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Abstract

Background: Autism Spectrum Disorder (ASD) is a multifaceted neurodevelopmental
disorder defined by long-term difficulties in social communication with restricted, repetitive
behaviors. The field has recently expanded its understanding of the multifactorial nature of
the disorder and broadened therapeutic approaches toward targeted, neurodiversity-affirming
interventions. Etiology: The architecture of ASD itself is based on a dynamic interaction
between heritable genetic risk (including polygenic risk scores, CNVs and de novo mu-
tations) and also environmental effects involving maternal immune activation, advanced
parental age, prenatal exposure to chemicals, etc. Pathophysiologically, these contributors
converge on synaptic dysregulation, abnormal cortical microcircuitry connectivity, systemic
neuroinflammation and gut microbiome dysbiosis. Therapeutic Paradigms: Contempo-
rary interventions have transitioned from generic symptom management toward biological,
behavioral, and precision-driven modalities:

* Neuromodulation Therapies: Non-invasive rTMS and tDCS targeting prefrontal

regions to alter neural plasticity and executive function.

Microbiota-Gut-Brain (MGB) Axis Interventions: Dietary modification, targeted

pre/probiotics, and Fecal Microbiota Transplantation (FMT) aimed at reducing neu-

roinflammation.

Naturalistic Developmental Behavioral Interventions (NDBIs): Frameworks like

ESDM and JASPER that integrate behavioral learning into child-led, naturalistic

contexts.

* Biomarker-Targeted Pharmacotherapy: Precision agents addressing pathway-
specific mechanisms, such as oxytocinergic regulators and GABAergic modulators.

« Digital Therapeutics (DTx) & VR: Virtual reality social training and Al-driven
platforms delivering adaptive, tailored skill training in low-anxiety environments.

Conclusion: Bridging etiological insights with multimodal therapeutic paradigms is critical
for subgrouping ASD phenotypes, optimizing individual treatment responses, and guiding
future clinical research.
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1. Introduction

Autism (or Autism Spectrum Disorder, ASD) is characterized by impaired communication and socialization along with repetitive and
restricted behaviors that differ in severity among individuals on a graded scale [1]. With promising advancements in autism research came
also substantial progress in international policies; beyond the policy actions related to increasing global awareness and advocacy efforts, the
field of autism also benefitted from advances on surrounding fields (i.e., human rights, maternal and child health, mental health) [2]. Autism
(or autistic disorder) erotic behavior arises with profound, pervasive neuro developmental disorder that mostly involves impairment of verbal
or non-verbal communication and social interaction alongside restricted and inflexible interests. It often develops in children before the age
of 3, and is more frequent among males. It is a pervasive disorder that affects social skills of children and it is known as “Autism Spectrum
Disorder” (ASD). It has been estimated that 3.4 per 1000 boys and girls aged between 3 and 10 years are diagnosed with autism spectrum
disorder. The rates of incidence have increased in the last few years, resulting in huge physical and mental health problems for children and
impacting families and society at large, a topic that has received great worldwide media attention. Autism Spectrum Disorder (ASD) and
Attention-Deficit/Hyperactivity Disorder (ADHD) are highly heritable and frequently co-occurring disorders, but it is challenging to identify
genetic variants associated with risk. Despite genetic studies, genome-wide association studies have identified few variants and most findings
only support the role of excitatory and inhibitory neurotransmitter systems for aggregating evidence for symptom severity determinants in
both ADHD and ASD via multiple marker testing across the genome. Links have been made for the severity of hyperactivity and impulsivity
with glutamate, and gamma-aminobutyric acid (GABA) - the principle excitatory and inhibitory neurotransmitters respectively in the brain
showing strong association GABA-related genes to inhibitory processes [3]. Sleep disorders are one Common Clinical Symptoms between
Children with ASD and it occurs in 50% of this population [4]. Another study associated different neurological and psychiatric disorders
with increased serum homocysteine levels such as cognitive impairment [5], and bipolar disorder [6] additionally, these elevated levels
asserted to induce oxidative stress, cause mitochondrial dysfunction, and resulted in direct neurotoxicity which are related with autism
spectrum disorder [7, 8].

Within this, a population-based Danish study demonstrated that viral infections during the first trimester requiring hospitalisation
(influenza, gastroenteritis or other/nonspecified) were associated with a 28-fold increase in risk of autism spectrum disorder, and bacterial
infections during the second trimester with 14-fold increased risk of autism spectrum disorder [3].

Maternal immune activation (MIA), triggered by infection or inflammation during pregnancy, has been associated with a range of
developmental difficulties in children, including increased risk of speech, language, and motor delays increased behavioral and emotional
problems and altered connectivity in brain regions supporting working memory in childrenn. MIA elevates circulating and central
Proinflammatory cytokines in animal models, potentially impacting fetal immunity and neurodevelopment.

2. Autism Spectrum Disorder Etiology

The biological landscape of autism spectrum disorder (ASD) is complex and highly diverse. The heritability of ASD is generally estimated
to be between 60% and 80% by quantitative genetic research, including comprehensive twin and community panel analyses.

2.1. ASD’s Genetic Architectureicroglia’s function in aberrant synaptic pruning

ASD’s Genetic Architectureicroglia’s function in aberrant synaptic pruning is one of the subtypes of neuroinflammatory processes. Healthy
central nervous system (CNS)wearing the microglia worn exome for classic plans. They conserve brain homeostasis over the course of
development and adulthood by eliminating attenuated or redundant projections through synaptic pruning [9]. Quantitative genetic studies,
such as large twin and family studies, have estimated the heritability of ASD to be 60%—80%. This genetic architecture incorporates both
polygenic complexity and rare high-penetrance variants. Some of these key genetic mechanisms include: Polygenic Risk Profiles: Initiates
the process via common single nucleotide polymorphisms (SNPs) across multiple gene loci that lead to brain-based changes which, when
added together, directly increase baseline vulnerability; Structural Changes and De Novo Mutations: These include rare Copy Number
Variations (CNVs) such as chromosomal deletions or duplications, and relatively common de novo protein-truncating mutations hitting
synaptic scaffold genes, chromatin remodeling genes, and neural circuit wiring etc. (SHANK3, CHDS; SCN2A). Gene-Environment (GXE)
Interactions: Environmental stressors often exert their influence on baseline genetic vulnerabilities through epigenetic alterations—changes
in the expression of a gene which do not require modification of its primary sequence such as DNA methylation and histone acetylation.
Alternatively, these epigenetic changes lead to dysregulation of neurodevelopmental gene expression during sensitive gestational time
intervals.

Polygenic Risk Profiles

Molecular “Eat-Me” and “Don’t-Eat-Me” Cascades: Molecular signaling mechanisms that determine which synapses microglia should
engulf are disrupted in abnormal synaptic pruning.

The Complement Cascade (The Classical Pathway): Microglial pruning is mostly carried out by the complement system. In a
neuroinflammatory state, cytokines (such as TNF-¢¢ and IL-1f) drive the upregulation and abnormal deposition of complement proteins onto
healthy synapses.

Clq and C3 Tagging: Complement component 1q (C1q) acts as the initiator, specifically attaching to synaptic components. This activates a
downstream cascade that deposits C3b (an opsonin) onto the membrane, thereby labeling the synapse with a “eat-me” signal [10].

CR3 Receptor Engagement: Microglia express Complement Receptor 3 (CR3), an integrin complex (CD11b/CD18). When CR3 attaches
to the opsonized C3b on the synapse, the microglial process initiates actin folding and phagocytic capsule formation, which literally breaks
down the synapse [10]. In pathological neuroinflammation, this pathway is over activated, causing the stripping of viable, functional
synapses.
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Environmental Factors, Epigenetics, and GXE Interactions

Environmental exposures throughout crucial neurodevelopmental periods serve as important modulation factors, whereas genetic architecture
provides baseline susceptibility. One of the strongest prenatal risk factors is advanced mother and paternal age, according to accumulated
epidemiological information. The development of ASD is significantly influenced by gene-environment interactions. Toxic metals and other
environmental contaminants have been connected to de novo mutations and epigenetic changes, which may trigger the development of ASD
[11]. Toxic heavy metals have the potential to cause cell death pathways by interacting with cell signaling, interrupting enzyme processes,
and causing oxidative stress. Children with ASD often have high levels of mercury and cadmium [12].

2.2. Neuroinflammation and Aberrant Synaptic Pruning
Maternal Immune Activation (MIA) and Aberrant Synaptic Pruning

MIA arises from gestational immune hyper activation triggered by maternal infections, auto inflammatory conditions, or autoimmune diseases,
encompassing but not limited to infection-induced inflammatory dysregulation. Maternal immune activation (MIA) during pregnancy has
been linked to schizophrenia (SCZ) and autistic spectrum disorder (ASD) [13]. According to the data at hand, the risk for eurodevelopmental
disorders (NDDs) is not pathogen-specific and is instead caused by the mother’s immune response to a pathogen that may affect the brain’s
growth and development [14].

Research on animals shows how pro-inflammatory cytokines, such as IL-6 or IL-17, are sufficient to cause NDD-like phenotypes in
offspring, and conversely, these traits can be improved by inhibiting cytokines during MIA induction [15] human clinical evidence confirms
this association [16] revealed that maternal immune conditions during pregnancy significantly increase the odds of ASD diagnosis in male
offspring. According to the “maternal immune activation hypothesis,” neurodevelopmental disorders (NDDs) may be caused by disruptions
in immunological interactions during crucial periods of fetal development [17].

Cytokine-Induced Opsonization

Astrocytes and microglia exposed to sustained pro-inflammatory environments increase their synthesis of C1q and C3. This leads to the
accidental tagging of active, high-plasticity synapses.

When microglial pruning shifts from a precise scalpel to a blunt instrument, the functional architecture of the brain degrades rapidly:
Nuropsychiatric & Developmental Disorders: Genetic differences (such polymorphisms in the C4 complement gene) lead to increased
complement accumulation during adolescent developmental periods in disorders like schizophrenia. This causes the prefrontal cortex to
shrink and basic executive processes to change as a result of an excessive wave of microglial pruning.

The Gut-Brain-Microbiota Axis (GBMA), is a highly dynamic, two-directional communication channel that connects the central nervous
system (CNS) to the gastrointestinal tract’s enteric nerve system (ENS). Although its function is to regulate metabolic states; anxiety, and
depression is well-documented, breakthroughs have revealed that the gut microbiome plays a main role in shaping social behavior and
prosocial tendencies (such as empathy, helping behaviors, and social bonding), As illustrated in Figure 1.
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Figure 1: The Gut-Brain Axis: Bidirectional Communication Pathways and Signaling Mechanisms
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Mechanisms of Action: How Gut Microbes Talk to the Social Brain

Recent studies have mapped out the precise physiological channels through which microbial shifts directly modify neural circuits dedicated
to social interaction [18].

The Vagus Nerve & Oxytocin Signaling

The vagus nerve serves as a direct neural “superhighway.”

* Specific psychobiotics—such as Lactobacillus reuteri—stimulate vagal afferent fibers in the gut.
* This signal travels directly to the hypothalamic paraventricular nucleus (PVN), where it causes oxytocin to be secreted and enhanced.
The final “social hormone” that is essential for social identification, empathy, and connecting with others [19].

Neurotransmitter and Precursor Synthesis

As tiny chemical factories, gut microorganisms produce neuroactive substances that either penetrate or alter the blood-brain barrier (BBB)
[20].

* Serotonin (5-HT): Over 90% of the body’s serotonin is synthesized in the gut, heavily mediated by spore-forming microbes.
Fluctuations in gut-derived serotonin affect the development of the brain’s reward circuits, altering how reinforcing social interactions
feel.

* Tryptophan Metabolites: Bacteria metabolize tryptophan into indoles and kynurenine, balancing the availability of precursors
required for healthy central neurotransmission.

3. Targeted Metabolite Adsorbents (AB-2004)
Translational human trials have begun targeting the gut-brain axis to treat neurodevelopmental social deficits, particularly in Autism Spectrum
Disorder (ASD).

* The medicinal substance AB-2004, a gastrointestinal-restricted adsorbent that is taken orally, was designed to function as a molecular
sponge and accurately absorb dangerous bacteria metabolites in the gut, such as 4EPS.

¢ Clinical investigations shown that lowering systemic 4EPS levels directly reduced participants’ anxiety-like behaviors and core social
deficits while also dramatically improving gastrointestinal symptoms [21].

4. Therapeutic Interventions: “Psychobiotics” for Sociability

Understanding that the gut microbiome is highly modifiable introduces targeted, non-invasive therapeutic approaches to enhance social
behaviors and manage neurodevelopmental conditions as shown in Table 1 below [22].

Table 1: Microbiota-Gut-Brain Axis Interventions, Mechanisms of Action, and Targete Behavioral Outcomes

Intervention Type Mechanism Target Behavior / Condition
Targeted Probiotics (L. reuteri) Vagal stimulation leading to Enhancing social bonding;
hypothalamic oxytocin release. mitigating social deficits in ASD.
High-Fiber & Fermented Diets Boosts SCFA production, optimizing Reducing social anxiety and
BBB integrity and emotional regulation.  chronic stress-induced isolation.
Metabolite Adsorbents (AB-2004)  Neutralizes neurotoxic microbial Managing social avoidance and

bioproducts (4EPS) within the GI tract. ~ behavioral irritability.

4.1. Environmental Epigenetics and Neuroendocrine Reprogramming
The Permanent Effects of Toxicant Exposure in Childhood

The human endocrine and central nervous systems are remarkably flexible throughout crucial developmental windows, especially the
prenatal and early neonatal stages [23], as cited in [24]. The morphological, biochemical, and molecular pathways of essential organ systems
can be irreversibly changed by inadequate exposures during these susceptible stages [25]. This phenomenon forms the bedrock of the
Developmental Origins of Health and Disease (DOHaD) paradigm [25].

Key Contaminants and Routes of Exposure

EDCs and persistent organic pollutants (POPs) are nearly common in all worldwide ecosystems as a result of modern industrialization [26].
Neonates continue to absorb these chemicals through breastfeeding, dust inhalation, and consumer goods after they easily pass through the
placental barrier and build up in fetal tissue [24].

* Plasticizers and Additives: Food containers and consumer goods frequently include phthalates, bisphenol A (BPA), and new
bisphenol analogs (such as BPS) BPA crosses both the placental barrier and the embryonic blood-brain barrier during critical windows
of neurodevelopment, directly impairing fetal neurogenesis, neuronal migration, and synaptogenesis [24, 27].

¢ Legacy Industrial Contaminants (POPs): Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) bio
accumulate efficiently in the food chain despite decades-old bans [24].

* Heavy Metals: Lead (Pb), cadmium (Cd), and methylmercury (MeHg) are chronic risks to public health that bioaccumulate through
polluted food and water resources [28].
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Receptor Interference and Hormone Mimicry

EDCs manipulate cell signaling by structurally mimicking or blocking natural hormones [26]. For example BPA acts as a classic estrogen-
mimicking compound [24]. In the developing cerebral cortex, alkyl phenols simulate estrogen and bind to estrogen receptors (ERs), causing
aberrant microglial activation and compromised myelination patterns. Heavy metals including mercury, lead, and cadmium build up inside
the thyroid gland, causing long-term thyrotoxicity and inhibiting the generation of thyroid hormone [29]. This signaling blockage causes
structural neurodevelopmental problems because thyroid hormones are required for embryonic cortical migration and neurogenesis [26, 28]
as shown in Table 2.

Table 2: Environmental Pollutants, hormonological Targets and Their Neurobiological Outcomes

Toxicant Class Principal Biological Targets Observed Pathological & Phenotypic
Outcomes

Bisphenols & Phthalates Estrogen receptors, Dopaminergic Heightened impulsivity, attentional deficits,

reward circuitry, HPA Axis. anxiety, and elevated vulnerability to
addiction [24].

Heavy Metals (Pb, MeHg, Cd)  Thyroid gland, Synaptic organization Non-monotonic dose responses leading to
proteins, Brain-derived neurotrophic intergenerational impairments in learning,
factor (BDNF). memory formation, and executive cognition

[28].

Alkylphenols & POPs Microglia, Oligodendrocytes, Thyroid &  Microglial overactivation, neurogenesis defects,

Gonadal hormone pathways. myelination failure, and severe reproductive

disorders [30].

5. Modern methods of treating autism and their effectiveness

5.1. Neuromodulation Therapies (rTMS & tDCS)

rTMS and tDCS are non-invasive techniques that target the dorsolateral prefrontal cortex (DLPFC). The technique is designed to alter
neural plasticity, reduce repetitive and stereotyped behaviors and improve social communication [31], particularly repetitive Transcranial
Magnetic Stimulation (rTMS) and Transcranial Direct Current Stimulation (tDCS), have emerged as promising therapeutic avenues in ASD
management. Using noninvasive/high C/micrometric electrode modality, these focused excitatory/inhibitory strategies allow the modulation
of neuroplasticity by restoring the excitation-inhibition balance mainly targeting the dorsolateral prefrontal cortex (DLPFC) among others
cortical areas. Recent clinical assessments suggest that protocol-based neuromodulation can robustly diminish RRBs while enhancing
executive skills and social communication skills [32].

5.2. Microbiota-Gut-Brain (MGB) Axis Customized Interventions

It will seek to change the gut microbiome — which in turn may have effects on brain immunity processes, including neurological and
inflammatory pathways. This will encompass gut microbiota transplantation (FMT), specific probiotics/prebiotics and modified diets aimed
at decreasing neuroinflammation in the setting of autism symptoms [33]. Abstract The role of the Microbiota-Gut-Brain (MGB) axis in
providing a two-way connection between the central nervous system and gastrointestinal tract has led to paradigms shifts in pathophysiology
of ASD. Various targeted approaches that reprogram gut microbiota composition— such as Fecal Microbiota Transplantation (FMT), specific
probiotic/prebiotic protocols, and dietary interventions— have emerged as effective therapies in reducing systemic and neuro-inflammation,
Interventions that modify short-chain fatty acid (SCFA) production and restore gut barrier integrity simultaneously ameliorate gastrointestinal
comorbidities and core behavioral symptoms.

5.3. Naturalistic Developmental Behavioral Intervention (NDBI)

The Newest Generation of Applied Behavior Analysis (ABA) incorporates developmental psychology and behavioral foundations into the
child’s natural environment. You build on joint attention, speech and spontaneous conversation through methods like the Denver ESDM and
Jasper Model [34].

Naturalistic Developmental Behavioral Interventions (NDBIs) build on early principles of Applied Behavior Analysis (ABA), with
recent advances in the developmental sciences, to provide child-led, naturalistic treatment approaches. Leading treatments e.g., the Early
Start Denver Model (ESDM) and Joint Attention, Symbolic Play, Engagement, and Regulation (JASPER), are based on shared engagement
neurodiversity-affirming principles. These aspects are all reflected in clinical trial data demonstrating that NDBIs promote naturalistic
language and social reciprocity and adaptive capabilities by increasing the rate of naturally occurring learning opportunities through enhanced
interactive coordination during critical sensitive periods of neurodevelopment [35].

5.4. Pharmacotherapy Targeting New Biomarkers

Recent pharmacological investigations in ASD are emphasizing precision over symptom management, using increasingly biomarker-guided
approaches. New approaches either target the underlying neurochemical dysregulations (like increasing motivation/social salience with
oxytocinergic agents or restoring neural homeostasis with GABAergic modulators, i.e., Bumetanide). These molecularly targeted therapies
attempt to target etiology-specific pathways, providing specific biological therapy for a unique patient sub-phenotype [36].
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5.5. Digital Therapeutics (DTx), Virtual Reality, and Al

Digital Therapeutics (DTx) and immersive technologies are promising scalable, personalized interventions for cognitive/sensory adaptation
in ASD. Data indicates that, Virtual Reality Social-Skill Training (VR-SST) is a low-anxiety setting where the user can practice recognising
emotion, dynamic conversation and sensory regulation. In addition, artificial intelligence real-time adaptive feedback and physiological
monitoring algorithms that tailor the complexity of tasks to match individual sensory profiles and learning trajectories [37].

6. Synthesis and Future Directions

Recent years have witnessed a structural paradigm shift in Autism Spectrum Disorder (ASD) therapeutic research, from isolated, symptom-
reactive interventions to integrated, multimodal care models. The alignment between biological strategies, including non-invasive neuro-
modulation, gut brain axis modulation, and biomarker-driven pharmacotherapy, with developmentally grounded behavior models (NDBIs)
and digital therapeutics (DTx) represents a paradigm shift towards integrated translational psychiatry. Rather than acting in silos of core
features, modern frameworks engage neuroplasticity during windows of critical development and simultaneously address neurobiological
and systemic physiological dysregulations that underlie these fear circuits.

The next step for ASD therapy is focused on clinical personalization and biomarker validation. Conclusion Future studies should
aim to differentiated heterogeneous patient populations into defined biological sub-phenotypes by utilizing a combination of multi-omics
disease profiling, functional neuroimaging and electromagnetic signals. Prospective clinical trials are also needed to test the efficacy of
these biological agents in combination with adaptive digital skills platforms. Ultimately, in order to translate these precision therapeutic
approaches into clinical practice, the need for standardised neurodiversity-affirming outcome metrics will remain a significant challenge.

Article Information

Conflict of Interest: The authors declare that they have no conflict of interest.
Funding: No external funding was received for this work.

Author Contributions: All authors contributed to the literature review, interpretation of the available evidence, and preparation and approval
of the final manuscript.

Al Use Disclosure: The authors used an Al tool to generate Figure 1 and take responsibility for its accuracy and integrity.

References
[1] C. Lord, M. Elsabbagh, G. Baird, and J. Veenstra-Vanderweele. Autism spectrum disorder. The Lancet, 392(10146):508-520, 2018.

[2] J. Zeidan, E. Fombonne, J. Scorah, A. Ibrahim, M. S. Durkin, S. Saxena, A. Yusuf, A. Shih, and M. Elsabbagh. Global prevalence of
autism: A systematic review update. Autism Research, 15(5):778-790, 2022. URL https://doi.org/10.1002/aur.2696.

[3] J. Naaijen, J. Bralten, G. Poelmans, IMAGE consortium, J. C. Glennon, B. Franke, and J. K. Buitelaar. Glutamatergic and GABAergic
gene sets in attention-deficit/hyperactivity disorder: association to overlapping traits in ADHD and autism. Transl Psychiatry, 7(1):999,
2017. URL https://doi.org/10.1038/tp.2016.273.

[4] T. Parvataneni, S. Srinivas, K. Shah, and R. S. Patel. Perspective on melatonin use for sleep problems in autism and attention-deficit
hyperactivity disorder: a systematic review of randomized clinical trials. Cureus, 12(5):e8335, 2020. URL https://doi.org/10.
7759/cureus.8335.

[5] S. Zhou, J. Chen, L. Cheng, K. Fan, M. Xu, W. Ren, Y. Chen, D. Geng, H. Cheng, X. Luan, J. Song, G. Lin, G. Huang, and J. He.
Age-Dependent Association Between Elevated Homocysteine and Cognitive Impairment in a Post-stroke Population: A Prospective
Study. Frontiers in Nutrition, 8:691837,2021. URL https://doi.org/10.3389/fnut.2021.691837.

[6] E. Salagre, A. F. Vizuete, M. Leite, D. J. Brownstein, A. McGuinness, F. Jacka, S. Dodd, B. Stubbs, C. A. Kohler, E. Vieta, A. F.
Carvalho, M. Berk, and B. S. Fernandes. Homocysteine as a peripheral biomarker in bipolar disorder: a meta-analysis. Eur. Psychiatry,
43:81-91,2017. URL https://doi.org/10.1016/j.eurpsy.2017.02.482.

[7]1 R. E. Frye, R. Delatorre, H. Taylor, J. Slattery, S. Melnyk, N. Chowdhury, and S. J. James. Redox metabolism abnormalities in autistic
children associated with mitochondrial disease. Transl. Psychiat, 3:¢273,2013. URL https://doi.org/10.1038/tp.2013.51.

[8] V. Balachandar, K. Rajagopalan, K. Jayaramayya, M. Jeevanandam, and M. Iyer. Mitochondrial dysfunction: A hidden trigger of
autism? Genes Diseases, 8(5):629-639, 2021. URL https://doi.org/10.1016/j.gendis.2020.07.002.

[9] M. C. Geloso and N. D’ Ambrosi. Microglial Pruning: Relevance for Synaptic Dysfunction in Multiple Sclerosis and Related
Experimental Models. Cells, 10(3):686, 2021. URL https://doi.org/10.3390/cells10030686.

[10] J. L. Deus, O. S. Faborode, and S. Nandi. Synaptic Pruning by Microglia: Lessons from Genetic Studies in Mice. Developmental
Neuroscience, 47(5):362-382, 2024. URL https://doi.org/10.1159/000541379.

[11] A. Chowdhury, A. Naz, and S. K. Maiti. Bioaccumulation of potentially toxic elements in three mangrove species and human health
risk due to their ethnobotanical uses. Environ Sci Pollut Res, 28(25):33042-59, 2021.


https://doi.org/10.1002/aur.2696
https://doi.org/10.1038/tp.2016.273
https://doi.org/10.7759/cureus.8335
https://doi.org/10.7759/cureus.8335
https://doi.org/10.3389/fnut.2021.691837
https://doi.org/10.1016/j.eurpsy.2017.02.482
https://doi.org/10.1038/tp.2013.51
https://doi.org/10.1016/j.gendis.2020.07.002
https://doi.org/10.3390/cells10030686
https://doi.org/10.1159/000541379

32

Healthcare Issues, 5(2):26-33, July-December: 2026. DOL: https://doi.org/10.58614/hi525

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

J. Baj, W. Flieger, M. Flieger, A. Forma, E. Sitarz, K. Skérzyniska-Dziduszko, C. Grochowski, R. Maciejewski, and H. Karakuta-
Juchnowicz. Autism spectrum disorder: Trace elements imbalances and the pathogenesis and severity of autistic symptoms. Neurosci
Biobehav Rev, 129:117-32, 2021. URL https://doi.org/10.1016/j .neubiorev.2021.07.029.

H. Jiang, L. Xu, L. Shao, R. M. Xia, Z. H. Yu, Z. X. Ling, F. Yang, M. Deng, and B. Ruan. Maternal infection during pregnancy
and risk of autism spectrum disorders: A systematic review and meta-analysis. Brain Behav Immun, 58:165-172, 2016. URL
https://doi.org/10.1016/j.bbi.2016.06.005.

A. S. Brown and P. H. Patterson. Maternal Infection and Schizophrenia: Implications for Prevention. Schizophrenia Bulletin, 37(2):
284-290, March 2011. URL https://doi.org/10.1093/schbul/sbq146.

G. B. Choi, Y. S. Yim, H. Wong, S. Kim, H. Kim, S. V. Kim, C. A. Hoeffer, D. R. Littman, and J. R. Huh. The maternal interleukin-17a
pathway in mice promotes autism-like pheno types in offspring. Science, 351:6276, 2016. URL https://doi.org/10.1126/
science.aad0314.

S. Patel, R. C. Dale, D. Rose, B. Heath, C. W. Nordahl, S. Rogers, A. J. Guastella, and P. Ashwood. Maternal immune conditions are
increased in males with autism spectrum disorders and are associated with behavioural and emotional but not cognitive co-morbidity.
Translational psychiatry, 10(1):286, 2020. URL https://doi.org/10.1038/s41398-020-00976-2.

S. E. P. Smith, J. Li, K. Garbett, K. Mirnics, and P. H. Patterson. Maternal immune activation alters fetal brain development through
interleukin-6. J Neurosci, 27(40):10695-10702, 2007. URL https://doi.org/10.1523/INEUROSCI.2178-07.2007.

E. Sherwin, S. R. Bordenstein, J. L. Quinn, T. G. Dinan, and J. F. Cryan. Microbiota and the social brain. Science, 366(6465):eaar2016,
2019. URL https://doi.org/10.1126/science.aar2016.

S. Langley, S. Uribe-Lewis, J. Uribe, H. Van Poppel, J. Goad, S. Bell, L. Foster, M. Pietrasik, A. Rooke, N. Pereira, K. Raja, C. Hodges,
M. Laniado, M. Knight, E. Bosonnet, and S. Bott. Targeted Prostate Health Checks, a novel screening system to identify men at risk of
prostate cancer: real-world evidence from more than 18 000 prostate-specific antigen tests. European Urology Oncology, 9(1):93-100,
2025. URL https://doi.org/10.1016/j.eu0.2025.10.007.

S. Ashique, S. Mohanto, M. G. Ahmed, N. Mishra, A. Garg, D. K. Chellappan, T. Omara, S. Igbal, and I. Kahwa. Gut-brain axis:
A cutting-edge approach to target neurological disorders and potential synbiotic application. Heliyon, 10(13):e34092, 2024. URL
https://doi.org/10.1016/j.heliyon.2024.e34092.

A. S. Campbell, B. D. Needham, C. R. Meyer, J. Tan, M. Conrad, G. M. Preston, F. Bolognani, S. G. Rao, H. Heussler, R. Griffith, A. J.
Guastella, A. C. Janes, B. Frederick, D. H. Donabedian, and S. K. Mazmanian. Safety and target engagement of an oral small-molecule
sequestrant in adolescents with autism spectrum disorder: an open-label phase 1b/2a trial. Nature Medicine, 28(3):528-534, 2022.
URL https://doi.org/10.1038/s41591-022-01683-9.

Z. lliodromiti, A. R. Triantafyllou, M. Tsaousi, A. Pouliakis, C. Petropoulou, R. Sokou, P. Volaki, T. Boutsikou, and N. Iacovidou.
Gut Microbiome and Neurodevelopmental Disorders: A Link Yet to Be Disclosed. Microorganisms, 11(2):487, February 2023. URL
https://doi.org/10.3390/microorganisms11020487. PMID: 36838452. PMCID: PMC9964594.

X. Xiao, Y. Wang, L. Zhang, and H. Liu. Developmental programming and the vulnerability of the endocrine and central nervous
systems during critical early-life windows. Journal of Neuroendocrinology, 36(4):e13245,2024. URL https://doi.org/10.1111/
jne.13245.

S. J. Jeon, D. H. Kim, and C. Y. Shin. Developmental exposure to endocrine disruptors and persistent pollutants heightens addiction
risk via toxicological mechanisms. Biomolecules Therapeutics, 34(3):471-490, 2026.

A. Cérdova-Casanova and S. E. Ozanne. Epigenetics and chemical exposures. Essays Biochem, 69(3):195-197, 2025. URL
https://doi.org/10.1042/EBC20253053. University of Cambridge Repository.

D. Klingelhofer, M. Braun, J. Droge, D. Briiggmann, and D. A. Groneberg. Global research on endocrine disruptors as emerging
hazards for human health and the environment. Frontiers in Endocrinology, 16:1561711, 2025. URL https://doi.org/10.3389/
fendo.2025.1561711.

T. Rabby, M. T. H. Rafi, N. Sultana, S. Saha, I. J. Naziha, S. Islam, U. Chen, S. A. Sumi, M. S. Hussain, Danishuddin, and M. A. Haque.
An Integrative Review of Bisphenol A (BPA): Mechanistic Insights into Exposure Dynamics, Multiorgan Toxicity and Biomolecular
Pathways. Environmental Reviews, 34:1-31,2026. URL https://doi.org/10.1139/er-2025-0245.

G. R. M. Dias, H. D. Zomer, N. F. Silva, and J. B. Graceli. Endocrine-disrupting properties of heavy metal exposure contribute to
the intergenerational effects on learning and memory. Frontiers in Endocrinology, 17:1761556, 2026. URL https://doi.org/10.
3389/fendo.2026.1761556.

P. Ataei, H. Kalantari, T. S. Bodnar, and R. J. Turner. The gut-brain connection: Microbes’ influence on mental health and psychological
disorders. Frontiers in Microbiomes, 4:1701608, 2026. URL https://doi.org/10.3389/frmbi.2025.1701608.

M. C. Karaer and T. Snoj. Drivers and potential effects of endocrine disruption in wild mammals: Known facts and open questions.
Frontiers in Environmental Science, 14:1761496, 2026. URL https://doi.org/10.3389/fenvs.2026.1761496.


https://doi.org/10.1016/j.neubiorev.2021.07.029
https://doi.org/10.1016/j.bbi.2016.06.005
https://doi.org/10.1093/schbul/sbq146
https://doi.org/10.1126/science.aad0314
https://doi.org/10.1126/science.aad0314
https://doi.org/10.1038/s41398-020-00976-2
https://doi.org/10.1523/JNEUROSCI.2178-07.2007
https://doi.org/10.1126/science.aar2016
https://doi.org/10.1016/j.euo.2025.10.007
https://doi.org/10.1016/j.heliyon.2024.e34092‏
https://doi.org/10.1038/s41591-022-01683-9
https://doi.org/10.3390/microorganisms11020487
https://doi.org/10.1111/jne.13245
https://doi.org/10.1111/jne.13245
https://doi.org/10.1042/EBC20253053
https://doi.org/10.3389/fendo.2025.1561711
https://doi.org/10.3389/fendo.2025.1561711
https://doi.org/10.1139/er-2025-0245
https://doi.org/10.3389/fendo.2026.1761556
https://doi.org/10.3389/fendo.2026.1761556
https://doi.org/10.3389/frmbi.2025.1701608
https://doi.org/10.3389/fenvs.2026.1761496

Healthcare Issues, 5(2):26-33, July-December: 2026. DOL: https://doi.org/10.58614/hi525 33

[31]

[32]

[33]

[34]

[35]

[36]

[37]

J. R. Griff, J. Langlie, N. B. Bencie, Z. J. Cromar, J. Mittal, I. Memis, S. Wallace, A. E. Marcillo, R. Mittal, and A. A. Eshraghi. Recent
advancements in noninvasive brain modulation for individuals with autism spectrum disorder. Neural Regeneration Research, 18(6):
1191-1195, 2022. URL https://doi.org/10.4103/1673-5374.360163.

X. Yuan, X. K. Wang, C. Yang, Q. R. Zhang, S. Z. Ma, Y. F. Zang, and W. Q. Dong. A systematic review of transcranial magnetic
stimulation treatment for autism spectrum disorder. Heliyon, 10(11):e32251, 2024. URL https://doi.org/10.1016/j.heliyon.
2024 .e32251.

S. G. Sorboni, H. S. Moghaddam, R. Jafarzadeh-Esfehani, and S. Soleimanpour. A comprehensive review on the role of the gut
microbiome in human neurological disorders. Clinical Microbiology Reviews, 35(1):e00338-20, 2022.

G. S. R. Kumar. Behavioural Intricacy Analysis—as Against “Elements of Behaviour” Modification in traditional and ABA Method-
ologies. International Journal of Advance Research Publication and Reviews, 2(8):326-347,2025. URL https://ijarpr.com/
uploads/V2ISSUE8/IJARPR0828. pdf.

R. K. Schuck, D. M. Tagavi, K. M. P. Baiden, P. Dwyer, Z. J. Williams, A. Osuna, E. F. Ferguson, M. J. Muiioz, S. K. Poyser, J. F.
Johnson, and T. W. Vernon. Neurodiversity and Autism Intervention: Reconciling Perspectives Through a Naturalistic Developmental
Behavioral Intervention Framework. Journal of Autism and Developmental Disorders, 52(10):4642-4657, 2022. URL https:
//doi.org/10.1007/s10803-021-05316-x.

A. D. Kaye, K. E. Allen, V. S. Smith Iii, V. T. Tong, V. E. Mire, H. Nguyen, Z. Lee, M. Kouri, C. J. Baptiste, C. N. Mosieri, A. M.
Kaye, G. Varrassi, and S. Shekoohi. Emerging Treatments and Therapies for Autism Spectrum Disorder: A Narrative Review. Cureus,
16(7):¢63671, 2024. URL https://doi.org/10.7759/cureus.63671.

Y. Hai, S. Bai, H. Qiao, D. Li, D. Wang, and M. Xia. A Review of Therapeutic Approaches for Autism Spectrum Disorder. Brain
Sciences, 15(12):1280, 2025. URL https://doi.org/10.3390/brainsci15121280.


https://doi.org/10.4103/1673-5374.360163
https://doi.org/10.1016/j.heliyon.2024.e32251
https://doi.org/10.1016/j.heliyon.2024.e32251
https://ijarpr.com/uploads/V2ISSUE8/IJARPR0828.pdf
https://ijarpr.com/uploads/V2ISSUE8/IJARPR0828.pdf
https://doi.org/10.1007/s10803-021-05316-x
https://doi.org/10.1007/s10803-021-05316-x
https://doi.org/10.7759/cureus.63671
https://doi.org/10.3390/brainsci15121280

	Introduction
	Autism Spectrum Disorder Etiology
	ASD's Genetic Architectureicroglia's function in aberrant synaptic pruning
	Neuroinflammation and Aberrant Synaptic Pruning

	Targeted Metabolite Adsorbents (AB-2004)
	Therapeutic Interventions: ``Psychobiotics" for Sociability
	Environmental Epigenetics and Neuroendocrine Reprogramming

	Modern methods of treating autism and their effectiveness
	Neuromodulation Therapies (rTMS & tDCS)
	Microbiota-Gut-Brain (MGB) Axis Customized Interventions
	Naturalistic Developmental Behavioral Intervention (NDBI)
	Pharmacotherapy Targeting New Biomarkers
	Digital Therapeutics (DTx), Virtual Reality, and AI

	Synthesis and Future Directions

