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Abstract
The widespread use of agrochemicals in U.S. agriculture raises concerns about long-term health effects, particularly cancer risk among agricultural populations. This mini-review examines major exposure pathways, including occupational, environmental, dietary, and para-occupational routes, which contribute to cumulative and prolonged exposure. Epidemiological studies suggest associations between agrochemical exposure and cancers such as non-Hodgkin lymphoma, leukemia, and prostate cancer, although findings remain inconsistent. Mechanistic evidence supports potential carcinogenic effects through genotoxicity, oxidative stress, endocrine disruption, and epigenetic changes. Current regulatory frameworks may underestimate risks due to limited consideration of mixture effects and chronic exposure. Vulnerable populations, including migrant workers and children, are disproportionately affected. This review highlights the need for improved risk assessment approaches and targeted interventions to reduce exposure and protect public health.
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1. Introduction
Agriculture in the United States depends heavily on the widespread use of agrochemicals, with over a billion pounds of pesticides applied annually to sustain crop productivity and meet food demands. While these substances including herbicides, insecticides, fungicides, and fertilizers play an essential role in modern farming, growing concern surrounds their long-term health implications. In particular, chronic exposure to agrochemicals has been increasingly associated with elevated cancer risk among agricultural workers and rural populations[1].
Unlike the general population, agricultural workers are exposed to complex mixtures of chemicals through occupational, environmental, and dietary pathways over extended periods. This repeated, low-dose exposure raises concerns about cumulative and synergistic effects that are not fully captured by conventional risk assessments. Furthermore, cancer’s long latency period complicates efforts to establish clear causal relationships, making it essential to integrate evidence from multiple disciplines[2].
In recent years, the concept of environmental determinants of cancer has gained increasing attention, particularly in relation to agricultural practices. Agrochemicals represent one of the most pervasive environmental exposures globally, with both acute and chronic health implications. While regulatory agencies focus primarily on acute toxicity, growing evidence suggests that long-term, low-dose exposure may play a more significant role in carcinogenesis. This shift in understanding underscores the importance of adopting more comprehensive and preventive approaches to environmental health risk assessment[3].
This review argues that current approaches to evaluating agrochemical safety may underestimate cancer risk due to insufficient consideration of cumulative exposures and biological complexity. By synthesizing epidemiological evidence, exposure pathways, mechanistic insights, and regulatory frameworks, this review provides a comprehensive assessment of cancer risk in U.S. agricultural populations and highlights critical gaps for future research and policy development.
Moreover, the complexity of agrochemical exposure presents significant challenges for traditional toxicological approaches that evaluate single substances in isolation. In real-world agricultural settings, individuals are exposed to mixtures of chemicals that may interact in additive or synergistic ways. This disconnect between laboratory-based assessments and real-world exposure conditions underscores the need for more holistic and integrative research frameworks[4].
In addition, the increasing global burden of cancer has intensified the need to better understand environmental contributors to disease. Agrochemical exposure represents a modifiable risk factor, making it particularly important from a public health perspective. By identifying and addressing these risks, it may be possible to reduce cancer incidence among agricultural populations while maintaining agricultural productivity[5].

2. Overview of Agrochemical Use in U.S. Agriculture
The United States is among the largest consumers of agrochemicals globally, with intensive application across major crops such as corn, soybeans, wheat, and fruits. Agrochemicals are broadly classified into herbicides, insecticides, fungicides, and fertilizers, each serving distinct roles in pest control and crop enhancement. Among these, glyphosate-based herbicides dominate usage, particularly in genetically modified crop systems designed for herbicide resistance[6].
Historically, organophosphate insecticides were widely used but have declined due to regulatory restrictions stemming from their neurotoxic properties. However, concerns about carcinogenic potential persist. Newer chemical classes, such as neonicotinoids, have emerged as alternatives, though their long-term human health effects remain insufficiently studied. This shift toward newer compounds highlights a recurring challenge: replacement chemicals are often introduced before their chronic health impacts are fully understood[7].
Agrochemical application patterns vary by region, season, and farming practices. Large-scale industrial farms rely on mechanized spraying systems that can lead to widespread environmental dispersion, while smaller operations may involve manual application, increasing direct exposure risks. Improper handling, storage, and disposal further contribute to contamination of soil, air, and water systems[8].
These widespread and variable usage patterns directly shape the complexity of exposure pathways, underscoring the need for integrated approaches to risk assessment that account for real-world conditions rather than isolated chemical evaluations. Key classes of agrochemicals, their common applications, and associated cancer risks are summarized in Table 1.
Table 1: Major Agrochemicals and Associated Cancer Risks
	Agrochemical Class
	Example Compounds
	Common Uses
	Associated Cancer Types
	Key Mechanisms

	Herbicides
	Glyphosate
	Weed control in crops
	Non-Hodgkin lymphoma (NHL)
	Genotoxicity, oxidative stress

	Organophosphate Insecticides
	Malathion, Chlorpyrifos
	Pest control
	Leukemia, NHL
	DNA damage, oxidative stress

	Pyrethroid Insecticides
	Permethrin
	Agricultural & domestic pest control
	Possible breast cancer
	Endocrine disruption

	Fungicides
	Mancozeb
	Crop disease control
	Thyroid, liver cancer
	Endocrine disruption

	Neonicotinoids
	Imidacloprid
	Seed treatment, pest control
	Emerging/limited evidence
	Oxidative stress, neurotoxicity



Beyond the United States, global agrochemical use has risen significantly over the past decades, particularly in developing agricultural economies. This global increase reflects intensification of food production systems, which often rely heavily on chemical inputs. However, differences in regulatory frameworks and enforcement capacity contribute to varying levels of exposure and risk. In the U.S., although regulatory oversight is relatively strong, the scale and frequency of agrochemical application still present substantial exposure concerns, particularly in high-production regions[9,10].
Another important consideration is the environmental persistence of many agrochemicals, which allows them to remain active in soil and water long after application. This persistence not only prolongs exposure duration but also increases the likelihood of bioaccumulation within ecosystems. As a result, even populations not directly involved in agricultural activities may experience indirect exposure, further expanding the public health implications of agrochemical use.
In addition, economic pressures within modern agriculture often incentivize increased agrochemical use to maximize yield and efficiency. This dependency can create a cycle in which chemical inputs become essential for maintaining productivity, potentially limiting the adoption of safer or more sustainable alternatives. Consequently, addressing health risks associated with agrochemicals requires not only scientific and regulatory solutions but also structural changes within agricultural systems[8,11].


3. Pathways of Agrochemical Exposure
Agricultural populations encounter agrochemicals through multiple interconnected pathways, making exposure assessment particularly complex.
3.1 Occupational Exposure
Occupational exposure remains the most significant route, particularly for farmers, pesticide applicators, and field workers. Direct contact occurs during mixing, loading, and spraying activities, with dermal absorption being the primary route. Inhalation of airborne particles and accidental ingestion also contribute to exposure. Limited use of personal protective equipment (PPE), inadequate training, and economic constraints further exacerbate exposure levels, particularly among migrant and seasonal workers[12].
Studies have shown that dermal exposure accounts for the majority of pesticide absorption among agricultural workers, particularly during mixing and application processes. Factors such as temperature, humidity, and duration of exposure significantly influence absorption rates. Moreover, improper use or lack of personal protective equipment further increases internal dose levels, highlighting occupational safety gaps in agricultural settings[13].

3.2 Environmental Exposure
Environmental dispersion of agrochemicals extends exposure beyond occupational settings. Spray drift can carry chemicals into nearby residential areas, while runoff contaminates soil and water systems. Groundwater contamination is especially concerning in rural communities that rely on private wells, which are often not subject to rigorous monitoring[14,15]. This creates a persistent, low-level exposure risk for non-occupational populations.
Environmental transport mechanisms such as volatilization and atmospheric drift enable agrochemicals to travel significant distances from their original application sites. This phenomenon has been documented in both rural and urban environments, raising concerns about broader population exposure. Additionally, contamination of surface and groundwater sources introduces chronic exposure risks through drinking water systems[13,16].
3.3 Dietary Exposure
Residues of agrochemicals on food products represent an important exposure pathway for both agricultural and general populations. Although regulatory agencies establish maximum residue limits to ensure food safety, chronic dietary intake of low-dose contaminants remains a concern. Individuals consuming locally grown produce or living near agricultural areas may experience higher exposure levels due to proximity to pesticide application. Additionally, cumulative dietary exposure over time may contribute to overall body burden, particularly among vulnerable populations such as children and pregnant women, who are more susceptible to toxic effects[17].

3.4 Para-occupational Exposure
Family members of agricultural workers are indirectly exposed through contaminated clothing, equipment, and household dust. Children are particularly vulnerable due to developmental sensitivity and behavioral factors such as increased hand-to-mouth activity[18].
Taken together, these pathways illustrate the cumulative nature of agrochemical exposure. An integrated framework linking these exposure routes is essential for accurately estimating long-term health risks. Overall, these exposure pathways do not occur in isolation but rather interact to create a cumulative exposure burden. This cumulative nature complicates risk assessment and necessitates integrated models that consider multiple exposure sources simultaneously over time.
Importantly, variability in individual behavior, workplace practices, and environmental conditions leads to significant differences in exposure levels among individuals. This heterogeneity complicates efforts to establish standardized exposure thresholds and underscores the importance of personalized and context-specific risk assessment approaches[19]

Furthermore, seasonal variations in agricultural activity can lead to fluctuating exposure levels, with peak exposures occurring during planting and spraying periods. These temporal patterns are often overlooked in exposure assessments but are critical for understanding periods of heightened risk and for designing effective intervention strategies.
4. Epidemiological Evidence Linking Agrochemical Exposure to Cancer
Given the diversity of exposure pathways, epidemiological studies have attempted to quantify the relationship between agrochemical exposure and cancer risk, with mixed but increasingly concerning results[20].
4.1 Hematologic Cancers
A substantial body of evidence links pesticide exposure to hematologic malignancies, including non-Hodgkin lymphoma (NHL), leukemia, and multiple myeloma. Large cohort studies, such as the Agricultural Health Study (AHS), have reported associations between specific chemicals particularly glyphosate[21] and certain organophosphates and increased NHL risk. However, findings are not entirely consistent, reflecting differences in exposure assessment and study design.
Several large-scale epidemiological studies have attempted to quantify these associations, including prospective cohort studies and case-control analyses. While some studies report strong correlations between pesticide exposure and hematologic cancers, others show weaker or non-significant associations. These inconsistencies may be attributed to differences in exposure assessment methods, genetic susceptibility, and environmental cofactors[5].
4.2 Solid Tumors
Associations have also been observed between agrochemical exposure and solid tumors, including prostate, lung, breast, and colorectal cancers. Prostate cancer, in particular, appears elevated among male agricultural workers, suggesting possible links to endocrine-disrupting chemicals[22]. Nevertheless, variability across studies highlights the influence of confounding factors such as lifestyle, genetics, and co-exposures.
For solid tumors, evidence suggests that endocrine-disrupting chemicals may play a key role in hormone-related cancers. However, the multifactorial nature of these cancers makes it difficult to isolate the contribution of agrochemical exposure from other risk factors such as diet, lifestyle, and genetic predisposition[23].

4.3 Dose-Response Relationships
Several studies demonstrate dose-response relationships, where increased duration and intensity of agrochemical exposure are associated with higher cancer risk. These findings strengthen causal inference by suggesting a direct relationship between exposure and disease outcomes. However, accurately quantifying exposure over time remains a major challenge, as many studies rely on self-reported data, which may introduce recall bias and reduce reliability[24].
4.4 Limitations and Critical Evaluation
Despite growing evidence, significant limitations persist. Exposure misclassification, recall bias, and the inability to isolate individual chemical effects complicate interpretation. Additionally, many studies fail to account for combined exposures and socio-economic confounders, potentially underestimating true risk.
Overall, while epidemiological evidence does not always provide definitive conclusions, the cumulative findings suggest a credible association between agrochemical exposure and increased cancer risk, warranting precautionary approaches[25].
Despite these limitations, the overall body of evidence suggests a consistent pattern indicating elevated cancer risk among populations with higher agrochemical exposure. This reinforces the need for precautionary public health strategies and more robust research methodologies.
Furthermore, inconsistencies across epidemiological studies highlight the need for improved exposure assessment methods, including the use of biomarkers and longitudinal monitoring. Advances in data integration and statistical modeling may help clarify these relationships and strengthen causal inference in future research.
Another important consideration is the potential for publication bias, where studies reporting positive associations are more likely to be published than those with null findings. This may influence the overall perception of risk and highlights the need for balanced interpretation of the available evidence[5,26].

5. Mechanisms of Carcinogenicity
Understanding the biological mechanisms underlying agrochemical-induced carcinogenesis is essential for strengthening causal interpretations.
5.1 Genotoxicity
Certain agrochemicals can directly damage DNA, leading to mutations that initiate cancer development. Chromosomal aberrations and DNA strand breaks have been observed following exposure to specific pesticides, indicating their genotoxic potential[27].
5.2 Oxidative Stress
Many agrochemicals induce the production of reactive oxygen species (ROS), resulting in oxidative damage to cellular components. This oxidative stress may act synergistically with genotoxic effects, amplifying DNA damage and promoting tumor progression[28].
Oxidative stress not only damages DNA but also affects cellular signaling pathways, potentially leading to uncontrolled cell proliferation. This mechanism is particularly relevant in chronic exposure scenarios where persistent oxidative damage accumulates over time.
5.3 Endocrine Disruption
Some chemicals interfere with hormonal signaling pathways, disrupting endocrine function. This mechanism is particularly relevant for hormone-dependent cancers such as breast and prostate cancer, where altered hormone regulation can drive tumor growth[29].
5.4 Epigenetic Modifications
Emerging evidence suggests that agrochemicals can alter gene expression through epigenetic mechanisms, including DNA methylation and histone modification[30]. These changes may not directly damage DNA but can influence gene activity in ways that promote carcinogenesis[31].
Collectively, these mechanisms highlight the multifactorial nature of agrochemical-induced cancer, reinforcing the need for integrated risk assessments that consider biological complexity[32].
Epigenetic changes are of particular concern because they may be reversible yet heritable, potentially affecting future generations. This raises important questions about the long-term and transgenerational impacts of agrochemical exposure.
The interaction between these mechanisms suggests that agrochemical-induced carcinogenesis is not driven by a single pathway but rather by a complex network of biological disruptions[33].
Additionally, interactions between genetic susceptibility and environmental exposure may further influence cancer risk. Individuals with certain genetic polymorphisms may be more vulnerable to the carcinogenic effects of agrochemicals, suggesting the importance of incorporating genetic factors into future risk assessments.
In addition, emerging research suggests that chronic exposure to agrochemicals may influence cellular repair mechanisms, reducing the body’s ability to correct DNA damage over time. This impairment may further contribute to the accumulation of mutations and increase susceptibility to cancer development[3].
6. Vulnerable Populations and Health Disparities
The burden of agrochemical exposure is not evenly distributed. Migrant and seasonal agricultural workers often face higher exposure levels due to limited access to protective equipment, inadequate training, and restricted healthcare access. Language barriers and economic pressures further compound these risks[34].
Children and adolescents represent another vulnerable group, as their developing biological systems are more susceptible to toxic effects. Exposure during critical developmental periods may have long-term health consequences, including increased cancer risk later in life[35].
Low-income rural communities also experience disproportionate exposure due to environmental contamination and limited regulatory oversight. These disparities highlight the need for targeted interventions that address both environmental and social determinants of health[36].
Gender differences in exposure and susceptibility have also been observed, with some studies indicating higher risks of certain cancers among male agricultural workers due to occupational roles. However, women may face unique risks related to reproductive health and endocrine disruption.
Addressing these disparities requires not only improved occupational safety measures but also broader policy interventions aimed at reducing environmental contamination and improving access to healthcare services for underserved populations.
These disparities also reflect broader structural inequalities, including differences in education, occupational protections, and environmental regulation enforcement. Addressing agrochemical-related health risks therefore requires a multidisciplinary approach that incorporates social, economic, and environmental perspectives[37].


7. Regulatory Framework and Risk Assessment in the U.S.
In the United States, agrochemical regulation is primarily governed by the Environmental Protection Agency (EPA) under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA). The EPA evaluates pesticide safety prior to approval and establishes residue limits for food products[38].
However, current risk assessment frameworks have been criticized for focusing on individual chemicals rather than cumulative exposures. Additionally, long-term, low-dose effects are often insufficiently addressed, and vulnerable populations may not be adequately protected.
Recent efforts aim to incorporate more advanced toxicological models and real-world exposure data. Nevertheless, significant gaps remain, particularly in accounting for mixture effects and chronic exposure scenarios. Strengthening regulatory approaches is essential to better reflect the complexities of agrochemical exposure[39].
One of the major criticisms of current regulatory frameworks is the reliance on single-chemical risk assessments, which fail to account for real-world exposure scenarios involving complex mixtures. Additionally, regulatory thresholds are often based on short-term toxicity studies, potentially overlooking chronic health effects such as cancer.
Moving forward, incorporating cumulative risk assessment models and real-world exposure scenarios into regulatory frameworks will be essential for ensuring more accurate and protective safety standards[40].
Additionally, regulatory decisions are often influenced by economic and political considerations, which may affect the speed and extent of policy implementation. This can delay the restriction or removal of potentially harmful substances, prolonging exposure risks for agricultural populations.


8. Research Gaps and Future Directions
Despite considerable progress, key gaps remain in understanding agrochemical-related cancer risk. The effects of combined chemical exposures are poorly understood, limiting the accuracy of current risk assessments. Longitudinal studies capturing lifetime exposure are needed to better assess chronic health outcomes.
Improved biomonitoring techniques could enhance exposure assessment by providing objective measures of chemical uptake. Additionally, emerging agrochemicals require thorough evaluation before widespread adoption[41].
Future research should adopt interdisciplinary approaches that integrate epidemiology, toxicology, and environmental science[42]. Developing effective intervention strategies such as improved safety training and exposure reduction technologies will be critical for protecting agricultural populations.
Another critical gap is the limited availability of longitudinal data tracking lifetime exposure and health outcomes. Most studies focus on short-term or cross-sectional data, which may not fully capture the long latency period of cancer development.
Emerging technologies, including high-throughput screening and machine learning-based predictive models, offer promising tools for improving the detection and evaluation of agrochemical-related health risks.
There is also a need for greater collaboration between researchers, policymakers, and agricultural stakeholders to ensure that scientific findings are effectively translated into practical interventions and regulatory action[43].
9. Conclusion
Agrochemical exposure represents a significant and complex public health challenge in U.S. agricultural populations. A growing body of evidence links such exposure to increased cancer risk, supported by both epidemiological findings and mechanistic insights. However, limitations in exposure assessment and regulatory frameworks suggest that current estimates may underestimate the true magnitude of risk.
Addressing agrochemical-related cancer risk requires a comprehensive and interdisciplinary approach that integrates advances in epidemiology, toxicology, and environmental science. Strengthening regulatory frameworks, improving exposure assessment methods, and prioritizing vulnerable populations are essential steps toward reducing the global burden of environmentally related cancers.
Ultimately, reducing agrochemical-related cancer risk will require sustained collaboration across scientific research, regulatory policy, and agricultural practice, supported by a commitment to prioritizing long-term public health over short-term productivity gains.
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