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ABSTRACT

Environmental neurotoxins, ranging from heavy metals and pesticides to industrial solvents and air pollutants are
increasingly recognized as critical contributors to synaptic dysfunction and cognitive decline. These toxins disrupt
synaptic architecture, neurotransmitter balance, and neural plasticity through oxidative stress, neuroinflammation,
mitochondrial damage, and epigenetic alterations. Traditional toxicology approaches often focus on isolated
pathways; however, systems biology offers a holistic framework to understand the multifactorial interactions
between environmental exposures and synaptic regulation. This review synthesizes current knowledge on how
neurotoxins affect synaptic function, highlights the utility of multi-omics and network modeling in unraveling
complex neurotoxic responses, and proposes integrative biomarkers for early detection of neurotoxin-induced
cognitive impairment. By adopting a systems biology lens, we uncover mechanistic insights that can inform public
health policies, guide therapeutic interventions, and enhance environmental risk assessment strategies aimed at
preserving cognitive health.
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INTRODUCTION

Cognitive decline is an escalating global health concern, especially as populations age and environmental exposures
become more complex and pervasive [17]. While genetic predisposition and aging are well-established contributors,
increasing evidence implicates environmental neurotoxins as significant, yet often overlooked, factors in the
pathogenesis of cognitive disorders [27]. Neurotoxins such as lead, mercury, pesticides, industrial solvents, and
airborne particulate matter have been linked to a broad spectrum of neurodevelopmental and neurodegenerative
conditions, including Alzheimer’s disease, Parkinson’s disease, attention deficit hyperactivity disorder (ADHD), and
other forms of cognitive impairment [37]. These environmental agents compromise central nervous system (CNS)
integrity through multiple overlapping pathways, including oxidative stress, mitochondrial dysfunction, chronic
inflammation, synaptic degradation, and alterations in epigenetic regulation [47]. Synaptic structures, which are
essential for neuronal communication and cognitive processes like memory consolidation, are particularly vulnerable
to environmental insults due to their high metabolic demand, complex architecture, and plastic nature [5].
Conventional approaches in toxicology have often focused on single-agent exposures and linear dose-response
models. However, the reality of environmental exposure is far more intricate, involving mixtures of agents, varying
exposure durations, and individual genetic and epigenetic susceptibilities. This necessitates a systems-level approach
that can integrate multi-dimensional biological data and uncover the dynamic interactions that underlie neurotoxin-
induced synaptic dysfunction. This review aims to bridge the gap between environmental neurotoxicology and
systems biology by exploring how various neurotoxicants disrupt synaptic function and how integrative modeling
techniques can provide new insights into their mechanisms of action. A particular focus is placed on identifying
shared molecular pathways and potential biomarkers that could inform public health strategies and therapeutic
interventions.
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Synaptic Architecture and Function: An Overview
Synapses are specialized structures that facilitate communication between neurons, enabling the transmission of
electrical and chemical signals throughout the brain. They are broadly classified into excitatory and inhibitory
synapses, depending on the nature of the neurotransmitter released [67. Excitatory synapses primarily use
glutamate, while inhibitory synapses rely on gamma-aminobutyric acid (GABA) [77]. The balance between these
two types of synapses is crucial for proper brain function and cognition. Each synapse comprises a presynaptic
terminal, synaptic cleft, and postsynaptic membrane [67. The presynaptic terminal contains synaptic vesicles loaded
with neurotransmitters, which are released into the synaptic cleft upon neuronal activation [87]. These
neurotransmitters bind to specific receptors on the postsynaptic membrane, triggering downstream signaling
cascades that modulate neuronal excitability and plasticity. Synaptic function is regulated by a host of proteins,
including synaptophysin, synapsin, PSD-95, and others that maintain structural stability and signaling efficiency
r97.
Synaptic plasticity, the ability of synapses to strengthen or weaken over time, underlies learning and memory
processes. Long-term potentiation (LTP) and long-term depression (LTD) are key mechanisms of synaptic
plasticity, dependent on calcium signaling, receptor trafficking, and transcriptional changes [107]. Any disturbance
in these tightly regulated processes can impair information processing, memory formation, and cognitive
performance. Environmental neurotoxins can interfere with synaptic architecture and function at multiple levels.
For example, they may alter the expression or function of synaptic proteins, disrupt neurotransmitter release and
reuptake, impair receptor signaling, or destabilize the cytoskeleton [117]. Moreover, because synaptic transmission
is energy-dependent, disruptions in mitochondrial function—often induced by environmental toxins—can further
impair synaptic efficacy and lead to neurodegeneration [127].
Environmental Neurotoxins and Synaptic Disruption
Environmental neurotoxins encompass a wide range of naturally occurring and synthetic chemicals that can
adversely affect brain function. These substances may enter the human body through inhalation, ingestion, dermal
absorption, or transplacental transfer, accumulating in neural tissues where they exert toxic effects over time [137.
Heavy metals like lead and mercury are among the most extensively studied neurotoxins. Lead exposure,
particularly in children, has been associated with reduced 1Q, learning disabilities, and behavioral problems [14].
At the synaptic level, lead impairs calcium signaling, disrupts synaptic vesicle cycling, and reduces the expression
of NMDA receptors essential for LTP [157]. Mercury, particularly in the form of methylmercury, crosses the blood-
brain barrier and affects glutamate homeostasis, leading to excitotoxicity and neuronal death [167].
Pesticides, especially organophosphates such as chlorpyrifos, inhibit acetylcholinesterase and cause an accumulation
of acetylcholine in the synaptic cleft, resulting in overstimulation of cholinergic pathways [177]. Chronic exposure
to such compounds disrupts synaptic integrity, impairs memory, and increases the risk of neurodegenerative diseases
[187. Pyrethroids, though considered safer, have been shown to alter GABAergic signaling and affect neuronal
excitability (197 Industrial pollutants, including polychlorinated biphenyls (PCBs) and dioxins, can alter synaptic
protein expression, mitochondrial function, and neurotrophic signaling pathways [207]. PCBs have been shown to
reduce dendritic spine density and interfere with the development of functional neural circuits [217. Furthermore,
air pollution, particularly fine (PM2.5) and ultrafine particles (PMO0.1), has gained attention as a significant
neurotoxic agent [227. These particles can induce systemic inflammation, cross the blood-brain barrier, and trigger
microglial activation, leading to synaptic pruning and cognitive decline. These findings collectively highlight the
vulnerability of synapses to environmental toxins and underscore the need for comprehensive frameworks—Iike
systems biology—to understand their cumulative impact on brain health.
Mechanistic Pathways Linking Neurotoxins to Synaptic Dysfunction
The impact of environmental neurotoxins on synaptic function is mediated through a convergence of molecular and
cellular disruptions. Among the most prominent mechanistic pathways are oxidative stress, mitochondrial
impairment, neuroinflammation, and epigenetic alterations. Oxidative stress is a central mechanism by which
neurotoxins exert their harmful effects [237. Many environmental agents, including heavy metals like lead and
mercury, generate reactive oxygen species (ROS) and reactive nitrogen species (RNS), overwhelming the
antioxidant defense systems [247. This oxidative imbalance leads to lipid peroxidation, DNA damage, and protein
oxidation. Since synapses are rich in polyunsaturated fatty acids and metabolically active, they are particularly
susceptible to oxidative damage, resulting in impaired neurotransmitter release, receptor sensitivity, and synaptic
plasticity [257.
Mitochondrial dysfunction is another key mechanism linked to synaptic failure. Mitochondria are vital for
maintaining calcium homeostasis and ATP production, both of which are essential for synaptic transmission and
vesicle recycling [267]. Environmental toxins such as rotenone, a pesticide, impair mitochondrial complex I activity,
leading to ATP depletion, reduced synaptic function, and eventual neuronal apoptosis. Mitochondrial damage also
exacerbates ROS production, amplifying neurotoxic effects [277]. Neuroinflammation is commonly induced by
environmental exposures and plays a crucial role in mediating synaptic disruption. Neurotoxins activate microglia
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and astrocytes, leading to the release of pro-inflammatory cytokines such as TNF-a, IL-1f, and IL-6 [287. These
cytokines can downregulate synaptic proteins, reduce synaptic density, and impair LTP. Chronic inflammation also
leads to aberrant synaptic pruning, particularly during development, resulting in lasting cognitive impairments
[297.
Epigenetic modifications induced by environmental exposures contribute to long-term changes in gene expression
[307]. DNA methylation, histone modification, and non-coding RNAs can alter the transcription of genes involved
in synaptic function, neuroplasticity, and cell survival [317]. These changes are often persistent and may even be
transmitted transgenerationally, highlighting the far-reaching effects of environmental neurotoxicity.

Systems Biology Approach: A New Lens for Neurotoxicology
Systems biology provides a holistic and integrative approach to understanding how environmental neurotoxins
affect brain function at multiple levels [327. Unlike reductionist models that examine isolated pathways, systems
biology incorporates genomics, transcriptomics, proteomics, metabolomics, and computational modeling to build
comprehensive interaction networks and identify emergent properties of biological systems [337. Using
transcriptomic data, researchers can identify gene expression changes in response to specific neurotoxins and map
them to signaling pathways and functional modules [34]. Proteomics enables the profiling of synaptic proteins and
post-translational modifications, revealing disruptions in synaptic architecture [35]. Metabolomics helps to identify
alterations in energy metabolism, neurotransmitter precursors, and oxidative stress markers [367. Integration of
these omics platforms can reveal shared and toxin-specific signatures of synaptic impairment. Network-based
modeling tools such as weighted gene co-expression network analysis (WGCNA), Bayesian networks, and machine
learning algorithms facilitate the identification of key driver genes and regulatory hubs affected by environmental
exposures [37]. These methods allow for the prediction of outcomes from multi-toxicant exposures and help
prioritize intervention targets.
Furthermore, systems biology supports the development of predictive toxicology platforms. In silico simulations,
coupled with high-throughput screening and data from human cohorts, can identify early biomarkers of neurotoxic
exposure and stratify individuals based on susceptibility profiles [387. These tools are especially valuable in
understanding the effects of low-dose, chronic exposures and gene-environment interactions that are difficult to
capture with traditional methods.

Translational Implications and Public Health Significance
Understanding the systems-level effects of environmental neurotoxins on synaptic function has significant
translational and public health implications. At the clinical level, integrative biomarkers identified through systems
biology approaches can serve as early indicators of neurotoxin-induced cognitive decline [897. These may include
specific blood-based markers, epigenetic signatures, or panels of synaptic proteins detectable in cerebrospinal fluid.
Therapeutically, mechanistic insights into oxidative stress, mitochondrial dysfunction, and inflammatory pathways
offer new targets for drug development [407. Antioxidants, anti-inflammatory agents, and mitochondrial stabilizers
are being investigated to counteract neurotoxic damage [427. Personalized medicine approaches, informed by
individual exposure history and genetic makeup, could improve intervention outcomes and reduce the burden of
cognitive disorders [417].
From a policy perspective, findings from systems toxicology can guide regulatory decisions by identifying high-risk
chemicals and setting exposure limits [437. It also supports environmental monitoring programs and helps
policymakers prioritize areas for remediation. Public health strategies, including education, surveillance, and dietary
interventions, can be informed by this integrated knowledge to protect vulnerable populations, especially children
and the elderly. In summary, systems biology provides a powerful framework for translating complex
neurotoxicology findings into actionable health outcomes, driving both preventive and therapeutic innovations in
the fight against environmental contributors to cognitive decline.

CONCLUSION

Environmental neurotoxins represent a pervasive and modifiable risk factor for synaptic dysfunction and cognitive
impairment. The integration of systems biology into neurotoxicology provides a comprehensive platform to decode
complex exposure-response relationships, identify early biomarkers of damage, and design precision interventions.
Protecting brain health in the face of increasing environmental threats requires not only individual-level strategies
but also systemic public health policies anchored in translational science.
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