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Abstract 
Agrochemicals, including pesticides and synthetic fertilizers, are widely used to enhance agricultural productivity but pose significant environmental and public health risks. This narrative review examines the environmental pathways through which agrochemicals disperse and their implications for human health. Agrochemicals contaminate soil, water, and air through processes such as runoff, leaching, volatilization, and spray drift, facilitating their entry into food systems and increasing human exposure via dietary, occupational, and environmental routes. Toxicokinetic processes, including absorption, distribution, metabolism, and excretion, influence their biological fate, while mechanisms such as neurotoxicity, endocrine disruption, oxidative stress, and genotoxicity contribute to adverse health outcomes. Evidence from epidemiological and experimental studies links agrochemical exposure to acute poisoning, chronic diseases, neurological disorders, reproductive dysfunction, and immunological effects, although variability in study design limits causal inference. Exposure burdens are disproportionately higher in low- and middle-income countries due to weaker regulatory systems and limited safety practices. Strengthening risk assessment, regulatory enforcement, and sustainable agricultural practices is essential to reduce exposure. Addressing research gaps and improving monitoring systems will be critical for mitigating environmental contamination and protecting human health.
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1. Introduction
Agrochemicals including pesticides, herbicides, fungicides, and synthetic fertilizers are widely used in modern agriculture to enhance crop yield, control pests, and ensure food security[1]. These substances encompass diverse chemical classes such as organophosphates, carbamates, pyrethroids, and nitrogen- and phosphorus-based fertilizers, each designed to target specific biological processes[2]. While their agronomic benefits are well established, many agrochemicals exhibit varying degrees of environmental persistence, bioaccumulation potential, and toxicity to non-target organisms, raising concerns about their broader ecological and human health impacts[3].
Globally, the use of agrochemicals has increased substantially over the past decades, driven by population growth, intensification of farming systems, and the need to meet rising food demand. According to reports from the Food and Agriculture Organization and the World Health Organization, millions of tonnes of pesticides and fertilizers are applied annually, with particularly rapid growth observed in low- and middle-income countries. In many of these settings, weak regulatory enforcement, limited farmer training, and inadequate safety practices contribute to excessive or improper use, amplifying the risk of environmental contamination and human exposure[4,5].
The relationship between agricultural practices and human health is mediated through multiple environmental pathways[6]. Agrochemicals applied to crops can infiltrate soil systems, leach into groundwater, run off into surface water bodies, or disperse through the atmosphere via spray drift and volatilization. These processes facilitate entry into the food chain and increase the likelihood of human exposure through ingestion, inhalation, and dermal contact, thereby linking agricultural inputs to a range of adverse health outcomes.
This narrative review aims to synthesize current evidence on the environmental pathways of agrochemical contamination and to critically examine how these pathways translate into human exposure and health risks. It further highlights key knowledge gaps and discusses implications for public health policy and sustainable agricultural practices[7].
2. Overview of Agrochemical Use in Modern Agriculture 
2.1 Types and Classes 
Agrochemicals comprise a broad spectrum of chemical agents designed to optimize agricultural productivity. Major categories include pesticides (insecticides, herbicides, fungicides), fertilizers, and plant growth regulators. Pesticides are further classified based on chemical structure and mode of action, including organophosphates (acetylcholinesterase inhibitors), carbamates, pyrethroids (neurotoxic sodium channel modulators), and neonicotinoids (nicotinic receptor agonists)[8,9]. Fertilizers primarily supply macronutrients such as nitrogen, phosphorus, and potassium, often in synthetic formulations like urea or ammonium nitrate. Herbicides such as glyphosate target plant metabolic pathways, while fungicides inhibit fungal growth through diverse biochemical mechanisms. The physicochemical properties of these compounds including solubility, volatility, and persistence largely determine their environmental behavior and potential for human exposure[10].
2.2 Application Practices
Agrochemicals are applied through multiple delivery systems, including foliar spraying, soil incorporation, seed treatment, and irrigation-based methods such as chemigation. Foliar spraying remains the most common technique but is highly susceptible to spray drift, leading to off-target deposition. Soil application facilitates root uptake but increases the likelihood of leaching into groundwater, particularly in permeable soils. Seed treatments provide targeted protection during early plant growth but may still introduce residues into surrounding soil ecosystems. In many low- and middle-income settings, application practices are often characterized by overuse, improper dosing, and inadequate protective measures, driven by limited training and regulatory oversight. Seasonal variability, climatic conditions, and crop type further influence application frequency and environmental dispersion patterns[11,12].
2.3 Regulatory Landscape 
The regulation of agrochemicals is guided by international frameworks and national policies aimed at minimizing risks to human health and the environment. Organizations such as the World Health Organization and the Food and Agriculture Organization provide joint guidelines on pesticide management, classification of hazard levels, and safe handling practices. Instruments such as the International Code of Conduct on Pesticide Management establish voluntary standards for lifecycle management, including production, distribution, application, and disposal. However, regulatory enforcement varies widely across countries, with many low-resource settings facing challenges related to weak monitoring systems, informal markets, and limited capacity for risk assessment. These gaps contribute to continued misuse and elevated exposure risks[13].
3. Environmental Pathways of Agrochemical Contamination 
As shown in Figure 1, agrochemicals disperse through multiple environmental pathways and enter the human body via ingestion, inhalation, and dermal contact
[image: ]Figure 1: Environmental Pathways of Agrochemical Contamination Linking Agricultural Application to Human Exposure. This figure illustrates the movement of agrochemicals from agricultural application into environmental media, including air, soil, and water, and their transfer into exposure media such as food, drinking water, and contaminated air. It highlights the primary human exposure pathways—ingestion, inhalation, and dermal contact—and the potential health risks associated with these exposures.

3.1 Soil Contamination 
Soil represents a primary reservoir for agrochemical accumulation following application. Many compounds exhibit strong adsorption to soil particles, influenced by organic matter content, pH, and clay composition. Persistent chemicals may remain in soils for extended periods, undergoing slow degradation through microbial metabolism, hydrolysis, or photolysis. Repeated application can lead to residue buildup, altering soil microbial communities and enzymatic activity. Such disruptions may impair nutrient cycling and soil fertility. Additionally, certain agrochemicals can be taken up by plant roots and translocated within tissues, facilitating entry into the food chain. Soil-bound residues also serve as a secondary source of contamination, with the potential to migrate into water systems through erosion and runoff processes[14,15].
3.2 Water Contamination 
Water systems are highly vulnerable to agrochemical contamination through both surface runoff and subsurface leaching. During rainfall or irrigation events, chemicals applied to agricultural fields can be transported into nearby rivers, lakes, and reservoirs. This process is particularly pronounced in regions with intense precipitation or poor soil retention capacity. Leaching into groundwater occurs when soluble compounds infiltrate through soil layers, posing risks to drinking water supplies. Nutrient-rich fertilizers, especially nitrogen and phosphorus, contribute to eutrophication, characterized by excessive algal growth, oxygen depletion, and ecosystem imbalance. Pesticide residues have been detected in both surface and groundwater across diverse geographic regions, highlighting the widespread nature of contamination. The persistence and mobility of these substances depend on their chemical properties and environmental conditions, including temperature, pH, and hydrological dynamics[16,17].
3.3 Airborne Transport 
Agrochemicals can enter the atmosphere through processes such as spray drift and volatilization. Spray drift occurs when fine droplets are carried by wind during or after application, leading to deposition beyond target areas. Volatilization involves the transformation of liquid or solid chemicals into gaseous forms, enabling atmospheric dispersion over varying distances. Once airborne, these substances may undergo chemical transformation or attach to particulate matter, facilitating long-range transport. Atmospheric deposition through rainfall or dry settling can reintroduce agrochemicals into soil and water systems far from the original application site. This pathway is particularly relevant for semi-volatile compounds and contributes to the global distribution of certain persistent pollutants, raising concerns about transboundary exposure[18,19].
3.4 Food Chain Contamination 
Agrochemicals can enter the food chain through direct deposition on crops, uptake from contaminated soil and water, or accumulation in animal tissues. Plants absorb certain chemicals through roots or leaf surfaces, leading to measurable residues in edible parts. Livestock may ingest contaminated feed or water, resulting in bioaccumulation within tissues such as fat, liver, and milk. Over time, some compounds may undergo biomagnification, where concentrations increase at higher trophic levels. Chronic dietary exposure to low levels of agrochemical residues is a significant concern for human health, particularly in populations reliant on locally produced food. Regulatory agencies establish maximum residue limits (MRLs) to control exposure; however, monitoring and enforcement challenges may limit their effectiveness in some regions[20].
3.5 Occupational Pathways 
Occupational exposure represents a critical pathway for individuals directly involved in agricultural activities. Farmers, pesticide applicators, and agricultural workers are frequently exposed through dermal contact, inhalation of aerosols, and accidental ingestion. Activities such as mixing, loading, and spraying agrochemicals are associated with the highest exposure risks, particularly in the absence of appropriate personal protective equipment (PPE). In many low-resource settings, inadequate training, lack of awareness, and limited access to protective gear exacerbate exposure levels. Improper storage and disposal practices further increase the risk of accidental poisoning and environmental contamination. Chronic occupational exposure has been linked to a range of adverse health effects, underscoring the importance of safety training, regulatory enforcement, and adoption of safer agricultural practices[21,22].
4. Human Exposure Pathways 
Dietary Exposure
Dietary intake represents a primary route of agrochemical exposure for the general population. Residues may persist on fruits, vegetables, and grains following application, or enter food products through uptake from contaminated soil and water. Lipophilic compounds can accumulate in animal-derived foods such as meat, milk, and eggs, increasing exposure through regular consumption[23]. Washing, peeling, and cooking can reduce but not fully eliminate residues. Chronic low-dose ingestion is of particular concern due to cumulative effects over time. Regulatory frameworks establish maximum residue limits (MRLs), but compliance varies across regions, especially where monitoring systems are limited or informal food markets predominate[23].
Occupational Exposure 
Occupational exposure is typically higher in magnitude and occurs among farmers, pesticide applicators, and agricultural workers. Exposure pathways include dermal absorption during handling, inhalation of aerosols during spraying, and incidental ingestion due to poor hygiene practices. The intensity of exposure is influenced by application methods, duration of contact, and use of personal protective equipment. Inadequate training and limited access to safety resources in many low- and middle-income settings contribute to elevated risk. Repeated exposure can result in both acute toxicity and long-term health effects[24].
Environmental/Residential Exposure 
Individuals living near agricultural areas may be exposed through environmental pathways such as contaminated air, water, and soil. Spray drift and volatilization can transport agrochemicals beyond target fields, leading to deposition in residential zones. Contaminated groundwater used for drinking or household purposes represents another important route[25]. Indoor contamination may also occur through the transfer of residues on clothing or equipment. These exposures are typically lower than occupational levels but may be continuous and cumulative[18].
Vulnerable Populations 
Certain populations are more susceptible to agrochemical exposure and its effects. Children have higher intake relative to body weight and developing organ systems, increasing vulnerability[26]. Pregnant women may experience exposure that affects fetal development. Rural communities, particularly in low-resource settings, often face disproportionate risks due to proximity to farms and limited protective infrastructure. These exposures are typically lower than occupational levels but may be continuous and cumulative.

 Table: Environmental Pathways, Exposure Routes, and Health Effects
	Environmental Pathway
	Transport Process
	Human Exposure Route
	Key Health Effects

	Soil
	Adsorption, degradation, runoff
	Food ingestion (plants), dermal contact
	Chronic diseases, toxicity

	Water
	Runoff, leaching into groundwater
	Drinking water, food chain
	Gastrointestinal, kidney, systemic effects

	Air
	Spray drift, volatilization
	Inhalation, dermal contact
	Respiratory issues, neurological effects

	Food Chain
	Uptake, bioaccumulation, biomagnification
	Dietary intake
	Cancer, endocrine disruption

	Occupational
	Direct handling, mixing, spraying
	Dermal, inhalation, ingestion
	Acute poisoning, long-term toxicity



5. Toxicokinetics and Mechanisms of Action

ADME Processes 
The toxicokinetics of agrochemicals are governed by processes of absorption, distribution, metabolism, and excretion (ADME). Absorption occurs through dermal contact, inhalation, or ingestion, depending on the exposure pathway[27]. Lipophilic compounds readily cross biological membranes and may accumulate in adipose tissue, while hydrophilic substances are more likely to circulate in plasma and be excreted. Distribution determines the target organs affected, with some chemicals crossing the blood–brain barrier or placenta. Metabolism, primarily in the liver, involves enzymatic transformation into more water-soluble metabolites, though in some cases this process generates more toxic intermediates. Excretion occurs via urine, feces, or exhalation. Variability in these processes influences individual susceptibility and toxicity profiles[28,29].
Mechanisms of Action
Agrochemicals exert toxic effects through multiple biological mechanisms. Neurotoxicity is a well-characterized pathway, particularly for organophosphates and carbamates, which inhibit acetylcholinesterase, leading to accumulation of acetylcholine and disruption of synaptic transmission[30,31]. Pyrethroids alter voltage-gated sodium channel function, prolonging neuronal excitation. Endocrine disruption occurs when chemicals interfere with hormone synthesis, receptor binding, or signaling pathways, potentially affecting reproductive and developmental processes[32,33]. Oxidative stress is another common mechanism, involving the generation of reactive oxygen species that damage cellular components such as lipids, proteins, and DNA. This can trigger inflammatory responses and contribute to chronic disease development. Genotoxic effects include direct DNA damage, chromosomal alterations, and epigenetic modifications, which may influence gene expression without altering the DNA sequence[34]. These mechanisms are not mutually exclusive and often interact, resulting in complex toxicological outcomes that depend on dose, duration of exposure, and individual biological factors[35].
6. Human Health Outcomes 
6.1 Acute Toxicity 
Acute exposure to high levels of agrochemicals can result in immediate toxic effects, particularly in occupational settings or cases of accidental or intentional poisoning. Symptoms vary depending on the chemical class but may include nausea, vomiting, respiratory distress, muscle weakness, seizures, and, in severe cases, death. Organophosphate poisoning is characterized by cholinergic symptoms due to acetylcholinesterase inhibition. Prompt medical intervention is critical to reduce morbidity and mortality. Acute toxicity remains a significant public health concern in regions with limited regulatory control and healthcare access[36].
6.2 Chronic Diseases
Long-term exposure to agrochemicals has been associated with an increased risk of chronic non-communicable diseases. Epidemiological studies suggest links between pesticide exposure and various cancers, including hematological malignancies and solid tumors, although causality may be difficult to establish due to confounding factors[37]. Cardiovascular effects, such as hypertension and endothelial dysfunction, have also been reported in populations with prolonged exposure. Chronic kidney disease has been observed in certain agricultural communities, potentially linked to repeated exposure to environmental toxins, including agrochemicals[38,39]. These conditions are often the result of cumulative, low-dose exposure over extended periods, highlighting the importance of understanding long-term risk even at exposure levels below those causing acute toxicity[40].
6.3 Neurological Effects 
Neurotoxicity is a major concern associated with agrochemical exposure. Chronic exposure to certain pesticides has been linked to neurodegenerative conditions, including Parkinsonian syndromes, as well as cognitive impairment and memory deficits. Developmental exposure during critical periods of brain maturation may result in lasting neurobehavioral changes in children, including reduced cognitive function and attention disorders. Mechanistically, these effects are associated with disruption of neurotransmitter systems, oxidative stress, and neuronal damage. The persistence of neurological deficits underscores the importance of minimizing exposure, particularly among vulnerable populations[41].
6.4 Endocrine and Reproductive Effects
Some agrochemicals act as endocrine-disrupting chemicals, interfering with hormonal regulation and reproductive function. Exposure has been associated with altered levels of sex hormones, reduced fertility, menstrual irregularities, and adverse pregnancy outcomes. In males, effects may include reduced sperm quality and hormonal imbalances, while in females, disruptions may affect ovulation and fetal development. Prenatal exposure is of particular concern, as it may lead to developmental abnormalities and long-term health consequences[42,43]. These effects are often subtle and may manifest over extended periods, complicating detection and risk assessment.
6.5 Immunological Effects 
Agrochemical exposure can influence immune system function, leading to either suppression or dysregulation. Some compounds impair immune responses, increasing susceptibility to infections, while others may trigger hypersensitivity or inflammatory reactions. Alterations in immune cell function and cytokine production have been observed in exposed populations. Chronic immune dysregulation may contribute to the development of autoimmune conditions or exacerbate existing diseases. The immunotoxic effects of agrochemicals are an emerging area of research, with growing evidence highlighting their relevance to public health[44].
7. Evidence from Epidemiological and Experimental Studies 
Epidemiological Studies
Epidemiological research provides critical insights into the associations between agrochemical exposure and human health outcomes. Cohort and case–control studies among agricultural workers have reported elevated risks of certain cancers, including hematologic malignancies, as well as neurological and reproductive disorders[45]. Large-scale investigations, such as agricultural health cohorts, have linked long-term pesticide exposure with neurodegenerative conditions and respiratory effects. Biomonitoring studies measuring pesticide metabolites in blood or urine further support evidence of widespread human exposure, even among non-occupational populations[46]. However, variability in exposure assessment methods, reliance on self-reported data, and confounding environmental and lifestyle factors complicate causal inference[47]. Despite these challenges, consistent patterns across diverse populations strengthen the overall evidence base.
Experimental/Toxicological Evidence 
Experimental studies, including in vivo animal models and in vitro cellular systems, provide mechanistic evidence supporting observed epidemiological associations. These studies have demonstrated that many agrochemicals can induce oxidative stress, disrupt endocrine signaling, and cause neurotoxicity and genotoxic effects under controlled conditions[48]. Dose–response relationships observed in laboratory settings help establish toxicity thresholds and biological plausibility. However, extrapolation to human populations requires caution due to differences in exposure levels, metabolic pathways, and species-specific response[49]
Limitations of Evidence 
The current evidence base is limited by heterogeneity in study design, exposure misclassification, and insufficient longitudinal data in many regions. Data gaps are particularly pronounced in low- and middle-income countries, where monitoring systems are less developed. These limitations highlight the need for standardized methodologies and more robust, long-term studies.
8. Environmental and Public Health Implications
Disease Burden and Food Safety 
Agrochemical contamination contributes to a growing burden of disease through both acute poisoning and chronic exposure-related conditions. While precise global burden estimates remain uncertain due to data limitations, evidence indicates that pesticide poisoning alone accounts for a substantial number of morbidity and mortality cases annually, particularly in agricultural communities. In addition to direct health effects, contamination of food products raises significant food safety concerns. Residues exceeding recommended limits can enter local and global food systems, undermining consumer confidence and posing risks to public health. Ensuring compliance with safety standards is therefore critical for protecting both individual and population health[45,50].
Health Inequities (LMIC Focus) 
Health impacts of agrochemical exposure are disproportionately borne by populations in low- and middle-income countries. Factors such as weak regulatory enforcement, limited access to protective equipment, and reliance on informal agricultural practices increase exposure risks. Rural communities often depend on untreated water sources and locally grown food, heightening vulnerability. Additionally, limited healthcare infrastructure can delay diagnosis and management of exposure-related conditions. These inequities reflect broader structural challenges and underscore the need for context-specific interventions that address both environmental and social determinants of health[51].
9. Risk Assessment and Exposure Mitigation
Risk Assessment Framework 
Risk assessment for agrochemicals follows a structured framework involving hazard identification, dose–response assessment, exposure assessment, and risk characterization. Hazard identification determines the intrinsic toxicity of a substance, while dose–response analysis evaluates the relationship between exposure level and adverse effects. Exposure assessment estimates the magnitude, frequency, and duration of human contact with the chemical[52]. These components are integrated to characterize overall risk and inform regulatory decisions. International guidance from bodies such as the World Health Organization and the Food and Agriculture Organization supports standardized approaches[53].
Mitigation Strategies
Reducing agrochemical exposure requires a combination of technical, behavioral, and policy interventions. Integrated Pest Management (IPM) promotes the use of biological controls and targeted chemical application to minimize reliance on pesticides. Adoption of safer application techniques and proper use of personal protective equipment can significantly reduce occupational exposure. Regulatory measures, including stricter enforcement of pesticide registration, labeling, and residue limits, are essential for controlling environmental contamination. Public education and farmer training programs play a critical role in improving safe handling practices. Additionally, investment in sustainable agricultural practices and alternative pest control methods can reduce long-term dependence on hazardous chemicals while maintaining productivity[54].
10. Emerging Issues and Future Directions
Climate Change Interactions 
Climate change is expected to influence the environmental behavior and toxicity of agrochemicals. Rising temperatures, altered precipitation patterns, and extreme weather events can modify chemical degradation rates, increase runoff, and enhance volatilization. These changes may alter exposure patterns and intensify contamination of water and soil systems[55].
Novel Agrochemicals & Technologies 
The development of new agrochemical formulations, including nano-enabled pesticides and controlled-release systems, aims to improve efficiency and reduce environmental impact. Precision agriculture technologies, such as sensor-based application and data-driven decision tools, offer potential to minimize excessive use. However, their long-term environmental and health effects remain insufficiently characterized[56].
Research Gaps (Especially LMICs) 
Significant research gaps persist, particularly in low- and middle-income countries where exposure levels may be highest. Limited biomonitoring data, inadequate surveillance systems, and underrepresentation in epidemiological studies constrain risk assessment. Strengthening local research capacity and standardized data collection is essential for evidence-based policy development[57].
11. Limitations of the Review
This narrative review is subject to several limitations. As a non-systematic synthesis, it may be influenced by selection bias and does not provide a comprehensive quantitative assessment of all available evidence. Variability in study design, exposure assessment methods, and outcome measures across included studies limits direct comparability. Additionally, the reliance on existing literature means that regions with limited data, particularly low-resource settings, may be underrepresented. These constraints should be considered when interpreting the conclusions.
12. Conclusion 
Agrochemical use remains integral to modern agriculture but poses significant risks through multiple environmental pathways that facilitate human exposure. Soil, water, air, and food systems act as interconnected routes linking agricultural practices to a range of adverse health outcomes. Evidence from epidemiological and experimental studies underscores the potential for both acute and chronic effects, particularly among vulnerable populations. Addressing these challenges requires strengthened regulatory frameworks, improved risk assessment, and the adoption of sustainable agricultural practices. Greater investment in research, especially in underrepresented regions, is essential to close existing knowledge gaps. A coordinated approach integrating environmental management, public health policy, and agricultural innovation will be critical to reducing exposure and safeguarding human health.

REFRENCES
1. Sharma A, Kumar V, Shahzad B, Tanveer M, Sidhu GPS, Handa N, et al. Worldwide pesticide usage and its impacts on ecosystem. SN Appl Sci. 2019;1(11):1446. doi:10.1007/s42452-019-1485-1.
2. Ahmad A, Imran M, Ahsan H. Biomarkers as biomedical bioindicators: approaches and techniques for the detection, analysis, and validation of novel biomarkers of diseases. Pharmaceutics. 2023;15(6):1630. doi:10.3390/pharmaceutics15061630.
3. Yasir M, Hossain A, Pratap-Singh A. Pesticide degradation: impacts on soil fertility and nutrient cycling. Environments. 2025;12(8). doi:10.3390/environments12080272.
4. Quandahor P, Kim L, Kim M, Lee K, Kusi F, Jeong IH. Effects of agricultural pesticides on decline in insect species and individual numbers. Environments. 2024;11(8). doi:10.3390/environments11080182.
5. Zhou W, Li M, Achal V. A comprehensive review on environmental and human health impacts of chemical pesticide usage. Emerg Contam. 2025;11(1):100410. doi:10.1016/j.emcon.2024.100410.
6. Osinubi OO, Njemanze EC, Dudzilah G, Enobakhare BO, Adeoba MI. A review of health-aware modeling and control strategies for battery energy storage systems. Comput Intell Mod Power Syst. 2026;1(1):24–34. doi:10.58613/cimps113. 

7. Aborode AT, Adesola RO, Onifade IA, Adesiyan R, Ibiam VA, Jinadu NA, et al. Outbreak of cholera in Nigeria: the role of One Health. Discov Public Health. 2025;22(1):125. doi:10.1186/s12982-025-00526-5.
8. Ahmad MF, Ahmad FA, Alsayegh AA, Zeyaullah M, AlShahrani AM, Muzammil K, et al. Pesticides impacts on human health and the environment with their mechanisms of action and possible countermeasures. Heliyon. 2024;10(7):e29128. doi:10.1016/j.heliyon.2024.e29128.
9. Vermelho AB, Moreira JV, Akamine IT, Cardoso VS, Mansoldo FRP. Agricultural pest management: the role of microorganisms in biopesticides and soil bioremediation. Plants (Basel). 2024;13(19):2762. doi:10.3390/plants13192762.
10. Tagkas CF, Rizos EC, Markozannes G, Karalexi MA, Wairegi L, Ntzani EE. Fertilizers and human health—a systematic review of the epidemiological evidence. Toxics. 2024;12(10):694. doi:10.3390/toxics12100694.
11. Ye K, Hu G, Tong Z, Xu Y, Zheng J. Key intelligent pesticide prescription spraying technologies for the control of pests, diseases, and weeds: a review. Agriculture. 2024;15(1). doi:10.3390/agriculture15010081.
12. Sapkota R, Stenger J, Ostlie M, Flores P. Towards reducing chemical usage for weed control in agriculture using UAS imagery analysis and computer vision techniques. Sci Rep. 2023;13:6548. doi:10.1038/s41598-023-33042-0.
13. Pesticide regulations and their malpractice implications on food and environment safety. Cogent Food Agric. 2019. Available from: https://www.tandfonline.com/doi/abs/10.1080/23311932.2019.1601544
14. Correia AAS, Rasteiro MG. A review of persistent soil contaminants: assessment and remediation strategies. Environments. 2025;12(7). doi:10.3390/environments12070229.
15. Nuruzzaman M, Bahar MM, Naidu R. Diffuse soil pollution from agriculture: impacts and remediation. Sci Total Environ. 2025;962:178398. doi:10.1016/j.scitotenv.2025.178398.
16. Acharya LK, Paramaguru PK, Tripathi K, Bhoi TK, Seth P, Birah A. Pesticide contamination in groundwater: processes, risks, and mitigation strategies. Discov Agric. 2025;3(1):152. doi:10.1007/s44279-025-00337-x.
17. Hussain F, Ahmed S, Naqvi SMZA, Awais M, Zhang Y, Zhang H, et al. Agricultural non-point source pollution: comprehensive analysis of sources and assessment methods. Agriculture. 2025;15(5). doi:10.3390/agriculture15050531.
18. Boonupara T, Udomkun P, Khan E, Kajitvichyanukul P. Airborne pesticides from agricultural practices: a critical review of pathways, influencing factors, and human health implications. Toxics. 2023;11(10):858. doi:10.3390/toxics11100858.
19. Afandi GE, Ismael H, Fall S. A hybrid modeling approach for estimating the exposure to organophosphate pesticide drift in Sangamon County, Illinois. Sustainability. 2024;16(7). doi:10.3390/su16072908.
20. Ali S, Ahirwar R. Accumulation of toxic metals in vegetable crops and associated dietary exposure risks to human health. Discov Environ. 2025;3(1):210. doi:10.1007/s44274-025-00373-w.
21. Sazali ASA. Dermal distributions of pesticide in agriculture occupational settings: a scoping review. J Chem Health Risks. 2025;15(4):1835–50.
22. Tudi M, Li H, Li H, Wang L, Lyu J, Yang L, et al. Exposure routes and health risks associated with pesticide application. Toxics. 2022;10(6):335. doi:10.3390/toxics10060335.
23. Sandoval-Insausti H, Chin YH, Wang YX, Hart JE, Bhupathiraju SN, Mínguez-Alarcón L, et al. Intake of fruits and vegetables according to pesticide residue status in relation to mortality. Environ Int. 2022;159:107024. doi:10.1016/j.envint.2021.107024.
24. Lari S, Jonnalagadda PR, Yamagani P, Medithi S, Vanka J, Pandiyan A, et al. Assessment of dermal exposure to pesticides among farmers using dosimeter and hand washing methods. Front Public Health. 2022;10. doi:10.3389/fpubh.2022.957774.
25. Lawal OP, Njoba CF, Olorunkosebi MT, Jacob H, Igweonu C, Dilioha JO, et al. Microplastics as emerging reservoirs of antimicrobial resistance. J Clin Exp Invest. 2025;16(4):em00852. doi:10.29333/jcei/17401.
26. Ugorji HO, Egbuchiem AN, Dudzilah G, Oke RB, Aderanti TA. Predictive modeling of early-life agrochemical exposure and pediatric cancer risk among children of U.S. farmers: a narrative review. J Med Health Res. 2026;11(1):82–99.
27. Moscato A, Longo MV, Ferrante M, Fiore M. Trifluoroacetic acid: a narrative review on physico-chemical properties, exposure pathways, and toxicological concerns. Environments. 2025;12(8). doi:10.3390/environments12080277.
28. Wanat K. Biological barriers and the influence of protein binding on drug passage. Mol Biol Rep. 2020;47(4):3221–31. doi:10.1007/s11033-020-05361-2.
29. Preeti, Sambhakar S, Saharan R, Narwal S, Malik R, Gahlot V, et al. Exploring lipids for improving bioavailability of lipophilic drug candidates: a review. Saudi Pharm J. 2023;31(12):101870. doi:10.1016/j.jsps.2023.101870.
30. Okafor C, Ibiam VA, Fagbemi BT, Ubani C, Olorunkosebi MT. Microbial dysbiosis and antibiotic resistance in cancer. Int J Mol Biol Biochem. 2024;6(1):68–77.
31. Ibiam A, Ubani C, Okafor C, Olorunkosebi MT, Fagbemi BT. Epigenetic footprints of heavy metal exposure. Int J Clin Biol Biochem. 2023;5(2):53–61.
32. Adeleke OS, Oyewopo AO, Falana BA, Akinyemi BR, Dare BJ, Adegoke AA, et al. Immunohistochemical expression of Ki-67, cytokeratin-18 and BCL-2 in rats. Res J Health Sci. 2022;10(3):177–89.
33. Edwards FL, Yedjou CG, Tchounwou PB. Oxidative stress in pesticide toxicity. Environ Toxicol. 2013;28(6):342–8. doi:10.1002/tox.20725.
34. Dudzilah G, Donkor F, Egbuchiem AN, Markus SN, Obeke O. Machine-learning prediction of oxidative stress and hormonal-immune effects. J Life Sci Public Health. 2026;2(1):42–54.
35. Mechanism of neurotoxicity. ScienceDirect Topics. Available from: https://www.sciencedirect.com/topics/medicine-and-dentistry/mechanism-of-neurotoxicity
36. Kapeleka JA, Ngowi AV, Mng’anya S, Willis SE, Salmon JP, Tyrell KF, et al. Assessment of unintentional acute pesticide poisoning among cotton farmers. Toxics. 2025;13(4). doi:10.3390/toxics13040300.
37. Egbuchiem AN, Owusu AE, Fosua BV. Predictive modeling of agrochemical exposure and adult cancer risk. J Med Health Res. 2026;11(1):100–13.
38. Egbuchiem AN, Okobi OE, Odutola OD, Igbenabor CA, Okey-Ndeche UN, Omotunde O, et al. Nitrate use and colorectal cancer prevalence. Cureus. 2025;17(5):e84530. doi:10.7759/cureus.84530.
39. Punia A, Dehal L, Chauhan NS. Evidence of toxic potentials of agrochemicals. In: Ogwu MC, Izah SC, editors. One health implications of agrochemicals. Singapore: Springer; 2023. p. 105–35.
40. Breithaupt H. Exposure and public health challenges. EMBO Rep. 2014;15(4):338–41. doi:10.1002/embr.201438564.
41. Honatel KF, Arbo BD, Leal MB, Silva Júnior FMR, Garcia SC, Arbo MD. Impact of pesticide exposure on memory and learning. Discov Toxicol. 2024;1(1):11.
42. Pan J, Liu P, Yu X, Zhang Z, Liu J. Endocrine disrupting chemicals and reproductive system. Front Endocrinol. 2024;14. doi:10.3389/fendo.2023.1324993.
43. Tzouma Z, Dourou P, Diamanti A, Harizopoulou V, Papalexis P, Karampas G, et al. Endocrine-disrupting chemicals and fertility outcomes. Life. 2025;15(7).
44. Fagundes TR, Kawassaki ACB, Concato VM, Assolini JP, Silva TF, Gonçalves MD, et al. Pesticides and immune-endocrine disorders. In: Handbook of cancer and immunology. Springer; 2023.
45. Shekhar C, Khosya R, Thakur K, Mahajan D, Kumar R, Kumar S, et al. Systematic review of pesticide exposure and health impacts. Toxicol Rep. 2024;13:101840.
46. Chen WL, Lin GL, Lin YJ, Su TY, Wang CC, Wu WT. Cancer risks in agricultural workers. Scand J Work Environ Health. 2023;49(6):419–27.
47. Egbuchiem AN, Donkor F, Dudzilah G, Owusu AE, Balogun A. Modeling agrochemical contamination in drinking water. J Adv Med Med Res. 2026;38(3):52–68.
48. Sule RO, Condon L, Gomes AV. Oxidative stress in pesticide-induced toxicity. Oxid Med Cell Longev. 2022;2022:5563759.
49. Axelrad DA, Setzer RW, Bateson TF, DeVito M, Dzubow RC, Fitzpatrick JW, et al. Methods for evaluating variability in human health dose-response characterization. Hum Ecol Risk Assess. 2019 Nov 6;25:1–24. doi:10.1080/10807039.2019.1615828 PubMed PMID: 31404325; PubMed Central PMCID: PMC6688638.
50. Fagundes TR, Coradi C, Vacario BGL, Valentim JMB, Panis C. Monitoring human pesticide exposure. J Xenobiot. 2025;15(6).
51. Mengistie BT, Ray RL, Iyanda A. Environmental justice and pesticide impacts. Int J Environ Res Public Health. 2025;22(11):1683.
52. Nnanyelugo Egbuchiem A, Egbubine L, Ugorji HO, Njemanze EC. Agrochemical exposure and chronic disease risk. J Dis Glob Health. 2026;19(1):79–93.
53. Pekmezci H, Sipahi S, Başaran B. Health risk assessment of dietary chemical exposures. Foods. 2025;14(23):4133.
54. Abdollahzadeh G, Sharifzadeh MS, Ahmadi-Gorgi H, Jahantigh MS. Transforming farmers behavior in pesticide use. J Saudi Soc Agric Sci. 2025;24(6):41.
55. Nagesh P, Gassmann M, Eitzinger J, de Boer HJ, Edelenbosch OY, van Vuuren DP, et al. Climate change impacts on agrochemical fate. Heliyon. 2024;10(15):e35669.
56. Egbuchiem AN, Donkor F, Dudzilah G, Markus SN. Integrative exposome modeling of agrochemical risks. J Adv Med Med Res. 2026;38(3):111–24.
57. Jayatilleke K. Challenges in implementing surveillance tools in LMICs. Curr Treat Options Infect Dis. 2020;12(3):191–201.




image1.png
ENVIRONMENTAL MEDIA EXPOSURE MEDIA HUMAN EXPOSURE
(Agrochemical Residues) PATHWAYS

Contaminated Air
Vapor, spray drift,
dust, aerosols

Air —> .
:,‘93 Inhalation

SOURCE:

AGROCHEMICAL
APPLICATION
ﬁ Surface Soil —

Breathing contaminated
air, vapors, dust,
aerosols, spray drift

Drinking Water
Surface water and

. E groundwater
Agrochemicals contamination
« Pesticides
o Bz Surface Water | — Food Ingestion
- (Crops & Animal .
 Herbicides Products) Consumption of
Residues in fruits, oapinatedied
) vegetables, grains andtatey
Soil/Dust
Wind-blown dust,
Root Zone | | "7 residuesin soil )\ Dermal Contact
Contact with contaminated
Agricultural Surfaces soil, dust, water,

& Equipment surfaces, equipment
Residues on tools,
machinery, storage
facilities

Animal Products

Groundwater | =P (milk, meat, eggs, etc.) POTENTIAL HEALTH OUTCOMES
Transfer of residues

through feed @ @ pg § @ ﬁ

‘ Acute  Neurological Endocrine ~ Genotoricity Immunological Chroniccseases

Vadose Zone —>

LEGEND:  —p Transfer of 4 Envionmental interactions ., Human exposure . Link to potential

agrochemicals (cycle and exchange) pathways health outcomes Loty eiiect N CE o e o S Sroc I D ey

respiratory, etc)





