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Abstract
Pesticides have remained indispensable in modern agriculture, public health and vector control for more than seven decades. While their contribution to food security and disease prevention is undeniable, mounting scientific evidence highlights significant unintended consequences for non-target organisms, ecosystems and human health. This comprehensive review critically examines the major chemical classifications and contemporary usage patterns, followed by in-depth mechanisms involved for their toxic effects. Particular emphasis is placed on shared toxicological pathways—including acetylcholinesterase inhibition, ion channel modulation, oxidative stress induction, mitochondrial dysfunction, endocrine disruption, genotoxicity and immunomodulation—that underpin both acute and chronic health outcomes. Accumulating mechanistic and epidemiological evidence links chronic pesticide exposure to neurodegenerative disorders, carcinogenesis, reproductive dysfunction, endocrine abnormalities and immune dysregulation. Oxidative stress emerges as a central mediator across pesticide classes, contributing to mitochondrial injury, inflammatory activation and apoptotic signaling. Ecotoxicological data further demonstrate profound impacts on avifauna, pollinators, aquatic organisms and soil microbiota, with cascading effects on biodiversity, trophic interactions and ecosystem stability. Despite advances in toxicological science, important research gaps persist, particularly regarding cumulative exposures, endocrine-disrupting thresholds, immunotoxic biomarkers and long-term ecological resilience. Strengthening exposure assessment methodologies, integrating mechanistic toxicology with epidemiology and promoting translational research models are essential for improving risk characterization and public health protection. Collectively, this review underscores the urgency of balancing agricultural productivity with environmental sustainability and human health preservation in the era of chemical-intensive farming.
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1. Introduction

Pesticides have been integral to modern agricultural intensification and vector-borne disease control since the mid-20th century. The large-scale deployment of synthetic pesticides began after the discovery of dichloro-diphenyl-trichloroethane (DDT) in the 1930s, which marked a transformative moment in chemical pest management. Although early applications were celebrated for reducing crop losses and controlling malaria vectors, concerns regarding ecological persistence, bioaccumulation, and toxicity emerged within decades (IARC, 2015; Mostafalou and Abdollahi, 2013). The subsequent development of organophosphates, carbamates, pyrethroids and newer systemic insecticides such as neonicotinoids diversified pesticide chemistry but did not eliminate concerns about unintended biological effects. Globally, pesticide usage continues to rise in response to increasing food demand and agricultural intensification. Contemporary formulations include insecticides, herbicides, fungicides, rodenticides and adjuvants, each designed to target specific biochemical pathways in pests. However, these biochemical targets—such as acetylcholinesterase inhibition, sodium channel modulation, and mitochondrial interference—are often conserved across taxa, resulting in non-target toxicity (Ahmad et al., 2024; Sule et al., 2022). Chronic, low-dose exposure has become a major area of concern, particularly in occupational settings and agricultural communities. Beyond human health, ecological consequences are increasingly documented. Collectively, these findings highlight the complex interplay between chemical pest control, environmental sustainability and public health. While pesticides remain important tools for global food security, emerging mechanistic insights emphasize oxidative stress, endocrine modulation, neurotoxicity, and immunotoxicity as central toxicological themes. This review therefore synthesizes historical evolution, classification, mechanistic pathways and multi-level impacts of pesticides on animals, ecosystems and human health, while identifying research gaps and mitigation strategies necessary for sustainable risk management.

2. Historical perspective and trajectory of use

Historically, pest control relied on botanical extracts (pyrethrum), inorganic agents (sulfur, arsenicals), and physical measures. The era of synthetic organic pesticides began in earnest with DDT’s large-scale deployment in the 1940s, transforming vector control and agricultural productivity but later generating ecological crises due to persistence, bioaccumulation and food-web impacts (Sule et al. 2022). The post-DDT era saw development of organophosphates and carbamates—chemicals designed for greater biodegradability but with heightened acute vertebrate toxicity. From the 1990s onwards, production has shifted toward pyrethroids, neonicotinoids and herbicides such as glyphosate, reflecting changes in pest management strategies and agrochemical markets (Ahmad et al., 2024; Shekhar et al., 2024). 

3. Classification of pesticide

Pesticides can be classified by (A) target organism (e.g., insecticides, herbicides, fungicides), (B) chemical class (organochlorines, organophosphates, carbamates, pyrethroids, neonicotinoids, etc.), and (C) systemic versus contact formulations (Ahmad et al., 2024). Key modern concerns derive from class-specific features: organochlorines (OCs) are persistent and lipophilic and prone to biomagnify; organophosphates (OPs) are potent anti-cholinesterase agents with acute neurotoxicity; neonicotinoids are systemic and implicated in pollinator decline; herbicides (e.g., glyphosate) are debated for carcinogenicity and endocrine activity (Mitra et al., 2011; Pathak et al., 2022). 

4. Mechanisms of Action and Common Toxicological Pathways

Pesticides exert their biological effects through specific biochemical targets that subsequently initiate systemic and ecological consequences. Although individual compounds differ in structure and intended mode of action, several conserved toxicological pathways have been identified across pesticide classes. The widespread application of synthetic pesticides in agriculture, public health, and domestic settings has contributed substantially to crop protection and vector control; however, accumulating evidence demonstrates significant adverse consequences for humans, animals, and ecosystems. Contemporary toxicological research indicates that pesticide toxicity is rarely confined to acute poisoning events; instead, chronic, low-dose exposures may induce oxidative stress, immune dysregulation, neurotoxicity, endocrine disruption, and ecological imbalance (Ahmad et al., 2024; Shekhar et al., 2024). Table 1 summarizes commonly used classes, representative active ingredients, and general properties (persistence, primary target, human toxicity profile).

4.1 Neurotransmission Interference

Organophosphates (OPs) and carbamates primarily exert toxicity through inhibition of acetylcholinesterase (AChE), leading to accumulation of acetylcholine at synaptic junctions. The resulting cholinergic overstimulation manifests clinically as salivation, bronchoconstriction, bradycardia, muscle fasciculations, seizures, and, in severe cases, respiratory failure and death (Fulton and Key, 2001; Ahmad et al., 2024). Beyond acute toxicity, subchronic exposure may result in neurobehavioral alterations and cognitive deficits.
Pyrethroids and organochlorines target voltage-gated sodium channels and GABAergic pathways, prolonging neuronal depolarization and inducing hyperexcitability (Botnaru et al., 2022; Ahmad et al., 2024). Such ion channel modulation explains tremors, paresthesia, and convulsions observed in both wildlife and exposed workers. Chronic neuronal overstimulation may also predispose to long-term neurodegenerative processes. Chronic pesticide exposure may contribute to neurodegenerative disorders through mechanisms involving mitochondrial impairment, α-synuclein aggregation, cholinesterase inhibition, and dopaminergic neuronal loss (Vellingiri et al., 2022; Botnaru et al., 2025). Meta-analyses have reported associations between paraquat exposure and Parkinson’s disease risk (Vaccari et al., 2019; Tangamornsuksan et al., 2019). Mechanistically, oxidative stress and neuroinflammation appear central to pesticide-associated neuropathology. Glyphosate and certain organophosphate insecticides have also been scrutinized for potential neurobehavioral and developmental effects (IARC, 2015; Galli et al., 2024). Although regulatory evaluations vary in conclusions regarding carcinogenicity, mechanistic studies continue to reveal oxidative and inflammatory pathways that warrant precautionary attention. 

4.2 Oxidative Stress and Mitochondrial Dysfunction

A central and recurring mechanism underlying pesticide toxicity is oxidative stress. Numerous pesticide classes—including organophosphates, organochlorines, paraquat, and rotenone—stimulate excessive generation of reactive oxygen and nitrogen species (ROS/RNS), overwhelming endogenous antioxidant defenses such as glutathione (GSH), superoxide dismutase (SOD), and catalase (Sule et al., 2022). Oxidative damage to lipids, proteins, and nucleic acids disrupts mitochondrial integrity and activates apoptotic cascades. Mechanistic syntheses emphasize oxidative stress as a near-universal mediator of pesticide-induced toxicity (Ambwani et al., 2018a; 2019; Sule et al., 2022). A unifying mechanistic feature across multiple pesticide classes—including organophosphates, pyrethroids, carbamates, and certain herbicides—is the induction of oxidative stress. Reactive oxygen species (ROS) overproduction results in lipid peroxidation, protein carbonylation, DNA damage, and mitochondrial dysfunction (Sule et al., 2022). Persistent oxidative imbalance contributes to inflammatory signaling cascades, apoptosis, and long-term tissue injury. Experimental and epidemiological findings increasingly link oxidative stress biomarkers with pesticide-associated neurodegenerative and metabolic disorders (Mostafalou and Abdollahi, 2013; Vellingiri et al., 2022). In the context of paraquat exposure, oxidative mitochondrial injury and dopaminergic neuronal loss have been implicated in Parkinsonian pathology (Vaccari et al., 2019). 

4.3 Endocrine Disruption and Receptor Modulation

Certain organochlorines, fungicides, and herbicide formulations exhibit endocrine-disrupting properties by interfering with steroidogenesis, estrogenic and androgenic receptor signaling, or thyroid hormone pathways (Kumar et al., 2023; Vandenberg et al, 2025). Endocrine Disruption and Chronic Disease Pesticides are increasingly recognized as endocrine-disrupting chemicals (EDCs), capable of interfering with hormonal signaling at low exposure levels. EDCs may present subtly, affecting reproductive capacity, fetal development, puberty timing, and long-term metabolic health. These endocrine-mediated disruptions may exert life-history consequences in both wildlife and human populations. Altered estrogenic, androgenic, and thyroid pathways have been documented in both laboratory and epidemiological investigations (Kumar et al., 2023; Vandenberg et al., 2025). Such disruptions may contribute to reproductive dysfunction, metabolic disorders and developmental abnormalities. 

4.4 Genotoxicity and Carcinogenic Potential

Several pesticides demonstrate genotoxic signatures in experimental models, including DNA strand breaks, chromosomal aberrations, and oxidative DNA lesions. The International Agency for Research on Cancer (IARC) classified glyphosate as “probably carcinogenic to humans” (Group 2A) based on limited human evidence and sufficient animal data (IARC, 2015). Oxidative stress, epigenetic alterations, and sustained inflammatory signaling remain plausible mechanistic links between pesticide exposure and carcinogenic outcomes (Sule et al., 2022; Ahmad et al., 2024). Chronic pesticide exposure has also been implicated in non-communicable diseases, including cancer and metabolic syndrome (Mostafalou and Abdollahi, 2013; Shekhar et al., 2024). Regulatory bodies such as the IARC and the U.S. EPA continue to evaluate pesticide carcinogenicity and safety thresholds. Nevertheless, evolving scientific evidence regarding low-dose, chronic, and mixture exposures suggests that traditional risk assessment paradigms may underestimate cumulative effects (Ahmad et al., 2024).

4.5 Immunomodulation

Beyond neurotoxicity and endocrine disruption, pesticides influence immune function. Experimental and ecological evidence indicates suppression or dysregulation of both cellular and humoral immune responses following pesticide exposure (Mitra et al., 2011; Di Prisco et al., 2013). Studies in cell culture systems have further demonstrated that oxidative stress mediates immune cell dysfunction and altered cytokine expression following xenobiotic exposure. For example, Ambwani et al. (2018a; 2019) reported modulation in oxidative stress biomarkers in avian splenocytes exposed to immunomodulatory agents, underscoring the sensitivity of lymphoid cells to redox perturbations. Such models are highly relevant for investigating pesticide-induced immunotoxicity. Altered lymphocyte proliferation, impaired cytokine production, and reduced vaccine responsiveness have been documented in animal models and occupational cohorts. Immunomodulation compromises ecological resilience by increasing susceptibility to infections in wildlife populations. For example, neonicotinoid exposure has been shown to impair immune competence in pollinators, facilitating viral replication and colony vulnerability (Di Prisco et al., 2013). Such immune perturbations have broader implications for ecosystem stability and public health. Ambwani and colleagues have extensively employed chicken lymphocyte culture systems to evaluate oxidative and inflammatory modulation in response to xenobiotics and plant-derived compounds (Ambwani et al., 2010; 2018a; 2018b; 2019; 2023; 2024; 2025). Such models are particularly valuable for assessing subclinical immunotoxicity and antioxidant interventions. Oxidative stress–driven apoptosis and impaired blastogenic responses may compromise host defense, increasing susceptibility to infections and inflammatory disorders (Ambwani et al., 2019; Sule et al., 2022). The immunomodulatory dimension of pesticide toxicity remains an important but under-addressed public health concern. Overall there are various deleterious impacts on health due to pesticides exposure (Figure 1).

5. Ecotoxicological Impacts — Animals and Ecosystems

The ecological consequences of pesticide application extend well beyond target pest species. Large-scale pesticide usage correlates with declines in biodiversity (insects, birds, aquatic life) and degradation of ecosystem services (pollination, pest natural-enemy communities) (Table 2; Figure 2).

5.1 Birds and Terrestrial Wildlife

Avian species are particularly sensitive to pesticide exposure due to dietary habits and ecological position. Acute mortality events have been documented following ingestion of treated seeds or direct exposure to agricultural sprays. Historically, organochlorine compounds such as DDT were associated with eggshell thinning and reproductive failure, leading to population declines in raptors and other predatory birds (Mitra et al., 2011). Lipophilic pesticides bioaccumulate in adipose tissue and biomagnified along trophic levels, resulting in higher concentrations among predators and scavengers. Such top-down ecological effects alter community structure and biodiversity patterns. Contemporary concerns extend to sublethal behavioral effects, impaired reproduction, and chronic immune suppression (Mitra et al., 2011).

5.2 Pollinators and Beneficial Insects

Neonicotinoid insecticides, due to their systemic properties, accumulate in pollen and nectar, exposing pollinators to sublethal concentrations (Zhang et al., 2023). Experimental evidence demonstrates impaired immunity and enhanced viral replication in honey bees following neonicotinoid exposure (Di Prisco et al., 2013). Field-based monitoring studies further highlight chronic exposure risks at landscape scales (French et al., 2024). Consequently, pollinators are exposed during foraging activities. Reviews indicate that even sublethal concentrations impair navigation, learning behavior, foraging efficiency, and colony growth (Zhang et al., 2023).These findings have prompted regulatory restrictions in several countries and intensified calls for precautionary risk assessment frameworks.

5.3 Aquatic organisms

Pesticide contamination of aquatic environments primarily occurs through agricultural runoff, surface drainage, leaching, and spray drift, resulting in the transport of active compounds into rivers, lakes, wetlands, and coastal waters. Once introduced into aquatic systems, these chemicals can exert both acute and chronic toxic effects on non-target organisms. Even at sublethal concentrations, several pesticide classes—particularly synthetic pyrethroids and certain organophosphates—have been associated with developmental abnormalities, reduced growth rates, endocrine disruption, and impaired reproductive performance in fish and amphibians (van der Oost et al., 2003; Stehle and Schulz, 2015). Early-life stages of aquatic vertebrates are especially vulnerable due to their permeable membranes and incomplete detoxification systems.  Pyrethroids, despite their relatively low water solubility, readily adsorb to sediments, where they can persist and affect benthic organisms. Exposure has been linked to altered swimming behavior, neurotoxicity, and disruption of predator–prey dynamics in fish species (Werner and Moran, 2008). Organophosphate pesticides, through acetylcholinesterase inhibition, can impair neuromuscular function in aquatic fauna, leading to reduced feeding efficiency and increased susceptibility to predation (Fulton and Key, 2001). Reviews emphasize alterations in sediment microbial activity, nutrient cycling, and trophic dynamics (Pathak et al., 2022; Abaineh et al., 2024). The seminal global assessment by Stehle and Schulz (2015) demonstrated widespread contamination of surface waters, a finding reinforced by subsequent monitoring studies. Beyond vertebrates, pesticide contamination significantly influences microbial communities that regulate nutrient cycling and organic matter decomposition. Changes in microbial biomass, enzymatic activity, and sediment respiration have been documented following pesticide exposure, potentially disturbing nitrogen and phosphorus turnover (Imfeld and Vuilleumier, 2012). Such alterations may cascade through food webs, ultimately affecting ecosystem stability and biodiversity.  Collectively, these findings underscore that even environmentally relevant concentrations of pesticides can compromise aquatic ecosystem health through both direct toxicological effects and indirect ecological disruptions.

6. Regulatory landscape, risk mitigation and alternatives

Given varied hazard profiles, risk mitigation strategies include regulatory restrictions, formulation reformulation (minimizing problematic adjuvants), integrated pest management (IPM), biological control deployment, buffer zone policies to reduce drift, and farmworker training/PPE provision. Government-led reductions in pesticide application have yielded positive biodiversity outcomes in some regions, highlighting policy impact potential (Di Prisco et al., 2013). Controversies persist regarding risk-benefit tradeoffs for certain chemicals where agriculture and occupational economics are influential. 

7. Research gaps and priorities

Longitudinal cohort studies with repeated biomonitoring, precise exposure assessment, and attention to co-exposures and social determinants of health. Mechanistic human-relevant toxicology using organoids, human iPSC-derived neurons, and integrative omics to link molecular perturbations with epidemiologic endpoints. Ecological multiple-stressors research that integrates pesticide exposure with habitat loss, climate change and invasive species to understand compound biodiversity impacts. Transparent data and regulatory science—open access data, conflict-of-interest declarations and independent replication of industry-sponsored studies. The integration of environmental toxicology with experimental immunomodulation research is critical. Policy-driven agricultural transitions, including large-scale organic farming initiatives, have shown measurable reductions in pesticide usage and potential health co-benefits (Jaacks et al., 2022). Such systems provide mechanistic insight into pesticide-induced immune dysfunction and serve as platforms for evaluating phytochemical-based mitigation strategies. Given the central role of oxidative stress in pesticide toxicity, antioxidant-rich plant extracts and nano-delivery systems (Ambwani et al., 2018c; Pandey and Ambwani, 2022; Ambwani et al., 2024; 2025) represent promising adjunct approaches for reducing redox imbalance and immune dysregulation. 

8. Conclusions

Pesticides remain indispensable in modern agriculture and public health, but they carry well-documented risks for non-target organisms and human populations. A mechanistic consensus centers on oxidative stress, mitochondrial dysfunction and endocrine disruption as recurring pathways that translate chemical exposure into disease endpoints. Further molecular-level investigations, including gene expression profiling and apoptosis pathway analyses, are warranted. The cumulative evidence indicates that pesticide exposure exerts multifaceted deleterious effects mediated largely through oxidative stress, endocrine disruption, neurotoxicity and immunomodulation. These impacts extend across species and ecological compartments, from pollinators and aquatic organisms to humans. Incorporating mechanistic insights from cellular immunotoxicology models can enhance understanding of subclinical and chronic effects. Future research should prioritize mixture toxicity, low-dose chronic exposure, and integrative mitigation strategies grounded in both environmental and biomedical sciences.
Policies emphasizing reduction, substitution, IPM, improved biomonitoring, and targeted research into mechanistic links will be crucial to reconcile agricultural and ecosystem health.
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Table 1: Classification of widely used pesticide groups, representative active compounds, and their general properties, including environmental persistence, principal biological targets, and broad human toxicity characteristics.

	Pesticide Class
	Representative Active Ingredients
	Primary Target / Mode of Action
	Environmental Persistence
	General Human Toxicity Profile

	Organochlorines (OCs)
	DDT, Lindane, Endosulfan
	Disruption of sodium channel function in nerve membranes
	Highly persistent; bioaccumulative; long half-life in soil and fat tissues
	Neurotoxic; endocrine disruption; possible carcinogenicity; bioaccumulation in adipose tissue

	Organophosphates (OPs)
	Chlorpyrifos, Dimethoate, Malathion, Parathion
	Acetylcholinesterase (AChE) inhibition causing cholinergic overstimulation
	Moderate persistence; generally less stable than OCs
	Acute neurotoxicity; respiratory distress; cholinergic syndrome; possible developmental and immunotoxic effects

	Carbamates
	Carbaryl, Propoxur, Carbofuran
	Reversible inhibition of acetylcholinesterase
	Low to moderate persistence
	Acute neurotoxicity; headache, nausea; typically shorter duration toxicity compared to OPs

	Synthetic Pyrethroids
	Cypermethrin, Deltamethrin, Permethrin
	Prolonged activation of voltage-gated sodium channels in nerve cells
	Low environmental persistence; rapidly degraded by sunlight
	Neurotoxic at high doses; paresthesia; potential immunotoxic and endocrine effects

	Neonicotinoids
	Imidacloprid, Thiamethoxam, Clothianidin
	Agonists of nicotinic acetylcholine receptors in insects
	Moderate persistence; systemic in plants
	Low acute mammalian toxicity; potential neurobehavioral and developmental concerns

	Herbicides (e.g., Glyphosate group)
	Glyphosate, Paraquat
	Inhibition of plant-specific metabolic pathways (e.g., EPSPS enzyme)
	Variable; glyphosate relatively low persistence; paraquat binds strongly to soil
	Eye/skin irritation; possible carcinogenic concerns (glyphosate debated); paraquat highly toxic if ingested

	Triazine Herbicides
	Atrazine, Simazine
	Inhibition of photosystem II in plants
	Moderate persistence in soil and water
	Endocrine-disrupting potential; reproductive toxicity concerns

	Fungicides (Dithiocarbamates, Phthalimides)
	Mancozeb, Captan
	Disruption of fungal enzyme systems; thiol reactivity
	Moderate persistence; degradable under environmental conditions
	Skin and respiratory irritation; possible mutagenicity (compound-specific)

	Rodenticides (Anticoagulants)
	Warfarin, Brodifacoum
	Inhibition of vitamin K–dependent clotting factor synthesis
	Variable; some second-generation compounds highly persistent
	Hemorrhagic toxicity; prolonged bleeding disorders





Table 2: Negative environmental impacts of pesticides
	Ecosystem Component
	Type of Impact
	Mechanism
	Ecological Consequences

	Birds (Avifauna)
	Acute mortality, eggshell thinning
	Ingestion of treated seeds; bioaccumulation
	Population decline, altered predator-prey dynamics

	Pollinators (Bees, butterflies)
	Impaired navigation, reduced colony strength
	Neonicotinoids in pollen/nectar; immune suppression
	Colony collapse, reduced crop pollination

	Aquatic Organisms (Fish, Amphibians)
	Developmental abnormalities, reproductive failure
	Runoff → water contamination; oxidative stress
	Altered species composition, biodiversity loss

	Soil Microbiota
	Reduced microbial biomass and enzymatic activity
	Disruption of nutrient cycling pathways
	Impaired soil fertility, reduced ecosystem productivity

	Non-target Invertebrates
	Sublethal neurotoxicity
	Ion channel interference
	Food web disruption

	Top Predators
	Biomagnification
	Lipophilic persistence
	Trophic cascades

	Sediment Microbes
	Altered nitrogen/carbon cycling
	Oxidative and enzymatic inhibition
	Ecosystem function destabilization
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Figure 1: Negative effect of pesticides exposure on health
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Figure 2: Effect of pesticides exposure on environment
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