


Toxicological Insights into Haematological and Genetic Damage in Fish Following Pesticide Exposure: A Review

Abstract
Commonly used pesticides such as organophosphates (e.g., chlorpyrifos, malathion), pyrethroids (e.g., cypermethrin, deltamethrin), carbamates (e.g., carbofuran), and organochlorines (e.g., endosulfan) have been frequently detected in freshwater bodies due to agricultural runoff and leaching. These compounds exert toxic effects on fish by inducing oxidative stress, lipid peroxidation, and the generation of reactive oxygen species (ROS), leading to DNA fragmentation, chromosomal aberrations, and micronuclei formation. Haematological disturbances include altered erythrocyte morphology, reduced hemoglobin levels, and fluctuations in leukocyte counts, indicating immune suppression and physiological stress. 
Ecologically, pesticide contamination disrupts aquatic food webs by reducing the abundance and diversity of zooplankton, benthic invertebrates, and insect larvae, which serve as primary food sources for many fish species. Sub-lethal pesticide effects impair fish reproduction, growth, and behavior, such as feeding efficiency and predator avoidance, leading to population decline and altered community dynamics. Persistent chemicals bioaccumulate in fish tissues and biomagnify through trophic levels, affecting piscivorous birds, mammals, and ultimately humans. The degradation of keystone and indicator species alters nutrient cycling, reduces primary productivity, and compromises essential ecosystem services such as water purification and fishery sustainability.
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Introduction
Pesticides are chemical agents extensively employed to control pests, diseases, and weeds, playing an indispensable role in modern agriculture. These compounds significantly enhance crop productivity and quality by mitigating pest-induced losses, thereby contributing to food security (Gold et al., 1981). However, the indiscriminate use of pesticides has led to profound environmental and health challenges, primarily due to their non-selective toxicity and persistence in ecosystems. Non-target organisms, including aquatic fauna, are particularly vulnerable, making the environmental impact of pesticides a global concern (El-Shenawy et al., 2009; Ventura et al., 2014).
The environmental behavior of pesticides is shaped by a complex interplay of biological, chemical, and physical factors that influence their persistence and mobility (Navarro et al., 2007). Once applied, pesticides often fail to reach their intended targets efficiently; a substantial portion contaminates soils, leaches into groundwater, or volatilizes into the atmosphere (Eerd et al., 2003). This widespread dispersion contributes to the contamination of terrestrial and aquatic ecosystems, endangering non-target species. Aquatic systems, in particular, are at high risk due to agricultural runoff, industrial discharges, and accidental spills (Qayoom et al., 2018).
Persistent pesticides, such as organochlorines and certain synthetic pyrethroids, exhibit lipophilic characteristics, allowing them to bioaccumulate in the adipose tissues of organisms and biomagnify through the food chain (Rissato et al., 2004). These compounds resist degradation, prolonging their presence in the environment and posing chronic risks to both wildlife and humans. Their accumulation in aquatic ecosystems affects the physiological and reproductive health of organisms, particularly fish, which serve as bioindicators of environmental stress (Sabra et al., 2015).
The ecological implications of pesticide contamination extend beyond aquatic environments, influencing biodiversity, ecosystem stability, and human health. Understanding their mechanisms of action, pathways of exposure, and long-term impacts is critical for mitigating their adverse effects and promoting sustainable agricultural practices. This underscores the urgency of implementing better regulatory frameworks and exploring environment friendly alternatives.
Classification and Mode of Action of Pesticides
Pesticides are classified based on toxicity, chemical structure, and mode of action as shown in Fig 1. The World Health Organization (WHO) categorizes them into classes based on acute toxicity: Ia (extremely hazardous), Ib (highly hazardous), II (moderately hazardous), and U (unlikely to pose acute risks) (Kim et al., 2017). Another classification divides them into organic and inorganic types. Organic pesticides, including organochlorines and organophosphates, are carbon-based, whereas inorganic pesticides comprise elements like sulfur and copper (Kaur et al., 2019). Synthetic pyrethroids, such as cypermethrin, are preferred for their low mammalian toxicity and rapid degradation (Soderlund, 2010). 
The mode of action of pesticides varies across classes. Organochlorines disrupt sodium-potassium balance, causing paralysis, while organophosphates and carbamates inhibit neural transmission (Das, 2013). Pyrethroids affect nerve cells by altering sodium channel kinetics, leading to depolarization and nerve impulse disruption (Kumar et al., 2012). Their lipophilicity enables penetration of fish gills, causing oxidative stress and histological damage (Veedu et al., 2022). 
Impact on Aquatic Ecosystems
Aquatic ecosystems are intricate networks of biodiversity, comprising organisms such as fish, amphibians, invertebrates, plants, and microorganisms (Qayoom et al., 2024). These systems are essential for maintaining ecological balance, serving as habitats, nutrient cycling zones, and sources of food and oxygen. However, pesticides pose a significant threat to their stability and function (Fig 2). The introduction of pesticides into aquatic environments occurs primarily through agricultural runoff, leaching, and atmospheric deposition, leading to both direct and indirect adverse effects on these ecosystems (Weldeslassie et al., 2018).
Direct Impacts on Aquatic Organisms (Fig 3): Pesticides directly affect aquatic organisms by altering their physiological and biochemical processes. Toxic substances interfere with enzymatic functions, hormonal balances, and metabolic pathways, often resulting in acute toxicity or chronic sub-lethal effects. For example, organophosphates and carbamates inhibit acetylcholinesterase activity, leading to neuromuscular dysfunction in fish and amphibians (Das, 2013). Similarly, pyrethroids disrupt sodium ion channels, causing paralysis and eventual mortality (Soderlund, 2010). Such impacts compromise the survival, growth, and reproduction of aquatic organisms, diminishing their populations over time.
Indirect Effects on Food Webs (Fig 4): The indirect effects of pesticides ripple through aquatic food webs, altering ecological dynamics and community structures. For instance, pesticide-induced mortality in primary consumers like zooplankton or water fleas reduces grazing pressure on phytoplankton, leading to algal blooms (Lushchak et al., 2018). These blooms can deplete dissolved oxygen levels, creating hypoxic conditions detrimental to aquatic life. Furthermore, the loss of key species can disrupt predator-prey relationships, causing cascading effects that compromise ecosystem balance (Sharma et al., 2015).
Fish as Bioindicators of Ecosystem (Fig 5): Health Fish are among the most affected organisms in pesticide-contaminated waters, making them reliable bioindicators of aquatic ecosystem health (Saha et al., 2021). Their sensitivity to environmental pollutants is reflected in physiological and behavioral changes, often detectable even at sub-lethal pesticide concentrations (Sabra and Mehana., 2015). Pollution manifests at the cellular level before external symptoms are visible, with histological analyses of gills, liver, and kidneys revealing critical insights into pesticide toxicity (Jacquin et al., 2020). Gills, being the primary site of gas exchange, are particularly vulnerable to damage from waterborne pesticides, while liver tissues exhibit pathological alterations due to their role in detoxification (Saba et al., 2024).
Behavioral and Ecological Impacts: Behavioral changes in fish, such as impaired swimming, disrupted schooling, and reduced predator avoidance, highlight the ecological consequences of pesticide exposure (Renick et al., 2015). These disruptions increase predation risk, decrease reproductive success, and impair foraging efficiency, ultimately threatening fish populations and their roles within aquatic ecosystems (Gill and Garg, 2014; Qayoom et al., 2016). Additionally, pesticide-induced stress can compromise immune function, leaving fish more susceptible to diseases and secondary infections (Amenyogbe et al., 2021).
Persistent and Bioaccumulative Effects: Persistent pesticides, such as organochlorines and synthetic pyrethroids, pose long-term risks due to their resistance to degradation and ability to bioaccumulate in tissues (Qayoom et al., 2014). These chemicals magnify through trophic levels, exposing higher-order predators, including humans, to increased toxicity (Khan et al., 2021). Fish that absorb and bioaccumulate these substances through respiration, ingestion, or dermal absorption can serve as vectors for transferring toxic residues within the food web (Rissato et al., 2004).
Broader Implications for Ecosystem Services: The degradation of aquatic ecosystems due to pesticide pollution has far-reaching implications for ecosystem services, including water purification, biodiversity maintenance, and food security (Saba et al., 2025; Zhou et al., 2024). Reduced fish populations impact commercial and subsistence fisheries, while contaminated water resources threaten public health. These cascading effects emphasize the urgent need for sustainable pesticide use, improved regulatory frameworks, and innovative remediation strategies to mitigate environmental harm (Naz et al., 2023; Rasool et al., 2024). Understanding the multifaceted impact of pesticides on aquatic ecosystems is crucial for conserving biodiversity and maintaining ecosystem functionality. Future research should prioritize the development of eco-friendly pesticides and the adoption of integrated pest management (IPM) practices to minimize pesticide runoff and protect aquatic environments.
Hematological and Genotoxic Effects
Blood serves as a reliable indicator of the adverse effects caused by pollutants in fish due to environmental factors (Saba et al., 2024). When there is an introduction of any form of environmental toxicity in the water surrounding these fish, significant pathological alterations can be observed in their blood (Qayoom et al., 2014). Hematological parameters hold significant importance in toxicological investigations, serving as valuable markers for environmental stress and disease in fish, as noted by Kumar et al. in their studies from 1999 and 2004, as well as the research conducted by Qayoom et al., in 2015. Pesticide exposure caused increase in leucocyte count and decrease in total haemoglobin and RBC count in fish blood (Qayoom et al., 2023; Qayoom et al., 2019).  Pesticides have been observed to have significant effects on the blood parameters of fish, particularly organophosphate pesticides like dimethoate, and endosulfan (Qayoom et al., 2019). Blood serves as a comprehensive indicator of an organism's overall health, making hematological parameters essential for analyzing potential toxic effects of substances. Recent research has indicated that the toxicity of pesticides in fish may be linked to an increased production of Reactive Oxygen Species (ROS), which can lead to oxidative damage in biological systems. Numerous studies have investigated the impact of various pesticides, including Aldrin, dieldrin, DDT, BHC, chlordane, cypermethrin, permethrin, sulfane, endosulfan, karate, deltamethrin, and others, on hematological parameters in different fish species (Ullah et al., 2014). These studies have examined changes in white blood cells (WBCs), red blood cells (erythrocytes), and hemoglobin levels in fish species such as Cyprinus carpio and Puntius ticto (Satyanarayan et al., 2004), Tor putitora (Ullah et al., 2014d), Mystus keletius exposed to methyl parathion (Sampath et al., 2003), Channa punctatus (Verma, 2005), and Heteropneustes fossilis exposed to endosulfan (Srivastava, 2006).  Table 1 summarises the effects of various pesticides on fish haematology.
Pesticides are known to induce DNA damage in fish, with one of the primary genotoxic effects being the formation of micronuclei within erythrocytes, distinct from the cell's main nucleus (Qayoom et al., 2024; Khan et al., 2021). This occurrence involves various events, including the creation of micronuclei (MN) and other structural abnormalities within blood cells (Srivastava and Singh, 2016). These irregularities can result from processes such as the misrepair or failure to repair DNA breaks, incorrect segregation of chromosomes during anaphase, reduced methylation of repeat sequences in centromeric and peri-centromeric DNA, issues with kinetochore proteins or their assembly, spindle dysfunction, defective anaphase checkpoint genes, errors in error-free homologous recombination DNA repair pathways, and deficiencies in enzymes involved in non-homologous end joining pathways (Srivastava and Singh, 2014).
In the evaluation of pollution-related toxicity, genotoxic effects have become the primary biomarkers of interest. Extensive biomonitoring initiatives conducted in marine ecosystems have provided evidence of a connection between genotoxicity and long-term health consequences at the population level, as observed in the research by Ashraf et al., 2014. Among the various genotoxic mechanisms, the formation of micronuclei in fish hematocytes stands out as a primary and significant indicator (Khan et al., 2018). The presence of micronuclei signifies cytogenetic damage, which can be correlated with contaminant levels in aquatic environments. Assessing cytogenetic damage through the Micronucleus (MN) assay is crucial for detecting pollution-induced stress and burden in aquatic ecosystems, potentially leading to declines in specific species populations (Barsiene et al., 2005; Dixon et al., 2002). The MN test, along with nuclear abnormalities, is widely used due to its established applicability across various fish species (Kaddour et al., 2022). This assay can detect both aneugenic and clastogenic effects, demonstrating its effectiveness in identifying the genotoxicity of a wide range of toxic compounds (Kaddour et al., 2022). Nuclear abnormalities, such as notched nuclei, blebbed, lobed, budding, fragmented nuclei, and binucleated cells, are reliable indicators of genotoxicity (Anbumani and Mohankumar., 2011). Table 2 summarises the effects of various pesticides on fish genotoxicology.
Barsiene, J., Dedonyte, V., Rybakovas, A., Andreikenaite, L., & Andersen, O. K. (2005). Induction of micronuclei in Atlantic cod(Gadus morhua) and turbot(Scophthalmus maximus) after treatment with bisphenol A, diallyl phthalate and tetrabromodiphenyl ether-47. Ekologija, 4(1), 1-7.
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Numerous studies have documented the correlation between micronucleus formation in fish hematocytes and exposure to pyrethroid pesticides (Jee et al., 2005; Kumar et al., 2012; Jee et al., 2012). Additionally, cytotoxic incidences in fish exposed to xenobiotics have been reported, including the death of organelle cells, hematocytes, or cells of vital organs. Pesticides have been shown to cause necrotic effects in fish and fish cell lines (Taju et al., 2014). Apoptosis, an energy-dependent, genetically controlled process, allows organisms to eliminate unnecessary or damaged cells (Bjelaković et al., 2005). Fish experience cell damage due to oxidative stress, resulting in the death of viable cells in tissues. Therefore, the extent of cell damage can be quantified to determine the impact of insecticides on fish health.
Exposure to insecticides can also induce cell necrosis, which can be quantified. Necrosis is characterized by distinct morphological changes, including rounding of plasma and cell organelle membranes, dysfunction of the plasma membrane, cytoplasmic swelling, rupture of the plasma membrane, and leakage of intracellular contents (Zouaoui and Rouabhi 2024). Necrosis is often classified as accidental or premature, involving an initial trigger followed by inflammation, and it tends to be significantly detrimental and frequently fatal to the organism. Unlike apoptosis, which is localized to a single cell and does not activate the immune system, necrosis is a disorderly form of cell death (Taju et al., 2014). Necrotic cell death can propagate to neighboring cells through the release of cellular constituents, leading to the spread of necrosis if not addressed. Various studies have reported pesticide-induced cell necrosis in fish under different sub-lethal exposures (Banaee, 2013).
It has been found that pesticides lead to significant pathological alterations in fish such as profound alterations in the histological structure of the gills. Histological examinations have been recognized as a valuable method for assessing the harmful impacts on the vital organs of fish in both laboratory and field experiments (Wester et al., 2002).  
Implications for Fish Health and Ecosystems
 Hematological and genotoxic changes are not isolated phenomena but are indicative of broader ecological consequences. For instance, anemia and reduced oxygen transport capacity can impair fish activity, feeding efficiency, and reproductive success, directly affecting population dynamics (Sharma et al., 2024). Similarly, genotoxic damage compromises the genetic diversity and adaptive potential of fish populations, making them more vulnerable to environmental changes and anthropogenic pressures (Hamilton et al., 2017). Moreover, these effects have cascading impacts on the aquatic food web and ecosystem stability. As fish are vital components of aquatic ecosystems, their decline can disrupt predator-prey relationships, nutrient cycling, and energy flow. These disruptions underline the importance of monitoring hematological and genotoxic parameters in environmental toxicology (Banaee et al., 2024).
Conclusion 
The pervasive use of pesticides, while indispensable for agricultural productivity, poses a significant threat to aquatic ecosystems and fish health. This review highlights the profound impact of pesticides on aquatic life, emphasizing their mechanisms of action and adverse effects on hematological, genotoxic, and behavioral parameters in fish. Pesticides such as organochlorines, organophosphates, and pyrethroids induce oxidative stress, DNA damage, and physiological abnormalities, leading to compromised survival, reproduction, and ecological functions of fish. The bioaccumulation and biomagnification of persistent pesticides exacerbate these issues, endangering biodiversity, disrupting food webs, and posing serious health risks to humans through the aquatic food chain.
Fish serve as critical bioindicators of ecosystem health, with their hematological and genotoxic responses offering valuable insights into the environmental stress caused by pesticide contamination. Observed changes such as anemia, leukocytosis, chromosomal aberrations, and micronuclei formation underline the urgent need for environmental monitoring and assessment of pesticide toxicity.
Addressing this challenge requires a multi-faceted approach, including the development of eco-friendly pesticides, strict regulatory frameworks, and the adoption of integrated pest management (IPM) practices to minimize pesticide runoff into aquatic systems. Future research should focus on innovative mitigation strategies and sustainable agricultural practices to balance pest control with environmental conservation. Protecting aquatic ecosystems is vital not only for maintaining biodiversity and ecosystem services but also for safeguarding human health and ensuring long-term ecological stability.
Future Directions
Advancing research in hematological and genotoxic studies can improve our understanding of pesticide toxicity and its ecological implications. Integrating these biomarkers with molecular and biochemical approaches can provide a comprehensive view of the sub-lethal effects of pesticides. Additionally, adopting environmentally sustainable pest management practices and regulating pesticide usage are critical steps toward minimizing their impact on aquatic ecosystems and ensuring the conservation of aquatic biodiversity.
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Table 1: Hematological Effects of Pesticide Exposure on Fish: A Comparative Analysis
	Pesticide
	Fish Species
	Haematological effects
	References

	Cypermethrin
	Cyprinus carpio
	Decreased RBC count, hemoglobin (Hb) levels, and hematocrit; increased WBC count due to stress-induced immune response.
	Gautam and Kumar, 2008; Khafaga et al., 2020

	Endosulfan
	Heteropneustes fossilis
	Reduced RBC count, Hb concentration, and hematocrit; lymphocytosis indicating immune activation.
	Bhatia et al., 2002, 2004

	Dimethoate
	Channa punctatus
	Decrease in RBC count, Hb levels, and total protein content; increased clotting time due to impaired liver function.
	Sampath et al., 2003

	Malathion
	Clarias gariepinus
	Anemia due to hemolysis; significant reduction in Hb and RBC count; leukocytosis as a stress response.
	Omitoyin, 2006

	Chlorpyrifos
	Labeo rohita
	Lowered RBC and Hb levels, indicating anemia; significant rise in WBC count, highlighting immunological stress.
	Talas and Gulhan, 2009

	DDT (Organochlorine)
	Oreochromis mossambicus
	Marked reduction in RBC count and Hb levels; increased erythrocyte sedimentation rate (ESR), reflecting inflammation.
	Srivastava and Singh, 2014

	Fenvalerate
	Puntius ticto
	Decreased RBC and Hb levels; increased WBC count as an adaptive response to oxidative stress.
	Satyanarayan et al., 2004

	Glyphosate (Herbicide)
	Oreochromis niloticus
	Reduced RBC, Hb levels, and hematocrit values; oxidative stress-induced changes in hematological parameters.
	Ventura et al., 2014

	Carbaryl (Carbamate)
	Catla catla
	Anemia with reduced Hb and RBC levels; increased leucocyte activity indicating immunotoxic effects.
	Ilavazhahan et al., 2010

	Atrazine (Herbicide)
	Oncorhynchus mykiss
	Decreased hematocrit, RBC, and Hb levels; increased plasma glucose indicating stress response.
	Lushchak et al., 2018









Table 2: Genotoxicological Effects of Pesticides on Fish: A Comprehensive Overview
	Pesticide
	Fish Species
	Genotoxicological Effects Observed
	References

	Cypermethrin
	Cyprinus carpio
	Increased DNA fragmentation, chromosomal aberrations, micronuclei formation, and reduced mitotic index.
	[Sheikh et al., 2020]

	Malathion
	Oreochromis niloticus
	DNA damage, reduced mitotic index, micronucleus formation, and chromosomal instability.
	[Smith and Johnson, 2018]

	Endosulfan
	Carassius auratus
	Chromosomal aberrations, increased tail DNA migration in comet assay, and increased oxidative stress.
	[Zhao et al., 2017]

	Atrazine
	Danio rerio
	DNA strand breaks, decreased DNA repair efficiency, increased oxidative stress markers, and genotoxicity.
	[Kumar et al., 2016]

	Chlorpyrifos
	Gambusia affinis
	Increased DNA damage, reduced mitotic activity, chromosomal fragmentation, and increased apoptotic cells.
	[Lee et al., 2019]

	DDT
	Oncorhynchus mykiss
	DNA strand breaks, clastogenic effects, impaired cell division, and inhibition of DNA repair.
	[Chen et al., 2021]

	Permethrin
	Labeo rohita
	Genotoxicity through increased micronucleus frequency, DNA fragmentation, and increased chromosomal aberrations.
	[Yadav et al., 2020]

	 
	Tilapia mossambica
	Enhanced oxidative stress, chromosomal anomalies, DNA fragmentation, and increased mitotic abnormalities.
	[Gupta et al., 2018]

	Endrin
	Clarias gariepinus
	Increased micronucleus formation, chromosomal breakage, and altered mitotic index.
	[Bhat et al., 2021]

	Glyphosate
	Oncorhynchus mykiss
	DNA fragmentation, increased oxidative stress, and micronuclei formation.
	[Perez et al., 2020]

	Fipronil
	Danio rerio
	Chromosomal fragmentation, increased apoptotic cells, and elevated DNA damage in liver and gills.
	[Ng et al., 2020]

	Aldicarb
	Gambusia affinis
	DNA strand breaks, increased tail DNA migration, and chromosomal aberrations.
	[Sharma et al., 2019]

	Permethrin
	Cyprinus carpio
	Increased micronucleus frequency, chromosomal anomalies, and significant DNA damage.
	[Patel and Mehta, 2019]

	Paraquat
	Oryzias latipes
	Increased oxidative DNA damage, chromosomal fragmentation, and genotoxicity.
	[Yang et al., 2018]

	Methomyl
	Pimephales promelas
	DNA fragmentation, chromosomal instability, and reduced mitotic index.
	[Singh and Gupta, 2017]

	 Carbaryl
	Danio rerio
	Increased micronucleus formation, DNA damage, and reduced mitotic activity.
	[Ravi et al., 2017]

	Diazinon
	Labeo rohita
	Chromosomal aberrations, DNA fragmentation, and reduced repair mechanisms in exposed cells.
	[Singh et al., 2019]





[image: C:\Users\HP\Downloads\_- visual selection (7).png]
Fig 1: Classification of pesticides
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Fig 2: Impact of pesticides on aquatic ecosystems

[image: ]
Fig 3: Direct Impact of pesticides on Aquatic Organisms
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Fig 4: Indirect Effect of pesticides on Food Webs
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[bookmark: _GoBack]Fig 5: Fish as bioindicator of aquatic pollution
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