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Abstract
Organophosphate (OP) pesticides are extensively used in agriculture for pest control, but their indiscriminate application has led to widespread contamination of freshwater ecosystems. Fish, being directly exposed to these pollutants, serve as critical bioindicators of aquatic health. Among freshwater species, Labeo rohita (rohu) is highly susceptible to OP toxicity due to its prevalence in aquaculture and ecological significance. The liver, a central organ in metabolism and detoxification, is particularly vulnerable to organophosphate-induced damage. Exposure to OPs results in oxidative stress, enzymatic alterations, metabolic disruption, and histopathological changes in hepatic tissue. Molecular mechanisms, including modulation of gene expression, apoptosis, and inflammatory pathways, further exacerbate liver injury. This review consolidates current research on the biochemical, histological, and molecular responses of Labeo rohita liver to organophosphate exposure, highlighting the implications for aquaculture, environmental monitoring, and human health. Understanding these effects is crucial for developing mitigation strategies, sustainable pesticide management practices, and safeguarding aquatic biodiversity.
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Introduction 
The extensive use of chemical pesticides in agriculture has led to significant environmental concerns, particularly regarding water quality in freshwater ecosystems. Organophosphate (OP) pesticides, known for their effectiveness in pest control, have been widely employed in various agricultural practices. However, their persistence in the environment and potential to contaminate water bodies pose substantial risks to aquatic life. Studies have highlighted the detrimental effects of OP pesticides on aquatic organisms, emphasizing the need for comprehensive assessments of their impact on freshwater ecosystems (Reza et al., 2017; Ullah et al., 2018).Organophosphates are a class of chemicals characterized by the presence of a phosphoryl group (P=O) attached to an organic moiety. This structure allows OPs to function as acetylcholinesterase inhibitors, disrupting neurotransmission by preventing the breakdown of acetylcholine at synaptic junctions. This inhibition leads to overstimulation of muscles, glands, and the central nervous system, resulting in a range of toxic effects in exposed organisms (Reza et al., 2017).Labeo rohita, commonly known as rohu, is a prominent freshwater fish species in South Asia, particularly in India. It holds significant ecological and economic value, making it a subject of interest in aquatic toxicology studies. The species' widespread distribution and ecological role render it an ideal candidate for assessing the impact of environmental pollutants, including OP pesticides, on aquatic organisms (Ullah et al., 2018).The liver in fish serves as a central organ for metabolism and detoxification processes. It plays a pivotal role in processing and eliminating xenobiotics, including pesticides, from the organism's system. Given its critical functions, the liver is often the primary site of action for many toxic substances, making it an essential organ for toxicological studies. Histopathological examinations of liver tissues can provide valuable insights into the extent of damage caused by toxicants, aiding in the assessment of environmental health (Ullah et al., 2018).This review aims to consolidate existing research on the effects of organophosphate pesticides on the liver physiology of Labeo rohita. By examining biochemical, histopathological, and molecular alterations induced by OP exposure, this paper seeks to provide a comprehensive understanding of the mechanisms underlying OP-induced hepatotoxicity in freshwater fish. The findings are expected to inform environmental monitoring strategies and contribute to the development of sustainable practices in aquaculture and pesticide management.
Organophosphates: Chemistry, Sources, and Environmental Fate
Organophosphate (OP) pesticides are a class of synthetic organic chemicals primarily derived from phosphoric, phosphonic, or phosphorothioic acids, characterized by the presence of a phosphoryl group (P=O) linked to an organic moiety. Their chemical structure, including alkyl or aryl substituents, determines their potency, persistence, and environmental behavior. OPs are widely known for their neurotoxic properties, acting as irreversible inhibitors of acetylcholinesterase (AChE), the enzyme responsible for hydrolyzing acetylcholine in synaptic junctions. The inhibition of AChE leads to accumulation of acetylcholine, causing hyperstimulation of cholinergic neurons, disruption of neuromuscular function, and eventual physiological and behavioral disturbances in exposed organisms (Reza et al., 2017). Beyond neurotoxicity, OPs also affect non-cholinergic pathways, including oxidative stress induction, mitochondrial dysfunction, and disruption of metabolic enzymes, which can profoundly impact the liver, the primary organ for detoxification and metabolism in fish (Ullah et al., 2018).Several OP compounds are extensively used in agriculture due to their effectiveness against a broad spectrum of pests. Notable examples include chlorpyrifos, malathion, monocrotophos, and methylparathion. Chlorpyrifos is a lipophilic OP pesticide commonly used in rice, cotton, and vegetable cultivation, which has been frequently detected in aquatic ecosystems and shown to bioaccumulate in fish tissues (Ullah et al., 2018). Malathion, widely used for both agricultural and public health applications, has been reported to induce oxidative stress and alter hepatic enzyme activity in freshwater species such as Labeo rohita. Monocrotophos and methylparathion, due to their high toxicity, have been associated with significant biochemical and histopathological changes in exposed fish, underscoring their potential ecological risks (Cuevas et al., 2023).The primary routes of OP contamination in freshwater ecosystems include agricultural runoff, wastewater discharge, atmospheric deposition, and improper disposal of pesticide residues or containers. Rainfall or irrigation water can wash OP residues from treated fields into nearby rivers, ponds, and reservoirs. Similarly, effluents from pesticide manufacturing and processing units contribute directly to aquatic contamination. Volatilized OPs from sprayed crops can deposit into water bodies, while improper disposal of pesticide waste leads to localized hotspots of contamination. Once introduced into the aquatic environment, OPs may undergo hydrolysis, photodegradation, or microbial degradation; however, their persistence is influenced by factors such as temperature, pH, water hardness, and microbial activity, which can prolong their availability to aquatic organisms (Cuevas et al., 2023).Due to their lipophilic nature, OPs tend to bioaccumulate in the tissues of aquatic organisms, particularly in the liver and other metabolically active organs. Chronic exposure, even at sublethal concentrations, can lead to alterations in biochemical parameters, oxidative stress, and cellular damage. Fish act as both bioindicators of environmental contamination and a potential source of OP exposure to higher trophic organisms, including humans, through consumption of contaminated flesh. Bioaccumulation and biomagnification in the food chain make the study of OP residues in fish critical for ecological risk assessment and public health considerations (Ullah et al., 2018; Cuevas et al., 2023).Overall, understanding the chemistry, environmental sources, and fate of organophosphates is essential to assess their toxicological impacts on freshwater species like Labeo rohita. The physicochemical properties of OPs, their persistence in aquatic systems, and their capacity to bioaccumulate underscore the need for monitoring programs and the development of strategies to mitigate environmental contamination and safeguard aquatic biodiversity.
Liver Physiology in Freshwater Fish
The liver is a vital organ in fish, performing a multitude of metabolic, detoxification, and homeostatic functions that are critical for survival and overall health. Structurally, the liver in freshwater species such as Labeo rohita is a large, bilobed organ located anteriorly in the coelomic cavity, adjacent to the stomach and intestine. Hepatocytes, the primary functional cells, are arranged in cords separated by blood sinusoids, allowing efficient exchange of nutrients, metabolic intermediates, and xenobiotics. The hepatic architecture is supported by Kupffer cells, which function as resident macrophages and play a role in immune surveillance and the clearance of cellular debris and pathogens (Mallat et al., 2018; Ullah et al., 2018).From a metabolic perspective, the liver is central to the regulation of carbohydrate, lipid, and protein metabolism. Glycogen storage and mobilization occur in hepatocytes, providing glucose during periods of fasting or energy demand. Lipid metabolism includes synthesis, storage, and transport of fatty acids and triglycerides, while protein metabolism encompasses amino acid deamination, urea cycle regulation, and plasma protein synthesis, including albumins and globulins essential for osmotic balance and immune function (Tripathi & Joshi, 2017). These metabolic processes are tightly regulated and can be disrupted by exposure to xenobiotics such as organophosphate pesticides. The liver also serves as the primary organ for detoxification of xenobiotics, including pesticides, heavy metals, and other environmental pollutants. Phase I and Phase II enzymatic systems, including cytochrome P450 monooxygenases and conjugating enzymes such as glutathione-S-transferase, facilitate biotransformation of lipophilic compounds into more water-soluble forms for excretion (Kumar & Singh, 2019). In this process, reactive oxygen species (ROS) can be generated, which are neutralized by endogenous antioxidants such as superoxide dismutase (SOD), catalase (CAT), and reduced glutathione (GSH). Disruption of these antioxidant defenses can result in oxidative stress, lipid peroxidation, and cellular damage, making the liver highly susceptible to OP-induced toxicity.Additionally, the liver is widely recognized as a sensitive biomarker organ in ecotoxicological studies. Changes in liver weight, enzyme activity, histology, and gene expression provide early indicators of environmental contamination and chemical stress. In Labeo rohita, biochemical parameters such as alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) are routinely measured to assess hepatotoxicity, while histopathological examinations reveal cellular and structural damage caused by toxicants (Reza et al., 2017; Ullah et al., 2018). This makes the liver an invaluable organ for studying the impact of OP pesticides on freshwater fish and for designing environmental monitoring strategies.The combination of metabolic, detoxification, and immunological functions, along with its responsiveness to environmental stressors, establishes the liver as a central organ for investigating the toxicological effects of organophosphates in Labeo rohita. Understanding its structure and function provides a foundation for interpreting biochemical, histological, and a molecular alteration observed upon pesticide exposure and underlines the importance of liver-based biomarkers in aquatic toxicology studies.
Biochemical Effects of Organophosphates on Labeo rohita
Organophosphate exposure in Labeo rohita has been shown to induce a wide array of biochemical alterations, particularly affecting liver function, metabolism, and oxidative balance. The liver, being the central organ for detoxification, is highly responsive to xenobiotic stress, and changes in its biochemical markers are indicative of systemic toxicity. Several studies have reported that OP exposure leads to significant increases in hepatic enzymes such as alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP), which are released into circulation due to hepatocellular membrane damage. Elevated levels of these enzymes reflect disruption of liver integrity and cellular leakage, serving as early biomarkers of organophosphate-induced hepatotoxicity in fish (Ullah et al., 2018; Reza et al., 2017).In addition to enzymatic alterations, OP pesticides are potent inducers of oxidative stress in the liver. Exposure results in the overproduction of reactive oxygen species (ROS), including superoxide anions, hydroxyl radicals, and hydrogen peroxide, which overwhelm the endogenous antioxidant defense systems. Key enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), as well as non-enzymatic antioxidants like reduced glutathione (GSH), are often significantly depleted in response to OP-induced oxidative stress. This imbalance leads to lipid peroxidation, protein oxidation, and DNA damage, ultimately compromising hepatocyte viability and liver function (Kumar & Singh, 2019; Tripathi & Joshi, 2017). Malondialdehyde (MDA) levels, a byproduct of lipid peroxidation, are consistently elevated in OP-exposed Labeo rohita, confirming the oxidative damage inflicted on hepatic tissues.Furthermore, OP exposure disrupts key metabolic pathways in the liver. Carbohydrate metabolism is often affected, with altered glycogen content and glucose levels, indicating stress-mediated energy dysregulation. Lipid metabolism is similarly impacted, with increased triglyceride accumulation and altered cholesterol profiles, reflecting impaired lipid processing and transport. Protein metabolism is also disturbed, with reductions in total protein and albumin levels, which can impair osmotic balance, immune responses, and overall growth. These metabolic disruptions are closely correlated with the severity and duration of OP exposure, emphasizing dose- and time-dependent effects on hepatic physiology (Ullah et al., 2018; Reza et al., 2017).Comparative studies across different OP compounds reveal variations in hepatotoxic potential. For instance, monocrotophos and chlorpyrifos have been reported to cause more severe biochemical disturbances than malathion at similar concentrations, indicating that chemical structure and lipophilicity influence toxicity and bioaccumulation in hepatic tissues. Additionally, chronic low-level exposure, which is more environmentally relevant, can induce subtle but persistent alterations in enzyme activities and antioxidant levels, potentially leading to long-term liver dysfunction and reduced resilience to secondary stressors (Cuevas et al., 2023).Overall, biochemical studies in Labeo rohita highlight the liver as a sensitive indicator of organophosphate toxicity. Enzymatic alterations, oxidative stress markers, and metabolic disruptions collectively provide a mechanistic understanding of how OP pesticides compromise fish health. These biochemical parameters not only aid in environmental monitoring but also inform aquaculture management practices, emphasizing the importance of reducing pesticide runoff and mitigating chronic exposure in freshwater ecosystems.
Histopathological Alterations in the Liver of Labeo rohita
Histopathological studies provide a crucial link between biochemical alterations and structural damage in fish exposed to organophosphate (OP) pesticides. The liver, being the primary organ for detoxification, exhibits a range of morphological changes upon OP exposure, reflecting the severity of hepatotoxicity. Common histopathological alterations observed in Labeo rohita include hepatocyte vacuolation, necrosis, nuclear pyknosis, sinusoidal congestion, and infiltration of inflammatory cells. Vacuolation, often resulting from lipid accumulation or glycogen depletion, indicates disrupted metabolic homeostasis and early-stage hepatocyte injury. Necrosis and nuclear pyknosis signify irreversible cellular damage, frequently correlated with increased levels of liver enzymes such as ALT and AST, which leak into the bloodstream due to membrane disruption (Reza et al., 2017; Ullah et al., 2018).Exposure to OP pesticides also induces congestion and dilation of blood sinusoids, which impairs hepatic circulation and exacerbates tissue hypoxia. Kupffer cell hyperplasia and infiltration of lymphocytes represent an immune response to tissue injury and oxidative stress, highlighting the liver’s role in both detoxification and immunological defense. In some studies, focal necrosis and hemorrhagic areas have been observed, particularly at higher concentrations or prolonged exposure periods, indicating severe hepatocellular degeneration. These morphological changes are consistent across various OP compounds, including malathion, chlorpyrifos, and monocrotophos, suggesting a conserved pattern of hepatotoxicity in freshwater fish (Tripathi & Joshi, 2017; Cuevas et al., 2023).The severity and type of histopathological alterations are dose- and time-dependent. Acute high-dose exposures typically result in pronounced necrosis, vacuolation, and sinusoidal dilation within 24–96 hours, whereas chronic low-dose exposures induce milder but persistent cellular changes that can impair liver function over time. Such prolonged alterations may disrupt metabolic and detoxification processes, compromising growth, reproductive performance, and overall survival of Labeo rohita in polluted environments. Furthermore, histopathological studies often complement biochemical assessments, as structural damage correlates with oxidative stress markers and altered enzymatic activity, providing a comprehensive picture of organophosphate-induced hepatotoxicity (Kumar & Singh, 2019).Microscopic examinations, often supplemented with photomicrographs, reveal that the pattern of liver damage varies according to the chemical nature of the OP, exposure duration, and environmental conditions. Lipid vacuolation is typically more pronounced with lipophilic OPs such as chlorpyrifos, whereas oxidative stress-inducing compounds like malathion produce widespread hepatocyte degeneration and necrosis. Collectively, these structural changes underscore the vulnerability of Labeo rohita liver to organophosphate toxicity and emphasize the importance of integrating histopathological assessments with biochemical and molecular studies to fully understand the impact of pesticide contamination on freshwater ecosystems (Ullah et al., 2018; Cuevas et al., 2023).
Molecular Mechanisms of Organophosphate Toxicity in the Liver of Labeo rohita
The molecular mechanisms underlying organophosphate (OP) toxicity in Labeo rohita liver involve complex interactions between oxidative stress, gene expression modulation, apoptosis, and inflammatory signaling pathways. OP exposure not only inhibits acetylcholinesterase (AChE) but also initiates a cascade of cellular and molecular events that compromise hepatic homeostasis. One of the primary responses to OP-induced stress is the generation of reactive oxygen species (ROS), which leads to oxidative damage of lipids, proteins, and DNA. Excess ROS triggers the activation of transcription factors such as NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) and AP-1, which regulate the expression of genes involved in inflammation, apoptosis, and antioxidant defense (Ullah et al., 2018; Kumar & Singh, 2019).At the gene expression level, studies in Labeo rohita have shown upregulation of stress-related genes including heat shock proteins (HSP70), cytochrome P450 isoforms, and antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT). Heat shock proteins act as molecular chaperones, stabilizing proteins under stress conditions and preventing aggregation, while cytochrome P450 enzymes facilitate Phase I biotransformation of lipophilic OP compounds into more water-soluble metabolites for excretion. Chronic or high-dose OP exposure can overwhelm these protective mechanisms, resulting in persistent oxidative stress and cellular dysfunction (Tripathi & Joshi, 2017).Apoptosis, or programmed cell death, is another critical molecular event in OP-induced hepatotoxicity. Activation of pro-apoptotic proteins such as Bax, caspase-3, and caspase-9, coupled with downregulation of anti-apoptotic Bcl-2, has been reported in fish liver under OP exposure. This imbalance triggers mitochondrial membrane potential loss, cytochrome c release, and subsequent activation of the caspase cascade, leading to hepatocyte death. In addition, inflammatory pathways are activated, with elevated expression of cytokines such as TNF-α and IL-1β, which exacerbate liver injury and contribute to tissue remodeling and fibrosis in prolonged exposure scenarios (Cuevas et al., 2023).Epigenetic mechanisms also play a role in the long-term effects of OP exposure. DNA methylation, histone modification, and microRNA (miRNA) regulation can alter the expression of genes involved in detoxification, stress response, and metabolic pathways. Such epigenetic changes may persist beyond the exposure period, potentially affecting fish growth, reproduction, and survival, and can have population-level consequences in contaminated aquatic ecosystems. This underscores the importance of understanding molecular responses alongside biochemical and histopathological alterations for a holistic view of OP toxicity in freshwater fish (Reza et al., 2017; Ullah et al., 2018).Overall, molecular studies demonstrate that OP-induced hepatotoxicity in Labeo rohita is a multifactorial process involving oxidative stress, gene expression changes, apoptosis, and inflammation. Integrating molecular insights with biochemical and histopathological findings enhances our understanding of the mechanisms driving liver damage and provides a foundation for developing biomarkers, environmental monitoring tools, and strategies to mitigate pesticide-induced toxicity in freshwater ecosystems.
Environmental and Aquaculture Implications of Organophosphate Exposure in Labeo rohita
Organophosphate (OP) pesticides not only affect the physiological and molecular health of Labeo rohita but also pose significant environmental and aquaculture challenges. One of the primary concerns is bioaccumulation, as OPs tend to accumulate in the liver, muscle, and other metabolically active tissues due to their lipophilic nature. Persistent residues in fish tissues can enter the human food chain, raising concerns for food safety and public health. Studies have demonstrated that even low-level chronic exposure can result in detectable OP concentrations in fish muscles, highlighting the risk of biomagnification along aquatic food webs (Cuevas et al., 2023; Ullah et al., 2018).In addition to food safety, OP exposure adversely affects the growth, reproduction, and survival of Labeo rohita, which are critical factors in aquaculture productivity. Chronic exposure to sublethal concentrations of OPs can impair metabolic efficiency, reduce feed conversion ratios, and inhibit growth rates. Reproductive parameters, including gonadal development, fecundity, and spawning success, are also negatively impacted. These effects compromise fish stock sustainability and can lead to economic losses for aquaculture operations dependent on this commercially important species (Tripathi & Joshi, 2017).The environmental implications of OP contamination extend to ecosystem health. OPs disrupt predator-prey dynamics, reduce fish population resilience, and can induce shifts in community structure by selectively affecting sensitive species. Furthermore, compromised fish health due to liver damage, oxidative stress, and metabolic dysfunction increases susceptibility to secondary infections and environmental stressors, further threatening population stability (Reza et al., 2017).From an aquaculture management perspective, monitoring liver biomarkers, enzyme activities, and oxidative stress parameters in Labeo rohita provides an early warning system for pesticide contamination. Preventive strategies include limiting pesticide runoff into aquaculture ponds, implementing buffer zones around cultivation areas, and incorporating antioxidant-rich feed supplements to mitigate oxidative stress in fish. Additionally, promoting integrated pest management (IPM) practices in surrounding agricultural regions can substantially reduce OP input into freshwater systems, benefiting both fish health and ecosystem integrity (Kumar & Singh, 2019).Overall, organophosphate contamination poses a multidimensional threat to Labeo rohita, affecting individual health, aquaculture productivity, food safety, and ecological balance. Addressing these challenges requires a combination of environmental monitoring, aquaculture management interventions, and sustainable agricultural practices to minimize pesticide exposure and safeguard freshwater fish populations.
Mitigation Strategies and Future Directions
Given the widespread use of organophosphate (OP) pesticides and their demonstrated hepatotoxic effects on Labeo rohita, implementing effective mitigation strategies is essential to protect fish health, aquaculture productivity, and ecosystem integrity. One promising approach involves the use of antioxidants and dietary supplements in aquaculture. Nutrients such as vitamin C, vitamin E, selenium, and plant-derived polyphenols enhance the antioxidant defense system of fish, neutralizing reactive oxygen species generated by OP exposure and reducing lipid peroxidation, protein oxidation, and DNA damage. Studies have shown that antioxidant supplementation can restore liver enzyme activities, improve metabolic balance, and reduce histopathological lesions in OP-exposed fish, highlighting its potential as a practical intervention in aquaculture operations (Kumar & Singh, 2019; Ullah et al., 2018).Bioremediation and environmental control strategies also play a critical role in reducing OP contamination in freshwater ecosystems. Microorganisms capable of degrading OP compounds, such as certain strains of Pseudomonas, Bacillus, and Trichoderma, have been successfully applied to remove pesticides from water and sediment, thereby limiting bioaccumulation in aquatic organisms. Phytoremediation using aquatic plants like Eichhornia crassipes and Lemna minor has been shown to absorb and metabolize OP residues, providing a sustainable and cost-effective method to mitigate contamination in fish ponds and natural water bodies (Reza et al., 2017).Monitoring programs and early warning systems are vital for detecting OP contamination and assessing fish health in aquaculture and natural habitats. Regular biochemical screening, histopathological examinations, and molecular biomarker assessments, including liver enzyme activities, oxidative stress parameters, and stress-responsive gene expression, allow for early detection of pesticide exposure before severe toxicity occurs. Implementing such monitoring programs in conjunction with water quality assessments enables timely interventions, including changes in feed, water treatment, or habitat management (Tripathi & Joshi, 2017).From a broader perspective, promoting sustainable agricultural practices such as integrated pest management (IPM), judicious pesticide application, and the use of less toxic alternatives can significantly reduce OP runoff into freshwater systems. IPM emphasizes biological control agents, crop rotation, and targeted pesticide use, reducing environmental contamination while maintaining agricultural productivity. Additionally, raising awareness among farmers about the ecological and economic consequences of indiscriminate pesticide use can further mitigate OP exposure in aquaculture regions (Cuevas et al., 2023).Future research directions should focus on long-term, low-dose exposure studies to assess sublethal and chronic effects of OPs on Labeo rohita at biochemical, histological, and molecular levels. The development of novel biomarkers for early detection of liver toxicity, coupled with high-throughput omics approaches such as transcriptomics, proteomics, and metabolomics, can provide a comprehensive understanding of OP-induced hepatotoxicity. Moreover, exploring genetic variability in detoxification capacity among Labeo rohita populations may inform selective breeding programs to enhance resilience against environmental pollutants. Such integrative approaches are essential for safeguarding fish health, ensuring aquaculture sustainability, and minimizing the ecological impact of organophosphate contamination.
Conclusion
Organophosphate (OP) pesticides exert profound toxicological effects on the liver physiology of Labeo rohita, encompassing biochemical, histopathological, and molecular alterations. Biochemically, OP exposure disrupts liver enzyme activities, antioxidant defense mechanisms, and metabolic pathways, leading to oxidative stress, protein and lipid damage, and energy imbalance. Histopathological examinations reveal cellular degeneration, hepatocyte vacuolation, necrosis, sinusoidal congestion, and inflammatory infiltration, which corroborate biochemical findings and indicate structural impairment of hepatic tissues. At the molecular level, OPs activate oxidative stress pathways, modulate gene expression, induce apoptosis, and trigger inflammatory responses, collectively contributing to liver dysfunction and reduced physiological resilience.These multifaceted impacts have significant environmental and aquaculture implications. Bioaccumulation of OPs in fish tissues poses food safety risks for humans and higher trophic organisms, while chronic exposure compromises growth, reproduction, and survival of Labeo rohita, threatening aquaculture productivity and ecosystem stability. Mitigation strategies such as antioxidant supplementation, bioremediation, environmental monitoring, and promotion of integrated pest management (IPM) are essential to minimize OP toxicity and safeguard freshwater fish populations. Furthermore, sustainable agricultural practices and careful pesticide management can substantially reduce environmental contamination and associated ecological risks.Future research should prioritize long-term, low-dose exposure studies to understand sublethal effects, along with the development of sensitive biomarkers for early detection of liver toxicity. Advanced omics approaches, including transcriptomics, proteomics, and metabolomics, can provide a deeper mechanistic insight into OP-induced hepatotoxicity. Additionally, exploring genetic variability in detoxification pathways among Labeo rohita populations may inform breeding programs aimed at enhancing resilience against environmental pollutants.In summary, organophosphate contamination represents a serious threat to the health of Labeo rohita and freshwater ecosystems. A multidisciplinary approach combining toxicological studies, environmental monitoring, and sustainable management practices is essential to mitigate OP-induced damage, ensure aquaculture sustainability, and protect human and ecological health.
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