infancy. Kanner was also a
proponent of the psychogenic approach and claimed that the main cause of autism
was the lack of parental care and love, especially the lack of warmth by the mothers,
and the cold attitude of parents. However, later research disproved this theory and

highlighted the neurobiological and genetic factors contributing to autism [18].
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2.8.2 Psychiatric to Biological Shift

Kanner idea of parents to be responsible for autism had been controversial and with
the advent of modern research, a shift from emotional and psychogenic causes to the
biological ones became dominating and autism started emerging as a neurological
disorder. Thus a major change in the notion of ASD was made forward by moving

from psychogenic origins towards the biological origins [33].

The underlying mechanisms delineating the pathophysiology of the ASD include aber-
rations in the assembly or structure of transmembrane, synaptic cell adhesion, and
scaffolding proteins that are primarily involved in the development and maintenance
of synapses, as well as the dysfunctions in cellular signaling pathways that play the

critical functions to control synaptogenesis and axon motility [34].

Psychogenic/emotional
causes

Biological/ neurological
disorder

Synaptogenesis and axon
motility

, Multifactorial disorder

FIGURE 2.5: Multiple approaches towards the pathophysiology of ASD.

2.8.3 Multifactorial Disorder

ASD has emerged as a multifactorial disorder with various risk factors ranging from

genetics, epigenetic, and environmental factors.
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FIGURE 2.6: Multiple contributing factors in the pathyphysiology of ASD.

2.8.3.1 Genetic Bases

A genetic basis has been proposed and various ASD cases have been linked to genetic
causes including genetic defects, chromosomal anomalies; and associated syndromes.
Though over 800 genes have been strongly linked to the risk, but no ”autism gene”
has yet been identified that could strengthen the impact of genetics in the etiology
[35]. Several chromosomal aberrations and single gene mutations are linked with ASD.

Some of the relevant candidate genes are shown in table 2.1 [36].

TABLE 2.1: Candidate genes associated with ASD

Sr. No. Name of Gene Gene Symbol
1 Ankyrin repeat domain 11 ANKRD11

2 AT-rich interaction domain 1B ARID1B

3 ASXL Transcriptional Regulator 3 ASXL3

4 ATRX Chromatin Remodeler ATRX

5 Autism susceptibility candidate 2 AUTS2

6 Chromodomain helicase DNA binding protein 2 CHD2

7 Chromodomain helicase DNA binding protein 7 CHD7

8 Chromodomain helicase DNA binding protein 8 CHD8

9 CREB-binding protein CREBBP
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26

27
28
29
30
31

Euchromatic histone-lysine N-methyltransferase 1

Methyl-CpG binding domain protein 5
Methyl CpG binding protein 2

SET domain containing 5
Activity-dependent neuroprotector homeobox
Forkhead box G1

Forkhead box P1

Forkhead box P2

Mediator complex subunit 13-like

Pogo transposable element with ZNF domain
Retinoic Acid Induced 1

T-box, brain 1

Transcription factor 4

Zinc finger and BTB domain containing 20
Fragile X mental retardation 1

Ubiquitin protein ligase E3A
Dual-specificity tyrosine-(Y)-
phosphorylation regulated kinase 1A
Neurofibromin 1

Phosphatase and tensin homolog

Synaptic Ras GTPase activating protein 1
Tuberous sclerosis 1/2

Cyclin-dependent kinase-like 5

EHMT1
MBDb5
MECP2
SETD5
ADNP
FOXG1
FOXP1
FOXP2
MED13L
POGZ
RAI1
TBR1
TCF4
ZBTB20
FMR1
UBE3A

DYRKI1A

NF1
PTEN
SYNGAPI1
TSC1/TSC2
CDKL5

2.8.3.2 Epigenetic Mechanisms

Epigenetics refers to the mechanisms that can result in changes in gene expression

without any alteration in gene sequences. Such mechanisms include genomic imprint-

ing, epimutations, DNA methylation, histone modification, and microRNA. They alter
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gene expression without modifying the genetic sequence and are linked to several neu-
rodevelopmental disorders, including ASD. These epigenetic modifications can be in-
fluenced by environmental factors such as diet, stress, and exposure to toxins. Studies
suggest that abnormal epigenetic regulation may contribute to the onset and progres-
sion of ASD by affecting critical genes involved in brain development and neuronal
function. Understanding these mechanisms can help develop potential therapeutic

strategies for ASD and other neurodevelopmental disorders [37].

2.8.3.3 Environmental Factors

More recently, environmental factors including prenatal viral infection, maternal di-
abetes, certain toxins, heavy metals, environmental insecticides and pesticides, im-
munological proteins, food contaminants, parental age, maternal smoking and alcohol
consumption, and gut microbiota have emerged as the potential risk factors for ASD
[37, 38]. The genetically susceptible patterns may become target of environmental
threat and result in dysregulations of neurodevelopmental pathways, but these com-
plex interactions are difficult to be identified due to varied environmental factors that
might be playing their roles [39]. A possible way to tackle these diverse problems
could be to consider highly associated comorbid conditions such as Gastro Intestinal

Symptoms (GIS) along with the typical symptoms of the pathology.

2.8.3.4 Gastro Intestinal Symptoms

Gastro Intestinal Symptoms (GIS) are a common co-morbidity in autistic children.
These GIS are identified as five times more common in ASD subjects, with constipa-
tion and diarrhea four times more prevalent, and abdominal pain as two times, when
compared to children without ASD [39, 40]. The frequent GIS identified in ASD
subjects include diarrhea, flatulence, burping, bloating, constipation, and abdominal
pain. The prevalence range for GIS for ASD variates from 9% to 84% as compared to
9% to 37% in neurotypically (NT) developing children [41]. Moreover, the severity of
ASD behavior is strongly linked to the prevalence of these GIS. Children with ASD
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exhibit more aggression, tantrums, sleep disturbances, self-injury, anxiety, and anger,
which can partly be due to the physical disturbances caused by GI disturbances [42].
Thus early diagnosis and treatment of these GIS might prove helpful to reduce or
remove some of the above mentioned behavioral problems. It is speculated the GIS
appear as a phenotypic manifestation of a condition involved in the pathophysiology
of this complex disorder, or at least in some of the subgroups. Gut microbiota might

be a promising subject for this underlying condition.

2.9 Treatment Approaches

Treatment and prevention approaches for ASD rely to focus on the symptoms and the
co-morbid conditions, rather than treating the core ASD symptoms as no standard

treatment protocol for ASD has yet been established.

Treatment
Approaches for
ASD
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\ . > L >

- ~ v N
Behavioral : : Dietary
psychological P T supplement
brain stimulation
treatments therapy
\ J

\

FIGURE 2.7: Treatment approaches used for ASD.

Non-pharmacological therapies, pharmacological protocols, family rehabilitation, and
use of probiotics, prebiotics, and fecal microbiota transplant are in use to alleviate

the spectrum of phenotypes in ASD [43].

2.9.1 Non-Pharmacological Therapies

Various Non-pharmacological therapies including behavioral psychological treatments,

brain stimulation, and dietary supplementation therapy is offered to ASD individuals.
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Applied Behavior Analysis (ABA), language and speech therapies, and physical ther-
apy services, music treatments, cognitive behavioral therapy, and social behavioral

therapies are offered for management of the disorder.

These treatments have some positive effects on ASD like improvement in anxiety and
depression, as well as develop functional independence among ASD individuals [17].
In addition to it, certain non-invasive brain stimulation procedures like transcriptional
magnetic stimulation and transcriptional direct current stimulation are used. Both of

these procedures have resulted in improved social behavior and cognition [44].

Several lines of study report that certain vitamins such as vitamin D, B6, B12, folic
acid, and omega-3 polyunsaturated fatty acids have shown to improve the ASD co-
morbidities like GIS, and dysbiosis caused due to gut microbes, improve overall gut

health, and reduce the behavioral symptoms [45].

2.9.2 Pharmacological Protocols

Pharmacological protocols are employed in order to manage the symptoms and co-
morbidities that are linked with ASD. These drugs include some anti-psychotic med-
ications, psychostimulants, anti-depressants, and mood stabilizers. These medicines
aid in managing some ASD symptoms like anxiety, depression, agitation, behavioral
problems, and gastrointestinal dysfunction but some side effects are also associated
with them. Moreover, there is no drug that has yet been established for the core

symptoms of ASD [46].

TABLE 2.2: Drugs used for symptoms and co-morbidities in ASD.

Sr. Targeted Side
Drugs Category Ref.
No. Symptoms Effects
1 Aripiprazole  Atypical Irritability, self- Sedation, [17]
antipsy- aggression, quivering,
chotic repetitive drooling,

behavior weight gain
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2 Risperidone

3 Guanfacine

4 Methylphe-

nidate

5 Atomoxetine

6 Melatonin

Atypical
antipsy-

chotic

Alpha-2-
adrenergic

Agonists

Stimulant

Noradre-
naline

reuptake
inhibitor
Antipsy-

chotic

Aberrant social
behavior, delayed
developmental
phases, self-
aggression
Attention Deficit
Hyperactivity
Disorder (ADHD),
disuptive behavior
Repetitive
behaviors,
hyperactivity
ADHD, Repetitive

behaviors

Pain, anxiety,
depression,
gastrointestinal

dysfunction

Weight gain

Sedation, tire-
some, reduced
blood pressure
and pulse
Reduced
appetite, sleep
disturbances
Decreased
appetite,
irritability,
nausea
Headaches,

dizziness

[43]

[45]

2.9.3 Family Rehabilitation

Family rehabilitation focuses around the psychological approaches towards the family

members to better understand the communications and interactions within a fam-

ily. This therapy aims to provide basic knowledge about ASD, its causes, diagnostic

approaches, preventive measures, and coping with the core as well as the associated

symptoms and co-morbidities of ASD. It also helps in fostering a supportive environ-

ment, enhancing parental coping strategies, and promoting the social and emotional

development of children with ASD. By strengthening family dynamics, this approach
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contributes to improving the overall quality of life for both the child and their care-

givers. [46].

2.9.4 Probiotics, Prebiotics, and the Fecal Transplant

Recently, the use of probiotics, prebiotics and the fecal microbiota transplant is in trial
to alleviate the symptoms of gastrointestinal troubles. Prebiotics and probiotics have
shown to reduce the degree of ASD severity, and GI related dysfunctions. The exact
mechanism of action of these is unknown, yet it is speculated that the healthy effects on
the integrity of gut barrier, and ability to manipulate the composition and functioning
of gut bacteria ameliorates the symptoms associated with ASD [48]. Positive effects
on sleep disturbances, GI symptoms, improved gut bacterial diversity maintaining

healthy gut environment are observed by giving fecal microbiota transplant [49].

Though no standard treatment to ASD exists except some behavior therapies, earlier
detection could aid in offering management therapies to alleviate the symptoms and
uplift the quality of life in autistic individuals. Early detection, understanding patho-
physiology, and developing treatment protocols are crucial to improving life quality
and reducing societal burden. However, ASD’s etiology remains complex, involving
genetic, epigenetic, and environmental factors. The interplay between these factors is
speculated in its pathophysiology. Notably, around 90% of ASD cases exhibit gastroin-
testinal symptoms (GIS), which correlate with autism severity and can be alleviated
by prebiotics and fecal microbiota transplants. This highlights gut microbiota as a

promising target for further exploration to uncover ASD’s obscure etiology.

2.10 Gut Microbiota

The microbes such as fungi, bacteria, viruses, protozoa, bacteriophages, and archaea
residing in the GI tract are referred to as gut microbiota. The term microbiota
generally refers to the bacteria alone in spite of the presence of other microbes owing

to the overwhelmingly greater number of bacteria as compared to other microbes.
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More than 1014 bacteria inhabit the human GI tract, and their genome is about 100

times bigger as compared to the genome of human [50].

2.10.1 Importance of Gut Microbiota

Gut microbiota establish a symbiotic relationship with human GI tract, and per-
form certain important roles in the human body including neurological and endocrine
functions, metabolization of in-digestible carbohydrates, controlling immune system,
producing necessary vitamins and antimicrobial substances, providing shelter against

infective pathogens, and production of mucine [8].

Production of
Essential Vitamins

Metabolizing non
Digestible
Carbohydrates

Regulation of
Immune System

Role of Gut
Microbiota

FI1GURE 2.8: Functions performed by gut microbiota in human body.

2.10.2 Importance of Gut Microbiome in Relation to Health

and Immunology

The key domains of the human body whose functions are regulated by the GM include

structural, protective, metabolic, and neurological.
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2.10.2.1 Metabolic

Dietary Fibers

The human gut is capable of digesting about 85% of the taken carbohydrates, 66-95%
of the proteins, and almost all of the fats. However, the constraint of the human
digestive system is to digest certain crucial dietary fibers such as oligosaccharides,
non-starch polysaccharides, resistant starch, and lignin. Gut microbiota helps the
human digestive system to digest such resistant carbohydrates by the virtue of certain

glycosidase enzymes like polysaccharide lyases, carbohydrate es-

terases, glycoside hydrolases, and glycosyltransferases [1]. The fermentation of such
complex dietary fibers by GM results in the release of certain gases such as carbon
dioxide, hydrogen, and methane. In addition to it, certain organic acids like succi-
nate and lactate, alcohols like methanol, and ethanol, and certain SCFAs including
acetate, formate, butyrate, and propionate are produced by the fermentation process.
Peripheral tissues utilize acetate as an energy substrate. Moreover, the key processes

in liver such as cholesterol biosynthesis, and lipogenesis are controlled by acetate [2].

Butyrate, primarily utilized by colonocytes, functions as an energy source and is also
involved in the production of ketone bodies and carbon dioxide. Apart from serving
as an energy source, butyrate plays a crucial role in maintaining energy balance by
activating enteroendocrine cells in human gut, which stimulates the release of leptin
from fat cells and enhances the formation of glucagon-like peptide-1 (GLP-1) in L
cells. Furthermore, butyrate assists in reducing the impact of toxic metabolites, such
as bile acids and phenolic compounds. Propionate, on the other hand, is taken up by
colonocytes and carried to the liver, where it performs functions comparable to those

of acetate [3].

2.10.2.2 Protective

The gastrointestinal tract acts as a vital connection between the immune system and

the GM. The initial layer of the gut immune system, which includes gut-associated
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lymphoid tissue and Peyer’s patches, forms through interactions with gut commen-
sals. This immune barrier restricts direct contact between commensals and epithelial
cells. The second immune layer quickly detects and eliminates bacteria without tissue
invasion. A tertiary layer of immune responses operates locally within the mucosal
tissue, engaging mucosal immunity without triggering systemic immune activation.
The innate immune defense comprises of mucus, antimicrobial peptides, and secre-

tory immunoglobulin A (IgA) [4].

Innate and Adaptive Immunity:

Commensal microorganisms are distinguished from pathogens by the virtue of innate
immunity, primarily via germline-encoded pattern recognition receptors, including
Toll-like receptors (TLRs). Some preserved pathogen associated molecular patterns
such as lipoproteins, unmethylated CpG DNA, flagellin, and bacterial lipopolysaccha-
ride (LPS) are recognized by TLRs. Lipids are identified by TLR1, TLR2, as well
as TLR6. TLRb5 recognizes flagellin, while TLR4 interacts with a range of ligands,
including lipopolysaccharide (LPS) and paclitaxel.

Nucleic acids are identified by TLR7, TLRS, and TLR9 [5]. NOD-like receptors
recognize cytosolic bacterial antigens. Antigen-presenting cells (APCs) which in-
clude macrophages and dendritic cells are known to express the TLRs, phagocytose
pathogens, and secrete cytokines to activate naive CD4+ T cells, differentiating them

into Treg, TR1 subsets, TH1, TH2, and TH17.

A critical balance between effector T lymphocytes and Treg cells in human gut helps
distinguish between commensals and pathogens. Dysbiosis can trigger inflammatory
responses through TH1, TH2, as well as TH17 cells, with pro-inflammatory cytokines
like IFN-~, IL-6, I1-4, 1L-13, IL-5, 1L-22, IL-17, and IL-8 [6].

Microbial Metabolites in Immunity

Undigested carbohydrates that are not absorbed in the small intestine are fermented
by microbiota that reside in large intestine, undergoing saccharolytic fermentation to

generate short-chain fatty acids (SCFAs), such as butyrate, acetate, and propionate.
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Short-chain fatty acids (SCFAs), including acetate, propionate, and butyrate, are ab-
sorbed by host cells and interact with G protein-coupled receptors (GPCRs) such
as GPR43, GPR41, and GPR109A that are present on epithelial and immune cells
[2]. Butyrate specifically links to GPR43, triggering the formation of certain anti-
inflammatory cytokines such as IL-10 and TGF-f3, while also upregulating FOXP3
expression in Treg cells. Additionally, histone deacetylase activity is inhibited by
butyrate, and it also attenuates NF-xB-driven inflammatory responses. Studies indi-
cate that acetate has a higher affinity for GPR43 as compared to butyrate. Acetate
administration enhances IgA production in wild-type mice, an effect not observed
in mice where GPR43 has been knocked out. Furthermore, acetate promotes the
expression of Aldhla2 inside the dendritic cells, facilitating the conversion of vita-
min A to retinoic acid, which subsequently stimulates mucin and IgA secretion by
B cells and goblet cells, thus reinforcing the intestinal barrier [7]. Mice deficient
in GPR43 exhibit heightened vulnerability to dextran sodium sulfate-induced coli-
tis, with increased neutrophil chemotaxis and elevated inflammatory gene expression.
Co-treatment with propionate and butyrate attenuates the inflammation induced by
LPS, by the activation of Treg cells and reducing the secretion of pro-inflammatory

cytokines such as IL-12 and IL-6 [8].

2.10.2.3 Structural

The intestinal epithelium is composed of a monolayer of columnar cells, closely bound
by junctional complexes that control the permeability of the paracellular space. These
complexes include tight junctions such as zonula occludens, adheren junctions called
as zonula adherens, and desmosomes. Beneath the tight junctions, there exist the
adherens junctions, and they constitute apical junctional complexes that are linked
to the actin cytoskeleton. The actin filaments bridge these complexes, facilitating
cell-cell adhesion and intracellular signaling, while the adhesive forces that are crucial
for the integrity of intercellular interactions are provided by adherens junctions and
desmosomes [9]. The tight junctions create a selective barrier with size and charge se-

lectivity, comprising two distinct pathways: the 'pore’ pathway, which is high-capacity,
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size- and charge-selective, and the 'leak’ pathway, which is low-capacity and less selec-
tive [4]. Enterotoxins from pathogens like enteropathogenic C. perfringens, C. difficile,
and E. coli can compromise tight junction integrity, weakening the barrier function.
Cytokines such as IL-13, I1L-6, IL-4, IL-13, TNF-«, and IFN-v promote the disrup-
tion of tight junctions, increasing intestinal permeability. In contrast, cytokines like
IL-10, IL-17, and TGF-f help restore the intestinal barrier, reducing permeability
[10]. Nutrients and dietary components, including glutamine deficiency, ethanol, ac-
etaldehyde, and fatty acids can enhance intestinal permeability. In contrast, amino
acids like tryptophan and glutamine, casein-derived peptides, short-chain fatty acids
(SCFAs), vitamins A and D, and polyphenols help to mitigate luminal content pen-
etration. Various nutrients and diet related factors like glutamine deprivation, fatty
acids, ethanol, and acetaldehyde can increase permeability, while amino acids like
glutamine and tryptophan, along with casein peptides, SCFAs, vitamins A and D,

and polyphenols reduce luminal content infiltration [11].

2.10.2.4 Neurological

The two-way signaling that exists between the gastrointestinal system and the brain,
known as the gut-brain axis (GBA), is mediated through the enteric nervous system
(ENS), which interacts with the sympathetic nervous systems, the parasympathetic
nervous systems, and the hypothalamic-pituitary-adrenal (HPA) axis [12]. The enteric
nervous system (ENS), frequently referred to as the ”second brain,” consists of trillions
of neurons and is structured into two main plexuses: the myenteric and submucosal
ganglia. GM can influence ENS and as well as the central nervous system (CNS) via

several mechanisms, including

1. the synthesis, expression, and turnover of neurotransmitters and neurotrophic

factors,
2. maintenance of intestinal barrier function and tight junction integrity,

3. modulation of enteric sensory afferents,
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4. production of bacterial metabolites, and

5. regulation of mucosal immunity.

The enteric nervous system is capable of detecting various neurotransmitters, many
of which are also present in the CNS, such as serotonin, acetylcholine, and dopamine.
Notably, major bulk of serotonin (approximately 90%) and almost 50% of dopamine
are synthesized in the gut, primarily by gut microbiota. These neurotransmitters are
essential for transmitting "fight or flight” signals to the brain and regulating mood,
pleasure, and happiness [13]. Bacterial metabolites, particularly short-chain fatty
acids (SCFAs), stimulate the expression of tryptophan hydroxylase 1 in enterochro-
maffin cells, thereby increasing serotonin secretion in the gastrointestinal tract. This
serotonin, in turn, can activate the sympathetic nervous system, influencing cognitive

processes like memory and learning.

Dysbiosis that occurs in gut microbiota, particularly in functional gastrointestinal (GI)
disorders, has been linked to disruptions in the GBA, potentially contributing to mood
disorders. Experimental research indicates that probiotics may enhance the levels of
brain-derived neurotrophic factor (BDNF') in the cerebral cortex and hippocampus,
thereby improving cognitive function and promoting muscle repair, regeneration, and

differentiation [14].

2.11 Gut Microbiota Modulating Epigenetics

As a crucial symbiotic partner of the human body, microbiota can influence the host’s
epigenetic landscape. The human body can respond to environmental cues through
various epigenetic regulatory mechanisms such as histone modifications, and DNA
methylation [1]. Gut microbiota influence host epigenetic regulation, mainly through

the production of metabolites that help preserve the body’s dynamic equilibrium.

For example, the production of short-chain fatty acids (SCFAs) can alter the host’s

epigenome, subsequently impacting the organism’s health status and susceptibility to
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various diseases [2]. Gut microbiota is capable of synthesizing bioactive compounds
that serve as precursors, such as methyl or acetyl groups, which are involved in histone

modification and DNA methylation.

These compounds can influence the physiological and pathological mechanisms under-
lying host epigenetic regulation [3]. Gut microbiota is connected to host epigenetic
regulation through the production of biomolecules derived from the metabolism of
the host’s diet. These include short-chain fatty acids (SCFAs), vitamins, polyamines,
polyphenolic compounds, and tryptophan metabolites [4]. The swift fluctuations in
short-chain fatty acids (SCFAs) triggered by variations in dietary nutrients or environ-
mental factors can lead to subsequent epigenetic alterations in the host. For instance,
butyrate plays a role in stimulating intestinal cell proliferation and sustaining home-

ostasis, acting through multiple signaling pathways [5].

The gut microbiota as well as the metabolites produced by the microbiota can drive
distinct epigenetic alterations to modulate various physiological processes of the host.
For example, short-chain fatty acids (SCFAs) generated through microbial metabolism
serve as key energy sources for both the host’s intestinal epithelial cells and the gut
microbiota [6]. A key role of short-chain fatty acids (SCFAs) is to maintain the host’s
homeostasis by modulating epigenetic mechanisms. The predominant SCFAs in the
colon are propionate and acetate. Propionate is primarily generated via the succinate
pathway by Bacteroides, Roseburia species, Veillonella species, and Ruminococcus [7].
Propionate and butyrate can suppress the activity of histone deacetylases (HDACs) in
intestinal epithelial cells (IECs) and immune cells by enhancing the hyperacetylation
of histones and specific transcription factors involved in signal transduction. As a

result, they play a crucial role in the progression of cancer [§].

2.11.1 Associations between Gut Microbiota and ASD

The connection between ASD and gut microbiota is also speculated on the stance that
microbial composition stabilizes between 6 to 36 months of age, and this time is also

critical for central nervous system development as synapse formation, maturation,
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and myelination becomes more extensive at this window of time. Moreover, the gut
microbial composition show variation in autistic children as compared to normal ones,
and this microbial derangement is also linked to the severity of GIS in ASD patients.
This opens up new avenues in ASD research by exploring gut microbiota and linking

their association with ASD [51].
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FIGURE 2.9: Various associations between gut microbiota and ASD strengthen the
role of gut microbiota in ASD.
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2.11.2 Dysbiosis in Human Gut

The dominant gut bacterial phyla in human body include Fermicutes, Bacteriodetes,
Actinobacteria, Proteobacteria, and Verrucomicrobia, constituting about 97.2% of
the total microbes residing in the gut, with Fermicutes and Bacteriodetes as the
most dominating ones [8, 12]. Dysbiosis is the condition where the composition of

gut microbes is changed, and resultantly the growth of pathogenic microbes is favored
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over those having useful characteristics, thus compromising the health of the individual

[52].

2.11.2.1 Reasons for Dysbiosis

The underlying reasons contributing to the altered microbial composition and leading
to dysbiosis include maternal factors like maternal diet, maternal obesity, gestational
diabetes, hospitalization, maternal infection, preterm babies, mode of delivery, and
postnatal factors such as feeding pattern, antibiotics administration, and host genetics
[46]. Maternal high fat diet during gestation decreases the level of Bacteriodes, and has
been associated with dysbiosis and autism like behavior in mice [53]. Preterm babies
have more pathogenic microbes surviving in their stomach and show abundance of
Proteobacteria and genera like Bifidobacterium and Lactobacillus are found lesser in

number [54].

With reference to mode of delivery, vaginally born babies have the healthiest micro-
bial composition having abundance in Lactobacillus, Prevotella, Sneathia, and Bifi-
dobacterium and decreased Clostridium deficile [55] while caesarean section delivered
babies exhibit an altered microbial composition that resembles the skin of mother,
having more abundance of Staphylococcus, Corynebacterium, and Propionobacterium
[56]. Feeding pattern of the neonates also affect the microbial composition. Formula
fed infants have more abundance of Clostridium deficile and liable to ASD, whereas

breast-fed babies are lesser prone to autism [57].

Antibiotics administered during the first 3 years of life have disastrous effects on
the healthy microbial composition. The antibiotics disrupt the colonization of the
Bifidobacterium, a healthy microbe [58]. Microbial composition also shows variations
if mother suffers from infection during prenatal time period. The infection leads
to increased level of cytokines that are pro-inflammatory in nature in the maternal
blood like IL-6, which performs numerous functions like regulation of tight junction
proteins in terms of their expression, regulates synaptic plasticity, cognition, and

neurodevelopment [59].
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FIGURE 2.11: Various factors affecting the gut microbiota leading to dysbiosis and
ultimately disturbing microbiota-gut-brain axis.
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2.11.3 Microbiota-Gut-Brain Axis

The microbiota-gut-brain axis is the route of exchange of information that occurs be-
tween the gut microbes, and brain. The variations in gut microbiota has drastic effect
on the brain development, and physiology through the bidirectional communication
pathways between the gut microbiota and brain called the microbiota-gut-brain axis.
How the gut microbiota affects the brain physiology is an important perspective in

the exploration of pathophysiology of the ASD [8, 60].

2.11.3.1 Bi-directional Communication Pathways

The Neuroendocrine, autonomic nervous, toxins production, immunological and meta
-bolic system pathways are the proposed two-way cross-talk pathways between gut
microbes and central nervous system [61]. The increased permeability of gut barrier
paths has been proposed to significantly affect the CNS in bidirectional interaction
pathway.

The GI barrier comprising of commensal gut microbiota, epithelial cells, and a mucus
layer connected through tight junctions becomes defective due to increased perme-
ability of the intestine (referred to as ‘leaky gut’) in the ASD cases, delineating the
relationship between ASD and the gut, as the bacterial metabolites and toxins enter
in to the bloodstream, cross the blood brain barrier and trigger the immune response

by releasing inflammatory cytokines, affecting the brain function [62].

The gut microbiota has been shown to regulate the intestinal permeability. The lower
levels of intestinal tight junction components (CLDN-1, OCLN, TRIC) and higher
levels of pore-forming proteins, claudin (CLDN)-5, CLDN-12, CLDN-3, and MMP-9)

in ASD individuals as opposed to the controls have been evidenced [63].

Neuroanatomical Pathways

Neuroanatomical pathways including enteric nervous system, and autonomic nervous

system and the vagus nerve which carry the signals from the human intestine to the
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CNS [64]. Certain anatomical differences including increased expression of microglial
cells and reduced number of purkinje cells have been observed in the brains of autistic
individuals. The decreased number of purkinje cells results in impaired GABAergic

functioning [65].
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FIGURE 2.12: Communication pathways between gut microbiota and ASD. 4-EPS,

4-ethylphenyl sulfate; 5-HT, serotonin; HPA, hypothalamic pituitary adrenal; SC-

FAs, short-chain fatty acids; BBB, blood-brain barrier; 5-HT, 5-hydroxytryptamine;

ENS, enteric nervous system; GABA, A-aminobutyric acid; DA, dopamine. Adapted
from [41].

Neuroendocrine Pathway

Neuroendocrine pathway encompasses Hypothalamic-pituitary-adrenal (HPA) axis
and Neurotransmitters and neural regulator. The HPA axis works when a threat
of stress exists for the body. Vasopressin and corticotropinreleasing hormone (CRH)
are released by the hypothalamus under the stress conditions, and the pituitary gland
releases adrenocorticotropic hormone (ACTH) under the signal of CRH and vaso-
pressin. As a result of this, hormones originating via adrenal glands like cortisol are
released under the stimulation of ACTH. Cortisol is a glucocorticoid and it exerts

crucial effects on many vital organs of human body such as brain, where it regulates
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the functioning of intestinal cells including epithelial cells, enterochromaffin cells, im-
mune cells, enteric neurons and smooth muscle cells. This results in the maintenance

and regulation of gut mucus, motility , permeability, and immunity.

The same intestinal cells are under the control of gut microbiota, and dysbiosis results
in release of pro-inflammatory cytokines due to immune activation. These cytokines
in turn may get access to the hypothalamus due to leady gut and acts on it as a stress
signal [66]. Altered mRNA levels of CRH receptor and glucocorticoid receptor 1 are
observed in ASD individuals implying the impairment of this pathway [67].

Neuroactive Compound Pathway

Certain important neurotransmitters like glutamate, dopamine, gamma amino butyric
acid (GABA), and serotonin are regulated by gut microbes and their altered levels
have been reported in ASD individuals. The excitation (glutamate) and inhibition

(GABA) imbalance has also been proposed in the etiology of ASD [1].

Serotonin, a major neurotransmitter in the gut and CNS is reported to be in higher
level in ASD subjects due to increased number of Enterococcus, Escherichia, Candida,
Clostridiales, and Streptococcus that results in hyperserotoninemia and intestinal dys-

motility.

As tryptophan is the precursor for serotonin, higher levels of serotonin consume the
precursor tryptophan making it less available in the brain for serotonin production
there. The serotonin in the brain regulates mood and cognition, and lesser serotonin

leads to mood swings and cognitive impairment in ASD [68].
Immune System Pathway

Another pathway through which the gut can influence the brain involves the im-
mune system. Various immune response impairments have been observed in ASD
patients including the increased density of reactive microglia in prefrontal cortex of
ASD brains, and enhanced microglial activity in white matter, cortical regions, and
cerebellum. Maternal Immune Activation (MIA) models also confirm such neuroim-

mune abnormalities [69].
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TABLE 2.3: Table showing pathways of communication between gut microbes and
brain, and their possible roles in ASD.

Sr. No. Name of Pathway Possible Role in ASD Ref.

. Neuroendocrine Mood swings, cognitive impairments, 137, 3]
pathway excitation /inhibition imbalance ’
Neuroanatomical Impaired GABAergic

9 o [35]
pathway functioning

3 Toxins production Degenerated synapses [46]
Immunological Inflammation, neuroimmune

4 .. L [40, 45]
pathway abnormalities, neurotoxicity

5 Metabolites Pathway Neuronal damage, neurotoxicity, [49-51]

inflammation

Certain toxins (like LPS) produced by the pathogenic microbes, infection, stress, and
some metabolites like propionic acid result in elevated intestinal permeability and
altered intestinal barrier. Thus, the bacterial products are translocated across the
intestinal wall and activate the immune system. The inflammatory cytokines released
due to activated immune system activate the vagus system, that ends up in regula-
tion of various activities of CNS [70]. Abnormalities in pro-inflammatory cytokines
like TNF-a and IL-6 have been reported to affect the development of ASD. IL-6, a
pro-inflammatory cytokine is produced by astrocytes, microglia, and neurons, and is
critical for neuronal survival [71]. The, extensive elevated levels, however, are reported
to cause severe pathologies in the brain including adhesion and migration of neuronal
cells, that results in formation of excitatory synapses, and animal models confirm that
these changes can lead to ASD related behaviors [72]. TNF-« is important to ensure
synaptic plasticity, but the over expression badly affects the learning and memory
related functions of synapses [73]. Studies confirm the higher levels of TNF-a in ASD
brains, specifically in the frontal cortex as compared to NT ones [74]. These studies

preclude the key role of neurotoxicity or neuroinhibition in ASD pathophysiology.

Toxins Pathways

Some microbes residing in the GI tract are capable of producing an enterotoxin or a
neurotoxin with potential harmful effects on the CNS. One such neurotoxin is pro-

duced by Clostridium tetani, which resides in the stomach in inactive state but under
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the dysbiotic environment, the growth of the microbe is favored, thus the tetanus
neurotoxin produced is carried by vagus nerve to brain through the intestinal barrier.
Once in the CNS, the neurotoxin cleaves the synaptobrevin, a membrane associated
protein that ensures the synaptic vesicle stability. The synapses with cleaved synap-
tobrevin are unable to retain their stability and degenerate. This degeneration of the

synapses is correlated with altered social behavior found in autism. [8, 48].
Metabolites Pathways

There are absolute indications for the involvement of certain gut metabolites in the
pathophysiology of ASD. Various products such as phenolic compounds, Free Amino
Acids (FAAs), and Short Chain Fatty Acids (SCFAs) are designated as gut metabo-
lites. Indole produced by various microbes is absorbed in to gut, afterwards is con-
verted in to indoxyl sulphate after undergoing oxidation and then sulphonation hap-
pening in liver. The product, indoxyl sulphate possesses the tendency to block the
efflux transporters in BBB, thus certain neurotransmitters are piled up in brain [74].
Due to the dysbiotic environment in the gut, there is an overproduction of metabo-
lites such as 3-hydroxypropionic acid, 3-hydroxyhippuric acid, and 3-hydroxy phenyl
acetic acid. Such metabolites lead to autistic symptoms by curtailing the level of

catecholamines in the brain [75].

Other than these, certain phenolic compounds like phenol, 4-cresol, and p-cresol
are found in abundance in autistic subjects. P-cresol possess the ability to inhibit
dopamine-b-hydroxylase, thus level of dopamine raises as it cannot be converted in to
epinephrine owing to the inhibition of dopamine-b-hydroxylase. The increase in the

level of dopamine is correlated to the abnormal behavior and neuronal damage [76].

The gut bacteria also produce SCFAs such as propionate, butyrate, and acetate, as
a result of fermentation. These SCFAs can cross the BBB and bind to their recep-
tors in the brain, and modulate neurotransmitters production including serotonin and
dopamine, thus influencing the brain function. Propionate is found in higher levels in
ASD subjects and it actually protects against hypertension by exerting inhibitory ef-

fects on immune cells, but the higher levels cause behavior problems similar to ASD. It
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also acts as neurotoxin and inhibits the production of first substrate in electron trans-
port chain which is Nicotinamide adenine dinucleotide (NADH), and thus degrades
the nervous system. Certain antioxidants like superoxide dismutase are found to be
reduced in autistic individuals, primarily due to the presence of pro-inflammatory

cytokines, which in turn are generated by propionic acid [48].

Butyrate is thought to be one of the most significant SCFA as it has anti-inflammatory
properties and is neuroprotective. Due to histone deacetylase inhibitor activity, it is
implicated in epigenetic regulation thus promoting memory formation, and neuronal
plasticity. The reduced level of butyrate in ASD subjects is speculated to affect
the pathophysiology of ASD due to its neuroprotective functions. Butyrate can also
alter the gene expression of tyrosine hydroxylase, thus regulating the production of
dopamine, epinephrine, and norepinephrine [77]. Thus, the metabolites produced by
the gut microbiota are implicated in the pathophysiology of ASD.

2.11.3.2 Microbial Composition In ASD

Several studies have been conducted to analyze the microbial composition in ASD sub-
jects and the results obtained by different studies are inconsistent. The table showing
various studies conducted with the aim to analyze the gut microbial composition in
ASD subjects has been shown here in table 2.4.

TABLE 2.4: Table of various studies showing gut microbial composition in ASD
subjects.

Author/ Autistic Cont.

Outcome Ref
Yr/Popul. (n) (n)
Finegold et al. 13 8 1C. aminobutyricum [78]
2002 C. cocleatum
Chicago C. clostridioforme

C. bifermentans
C. nexile

C. difficile
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Song et al. 15
2004

Chicago

Parracho et al. o8
2005

UK

Adams et al. 58
2011

America

Wang et al. 23
2011
South Australia

Williams et al. 15

2011

Caucasian
Hispanic

African-

American

22

39

31

C. disporicum
C. glycolicum

C. innocuum

C. lactifermentum
C. orbiscindens
C. ramosum

C. roseum

C. scindens

R. torques

1 C. bolteae
Clostridium
clusters I and XI
1 C.histolyticum

group (clusters I and 1)

T Lactobacillus

Bacillus spp

1 Bifidobacterium
Enterococcus

Klebsiella oxytoca

1B. fragilis

L Bifidobacterium

spp. A. muciniphila

T ratio of Firmicutes to
Bacteroidetes
Protobacteria

class: Betaproteobacteria
order: Clostridiales/

Bacteroidales ratio

Clostridiales

[79]

[81]

[82]
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Williams et al.

2012
ND

Gondalia et al.

2012
Austrailia
Wang et al.
2013
Austrailia
Kang et al.
2013

ND

Angelis et al.

2013
Italy

23

51

23

20

20

31

10

20

44

family level:
Lachnospiraceae

and

Ruminococcaceae
Alcaligenaceae
IncertaeSedis 5
Methylobacteriaceae
Unclassified Rhizobiales
genus: Faecalibacterium
Lachnopsiraceae
IncertaeSedis
Unclassified
Lachnospiracea
Bryantella
lBacteroidetes

1 genus Sutterella,

no differences

1 Sutterella,

R. torques

1 genus: Prevotella,
Coprococcus,
unclassified
Veillonellaceae

1 Bacteroidetes
Porphyromonadaceae

Prevotellaceae

[84]

[85]

[80]

[88]
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Enterobacteriaceae
genus: Proteus

Shigella

Caloramator and Sarcina
specie: Barnesiell-
aintestinihominis
Odoribactersplanchnicus
Parabacteroides sp
Roseburia sp.
Roseburiainulinivorans
Doreasp

Turicibacter sanguinis
Odoribactersplanchnicus
and Parabacteroides sp
Prevotellacopri and
Prevotellaoris

Alistipes species
Parasutterella-
excrementihominis
Akkermansiamuciniphila
Bacteroides
Porphyromonas

and Prevotella
Pseudomonas
Aeromonas and
Enterobacteria

1 Firmicutes
Fusobacteria
Verrucomicrobia

genus: Oscillospira

Sporobacter
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Tomova et al. 10 19
2014

Slovakia

Inoue et al.
2016
Japan
Son et al. 59 6
2015
White/
Non-Hispanic
Hispanic
Black
lovene et al. 47 19
2017
Italy

Subdoligranulum
Enterococcus species
Collinsella
Fusobacterium
Lactobacillus
Streptococcus
Lactococcus
Staphylococcus
Bifidobacteria
Prevotella and
Enterobacteria

T Lactobacillus spp
Desulfovibriospp

| Bacteroidetes/
Firmicutes ratio

1 genus: Faecalibacterium

1 genus: Blautia

no differences

T Peptococcus
Bacterioides
Fusobacterium

and Bacillus

1 Lactobacillus spp
less rich in number

of Clostridium spp

[89]

[90]

[91]
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Finegold et al. 33 21
2017

ND

Strati et al. 40 21
2017

Austrailia

Kushak et al. 21 13
2017
ND

Lee et al. 20 28
2017

1 Clostridium perfringens,

1 taxa: Escherichia/
Shigella and
Clostridium cluster XVII
Family: Firmicutes/
Bacteroidetes ratio
genus:
Corynebacterium
Collinsella
Lactobacillus

Dorea | Bacteroidetes
genus: Veillonella
Dialister
Parabacteroides
Alistipes

Bilophila

Tgenus Burkholderia
Actinomyces

Peptostreptococcus

Ralstonia | genus Neisseria

Devosia

Prevotella
Bacteroides
Streptococcus
species: Bacteroides
Buulgatus
Escherichia coli

1 phylum: Firmicutes

Verrucomicrobia

93]

[94]

[95]

[96]
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Korea

family: Streptococcaceae
Verrucomicrobiacea
Clostridiaceae

an unclassified
Clostridiales

and Eubacteriaceae
genus:Streptococcus
Akkermansia
Jeotgalicoccus
Desulfovibrio
Oscillospira
Rhodococcus
alomonas

an unclassified
member of family
Comamonadaceae

an unclassified
member of -524-7

1 phylum: Proteobacteria
Cyanobacteria
Armatimonadetes
order: Streptophyta
family: Alcaligenaceae
Sphingomonadaceae
Rhizobiaceae
Verrucomicrobiaceae
genus Pseudomonas
Sphingomonas
Agrobacterium
Achromobacter

Roseateles
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Luna et al.

2017

Columbus,

Ohio, US

Kang et al.

2018

America

Zhang et al.

2018

China

Coretti et al.

2018

Italy

ASD 14

23

35

11

40

33

41

14

1 Clostridiales [97]
Clostridium

lituseburense

Lachnoclostri-

diumbolteae

Lachno Clostridium

hathewayi
Clostridiumaldenense
Flavonifractorplautii
Terrisporobacter species

1 Doreaformicigenerans
Blautialuti

Sutterella

| prevotellacopri [98]
Feacalibacter-

iumprausnitzii

Haemopliu-

sparainfluenzae

1 Phylum [99]
Bacteroidetes/

Firmicutes ratio

1 genus:Veillonella

Eschericia and

Streptococcus

1 Phylum: Bacteroidetes

and Proteobacteria
Bacteroidetes/

Firmicutes ratio
Faecalibacteriumprausnitzii
genus: B. vulgatus

B. uniformis
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Rose et al.
2018
United States

Ma et al.
2019

China

50

45

20

P. distasonis
Enterobacteriaceae and
Pasteurellaceae
Ruminococcaceae
Faecalibacter-
iumprausnitzii
Oscillospira

| phylum: Actinobacteria
family: Coriobacteriaceae
Actinomycetaceae
Bifidobacteriaceae
Streptococcaceae
Gemellaceae

genus: Coriobacteriaceae
Actinomyces
Corynebacterium
Eggerthellalenta
Bifidobacterium longum
Streptococcus

1 famiy: Bacteriodaceae [100]
Lachnospiraceae
Prevotellaceae and
Ruminococcaceae

1 specie: Clostridium [101]
clostridioforme

1 family:
Acidaminococcaceae
Genus:

Lachno Clostridium
Tyzzerella subgroup 4

Flavonifractor
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50

Liu et al.
2019
China

30

45

unidentified
Lachnospiraceae

T Phylum: Acidobacteria
Taxa: Veillonellaceae
Enterobacteriaceae
Fusobacterium
Barnesiella
Coprobacter
Actinomycetaceae
Genus: Megamonas

1 Phylum Firmicutes
Taxa: Ruminococcaceae
Streptococcaceae
Enterococcus
Hungatella
Aggregatebacter
Holdemania
Anaerotruncus
[Eubacterium]|
fissicatena group
Phocea

Anaerostignum

1Genus Fuaecalibacterium
Lachnospiraceae
Corynebacterium
Blautia

Faecalitalea
Campylobacter
Agathobacter

Bacillus

Alistipes

[102]
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o1

Wang et al.
2019
China

Plaza-Diaz et al.

2019

43

48

o7

19

Ezakiella

Murdochiella

Finegoldia

Anaerococcus

Lawsonella

Candidatus saccharimonas
Peptoniphilus

Alisonella

1 phylum: Actinobacteria  [103]
Eggerthellalenta and
Clostridium botulinum
Clostridium botulinum
Ba4 strain 657
Clostridium botulinum

A3 strain Loch Maree
Clostridium cellulolyticum
Eggerthellalenta and
Eggerthellalenta

DSM 2243

Klebsiella pneumoniae
subsp. pneumoniae
Klebsiella pneumoniae

1 Betaproteobacteria
Bacteroides vulgatus
Campylobacter

Jejunt subsp.

jejuni ICDCCJ07001
Campylobacter jejuni
subsp. jejuni 81-176

1 phylum: Actinobacteria  [104]

and Proteobacteria
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ND

Kong et al. 20
2019

Israel,

Boston

Sun et al. 9
2019

China

Zurita et al. 25
2019

Ecuador

Hazan et al. 1
2020
United States

31

35

Family:
Corynebacteriaceae

and Clostridiales

family XVII
Microbacteriaceae
Thermoanaerobacteraceae
Bifidobacteriaceae
Thermoactinomycetaceae
Desulfohalobiaceae
Bacillaceae
Enterobacteriaceae
Enterococcaceae
Clostridium difficile

| family: Lachnospiraceae
1 class:Bacilli
Firmicutes/
Bacteroidetes ratio
Proteobacteria

torder Ruminococcaceae
1Class Bacteroidales
Selenomonadales

order Prevotellaceae
Tgenus Bacteroides
Akkermansia
Coprococcus

lgenus Lactobacillus
Ruminococcus

1 Phylum Firmicutes/
Bacteroidetes ratio
Proteobacteria

lActinobacteria

[105)

[106]

107]

[108]
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93

Hua et al.

2020
China
Dan et al.
2020
China

Ding et al.
2021

Austrailia

120

143

77

60

143

50

1 Genus:
[109]
Faecalibacterium r

and Agathobacte

1 Phylum Firmicutes/ [110]
Bacteroidetes ratio
Firmicutes

Genus Proteobacteria
Actinobacteria

Dialister
Escherichia-Shigella
Bifidobacterium

1Genus Bacteroidetes
Prevotella 9

Megamonas
Ruminococcus 2

1Class Coriobacteriia [111]
Order Enterobacteriales
Coriobacteriales

family
(Enterobacteriaceae)
unidentified Clostridiales
Coriobacteriaceae
unidentified
Lachnospiraceae
unidentified Clostridiales
unidentified
Erysipelotrichaceae
genus Dorea

Collinsella

Lachno Clostridium
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Shih-Chen
Fu et al.
2021
China

Ye et al.
2021
China

40

71

40

18

1Order Gammaproteobacteria
family Bacteroidaceae
Burkholderiaceae

genus Bacteroides
Faecalibacterium
Parasutterella

Paraprevotella

TPhylum Firmicutes [112]

family Lactobacillaceae
Peptostreptococcaceae
JPhylum Bacteroidetes/
Firmicutes
Bacteroidetes

Tgenus Eisenbergiella [113]
Klebsiella
Megasphaera
Faecalibacterium
Blautia

lgenus Akkermansia
Escherichia

Veillonella

Dialister
Bifidobacterium
Citrobacter
Streptococcus

Rumini Clostridium_6
Ruminococcaceae
UCG_002
Eubacterium_

Shigella
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95

Ding et al.
2021
China

Lou et al.
2021
China

Zhang et al.
2021

China

25

773

21

20

429

21

Rumini Clostridium_5
Provindencia
coprostanol

TPhylum Firmicutes
Genus Fuaecalibacterium
Prevotella
Subdoligranulum
Ruminococcus
{Phylum
Actinobacteria

Genus Bifidobacterium
1Genus Acidaminococcus
Veillonella
Clostridioides
Eubacterium
Paraprevotella
Megasphaera
Coprobacter
Parasutterella
[Eubacterium]
xylanophiulm group
Moryella

1 Phylum Firmicutes/
Bacteroidetes ratio
families: L
achnospiraceae

and Ruminococcaceae
Genera: Lachnospiracea
incertae sedis
Ruminococcus

Blautia

[114]

[115]

[116]
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o6

Zilin et al. 138 60
2021
China

Cao et al. 45 41
2021

Korea

Ha et al. 54 38

2021

Korea

Jendraszak et al. 33 16
2022

and Holdemanella
Prevotella copri
TGenus Bacteroides
Faecalibacterium
Sutterella

Collinsella

1Genus Prevotella
Coprococcus
Desulfovibrio

1 genus Clostridium
Desulfovibrio
Streptococcus

Neisseria

Bacillus

Streptomyces

Ifamily Lachnospiraceae.
Genus Bacteroides

T Bacteroidetes to
Firmicutes ratio
Phylum Actinobacteria
class Actinobacteria
order Bifidobacterioles
family Bifidobacteriaceae
genus Bifidobacterium.
1 phylum Bacteroidetes
class Bacteroidia

order Bacteroidales
family Bacteroidaceae
genus Bacteroides
1Specie Bifidobacterium
1 Specie Klebsiella spp.

[117]

[118]

[119]

[120]
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China

Hong et al. 36 25

2022
China

Wong et al. 92 112

2022

Taiwan

Chen, Y. C et al. 82 31

2022

Australia

1 Specie Eubacterium
hallii

Anaerostipes caccae
Bifidobacterium bifidum
| Specie Haemophilus
parainfluenzae
Roseburia intestinalis
Rothia mucilaginosa
Akkermansia muciniphila
TPhylum Firmicutes:
Bacteroidetes

genus Bifidobacterium
Dorea

Blautia

lgenus Bacteroides
Clostridium

sensu stricto 1
Parabacteroides
uncultured
Eggerthellaceae
Collinsella

Alistipes

Sutterella

1TGenus Ruminococcus
torques group
Fusobacterium

specie Bacteroides
plebeius

DSM 17135 |genus

[121]

[122]

123]
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Ruminococcus
torques group
Ruminococcaceae
UCG 013
Parasutterella
Clostridium

sensu stricto 1
Turicibacter
Intestinimonas
butyriciproducens
Ervsipelotrichaceae
UCG 003

specie Clostridium

spiroforme DSM 1552

ASD is a multifactorial disorder and both genetics and environmental factors con-
tribute in the onset. As genetics is only involved in 10-20% of the cases, environment
seems to play a promising factor in the pathophysiology. Among the environmental
factors, gut microbiota is given the priority as the most commonly observed co mor-
bidity in ASD children is GIS. The time frame of gut microbiota establishment and

stabilization also coincides with that of nervous system development.

Gut microbiota-brain axis is a direct cross-talk between the gut and CNS, emphasizing
the direct connections between the two vital body systems and implicating that both
the gut and the brain directly influence the physiology of each other. Various studies
have shown the variations in gut microbial composition in children with ASD when
compared to their siblings, or other NT developing children. The results obtained by
different research groups to assess the gut microbial composition of ASD subjects as
opposed to their siblings or healthy children are inconsistent and no conclusive findings

can be drawn but owing to the changes and variations in gut microbial composition,
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and impact of gut microbes in human health, it is provoking to explore this area
more extensively to better underpin the etiology of ASD.As no elucidation of the
pathways and mechanisms by which these microbes add to ASD exists, we need to
quest for the gut microbial metabolites and their role in association with the onset
or the underlying pathophysiology of the disorder. These gut microbial metabolites
could further be used for early diagnosis so that the financial, and emotional disease

burden could be reduced.



Chapter 3

Research Methodology

The present study has been aimed to explore the pathophysiology of ASD by exploring
the interaction of gut microbiota with ASD. The first objective to achieve the aim
has been to analyze the variations in gut microbial composition. To address the issue
of in-consistent results regarding the gut microbial composition in ASD children as
opposed to their age-matched neurotypical controls, and in an attempt to include
more recent studies on the issue, a meta-analysis has been conducted so that the
statistically significant conclusions regarding variations in gut microbial composition
could be drawn. The results obtained are speculated to be helpful in devising new

therapeutic strategies for ASD individuals.

METHODOLOGY APPROACH FOR THE RESEACH PROJECT
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FI1GURE 3.1: The methodology used in the current research project.
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3.1 Meta-analysis

Meta-analysis refers to the statistical analysis of the various results, obtained from
different individual studies in order to have integrated outcomes. Meta-analysis is
conducted to systematically analyze the data from already executed research studies
to statistically conclude about included research studies. In order to check the strength
of evidence on a disease or some treatment, meta-analysis is the go to strategy of the
researchers. This procedure is adopted to assess whether an effect exists, or the effect
has positive or negative aspects. The overall theme of the methodology is to concise
over a single summary estimate of the effect. The conclusions drawn by the meta-
analysis possess some key benefits like answering those questions that are even not
evident from individual studies, resolving the conflictive conclusions obtained from
individual studies, and boost up the accuracy of summary estimate of the effects

124].

Vs
5 Interpretation of
/, Results
4 i::h;;t:.cﬂtlhnm h 7
alysis throug ‘
/’ Revman 5.3 I )
/’ s Data Extraction l A,
n 8
2 Screening of A

/ Eligible Studies §|
il

1
Literature Search %\

Problem

Formulation

€y

FIGURE 3.2: The methodology used for Meta-analysis.
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3.1.1 Standardized Mean Differences

Standardized mean difference (SMD) estimation is primarily used for continuous data.
SMD is used when different researches under study measure the same outcome but

different ways and methods are used in different studies to measure that same outcome.

Under such conditions, the primary need is to make the available data standardized
to a common scale before these studies are combined together in order to derive

statistically significant results [125].

3.1.2 Assigning Weights to the Studies

The methods used in meta-analysis include weighting of the studies. The value of
evidence of any particular study is basically reflected by the weighting. It is a general
practice that smaller the study, lesser is the weight to the overall estimate of the effect,
because the studies are generally weighted according to the inverse of their variance.

When the sample sizes are larger, more weight is given to the studies [126].

3.1.3 Statistical Models Used in Meta-Analysis

One of the critical decisions to be made while conducting meta-analysis is which
statistical model is to be used, whether the random effect or the fixed effect model

was applied.

Fixed-Effects Model: The fixed-effects model is based on the assumptions that all
the studies included in the meta-analysis bear true effect size. Thus, the sole source

of variations obtained are the sampling error, and arise within the study [127].

Random-Effects Model: On the other hand, the random effect model lies on the
stance that the study differences (heterogeneity) result in the variations in the true ef-

fect from one study to another. Generally, while considering the uncertainty resulting
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from heterogeneity among the studies, the random-effects model is the most practical

and suitable model to be employed [128].

3.1.3.1 Heterogeneity

Heterogeneity is an interpretation of the differences that exists between studies and
reflected in study outcomes. In order to measure the inconsistency of studies’ results,

heterogeneity is calculated.

Heterogeneity is better quantified by inconsistency index 12, which shows the percent-
age of variations across the studies. The values of 12 ranges between zero to 100%.
and a value of >75% denotes substantial heterogeneity among the studies [129]. This
meta-analysis has been conducted keeping in view the guidelines of Preferred Report-

ing Items for Systematic Reviews and Meta-Analyses (PRISMA) [130].

3.2 Literature Search Design

The databases quested to conduct the meta-analysis were Scopus, Web of Science,
PubMed, Cochrane databases, and Science database. Those studies were searched
that identified the variations in gut microbial profile in children with and without

ASD up till 31st July 2023 using search terms:

(ASD *OR autism * OR autism spectrum disorder * OR autistic disorder®) AND
(gut *OR gastrointestinal* OR dysbiosis* OR intestine*) AND (microbiota *OR mi-
croflora® OR stool* OR fecal* OR microbiome®).

3.2.1 Inclusion Standards for Studies

The searched articles were assessed for their titles and then the abstracts, and full
text of relevant studies were minutely examined and thoroughly read. Inclusion and

exclusion criteria is shown in figure 3.3.
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sobservational studies, case-controls or cohort
studies on human population

earticles published since outset till 31st July
2023

eage limit up to 18 years for the children under
study

I n CI U S I O n earticles providing comparison data of GM

. . between autistic children and their age-

C rl te rl a matched controls

earticles explicating the significant relative
abundance of GM

estudies employing 16sRNA sequencing or
whole metagenome sequencing to assess the
gut microbial profile

earticles written in English language

* In vitro and non-human subjects studies

2 * systematic reviews and meta-analyses
EXCI USIOn * book chapters

» editorial pages

Crite ria  dissertations

F1GURE 3.3: Inclusion and exclusion criteria for studies of meta-analysis.

3.3 Data Extraction

The included studies were carefully assessed to draw data such as the first authors’
surname along with the publication year, population under study, study design, de-
tails of ASD subjects and control (sample size, gender, age), DNA extraction sample,
details of microbiota (microbiological assessment, outcome in terms of phylum and
genus level differences, unit), diagnosis of ASD and diagnostic tool used for the as-

sessment, and co-morbid conditions.

Additionally, variations in sequencing techniques, bioinformatics pipelines, and statis-
tical approaches were noted to ensure methodological consistency. Studies were also
examined for potential biases, limitations, and the robustness of their findings. This
comprehensive evaluation facilitated a thorough comparison of results across different

studies, contributing to the reliability of the overall analysis.
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3.3.1 Quality Assessment of Included Studies

All included studies were systematically reviewed to ensure data accuracy and reli-
ability. A rigorous double-checking process was employed to validate the extracted

information. Comprehensive analysis was conducted to assess methodological consis-

tency and validity. This approach ensured the integrity and reproducibility of the

findings.

DATA EXTRACTION

First authors' surname along
with the publication year

population under study I

study design I

sample size, gender, age I

DNA extraction sample I

details of microbiota I

diagnostic tool I

N1 AN N NN CHNOL O | o [

comorbid conditions

FI1GURE 3.4: Data extraction variables used in meta-analysis.
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3.4 Statistical Data Analysis

Relative abundance (RA) of various bacterial phyla and genera in ASD children and
neurotypical controls was mentioned in the included studies. RA refers to the percent
composition of an organism or a substance of a specific type as compared to the overall

organisms or substances present in a specific habitat, ecosystem, or biome [131].

Mean, Standard Error (SE) and Confidence Interval (CI) was also mentioned for these
measurements in some of the studies. Mean denotes the mathematical average of a
set of two or more numbers. SE refers to a mathematical tool that is used to calculate
variability. SE is equal to the ratio of the standard deviation to the square root of

the sample size.

SE = SD/+/N Where the standard deviation is denoted by SD, and the sample size
is expressed by N [132].

Review
RA, SE, CI Manager 5.3 Heterogeneity Forest plots
software

Statistical data

analysis

F1GURE 3.5: The sequence of steps performed in meta-analysis where RA stands
for Relative abundance, SE stands for Standard error, and CI stands for Confidence
interval.

CI is a means to tell about the probability. It is used to calculate the interval, is taken
by the observed data, and the unknown parameter is depicted by it in terms of its

actual value [133]. RA and SE is used to standardize the data in order to evaluate the
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differences in bacterial phyla and genera in children with ASD and healthy controls.
Variation in the percentages of gut bacteria between children with ASD and healthy
controls was identified against each bacterial phylum and genera so that the RA of

gut bacteria in ASD children and neurotypically developing children could be known.

Review Manager 5.3 software was used by choosing the inverse-variance method to
weight each effect size so that random-effect meta-analysis could be conducted. Statis-
tical heterogeneity among the effect sizes was analyzed by computing I2 index. Values
of observed 12 equal to 25%, 50%, and 75%, related to lower, moderate, and higher
heterogeneity, thus larger the value of 12, larger is the heterogeneity [134]. Forest plots
were constructed to visualize the results against each analyzed bacteria by computing
weighted mean effect size with a 95% CI. The analyses in which the p value was <0.05

were considered as statistically significant.

Forest plot is used to display the results from various studies that address the same
question in a graphical way [135]. A box in the forest plot represents each included
study, and a horizontal line specifying 95% CI passes through it. The size of the box
represents the weight of the study. The larger box shows that the included study

provides more information, and hence given more weight.

The overall pooled effect of the studies is represented by a diamond. The forest plot
also contains a vertical line, which is basically the line of no effect. The general rule
says that there will be no significant statistical difference if the horizontal line of 95%
CI passes through the line of no effect. On the other hand, if the line of 95% CI does
not cross the line of no effect, the significant statistical difference exists. Heterogeneity
among the studies is calculated through I2 statistics. If the values range from zero to
40%, it shows that the heterogeneity might not exist. The moderate heterogeneity is
depicted if the values range from 30%-60%. The substantial heterogeneity is repre-
sented if the values range from 50%-90%, where as 75%-100% show off considerable

heterogeneity.

The next objective of the present study has been to assess the variations in gut

microbial diversity in autistic children as compared to the healthy controls. Various
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studies have shown the variations with respect to gut microbial composition in ASD
as opposed to healthy populations, and numerous species have been shown to cause
microbial dysbiosis in ASD subjects. However, inconsistent results have been drawn

by different studies regarding the gut microbial composition.

Recently available systematic review and meta analysis concluded a lower percent-
age of Bifidobacterium and Coprococcus and a higher relative abundance of the gen-
era Faecalibacterium, Clostridium, Parabacteroides, Bacteroides, and Phascolarctobac-
terium in ASD affected children as compared to healthy controls [8]. Therefore studies
focusing on gut microbial composition could help researchers to provide greater insight

in to the etiology of multifactorial nature of ASD.

This study was conducted to assess the fecal metagenomic profile of healthy and
autistic children in order to ascertain the composition of microbiota in both groups. As
far as we are aware, none of the studies have been conducted in Pakistani population

covering this issue.

16S rRNA sequencing of fecal samples of 2 ASD children with ages between 2 to 9 years
and 2 age-matched neurotypical children was performed in an endeavor to explicitly
delineate the differences in gut microbes of ASD children and healthy controls. The
specified bacteria in this study could help in the treatment opportunities and possible

relief from the GI symptoms in children with ASD in Pakistani population.

3.5 Metagenomics

Metagenomics refers to the molecular tool to study the communities of micro- organ-
isms by analyzing their DNA without the need for any pure culture. The phyloge-
netic associations of the sequenced gene with the already known taxonomic entities
of microorganisms in the databases can be quested through this methodology. This
approach allows researchers to explore microbial diversity in various environments, in-
cluding soil, water, and the human gut. It provides insights into microbial functions,

interactions, and potential roles in health and disease. Additionally, metagenomics
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has revolutionized the discovery of novel genes, enzymes, and bioactive compounds

with biotechnological and medical applications [136].

\0@\

bO

Q0
Y
< Subiect Fecal Sample o

.l Extraction and llluminaMiseq
recruitment :
Collection

—
)

\ 4 l Raw data import

Alpha S
Sequence Data
diversity Processing QIME 2
Phyloseq in R i e
Beta '
diversity

QIME and SILvA OTUs
annotation

Quality checking,
chimeric sequence
removal”

FIGURE 3.6: Methodological steps used in metagenome analysis and computation
of alpha and beta diversity.

3.6 Phylogenetic Clusters

Certain phylogenetic clusters like 16S TRNA gene sequence are addressed to carry out
the procedure, and the estimates of species abundance of various microbes are assessed
by comparing the operational taxonomic units (OTUs) in the particular environment

or habitat [137].

3.7 Operational Taxonomic Units

Operational Taxonomic Units (OTUs) refer to classifying the groups of closely related
organisms. Organisms can be classified based on the sequence similarities. Usually the

similarity threshold of 97% is adjusted for OTUs for better classification of organisms.
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While considering, 16 S TRNA metagenomics, OTUs are considered as the closely
related sequences of 16 S rRNA marker gene sequence. A taxonomic unit of genus
or specie is represented by each cluster, which primarily depends on the threshold
of sequence similarity. Generally, to classify the bacteria at genus level, sequence

similarity threshold of 97% is taken to define OTU clusters [138].

3.7.1 OTU Table

A OTU table contains rows and columns. The rows in the table detail the genus or
specie specific taxonomic unit. The columns on the other hand represent the samples.
Thus, the sequence numbers that are found in each sample with respect to each

taxonomic unit are represented in the OTU table [137].

The most conserved bacterial taxonomic marker is the 16S rRNA sequence, thus it is
extensively used for phylogenetic analysis. In order to spot out the sample’s taxonomic
profile of microbial communities, the 16S rRNA sequence is frequently employed.
This sequencing approach helps identify and classify bacterial species within complex

microbial ecosystems.

3.8 16S rRNA

The size of 16S rRNA is 1500 base pairs (bp), and it has nine highly conserved and nine
highly variable regions (V1-V9). The conserved regions serve as universal markers for
bacterial identification, while the variable regions provide species-specific signatures,

enabling taxonomic classification.

3.8.1 Conserved Entities in16S rRNA Sequence

The conserved entities in the 16S rRNA sequence bind to the primer during PCR

amplification, ensuring the accurate and efficient amplification of bacterial DNA.
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3.8.2 Hypervariable Regions of 16S rRNA Sequence

On the other hand, the sequence diversity in microbes is recognized through the

hypervariable regions [139].

3.9 Illumina Sequencing

The taxonomic classification can be established by platforms like Illumina sequencing.
These platforms employ V3 and V4 regions of 16S rRNA sequence and compare
them with already existing, and publically available databases like SILVA, Ribosomal
Database Project (RDP), Greengenes or NCBI. SILVA is the comprehensive online
database that contains aligned RNA sequences from Bacteria, Archaea and Eukaryota.

This database is considered an ideal reference for taxonomic classification [140].

3.10 Statement Pertaining to Ethics

The ethical review committee at Capital University of Science and Technology, Islam-
abad issued approval for the present research study. The study participants showed

their acceptance for the project and written informed consent was taken.

3.11 Study Participants Recruitment

Participants’ metadata including prenatal and postnatal factors, background history,
age, gender, eating habits, growth patterns, and GI symptoms was obtained through
questionnaires. The recruited subjects were previously diagnosed with ASD through
an expert neurologist and psychiatrist through DSM V criteria. The inclusion criteria
was non-syndromic autism, no underlying disease except ASD diagnosed, not any

previous trauma or accident or any other disease like meningitis that may play a role
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in brain dysfunction.

All participants were not taking any antibiotics, prebiotics, probiotics, and anti-
inflammatory drugs for the past three months. Healthy children were neurotypically
growing and lacking any ASD core symptoms. Table 3.1 shows the study incumbents

with respect to various characteristics.

TABLE 3.1: Summary of study characteristics.

Characteristics ~ ASD (1) ASD (2) NT (1) NT (2)
Gender Male Male Female Male
Age (Year) 2.9 7.5 8.6 5.9
Meta- Meta- Meta- Meta-
Method
genome genome genome genome
Paternal
Post Post
educational Graduate Post graduate
graduate graduate
level
Maternal
Post Post Post
educational Graduate
graduate graduate graduate
level

Are the parents

No Yes No No
relative
ASD affected
individuals in No No No No
family
Urine
Any gestational infection,
No No No
disease/infection ? candida
infection
Medicines
Suppl- Suppl- Suppl- Suppl-
taken during
ements ements ements ements

gestation
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Food intolerances

not present No No No No
previously?
Alcohol
No No No No
consumption?
Smoking? No No No No
Preterm / on
On term n term On term On term
term birth
Natural Natural Natural
Mode of delivery C.section
birth birth birth
Age of mother
20-25 25-35 25-35 25-35
at the time
years years years years
of birth?
Weight of the
child at the 3 kg 3.3 kg 3 kg 3.1 kg
time of birth?
Formula Mother Mother
First feed? Honey
milk feed feed
Formula Mix Mix Mix
Feeding pattern
milk feed feed feed
Weaning Age 8 months 6 months 6 months 7 months
Difficulty accepting
new taste during Yes Yes No No
weaning
Any currently Gluten
NA NA NA
used special diet free diet
Age of diagnosis
2-3 years 1-2 years ~ NA NA
of ASD
Observations at
Non-
the time of Speech delay NA NA
responsive

diagnosis?
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Severity level Level 1
Cry characteristics A bit unusual
Sleep Satis-
characteristics factory
Physical Satis-
growth trend factory
Cognitive Unsatis-
growth trend factory
Picky Eater Yes
Dysphagia Yes
Recurrent

abdominal No

pain

Constipation No
Diarrhea No

Level 2
Satis-
factory
A bit
unsatis-
factory
Satis-
factory
Unsatis-
factory
Yes

No

Yes

Yes
Yes

NA
Satis-

factory

Satis-

factory

Satis-
factory
Satis-
factory
No

No

NA
Satis-

factory

Satis-

factory

Satis-
factory
Satis-
factory
No

No

*ASD 1 refers to autistic child 1, ASD 2 autistic child 2, NT denotes

neurotypically growing child 1, and NT 2 denotes neurotypically

growing 2.

Flowchart of the methodology for determination of fecal metagenomic profile in ASD

and NT (neurotypically) growing children. OTU stands for Operational Taxonomic

Units is mentioned in fig 3.7.

3.12 Fecal Sample Collection

Fecal samples of four children aged 2-9 years were collected, including two samples

from ASD patients and two from healthy controls/neurotypically (NT') children.



Research Methodology 75

=

16SrRNA sequencing

Alpha diversity
* Chaol * Bar plots * Unweighted unifarc distances
* Shannon * Weighted unifarc distances
. Fm‘épson
* InvSimpson

FIGURE 3.7: Flowchart of the methodology for determination of fecal metagenomic
profile in ASD and NT (neurotypically) growing children. OTU stands for Opera-
tional Taxonomic Units.

The samples were taken in 500 ml Falcon tubes, each containing 6 ml of Phosphate-
Buffered Saline (PBS). Ten grams of each sample was added to the respective Falcon
tube. The PBS solution was prepared by dissolving one PBS saline tablet (0.96 mg)
in 30 ml of distilled water, and a total of 100 ml was prepared by adding 70 ml of
additional distilled water.

The samples were initially stored overnight at -20°C and then transported to the
laboratory, where they were stored at -80°C before further analysis to ensure sample

integrity and prevent microbial degradation.

3.13 DNA Extraction, PCR Amplification and 16S
rRNA Gene Sequencing
Bacterial genomic DNA was extracted through standard procedure of phenol-chloroform

method [141]. The extracted DNA was run on agarose gel and DNA quantification

was measured using Thermo scientific Multi Skan Go Instrument.
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3.14 TIllumina MiSeq Sequencing

Initially, 200 ng genomic DNA was taken and amplification of V3-V4 regions associ-
ated with 16S rDNA gene was done. The purified PCR amplicons were sequenced on
Mlumina Mi-Seq platform. Paired-end method was used to construct fragment library
by using paired end method in order to have paired end sequencing. The base quality

scores of Illumina HiSeq (TM) /MiSeq platforms are expressed in ) Phred.

3.15 Sequence Data Processing

3.15.1 Import of Raw Data

Paired end reads (FASTQ) that were raw in characteristics, were taken from the
original DNA fragments and then imported in Quantitative Insights Into Microbial
Ecology (QIIME) version 2 2021.4 software. This tool has emerged to provide accurate
and in time data in metagenomic analysis. The manifest file method was used in order
to import paired end reads pertaining to all samples . Quality check and removal of
chimeric sequence DADA2 denoising method was employed to carry out the quality
filtering, denoising as well as removal of chimeric sequences. Read truncation method
was in practice with the following criteria in order to obtain same read length: (i)

truncation length of upto245 bp (ii) minimum abundance of 8 counts.

3.15.2 Taxonomy Assignment

After the detection of chimeric sequences for 16S rRNA, SILVA (https://www.arb
silva.de/download/archive/qiime) was employed as a reference standard databases

for comparison.The Naive Bayes classifier and g2-feature classifier plugin in QIIME

2 were used to annotate taxonomic features (OTUs, genus, species, phylum) based on

97% similarity OTUs from the reference database. Alpha diversity was assessed using
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the Shannon index, while beta diversity was analyzed via weighted and unweighted

UniFrac with principal coordinate analysis (PCA) in phyloseq (R) [142].

3.15.3 Alpha Diversity

Alpha diversity is defined by the biodiversity in a specific area or location or habitat.

It is expressed by the number of species and denotes specie richness.

3.15.4 Shannon Index

Shannon index is widely used index for measuring biodiversity between various habi-
tats. The values of Shannon index ranges from 0 to 5, usually the range is 1.5 to 3.5.
It is denoted by H. The higher the value of H, the higher the species diversity. Lowe
value of H represents lower species diversity. The habitat or community is supposed

to have only one species if the value of H is zero [143].

3.15.5 Beta Diversity

Beta diversity refers to the diversity of specie between different ecosystems. It denotes
the number of species that are specific to one particular ecosystem as compared to

another ecosystem [144].

3.15.6 Unique Fraction Metric

Unique Fraction Metric (UniFrac) is employed for the comparison of biological com-
munities. UniFrac uses phylogenetic distances between the organisms under study and
provides information on the relative relatedness of members. It helps assess microbial
community similarities and differences across various samples. This metric is widely
used in microbial ecology studies, including gut microbiota research, to understand

shifts in microbial composition under different conditions [145].
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3.15.7 Weighted UniFrac

Weighted UniFrac is the quantitative version of UniFrac which considers the abun-

dance of the organisms being study [146].

3.15.8 Unweighted UniFrac

Unweighted UniFrac refers to the qualitative variant of UniFrac where the presence

or absence of observed organisms is taken in to account [147].

3.16 Statistical Analysis

R (http://cran.r-project.org/) was used to perform the statistical analysis. Values of
p that were lesser than 0.05 were considered as significant. The third objective of the
present study has been to delineate the possible mechanism /pathways through which

gut microbiota could be involved in the pathophysiology of ASD.

To delineate the etiology of this complex disorder, and to offer treatment opportu-
nities, the underlying mechanisms and pathways through which gut-microbiota can
potentially coordinate with brain and results in ASD behavior are necessary to be

explored.

However, there is uncertainty in explaining the causes, and pathways that could show
the association of gut microbiota in the onset, development, or severity in ASD symp-
toms and behaviors. In order to explore the involvement of gut microbiota in ASD,
software based techniques have been used for the assessment of metabolites produced
by the bacterial species. This study is designed with an effort to identify the metabo-
lites produced in the gut by the various microbes that have been prioritized in the
current project through meta-analysis and metagenome analysis by using various soft-
wares. Afterwards, the pathway analysis of short-listed metabolites has been con-

ducted through Reactome and KEGG pathway.
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3.17 Identification Gut Bacterial Metabolites via

Databases

The current meta-analysis statistically expressed the variations in four bacterial gen-
era. These included Clostridium, Faecalibacterium, Bifidobacterium, and Coprococcus.
Moreover, the results of metagenome analysis pointed to the differential expression
of Lachnospiraceae UCG-004. The primary objective of our study on autism-related
metabolites involves the identification and analysis of potential metabolites produced

by bacterial species associated with autism spectrum disorder (ASD).
For this purpose, our methodology consists of
1. Data Collection and Preparation

2. Data Processing using Python

3. Metabolic Pathway Analysis

Potential Metabolites and their Key Pathway Analysis in ASD
T
@)
—e s
ASD related Metabolites.

Human Metabolome
Database (HMDB) Search

~
ASD related me lites produced
by Prioritized microbes

Virtual Metabolic Human
Database (VMH) Search

Bacterial metabolites of Targeted pathways of ASD
pricritized genera related metabolites

FIGURE 3.8: Autism-related Gut Microbiome and their Potential Metabolites Anal-
ysis Methodology
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3.17.1 Data Collection and Preparation

The data of ASD related metabolites has been extracted using literature mining with
the help of The Human Metabolome Database (HMDB) (https://hmdb.ca/). The
whole data is compiled and organized into an Excel file which contains all the necessary

details required for further metabolome analysis.

Through Virtual Metabolic Human (VMH) Database Search (https://www.vmbh.life
/ resources/ intro/index.html), different bacterial species related to autism-related

metabolites are identified and downloaded.

This data is also organized and compiled into an Excel file in the form of name of
genus, name of species, related health condition, microbial response/effect, metabolite

ID, metabolite name, class, revised genus, and metabolic pathway.

3.17.2 Data Retrieval using Python

The downloaded data from the Human Metabolome Database (HMDB) and Virtual
Metabolic Human (VMH) Database Search contain files corresponding to metabolites
and metabolic reactions data for each identified bacterial species. Then we employed
a keyword search (keywords from the lists we curated) on these ”Metabolites” and
"Reactions” lists through Python script using Panda library for further analysis. The

Python script for this analysis is as follows:

Python Code for Metabolite Data Processing

# Import essential libraries for data processing

import pandas as pd

# Define the path to your file
file_path = ’/content/Metabolites.xlsx’ # Update this with the

actual file path
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# Load the file into pandas DataFrame

df = pd.read_excel(file_path) # Adjust separator if needed
# Display the column names in the DataFrame
print ("Columns in the dataFrame:")

print (df . columns)

# Display the first few rows of the data frame

df .head ()

# List of known autism-related metabolites

autism_related_keywords = [
’p-cresol’, ’Glutathione’, ’Cysteine’, ’Carnitine’, ’Taurine’, ’
Hypotaurine’,
’Melatonin’, ’Lactate’, ’Branched-Chain Amino Acids’, ’Valine’,
’Leucine’,
>’Isoleucine’, ’Serotonin’, ’Hippurate’, ’Kynurenic Acid’, ’

Quinolinic Acid’,

>Folate’, ’Vitamin B6’, ’Vitamin B12’, ’Short-Chain Fatty Acids’,
>’Acetate’,
>Propionate’, ’Butyrate’, ’Propiomazine’, ’3-hydroxy-3-(3-

hydroxyphenyl) propanoic acid-O-sulphate’,
’Gliadorphin’, ’Gluten exorphin B5’, ’Gluten exorphin C’, ’Gluten
exorphin B4’,
’Gluten exorphin A5’, ’11Z-Eicosenoic acid’, ’2-Pentylthiophene’,

’>Casomorphin’,

>Ethyl propionate’, ’4-Heptanone’, ’Iminodiacetic acid’, ’3-
Hexanone’,
’Dimethylethanolamine’, ’2-Phenylethanol’, ’Toluene’, °’

Adenylsuccinic acid’,

’Melatonin’, ’Benzene’, ’Nonanal’, ’0Oxalic acid’, ’2-
Methylbutyrylglycine’,

’Indolylacryloylglycine’, ’Propionic acid’, ’Acetylcysteine’, ’
Mercury’

]

# Function to identify if any autism-related metabolites are in
the full name

def contains_autism_metabolite (fullName):
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return any(metabolite.lower () in fullName.lower () for metabolite

in autism_related_keywords)
# Apply the function to filter the dataframe
autism_related_metabolites_df = df[df[’fullName’].apply(

contains_autism_metabolite)]

# Display the autism-related metabolites

autism_related_metabolites_df

# Save the filtered results to a new file

autism_related_metabolites_df.to_csv(’autism_related_metabolites.

csv’, index=False)

# Define the path to a file

file_path = ’/content/Reactions.xlsx’ # Update this with the

actual file path

# Load the file into pandas DataFrame

df = pd.read_excel(file_path) # Adjust separator if needed
# Display the column names in the DataFrame
print ("Columns in the dataFrame:")

print (df . columns)

# Display the first few rows of the data frame

df .head ()

# List of known autism-related metabolites

autism_related_keywords = [

’p-cresol’, ’Glutathione’, ’Cysteine’, ’Carnitine’, ’Taurine’, ’
Hypotaurine’,

’Melatonin’, ’Lactate’, ’Branched-Chain Amino Acids’, ’Valine’, ’
Leucine’,

>’Isoleucine’, ’Serotonin’, ’Hippurate’, ’Kynurenic Acid’, ’

Quinolinic Acid’,
’Folate’, ’Vitamin B6’, ’Vitamin B12’, ’Short-Chain Fatty Acids’,

>Acetate’,
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>Propionate’, ’Butyrate’, ’Propiomazine’, ’3-hydroxy-3-(3-
hydroxyphenyl) propanoic acid-0O-sulphate’,

’Gliadorphin’, ’Gluten exorphin B5’, ’Gluten exorphin C’, ’Gluten
exorphin B4’,

>Gluten exorphin A5’, ’11Z-Eicosenoic acid’, ’2-Pentylthiophene’,

>Casomorphin’,

’Ethyl propionate’, ’4-Heptanone’, ’Iminodiacetic acid’, ’3-
Hexanone’,
’Dimethylethanolamine’, ’2-Phenylethanol’, ’Toluene’, ’

Adenylsuccinic acid’,

’Melatonin’, ’Benzene’, ’Nonanal’, ’0Oxalic acid’, ’2-
Methylbutyrylglycine’,

’Indolylacryloylglycine’, ’Propionic acid’, ’Acetylcysteine’, ’
Mercury’

]

# Create a pattern to search for these keywords in the
description

pattern = ’|’.join(autism_related_keywords)

# Filter the DataFrame for rows containing autism-related
keywords in the ’description’ column
autism_related_reactions = df [df [’description’].str.contains(

pattern, case=False, na=False)]

# Display the filtered DataFrame
print ("Autism-related reactions:")

print (autism_related_reactions)

# Save the filtered results to a CSV file
autism_related_reactions.to_csv(’autism_related_reactions.csv’,
index=False)

print ("Autism-related reactions have been saved to °’

autism_related_reactions.csv’")
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3.17.3 Metabolic Pathway Analysis

Pathway and enrichment analyses are central component of metabolomic data in-
terpretation, as they link metabolite changes to biological processes, pathways and
disease mechanisms. For this purpose, Metaboanalyst (https://www. metaboanalyst
.ca/ ) web-based platform is used which revolves around the integration of advanced
statistical, machine learning and pathway analysis tools to provide comprehensive

insights into metabolomic dataset.

The enrichment analysis through metaboanalyst provides insights into higher-level
biological functions and their disease mechanisms. Microbial metabolites play a sig-
nificant role in various diseases, and their analysis can provide insights into disease
mechanisms and potential therapeutic targets. It provides a comprehensive database
of metabolic pathways that can be used to analyze the interactions between microbial
metabolites and human diseases. Its key steps includes:

Mapping Input

Metabolites to
Pathways

» »

FIGURE 3.9: Metaboanalyst pathway analysis for Autism related metabolites.

3.17.3.1 Mapping Input Metabolites to Pathways

The input metabolites are matched with compounds in curated databases using their
unique identifiers (e.g., KEGG ID, HMDB ID, PubChem ID). This mapping is essen-

tial to align the experimental data with reference pathways.

3.17.3.2 Pathway Scoring

Over-Representation Analysis (ORA): Tests whether a particular pathway is
overrepresented in the dataset by comparing the observed number of metabolites

in a pathway to what would be expected by chance. Uses statistical tests (e.g.,
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hypergeometric test) to calculate p-values, identifying pathways with significantly

altered activity.

Topological Analysis: Examines the position of metabolites within the pathway
structure to account for their importance (e.g., key intermediates or terminal nodes).
Metabolic nodes with higher connectivity or central roles (e.g., hubs) are weighted

more significantly.

3.17.3.3 Pathway Prioritization

Pathways are ranked based on their biological relevance, combining, Statistical signif-

icance from ORA and Topological importance from network structure.

3.17.3.4 Visualization

Pathways are often represented as interactive graphs or maps, highlighting the metabo-

lites detected in the data.
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Results

The current study was conducted in order to explore the etiology of ASD by deeply
studying the mircobiota-gut-brain axis. The study encompassed the meta-analysis to
draw the consistent results about variations in gut microbiota. It was followed by
meta-genome analysis so that gut microbial alterations could be figured out in ASD
subjects as opposed to controls. Finally, the possible mechanism through which gut
microbiota could affect brain physiology was figured out through metabolites produced

by gut microbiota in human gut.

4.1 Meta-analysis (RQ 1)

Pertaining to objective no. 1, the literature search was carried out to collect the
relevant records related to the alterations or associations of gut microbial composition
in ASD individuals. and resulted in 2596 records that were found to be potentially
relevant. Titles and abstracts of these records were carefully scrutinized, duplicates
from various databases were removed and a total 148 articles were further selected,
and their full texts were completely studied. After exclusion of studies that were
based on non-human subjects, reviews, and lacking association between the studies,
57 studies were further selected. Due to non-availability of required data in terms

of bacterial abundance or percentage, 36 studies were excluded and 21 studies were

86
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finally selected as fully eligible for this meta-analysis. The selection procedure is

shown in figure 4.1.

4.1.1 Inclusion and Exclusion Criteria

4.1.1.1 Inclusion Criteria

The inclusion criteria for the meta-analysis is as follows:

Only observational studies, including case-control and cohort studies conducted on
human populations, were considered. Articles published from the inception of relevant
research up to 31st July 2023 were included. The studies focused on children, with an
age limit of up to 18 years for the participants were under investigation. Only those
articles that provided the comparative data on the gut microbiota (GM) between

children with autism and their age-matched controls were considered.

Additionally, studies that explicitly reported the significant differences in the relative
abundance of gut microbiota between these groups were included. The researches
that utilized advanced sequencing techniques, such as 16S rRNA sequencing or whole
metagenome sequencing, to profile the gut microbiome were considered. Furthermore,
only articles written in the English language were eligible for inclusion in this meta-

analysis.

4.1.1.2 Exclusion Criteria

The exclusion criteria for meta-analysis is as follows: Studies conducted in vitro or
involving non-human subjects were excluded. Systematic reviews and meta-analyses,
as well as book chapters, editorial pages, and dissertations, were also excluded from
consideration. Those types of publications which do not meet the focus of original
research on human populations or the specific research methodologies outlined in the
inclusion criteria were also excluded. The databases quested to conduct the meta-

analysis were Scopus, Web of Science, PubMed, Cochrane databases, and Science
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database. The chosen database use peer-reviewed articles, with the data set and the
experimental evaluation are were verified. We used research published in reputed

journals.

PRISMA Flow Diagram

Records indentified through
Database searching
(n = 2596)

Records after duplicates removed

(n=148)
Titles and abstracts screened Records excluded
(n =2448) (n =2391)
Full-text articles assessed Full-text articles
For eligibility excluded
(n=57) (n=36)

Studies included in
Qualitative synthesis
(n=21)

Studies included in
quantitative synthesis
[meta-analysis)
(n=21)

F1GURE 4.1: PRISMA flow diagram for the data search and the included studies.

4.1.2 Characteristics of Included Articles

Characteristics of the studies conducted from 2005 to July 2023. Most of the included
studies were from China (seven) [99, 101, 106, 111, 117, 121, 122], four from United
States of America [81, 87, 93, 98], three from Australia [82, 85, 112], three from Italy
88, 94, 151], one each from Slovakia [89], Japan [90], Korea [96], and Spain [104]. The
sample size was from 6 to 138, number of ASD subjects were 773 and control children
were 629, and the ages ranged between 2 to 17 years. The study design of six studies

was cohort based, whereas rest of the studies did not declare the study design.
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TABLE 4.1: Demographic characteristics of study participants

Sr. No. Name of Author Year Population Study Design

1 Finegold et al., 2010 USA ND
2 Adams et al., 2011  USA ND
3 Wang et al., 2011  Australia Cohort
4 Gondalia et al., 2012  Austrailia ND
5 Angelis et al., 2013 Italy ND
6 Kang et al., 2013 USA ND
7 Tomova et al., 2015  Slovakia ND
8 Inoue et al., 2016  Japan ND
9 Kang et al., 2017 USA Cohort
10 Lee et al., 2017  Korea ND
11 Strati et al., 2017  Italy Cohort
12 Coretti et al., 2018  Italy Cohort
13 Zhang et al., 2018  China ND
14 Ma et al., 2019  China ND
15 Plaza-Diaz et al., 2019  Spain Cohort
16 Sun et al., 2019  China ND
17 Shili et al., 2021  Austrailia Cohort
18 Ding et al., 2021  China ND
19 Zilin et al., 2021  China ND
20 Wong et al., 2022  China ND
21 Hong et al., 2022  China ND

Most of the studies employed 16S TRNA gene sequencing to analyze the differences
in the gut microbiota, two studies were investigated on culture-based methods, and
two studies employed Polymerase Chain Reaction (PCR), and stool sample was taken
for analysis in all studies. The 16S rRNA gene sequencing is a widely used method
to assess the gut bacterial composition. The choice of optimal variable regions might

vary depending on the analysis target, the specificity of the primers, the GC contents
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in the selected region, and the bacterial compositions of various samples.

TABLE 4.2: Details of patients vs controls from each study

Sr. ASD Gender Age Neuro- Gender Age
No. (n) F (years)  typical F (years)

1 33 24 9 2-13 8 5 3 2-13

2 58 50 8 6.91 £ 34 39 18 21 7.7+44

3 23 21 2 10.25+ 0.75 9 4 bt 9.5+ 1.25
4 51 42 9 2-12 53 19 34 2-12

5 10 ND ND 4-10 10 ND ND 4-10

6 20 17 3 8.3+4.4 20 18 2 6.7+2.7

7 10 9 1 2-9 10 10 0 2-11

8 6 ND ND 3-5 6 ND ND 3-5

9 23 22 1 4-17 21 16 6 4-17

10 20 18 2 22.4+4.9 28 24 4 21.1£9.5
11 40 31 9 5-17 40 28 12 517

12 11 9 2 35 £+ 5.7 14 8 6 35 + 84
13 35 29 6 4.9+1.5 6 5 1 4.6+1.1

14 45 39 6 7.04 £1.19 45 39 6 7.27 + 1.07
15 48 ND ND 43.69 +£ 2.7 57 ND ND 51.00 £+ 2.59
16 9 8 1 3-12 6 4 2 3-12

17 40 31 9 11.1 £ 6.8 40 28 12 92479
18 25 21 4 5.7+ 14 20 12 8 54+ 1.8
19 138 117 21 6.11 £2.00 60 27 33 6.65 £ 2.22
20 92 30 62 82 112 32 80  8.469

21 36 30 6 3.86 + 2.22 25 20 5 4.12 + 1.83

Microbiota was mainly studied at phylum and genus level, and a wide range of mi-

crobes were reported in terms of percentage. All ASD subjects of included studies

were reported having GIS, except 4 studies where co-morbidity was not declared.
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TABLE 4.3: Details of microbiota variartion from each Study

Sr.

Detail of Microbiota

Assesment QOutcome

Unit

Diagnosis Tool Com-

orbity

16S rRNA
gene

sequencing

Culture
based

methods

qPCR

Phylum:
Bacteroidetes,
Firmicutes,
Proteobacteria,
Actinobacteria,
Cyanobacteria,
Fusobacteria,
Verrucomicrobia,
Tenericutes
Genus:
Akkermansia,
Bacteroides,
Bifidobacterium,
Clostridium,
Faecalibacterium,
Parabacteroides,
Ruminococcus
Genus:
Lactobacillus,
Bifidobacterium,
Enterococcus
Genus:
Akkermansia,
Bacteroides,
Bifidobacterium,
Faecalibacterium,

Clostridium

R.A

CFU

R.A

ASD DSM-V GIS

Autism, (ATEC)  GIS
PDD/,

NOS or

Aspergers

Autistic DSM IV  FGID
disorder, and

Asperger’s

syndrome,

Regressive

autism
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5

pyro

sequencing

Culture
based
methods

Phylum: R. A ASD

Bacteroidetes, Asperger’s

Firmicutes, syndrome,

Proteobacteria,

Actinobacteria,

Cyanobacteria,

Fusobacteria,

Verrucomicrobia,

Tenericutes

Genus:

Anaerostipes,

Anaerotruncus,

Bacteroides,

Bifidobacterium,

Blautia,

Clostridium,

Faecalibacterium,
Parabacteroides,
Ruminococcus,

Sutterella,

Veillonella,

Coprococcus,

Dialister,

Dorea,

Roseburia,

Phascolarcto-

bacterium

Genus: R.A  PDD-
Akkermansia, NOS,
Bacteroides, AD
Bifidobacterium,

Quest-
ionnaire

CARS

DSM-TV-
TR,
ADLR,
ADOS

ND

ND
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Clostridium,
Faecalibacterium,
Parabacteroides,
Ruminococcus
Phylum: R. A ASD
Bacteroidetes
Firmicutes
Proteobacteria
Actinobacteria
Cyanobacteria,
Fusobacteria
Verrucomicrobia
Tenericutes
Genus:
Akkermansia
Anaerostipes
Anaerotruncus
Bacteroides
Bifidobacterium
Blautia
Clostridium
Faecalibacterium
Parabacteroides
Ruminococcus
Sutterella
Veillonella
Coprococcus
Dialister

Dorea
Phascolarcto-

bacterium

and

CARS

ADI- GIS
Revised,

ADOS,

ATEC,

PDD-BI
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10

Real-time

PCR

16S rRNA
gene
sequencing

pyroseq-

uencing

16S rRNA
amplicon
gene

sequencing

16S rRNA

Roseburia
Phylum: R. A ASD
Bacteroidetes
Firmicutes
Genus: R. A ASD
Akkermansia
Anaerostipes
Anaerotruncus
Bacteroides
Bifidobacterium
Blautia,
Clostridium
Faecalibacterium
Parabacteroides
Ruminococcus
Veillonella
Coprococcus
Dialister

Dorea,
Phascolarcto-
bacterium
Roseburia
Sutterella
Genus: R.A  ASD
Akkermansia

Anaerostipes,

Bacteroides

Faecalibacterium,

Coprococcus

Roseburia

Phylum: R.A  ASD

ICD-10
CARS,
ADI
DSM-V

ATEC,
PDD-BI

DSM-V,

GIS

ND

GIS

GIS
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11

gene

sequencing

16S rRNA
gene

sequencing

Firmicutes
Verrucomicrobia
Proteobacteria,
Cyanobacteria
Genus:
Streptococcus
Akkermansia
Jeotgalicoccus
Desulfovibrio
Oscillospira
Rhodococcus
alomonas
Pseudomonas
Sphingomonas
Agrobacterium
Achromobacter
Roseateles
Phylum: R.A  ASD
Bacteroidetes
Firmicutes
Proteobacteria
Actinobacteria
Cyanobacteria
Fusobacteria
Verrucomicrobia
Genus:
Akkermansia
Anaerostipes
Anaerotruncus
Bacteroides

Bifidobacterium

CARS

DSM-V,
CARS

GIS
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12

13

16S rRNA
gene

sequencing

16S rRNA
gene

sequencing

Blautia
Clostridium
Faecalibacterium
Dorea
Parabacteroides
Ruminococcus
Sutterella
Veillonella
Coprococcus
Dialister
Phascolarcto-
bacterium
Roseburia
Phylum: R.A  ASD
Bacteroidetes
Firmicutes
Proteobacteria
Actinobacteria
Genus:
Bacteroides
Bifidobacterium
Blautia
Faecalibacterium
Parabacteroides
Ruminococcus
Coprococcus
Roseburia
Phylum: R.A  ASD
Bacteroidetes

Genus:

Veillonella

DSMV, GIS
ADLR,
ADOS 2,
CARS

DSM-V  GIS
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14

15

16S rRNA
gene

sequencing

16S rRNA
amplicon
gene

sequencing

Streptococcus
Eschericia
Phylum: R.A  ASD
Bacteroidetes
Firmicutes
Proteobacteria
Actinobacteria
Cyanobacteria
Fusobacteria
Verrucomicrobia
Tenericutes
Genus:
Bacteroides
Bifidobacterium
Blautia,
Clostridium
Faecalibacterium,
Ruminococcus
Coprococcus
Phascolarcto-
bacterium
Roseburia
Parabacteroides
Phylum: R.A  ASD
Bacteroidetes
Firmicutes
Proteobacteria
Actinobacteria
Verrucomicrobia
Genus:

Akkermansia

DSM V,
CARS

DSM V,
ADLR,
PDDBI

GIS

GIS
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16 16S rRNA
gene
sequencing

17 16S rRNA
gene
sequencing

18 16S rRNA
gene

sequencing

19 16S rRNA
gene

sequencing

20 16S rRNA

Bacteroides
Bifidobacterium,
Clostridium,
Faecalibacterium
Parabacteroides
Ruminococcus
Veullonella
Genus:

Prevotella

Phylum:
Firmicutes
Bacteroidetes
Phylum:
Firmicutes
Actinobacteria
Genus:
Faecalibacterium
Prevotella
Subdoligranulum
Ruminococcus
Bifidobacterium
Genus:
Bacteroides
Faecalibacterium
Sutterella
Collinsella
Prevotella
Coprococcus
Desulfovibrio

Phylum:

R.A

R.A

R.A

R.A

R.A

ASD

ASD

ASD

ASD

ASD

DSM-V,
CARS

DSM-V,
CARS

ATEC,
DSM-V

CARS,
ADOS,
DSM-V

DSM-V,

ND

GIS

GIS

GIS

FGID
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21

gene

sequencing

16S rRNA
gene

sequencing

Firmicutes
Bacteroidetes
Genus:
Bifidobacterium
Dorea

Blautia
Collinsella
Bacteroides
Alistipes
Parabacteroides
Sutterella
Genus:

Bifidobacterium

R.A ASD

CARS

DSMMD, ND
ABC,
CARS

Note: All studies from S.No. 1-21 analysed stool samples except study from

study (S.No. 10) analysed urine samples

The RA or percentage of bacteria was used to conduct this meta-analysis and construct

the forest plots. The cumulative results of the present meta-analysis are shown in table

4.4 and 4.5.
TABLE 4.4: Phylum and genus level results of meta-analysis

Sr. Microbes No. ASD Control

No. Sty RA 95% CI 1I* RA 95% CI 12
1 Bacteroidetes 4 1.14 0.38-1.90 89 0.92 0.21-1.62 97

2 Firmicutes 7 0.43 0.19-0.67 98 0.33 0.18-047 97

3 Bacteroides 13 12.5 10.1-14.9 99 9.84 8.22-11.46 99

4 Faecalibacterium 12 5.75 4.56-6.93 99 1.93 1.44-2.43 99

5) Clostridium 9 1.91 1.34-248 96 0.32 0.10-0.53 96
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Phascolarcto-
6 5 0.17 0.07-0.26 64 0.12 0.02-0.22 91
bacterium
7 Bifidobacterium 12 0.79 0.57-1.01 99 1.74 1.38-2.09 100
8 Parabacteroides 10 0.75 0.41-1.10 95 0.97 0.40-1.55 95
9 Coprococcus 9 0.13 0.07-0.18 97 0.29 0.18-0.40 97

10 Prevotella 6 0.17 0.02-0.32 &7 0.34 0.09-0.60 93

Note: RA "relative abundance”, CI ”confidence interval”, Z ”overall effect size”

) Scopus] [ Pubmed } [ Science Database}
Different

Databases
Web of Science } [ Cochrane Database

2596 Records
¥
[ Different Studies Reports Different Results

{ 773 ADS Children 21 Studies
(Gut Microbiota Composition)
{ 629 Control \v

Statistical Analysis
[ Forests Plots

Clostridium, + Bifidobacterium,
Faecalibacterium Coprococcus

Searched
(till 31 July, 2023)

- o / J J J

FIGURE 4.2: Pictorial representation of meta-analysis conducted in the current
study and results obtained through it.

TABLE 4.5: Phylum and genus level results of meta-analysis (microbial variation).

Sr. Overall Effect Subgroup Differences Diff.
Microbes

No Z P I? P %

1 Bacteroidetes 3.38  <0.001 0 0.67 1.23
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Firmicutes
Bacteroides

Faecalibacterium

Tt = W N

Clostridium
Phascolarcto
bacterium

7 Bifidobacterium
8 Parabacteroides
9 Coprococcus

10  Prevotella

7.61
18.27
12.63
2.59

3.6

11.85
10.41
7.93
4.64

<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001

69
97
96.2

95

84.9
23.8

0.48 1.3

0.07 1.27
<0.001 2.98
<0.001 5.97
0.53 1.42
<0.001 0.45
0.52 0.77
0.01 0.45
0.25 0.5

4.1.3 More Abundant Bacterial Phyla in ASD

4.1.3.1 Bacteroidetes

The meta-analysis of Bacteroidetes encompassed four studies, and showed the results

of 1.14% (95%CI: 0.38, 1.90) in ASD subjects and 0.92% (95% CI: 0.21, 1.62) in

the control group. For ASD subjects and the control group, the heterogeneity was

high (I?= 89%, and I?=97% respectively) for the included studies, and the subgroups

heterogeneity was 0%. The overall effect size was moderate and significant (Z= 3.38,

pj0.001). As the subgroup heterogeneity was zero, and p value was > 0.05, the results

obtained are non-significant. The forest plot is given in figure 4.3.

Relative Abundance(%)

Study or Subgroup Relative Abundance(%) SE_Weight

v,

95% ClI

Relative Abundance(%)

1.10.1 ASD

Tomovo 2015 0.4 0155 17.4%
Lee 2017 585 1.06 4.0%
Coretti 2018 1.606  1.21 3.2%
Zhang 20 0.6057 0.083 18.4%

18
Subtotal (95% CI) 43.0%

Heterogeneity: Tau? = 0.35; Chi* = 26.87, df = 3 (P < 0.00001); I* = 89%
rall

Lee 2017
Coretti 2018
Zhang

201
Subtotal (95% CI)

0.75 0.099
8.62 1.23
0.003 0.002
0.3119 0.189

18.2%

3.1%
18.8%
16.8%
57.0%

Heterogeneity: Tau® = 0.40; Chi* = 108.70, df = 3 (P < 0.00001); I* = 97%
Test for overall effect: Z = 2.54 (P = 0.01)

Total (95% CI)

100.0%

Heterogeneity: Tau? = 0.30; Chi* = 200.05, df = 7 (P < 0.00001); I* = 97%
Test for overall effect: Z = 3.88 (P = 0.0001)
Test for subaroup differences: Chi? = 018, df = 1 (P = 0.67). 17 = 0%

FIGURE 4.3: Forest plot for Bacteroidetes, showing the higher abundance of the
genus in ASD subjects as compared to the control group.

0.40 [0.10, 0.70]
5.85[3.77, 7.93]
1.61[-0.77, 3.98]
0.61 [0.44, 0.77]
1.14 [0.38, 1.90]

0.75 [0.56, 0.94]
8.62[6.21, 11.03]
0.00 [-0.00, 0.01]
0.31 [-0.06, 0.69]
0.92[0.21, 1.62]

0.93 [0.46, 1.39]

IV, Random. 95% CI
*
>
+
10 5 5 10
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4.1.3.2 Fermicutes

Our random-effect meta-analysis included seven studies with 0.43% (95% CI.0.19,
0.67) in ASD subjects and 0.33% (95% CI: 0.18, 0.47) in neurotypical children.
Between-studies heterogeneity was 98% and 97% for ASD and control group respec-
tively, and zero% when the both groups were compared. The overall effect size was
found to be 7.61, which is quite large, and also significant (p<0.001). However, I?
between the two groups was zero and p value was > 0.05, the results are considered

as non-significant. The forest plot is given in figure 4.4.

Relative Abundance(%) Relative Abundance(%)
Study or Subgroup Relative Abundance(%) SE Weight IV, Random, 95% CI IV, Random, 95% CI
1.9.1 ASD
Angelis 2013 051 0.1117  56% 0.51[0.29, 0.73] g
Tomovo 2015 04 0.154 3.8% 0.40 [0.10, 0.70] TR
Lee 2017 33.07 204 0.0% 33.07 [29.07, 37.07] J
Coretti 2018 0.06 0.0006 12.6% 0.06 [0.08, 0.06] B
Zhang 2018 03349 0.079 7.8% 0.33[0.18, 0.49] e
Ding 2021 0.05 0.0248 11.9% 0.05[0.00, 0.10] 2
Shili 2021 06 0077 7.9% 0.60 [0.45, 0.75] =
Subtotal (95% Cl) 49.7% 0.43 [0.19, 0.67] L 4

Heterogeneity: Tau? = 0.08; Chi? = 344.38, df = 6 (P < 0.00001); I* = 98%
Test for overall effect: Z = 3.53 (P = 0.0004)

1.9.2 Control

Angelis 2013 0.84 0.115 55% 0.84 [0.61, 1.07] eiad

Tomovo 2015 0.75 0.099 6.4% 0.75[0.56, 0.94] i

Lee 2017 24.96 3.09 0.0% 24.96 [18.90, 31.02] ’
Coretti 2018 0.059 0.0072 12.5% 0.06 [0.04, 0.07] B

Zhang 2018 0.6299 0.197 26% 0.63[0.24, 1.02] T

Ding 2021 0.07 0.036 11.2% 0.07 [-0.00, 0.14] I

Shili 2021 0.015 0.019 12.2% 0.01 [-0.02, 0.05]

Subtotal (35% Cl) 50.3% 0.33[0.18, 0.47] L 2

Heterogeneity: Tau® = 0.03; Chi* = 173.59, df = 6 (P < 0.00001); I* = 97%
Test for overall effect: Z = 4.47 (P < 0.00001)

Total (95% CI) 100.0% 0.27 [0.20, 0.34] [

Heterogeneity: Tau? = 0.01; Chi* = 517.97, df = 13 (P < 0.00001); I* = 97% _' _’ t '
Test for overall effect: Z=7.61 (P < 0.00001)

Test for subaroup differences: Chi? = 0.49, df = 1 (P = 0.48). P = 0%

FIGURE 4.4: Forest plot for Fermicutes, showing the higher abundance of the genus
in ASD subjects as compared to the control group.

4.1.4 More Abundant Bacterial Genera in ASD

4.1.4.1 Bacteroides

In order to calculate the RA of Bacteroides, thirteen studies were included. The level
of Bacteroides was found to be 12.48% (with a 95% CI of 10.10, 14.85) in ASD and
9.84% (8.22, 11.46) in control subjects. In both of the groups, a high heterogeneity
(2= 99%) was found between the included studies, and the heterogeneity between
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the subgroups was 69.0%. The overall effect size was quite large (Z=18.27%) and
significant (p<0.001).

Both groups depicted a difference of 1.27 in bacterial percentage, implying that the
ASD subjects showed a higher percentage of Bacteroides as compared to the con-
trols. However, non-significant p value of the subgroup heterogeneity obscure the
results. Forest plot for Bacteroides, showing the higher abundance of the genus in

ASD subjects as compared to the control group is given in figure 4.5.

Relative Abundance(%) Relative Abundance(%)
Study or Subgroup Relative Abundance(%) SE Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 ASD
Finegold 2010 3554 1592 0.1% 35.54 [4.34, 66.74] —
Wang 2011 1.25 0.067 8.5% 1.25[1.12, 1.38] -
Gondalia 2012 12,092 1519 50% 12,09 [9.11, 15.07] =
Angelis 2013 19 8.423  0.4% 19.00 [2.49, 35.51] —_——*
Kang 2013 17.962 3.84 1.6% 17.96 [10.44, 25.49] S
Inoue 2016 30.32 3.352 1.9% 30.32 [23.75, 36.89] —
Kang 2017 37.158 6.561 0.6% 37.16 [24.30, 50.02] =k
Strati 2017 5.655 1.466 5.1% 5.66 [2.78, 8.53] =
Coretti 2018 1.606 0.338  8.2% 1.61[0.94, 2.27] =
Ma 2019 3159 1.234 58% 31.59 [29.17, 34.01] 4
Plaza-Diaz 2019 286 6.383 0.6% 28.60 [16.09, 41.11] —
Zilin 2021 0.381 0.166  8.4% 0.38 [0.06, 0.71] r
Wong 2022 13.206 1.005 6.5% 13.21 [11.24, 15.18] =
Subtotal (95% CI) 52.6% 12.48 [10.10, 14.85] L

Heterogeneity: Tau? = 11.87; Chi® = 985.15, df = 12 (P < 0.00001); I* = 99%
Test for overall effect: Z = 10.29 (P < 0.00001)

1.1.2 Control

Finegold 2010 24.481 1075  0.2% 24.48 [3.41, 45.55] ———
Wang 2011 245 0.067 8.5% 2.45[2.32, 2.58] "

Gondalia 2012 16.7 3.599 1.7% 16.70 [9.65, 23.75]

Angelis 2013 174 7.719  04% 17.40 [2.27, 32.53] —*
Kang 2013 13.094 2467 3.0% 13.09 [8.26, 17.93] L T

Inoue 2016 18.64 7426 0.5% 18.64 [4.09, 33.19] — =
Kang 2017 22162 4397 12% 22.16 [13.54, 30.78] —
Strati 2017 12.666 2.503 2.9% 12.67 [7.76, 17.57] ot

Coretti 2018 0.003 0.001 8.5% 0.00 [0.00, 0.00]

Ma 2019 2798 1765 4.4% 27.98 [24.52, 31.44] =
Plaza-Diaz 2019 294 4798 11% 29.40 [20.00, 38.80] &
Zilin 2021 0.311 0.182 84% 0.31[-0.05, 0.67] r

Wong 2022 17.085 0.968 6.6% 17.09 [15.19, 18.98] i
Subtotal (95% CI) 47.4% 9.84 [8.22, 11.46] &

Heterogeneity: Tau? = 4.01; Chi? = 2053.84, df = 12 (P < 0.00001); I? = 99%
Test for overall effect: Z = 11.91 (P < 0.00001)

Total (95% Cl) 100.0% 9.67 [8.63, 10.71] L ]
Heterogeneity: Tau? = 3.31; Chi? = 3499.27, df = 25 (P < 0.00001); I* = 99% J ! i J
Test for overall effect: Z = 18.27 (P < 0.00001) )

Test for subgroup differences: Chi? = 3.23, df = 1 (P = 0.07), I? = 69.0%

FIGURE 4.5: Forest plot for Bacteroides, showing the higher abundance of the
genus in ASD subjects as compared to the control group.

4.1.4.2 Faecalibacterium

To conduct the meta-analysis for Faecalibacterium, a set of twelve studies was taken

in. ASD subjects showed a percentage of 5.75% (95% CI: 4.56, 6.93) with respect
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to Faecalibacterium whereas the control group depicted 1.93% (95% CI: 1.44, 2.43)
of Faecalibaterium. A very high heterogeneity (I?= 99%) was found between the
studies for ASD and control group, and the subgroup heterogeneity was also high
(= 97%). A quite large and significant effect size was found (Z=12.63, p<0.001).
ASD and control group showed a difference of 2.98 in bacterial percentage, explicitly
showing the higher abundance of Faecalibacterium in ASD subjects than in controls.
Statistically significant results are obtained for the differences of this genus. The forest

plot constructed for this genus is shown in figure 4.6.

Relative Abundance(%) Relative Abundance(%)
Study or Subgroup Relative Abundance(%) SE_Weight IV, Random, 95% CI IV, Random, 95% CI
1.3.1 ASD
Finegold 2010 10173 8.022  0.1% 10.17 [-5.55, 25.90] >
Wang 2011 1.18 0.035 104% 1.18[1.11, 1.25] s
Gondalia 2012 20.287 2.066 1.2% 20.27 [16.22, 24.32] »
Angelis 2013 266 12.112 0.0% 26.60 [2.86, 50.34] -
Kang 2013 7443 1.395 24% 7.44 [4.71,10.18] =
Inoue 2016 9.78 2756 07% 9.78[4.38, 15.18]
Kang 2017 1 0 Not estimable
Strati 2017 10298 1.856 15% 10.30 [6.66, 13.94] —
Coretti 2018 0.51 0.31 8.9% 0.51 [-0.10, 1.12] o
Ma 2019 13.99 0.733 5.4% 13.99 [12.55, 15.43] iy |
Plaza-Diaz 2019 107 3.806 04% 10.70 [3.24, 18.16] =t
Zilin 2021 0.08 0.071 10.3% 0.08 [-0.06, 0.22]
Subtotal (95% CI) 41.5% 5.75 [4.56, 6.93] L 2

Heterogeneity: Tau? = 1.92; Chi? = 666.71, df = 10 (P < 0.00001); I* = 99%
Test for overall effect: Z=9.51 (P < 0.00001)

1.3.2 Control

Finegold 2010 11.271  9.249 0.1% 11.27 [-6.86, 29.40]

Wang 2011 0.73 0.05 10.4% 0.73 [0.63, 0.83] .

Gondalia 2012 18.373 3.265 0.5% 18.37 [11.97, 24.77]

Angelis 2013 30 12.554 0.0% 30.00 [5.39, 54.61] =)
Kang 2013 9.488 2.455 0.9% 9.49 [4.68, 14.30] = =
Inoue 2016 3.25 0.657 6.0% 3.25[1.96, 4.54] G

Kang 2017 0.229 0.088 10.3% 0.23 [0.086, 0.40] r

Strati 2017 6.296 0974 4.0% 6.30[4.39, 8.21] SR

Coretti 2018 0.04 0.01 104% 0.04 [0.02, 0.06]

Ma 2019 12.49 0.78 5.1% 12.49 [10.96, 14.02] =
Plaza-Diaz 2019 11.4  3.375 0.5% 11.40 [4.79, 18.01] e
Zilin 2021 0.059 0.052 10.4% 0.06 [-0.04, 0.16]

Subtotal (95% Cl) 58.5% 1.93 [1.44, 2.43] [}

Heterogeneity: Tau? = 0.33; Chi? = 568.91, df = 11 (P < 0.00001); I* = 98%
Test for overall effect: Z=7.65 (P < 0.00001)

Total (95% CI) 100.0% 3.11 [2.63, 3.59] ¢
Heterogeneity: Tau? = 0.58; Chi? = 2038.73, df = 22 (P < 0.00001); I# = 99% : : i
Test for overall effect: Z=12.63 (P < 0.00001)

Test for subaroup differences: Chiz = 33.88, df = 1 (P < 0.00001), 12 = 97.0%

FIGURE 4.6: Forest plot for Faecalibacterium, showing the higher abundance of the
genus in ASD subjects as compared to the control group.

4.1.4.3 Clostridium

The random-effect meta-analysis incorporated nine studies. Clostridium showed per-
centages of 1.91% (95% CI: 1.34, 2.48) in ASD subjects and 0.32 (95% CI: 0.10,
0.53)in control group. Both groups showed a high heterogeneity (I2=96%) between
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the included studies, and the subgroup heterogeneity was also found to be high (I2=
96.2%).

The overall effect size was large as well as significant (Z=5.59, pj0.001). The difference
of 5.97 in bacterial percentage was found between the both group, clearly demonstrat-
ing that the ASD subjects show a higher percentage of Clostridium as compared to
the control group. The results obtained are statistically significant, and the forest

plot is shown in figure 4.7.

Relative Abundance(%) Relative Abundance(%)
Study or Subgroup Relative Abundance(%) SE Weight IV, Random, 95% CI IV, Random, 95% CI
1.4.1 ASD
Finegold 2010 10.343 8.098 0.0% 10.34 [-5.53, 26.21] * »
Wang 2011 323 0588 2.3% 3.23[2.08,4.38] —
Gondalia 2012 10.721  0.833 1.2% 10.72 [9.09, 12.35] 4
Angelis 2013 11.38 87 0.0% 11.38 [-5.67,28.43] ¢ 4
Kang 2013 0.104 0.041 18.1% 0.10 [0.02, 0.18] B
Inoue 2016 144 067 1.8% 1.44[0.13, 2.75]
Strati 2017 8.707 4.305 0.0% 8.71[0.27,17.14] _—————*
Ma 2019 0.22 0031 18.3% 0.22 [0.16, 0.28] .
Plaza-Diaz 2019 58 1486 0.4% 5.80 [2.89, 8.71] -
Subtotal (95% CI) 42.3% 1.91[1.34, 2.48] il

Heterogeneity: Tau? = 0.27; Chi* = 216.70, df = 8 (P < 0.00001); I = 96%
Test for overall effect: Z=6.57 (P < 0.00001)

1.4.2 Control

Finegold 2010 17.748 11.185  0.0% 17.75 [-4.17,39.67] * >
Wang 2011 0.32 002 185% 0.32 [0.28, 0.36] .

Gondalia 2012 11.492 1276 0.5% 11.49 [8.99, 13.99] 4
Angelis 2013 1121 8625 0.0% 11.21[-5.69,28.11] * 4
Kang 2013 0.09 0.039 18.1% 0.09 [0.01, 0.17] o

Inoue 2016 1.83 08 1.3% 1.83[0.26, 3.40] S —
Strati 2017 6.871 3.395 0.1% 6.87 [0.22, 13.53] —_———*
Ma 2019 0.1 0.006 18.7% 0.10[0.09, 0.11] -

Plaza-Diaz 2019 54 1482 04% 5.40 [2.50, 8.30] —F
Subtotal (95% CI) 57.7% 0.32[0.10, 0.53] <

Heterogeneity: Tau? = 0.04; Chi* = 216.36, df = 8 (P < 0.00001); I = 96%
Test for overall effect: Z = 2.92 (P = 0.003)

Total (95% CI) 100.0% 0.54 [0.35, 0.72] %
Heterogeneity: Tau? = 0.05; Chi? = 442.59, df = 17 (P < 0.00001); I* = 96% 1
Test for overall effect: Z = 5.59 (P < 0.00001)

Test for subaroup differences: Chi? = 26.31, df = 1 (P < 0.00001), I> = 96.2%

FIGURE 4.7: Forest plot for Clostridium, with the conclusions of higher relative
abundance in ASD group as compared to the control group.

4.1.4.4 Phascolaractobacterium

The meta-analysis involved five trials for Phascolarctobacterium and resulted in 0.17%

(95% CI: 0.07, 0.26) in ASD subjects and 0.12% (95% CI: 0.02, 0.22) in control group.
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Between-study heterogeneity was 64% for ASD group and 91% for control group.
The comparison showed heterogeneity to be zero% between the two groups. The
overall effect size was concluded to be moderate (Z=3.60) and statistically significant

(p<0.001).

A difference 1.42 in bacterial percentages was found between the ASD and control
group, showing that the ASD group had higher abundance of Phascolarctobacterium

as compared to the control group.

Between the group heterogeneity was found to be zero, and p value was >0.05, thus

resulting in non-significant statistics. The forest plot is given in figure 4.8.

Relative Abundance(%) Relative Abundance(%)
Study or Subgroup Relative Abundance(%) SE Weight IV, Random, 95% CI IV, Random, 95% ClI
1.6.1 ASD
Gondalia 2012 0.309 0.081 10.0% 0.31[0.15, 0.47] -
Inoue 2016 0.819 0413 0.9% 0.82 [0.01, 1.63]
Kang 2013 0.15 0.151 51% 0.15[-0.15, 0.45] S Calk
Ma 2019 0.072 0.037 14.3% 0.07 [-0.00, 0.14] [
Strati 2017 0.16 0.022 15.5% 0.16 [0.12, 0.20] i
Subtotal (95% CI) 45.9% 0.17 [0.07, 0.26] <

Heterogeneity: Tau? = 0.01; Chi* = 11.11, df =4 (P = 0.03); I = 64%
Test for overall effect: Z = 3.55 (P = 0.0004)

1.6.2 Control

Gondalia 2012 0.145 0.074 10.7% 0.14 [-0.00, 0.29] [tes

Inoue 2016 1344 116 01% 1.34 [-0.93, 3.62] 4
Kang 2013 0 0.001 16.2% 0.00 [-0.00, 0.00]

Ma 2019 0.053 0.024 15.3% 0.05[0.01, 0.10] -

Strati 2017 0.36 0.063 11.8% 0.36 [0.24, 0.48] i o

Subtotal (95% CI) 54.1% 0.12 [0.02, 0.22] L g

Heterogeneity: Tau? = 0.01; Chi? = 42.67, df = 4 (P < 0.00001); 1= 91%
Test for overall effect: Z = 2.33 (P = 0.02)

Total (95% CI) 100.0% 0.15 [0.07, 0.23] L 2
Heterageneity: Tau? = 0.01; Chi* = 118.44, df = 9 (P < 0.00001); I = 92%
Test for overall effect: Z = 3.60 (P = 0.0003)

Test for subaroup differences: Chi* = 0.39, df = 1 (P = 0.53), I = 0%

FIGURE 4.8: Forest plot for Phascolarctobacterium in ASD

4.1.5 Less Abundant Bacterial Genera in ASD

4.1.5.1 Bzifidobacterium

Our meta-analysis included twelve trials for Bifidobacterium, depicting the results to
be 0.79% (95% CI: 0.57, 1.01) in the ASD group and 1.74% (95% CI: 1.38, 2.09) in the
neurotypical group. ASD subjects and the control showed a higher heterogeneity (1% =
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99% and 100%, respectively) between the included studies. A quite high heterogeneity
(I = 100%) was found by comparing the two groups. The values of overall effect
size were found to be quite large (Z = 11.85) and highly significant (p < 0.001).
The bacterial percentage delineated a difference of 0.45, indicating a lower level of

Bifidobacterium in the ASD group compared to the neurotypical group.

Statistically significant results were obtained for this genus, suggesting a potential
role of Bifidobacterium in ASD-related gut dysbiosis. The findings align with previ-
ous studies indicating altered gut microbiota composition in ASD individuals. How-
ever, variations in sequencing techniques and study populations may contribute to the
observed heterogeneity. Further investigations with standardized methodologies are

needed to confirm these associations. The forest plot constructed is shown in figure

4.9.
Relative Abundance(%) Relative Abundance(%)
Study or Subgroup Relative Abundance(%) SE Weight IV, Random, 95% CI IV, Random, 95% CI
1.5.1 ASD
Finegold 2010 0.258 0.018 7.9% 0.26 [0.22, 0.29] g
Adams 2011 155 025 56% 1.55 [1.06, 2.04] —
Wang 2011 0.78 0.038 7.8% 0.78 [0.71, 0.85] .
Gondalia 2012 0.003 0.002 7.9% 0.00 [-0.00, 0.01]
Angelis 2013 027 0.014 7.9% 0.27 [0.24, 0.30] ’
Kang 2013 8.401 3.681 0.1% 8.40[1.19, 15.62] —
Inoue 2016 9.38 2196 0.2% 9.38 [5.08, 13.68] —r
Strati 2017 249 2.872 0.1% 24.90 [19.27, 30.53] 2
Coretti 2018 6.904 0.609 2.3% 6.90 [5.71, 8.10] =¥
Ma 2019 3.07 0547 2.7% 3.07 [2.00, 4.14] g~
Plaza-Diaz 2019 23 1497 0.5% 2.30[-0.63, 5.23] ]
Hong 2022 0.35 0.0795 7.6% 0.35[0.19, 0.51] x
Subtotal (95% CI) 50.6% 0.79[0.57, 1.01] L

Heterogeneity: Tau? = 0.07; Chi? = 1270.32, df = 11 (P < 0.00001); I = 99%
Test for overall effect: Z=7.15 (P < 0.00001)

1.5.2 Control

Finegold 2010 0409 0.071 7.6% 0.41[0.27, 0.55] %

Adams 2011 286 0.28 5.2% 2.86[2.31, 3.41] T

Wang 2011 196 0.16 6.8% 1.96 [1.65, 2.27] o

Gondalia 2012 0.003 0.003 7.9% 0.00 [-0.00, 0.01]

Angelis 2013 0.65 0.002 7.9% 0.65 [0.65, 0.65]

Kang 2013 7.05 2.332 0.2% 7.05[2.48, 11.62] —
Inoue 2016 13.74 3.629 0.1% 13.74 [6.63, 20.85] L
Strati 2017 21.774 3.195 0.1% 21.77 [15.51, 28.04] ’
Coretti 2018 15.302 0.787 1.6% 15.30 [13.76, 16.84] K
Ma 2019 3 0434 3.6% 3.00 [2.15, 3.85] =
Plaza-Diaz 2019 09 1.374 0.6% 0.90 [-1.79, 3.59] ——

Hong 2022 0.01 0.0198 7.8% 0.01 [-0.03, 0.05]

Subtotal (95% CI) 49.4% 1.74 [1.38, 2.09] &

Heterogeneity: Tau? = 0.21; Chi? = 33313.83, df = 11 (P < 0.00001); I? = 100%
Test for overall effect: Z = 9.68 (P < 0.00001)

Total (95% CI) 100.0% 1.32[1.10, 1.53] ¢
Heterogeneity: Tau® = 0.16; Chi*> = 63135.17, df = 23 (P < 0.00001); I = 100% : ; : ;
Test for overall effect: Z = 11.85 (P < 0.00001)

Test for subaroup differences: Chi? = 20.17, df = 1 (P < 0.00001), I* = 95.0%

FIGURE 4.9: Forest plot for Bifidobacterium that shows the lower abundance of
the genus in ASD subjects as opposed to the control group.
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4.1.5.2 Parabacteroides

Ten studies were involved in the random-effect meta-analysis of Parabacteroides. The
outcome indicated that the level of this genus in ASD group was 0.75% (95% CI:
0.41, 1.10) whereas in the control group, it was 0.97% (95% CI: 0.40, 1.55). A very
high heterogeneity of 95% (in both of the groups) was found for the included studies.
The subgroup heterogeneity was zero%. The overall effect size was 10.41 (quite large)
and found to statistically significant (p<0.001). Parabacteroides was found to be less
abundant in ASD group than the control group owing to the difference of 0.77 in
bacterial percentages. As the subgroup heterogeneity was zero%, and p value was >

0.05, the results obtained are not considered as significant. The forest plot is given in

figure 4.10.
Relative Abundance(%) Relative Abundance(%)

Study or Subgroup Relative Abundance(%) SE_Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1 ASD
Finegold 2010 522 5889 0.0% 5.22[-6.32, 16.76] *
Gondalia 2012 04 0.082 11.8% 0.40[0.24, 0.56] *
Angelis 2013 0.12 0937 0.3% 0.12[-1.72, 1.96] I | TR
Kang 2013 232 0.694 0.5% 2.32[0.96, 3.68] T
Inoue 2016 1.46 0.784 0.4% 1.46 [-0.08, 3.00] L ==
Strati 2017 0.19 0.058 14.2% 0.19[0.08, 0.30] i
Coretti 2018 0.043 0.008 17.9% 0.04 [0.03, 0.06]
Ma 2019 164 0.143 6.9% 1.64 [1.36, 1.92] T
Plaza-Diaz 2019 24 0887 0.3% 2.40[0.66, 4.14]
Wong 2022 0767 0132 7.6% 0.77 [0.51, 1.03] -
Subtotal (95% CI) 59.7% 0.75[0.41, 1.10] *

Heterogeneity: Tau? = 0.17; Chi? = 198.88, df = 9 (P < 0.00001); I? = 95%
Test for overall effect: Z = 4.26 (P < 0.0001)

Heterogeneity: Tau? = 0.58; Chi* = 179.20, df =9 (P < 0.00001); I* = 95%
Test for overall effect: Z = 3.32 (P = 0.0009)

1.2.2 Control
Finegold 2010 198 4.094 0.0% 1.98 [-6.04, 10.00]
Gondalia 2012 0451 0.166 57% 0.45[0.13,0.78] Wil
Angelis 2013 0.11 0.889 0.3% 0.11[-1.63, 1.85] N
Kang 2013 176 0.693 0.5% 1.76 [0.40, 3.12] e
Inoue 2016 1.17 0.592 0.6% 1.17 [0.01, 2.33] T
Strati 2017 0688 0.18 51% 0.69[0.34, 1.04] T
Coretti 2018 0 0.001 18.0% 0.00 [-0.00, 0.00]
Ma 2019 202 0.344 1.7% 2.02[1.35,2.69] e
Plaza-Diaz 2019 1.9 0.981 0.2% 1.90[-0.02, 3.82]
Wong 2022 1.291 0.124 8.1% 1.29[1.05, 1.53] Bl
Subtotal (95% CI) 40.3% 0.97 [0.40, 1.55] E 3

[

Total (95% ClI) 100.0% 0.50 [0.40, 0.59]
Heterogeneity: Tau? = 0.01; Chi* = 429.57, df = 19 (P < 0.00001); I* = 96%

Test for overall effect: Z = 10.41 (P < 0.00001)

Test for subaroup differences: Chi* = 0.42, df = 1 (P =0.52), P = 0%

FIGURE 4.10: Forest plot for Parabacteroides , depicting the lower relative abun-
dance of this genus in ASD subjects as compared to the control group.

4.1.5.3 Coprococcus

In an endeavor to carry out the meta-analysis for Coprococcus, nine trials were in-

volved. The percentage of this genus was found to be 0.13% (95% CI: 0.07, 0.18) in
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the ASD group as opposed to 0.29% (95% CI: 0.18, 0.40) in the control group. The
included studies showed a high heterogeneity (I? = 97%) for the ASD and control
groups, and a higher heterogeneity (12 = 84.9%) between the subgroups as well. The
overall effect size was summarized to be large (Z = 7.93) and significant (p < 0.001).
The ASD group and the control group delineated a difference of 0.45 in bacterial
percentage, thereby showing a lower abundance of this genus in ASD subjects than
in the control group. The obtained results are statistically significant, suggesting a
potential association between Coprococcus abundance and ASD. Since Coprococcus is
known for its role in short-chain fatty acid (SCFA) production, its reduced levels in
ASD individuals may indicate potential disruptions in gut metabolic pathways. These
findings support previous research linking gut microbiota imbalances to neurodevelop-
mental disorders. However, variations in study methodologies, sequencing platforms,
and sample sizes may contribute to the observed heterogeneity. Further large-scale
studies with standardized protocols are necessary to validate these associations and

explore their clinical implications. The forest plot is shown in figure 4.11.

Relative Abundance(%) Relative Abundance(%)
Study or Subgroup _ Relative Abundance(%) SE Weight IV, Random, 95% CI IV, Random, 95% CI
1.8.1 ASD
Gondalia 2012 2.008 0.537 0.1% 2.01[0.96, 3.06]
Angelis 2013 0.12 0.073 4.6% 0.12 [-0.02, 0.26] I
Kang 2013 0.01 0.002 10.8% 0.01[0.01, 0.01]
Inoue 2016 1.17 0376  0.3% 1.17 [0.43, 1.91]
Kang 2017 0.173 0.1 3.0% 0.17 [-0.02, 0.37] B
Strati 2017 0.803 0.084 3.8% 0.80 [0.64, 0.97] s
Coretti 2018 0.06 0.006 10.7% 0.06 [0.05, 0.07] '
Ma 2019 0.14 0013 10.4% 0.14[0.11,0.17] "
Zilin 2021 0.006 0.014 10.3% 0.01[-0.02, 0.03]
Subtotal (95% CI) 54.0% 0.13 [0.07, 0.18] [

Heterogeneity: Tau? = 0.00; Chi? = 268.61, df = 8 (P < 0.00001); 1> = 97%
Test for overall effect: Z = 4.70 (P < 0.00001)

1.8.2 Control

Gondalia 2012 0.985 0.248 0.6% 0.98 [0.50, 1.47] I
Angelis 2013 017 0.119  2.3% 0.17 [-0.06, 0.40] =

Kang 2013 0.03 0.005 10.7% 0.03 [0.02, 0.04] r

Inoue 2016 3.08 0984 0.0% 3.08 [1.15, 5.01] =l
Kang 2017 0.834 0241 0.7% 0.83 [0.36, 1.31] e
Strati 2017 0.859 0.109 2.7% 0.86 [0.65, 1.07] e
Coretti 2018 03 0021 97% 0.30[0.26, 0.34] =

Ma 2019 021 003 8.8% 0.21[0.15, 0.27] -

Zilin 2021 0.011 0.013 10.4% 0.01 [-0.01, 0.04]

Subtotal (95% CI) 46.0% 0.29 [0.18, 0.40] &

Heterogeneity: Tau® = 0.02; Chi* = 284.91, df = 8 (P < 0.00001); I = 97%
Test for overall effect: Z =5.19 (P < 0.00001)

Total (95% CI) 100.0% 0.16 [0.12, 0.20] {
Heterogeneity: Tau? = 0.00; Chi? = 587.73, df = 17 (P < 0.00001); I = 97% T T t t
Test for overall effect: Z=7.93 (P < 0.00001)

Test for subaroup differences: Chi® = 6.64, df = 1 (P = 0.010), I> = 84.9%

FIGURE 4.11: Forest plot for Coprococcus , depicting the lower relative abundance
of this genus in ASD subjects as compared to the control group.
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4.1.5.4 Prevotella

The random-effect model of meta-analysis included six studies for Prevotella. The
output expressed the level to be 0.17% (95% CI: 0.02, 0.32) in ASD subjects and
0.34% (95% CI: 0.09, 0.60) in the control group.

Heterogeneity was found to be high between the included studies for ASD group
(I2=87%) and the control group (I?=93%). By comparing the both groups, hetero-
geneity was found to be 23.8%.

The overall effect size was moderate (Z= 4.64) but significant (p>0.001). Both the
groups showed a difference of 0.5 in bacterial percentage, expressing a lower level of
Prevotella in ASD subjects as compared to the control group. Subgroup heterogeneity

was not high, and results are not statistically significant. The forest plot is given in

figure 4.12.
Relative Abundance(%) Relative Abundance(%)
Study or Subgroup Relative Abundance(%) SE Weight IV, Random, 95% CI 1V, Random, 95% CI
1.7.1 ASD
Angelis 2013 0.37 0107 9.2% 0.37 [0.16, 0.58] S
Kang 2013 0.06 0.0531 13.5% 0.06 [-0.04, 0.16] ¥
Kang 2017 0 0 Not estimable
Plaza-Diaz 2019 0.3 0.066 124% 0.30[0.17, 0.43] 22
Sun 2019 554 2945 0.0% 5.54 [-0.23, 11.31] >
Zilin 2021 0.03 0.009 15.7% 0.03 [0.01, 0.05] r
Subtotal (95% CI) 50.9% 0.17 [0.02, 0.32] L

Heterogeneity: Tau? = 0.02; Chi? = 29.84, df = 4 (P < 0.00001); I> = 87%
Test for overall effect: Z = 2.24 (P = 0.03)

1.7.2 Control

Angelis 2013 089 0.098 9.9% 0.89 [0.70, 1.08] =

Kang 2013 0 0 Not estimable

Kang 2017 0.38 0.106 9.3% 0.38 [0.17, 0.59] s

Plaza-Diaz 2019 0.1 0.0397 14.4% 0.10 [0.02, 0.18] =

Sun 2019 29.31 8946 0.0% 29.31[11.78, 46.84)] 4
Zilin 2021 0.06 0.0179 15.5% 0.06 [0.02, 0.10] o

Subtotal (95% CI) 49.1% 0.34 [0.09, 0.60] @

Heterogeneity: Tau® = 0.06; Chi* = 87.54, df = 4 (P < 0.00001); I? = 95%
Test for overall effect: Z = 2.68 (P = 0.007)

Total (95% CI) 100.0% 0.23 [0.14, 0.33] ]
Heterogeneity: Tau? = 0.02; Chi? = 127.47, df = 9 (P < 0.00001); |2 = 93% t t t t
Test for overall effect: Z = 4.64 (P < 0.00001)

Test for subaroup differences: Chiz = 1,31, df = 1 (P = 0.25), I =23.8%

FIGURE 4.12: Forest plot for Prevotella , depicting the lower relative abundance
of this genus in ASD subjects as compared to the control group.

The overall results obtained in terms of relative abundance in ASD and control group

are shown in figure 4.13.



Results 111

Overall Relative Abundance of different phylum in ASD and Con

[
(&)
[ =
©
'g . Groups
2 - ASD.Genus
[
= Control.Genus
o
< [l ~soPoyum
5 4 . Control.Phylum
e
g
&
i ..l = I | [ —
o 2 2 2 NG 2
O N
& & @ & & F PP
o Q\‘%&g&\p of & ¢ &
R & F & <~
QT ) e
O
,b@
Q‘(‘

Phylum and Genera

FIGURE 4.13: The graph depicting the relative abundance of different phylum and
genus in ASD subjects as opposed to the control group.

4.2 Meta-genome Analysis (RQ 2)

The study aimed to investigate the gut microbial diversity in children with Autism
Spectrum Disorder (ASD) compared to healthy controls, with a specific focus on
understanding the potential differences in the composition and function of the gut
microbiome between these two groups of ages 2 to 9 years. Various contributors play
a significant role in the development of ASD symptoms, and we preferred children
because variations in gut microbial composition are more evident in this age group.
Studying early childhood microbial differences may provide insights into potential
biomarkers and therapeutic targets for ASD management. To achieve this, we em-
ployed metagenome analysis using 16S rRNA sequencing, a powerful technique that
allows for the identification and quantification of microbial communities in the gut.
This approach provides a comprehensive snapshot of the microbial diversity present in
the gut, enabling researchers to compare the types and abundance of microorganisms

between different groups.
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4.2.1 DNA Extraction, PCR Amplification and 16S rRNA

Gene Sequencing

260/280 ratio of nucleic acid showed the quality whereas concentration is shown in

ng/ul and is represented in Table 4.6.

TABLE 4.6: Summary of DNA quantification in 4 samples.

Sr. Sample Nucleic Acid Nucleic Acid

No. ID 260/280 Conc. in (ng/ul)
1 AH 1.89 770
2 Al 1.83 780
3 NF 1.79 720
4 NU 1.81 773

AH refers to austistic sample 1, Al refers to austistic sample 2, NF refers to normal

sample 1, and NU refers to normal sample 2.

4.2.2 TIllumina MiSeq Sequencing

[lumina MiSeq Sequencing was used to generate high-throughput sequencing data in
several studies. This platform offers high accuracy and throughput, making it suitable

for large-scale microbiome analysis.

Its paired-end sequencing capability enhances taxonomic resolution and enables the
identification of microbial species with greater precision. The generated sequencing
data were then processed using various bioinformatics tools to identify and quantify

the microbial communities.

The quality control and filtering steps were crucial in removing low-quality reads and
ensuring the accuracy of the downstream analysis. Sequence alignment, taxonomic

classification, and diversity analysis were performed using computational pipelines,
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allowing for a comprehensive assessment of gut microbial composition and functional

potential.

The statistics of raw data of each sample are in the table 4.7.

TABLE 4.7: Raw data statistics.

Sample ID Index Reads Yields (Gbases Q30 %

Al TCGTAGTA+ 150,800 0.0754 90.19
TTAAGGAG

NF TCGTAGTA+ 157,412 0.07871 90.03
TCTGCATA

NU TCGTAGTA+ 161,987 0.08099 89.82
CTCCTTCC

AH TCGTAGTA+ 148,931 0.07447 89.77
CAATCCTC

4.2.3 Microbiota Alterations

The study reveals the differences in gut microbial composition in ASD children and
normal ones, both at the level of phylum and genus. A total of 8 phylum and 95
genera were shown to be differentially abundant in both groups. Specifically, the ASD
group had higher abundances of Firmicutes and lower abundances of Bacteroidetes
at the phylum level. At the genus level, the ASD group had higher abundances of
Escherichia and lower abundances of Faecalibacterium. These findings suggest that

the gut microbiota of ASD children is distinct from that of healthy children.

TABLE 4.8: Phylum level differences between ASD and NT children.

Sr. %age in  %age in P-value
Phylum

No. ASD NT (T test)

1 Actinobacteriota 16.154 6.004 0.2735
2 Bacteroidota 73.033 105.948 0.1158
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3 Campilobacterota 0 0.367 0.5

4 Cyanobacteria 0 1.395 0.5

5 Desulfobacterota  0.207 0 0.5

6 Firmicutes 99.645 145.848  0.1184
7 Proteobacteria 10.518 12.303 0.04969
8 Verrucomicrobiota 0.419 0.067 0.3991

TABLE 4.9: Genus level differences between ASD and NT children.

Sr. Cenus %age in  %age in P-value
No. ASD NT (T test)
1 Clostridium 3.163 0.246 0.45059
2 Eubacterium 1.596 0.003 0.4988

3 Ruminococcus 22.765 5.529 0.34832
4 Agathobacter 12.163 9.592 0.07489
5 Akkermansia 0.419 0.067 0.39906
6 Alistipes 2.753 0 0.5

7 Alloprevotella 0 9.777 0.5

8 Allisonella 0 0.357 0.5

9 Anaerostipes 1.552 0.608 0.2623
10 Anaerostignum 0.03 0 0.5

11 Anaerotruncus 0.015 0 0.5

12 Anaerovibrio 0 1.845 0.5

13 Asteroleplasma 0 0.38 0.5

14 Bacteroides 68.854 6.056 0.44415
15 Bifidobacterium 16.102 5.841 0.27846
16  Blautia 7.548 3.588 0.21751
17 Butyricicoccus 0.709 0.935 0.08697
18  Bilophila 0.179 0 0.5

—
Ne}

Collinsella 0 0.0466 0.5
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48
49

Coprococcus
Comamonas
Campylobacter
Catenibacterium
CAG-352
Colidextribacter
Dialister

Dorea

Desulfovibrio
Erysipelato Clostridium
Escherichia-Shigella
Eisenbergiella
Erysipelotrichaceae_UCG-003
Enterococcus
Enterobacter
Eggerthella
Fuaecalibacterium
Flavonifractor

Family XIIT_UCG-001
Family XIIT_AD3011_group
Fusicatenibacter
Gastranaerophilales
Haemophilus
Holdemanella
Holdemania

Hungatella

Howardella

Intestinimonas

Intestinibacter

Klebsiella

0.209
0.178
0

0
0.2041
0.344
2.605
1.651
0.028
0.141
2.687
0.305
0.27
0
0.347
0.051
4.966
0.564

3.225

0.172

0.045
0.069

0.089

0.073
3.257

0.167

0.46946
0.5

0.5

0.5

0.5

0.5
0.26084
0.25943
0.5
0.18528
0.3715
0.5

0.5

0.5
0.4215
0.5
0.2224
0.4977
0.5

0.5
0.3957
0.5
0.1368
0.5

0.5

0.5

0.5

0.5

0.5
0.4674
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20
o1

52

23
o4
95
26

57

58

29

60
61
62
63
64
65
66
67
68
69
70
71
72
73

74

75

Kosakonia
Kluyvera
Lachnospiraceae_
NK4A136_group

Lachno Clostridium

Lachnospiraceae_UCG-004

Lachnospira

Lachnospiraceae_UCG-008

Lachnospiraceae_
ND3007_group
Lachnospiraceae_
FCS020_group
Lachnospiraceae_
UCG-010
Lactobacillus
Libanicoccus
Lactococcus
Muribaculaceae
Megamonas
Megasphaera
Marvinbryantia
Monoglobus
Oribacterium
Oscillibacter
Odoribacter
Prevotella
Parabacteroides
Phascolarctobacterium
Prevotellaceae_
NK3B31_group

Paracoccus

0.565
0.059

2.688

2.27
0.143
4.44

0.037

0.281

0.028

1.598
0.143

0.568

0.782
0.456

0.969
0.844

0.743

0.488
0.156
0.479
0.207

0.157

0.097

1.993
0.063

0.508

0,057

0.786

88.606
0.092
2.601

0.501

0.024

0.5
0.5

0.3283

0.3652
0.02766
0.4316
0.5

0.5

0.5

0.5

0.4108
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.4397
0.3002

0.5

0.5
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76
7

78

79
80
81
82
83
84
85
86
87
38
89
90
91
92
93
94
95

Proteus
Roseburia
Rikenellaceae_
RC9_gut_group
Romboutsia
Ralstonia
Succinivibrio
Subdoligranulum
Streptococcus
Sutterella
Sellimonas
Senegalimassilia
Stenotrophomonas
Slackia
Tyzzerella
uncultured
UCG-005
UCG-002
UCG-003
UBA1819
Veillonella

0.023
12.173

0.021

2.747

1.05
0.081

0.403
1.063
0.641

0.006
0.043
0.06

2.92

0.538

0.294

10.366

0.811

1.368
0.543

0.037

0.034

0.016

3.847

0.372
0.243

0.236

0.5
0.3501

0.5

0.5
0.5
0.5
0.3172
0.5
0.1962
0.5
0.5
0.5
0.5
0.5
0.3284
0.5
0.5
0.4843
0.5
0.3415

At the phylum level, Proteobacteria was significantly higher in normal children as

compared to the autistic ones (Table 4.9, Figure 4.4). Lachnospiraceae-UCG-004

was significantly higher in normal children than the ones with ASD (Table 4.9, figure

4.6) at the genus level. At the phylum level, Proteobacteria exhibited a statistically

significant decrease in ASD children (10.518) compared to neurotypical (NT) children

(12.303), with a p-value of 0.04969, indicating significance (p < 0.05). Similarly, at

the genus level, Lachnospiraceae-UCG-004 was found to be lower in ASD children
(0.143) compared to NT children (0.156), with a significant p-value of 0.02766. These



Results 118

findings suggest notable microbial alterations in ASD children, potentially contribut-
ing to gut dysbiosis associated with the condition. Since Proteobacteria are known
for their role in immune modulation and metabolic processes, their reduced levels in
ASD children may indicate a dysregulated gut environment. Likewise, the decrease
in Lachnospiraceae-UCG-004, a genus involved in short-chain fatty acid (SCFA) pro-
duction, may have implications for gut-brain interactions in ASD. Further studies
are needed to explore the functional consequences of these microbial shifts and their
potential role in ASD pathophysiology.

TABLE 4.10: Gut microbial alterations in ASD and NT (neurotypical) children at
phylum and genus level with significant differences (p value <0.05).

Variables ASD NT P value (T test)

Phylum level
Proteobacteria 10.518 12.303 0.04969
Genus level

Lachnospiraceae-UCG-O04 0.143  0.156  0.02766

Actinobacteriota

Bacteroidota

Campilobacterota

£ Cyanobacteria
=
=

& Desulfobacterota

Armicutes

Proteobacteria

Verrucomicrobiota

0.0 0.1 0.2 0.3 0.4 0.5
P-value

FI1GURE 4.14: Bar plot of 8 phylum showing differential abundance in ASD and NT
children. Proteobacteria shows significant decrease (p value 0.04) in ASD children
as compared to the NT ones.
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Clostridium
Eubacterium

Bifidobagterium
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FI1GURE 4.15: Bar plot of 95 genus showing differential abundance in ASD and NT

children.

[s]

5

Lachnospiraceae-UCG-004 shows significant decrease (p value 0.02) in ASD children

as compared to the N'T ones. The gut microbial alpha diversity was compared between

the two groups. Alpha diversity calculated through various indices is shown in table

4.10 and figure 4.6.

TABLE 4.11: Alpha diversity has been calculated through different indices. Shan-
non, Simpson and InvSimpson are shown to be highly significant.

Alpha
diversity AH Al mean NF NU

indexes

3776.  3723. 3749. 5149. 662
193 224 708 979  4.05
3.580 1.727 2.653 24.39 47.0
157 755 956 499 935

Chaol

se.chaol
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3726. 3751. 5186. 6604. 589 0.13
ACE
959 626 256 344 5.3 92
29.99 30.21 35.23 39.24 37.23 0.06
se.ACE
825 967 002 066 534 597
7.519 7.511 7.569 7.769 7.66 0.00
Shannon
959 895 138 872 9505 6609
) 0.999 0.99 0.99 0.999 0.99 2.36
Simpson
052 9002 898 171 9076 E-05
1055. 1004. 980.7 1205. 1093. 0.02
InvSimpson
137 443 659 738 252 694
748.8 T762.2  1087. 1424. 1255. 0.15
Fisher
164 001 041 098 569 27
Diversity Indexes in Controlsand ASD Group
Fisher |
InvSimpson H
. HChaol
Simpson Hse.chaol
Shannon LACE
Else ACE
se.ACE
i Shannon
ACE & 5impson
sEchack H InvSimpson
i Fisher
Chaol
0 0:1 0.2 ﬂ.l?. 0.4 0.5

FIGURE 4.16: Bar plot of various alpha diversity indices in ASD and control group.
Shannon, Simpson and InvSimpson are found to be highly significant.

A lower species richness was observed in ASD children compared to neurotypical (NT')

children when assessing alpha diversity using indices such as Chaol, Shannon, Simp-

son, and Inverse Simpson. These metrics consistently indicated reduced microbial
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diversity within the ASD group. This reduced biodiversity may suggest an imbal-
ance in gut microbial communities, which could contribute to the altered metabolic

or immune functions often associated with ASD.

Chaot Shannon Simpson InvSimpson
1200 -
0.99915-
© 6000~ 1150 -
= 7.7~
a 0.99910-
= G
E. rou,
= 1100 P
2] Group_1
2 5000- 0.99905 - B3 crowp.2
o 76- 1050 - -
p :
ic
o
< 0.99900-
1000 -
4000 -
7.5- 0.99895 - 950 -
' . ' ' ' ' ' '
[0] ® (0] 0] 0] [0} [0] ®
5] IS) IS} 5] 5] IS) 5] IS)
e 2 e <3 e 2 e 2
g C g g i
Y i) - [N} - () - ()
Group

FIGURE 4.17: Alpha diversity assessed through Chaol, Shannon, Simpson, and

InvSimspon. All alpha diversity measurement indexes exhibit lower values in ASD

group as compared to the NT group depicting a lower specie richness in ASD group
(Group 1 refers to ASD, and Group 2 refers to NT children)

The beta diversity calculated on weighted UniFrac distances and unweighted UniFrac
distances showed that the ASD group was clustered apart from the NT group. The
differential clustering or dissimilarity in clustering between the both groups exhibit

that the both groups do not share the same gut microbial composition.

X 0.25-

‘;’- Group

[ap)

— 0.00- Group_1
®

% ® Group_2

& 0.25-

-0.4 —OI.Z OTO 072 0.4
Axis.1 [47.5%]

FIGURE 4.18: Unweighted unifrac distances exhibiting the differential clustering of
ASD and NT group. ASD group is shown in red colour as group 1 and NT group
in blue colour as group 2. ASD group is sparasely clustered from NT group.
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g 0.000 - ® Group_2
<
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-0.005-° ®

001 000 001 002
Axis.A [73.1%]

FIGURE 4.19: Weighted unifrac distances exhibiting the differential clustering of

ASD and NT group. ASD group is shown in red colour as group 1 and NT group

in blue colour as group 2. The dissimilarity in clustering of both groups show the
differntial gut microbial composition in both groups.

The overall results obtained in the project has been summarized in figure 6.2.

*P-Proteobacteria
eg-Lachnospiraceae-UCG-004

*Reduced species richness

*Reduced species evenness

eDifferential clustering of both groups ‘

FIGURE 4.20: Figure depicts the overall result in terms of microbial alterations,
alpha and beta diversity.
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Gut microbial alterations

* P-Proteobacteria
* g-lachnospiraceae-UCG-004

* Reduced species richness
* Reduced species evenness

« Differential clustering of both groups

FIGURE 4.21: The conclusive results of metagenome analysis.

The Phylum Proteobacteria and genus Lachnospiraceae-UCG-004 has been found to
be lower in ASD group than in NT group. Both species richness and evenness (alpha
diversity) has found to be reduced in ASD group. Moreover both groups show dif-
ference in clustering in beta diversity depicting difference in microbial compostion in
both groups. The conclusive results of metagenome analysis are depiected in figure
below. After performing meta-analysis and metagenome analysis, certain bacterial
genera were priorotized. The statistical results of meta-analysis depicted higher rela-
tive abundance of Clostridium and Faecalibacterium, and lower relative abundance of
Biofidobacterium, and Coprococcus. On the other hand, the results of meta-genome
analysis showed the differential abundance of Lachnospiraceae UCG-004 in ASD sub-

jects in contrast to the control group.

4.3 Impact of Gut Microbial Metabolites (RQ 3)

4.3.1 Autism-Related Bacterial Species, Metabolites, and Their

Reaction

The goal of our study is to identify the metabolites producing bacterial species and

their potential role in autism spectrum disorder. We utilize the data gathered from
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the literature review and generated from various databases. Compare these findings

for processing and analysis.

The curated list generated through literature review and Human Metabolome Database
(HMDB) consists of autism-related metabolites, information on how these metabolites
levels vary in autistic persons than a healthy individual, and their potential function

as shown in table 4.12.

TABLE 4.12: Curated list of Autism-related metabolites

S. No. Metabolites Change in Autism Potential Function
1 p-cresol Increased Gut microbiota
metabolite,

possibly toxic

2 Glutathione Decreased Antioxidant

3 Cysteine Decreased Antioxidant
precursor

4 Carnitine Decreased Fatty acid
transport

) Taurine Decreased Brain development

and function
6 Hypotaurine Decreased Brain development

and function

7 Melatonin Decreased Sleep-wake
regulation

8 Lactate Increased Cellular energy
production

(may indicate

dysfunction)
9 Branched-Chain Increased Protein component
Amino Acids
(BCAAs)

10 Valine Increased Part of BCAAsS,
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11

12

13

14

15

16
17

18

19

20

21

22

23

Leucine

Isoleucine

Serotonin

Hippurate

Kynurenic Acid

Quinolinic Acid
Folate

(Vitamin B9)
Vitamin B6
Vitamin B12
Short-Chain Fatty
Acids (SCFAs)
Acetate

Propionate

Butyrate

Increased

Increased

Atypical levels

Changes
observed

Increased

Increased

Decreased

Decreased
Decreased
Changes
observed
Changes

observed

Changes

observed

Changes

involved in muscle
growth and
energy production
Part of BCAAsS,
key in protein
synthesis

Part of BCAAsS,
important in
hemoglobin
production

Mood, sleep,
digestion

Gut microbiota
metabolite
Neurotransmitter
breakdown product
Neurotoxin

Vitamin B9

Vitamin B6

Vitamin B12

Gut bacteria
fermentation product
Part of SCFAs,
involved in energy
production and

gut health

Part of SCFAs,
influences glucose

production

Part of SCFAs,
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24

25

26

27

28

29

30

31

32

33

34

35

Propiomazine

3-hydroxy-3-

(3-hydroxyphenyl)

propanoic acid-
O-sulphate
HPHPA

Gliadorphin

Gluten exorphin
B5

Gluten exor-
phin C

Gluten exor-
phin B4

Gluten exorphin
A5
11Z-Eicosenoic

acid
2-Pentylthio-
phene

Casomorphin

Ethyl propionate

observed

Unknown

Increased

Increased

Detected but
not Quantified
Abnormal
leakage
Abnormal
leakage
Abnormal
leakage
Abnormal
leakage
Increased in
regressive
autism
Detected but
not Quantified

Increased

Increased

key in colon

health and anti-
inflammatory effects
Antipsychotic
medication
Metabolite involved
in phenylalanine

metabolism

m-tyrosine metabolite
involved in phyenyl-
alanine metabolism
Opioid peptide

in gluten

Opioid peptide

Opioid peptide

Opioid peptide

Opioid peptide

"Fatty acid potentially
impacting brain
function

Volatile organic
compound
Dairy-derived

opioid peptide
Potential solvent or

metabolic byproduct
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36

37

38

39

40

41

42

43

44

45

46

47

48

49

4-Heptanone

Iminodiacetic

acid

3-Hexanone

Dimethylethanol-

amine

2-Phenylethanol

Toluene

Adenylsuccinic

acid

Melatonin

Benzene

Nonanal

Oxalic acid

2-Methylbutyryl-

glycine

Indolylacryloyl-

glycine

Propionic acid

Detected but
not Quantified
Reduced

Detected but
not Quantified

Treatment

Increased

Detected but
not Quantified

Deficiency

Decreased

Detected but
not Quantified
Detected but
not Quantified

Increased

Increasaed

Increased

Detected but
not Quantified

Undetermined

Chelating agent,
related to
chemical exposure

Solvent

Precursor to

choline

Volatile organic
compound

Solvent exposure,
potential neurotoxin
Intermediate in
purine metabolism
Sleep-wake
regulation

Toxic compound

Toxic compound

Metabolite that
may affect kidney
stone formation
Related to amino
acid and fatty
acid metabolism
Tryptophan
metabolite
Short-chain fatty

acid, affects gut
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microbiota
50 Acetylcysteine Treatment Antioxidant, used

in medical treatments
51 Mercury Undetermined Heavy metal,

neurotoxin

Initially targeted bacterial species are Clostridium, Bifidobacterium, Coprococcus,
Faecalibacterium, and Lachnospiraceae UCG-004. Through VMH, Bacterial metabo-
lites and reactions are isolated. But We found: 27 species of Clostridium. All 5
species of Bifidobacterium. All 3 species of Coprococcus. One species of Faecalibac-
tertum. Unfortunately, Lachnospiraceae UCG-004 could not be identified due to its

lack of a formal species name till date.

4.3.2 Isolation of Autism-related Bacterial Species

Using a Python script, data were extracted from multiple files to identify bacterial
species specifically associated with autism. The script systematically filtered rele-
vant microbial data, isolating key bacterial species, their associated metabolites, and

biochemical reactions linked to autism.

Advanced bioinformatics tools and libraries, such as Pandas and Biopython, were em-
ployed to process large datasets efficiently. This approach facilitated the identification
of microbial signatures potentially contributing to ASD pathophysiology. The list is
shown in table 4.13.

TABLE 4.13: Bacterial species producing Autism related metabolites through VMH
database

S. No. Name of Specie Response Metabolite Name

1 Clostridium bolteae Elevated Acetone

2 Clostridium perfringens Reduced D-Lactic acid
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3 Clostridium aminobutyricum Elevated vinylacetyl-CoA

‘ . 10-Formyltet-
4 Bifidobacterium angulatum Reduced

rahydrofolate

4.4 Pathway and Enrichment Analysis

The Overview of Enriched Metabolite Sets (Top 25) based on pathway enrichment
analysis as shown in fig 4.22. The data suggests significant enrichment of certain
metabolite sets in the analyzed dataset.

Overview of Enriched Metabolite Sets (Top 25)

Ketone Body Metabolism

Succinyl CoA: 3-ketoacid CoA transferase deficiency
Mitochondrial transkation initiation
Ketogenesis and ketolysis

Disorders in ketone body synthesis
Ethanol effects on histone modifications
One carbon pool by folate

Folate malabsorption, hereditary
Methotrexate Action Pathway
Metabolism of folate and pterines
One-carbon metabolism

g Disorders of folate metabolism and fransport
% Purine ribonuclecside monophosphate biosynthesis
§ Cystathionine Beta-Synthase Deficiency
= Glycine N-methyltransferase Deficiency

Homocystinuria-megaloblastic anemia due to defect in m , cbIG ¢ 1 type

Hypermethioninemia

Methionine Adenosyltransferase Deficiency
Methylenetetrahydrofolate Reductase Deficiency (MTHFRD)
S-Adenosylhomocysteine (SAH) Hydrolase Deficiency
MNucleobase biosynthesis

Nucleotide biosynthesis

Methionine Metabolism
Mitochondrial translation
Purine metabolism and related disorders

o
o
=

100 150 200 250
Enrichment Ratio

FIGURE 4.22: Overview of enriched metabolites sets (Top 25).

4.4.1 X-axis (Enrichment Ratio)

Represents the enrichment ratio, which indicates how much more frequently a metabo-
lite set appears in the analyzed data compared to its expected frequency by chance.
Higher ratios imply stronger enrichment. This metric helps in identifying significantly
enriched metabolic pathways, providing insights into potential biological processes as-
sociated with ASD. A higher enrichment ratio suggests a stronger association between

specific metabolites and autism-related microbial activity.
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4.4.2 Y-axis (Metabolite Sets)

Lists the top 25 metabolite sets based on their enrichment scores, organized from most
to least enriched. Includes pathways such as Ketone Body Metabolism, One-Carbon
Pool by Folate, and Folate Metabolism, among others.

4.4.3 Color Gradient (Significance)

The gradient from red to orange highlights the level of statistical significance, with

darker red representing more significant enrichment.

This analysis could provide insights into the metabolic underpinnings of autism, fo-

cusing on pathways involving:

Acetone: Related to ketone body metabolism, possibly indicative of altered

energy metabolism in autism.

e D-Lactic Acid: Associated with gut microbiota dysbiosis, frequently observed

in autistic individuals.
e Vinylacetyl-CoA: Implicates mitochondrial or fatty acid metabolism.

e 10-Formyltetrahydrofolate: A key player in one-carbon metabolism and folate-

dependent reactions, essential for neural development.

4.4.4 Ketone Body Metabolism

Acetone is a product of ketone body metabolism, a top-enriched pathway in the figure.
Dysregulation of ketone body metabolism is linked to energy imbalance in the brain,
which has been associated with neurodevelopmental disorders, including ASD. Recent
studies have highlighted the potential role of altered ketone pathways in modulating
neural activity and cognitive function in children with ASD. Furthermore, interven-

tions targeting ketone body regulation are being explored as therapeutic strategies.
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4.4.5 D-Lactic Acid & Metabolism of Folate

D-Lactic acid is a microbial metabolite produced during carbohydrate fermenta-
tion by gut bacteria. Elevated levels of D-lactic acid can lead to D-lactic acido-
sis, which may contribute to neurological and cognitive symptoms often observed
in autism. The chart highlights enriched pathways related to folate metabolism
(e.g., "One carbon pool by folate” and ”Methotrexate Action Pathway”), where 10-
Formyltetrahydrofolate plays a critical role. Folate is essential for brain development,
methylation, and DNA repair. Impairment in folate pathways is linked to ASD and

related symptoms.

4.4.6 Vinylacetyl-CoA & Mitochondrial Dysfunction

Vinylacetyl-CoA is involved in mitochondrial and energy metabolism. Mitochondrial
dysfunction is frequently reported in ASD and can impair energy production in neu-

rons, exacerbating neurodevelopmental issues.
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Discussion

ASD being a multifactorial disorder is presumed to be caused by both genetic and
environmental factors [4]. Gut microbiota, affecting human physiology in numerous
ways, is involved in the etiology of ASD, majorly by exhibiting the variation of certain
bacteria in ASD children as compared to their neurotypically growing children [7].
Despite of the various studies conducted to evaluate the differences in the alterations of
GM in ASD subjects and the healthy control, the results obtained are in-consistent. In
order to conclude statistically significant results regarding the specific bacteria which
show higher or lower abundance in ASD subjects as opposed to healthy controls, three

meta-analyses have already been conducted [36, 37, 37].

In the present meta-analysis, various indicators such as uniform data collection, rig-
orous inclusion criteria, and robust statistical tools have been ensured in order to
have errorless and precise results. Moreover, previously reported meta-analyses have
been updated through this study, both in terms of number of included studies, and
a better and in depth understanding of the variations in GM in children with and

without ASD.

The findings of our meta-analysis revealed the higher RA of Bacteroidetes and Fermi-
cutes in children with ASD as compared to the children without ASD. At the genus
level, RA of Bacteroides, Clostridium, Faecalibacterium, and Phascolactobacterium is

concluded to be higher in children with ASD as compared to children without ASD.

132
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On the other hand, RA of Bifidobacterium, Coprococcus, Parabacteroides, and Pre-
votella is found to be lower in children with ASD as opposed to healthy controls.
Out of these reported results, significant results have been found of higher RA of

Clostridium and Fuaecalibacterium and lower RA of Bifidobacterium and Coprococcus.

Our results are in line with the previous studies, emphasizing the dysbiosis of certain
GM in children with ASD. The higher levels of Clostridium has already been reported
in various studies [78, 80, 83, 85, 87, 88, 90, 93, 94, 97, 101, 103, 104, 118]. Various
studies conducted to assess the variations in gut microbial composition in ASD chil-
dren as opposed to healthy controls have shown the higher RA of Faecalibacterium as

reported by this current study [83, 85, 87, 88, 90, 93, 94, 101, 104, 113, 114, 117, 151].

The lower RA of Bifidobacterium as reported in this study is in consistency to the
previous studies [81, 83, 85, 87, 88, 90, 93, 94, 101, 104, 113, 114, 121, 151]. The
present study is in line with some previously conducted studies with respect to the
lower RA of Coprococcus [85, 87, 88, 90, 94, 98, 101, 117, 151]. The dysbiosis in gut-
microbiota-brain axis compromises the bi-directional communication between the gut
and the brain. The usual modes of communication including hormonal pathways, and
neurotrasnmitter pathways are badly affected, but the baseline interactions between

these pathways and their causative role in the etiology of ASD is still obscure.

The results of the present study validates the dysbiotic environment in gut of the
children with ASD as higher RA of harmful bacteria and lower RA of beneficial
bacteria have been reported. Clostridium, a gram positive spore-forming bacteria, is

reported to be in higher percentage in ASD children as opposed to the healthy control.

This genus is capable of synthesizing certain pro-inflammatory enterotoxins and neu-
rotoxins, which have the potential to cross the blood-brain barrier and lead to serious
pathological conditions related to ASD [39]. Clostridium leads to the increased pro-
duction of p-cresol which in turn leads to raised levels of propionate, thus causing
peripheral inflammation and ASD like behavior [40]. Clostridium produces toxin b,
which confers pathological structural variations including increased number of den-

dritic spines along with the cell death of certain neurons [41].
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Faecalibacterium, a gram negative bacteria, harbors a commensally beneficial rela-
tionship within the GIT, and is associated with systemic immune dysfunction. This
genus regulates the expression of certain genes related to interferon (IFN) gamma, a
cytokine, which has roles in synapse formation and brain plasticity. Early exposure to
this cytokine as well as the increased concentrations have been reported to badly affect
neuronal functions, disrupting the immune system balance, and results in ASD-like

behaviors [42].

Bifidobacterium is a gram positive bacteria and is protective in nature for GIT. This
genus is involved in the production of indole-3-lactic acid, which hinders the growth
of certain harmful pathogens like Eschericia coli, thus reducing inflammation and
protecting the GIT environment. The positive impact of Bifidobacterium is further
strengthened by the fact the administration of Bifidobacterium rich probiotics ame-

liorates the autistic behavior [43].

Moreover, Bifidobacterium produces Gamma-Amino butyric acid (GABA), which
plays a critical role in glutamate (excitatory neurotransmitter) metabolism [44]. The
lower abundance of this genus thus leads to lower concentrations of GABA, and gluta-
mate, therefore aggravating anxiety, social disruptions, and autism related neurotyp-
ical profile. Thus, the lower RA of this genus disturbs the healthy gut environment
and contributes to the etiology of ASD [45].

Coprococcus is a gram positive fermenting bacteria which produces butyrate. Butyrate
inhibits nuclear factor kappa B (NFKB), thus preventing inflammation [46]. The
protective nature of intestinal mucosa, and intestinal motility is ensured by butyrate as
it reduces the production of reactive oxygen species, inhibits excessive cell proliferation
and differentiation. In this perspective, reduced levels of Coprococcus leads to lower
butyrate levels, thus causing the dysbiotic environment and compromising the healthy

GIT [42].

ASD has emerged as a multifactorial disorder and various risk factors including ge-
netic, epigenetic, and environmental have been speculated in the etiology of this com-

plex spectrum disorder. This study has been designed in order to evaluate the differ-
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ences between autistic children and healthy ones, mainly by comparison of their gut
microbiota, as ample evidences support the putative role of gut microbiota in this mul-

tifactorial disorder even though the exact mechanism of involvement remains obscure

6).

16S rRNA sequencing of 2 autistic children and 2 nneurotypically growing children was
assessed in the present study to delineate the differences in gut microbial composition
in Pakistani children. The present study shows that the autistic children harbor a less
diverse gut microbiota along with the reduced richness, as compared to the control
group. A decrease in alpha and beta diversity in autistic children has been found as

compared to the control group.

The present study also reports the significant deviations and alterations in the gut
microbial composition in autistic children as compared to the neurotypically growing
ones. At the phylum level, relative abundance of proteobacteria was lower in ASD
subjects and at genus level, the abundance of Lachnospiraceae UCG 004 was found to
be significantly different between autistic children and neurotypically growing ones.
The genus was found to be in lower abundance in autistic subjects as compared to

the normally developing ones.

The microbes reside in the human gut, and are associated with human health and
disease conditions. A layer of mucus separates the gut microbes from the epithelial
layer. In ideal conditions, the gut microbes reside in the outer layer of mucus and

take essential nutrients from it for their survival, and do not cross it to enter in to

epithelial cells [157].

Gut microbes can interact to the host via various pathways, including metabolic prod-
ucts. These metabolic products are produced due to fermentation, and degradation
of dietary fiber, and include Short Chain Fatty Acids (SCFAs) like acetate, butyrate,
and propionate. In addition to it, certain essential vitamins are also produced by

human gut microbes [158].

Phylum Proteobacteria are the gram-negative bacteria that possess lipopolysaccharide

in their outer membrane. A total of six classes have been defined of the phylum based
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on the 16S rRNA phylogenetic analysis. The phylum is renowned due to certain
important human pathogenic genera like Rickettsia, Neisseria, Salmonella, Shigella,
and Escherichia. Members of Proteobacteria are found to be increased in disease
condition, and associate with inflammatory condition of host [159]. The lower RA of
Proteobacteria has been obtained in this study which is in consistent to a previously

reported study [96].

Lachnospiraceae family belongs to the cluster XIVa of phylum Firmicutes, and all
members are anaerobic fermenters [160]. Lachnospiraceae UCG-004 produces bu-
tyrate, which has the potential to activate the G protein-coupled receptor (GPR)
43, which in turn modulates the inflammation. It can stimulate glucagon-like pep-
tides (GLP) 1 and gastric inhibitory polypeptide, increase the insulin sensitivity and
metabolism of glucose, and regulate appetite [161]. GPR 43 binding protects the liver
by suppressing colon inflammation and insulin signal transduction is down-regulated

in adipose tissue [162].

Butyrate up-regulates the tight junctions, and activates the enterocytes for mucin
production. This has an overall effect of maintaining and strengthening the intestinal
barrier [163]. It induces regulator T cells, and down-regulates certain important pro-
inflammatory cytokines, and Toll Like Receptors 4 (TLR4), thereby exerting an anti-

inflammatory response [164].

Butyrate effectively regulates glucose and energy homeostasis by stimulating gluco-
neogenesis [158]. Butyrate is bestowed with the ability to prevent the gut microbiota
dysbiosis because oxygen balance is generated in the gut as butyrate with the virtue

of 8 oxidation lets epithelial cells to use huge amount of oxygen [165].

The lower abundance of Lachnospiraceae UCG 004 presumably leads to lower butyrate
levels, which is a key metabolite in maintaining the integrity of microbiome-gut-brain
axis [166]. The expression of tight junction-associated proteins is upregulated by
Adenosine Monophosphate-activated (AMP) protein kinase which in turn is regu-
lated by butyrate [167]. Strengthening of mucosal immunity and restoration of BBB
premeability is also owed to butyrate because of its ability to upregulate the histone

acetylation and expression of tight junction proteins [168].
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Butyrate has also the ability to alter the expression of tyrosine hydroxylase gene, thus
indirectly regulating the sysnthesis of dopamine [101]. Taken together, butyrate can
regulate the gut-brain axis and the lower levels can lead to disastrous spectrum in
ASD. Moreover, the proliferation of pathogenic gut microbiota and lower abundance
of healthy gut microbiota leads to dysbiosis in autistic children. This dysbiosis is

associated with the pathogenic condition of GI disorders.

FIGURE 5.1: Role of Lachnospiracece ucg004 in human body

Thus it is speculated that the gut inflammation and GIS could be reversed in ASD
subjects by maintaining and restoring the healthy levels of Lachnospiraceae UCG
004. Certain previous studies also report the lower abundance of members of Lach-

nospiraceae in autistic subjects [83, 101, 102, 115, 118].

By considering already reported studies and findings of the present research, it could
be concluded that the members of Lachnospiraceae significantly contribute in main-
taining a healthy gut environment and their dysbiosis is directly correlated with GI

disorders in ASD children.
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The number of samples evaluated in the present study are less than the usual number
of samples reported in meta genome analysis in ASD studies. The main reason behind
this has been the taboo associated with this disorder in Pakistan and subsequent
unwillingness of the parents to provide fecal samples. This unwillingness basically
owes to the social, emotional, and cultural aspects in Pakistan, where patients with
such disorders are still stigmatized and thus there is a usual denial from acceptance
of such disorders. However, the results of this preliminary study are statistically

significant and correlated [1, 168].

Gut microbes produce certain metabolites which play pivotal role in human brain
physiology as they are bestowed with the ability to cross the BBB. These metabolites
could be one of the probable mechanisms through which gut microbes could affect the
brain functioning and play their role in onset or pathophysiology of ASD. Out of the
five identified genera, eighteen metabolites have been filtered out by various species.

However, further analysis could not establish their exact linkage with ASD.
Metabolic Role of Metabolites in Autism

To explore the role of autism-related metabolites, we have to compare the KEGG

pathway with the literature. The metabolic role of metabolites in autism is as follows:
Acetone

Acetone (Fig. 5.2) belongs to ketone produced during the breakdown of fatty acids in
the liver, particularly carbohydrate level falls. It is one of the byproducts of ketoge-
nesis, in which the liver generates ketone compounds to use as an alternative energy

source [152].

O
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FIGURE 5.2: Structural Formula of Acetone.
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In one study, altered microbial fermentation as shown in Fig. 5.3, including the
production of compounds such as acetone, has been observed in individuals with
autism spectrum disorder (ASD). The gut-brain axis plays a role in ASD, where

microbial metabolites can affect neurological function and development.
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FIGURE 5.3: Butanol metabolism (highlighted part show ketone body biosynthesis
that play crucial role in autism)

An imbalance in gut microbiota and their metabolic byproducts, such as acetone, may
contribute to behavioral and cognitive symptoms associated with autism. Clostrid-
ium bolteae, a species noted for its increased presence in the gut microbiota of some
individuals with ASD, has been studied for its potential contribution to the altered
metabolic profile observed in autism. Acetone production by this species could in-
fluence the gut environment and impact neurodevelopment via the gut-brain axis. It
also impacts the synthesis and regulation of neurotransmitters. Further disruptions in
fatty acid metabolism and ketone body production can lead to energy deficits in the

brain, which may contribute to the neurodevelopmental challenges observed in ASD

[153].
D- lactic Acid

D-lactic acid is one of two stereoisomers of lactic acid, produced by specific gut bac-

teria during carbohydrate fermentation. Clostridium and Bifidobacterium species are
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among the key contributors to D-lactate production. Under normal physiological con-
ditions, D-lactate remains at low concentrations due to efficient metabolic regulation.
However, in cases of gut dysbiosis, excessive bacterial fermentation can lead to D-
lactate accumulation, potentially contributing to metabolic disturbances. Elevated
D-lactate levels have been implicated in neurological symptoms and systemic inflam-
mation, highlighting its potential role in conditions such as ASD and other gut-brain

axis disorders.

O
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FIGURE 5.4: Structural formula of D-Lactic acid

Lactic acid is produced during glycolysis as shown in fig. 5.5, where glucose is con-
verted to pyruvate, and under hypoxic conditions, pyruvate is reduced to lactic acid

by lactate dehydrogenase (LDH).

This process is crucial for energy production, especially in tissues with high energy
demands, such as the brain. In the brain, lactic acid is primarily produced by astro-
cytes and serves as an energy substrate for neurons. It is transported from astrocytes

to neurons via monocarboxylic acid transporters (MCT).

This transport is essential for maintaining neuronal function and energy metabolism.
Lactic acid can activate GPR81, a receptor that promotes anti-inflammatory effects
and inhibits GABA neurotransmission. This modulation can affect ASD symptom
such as sleep, learning, and memory, which are critical for cognitive functions. Lactic
acid also plays a role in the microbiota-gut-brain axis, where it can influence brain

function through gut microbiota.
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The colonization of lactic acid-producing bacteria has been shown to exert antidepres-
sant effects, indicating a potential pathway for regulating mood disorders. Lactic acid
enhances calcium currents in neurons by binding to NMDA receptors, which activate
intracellular signaling pathways. This process upregulates genes related to neuroplas-
ticity, such as brain-derived neurotrophic factor (BDNF'), which is vital for learning

and memory [154].
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Vinylacetyl-CoA

Cholesterol and isoprenoid metabolism have been implicated in the development of

autism spectrum disorders (ASDs) through various mechanisms. Vinylacetyl-CoA
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(Fig. 5.6) is a precursor it. for the synthesis of fatty acids, and abnormalities in its

metabolism could lead to altered levels of fatty acids in the brain [155].

O
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FIGURE 5.6: Structural formula of Vinylacetyl-CoA

Its reduced production leads to reduced synthesis of fatty acids, and abnormalities in
its metabolism could lead to altered levels of fatty acids in the brain and also reduced
production of amino acids as shown in Fig. 5.7. These imbalances also contribute to

neuroinflammation, a process associated with autism [155].
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10-Formyltetrahydrofolate
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10-Formyltetrahydrofolate (Fig. 4.16) is a critical molecule in one-carbon metabolism,
where it acts as a donor of formyl groups during the synthesis of purines, essential for
DNA and RNA formation. Additionally, it is involved in the methylation cycle, which
is vital for regulating gene expression, especially during early neural development. The
proper functioning of these processes is crucial for cognitive and behavioral functions,

which are often impaired in individuals with ASD [156].
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FIGURE 5.8: Structural formula of 10-Formyltetrahydrofolate

In the Folate Metabolism network, the key role player is 10-Formyl-Tetrahydrofolate
(THF) in one-carbon metabolism. In this pathway, 10-Formyl-THF is an essential
intermediate for purine biosynthesis to help in the transfer of formyl groups for nu-
cleotide formation. It also helps in the formation of 5,10-Methylene-THF and 5,10-
Methenyl-THF as shown in Fig. 4.17, which play vital roles in DNA synthesis and

repair mechanism [153].
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This pathway is integral to DNA synthesis, methylation, and neurotransmitter produc-
tion, all of which are crucial for brain development. Reduced 10-Formyltetrahydrofolate
levels could lead to insufficient methylation, altering gene expression patterns that are
critical for normal brain development. Impairments in this pathway can lead to de-

velopmental delays and ultimately to Autism.

The study encountered several limitations that should be acknowledged. One signifi-
cant challenge was the limited sample size of children with Autism Spectrum Disorder
(ASD) and neurotypical children. Recruiting participants proved difficult due to ac-
cessibility issues and the availability of eligible individuals, which constrained the
breadth of the analysis. Additionally, financial, domestic, and societal barriers posed
significant challenges. Limited funding restricted the scope of the study, while so-
cietal unawareness regarding ASD and its symptoms made community engagement
and participant recruitment particularly challenging. These constraints affected the
study’s logistics and overall execution. However, it must be considered that the pri-
mary goal of the objective was to work on taxonomy assignment rather than functional

annotations.

Another notable limitation was the inability to conduct in-vivo validation. While the
study employed advanced meta-analysis and metagenome sequencing techniques to
investigate the microbial composition and diversity, confirming the functional roles
of identified metabolites and their direct implications in ASD was not feasible. Fur-
thermore, due to technical and resource constraints, metabolome analysis could not
be performed. This omission hindered the study’s ability to provide a comprehen-
sive examination of the biochemical interactions between gut microbiota and host

metabolism.

The findings provided a general overview of metabolic pathways potentially associ-
ated with ASD. However, these insights did not allow for the precise identification
of disrupted pathways or their mechanistic linkages to the condition. This limitation
underscores the need for future research to integrate metabolome analysis, in-vivo
validation, and larger sample sizes to enhance the understanding of gut microbial

composition and its role in ASD pathogenesis.
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Conclusion and Future Work

6.1 Conclusion

Autism Spectrum Disorder (ASD) constitute a complex set of neurodevelopmental
disorders manifested by poor communication skills, social withdrawal, and repetitive
or restrictive behavior, interest or activity. The prevalence of ASD shows a sharp
increase in the recent past, and it has been reported by Centre for Disease Control

(CDC) that in the US 1 out of every 36 children is affected with ASD.

Currently, the most reliable tool to diagnose ASD patients is Diagnostic and Statistical
Manual of Mental Disorders fifth edition (DSM V), in which the ASD patients are
identified and characterized based on their abilities and difficulties in developing verbal
and non-verbal communications, and social interactions. A wide range of symptoms

is exhibited by ASD individuals, making a complex phenotype of the disorder.

The early diagnosis of ASD is highly desirable so that the symptoms could be treated
well in time, and available treatment approaches could be offered, however the lack
of clinical or molecular biomarker, the diversification in symptoms, and accurate di-
agnostic tools hinder the in time diagnosis. There is a range of phenotypes that is
associated with autism, and outcome of the symptoms also vary between different

individuals thus making it a spectrum disorder.
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Moreover, certain co-morbid conditions are also linked to ASD, contributing to the
heterogeneous and complex phenotypes. The financial burden associated with ASD
is huge, expected to be $450 billion in 2025 in US. ASD not only suffers the finances
of the individuals, but also the family and societal life. The lack of acceptance of
ASD individuals from the community, the linked comorbid conditions along with the
core ASD symptoms, and financial and social pressures deeply affect the overall life
standards, physical, and mental health of caretakers along with the ASD patients. In

addition to it, there is no reliable treatment protocols for ASD individuals.

Initially, autism was identified as a psychiatric or behavioral disorder that primarily
arose due to lack of parental attention. With the advent in scientific research, it
was known that ASD arises due to certain biological reasons, thus it emerged out as
a neurological disorder as opposed to the earlier concept of behavioral or emotional
causes. Various risk factors such as genetic, epigenetic, and environmental are linked

to underpin the pathophysiology of ASD.

Autism behavior

FIGURE 6.1: Various risk factors in the onset and complexity of ASD.

More recently, environmental factors including prenatal viral infection, maternal di-
abetes, certain toxins, heavy metals, environmental insecticides and pesticides, im-
munological proteins, food contaminants, parental age, maternal smoking and alcohol

consumption, and gut microbiota have emerged as the potential risk factors for ASD.
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The genetically susceptible patterns may become target of environmental threat and
result in dysregulations of neurodevelopmental pathways, but these complex inter-
actions are difficult to be identified due to a high number of environmental factors
that could be involved. A possible way to tackle these diverse problems could be to
consider highly associated comorbid conditions such as Gastro Intestinal Symptoms

(GIS) along with the typical symptoms of the pathology.

Gastro Intestinal Symptoms (GIS) are a commonly identified co-morbidity in autistic
children. Moreover, the presence of GIS has been reported to increase the severity of
ASD behavior. Therefore, in order to overcome the severe behavioral symptoms of
ASD,; the in time diagnosis and treatment of GIS is crucial. These GIS point to the
gut microbiota as a promising candidate in the manifestation of the pathophysiology

of ASD.

The gut microbiota refers to the microbes that inhabit the human gut. These gut
microbes live in the human gut by showing a symbiotic relationship, and performing
certain crucial physiological roles in the human body. The timeframe for the develop-
ment and maturation of central nervous system, and the formation, and stabilization
of gut microbiota coincides. In addition to it, variations in gut microbial composi-
tion in ASD individuals as compared to normally developing ones have been reported
in various studies. This opens up new avenues in ASD research by exploring gut

microbiota and linking their association with ASD.

The microbiota-gut-brain axis marks the link of connection for the exchange of infor-
mation between the microbiota, the gut, and the brain. The alterations in gut mi-
crobiota imparts negative effects on the brain development, and physiology through
gut-brain axis which is the bidirectional mode of communication that exists between

the gut microbes and Central Nervous System (CNS).

The bidirectional communication pathways between gut microbes and CNS are pro-
posed to be neuroendocrine, autonomic nervous, toxins production, immunological
and metabolic systems. The mode of effect of gut microbiota on brain development

and physiology seems to an attractive and worthy perspective to explore the etiology.
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Various studies have provided evidence of the pivotal role played by the gut microbial
diversity in onset and variations in symptoms. The idea is further endorsed by the
fact that symptoms are relieved in patients of ASD receiving prebiotics and probi-
otics, and fecal microbiota transplantation ameliorates the autistic behavior. Despite
these evidences, the mechanisms by which the microbiota can possibly cause ASD,
or associate with ASD symptoms is not yet clear. Thus, exploring the alterations in
gut microbiota and their metabolites as well as their association with ASD symptoms

could help in better understanding of ASD etiology.

In addition to genetic components microbial metabolites could be used in better and
efficient diagnosis as well as treatment and management strategies.Several studies
have been conducted to analyze the microbial composition in ASD subjects and the
results obtained by different studies are inconsistent. Various studies have shown the
variations in the composition of gut microbiota in ASD children when compared to

their siblings, or other N'T developing children.

The results obtained by different research groups to assess the gut microbial com-
position of ASD subjects as compared to their siblings or neurotypically developing
children are inconsistent and no conclusive findings can be drawn but owing to the
changes and variations in gut microbial composition, and impact of gut microbes in
human health, it is provoking to explore this area more extensively to better underpin

the etiology of ASD.

As no elucidation of the pathways and mechanisms by which these microbes add to
ASD exists, we need to quest for the gut microbial metabolites and their role in asso-
ciation with the onset or the underlying pathophysiology of the disorder. These gut
microbial metabolites could further be used for early diagnosis so that the financial,

and emotional disease burden could be reduced.

This study was conducted in order to understand and elaborate the Microbiota-Gut-
Brain Axis alterations in ASD. The assessment of variations in gut microbiota in
ASD individuals was carried out in the first module of the research. Meta-analysis

was carried out for this purpose by exploring the electronic databases till July 2023,
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and computing relative abundance through Revman 5.3. The results depicted higher
relative abundance of Clostridium and Faecalibacterium, and lower relative abundance

of Bifidobacterium and Coprococcus in ASD children as opposed to healthy controls.

Meta analysis Microbial variation
analysis

16S rRNA gene-based
metagenome analysis

OUT clustering

Alpha and Beta diversity ]

Metabolites search through Microbiota-Gut-Brain-Axis in
electronic databases ASD through metabolites

Analysis of metabolic
reactions

FIGURE 6.2: Various methodological steps in the research project.

The second module of the research revolved around the assessment of gut micro-
bial diversity in ASD children. To execute the project, 16S rRNA sequencing based
metagenome analysis was carried out by enrolling two autistic children and two neu-
rotypically growing ones. The results of the metagenome analysis after OTU cluster-
ing showed the statistical differential variation of Lachnospiraceae UCG-004 genera in
ASD children as compared to the neurotypically growing ones. The outcome of alpha
diversity exhibited the lower specie diversity and richness in ASD children. The beta

diversity delineated the differential clustering in autistic and control group.

The third and final objective of the study was to underpin the microbiota-gut-brain
axis through metabolites. In order to proceed for this step, the metabolites produced
from the various species of the genus that were identified and screened in the objective
one, and two were searched through electronic databases. L-Acetone, D-lactic acid,

Vinylacetyl CoA, and 10-formyltetrahydrofolate were identified to be produced by
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various specie of genera screened by the current research project through meta-analysis

and metagenome analysis.

Afterwards, the metabolic reactions of identified metabolites was carried out through
Metaboanalyst. These metabolites are involved in several pathways such as ke-
tone bodies metabolisum, gut microbial disbiosis, fatty acid metabolisum, and folate

metabolisum pathway.

4 Faecalibacterium
4 Clostridium

+ Bifidobacterium
| ¥ Coprococcus

+ Lachnospiraceae 3 \ LeakyGut

D - lactic acid
Vinylacetyl CoA
10. Formyltetra
Hydrofolate

Dysbiotic
Gut Environment

FIGURE 6.3: Possible implications of gut microbiota in ASD.

ASD being a disorder with various etiological factors is complex as well as obscure,
and affects one in 36 children globally. The multifactorial nature halts the early di-
agnosis and lesser treatment approaches are offered to the individuals. Thus, it has
been a great thirst for scientific researchers to plunge in to the various factors that
could potentially play their part in ASD. Gut microbiota has been established to be
involved in ASD. However, the exact mechanisms and pathways of involvement are
yet to be discovered. The current study analyzed the gut microbial variations in

ASD individuals as compared to the normally developed ones. The results obtained
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add on in the repository of ASD related research work, and intrigue the researchers
to further explore the gut microbial pathways and reactions that could be involved
in the pathophysiology of ASD. The relative abundance beneficial bacteria like bifi-
dobacterium, coprococcus, and lachnospiracece ucg004 has been found to be lower in
ASD individuals and these genera could be given as probiotics for better therapeutic

interventions.

6.2 Future Work and Recommendations

Future research on Autism Spectrum Disorder (ASD) should prioritize a comprehen-
sive examination of the pathological mechanisms involved, with a particular emphasis
on the gut-brain axis. The gut-brain axis represents a critical area of investigation
due to its significant influence on neurodevelopment and behavior. Understanding the
bidirectional interactions between the gastrointestinal system and the central nervous

system could reveal new insights into ASD pathophysiology.

To advance our understanding of ASD, future studies should focus on the detailed ex-
ploration of metabolite interactions within the context of the disorder. Metabolomics,
the study of metabolites, offers a promising avenue for identifying specific biochem-
ical pathways and potential biomarkers involved in ASD. By leveraging advanced
analytical techniques such as mass spectrometry and nuclear magnetic resonance spec-

troscopy, researchers can characterize the metabolomic profiles of ASD individuals.

This approach may uncover novel metabolic signatures associated with ASD, leading
to improved diagnostic tools and therapeutic strategies. Additionally, it is essential
to investigate the interplay between genetic and environmental factors in the etiol-
ogy of ASD. Genetic studies should aim to identify novel risk genes and elucidate
their functional roles in neurodevelopment. Integrative approaches, such as genome-
wide association studies (GWAS) and whole-genome sequencing, can provide valuable
insights into the genetic architecture of ASD. Concurrently, environmental research

should focus on identifying and characterizing prenatal and early-life exposures that
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contribute to ASD risk. This includes examining the effects of maternal nutrition,

infections, and environmental toxins on fetal brain development.

To facilitate a holistic understanding of ASD, interdisciplinary collaborations are rec-
ommended. Combining expertise from fields such as genetics, neuroscience, microbi-
ology, and environmental science can lead to a more comprehensive understanding of
the disorder. Longitudinal cohort studies and multi-omics approaches, which integrate
genomics, transcriptomics, proteomics, and metabolomics, are particularly valuable

for capturing the complex interactions underlying ASD.

In summary, future research on ASD should prioritize:

e Detailed exploration of the gut-brain axis and its implications in ASD patho-

physiology.

e Comprehensive metabolomic studies to identify potential biomarkers and ther-

apeutic targets.

e Investigation of the interplay between genetic and environmental factors in ASD

etiology.

e Interdisciplinary collaborations to facilitate a holistic understanding of the dis-

order.

e Utilization of advanced analytical and integrative approaches to capture the

complexity of ASD.

By addressing these recommendations, researchers can enhance our understanding
of ASD and contribute to the development of targeted interventions and therapies,

ultimately improving outcomes for individuals with ASD and their families.
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