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ABSTRACT

This article explores the potential impact of Artificial Intelligence (Al), Machine Learning (ML), CRISPR-Cas9 gene
editing, and single-cell RNA sequencing on improving our understanding and management of Autism Spectrum
Disorder (ASD) and its gastrointestinal (GI) comorbidities. It examines how these technologies illuminate the
complex interplay between the gut and the brain, identifying specific enzyme deficiencies and microbial imbalances
linked to GI symptoms in ASD. By leveraging Al and ML, personalized intervention strategies are developed through
the analysis of genomic, proteomic, and environmental data, enhancing our ability to predict and address Gl issues in
ASD. Additionally, CRISPR-Cas9 gene editing holds promise for correcting genetic abnormalities related to enzyme
production, potentially offering precise treatments. Single-cell RNA sequencing provides critical insights into the
cellular diversity of the ASD gut, uncovering new therapeutic targets. The article highlights the transformative
potential of these technologies while addressing the associated challenges and ethical considerations. It underscores
the necessity of a multidisciplinary approach to fully harness their benefits and discusses the significant progress and
emerging trends in the field, emphasizing the role of technological advancements in advancing precision medicine
for ASD and its GI comorbidities.

Keywords: Autism Spectrum Disorders; Enzymatic Dysfunction; Dietary Interventions; Gastrointestinal
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INTRODUCTION:

Autism  Spectrum Disorder (ASD) and its
gastrointestinal (GI) comorbidities present significant
healthcare challenges [1-3], affecting a large number of
individuals worldwide. Recent advancements in
Artificial Intelligence (Al), Machine Learning (ML),
CRISPR-Cas9 gene editing, and single-cell RNA
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sequencing mark a notable progression in precision
medicine [4, 5]. These technologies enhance our
understanding and management of these complex
conditions. This article offers a comprehensive analysis
of how these innovations contribute to elucidating the
intricate relationship between the gut and the brain in
individuals with ASD, as illustrated in Figure 1.
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Figure 1 Role of various technologies in understanding the complex relationship between the gut and the brain
in individuals with Autism Spectrum Disorder.

It highlights key findings related to specific enzyme
deficiencies and microbial imbalances associated with Gl
symptoms in patients with ASD. The use of Al and ML to
analyze genomic, proteomic, and environmental data has led
to the development of personalized intervention strategies
tailored to the unique characteristics of individuals with ASD.
The effectiveness of these interventions hinges on a deep
understanding of the genetic and cellular mechanisms
underlying ASD, which is facilitated by CRISPR-Cas9 and
single-cell technologies. This review offers a comprehensive
analysis of recent advancements, addresses the challenges
encountered in translational research, and proposes potential
future directions. These advanced technologies hold the
promise of transforming diagnostic and therapeutic
approaches, offering customized solutions that extend beyond
conventional methods, as illustrated in Figure 2.

This review aims to provide a critical analysis of
technological advancements in the study of ASD and Gl
comorbidities. It advocates for the continued exploration
and application of Al, ML, and genetic technologies.
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Collaborative efforts from various scientific disciplines are
necessary to address the remaining challenges and fully
leverage these technologies to improve patient care in ASD.

Autism and Gastrointestinal (G1) Comorbidities

The integration of Al and ML into the diagnosis of
ASD and Gl disturbances has marked a significant shift
towards precision medicine [4]. Al and ML methodologies
focus on creating and utilizing algorithms capable of
learning from data to make predictions or decisions. Al
models are developed using extensive datasets that include
genomic, proteomic, and environmental information to
study the relationship between ASD and Gl comorbidities
[6, 7]. These models use supervised learning to recognize
patterns and connections between genetic markers or
environmental factors and the occurrence or intensity of
ASD and its associated GI symptoms [8, 9]. ML methods,
including deep learning, are particularly valuable for
analyzing complex, multi-dimensional data, enabling the
discovery of subtle biomarkers and risk factors that might
elude human analysts [10-12].
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Figure 2 lllustrating the integration of Al, ML, CRISPR-Cas9, and single-cell RNA sequencing in advancing the
understanding and treatment of Autism Spectrum Disorder (ASD) and its gastrointestinal (GI) comorbidities,
highlighting the pathway from technological advancements to personalized interventions.

These technologies have elucidated the complex
interplay between neurological development and Gl
health, identifying key enzymatic and microbial factors
underlying ASD-related Gl symptoms [7, 13]. By
analyzing enzyme activity profiles and gut microbiota
composition with enhanced precision, Al and ML are
uncovering specific enzyme deficiencies that impair the
breakdown of dietary proteins such as gluten and casein in
individuals with ASD [14, 15], leading to the accumulation
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of neuroactive peptides. Advanced Al models utilize
genomic and proteomic data to identify enzyme gene
expressions linked to these digestive inefficiencies [6, 7].
ML algorithms also map changes in gut microbiota,
highlighting microbial imbalances that exacerbate Gl
symptoms and influence neurodevelopment through the
gut-brain axis [16]. These models provide predictive
insights, enabling the identification of individuals at risk
for specific Gl conditions and the development of targeted
interventions.
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Innovative applications extend to predictive algorithms
that integrate clinical, genomic, and environmental data to
forecast the emergence of GI symptoms, facilitating early
intervention. For example, ML analyses of stool samples
have identified microbial signatures predictive of
constipation in ASD [16], guiding the development of
personalized probiotic therapies. Al and ML have greatly
improved our understanding and management of ASD and
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its related Gl comorbidities. Through the application of
these technologies in examining clinical, genomic, and
environmental data, we have successfully predicted Gl
symptoms and tailored interventions for individuals with
ASD. Table 1 presents the predictive insights from Al and
ML analyses, underscoring their crucial role in developing
targeted therapeutic strategies.

Table 1 Al and ML Predictive Outcomes for ASD Interventions. Summarizes predictive outcomes based on clinical,
genomic, and environmental data, their implications for tailored ASD interventions.

Data Type Predictive Outcome Implications for Intervention References
Clinical Assessing the Risk of GI Conditions in ASD | Early, personalized interventions [17]
improving outcomes.
Genomic Gl symptom emergence based on ASD Genetically tailored dietary and [18]
genetic profiles therapeutic strategies.
Environmental GI symptom triggers in ASD from Custom environmental management [19]
environmental factors to mitigate symptoms.
Clinical + Genomic ASD diagnosis/prognosis and Gl Timely, integrated interventions for [20]
disturbances prediction ASD and Gl health.
Genomic + Environmental Enzyme deficiencies and microbial Proactive diet and lifestyle [21]
imbalances risk in ASD management for ASD Gl health.
Multifaceted (Clinical, | Personalized therapy outcomes for ASD, Precision care plans optimizing [22]
Genomic, Environmental) including dietary and probiotic efficacy dietary and therapeutic
interventions.

Furthermore, the application of Al and ML extends
beyond diagnostic and therapeutic interventions to include
genetic editing insights from CRISPR-Cas9 and cellular-
level understanding through single-cell RNA sequencing,
offering a comprehensive view of the ASD-GI connection
[23-26]. This approach enhances the potential for
personalized care, leveraging in-depth knowledge of
individual enzymatic and microbial profiles to customize
dietary and therapeutic strategies, thereby improving the
quality of life for individuals with ASD.

Enzymatic Mechanisms in ASD

Research into ASD and its associated enzymatic
dysfunctions is being advanced through the integration of Al
and ML technologies [7]. This integration is leading to
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significant progress in understanding the complexities of
ASD. These new methods are improving our knowledge of
the genetic and microbial factors that affect enzyme activity
and are paving the way for the development of new
interventions and diagnostic tools. A notable development is
the use of Al algorithms to analyze outcomes from CRISPR-
Cas9 gene editing experiments that target genes involved in
enzyme production essential for ASD [27]. CRISPR-Cas9
gene editing is a highly accurate and adaptable method for
making specific changes to the DNA of organisms [28]. The
technique involves creating a short RNA sequence (guide
RNA) that corresponds to the DNA sequence intended for
editing [29]. The Cas9 enzyme, guided by the RNA molecule,
cleaves the DNA at a precise location, enabling the
modification of DNA sequences [30]. CRISPR-Cas9 is used
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in ASD research to correct or introduce mutations in genes
linked to enzymatic production or regulation [31]. This helps
understand the genetic basis of ASD and GI comorbidities
and facilitates the creation of therapeutic approaches.

Additionally, single-cell RNA sequencing (scRNA-seq)
is an effective technique for examining the gene expression
patterns of individual cells [32]. The process involves
isolating single cells, reverse-transcribing their RNA into
cDNA, and sequencing the cDNA to identify RNA molecules
in each cell [33]. By analyzing profiles from numerous cells
of individuals with ASD, scRNA-seq enables researchers to
reveal variations in cells within the Gl tract and brain [34],
identify distinct cell types and states related to the disorder,
and find novel targets for treatment.

By simulating genetic alterations in enzyme activity,
researchers can investigate gene therapy strategies to address
the underlying causes of digestive and neurological
symptoms associated with ASD. Modifying genes related to
the production of dipeptidyl peptidase-1V (DPP-IV) has the
potential to enhance the metabolic breakdown of gluten and
casein [35], thereby reducing their adverse effects on
individuals with ASD. This thorough mapping enables the
identification of specific cell types involved in enzymatic
dysfunctions and abnormal gut permeability [36]. Accurate
identification of cellular targets for therapeutic intervention
has the potential to restore gut health and alleviate symptoms
associated with ASD [37]. In the field of metabolomics, Al
and ML models are being used to analyze the metabolic
pathways affected in the gut microbiome of individuals with
ASD [7, 38]. These models identify specific metabolic
signatures linked to enzyme deficiencies, guiding the
development of targeted interventions such as dietary
modifications, supplements, or microbiome engineering. This
approach aims to restore equilibrium to metabolic pathways,
thereby mitigating the GI and behavioral symptoms
associated with ASD.

In addition, Al is being used in therapeutic interventions,
such as the creation of virtual reality (VR) platforms that

replicate social interactions for individuals with ASD [39,
40]. These Al-driven VR systems dynamically adjust to users'
reactions, offering personalized behavioral therapy to
improve social skills and alleviate anxiety. Moreover, Al is
transforming ASD diagnostics by utilizing tools that analyze
intricate patterns in behavior, genetics, and facial expressions
[41]. The goal of these tools is to identify ASD at an early
stage, as shown in Figure 3.

Allowing for prompt interventions in dietary management
and therapy, this has the potential to mitigate the severity of
symptoms associated with enzymatic dysfunctions.

Gluten, Casein, and Enzymatic Dysfunction:
Evidence and Insights

In the field of ASD research, the integration of Al and
ML, along with CRISPR-Cas9 gene editing, scRNA-seq,
metabolomics, microbiome analysis, and VR interventions,
has significantly improved our understanding and approaches
to managing the enzymatic digestion of dietary proteins like
gluten and casein [42-44]. The utilization of Al and ML
technologies has played a crucial role in analyzing the
intricate genetic and biochemical aspects linked to ASD [7,
45]. By analyzing extensive genomic and proteomic datasets,
these technologies have identified genetic variations and
enzyme deficiencies, particularly in Dipeptidyl Peptidase-1V
(DPP-1V), an essential enzyme for breaking down dietary
proteins like gluten and casein, commonly found in wheat and
dairy products. DPP-IV facilitates protein digestion by
removing dipeptides from the N-terminus of polypeptides,
which is crucial for their breakdown and absorption. If DPP-
IV activity is lacking or blocked, it may cause incomplete
breakdown of gluten and casein, leading to the creation and
buildup of peptide fragments with potential neuroactive
effects. Similarly, Tissue Transglutaminase (tTG), an enzyme
that alters gluten peptides, can enhance their immunogenicity
and initiate an autoimmune reaction in genetically susceptible
individuals [46, 47], thereby hindering the digestion of gluten
and casein.
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Figure 3 The diagram demonstrates the incorporation of artificial intelligence and machine learning in studying
enzymatic dysfunctions in ASD, emphasizing progress in genetic analysis, therapeutic interventions, and diagnostic
tools development.
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A comprehensive understanding of these mechanisms
allows for accurate predictions of individual
susceptibilities to dietary proteins and enables the
customization of dietary interventions that could
potentially alleviate symptoms associated with ASD.
CRISPR-Cas9 gene editing holds promise for the future
of ASD treatment by addressing the underlying genetic
causes of enzymatic dysfunctions [48]. Through the
modification of genes associated with enzyme
production, CRISPR-Cas9 presents a promising
opportunity to address metabolic pathways impacted by
ASD, potentially alleviating the dietary effects on the
disorder's symptoms.

 Aids in /’Supports
/

Vi

Restoring Normal Gut Function

The utilization of sScRNA-seq technology has yielded
significant findings regarding the cellular diversity
within the gut of individuals with ASD [49].
Understanding this level of detail is essential for
developing targeted therapies aimed at restoring normal
gut function and potentially alleviating ASD symptoms.
Additionally, studies on metabolomics and the

microbiome have successfully charted the distinct
metabolic and microbial characteristics of individuals
with ASD [50, 51]. These findings demonstrate the
connection between variations in gut microbiota and
metabolic profiles and the manifestation of dietary
sensitivities and symptoms, as shown in Figure 4.

Al & ML Technologies

Contributes to

Comprehensive ASD Management Strategy

Figure 4 Elucidating the Mechanisms of Gluten and Casein Digestion in ASD Through the Integration of
Avrtificial Intelligence, Genomic Technologies, and Virtual Reality Interventions
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Furthermore, VR technologies have been employed to
develop immersive social and cognitive training programs
tailored to individuals with ASD [52, 53]. These programs are
personalized using Al to address the specific requirements of
each user. While these interventions significantly impact a
comprehensive ASD management strategy by improving
quality of life and functional outcomes, they are not directly
related to dietary protein metabolism.

The Gut-Brain Axis: Enzymatic and Microbial
Interactions

Researchers are currently investigating the use of
CRISPR-Cas9 gene editing to target specific gene
modifications, such as those related to zonulin [54], a
protein responsible for regulating gut permeability. These
studies aim to address gut barrier integrity issues [55, 56]
that could be associated with ASD. ScRNA-seq has
revealed the presence of overactive microglia in the brain
and distinct epithelial and immune cell subsets in the gut,
suggesting  their  potential  significance in the
pathophysiology of ASD [57, 58].

Metabolomics approaches have uncovered distinct
metabolic byproducts, such as modified profiles of short-
chain fatty acids (SCFASs), which can serve as potential
biomarkers for gut dysbiosis or malabsorption in
individuals with ASD [59, 60]. Microbiome analyses have
identified imbalances in certain bacterial strains, including
a decrease in Faecalibacterium prausnitzii and an increase
in Clostridium difficile [61, 62]. These findings provide
specific targets for probiotic interventions. Al and ML
have effectively analyzed these data streams, identifying
genetic polymorphisms and enzyme deficiencies, such as
those found in the DPP-IV enzyme, that are associated
with ASD symptoms [63, 64].

Nutritional ~ Considerations and
Interventions

The management of nutrition in Autism Spectrum
Disorder (ASD) extends beyond conventional methods by

Enzymatic
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incorporating advanced technologies such as CRISPR-Cas9
gene editing, scRNA-seq, metabolomics, microbiome
analysis, and Al and ML algorithms. These technologies
significantly improve the customization of dietary and
enzyme supplementation strategies, enabling a precision
medicine approach to alleviate symptoms associated with
ASD.

CRISPR-Cas9 gene editing shows promise in addressing
genetic variations that impact the efficiency of enzymes
involved in breaking down dietary proteins like gluten and
casein [65]. These proteins are frequently linked to the
exacerbation of ASD symptoms. This approach has the
potential to address dietary sensitivities at their genetic root
by precisely modifying genes associated with enzyme
production.

ScRNA-seq technology provides valuable insights into
the cellular landscape of the gut and its interaction with
dietary components [66]. By identifying distinct cell types
and states that play a role in the enzymatic environment of the
gut and its effects on gut health, ScRNA-seq offers crucial
insights into how individual cell mechanisms impact the
efficacy of dietary changes and enzyme supplementation in
individuals with ASD [67].

Metabolomics and microbiome analysis enhance our
understanding of the biochemical and microbial context in
which dietary interventions function [68, 69]. Metabolomics
can detect distinct metabolic signatures that reveal how
individuals with ASD metabolize different types of food [70,
71]. This information is valuable for tailoring personalized
diet plans. Microbiome analysis provides insights into the gut
bacterial profiles associated with ASD [72, 73], which can
guide the selection of probiotics or dietary adjustments aimed
at restoring a healthy balance of gut flora.

Al and ML are at the forefront of integrating diverse data
streams to predict individual responses to dietary interventions
[74, 75]. By comprehensively analyzing genetic, cellular,
metabolic, and microbial information, these technologies
facilitate the creation of personalized nutrition strategies.
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Challenges and limitations of research

Studying enzyme functions and utilizing Al in ASD
treatment present numerous challenges and constraints, along
with ethical considerations crucial for directing these
scientific  pursuits conscientiously. Enzyme activity
variability across the ASD population poses a significant
research challenge, making it difficult to establish
standardized treatment protocols. This variability affects both
the metabolic breakdown of dietary components and the
effectiveness of enzyme supplementation, necessitating
personalized intervention strategies. Additionally, the diverse
range of dietary responses underscores the complexity of
customizing dietary adjustments, requiring a thorough
understanding of each patient's specific enzymatic profile and
dietary sensitivities [76].

The integration of Al and ML in ASD research adds
another layer of complexity. While these technologies
have the potential to transform the diagnosis and
treatment of ASD and its GI comorbidities, they also
raise ethical concerns regarding data privacy [77],
informed consent [78], and algorithmic bias [79]. It is
essential to prioritize the confidentiality and security of
sensitive health information by adhering to data
protection regulations and ethical standards. Informed
consent procedures should clearly communicate the use
of Al in both research and clinical environments,
outlining the associated risks and benefits. Furthermore,
algorithmic bias poses a significant ethical dilemma [80-
82], necessitating careful attention to ensure Al models
are trained on diverse datasets to avoid perpetuating
inequalities in diagnosis and treatment.

The implementation of Al-driven insights and genetic
editing technologies such as CRISPR-Cas9 in clinical
settings also encounters challenges related to
effectiveness, safety, and the ethical implications of gene
editing [83-85]. Thorough safety assessments and ethical
discussions are crucial regarding genetic modifications in
therapeutic applications due to the possibility of
unintended consequences.

Future Directions in Autism Spectrum Disorder
research

The future of ASD research is shifting towards a
precision medicine paradigm that incorporates Al, ML,
and genetic editing technologies. Future research is likely
to utilize multi-omic data integration, incorporating
genomic, proteomic, metabolomic, and microbiome data
to understand the intricate causes of ASD and its Gl issues.
The primary emphasis will be on enhancing Al and ML
algorithms to accurately predict individual responses to
dietary and enzyme supplementation strategies, facilitating
personalized treatment plans. Advancements in CRISPR-
Cas9 gene editing will focus on exploring corrective
interventions for enzyme deficiencies, with attention to
safety, efficacy, and ethical considerations. Microbiome
engineering will become a crucial therapeutic approach,
aimed at improving gut health by precisely adjusting gut
flora based on Al-driven assessments. Single-cell
technologies will enhance our understanding of the
cellular basis of ASD, providing new therapeutic targets
and in-depth mechanistic insights. Amidst these
advancements, establishing robust ethical and regulatory
frameworks will be essential to address privacy, consent,
and equity issues, ensuring the ethical use of these
innovative technologies. Overall, the combination of these
new methods will likely mark a new phase in ASD
research and treatment, characterized by a focus on
tailored, precise interventions.

CONCLUSION

The combination of Al, ML, CRISPR-Cas9 gene editing,
and single-cell RNA sequencing represents significant
progress in the understanding and management of ASD and
its GI comorbidities. This article highlights the critical role of
these technologies in elucidating the intricate relationship
between the gut and the brain, revealing genetic, enzymatic,
and microbial factors associated with ASD. Al and ML have
been instrumental in customizing interventions through the
analysis of extensive datasets, allowing for the identification
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of enzyme deficiencies and microbial imbalances linked to GI
symptoms in individuals with ASD. CRISPR-Cas9 holds
promise for developing targeted therapies by directly
addressing enzyme deficiencies. Additionally, single-cell
RNA sequencing has unveiled cellular heterogeneity in the
ASD gut, offering new avenues for therapeutic strategies. The
variability in enzyme activity and dietary responses among
individuals with ASD underscores the need for a highly
individualized treatment approach, while also raising
important ethical issues related to data privacy, informed
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