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ABSTRACT

Environmental neurotoxins represent a growing public health concern due to their potential to disrupt neural
development, cognitive function, and brain integrity across the human lifespan. Exposure to heavy metals, pesticides,
industrial chemicals, and air pollutants has been implicated in a range of neurodevelopmental and neurodegenerative
disorders, including autism spectrum disorder (ASD), attention deficit hyperactivity disorder (ADHD), Parkinson’s
disease (PD), and Alzheimer’s disease (AD). This review synthesizes current evidence on the sources, mechanisms
of action, and epidemiological links between major environmental neurotoxicants and adverse brain health
outcomes. Mechanistic insights reveal that oxidative stress, mitochondrial dysfunction, neuroinflammation, and
epigenetic modifications play central roles in mediating neurotoxicity. We also examine critical windows of
vulnerability, particularly during prenatal and early postnatal brain development. Epidemiological studies are
discussed, highlighting associations between specific toxins-such as lead, mercury, organophosphates, and fine
particulate matter-and cognitive and behavioral impairments in both children and adults. Despite significant
advancements, challenges remain in exposure assessment, identifying cumulative effects, and establishing causality.
A multidisciplinary approach integrating toxicology, neuroscience, environmental health, and policy is essential for
mitigating risk and protecting vulnerable populations. Strengthening public awareness and regulatory frameworks
will be pivotal in reducing the global burden of neurotoxic exposures.
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INTRODUCTION

Environmental exposures to neurotoxic substances have become a pressing global health issue, with implications
that span from early brain development to the onset of neurodegenerative diseases later in life [17]. Unlike acute
neurotoxins that cause immediate and severe neurological damage, chronic low-dose exposure to environmental
pollutants often results in subtle but persistent disruptions to brain structure and function [27]. These disruptions
may manifest as developmental delays in children or progressive cognitive decline in adults. The effects can be
insidious and difficult to attribute directly to specific exposures, especially in settings where monitoring is
inadequate. Populations in low- and middle-income countries are particularly vulnerable due to several factors,
including poor environmental regulation, limited access to health information, unsafe occupational practices, and
the use of hazardous materials in agriculture and industry [87. Children, pregnant women, and the elderly are
especially susceptible to neurotoxic effects, due to developmental vulnerabilities and diminished detoxification
capacities [47]. This review explores the major categories of environmental neurotoxins, their known mechanisms
of action on the human brain, and the epidemiological evidence linking these substances to cognitive and
neurological disorders. By synthesizing current knowledge, this article aims to highlight areas of concern, research
gaps, and the need for global strategies to mitigate neurotoxic exposure and protect brain health.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited


file:///C:/Users/KIU%20WESTERN/Desktop/61/kiu.ac.ug

https://www.eejournals.org Open Access

2. Major Classes of Environmental Neurotoxins
2.1 Heavy Metals
Heavy metals such as lead, mercury, arsenic, and cadmium are among the most studied environmental neurotoxins
[5]. Lead exposure, even at low levels, has been conclusively linked to reduced I1Q, attention deficit, learning
disabilities, and behavioral disorders in children [67. Prenatal exposure can cause irreversible damage to the
developing brain. Mercury, particularly in the organic form methylmercury, enters the food chain through fish and
seafood. It can cross the placenta and the blood-brain barrier, impairing neuronal migration and synaptogenesis [ 7].
Arsenic and cadmium, commonly found in contaminated water and food, have been associated with memory
impairment, mood disturbances, and increased risk for Alzheimer’s disease and other cognitive disorders [87].
2.2 Pesticides and Herbicides
Agricultural chemicals such as organophosphates, carbamates, and paraquat pose substantial neurotoxic risks. These
compounds inhibit acetylcholinesterase, an essential enzyme for neurotransmission, leading to neural hyperactivity
and subsequent cell death [9,107]. Long-term exposure, especially in agricultural workers, has been linked to
increased risk of Parkinson’s disease, tremors, poor motor coordination, and cognitive dysfunction [107]. Prenatal
and early childhood exposure to pesticides has been correlated with developmental delays and higher rates of
attention-deficit and autism spectrum disorders [117].
2.3 Industrial Chemicals
Industrial activities have introduced numerous persistent organic pollutants (POPs) into the environment.
Compounds such as polychlorinated biphenyls (PCBs), brominated flame retardants (BFRs), and solvents, including
toluene and trichloroethylene, are known to affect the central nervous system [127]. PCBs disrupt thyroid hormone
balance, crucial for brain development, while solvents interfere with neuronal membrane integrity and synaptic
plasticity [137]. Many of these substances are lipophilic and bioaccumulate in human tissues, making their long-term
effects particularly concerning.
2.4 Air Pollutants
Airborne pollutants, including fine particulate matter (PM2.5), nitrogen oxides, sulfur dioxide, carbon monoxide,
and ground-level ozone, are increasingly recognized as contributors to cognitive decline and neurodegeneration
[147]. Inhaled particles can reach the brain either via the olfactory nerve or by crossing the blood-brain barrier.
These pollutants initiate neuroinflammatory responses and oxidative damage in brain tissues. Long-term exposure
to high levels of air pollution has been associated with decreased brain volume, accelerated brain aging, and elevated
risk of dementia and stroke, particularly among urban and elderly populations [157.
3. Mechanisms of Neurotoxicity
3.1 Oxidative Stress
Oxidative stress is a common mechanism through which many environmental neurotoxins exert their harmful
effects [167]. By increasing the production of reactive oxygen species (ROS), these substances damage lipids,
proteins, and nucleic acids in neurons. The brain’s high oxygen demand and lipid-rich environment make it highly
susceptible to oxidative damage, which can disrupt synaptic communication and neuronal survival [177].
3.2 Mitochondrial Dysfunction
Mitochondria are critical for energy production and cellular metabolism in neurons [ 187]. Toxins like rotenone and
paraquat impair mitochondrial electron transport, leading to reduced ATP generation, release of pro-apoptotic
factors, and eventual cell death [197]. Mitochondrial dysfunction has been strongly linked to Parkinson’s disease and
other age-related neurodegenerative conditions [207].
3.3 Neuroinflammation
Exposure to neurotoxicants often activates the brain’s immune cells, microglia, and astrocytes, triggering a chronic
inflammatory response [217]. This sustained neuroinflammation results in the release of pro-inflammatory cytokines
and chemokines, which interfere with synaptic function, neurogenesis, and neuronal repair mechanisms [227].
Inflammation is now recognized as a key contributor to the pathogenesis of diseases such as Alzheimer’s, multiple
sclerosis, and depression [237].
3.4 Epigenetic Modifications
Emerging evidence suggests that environmental toxins can induce long-lasting changes in gene expression through
epigenetic modifications [247]. These include alterations in DNA methylation patterns, histone modifications, and
changes in microRNA profiles. Such epigenetic disruptions may affect neurodevelopmental pathways and increase
susceptibility to psychiatric and neurodegenerative diseases, often across multiple generations [257].
4. Epidemiological Evidence
Epidemiological studies play a vital role in elucidating the real-world impact of environmental neurotoxins on
human brain health. They provide population-level insights into associations between exposures and neurological
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outcomes, often highlighting vulnerable groups such as children, the elderly, and occupationally exposed individuals
[267].
4.1 Neurodevelopmental Disorders
There is growing evidence that early-life exposure to environmental neurotoxins significantly affects
neurodevelopment [277]. Several birth cohort studies, including the CHAMACOS (Center for the Health
Assessment of Mothers and Children of Salinas) study in California, have shown that prenatal exposure to
organophosphate pesticides is associated with reduced I1Q scores, impaired attention, and a higher prevalence of
attention-deficit hyperactivity disorder (ADHD) in children [287. Similarly, exposure to lead during gestation and
early childhood has been linked to developmental delays, lower educational attainment, and increased rates of
behavioral problems [297. Methylmercury exposure, primarily through maternal fish consumption, has been
implicated in motor dysfunction and language delays [307]. The impact of such exposures during critical windows
of brain development can have long-lasting consequences on cognitive capacity, academic performance, and social
functioning.
4.2 Neurodegenerative Diseases
In adults, long-term exposure to neurotoxic substances is increasingly associated with the onset of
neurodegenerative disorders. Numerous epidemiological studies have reported a higher incidence of Parkinson’s
disease in individuals with chronic occupational exposure to pesticides, especially paraquat and maneb [317]. Air
pollution, particularly fine particulate matter (PM2.5), has also been associated with increased risk of Alzheimer’s
disease and vascular dementia [327]. Data from urban populations show that sustained exposure to traffic-related air
pollution correlates with smaller brain volume, hippocampal atrophy, and the accumulation of amyloid plaques, a
hallmark of Alzheimer’s pathology [337. Furthermore, heavy metals such as cadmium and arsenic have been
suggested as potential contributors to dementia progression through oxidative stress and inflammation [347].
4.3 Cognitive Decline
Beyond overt neurodegenerative disease, environmental neurotoxins have been associated with more subtle but
widespread effects on cognitive function. Studies from the United States, Europe, and Asia have reported that
cumulative exposure to lead, solvents, and industrial chemicals correlates with diminished executive function,
processing speed, and working memory in adults and the elderly. For example, research from the Normative Aging
Study found that cumulative lead exposure was associated with progressive cognitive decline and increased risk of
depression in older men [357. Longitudinal data also suggest that air pollution may accelerate cognitive aging and
increase susceptibility to mild cognitive impairment, a known precursor to dementia [367].
5. Challenges and Gaps in Research

Despite accumulating evidence, several challenges continue to hinder the full understanding and public health
translation of research on environmental neurotoxicity. One major limitation is the difficulty in quantifying lifetime
exposures [37]. Most studies rely on single-point measurements or retrospective self-reports, which may not
accurately capture cumulative or early-life exposures. Additionally, variability in individual susceptibility due to
genetic differences, nutritional status, socioeconomic factors, and pre-existing health conditions complicates the
interpretation of findings [387]. Another critical gap lies in the assessment of combined exposures. In real-life
settings, individuals are rarely exposed to a single neurotoxin in isolation. Instead, they encounter complex mixtures
of chemicals with potential additive or synergistic effects [897. Yet, most toxicological and epidemiological studies
continue to evaluate single-agent effects, limiting their ecological validity. Moreover, there is a lack of standardized
biomarkers and validated clinical tools to detect early signs of neurotoxicity, which restricts early intervention and
risk stratification [407]. Longitudinal studies with comprehensive exposure histories, consistent neurocognitive
assessments, and integration of omics-based approaches (genomics, epigenomics, metabolomics) are urgently needed
to uncover mechanisms and inform targeted prevention strategies.

6. Public Health and Policy Implications
Addressing the public health burden of environmental neurotoxins requires a multifaceted and collaborative
approach. Regulatory interventions have already demonstrated significant benefits. The removal of lead from
gasoline and paint has led to measurable improvements in population I1Q scores and a decline in childhood blood
lead levels [417]. Similarly, restricting the use of certain high-risk pesticides has reduced occupational poisonings
and associated health impacts in some regions [427.
However, enforcement of environmental safety standards remains inconsistent, especially in low-resource settings.
National and international policies must focus on stricter regulation of industrial emissions, agricultural chemicals,
and air quality. Additionally, implementing surveillance systems to monitor neurotoxic exposures and associated
health outcomes will be key in guiding and evaluating interventions.
Public education campaigns targeting schools, workplaces, and healthcare providers are essential in raising
awareness of the risks associated with common environmental exposures. Preventive strategies should also prioritize
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high-risk groups such as pregnant women, children, and workers in high-exposure occupations. Integrating
environmental health into clinical practice through training, screening, and environmental history-taking can
further improve early detection and risk mitigation. Ultimately, reducing the neurotoxic burden on human
populations will require political will, cross-sectoral collaboration, and sustained investment in research,
infrastructure, and advocacy.
CONCLUSION

Environmental neurotoxins pose a significant and underrecognized threat to human brain health. The accumulating
evidence from mechanistic studies and epidemiological data underscores the urgent need for preventive strategies,
improved diagnostics, and targeted interventions. Prioritizing environmental brain health should be a key
component of global public health agendas, especially in protecting vulnerable populations such as children,
pregnant women, and the elderly.
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