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An Integrated Assessment of Agrochemical Exposure and Cancer Risk in U.S. Agricultural Populations
Abstract
Agrochemical use remains central to U.S. agricultural productivity, yet growing evidence raises concerns regarding its long-term implications for cancer risk among agricultural workers, rural communities, and other exposed populations. This narrative mini-review synthesizes epidemiological, toxicological, mechanistic, and regulatory literature identified through a targeted review of peer-reviewed studies focusing primarily on U.S. agricultural populations. Major exposure pathways, including occupational, environmental, dietary, and para-occupational routes, are examined alongside evidence linking specific agrochemical classes to hematologic and solid malignancies. Current evidence suggests potential associations between chronic agrochemical exposure and cancers such as non-Hodgkin lymphoma, leukemia, prostate cancer, and certain hormone-related tumors, although findings vary by chemical class, exposure intensity, and study methodology. Mechanistic pathways, including genotoxicity, oxidative stress, endocrine disruption, and epigenetic alterations, provide biologically plausible explanations for carcinogenic potential. Regulatory limitations, particularly insufficient consideration of cumulative exposures and chemical mixtures, may contribute to the underestimation of long-term public health risks. Vulnerable U.S. populations, including migrant workers, children, and low-income rural communities, face disproportionate exposure burdens. While important uncertainties remain, this review highlights critical research gaps and underscores the need for more precise exposure assessment, stronger regulatory frameworks, and targeted preventive strategies to better protect U.S. agricultural populations.
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1. Introduction
Agricultural productivity in the United States depends heavily on the extensive use of agrochemicals, including herbicides, insecticides, fungicides, and fertilizers, to sustain crop yields, protect food systems, and meet national and global market demands. The United States remains one of the world’s largest consumers of agricultural pesticides, with over one billion pounds applied annually across major commercial farming systems such as corn, soybeans, wheat, fruits, and vegetables[1,6]. While these chemical inputs play a critical role in modern agricultural efficiency, their widespread use has generated increasing concern regarding potential long-term health consequences, particularly among agricultural workers, pesticide applicators, rural communities, and their families who experience repeated or chronic exposure[1].
In U.S. agricultural settings, millions of workers encounter agrochemicals through multiple overlapping pathways, including occupational handling, environmental contamination, dietary intake, and para-occupational household exposure. Unlike acute poisoning events, chronic low-dose exposure may persist over years or decades, raising concerns regarding cumulative biological effects that are often insufficiently captured by traditional single-chemical toxicological assessments[2,4]. This concern is particularly important given cancer’s long latency period and the complex interactions between chemical mixtures, genetic susceptibility, and environmental cofactors that may influence disease development[3].
Growing epidemiological evidence suggests that prolonged exposure to certain agrochemicals may contribute to increased risks of hematologic malignancies such as non-Hodgkin lymphoma and leukemia, as well as selected solid tumors, including prostate, breast, and skin cancers[5]. However, findings remain inconsistent across studies due to challenges including exposure misclassification, variability in chemical classes, evolving pesticide formulations, and differences in study design. Furthermore, many prior reviews have focused either on individual pesticides, specific cancer types, or global pesticide burdens without sufficiently integrating cumulative exposure pathways, mechanistic carcinogenic evidence, vulnerable U.S. worker populations, and regulatory limitations into a unified framework.
A major gap in existing literature is the limited synthesis of how real-world cumulative exposures to multiple agrochemical classes interact with biological mechanisms and structural vulnerabilities to influence cancer risk, specifically within U.S. agricultural populations. Conventional regulatory and scientific models often assess agrochemicals individually, despite the reality that workers and surrounding communities are frequently exposed to complex chemical mixtures over prolonged periods[4]. In addition, vulnerable groups including migrant laborers, seasonal farmworkers, children in agricultural households, and low-income rural communities may face disproportionately elevated exposure burdens due to occupational, socioeconomic, and healthcare disparities[34,35].
This mini-review aims to address these gaps by providing an integrated U.S.-focused assessment of agrochemical exposure pathways, cancer epidemiology, mechanistic evidence, vulnerable populations, and regulatory frameworks. By critically synthesizing evidence across epidemiology, toxicology, and public health policy, this review seeks to clarify current knowledge, identify major limitations, and highlight future directions necessary for improving agricultural safety, regulatory oversight, and cancer prevention strategies in U.S. farming populations.
Moreover, as concerns regarding environmental determinants of chronic disease continue to expand, agrochemical exposure represents a particularly important modifiable public health risk factor. Strengthening scientific understanding of these exposures is essential not only for improving occupational protections but also for informing more comprehensive regulatory strategies that better reflect the cumulative, long-term realities of agrochemical exposure in modern U.S. agriculture.

2. Overview of Agrochemical Use in U.S. Agriculture
The United States maintains one of the most intensive agricultural production systems globally, relying heavily on agrochemical inputs to sustain large-scale commercial farming operations and maximize crop productivity. Herbicides, insecticides, fungicides, and synthetic fertilizers are widely used across major agricultural sectors, particularly in corn, soybean, wheat, cotton, and specialty crop production[6]. This extensive chemical dependence has significantly increased agricultural efficiency but has also amplified concerns regarding chronic environmental contamination and long-term human health consequences.
2.1 Major Agrochemical Classes in U.S. Agriculture
Agrochemicals used in U.S. farming encompass several distinct categories with differing biological targets, toxicological profiles, and potential carcinogenic implications.
Herbicides, particularly glyphosate-based formulations, represent the most widely used pesticide category in U.S. agriculture due to their central role in weed management and genetically modified herbicide-resistant cropping systems[6]. Glyphosate has received substantial scientific and regulatory attention because of concerns regarding possible associations with non-Hodgkin lymphoma and other chronic diseases, although epidemiological findings remain mixed[5].
Insecticides, including organophosphates, pyrethroids, and neonicotinoids, are employed to control crop-damaging pests. Organophosphates such as chlorpyrifos and malathion have historically been among the most extensively studied due to evidence linking them to neurotoxicity, oxidative stress, and possible carcinogenicity[7]. While regulatory restrictions have reduced some organophosphate use, replacement chemicals such as neonicotinoids remain insufficiently characterized with respect to long-term human health outcomes.
Fungicides are critical for controlling crop diseases, particularly in fruit, vegetable, and grain systems. Certain fungicidal compounds have raised concerns related to endocrine disruption and potential carcinogenicity, although the evidence base remains less developed than for herbicides and insecticides[8].
Fertilizers, particularly nitrogen-based compounds, differ mechanistically from pesticides but may contribute indirectly to carcinogenic risks through nitrate contamination of groundwater and subsequent exposure pathways[22]. This distinction is important because fertilizers often involve environmental and metabolic pathways separate from direct pesticide toxicodynamics.
2.2 U.S.-Specific Patterns of Exposure Burden
Agrochemical application intensity in the United States varies regionally based on crop type, agricultural practices, and seasonal demands. High-production states in the Midwest, California’s Central Valley, and southern agricultural regions often experience especially high application volumes, increasing both occupational and environmental exposure burdens. Mechanized spraying systems, aerial application, and large-scale monoculture farming may contribute to widespread environmental dispersion, including spray drift, runoff, and groundwater contamination[8].
In addition to direct farmworker exposure, surrounding rural populations may experience chronic low-level exposure through contaminated air, water, and food systems. Environmental persistence of certain compounds further complicates exposure patterns, as residues may remain in ecosystems long after initial application[9]. This persistence increases the potential for repeated cumulative exposures and may contribute to bioaccumulation within agricultural environments.
2.3 Challenges in Risk Assessment
A major limitation of current agrochemical safety frameworks is the tendency to evaluate individual compounds independently, despite real-world agricultural exposure involving multiple simultaneous chemical classes. Agricultural workers are rarely exposed to a single chemical in isolation; rather, they encounter dynamic mixtures whose combined toxicological effects may be additive, synergistic, or poorly understood[4]. This disconnect between regulatory testing and practical exposure conditions represents a significant scientific and policy challenge.
Furthermore, the frequent introduction of newer replacement chemicals before long-term carcinogenicity data are fully established creates ongoing uncertainty regarding future public health implications. Thus, understanding U.S. agrochemical use requires not only evaluating current chemical burdens but also recognizing broader structural dependencies on chemical-intensive agricultural systems.
Table 1: Major Agrochemical Classes Used in U.S. Agriculture and Potential Cancer Associations
	Agrochemical Class 
	Common Example Compounds
	Primary U.S. Agricultural Use
	Reported Cancer Concerns
	Key Mechanistic Pathways

	Herbicides
	Glyphosate
	Weed control
	Non-Hodgkin lymphoma
	Genotoxicity, oxidative stress

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

	Pyrethroid insecticides
	Permethrin
	Pest control
	Emerging/limited evidence
	Endocrine disruption

	Fungicides
	Mancozeb
	Crop disease management
	Thyroid/liver concerns
	Endocrine disruption

	Fertilizer-related nitrates
	Nitrogen fertilizers
	Soil productivity
	Colorectal concerns (indirect)
	Nitrate-related carcinogenesis



Associations vary in evidentiary strength and should be interpreted cautiously based on chemical-specific exposure data and study quality.
This refined classification underscores that agrochemical-related cancer risks are not uniform across chemical categories and that more precise differentiation is essential for accurate epidemiological interpretation, mechanistic evaluation, and regulatory policymaking.
3. Pathways of Agrochemical Exposure
Agricultural populations in the United States are exposed to agrochemicals through multiple interconnected pathways that collectively contribute to cumulative exposure burden over time. These pathways extend beyond direct occupational contact and include environmental dispersion, dietary intake, and para-occupational household transmission. Understanding these distinct yet overlapping routes is critical for accurately evaluating long-term cancer risk, particularly given the chronic, low-dose, and mixture-based nature of real-world agrochemical exposure.
3.1 Occupational Exposure
Occupational exposure remains the most significant and well-documented route of agrochemical contact among U.S. agricultural workers, including farmers, pesticide applicators, ranchers, and seasonal laborers. Direct exposure commonly occurs during pesticide mixing, loading, spraying, equipment maintenance, and crop harvesting activities. Dermal absorption is considered the dominant pathway, although inhalation of aerosolized particles and accidental ingestion also contribute substantially to internal chemical burden[12].
Broader occupational health assessments have consistently shown that pesticide-exposed agricultural workers experience elevated risks of dermatologic, respiratory, neurological, and potentially carcinogenic outcomes, particularly under conditions of prolonged exposure and inadequate protective practices[13]. Factors such as insufficient personal protective equipment (PPE), economic constraints, limited safety training, language barriers, and inconsistent regulatory enforcement further intensify exposure risks among vulnerable worker populations, especially migrant and seasonal agricultural laborers.
Studies indicate that dermal exposure may account for the majority of pesticide absorption in occupational settings, particularly during direct handling and application processes[14]. Environmental conditions such as heat, humidity, and repeated contact frequency can significantly increase absorption rates. Recent U.S.-based evidence further suggests that chronic dermal agrochemical exposure may contribute to elevated skin cancer risk among farmers and ranchers, expanding concerns beyond systemic toxicity to include direct carcinogenic effects on exposed tissues[15].
3.2 Environmental Exposure
Environmental exposure extends agrochemical risk beyond workers themselves to surrounding rural communities and non-occupational populations. Agrochemicals may disperse through spray drift, volatilization, runoff, soil persistence, and groundwater contamination. In U.S. agricultural regions, pesticide residues have been detected in private wells, surface waters, and ambient air, raising concerns about chronic low-level exposure among nearby residents[16,18].
Groundwater contamination is particularly concerning in rural communities that rely on private wells, where regulatory monitoring may be less consistent than in public water systems. Chronic environmental exposure may disproportionately affect low-income populations and children living near high-intensity agricultural zones. Furthermore, environmental persistence of certain compounds may prolong exposure duration well beyond active application periods, complicating exposure assessment and public health surveillance.
3.3 Dietary Exposure
Dietary intake represents an additional chronic exposure pathway for both agricultural and general U.S. populations through pesticide residues present on food products. Although federal regulatory agencies establish maximum residue limits to reduce acute toxicity risks, prolonged low-dose ingestion remains an area of concern, particularly for individuals consuming large quantities of conventionally produced foods or residing near agricultural production zones[19].
Certain populations, including children, pregnant individuals, and agricultural households consuming locally produced crops, may experience elevated dietary exposure. Because dietary exposure often occurs simultaneously with occupational or environmental pathways, it may significantly contribute to cumulative lifetime body burden. Despite regulatory safeguards, current standards may inadequately address mixture effects or vulnerable population susceptibilities.
3.4 Para-occupational Exposure
Para-occupational or “take-home” exposure occurs when agricultural workers inadvertently transport agrochemical residues into domestic environments via contaminated clothing, skin, footwear, or equipment. Household dust and contaminated surfaces may expose spouses, children, and other family members to chronic secondary exposure[20].
Children in agricultural households are particularly vulnerable due to developmental sensitivity, lower body mass, and behaviors such as frequent hand-to-mouth activity. Early-life exposure may increase susceptibility to developmental disruption and potentially long-term carcinogenic outcomes. This pathway highlights that agrochemical risk extends beyond occupational settings and may affect entire agricultural communities.
3.5 Cumulative Exposure Complexity
These exposure pathways rarely occur in isolation. Rather, agricultural workers and their families often experience overlapping occupational, environmental, dietary, and para-occupational exposures that interact over time to create a cumulative chemical burden. Seasonal agricultural cycles, regional practices, crop types, and socioeconomic conditions further influence exposure intensity and duration[21].
This cumulative and heterogeneous exposure landscape presents major challenges for traditional toxicological and epidemiological models, which frequently assess individual chemicals or isolated pathways rather than integrated real-world exposures. As a result, current risk estimates may substantially underestimate long-term cancer risks associated with sustained agrochemical exposure in U.S. agricultural populations.
A more comprehensive exposure assessment framework must therefore account for:
· Multiple concurrent exposure routes
· Chemical mixture effects
· Temporal exposure variability
· Vulnerable population susceptibility
· Structural occupational inequities
Such an integrated perspective is essential for improving future epidemiological research, mechanistic studies, and public health interventions.

4. Epidemiological Evidence Linking Agrochemical Exposure to Cancer
A substantial body of epidemiological research has investigated potential associations between agrochemical exposure and cancer risk among agricultural populations, with particular emphasis on occupationally exposed workers in the United States. While evidence varies across chemical classes, cancer types, and study methodologies, cumulative findings increasingly suggest that chronic agrochemical exposure may contribute to elevated risks for several malignancies. However, interpretation remains complex due to heterogeneity in exposure metrics, study design, confounding variables, and evolving pesticide formulations.
4.1 Hematologic Malignancies
Among the most consistently studied cancer outcomes associated with agrochemical exposure are hematologic cancers, particularly non-Hodgkin lymphoma (NHL), leukemia, and multiple myeloma. Meta-analyses and systematic reviews have reported recurring associations between occupational exposure to certain herbicides and organophosphate insecticides and increased NHL risk, although effect sizes vary depending on specific compounds and exposure intensity[23].
Glyphosate has been one of the most controversial agents in this area. Some analyses suggest elevated NHL risk among highly exposed agricultural workers, while others report weaker or inconsistent associations due to methodological limitations such as recall bias, exposure misclassification, and variable latency assessment[5]. Organophosphates such as malathion and chlorpyrifos have similarly been linked to hematologic malignancies through mechanisms involving oxidative stress and genotoxicity[7].
Large U.S.-based studies, including components of the Agricultural Health Study (AHS), provide valuable prospective data but also illustrate the complexity of establishing definitive causal inference. While evidence for hematologic cancers is among the strongest within agrochemical epidemiology, inconsistencies remain regarding specific pesticide-cancer pairings.
4.2 Solid Tumors
Evidence linking agrochemical exposure to solid tumors is broader but generally less consistent than for hematologic cancers. Prostate cancer has been one of the most frequently examined solid malignancies in male agricultural workers, with several studies suggesting a modestly elevated risk associated with chronic pesticide exposure, particularly for endocrine-disrupting compounds[25]. However, confounding factors such as age, lifestyle, family history, and co-exposures complicate interpretation.
Breast cancer risk has also been explored in relation to endocrine-disrupting agrochemicals, though evidence remains mixed and often population-specific. Emerging data suggest that hormonally active pesticides may influence hormone-related carcinogenesis, but stronger longitudinal evidence is needed[31].
Recent U.S.-based occupational studies have additionally identified chronic dermal agrochemical exposure as a potential contributor to skin cancer among farmers and ranchers, broadening the spectrum of relevant solid tumor outcomes beyond internal malignancies[15].
Colorectal and thyroid cancer associations have been investigated for certain fertilizer-related nitrates and fungicides, respectively, though evidence remains comparatively limited and often indirect[22].
4.3 Dose-Response Relationships and Exposure Intensity
Several epidemiological studies suggest that cancer risk may increase with longer duration, greater intensity, and cumulative burden of agrochemical exposure. Dose-response patterns strengthen biological plausibility by indicating that repeated or prolonged exposure may amplify carcinogenic potential. However, accurately quantifying lifetime exposure remains one of the greatest methodological challenges in this field.
Many studies rely on:
· Self-reported occupational history
· Job-exposure matrices
· Geographic proximity models
· Biomarker limitations
These methods may introduce recall bias, non-differential misclassification, and imprecision in estimating cumulative dose. Consequently, while dose-response relationships are often suggestive, they are not uniformly robust across all chemical classes or cancer outcomes.
4.4 Major Methodological Limitations
Several persistent limitations complicate agrochemical cancer epidemiology:
Exposure Misclassification:
Real-world agricultural exposures involve multiple chemicals, varying protective behaviors, and changing formulations over time.
Confounding Variables: Smoking, diet, genetics, socioeconomic status, and co-exposures may influence observed associations.
Mixture Effects: Most studies evaluate single compounds despite widespread mixed exposures.
Latency Challenges: Cancer’s long development period complicates temporal linkage.
Publication Bias: Positive associations may be more likely to appear in the literature than null findings [28].
4.5 Strength of Current Evidence
Current evidence can broadly be characterized as:
Stronger Evidence: Non-Hodgkin lymphoma, Certain leukemias, Multiple myeloma, High-intensity occupational pesticide exposure
Mixed or Moderate Evidence: Prostate cancer, Breast cancer, Skin cancer, Colorectal cancer
Emerging or Limited Evidence: Newer pesticide classes, Fertilizer-related carcinogenesis, Chemical mixture interactions
Critical Interpretation
Overall, epidemiological evidence supports concern regarding agrochemical-related carcinogenicity, particularly for chronically exposed U.S. agricultural populations. However, the literature is stronger for some cancer types than others, and many associations remain probabilistic rather than definitively causal. This underscores the need for more rigorous longitudinal studies, improved biomonitoring, better mixture assessment, and stronger mechanistic integration.
Rather than supporting simplistic conclusions, current epidemiology suggests that agrochemical exposure likely represents an important but complex environmental contributor to cancer risk that warrants precautionary regulatory and occupational health strategies.
5. Mechanisms of Carcinogenicity
Understanding the biological mechanisms through which agrochemicals may contribute to carcinogenesis is essential for strengthening causal interpretation of epidemiological findings. Although mechanistic pathways differ across chemical classes, increasing toxicological and molecular evidence suggests that chronic agrochemical exposure may promote cancer development through several interrelated biological disruptions, including genotoxicity, oxidative stress, endocrine disruption, epigenetic alterations, immune dysregulation, and impairment of cellular repair systems. These mechanisms frequently interact rather than function independently, reinforcing the complexity of agrochemical-related cancer risk.
5.1 Genotoxicity
Genotoxicity is one of the most direct mechanisms by which agrochemicals may initiate carcinogenesis. Certain pesticides have demonstrated the capacity to induce DNA strand breaks, chromosomal instability, oxidative DNA lesions, and mutagenic changes in exposed tissues[29]. Organophosphates, glyphosate-based formulations, and some fungicides have been associated with genomic damage, although toxicological outcomes vary depending on the compound, formulation, dose, and duration of exposure.
Repeated DNA injury may overwhelm normal cellular repair systems, increasing the accumulation of mutations that can initiate malignant transformation. This mechanism is particularly relevant in agricultural populations exposed repeatedly over extended occupational periods.
5.2 Oxidative Stress
Oxidative stress is among the most extensively studied mechanisms of agrochemical toxicity. Many agrochemicals stimulate excessive production of reactive oxygen species (ROS), which can damage DNA, proteins, lipids, and mitochondrial structures[30]. Persistent oxidative stress may contribute to carcinogenesis by promoting genetic instability, disrupting cellular signaling pathways, enhancing inflammatory responses, and facilitating abnormal cellular proliferation.
Because oxidative stress may simultaneously amplify other carcinogenic pathways, including genotoxic and inflammatory processes, it is widely considered a central mechanism linking chronic agrochemical exposure to long-term disease development.
5.3 Endocrine Disruption
Certain agrochemicals interfere with hormonal signaling pathways, thereby disrupting endocrine regulation. Endocrine-disrupting chemicals may alter estrogenic, androgenic, thyroid, or other hormone-mediated biological systems, potentially contributing to hormone-sensitive cancers such as breast, prostate, thyroid, and reproductive malignancies[31].
This mechanism is especially relevant for several pesticide classes, including pyrethroids, selected fungicides, and persistent environmental residues. While endocrine disruption may not directly induce DNA damage, prolonged hormonal imbalance can create biological conditions that favor tumor development and progression.
5.4 Epigenetic Modifications
Emerging research suggests that agrochemicals may alter gene expression through epigenetic mechanisms such as DNA methylation, histone modification, and altered regulation of non-coding RNAs[35]. These changes can influence oncogene activation, tumor suppressor gene silencing, and broader cellular regulatory networks without directly changing DNA sequence.
Epigenetic alterations are particularly concerning because they may persist beyond immediate exposure periods and could potentially contribute to long-term or even transgenerational disease susceptibility. This area remains an important frontier in understanding chronic agrochemical-related carcinogenesis.
5.5 Immune Dysregulation and Chronic Inflammation
Chronic agrochemical exposure may impair immune surveillance and promote persistent inflammatory responses. Reduced immune function may weaken the body’s capacity to detect and eliminate precancerous cells, while chronic inflammation can create tissue environments that support tumor initiation and progression.
This mechanism may be particularly relevant for hematologic malignancies and cancers associated with chronic environmental stressors, where immune and inflammatory pathways play substantial roles.
5.6 Impaired Cellular Repair and Homeostasis
Some agrochemicals may also interfere with critical cellular maintenance systems, including DNA repair mechanisms, mitochondrial integrity, apoptosis regulation, and cell-cycle control. Such disruptions may reduce the body’s capacity to correct toxicological damage effectively, increasing susceptibility to mutation persistence and malignant progression over time.
5.7 Integrated Biological Complexity
Agrochemical-induced carcinogenesis is unlikely to result from a single isolated biological pathway. Rather, prolonged exposure may simultaneously activate multiple mechanisms that interact in cumulative and potentially synergistic ways. For example, oxidative stress may exacerbate DNA damage, endocrine disruption may alter tissue susceptibility, and epigenetic changes may reinforce broader carcinogenic processes.
This interconnected biological complexity highlights the limitations of traditional toxicological models that assess chemicals individually and underscores the need for more comprehensive systems-based approaches.
Critical Perspective
Although mechanistic evidence increasingly supports biological plausibility for agrochemical-related carcinogenesis, risks are not uniform across all compounds or exposure scenarios. Certain chemicals are more thoroughly characterized than others, while newer replacement compounds often lack sufficient long-term mechanistic evaluation.
Nonetheless, the convergence of evidence across multiple mechanistic domains strengthens concern that chronic agrochemical exposure may contribute to cancer risk, particularly in populations experiencing prolonged cumulative exposure under occupational, environmental, and regulatory vulnerabilities.
6. Vulnerable Populations and Health Disparities
The health burden associated with agrochemical exposure is not evenly distributed across U.S. agricultural populations. Certain groups experience disproportionately elevated exposure levels due to occupational roles, socioeconomic vulnerability, geographic location, developmental susceptibility, and structural barriers to healthcare and regulatory protection. Recognizing these disparities is essential for understanding the full public health impact of agrochemical-related cancer risk.
6.1 Migrant and Seasonal Agricultural Workers
Migrant and seasonal farmworkers represent one of the most highly exposed and socially vulnerable populations within U.S. agriculture. These workers frequently perform labor-intensive tasks involving pesticide mixing, application, harvesting, and field re-entry under conditions that may increase dermal and inhalational exposure. Economic insecurity, inconsistent access to personal protective equipment, limited safety training, language barriers, and fear of employment loss may reduce adherence to protective measures and restrict reporting of unsafe conditions[36].
Additionally, migrant labor populations often face reduced access to healthcare services, occupational surveillance, and early disease detection, which may compound long-term health risks. Structural vulnerabilities such as immigration status, inadequate housing, and poor workplace protections further exacerbate cumulative exposure burdens.
6.2 Children and Adolescents in Agricultural Communities
Children living in agricultural households or rural farming communities are uniquely vulnerable to agrochemical exposure due to both biological and environmental factors. Developmental physiology, lower body mass, immature detoxification systems, and behavioral patterns such as hand-to-mouth activity may increase susceptibility to toxic effects [37].
Children may be exposed through multiple pathways, including household dust contamination, dietary residues, contaminated water, and parental occupational take-home exposure. Exposure during critical developmental windows may increase risks of developmental disorders, endocrine disruption, immune dysfunction, and potentially long-term cancer susceptibility later in life.
Because early-life exposures may have lifelong consequences, pediatric agricultural populations represent a particularly important focus for preventive public health strategies.
6.3 Low-Income Rural Communities
Rural communities located near high-intensity agricultural zones may experience chronic environmental exposure through contaminated groundwater, pesticide drift, and dietary pathways. Low-income populations may face increased vulnerability due to dependence on private wells, limited environmental monitoring, reduced healthcare access, and fewer resources for preventive interventions[38].
Environmental justice concerns are particularly relevant in communities where economic dependence on agriculture intersects with weaker regulatory enforcement and reduced political influence. Such structural inequities may contribute to sustained disproportionate exposure over time.
6.4 Gender and Reproductive Vulnerabilities
Although male agricultural workers often experience higher direct occupational exposures due to traditional labor roles, women in agricultural settings may face unique vulnerabilities related to reproductive health, endocrine disruption, pregnancy-related susceptibility, and secondary household exposures. Exposure during pregnancy may have implications not only for maternal health but also for fetal development and long-term offspring health outcomes.
Gender-specific differences in occupational roles, hormonal biology, and healthcare access may therefore influence both exposure profiles and disease outcomes.
6.5 Structural and Social Determinants of Exposure
Broader structural inequalities, including socioeconomic status, education, labor protections, housing conditions, and healthcare accessibility, deeply influence agrochemical-related health disparities. Communities with fewer occupational protections or reduced access to environmental health resources may experience greater cumulative risk, even when performing similar agricultural work.
These disparities suggest that agrochemical-related cancer risk is not solely a toxicological issue but also a social and policy challenge requiring multidisciplinary intervention. Effective mitigation must therefore address both chemical exposures and the systemic inequities that shape vulnerability.
Critical Perspective
The disproportionate exposure burden borne by vulnerable U.S. agricultural populations underscores the need for more targeted public health protections, including stronger occupational safety regulations, culturally appropriate worker education, improved healthcare access, pediatric protections, and environmental justice interventions.
Without addressing these disparities, existing regulatory frameworks may continue to inadequately protect those populations facing the highest cumulative exposure and greatest long-term health risks. Consequently, reducing agrochemical-related cancer burden in the United States will require not only scientific advances but also structural reforms that prioritize health equity within agricultural systems.



7. Regulatory Framework and Risk Assessment in the United States
In the United States, agrochemical regulation is primarily governed by the Environmental Protection Agency (EPA) under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA), which oversees pesticide registration, safety evaluation, labeling, and permissible use[40]. Additional oversight is provided through the Food Quality Protection Act (FQPA), the U.S. Department of Agriculture (USDA), and occupational safety standards relevant to agricultural workers. Together, these frameworks are intended to balance agricultural productivity with public health protection. However, growing evidence suggests that existing regulatory systems may not fully capture the long-term complexity of chronic agrochemical exposure.
7.1 Strengths of Current Regulatory Systems
Current U.S. regulatory systems provide structured pre-market chemical evaluation, establish residue limits for food products, and periodically reassess approved compounds as new toxicological evidence emerges. Acute toxicity testing, environmental persistence analysis, and occupational handling standards represent important components of pesticide regulation. These mechanisms have contributed to restricting or phasing out certain highly hazardous compounds, particularly where substantial evidence of acute toxicity or neurotoxicity exists. Requirements related to product labeling, re-entry intervals, and worker safety protocols have also helped reduce immediate poisoning risks.
7.2 Major Regulatory Limitations
Despite these strengths, several critical weaknesses remain. One major limitation is that regulatory evaluations continue to focus predominantly on individual chemicals, while real-world agricultural exposures involve simultaneous contact with multiple agrochemical classes over prolonged periods[4]. This disconnect may substantially underestimate the cumulative toxicological burden.
In addition, regulatory systems have historically prioritized acute toxicity endpoints, whereas long-term low-dose exposures associated with carcinogenesis, endocrine disruption, epigenetic alterations, and chronic disease may receive comparatively less attention. This limitation is especially important given the extended latency periods associated with many cancers.
Another concern is that vulnerable populations, including migrant workers, children, and low-income rural communities, may not be adequately represented in conventional safety models. Uniform exposure assumptions may fail to account for disparities in occupational conditions, environmental contamination, and healthcare access.
7.3 Emerging Challenges
The introduction of newer replacement chemicals presents additional regulatory uncertainty. Many replacement compounds are adopted into widespread agricultural use before sufficient long-term carcinogenicity or epidemiological data are available, creating the possibility that harmful chronic effects may only become apparent after years of exposure.
Regulatory implementation may also be influenced by broader economic, political, and agricultural productivity pressures, potentially affecting the pace and rigor of policy reform.
7.4 Need for Modernized Risk Assessment
Future regulatory systems should increasingly incorporate cumulative risk assessment models, mixture toxicology, biomonitoring data, and long-term epidemiological evidence to better reflect real-world exposure conditions. More advanced frameworks are needed to move beyond isolated chemical testing toward systems that account for cumulative exposures and biological complexity.
Strengthened protections should also prioritize high-risk populations by improving occupational enforcement, pediatric safeguards, rural environmental monitoring, and healthcare surveillance systems.
Critical Perspective
Although current U.S. agrochemical regulatory systems provide essential baseline protections, they may substantially underestimate long-term carcinogenic and chronic disease risks associated with cumulative, mixed, and socially unequal exposure patterns. Strengthening regulatory science will require integrating advances in toxicology, epidemiology, occupational health, and environmental justice to ensure more accurate and protective standards for agricultural communities.

8. Research Gaps and Future Directions
Despite substantial advances in understanding agrochemical-related health risks, major scientific gaps continue to limit precise evaluation of long-term cancer risk in U.S. agricultural populations. Addressing these unresolved issues is essential for improving research quality, strengthening regulatory policy, and enhancing public health protections.
8.1 Mixture Toxicity and Cumulative Exposure
One of the most significant research limitations is the insufficient understanding of how combined exposures to multiple agrochemicals influence carcinogenic risk. Agricultural workers and surrounding communities are rarely exposed to single chemicals in isolation, yet most toxicological and epidemiological studies continue to assess individual compounds separately[4]. Future investigations must prioritize cumulative exposure models that better reflect real-world occupational and environmental scenarios.
8.2 Improved Exposure Assessment
Accurate lifetime exposure quantification remains a major methodological challenge. Many studies rely on self-reported occupational histories, geographic proxies, or incomplete exposure matrices, which may introduce substantial recall bias and exposure misclassification. Emerging technologies such as biomonitoring, wearable sensors, geospatial modeling, and integrated environmental surveillance may substantially improve exposure precision and strengthen epidemiological analyses.
8.3 Longitudinal and Cancer-Specific Research
Many existing studies remain retrospective or cross-sectional, limiting causal inference. More prospective cohort studies are needed to clarify dose-response relationships, latency periods, cancer-specific outcomes, and subgroup vulnerabilities. Such studies are especially important for evaluating newer agrochemical classes and replacement compounds before assumptions of long-term safety are made.
8.4 Mechanistic Precision
Although several carcinogenic pathways have been identified, additional mechanistic research is necessary to better understand how specific agrochemical classes influence epigenetic regulation, endocrine function, immune pathways, DNA repair systems, and transgenerational disease susceptibility. Greater mechanistic precision will be particularly important for under-characterized compounds and mixed exposure environments.
8.5 Vulnerable Population Protections
Current literature often underrepresents populations facing the greatest cumulative exposure burden, including migrant laborers, children, low-income rural communities, and reproductive-age agricultural workers. Future research should more directly address occupational justice, pediatric vulnerability, environmental equity, and culturally tailored intervention strategies.
8.6 Regulatory Science Integration
A major translational gap remains between scientific evidence and regulatory implementation. Future research should more effectively inform cumulative risk regulation, worker safety standards, chronic disease surveillance, pediatric protections, and environmental justice policies. Bridging these gaps will require stronger interdisciplinary collaboration among researchers, regulators, labor advocates, and agricultural stakeholders.
Critical Perspective
Current evidence suggests that agrochemical exposure may represent an important environmental determinant of cancer risk, but substantial uncertainties remain due to methodological limitations, mechanistic complexity, and regulatory gaps. Future progress will require interdisciplinary approaches that more accurately capture the cumulative, biologically complex, and socially unequal realities of agrochemical exposure.
Advancing research in these areas will be essential for refining scientific understanding, improving prevention strategies, strengthening worker protections, and reducing long-term public health burdens within U.S. agricultural populations.

9. Conclusion
Agrochemical exposure remains a significant public health concern within U.S. agricultural populations due to the widespread and sustained use of pesticides, fertilizers, and related chemical agents across modern farming systems. Current evidence suggests that chronic exposure through occupational, environmental, dietary, and para-occupational pathways may contribute to elevated risks for certain cancers, particularly hematologic malignancies, while evidence for other cancer outcomes remains more variable depending on chemical class, exposure intensity, and study methodology. Mechanistic research provides biologically plausible support through pathways including genotoxicity, oxidative stress, endocrine disruption, and epigenetic alterations, although important uncertainties persist.
This review highlights that agrochemical-related cancer risk is shaped not only by individual compounds but also by cumulative exposures, mixture effects, vulnerable population disparities, and limitations within existing regulatory systems. Migrant workers, children, and underserved rural communities may experience disproportionate burdens, underscoring the importance of integrating occupational safety, environmental justice, and health equity into future policy responses.
Although the current body of evidence supports legitimate concern regarding the long-term health implications of agrochemical exposure, important methodological limitations, inconsistent findings, and evolving chemical use patterns require cautious interpretation. Stronger longitudinal studies, improved biomonitoring, more precise mechanistic investigations, and modernized cumulative risk assessment frameworks are necessary to clarify these relationships further.
Ultimately, reducing agrochemical-related cancer risks in U.S. agricultural populations will require sustained interdisciplinary collaboration among researchers, regulatory agencies, healthcare systems, and agricultural stakeholders. Strengthening scientific rigor, regulatory protections, and preventive public health strategies will be essential for better protecting agricultural communities while maintaining the productivity demands of modern agriculture.
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