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Abstract
Pesticide contamination poses a significant threat to aquatic ecosystems, with cypermethrin, a widely used synthetic pyrethroid, raising concerns due to its toxic effects on non-target organisms. This study investigates the histopathological alterations in the kidneys of Clarias gariepinus following exposure to sub-lethal concentrations of cypermethrin (25% EC). Healthy fish were acclimatized and subjected to a static renewal bioassay to determine the 96-hour LC50 value, recorded at 0.273 ± 0.007 µL/L. Specimens were then exposed to 1/5th of the LC50 concentration for 14 days, after which renal tissues were examined microscopically. Histopathological analysis revealed significant renal damage, including glomerular shrinkage, widening of Bowman’s space, tubular degeneration, nuclear pyknosis, karyolysis, and cytoplasmic vacuolation. Additionally, hydropic swelling and interstitial tissue disintegration indicated severe nephrotoxic stress. These findings suggest that cypermethrin exposure compromises kidney function in C. gariepinus, potentially impairing osmoregulation and excretion. The observed renal damage underscores the ecological risks associated with cypermethrin contamination in freshwater bodies, highlighting the urgent need for stricter pesticide regulation and environmental monitoring. This study provides crucial insights into pesticide-induced nephrotoxicity in fish, reinforcing the importance of sustainable agricultural practices to mitigate aquatic pollution.
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Introduction
Aquatic ecosystems are highly susceptible to contamination by agrochemicals, particularly pesticides, which pose serious threats to aquatic organisms. Pesticides enter water bodies primarily through surface runoff, leading to ecosystem degradation and increased disease prevalence in aquatic life. These toxic substances can sorb onto suspended particles and accumulate in sedimentary layers, disrupting the aquatic food web and deteriorating water quality. Exposure to pesticide residues has been associated with elevated levels of ammonium, nitrite, nitrate, and sulfate in aquatic systems, posing significant risks to both ecological integrity and human health [1-3].
Pesticides can profoundly impact aquatic food webs through various mechanisms. For instance, neonicotinoid insecticides have been shown to disrupt aquatic ecosystems, causing declines in zooplankton populations and, consequently, reductions in fishery yields [3]. Furthermore, pesticide accumulation in aquatic environments can lead to biomagnification, wherein the concentration of these toxic substances increases progressively up the food chain. This process results in heightened toxicity levels in predatory species, including fish consumed by humans, thereby extending the adverse effects of pesticide contamination beyond the immediate aquatic ecosystem [4].
The pervasive presence of pesticides in aquatic ecosystems underscores the urgent need for effective management strategies to mitigate their impact on biodiversity and water quality. Implementing bioremediation techniques and promoting sustainable agricultural practices are crucial steps toward reducing pesticide pollution in these environments [5]. Among these pesticides, cypermethrin, a synthetic pyrethroid insecticide, is widely used in agriculture and pest control due to its high efficacy and relatively low environmental persistence [6]. However, its extensive application has raised concerns regarding its toxic effects on non-target aquatic species, particularly fish, which serve as key bioindicators of environmental pollution [7].
Fish kidneys play a crucial role in osmoregulation and excretion, making them particularly vulnerable to toxicants in contaminated water bodies [8]. Exposure to cypermethrin has been linked to significant histopathological alterations in renal tissues, impairing kidney function and compromising overall fish health and survival [9-11]. Previous studies have documented various pathological changes in fish kidneys following cypermethrin exposure, including degeneration of renal tubules, glomerular atrophy, and increased vacuolation in kidney tissues [8], [12]. 
Clarias gariepinus, commonly known as the African catfish, is a widely distributed freshwater species of significant ecological and economic importance. Due to its broad habitat range, it is frequently exposed to environmental pollutants, including pesticides. Investigating histopathological changes in the kidneys of C. gariepinus following cypermethrin exposure provides crucial insights into the sub-lethal effects of this pesticide on aquatic organisms, contributing to environmental risk assessments and pollution mitigation strategies [13], [7]. Histopathological alterations in C. gariepinus have been reported in response to various environmental stressors, including exposure to Melaleuca cajuputi extract [14], pesticide contamination [15] and organophosphate pesticides [16].
The present study aims to evaluate the histopathological alterations in the kidneys of  C. gariepinus exposed to cypermethrin (25% EC). By assessing the extent of renal damage, this research seeks to enhance understanding of cypermethrin-induced toxicity in freshwater fish, providing valuable information for the regulation and management of pesticide pollution in aquatic environments.

Materials and Methods
Experimental Fish and Acclimatization
Healthy specimens of Clarias gariepinus, with an average weight of 100 ± 10 g and a length of 15 ± 2 cm, were collected from local freshwater bodies and acclimatized to laboratory conditions for two weeks. The fish were maintained in aerated tanks with dechlorinated tap water at a temperature of 25 ± 2°C, dissolved oxygen of 6.5 ± 0.5 mg/L, and a pH of 7.2 ± 0.3. The fish were fed a commercial pellet diet once daily and kept under a 12:12 h light-dark cycle. During acclimatization, the fish were observed for any signs of disease or abnormalities.
Toxicity Test and LC50 Determination
A static renewal bioassay was conducted following standard protocols [17] to determine the median lethal concentration (LC50) of cypermethrin (25% EC) for Clarias gariepinus. Fish were exposed to different concentrations of cypermethrin (ranging from 0.001 to 0.1 mg/L) for 96 hours. Mortality was recorded at 24, 48, 72, and 96 hours, and LC50 values were calculated using the Probit analysis method [18]. The 96-hour LC50 value for cypermethrin was found to be 0.273 ± 0.007gµl Lit-1.
Experimental Design
Fish were divided into control and treatment groups. The control group was maintained in pesticide-free water, while the treatment groups were exposed to sub-lethal concentrations (1/5th of the 96-hour LC50) of cypermethrin for 14 days. The exposure medium was renewed every 48 hours to maintain pesticide stability. At the end of the exposure period, fish were euthanized, and kidney tissues were carefully dissected for histopathological examination.

Histopathological Analysis
Kidney samples were fixed in 10% neutral buffered formalin for 24 hours, dehydrated through a graded series of ethanol, and embedded in paraffin. Sections of 5 µm thickness were prepared and stained with Hematoxylin and Eosin (H&E) for microscopic examination. Histopathological alterations were analyzed under a light microscope, and observed changes were documented and compared between control and exposed groups.
Observations and Results:  
Histological structure of Kidney in control Clarias  gariepinus: 
In control specimens of Clarias gariepinus, the kidney exhibits a normal histological structure. It is composed of two distinct regions: the head kidney and the body kidney. The head kidney primarily consists of lymphoid tissue, which plays a crucial role in immune function. In contrast, the body kidney contains glomerular nephrons interspersed with interstitial lymphoid tissues (Figs. 1 & 2). Each glomerular nephron is structurally organized into a renal corpuscle and a renal tubule. The renal corpuscle comprises a highly vascularized glomerulus, which is enclosed within Bowman’s capsule. This capsule consists of two distinct layers: an outer parietal epithelium and an inner visceral epithelium. The space between these layers, known as Bowman’s space, separates the glomerulus from the surrounding renal structures (Figs. 2 & 3). The renal tubules, which include proximal and distal segments, are lined with a single layer of epithelial cells. These tubules are positioned in close proximity to Bowman’s capsule, facilitating efficient filtration and reabsorption processes. The glomeruli and renal tubules in control fish remain structurally intact, indicating normal renal function and histological integrity (Figs. 1, 2 & 3).
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Fig. 1. Section of kidney of control fish, Clarias gariepinus showing normal Bowman's capsule, glomerulus, and proximal and distal tubules (H & E × 400).
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Fig. 2. Section of kidney of control fish, Clarias gariepinus showing Bowman's capsule, Renal tubules, and Interstitial tissue and Hemopoietic tissue (H & E × 400).
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Fig. 3. Section of kidney of control fish, Ophiocephalus striatus showing normal Bowman's capsule, glomerulus, and proximal and distal tubules (H & E × 100).
Abbreviations: BC - Bowman's capsule, GL - Glomerulus, PT - Proximal tubule, RT - Renal tubule, BV - Blood vessel, HT - Hemopoietic tissue, IT - Interstitial tissue.

Histological Changes in Kidney of  Clarias gariepinus exposed to Cypermetrin (25% EC): 
Exposure of Clarias gariepinus to a sub lethal concentration (LC50) dose of Cypermethrin for 96 hours induces significant histopathological alterations in the kidney. These changes are particularly evident in the renal corpuscle and renal tubules, indicating severe structural damage (Fig. 4). One of the most prominent histological changes observed is glomerular shrinkage, which leads to an increased space between the glomerulus and Bowman’s capsule. This widening of Bowman’s space suggests impaired filtration efficiency and compromised renal function (Fig. 5). Furthermore, the renal tubules exhibit pronounced tubular degeneration and necrosis, further disrupting normal kidney function (Fig. 6). At the cellular level, nuclear pyknosis (condensation of chromatin) and karyolysis (dissolution of the nucleus) are evident within the renal tubule cells. These nuclear abnormalities, combined with cytoplasmic degeneration, lead to the breakdown of renal tubule structure, resulting in disorganized and disintegrated tubules. Additionally, the presence of fat vacuoles suggests severe cellular distress and metabolic disturbances (Figs. 4, 5 & 6). Loss of cellular integrity is accompanied by widespread disorganization of connective tissues and degeneration of interstitial tissue. Hypertrophy of nuclei in the renal tubule cells is also observed, indicating an abnormal cellular response to toxic exposure. Due to these degenerative changes, renal tubules of varying diameters are seen, further emphasizing the extent of structural damage. Hydropic swelling, characterized by excessive accumulation of edematous fluid between renal tubules, is another notable pathological feature. This condition leads to cellular swelling and further compromises renal function. Additionally, vacuolation in the epithelial cells of the renal tubules is observed, along with evident damage to blood vessels, which could impair renal circulation and nutrient exchange (Figs. 4, 5 & 6).  
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Fig. 4. Section of kidney of Clarias gariepinus exposed to Cypermethrin showing vacuolation and disorganized tubules (fat vacuoles), damaged blood vessel, glomerular shrinkage, increase in space between glomerulus and Bowman's capsule. (H & E × 400).
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Fig. 5. Section of kidney of Clarias gariepinus exposed to Cypermethrin showing loss of integrity and interstitial tissue, vacuolization, shrunk glomeruli, nuclear pyknosis, and karyolysis in renal tubules. Increase in space between glomerulus and Bowman's capsule (H & E × 400).
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Fig. 6. Section of kidney of Clarias gariepinus exposed to Cypermethrin showing loss of integrity and interstitial tissue, vacuolization, and degenerating renal tubules. (H & E × 400).
Abbreviations: GL - Glomerulus, IT - Interstitial tissue, BC - Bowman's capsule, BV - Blood vessel, DT - Distal tubule, PT - Proximal tubule, RT - Renal tubule, HtP - Heterogenous parenchyma, PN - Pyknotic Nuclei, Ve - Vacuolization, SG - Shrinked glomeruli.

Discussion
The present study provides a comprehensive evaluation of the histopathological alterations in the kidney of Clarias gariepinus following exposure to Cypermethrin (25% EC), a widely used pyrethroid insecticide. The findings revealed significant structural damage in renal tissues, indicating severe nephrotoxicity and impaired renal function. These results align with previous studies documenting similar histopathological changes in fish exposed to various environmental toxicants [1], [13]. 
The kidney is a crucial excretory and osmoregulatory organ in fish, responsible for maintaining electrolyte balance, regulating blood pH, and facilitating erythropoiesis [19]. The head kidney, in particular, plays a vital role in erythropoiesis, contributing to the production of red blood cells [20-21]. In control fish, the kidney exhibited a normal histological structure with intact Bowman’s capsules, well-defined glomeruli, and organized renal tubules. However, exposure to the LC50 dose of Cypermethrin (0.27 µl/L) for 96 hours induced significant degenerative changes, disrupting renal function and structural integrity.
One of the most notable histopathological alterations observed was glomerular shrinkage, resulting in a pronounced increase in Bowman’s space. This change suggests impaired glomerular filtration and potential renal dysfunction, similar to findings reported by Ortiz [22], Indirabai et al. [23] and Muthukumaravel et al. [24]. Additionally, cellular vacuolation was prominent in Cypermethrin-exposed fish, a pathological feature also observed in Heterobranchus bidorsalis [25], Cyprinus carpio [26], and Clarias species [20] following pesticide and heavy metal exposure.
A significant immune response to Cypermethrin toxicity was indicated by the formation of melanomacrophage centers, which play a crucial role in detoxification and immune defense [27], [19]. The presence of these centers has been documented in fish exposed to insecticides [1], [8]. Additionally, karyolysis, a hallmark of nuclear degradation, was observed in renal tubules, leading to structural disorganization and necrosis. These degenerative changes are consistent with findings by Das and Mukherjee [28]  and Olufayo and Alade [25].
Further cellular abnormalities included nuclear pyknosis and necrosis, indicative of severe cytotoxic effects, leading to renal architectural breakdown. These pathological features have been reported in Cirrhinus mrigala [27], Heteropneustes fossilis [29], and Oreochromis niloticus [30] following exposure to various environmental pollutants. Necrosis of renal tubules and glomerular impairment severely affect renal physiology and electrolyte balance in fish [20].
Hydropic swelling, characterized by the accumulation of edematous fluid between renal tubules, was another significant alteration observed in this study. Similar pathological symptoms have been reported in Mystus tengara exposed to Cypermethrin [31], Silver barb (Barbonymus gonionotus) exposed to Quinalphos 25 EC [30], and Nile tilapia (Oreochromis niloticus) exposed to Kinalux 25 EC [32]. Additionally, renal damage characterized by vacuolation, pyknosis, and necrosis has been observed in Heterobranchus bidorsalis exposed to Cypermethrin [25] and Cirrhinus mrigala subjected to lethal and sublethal doses of the same pesticide [27].
Similar histopathological alterations have been reported in various fish species exposed to different environmental contaminants. Ikele et al. [33] documented renal damage in Clarias gariepinus exposed to diethyl phthalate, while Indirabai et al. [23] observed comparable nephrotoxicity in Labeo rohita following exposure to endosulfan. Butchiram et al. [34] reported significant renal damage in Channa punctatus exposed to alachlor, while Ayoola and Ajani [35] documented similar findings in African catfish (Clarias gariepinus) subjected to Cypermethrin. Ortiz [22] observed nephrotoxic effects in Mugil species, Cyprinus carpio, and Barbus species exposed to lindane. Renal tubular degeneration, including a reduction in the size of distal convoluted tubules and vacuolations, has also been reported in Catla catla following exposure to chlorpyrifos [36].
The findings of the present study align with previous research highlighting the detrimental effects of pesticide pollution on aquatic ecosystems. Cypermethrin, being a synthetic pyrethroid, is highly toxic to fish, causing oxidative stress and metabolic disturbances [6]. Acute and chronic exposure to such pesticides has been shown to reduce fishery yields by disrupting aquatic food webs [3-4]. Studies on pesticide contamination in freshwater bodies have also demonstrated a direct link between pesticide exposure and renal histopathology in various fish species, including Clarias gariepinus [16], [14].
Overall, the histopathological alterations observed in the present study, including glomerular shrinkage, widening of Bowman’s space, vacuolation, karyolysis, pyknosis, necrosis, hydropic swelling, and cytoplasmic degeneration, highlight the nephrotoxic effects of Cypermethrin on Clarias gariepinus. These results emphasize the need for stringent environmental monitoring and regulation of toxic pollutants to protect aquatic life. Furthermore, future research should focus on exploring potential protective agents or remediation strategies to counteract the harmful effects of pesticide exposure in fish populations [1], [5]. 

Conclusion  
                                                                                                                                                                                                                              This study provides crucial insights into the histopathological effects of cypermethrin exposure on the kidneys of Clarias gariepinus. The structural damage observed, including glomerular shrinkage, tubular degeneration, nuclear abnormalities, and cytoplasmic vacuolation, underscores the vulnerability of fish renal tissues to pesticide toxicity. These alterations indicate severe physiological stress, which can impair essential functions such as filtration, osmoregulation, and waste excretion, ultimately affecting fish health and survival. By highlighting the extent of renal damage caused by cypermethrin, this study emphasizes the broader ecological implications of pesticide contamination in aquatic environments. Given its widespread use in agriculture, its potential to accumulate in water bodies poses a significant threat to fish populations and, by extension, aquatic food webs. This necessitates urgent action to regulate pesticide discharge, enforce stricter environmental policies, and promote eco-friendly alternatives. Additionally, further studies should explore long-term exposure effects, recovery potential, and possible protective interventions to mitigate cypermethrin-induced toxicity in freshwater species. This research reinforces the growing body of evidence supporting the need for sustainable pest management practices. Protecting aquatic ecosystems from such pollutants is essential for maintaining biodiversity and ensuring the stability of freshwater resources.
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