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Abstract

The gut-brain axis is a complex communication system that connects the gastrointestinal tract and the central nervous system. It

is bidirectional in nature. Also, it occurs through neural, hormonal and immune pathways.

Research is starting to show that gut microbiota affects certain neurotoxic effects by controlling inflammation, maintaining the
blood-brain barrier, and making neurotransmitters. The changes in the microbes of the gut cause the condition named dysbiosis.
If it is disturbed due to heavy metals, pesticides, drugs and chemicals, it would interfere with the neurotoxic response. Microbial
metabolites like SCFAs, bile acids, and tryptophan derivatives can potentiate or antagonize neurotoxicity by regulating oxidative
stress, excitotoxicity and immune activation. Also, new findings show that probiotics, prebiotics, and fecal microbiota transplantation
treatments may reverse neurotoxic damage and neurophysiological balance. Even though tests have helped us understand this well,
it is still hard to know for sure that these things happen in humans. The growing area of microbiome science and its association with
the field of neurotoxicology has tremendous importance in sub-fields of prevention, diagnostics and personalized therapeutics. More
is known about the link between our gut microflora and the brain, will open new ways to reduce neurotoxicity and achieve better

neurological health.
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Introduction

The gut-brain axis represents bidirectional communication between the gastrointestinal tract and the brain, facilitating physiological
and molecular connections through diverse signaling pathways [1]. This axis links complex structures and functions-such as stress

responses and immunomodulation-to neural targets, either independently or in combination [2]. The gut microbiota comprises a highly
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diverse and variable microbial population that establishes both symbiotic and homeostatic relationships with the host [3]. Several
molecular and cellular mechanisms underpin microbiota-brain interactions, including signaling molecules, immune system modulation,
autonomic neural pathways, and enteric nervous system activity, which in turn influence neurodevelopment, neuroinflammation, and
neurotransmitter production [4]. Together, the microbiota and central nervous system contribute to host function throughout life [5]. A
century after the enteric nervous system was identified, connections between gut microbes and the central nervous system have expanded
the understanding of the gut-brain axis, suggesting mediating roles in health and disease [6]. Robust evidence from animal models
indicates that the gut microbiota is crucial for proper neurodevelopment and neuronal function, while its composition and metabolic
activity can significantly affect behavior [1]. Microbiome-brain communication can be described through indirect or direct pathways,

providing a stronger rationale than traditional concepts of gut-microbiota-brain interaction [2].

Understanding the gut-brain axis

The gut-brain axis comprises the bidirectional communication between the gastrointestinal tract and the brain [1]. Signals from the
brain influence gastrointestinal functions such as motility and secretion, and sensory information from the digestive tract is transmitted
to CNS structures implicated in homeostatic and behavioral control [7]. Pathways of communication include multiple physiological

processes, ranging from neural and hormonal to molecular mechanisms [8].

Microbiota composition and diversity

Gut microbiota encompass a broad range of microbial populations (including bacteria, archaea, yeasts, and fungi) residing in the enteric
lumen, with bacterial counts reaching up to 10" 14 organisms belonging to at least 12-18 different phyla and approximately 1,000 species
[7]. This microbiota maintains general organ integrity and homeostasis of the intestinal mucosa, exhibiting considerable interindividual
variability in diversity and abundance [9]. The most prevalent bacterial phyla are Firmicutes and Bacteroidetes; species from the former
include Clostridium, Enterococcus, Lactobacillus, and Ruminococcus, while Bacteroidetes are represented by Bacteroides and Prevotella
[10]. Actinobacteria (mainly Bifidobacterium), Proteobacteria (Escherichia and Desulfovibrio), and Verrucomicrobia (Akkermansia) are
present at lower abundance (~10 - 15%). The human gut microbiome encompasses over 22 million genes and encodes tens of thousands

of different metabolic pathways [2].

Human microbiota composition undergoes continuous development and changes from the prenatal stage through birth, infancy, and
childhood, reaching adult configuration during early adolescence before declining with ageing/pre-geriatric stages [11]. Microbiota-gut-
brain axis communication systems may maintain healthy microbial colonization and significantly influence host physiology and brain

development throughout life via specific pathways [12].

Mechanisms of gut microbiota interaction with the brain

Bidirectional communication between the gut and brain connects the digestion of food with mood, behavior, and quality of life [2].
Several pathways mediate this microbiota influence on the central nervous system [13]. Gut bacteria significantly impact neuro-immune
and neuro-endo-crine functions in the gut-brain axis, although definitions of “immune” and “endocrine” vary [14]. The diversity of
commensal microorganisms implies a broad range of metabolites and molecules that can influence central nervous system physiology
[7]. Chemicals produced by or induced via bacteria in the digestive tract signal to the brain through various mechanisms, including
stimulation of enteric nerves; interaction with intestinal epithelium to activate neuropeptides or hormones; modulation of immune cells;

or entry into circulation, thereby reaching the brain through blood flow [15].
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Role of gut microbiota in neurodevelopment

Because of its location, the gastrointestinal tract constitutes the anatomical interface between the external environment and
the interior of an organism in charge of regulating the host's homeostasis [16]. Within the framework of the accidental exposure to
environmental contaminants that everyday products and food are a source of, the digestive system represents the principal route of intake
and a potential target of the toxicity of these substances [17]. Models available to study the toxic effects of contaminants in the intestine
are diverse, and they all have in common the use of isolated cells, two-dimensional (2D) cultures, or animal models for the study of toxicity
[18]. These poorly physiological models represent, in many cases, a barrier for the predictive extrapolation of data to humans [19]. Under
this premise, the present contribution highlights the potential application of organoids as a reliable tool for the toxicological assessment

of environmental pollutants and drugs that affect the intestine [20].

Impact of microbiota on neuroinflammation

Microbiota can regulate neuroinflammation, a key factor in the development of neurotoxicity [21]. Conversely, these microorganisms
may also contribute to neurotoxicity by promoting inflammatory cascades and accumulation of toxic metabolites in the nervous system [7].
The human microbiome shapes the immune response, modulating inflammatory activity within the brain [22]. Altered intestinal bacterial
populations frequently coincide with central nervous system disturbances, suggesting a role for microbiota-derived inflammation in nerve
damage [23]. Probiotic Bifidobacterium longum NCC3001 alleviates symptoms in patients with irritable bowel syndrome, attenuating
depressive components and modifying brain activation patterns [24]. The gut-brain axis provides a conceptual framework for mutual

influence between gastrointestinal and cerebral functions [25].

Altered gut flora often predates and may accelerate neuroinflammatory processes, particularly in Alzheimer’s disease [24]. Exposure
to bacterial lipopolysaccharides induces neuroinflammation by activating inflammatory pathways [23]. Moreover, gut bacteria generate
amyloids that could modulate neuroinflammatory responses [26]. Dietary interventions that preserve beneficial microbiota reduce
neuroinflammation, as demonstrated in Tg2576 transgenic mice [27]. Bacterial load also influences inflammatory responses: antibiotic-
mediated reductions in colonization prevent alcohol-induced neuroinflammation in mice [28]. Comparable phenomena occur in Gulf
War Illness, characterized by concurrent neurological and gastrointestinal disturbances [29]. Microbiota modulates neuroinflammatory
processes, whereas interactions with foreign compounds can exacerbate these and other adversities [30]. This dual capacity profoundly

affects neurotoxic mechanisms, in line with the modulation exercised throughout other domains of neural function [30].

Microbiota and neurotransmitter production

The gut microbiota can produce and modulate neurotransmitters involved in neural signalling and neurotoxicity pathways, including
y-aminobutyric acid (GABA), serotonin, glutamate, dopamine, and norepinephrine [31]. GABA is produced by Bacteroides, Parabacteroides,
and Escherichia species; their relative abundance positively correlates with depression-trait behaviors [2]. Early colonization enhances
enteric-spinal GABA receptor expression, and germ-free mice have reduced colonic and plasma GABA, but normal brain levels [32].
Serotonin is generated mainly by enterochromaffin cells under microbiota influence; metabolites such as a-tocopherol, tyramine, and
p-aminobenzoate increase peripheral 5-HT concentrations while the microbiota also supplies precursors and intermediates that influence
serotonin biosynthesis [33]. Glutamate is synthesized by bacteria including Corynebacterium glutamicum and Lactobacillus plantarum,
and microbes such as Escherichia coli produce dopamine and norepinephrine, although the mechanisms regulating their systemic
effects are poorly understood [22]. Microbial fermentation generates short-chain fatty acids (SCFAs) that affect behaviors such as those
associated with depression, neurodevelopment, anorexia, and colorectal cancer; SCFAs are absorbed in the colon and transported to the
bloodstream, where acetate concentrations reach 100 - 200 pM [34]. Through the generation and modulation of neuroactive compounds-
especially alkaloids-the microbiota shapes the circulating pool of these molecules and modulate host signalling pathways at multiple

levels [35]. This control over neurotransmitters constitutes a significant mechanism by which gut microbes influence brain function [36].
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Conclusion

The gut-brain axis is a bidirectional communication pathway linking the gut and brain, primarily influenced by the commensal
microbiota [7]. The microbiota contributes to the neuro-immune-endocrine connection, and emerging evidence shows that xenobiotics
interact with it [37]. Most evidence derives from animal models, which, although limited, demonstrated that the gut microbiota is
essential for proper neurodevelopment and neuronal function [1]. The gut hosts a broad diversity of microbial populations that modulate
neurotoxicity related to the central nervous system (CNS) via the gut-brain axis, conferring differential effects on a wide range of
xenobiotics [36]. Various molecular mechanisms mediate these interactions [38]. Neuronal development and function are influenced
by the microbiota, which plays a pivotal role in the modulation of neuroinflammation [26]. Through neurotransmitter production, the

microbiota participates in neurotoxicity pathways [39].
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