


Impact of Annona muricata Ethanolic leaves Extract on Behavioural Responses and Histopathology of the Gills and Liver of African catfish (Claria;gariepinus, Burchell 1822) Fingerlings 

Abstract
Clarias gariepinus (African catfish) holds a significant position due to its resilience, high fecundity, high market value and adaptability to diverse environments. Soursop extracts, when introduced into aquatic environments through agricultural runoff or as a bio-control agent, may inadvertently harm aquatic organisms. This study evaluated behavioural responses and histopathological changes in the gills and liver of African catfish (Clarias gariepinus) fingerlings exposed to ethanolic leaf extract of Annona muricata to understand its toxic effects. Fish were exposed to graded concentrations (0, 2, 4, 6 and 8.0 mg/L) for 96 h, and time-dependent lethal concentrations were monitored. Behavioural abnormalities and tissue alterations were assessed. The 96-h LC₅₀ was 1.38 mg/L (log concentration 0.14 mg/L), indicating moderate acute toxicity. Alterations in water quality were also observed in a concentration- and time-dependent manner. Prominent behavioural aberrations included excessive mucus secretion, air gulping, respiratory distress, erratic swimming, and vertical positioning. Histopathological lesions in the gills comprised hyperplasia, epithelial erosion, lamellar fusion, and cellular degeneration, while hepatic lesions included coagulative necrosis, vacuolation, hyperplasia, necrotic hepatocytes, and hepatopancreatic tissue lysis. These effects may be linked to phytochemicals in A. muricata reported to induce oxidative stress and hepatocellular damage, which could impair nutrient utilisation and growth. Although not assessed here, such mechanisms highlight the need for safe inclusion limits and biomarker-based studies to ensure aquaculture productivity and food safety. The study underscores the importance of proper dosage assessment when considering plant extracts for aquaculture applications. Future studies should establish safe inclusion limits and integrate phytochemical profiling, biochemical biomarkers, and assessments of neurotoxic, molecular, and genotoxic effects to better define the dual role of A. muricata in aquaculture.
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1.0 Introduction
Aquaculture has become one of the fastest-growing sectors of food production, playing a pivotal role in meeting the protein demands of a rapidly growing global population. Among cultured fish species, Clarias gariepinus (African catfish) holds a significant position due to its resilience, high fecundity, high market value and adaptability to diverse environments (Otoh, et. al., 2022; 2023; 2024a, b, c, d). The African catfish (C. gariepinus) is one of the most popular and widespread freshwater fish in the world and is an important food source and a productive species in aquaculture (Hamed et al., 2024). However, the sustainability of aquaculture is often threatened by environmental pollutants, agricultural runoff, and the unregulated use of plant-based bioactive compounds in aquaculture practices.
[bookmark: _Hlk187305023]Soursop (Annona muricata), a tropical fruit-bearing plant from the Annonaceae family, is renowned for its various uses in traditional medicine, pest control, and the food industry. This plant is widely grown in tropical and subtropical areas, such as Southeast Asia, South America, and the rainforests of Africa. The plant produces edible fruit all year round and is widely used as a traditional medicine for skin disease, respiratory disease, fever, bacterial infections, diabetes, hypertension, and cancer (Mutakin et al., 2022; Santos et al., 2023). It contains bioactive compounds such as acetogenins, alkaloids, flavonoids, and tannins, which are known for their antimicrobial, antifungal, and pesticidal properties (Adewole and Ojewole, 2009; Moghadamtousi et al., 2015). Despite its wide applications, these phytochemicals may pose toxicological risks to non-target organisms, including fish, when released into aquatic environments.
Plant-derived phytochemicals may exert dual roles in aquaculture species, providing antioxidants and nutrients at low levels but exerting toxic effects at higher exposures. Soursop extracts, when introduced into aquatic environments through agricultural runoff or as a bio-control agent, may inadvertently harm aquatic organisms. The bioactive compounds in soursop, while beneficial in pest control, have been reported to exhibit cytotoxic properties (Adewole and Ojewole, 2009). Studies have proven that bioactive compounds in soursop have various pharmacological properties, including antitumor, antimicrobial, and anti-inflammatory (Moghadamtousi et al., 2015).  Similar findings were reported for Dennettia tripetala, another Annonaceae plant, where ripe and unripe fruits contained beneficial nutrients (vitamins, minerals, fibre) alongside antinutritional factors such as tannins, saponins, oxalates, and cyanogenic glycosides (Akpakpan et al., 2019). These observations highlight the importance of carefully balancing nutritional benefits against toxicological risks when considering plant-based feed additives. Therefore, investigating their effects on non-target species, such as Clarias gariepinus, is critical to understanding their environmental safety. 
In aquaculture, the early life stages of fish, such as fingerlings, are particularly susceptible to environmental stressors and toxicants. The potential toxicity of soursop extracts on Clarias gariepinus fingerlings, as well as their histopathological effects, has not been fully elucidated. Given the increasing use of plant-derived substances in aquaculture for various purposes, including disease control and as growth promoters, there is an urgent need to evaluate their safety to prevent unintended consequences on fish health and productivity.
Histopathological studies are a reliable method to evaluate the sublethal effects of toxicants on fish tissues, offering valuable information on organ-specific damage and the overall health of the fish (George, et. al., 2024a, b, c, d). Commonly affected organs include the gills, liver, and kidney, which play crucial roles in respiration, detoxification, and osmoregulation (George, et. al., 2023a, b, c). Evaluating these tissues in Clarias gariepinus fingerlings exposed to soursop extracts can reveal the extent of damage caused by its bioactive compounds, highlighting potential risks to aquaculture systems.
Although the phytochemical composition of soursop has been extensively studied, its toxicological effects on aquatic organisms remain underexplored. Toxicological studies contribute to our understanding of the interactions between natural substances like Annona muricata extract and aquatic organisms. By elucidating the mechanisms of toxicity, researchers can gain insights into broader ecological and physiological processes, leading to advancements in environmental toxicology and aquatic biology. Aquatic ecosystems serve as habitats for various organisms, and any introduction of toxic substances can disrupt the delicate balance of these ecosystems. Toxicological studies will help evaluate the potential risks posed by Annona muricata extract to the overall health and biodiversity of aquatic environments. In regions where A. Muricata extract is used for medicinal or other purposes; there may be indirect exposure routes to humans through consumption of contaminated fish. Assessing the toxicity of A. muricata extract on fingerlings of C. gariepinus helps evaluate potential risks to human health via the food chain. Toxicological data on A. muricata extract will inform regulatory agencies responsible for setting guidelines and standards for the use of plant-based derivatives. This information can aid in the development of regulations to mitigate potential adverse effects on aquatic organisms and ecosystems. 
This study aims to evaluate the toxicity of soursop extracts on the mortality and histopathology of Clarias gariepinus fingerlings, contributing valuable insights into its ecological and aquacultural implications. By determining lethal concentration levels and assessing tissue damage, the research provides a scientific basis for the safe use of soursop in aquaculture practices, ensuring the sustainability of the aquaculture industry.


2.0 Materials and Methods
2.1 Collection and Identification of Annona muricata 
Fresh leaves of Annona muricata were collected for the study. The collection site of the plant was at Atan Road, Obio Akpa in Oruk Anam Local Government Area, Akwa Ibom State. The date of Collection was 15th October, 2024. The plant material was transported to the University of Uyo, Uyo, Akwa Ibom State, for identification and authentication of the plants. This was done at the Herbarium in the Department of Botany and Ecological Studies, University of Uyo, Uyo.

2.2 Collection and Acclimatisation of C. gariepinus Fingerlings
Fingerlings of Clarias gariepinus were collected from the Akwa Ibom State University fish farm, Obio Akpa, Akwa Ibom State, Nigeria, located within the latitude 5°17′N and 7°27′N, Longitude 7°27′E and 7°58′E. The climate of the area is tropical and is characterised by distinct wet and dry seasons (George et.al., 2023a, b). The vegetation of the study area is generally rainforest close to the mangrove belt. Human activities in the area include farming, hunting, boat building and sand mining. A total of two hundred (200) fingerlings were collected and used for the study. The fingerlings were acclimated in a re-circulatory plastic aquarium measuring 25 ×13 × 8.3 Cm3 containing hatchery water for 24hours in the fisheries and aquaculture laboratory of Akwa Ibom State fish farm. This enhanced the stability of the fingerlings from the stress of collection and transportation (George, et. al., 2024a, b, c).



2.3 Preparation of Ethanolic Extract Plant Material
The leaves were washed with running tap water and air-dried in the shade at room temperature, for 72 hours. The dried material was ground with a sterilised grinding machine into powder and stored in a properly labelled plastic sealed container to prevent any contamination until further use. The ethanol was the solvent used for the extract preparation. 500 g of the powdered material was extracted, using the Soxhlet method during a 4-h period at 40 °C. The extract was filtered with a No. 1 Whatman filter and thickened using a rotary evaporator at 50 °C to produce a viscous consistency (Das, et. al., 2022).
2.4 Preparation of Experimental Aquaria
Ten (10) rectangular plastic aquaria measuring 25 ×13 × 8.3 Cm3 were thoroughly washed with tap water and properly rinsed with fresh water of similar salinity and allowed to dry for 24 hours on the laboratory bench based on George, et. al., (2023a, b, c, d).

2.5 Experimental Design and Toxicant Exposure
A preliminary (range finding) test was carried out with varying concentrations of (0, 4, 8, 12, 16) to ascertain the appropriate range concentrations for the definitive test (acute bioassay) (George, et. al., 2024a). Based on the range finding test, the following acute concentrations: 0.0 mL, 2.0 mL, 4.0 mL, 6.0 mL, and 8.0 mL of the plant ethanolic extracts were obtained. The toxicant exposure was conducted under a static non-renewal bioassay. A total of 100 experimental fish were randomly assigned to five treatment groups (control and four treated groups) of 10 fish in duplicates over a 96-h exposure period. Feeding of fish was suspended 24 h before the commencement of the experiment. Importantly, the fish were not fed during the test, and dead fish were immediately removed from the experimental tanks to avoid contamination (George, et. al., 2024 b). 
2.6 Monitoring of Water Quality
Water Quality Parameters were monitored prior to commencement of the experiment and also periodically according to the Standard Method (APHA, 2005). Parameters that were monitored include dissolved Oxygen (DO), pH, And Temperature (0C). Temperature and pH were measured using a portable pH /EC/ TDs/ Temperature HANNA, H1 991301 Model instrument, while oxygen was measured using a digital portable analyser JPB - 607A from "Search Tech Instrument".
2.7 Monitoring of Specimens for Mortality
The effects of the various concentrations of the ethanolic extract of Annona muricata on the fingerlings were monitored on a 24-hour’ basis for 96 hours as recommended by George et.al., (2013a, b, 2014a, b).
2.7.1 Determination of Mortality and Survival Rates of Fingerlings
The percentage mortality and survival rates of the fingerlings in the different concentrations of the ethanolic extract of Annona muricata during the period of study were determined using the formula;
% mortality =n/N × 100 (Chan, 1977).
Where;
n = number of dead fish per aquarium per concentration
N = Total Individual Stocked
The difference between dead fish and survivors will give the percentage survival of the fingerlings at the end of the experiment (96 hours) (George et.al., 2013a). 
2.7.2 Determination of Mortality Lethal Median Concentration (96 Hours Lc50) 
The effects of the various concentrations of the ethanolic extract of plant A. muricata on the fingerlings of C. gariepinus were determined by the graphical method (Probit Level Determination as recommended by Ekanem and Ekpo (2008) and Udo et.al. (2006). At Lethal Median Concentration LC50, after 96 hours of test, the number of fingerlings that are expected to die was determined from the graph. Similarly, the concentration that will kill 50% of the stocked fingerlings at the end of the test (96 hours) was determined at the probit level (Udo et. al., 2006; Ekanem and Ekpo, 2008).
[bookmark: _Hlk196127244]
2.7.3 Behavioural and Morphological Measurement
Behavioural cum morphological responses of C. gariepinus fingerlings exposed to A. muricata were monitored and measured daily according to OECD (2014). In addition to the acute doses, the controls without toxicant exposure were observed as a guide for the assessment of any behavioural and morphological changes. The responses monitored included irregular swimming, excessive mucus secretion, increased air gulping, vertical erection, respiratory distress and change in skin colour. Each experimental tank was observed for the exposure durations.
2.8 Collection of Samples for Histopathological Examinations
The gills and liver tissues were isolated from the test animal and fixed in formalin-saline for 48 hours. The fixed tissue was processed manually through graded ethanol, cleared in xylene, impregnated and embedded in paraffin wax. Sections of the tissue sample were cut with a rotary microtome, stained by the hematoxylin and eosin technique, and the prepared tissues were finally observed using a microscope for pathological changes at x100 and x400 magnification.
2.9 Data Analysis
The results of the respective concentration effects of the ethanolic extract of A. muricata were presented in tables. One-way analysis of variance (ANOVA) was used to test for significant differences between the varying concentrations in both batches (batch A and batch B) at the probability level of (P>0.05). Probit analysis was done using SPSS version 20.0. 

3.0 Results
3.1 Initial Water Quality Parameters
	The initial water quality parameters prior to commencement of the toxicity studies are shown in Table 1. The values of dissolved oxygen (5.2 mg/l), temperature (29.8 0C) and pH (6.77) observed were within the acceptable range for aquaculture operations. 

Table 1: Initial physicochemical parameters of the test water before stocking of the test organism
	Fish Species
	Initial physico-chemical parameters prior to stocking

	
	DO (mg/l)
	Temp (oC)
	pH

	Clarias gariepinus
	5.2
	29.8
	6.77



3.2 Variation in physicochemical parameters of the test media with Clarias gariepinus as test organism during the experimental period (96 Hours)
Variation in the water quality parameters (DO, temperature, pH) of the test media at the different concentrations and exposure times is presented in Figures 1-3.  
3.2.1 Dissolved Oxygen (mg/l)
In this study, at 24 hours, dissolved oxygen (DO) levels tended to decrease with increasing toxicant concentration compared to the control. However, no significant difference was observed between the 2 mg/L and 3 mg/L treatments, although both were higher than the 6 mg/L and 8 mg/L groups. From 48 to 96 hours, DO levels continued to decline with higher toxicant concentrations, but no significant differences were observed among the toxicant-treated groups. Nevertheless, all treated groups had significantly lower DO levels compared to the control.


[image: ]
Fig 1. Dissolved Oxygen Variations in the Experimental Media During the 96th Hours of Test

3.2.2 Temperature (oC)
The values of temperature were observed to vary during the experimental period with little or no significant difference during the 96-hour bioassay. The least value of 27.1 oC was recorded during the 96th hour of the test in the 8 mg/l concentration of the extract, while the highest value of 27.6 oC was recorded during the 24th hour of the test in the 0 mg/l concentration of the extract (control). Significant variation was observed between the control and other treatment groups at 24, 48 and 96th hours of the test. There was no significant difference recorded across the various concentrations during the 72nd hour of the test (Fig. 2).

3.2.3 pH
In this study, as presented in Figure 3, the pH value tended to decrease with increasing concentration compared to the control at 24 hours. At 48 hours, no significant difference was observed at concentrations of 2–6 mg; however, a notable decrease was observed at 8 mg relative to the control. From 72 to 96 hours, the pH value exhibited a declining trend compared to the control.
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Fig 2. Temperature Variations Experimental in the Media During the 96th Hours of Test
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Fig 3. pH Variations in the Experimental Media During the 96th Hours of Test

3.3 Summary of the Percentage Mortality and survivors of C. gariepinus Fingerlings in the different concentrations of the ethanoic extract of Annona muricata at the end of the experiment (96 hrs.).
The percentage mortality and survivors of C. gariepinus fingerlings at the end of the test period in each of the concentrations are shown in Table 2 for the two batches of the experiment.
In the 0 mg/l concentration of the extract, no mortality was recorded throughout the test period in both batches A and B. At the end of the 96-hour bioassay, 100 % mortality was observed in the 2, 4, 6 and 8 mg/l concentration of the extract, leaving behind no test organisms in the test media for both batches (Table 2). Statistical Analysis using one-way ANOVA (SPSS 20.0) showed that there was no significant difference (p>0.05) in mortality between the two batches.
Table 2: Summary of the Percentage Mortality and survivors of C. gariepinus in the different concentrations of the ethanoic extract of Annona muricata at the end of the experiment (96 hrs).
	Conc. of extract (mg/l)
	BATCH A
	BATCH B

	
	Mortality
(M)
	%
M
	Survivors
(S)
	%
S
	Mortality
(M)
	%
M
	Survivors
(S)
	%
S

	[bookmark: _Hlk161040712]0
	0
	0
	10
	100
	0
	0
	10
	100

	2 
	10
	100
	0
	0
	10
	100
	0
	0

	4
	10
	100
	0
	0
	10
	100
	0
	0

	6
	10
	100
	0
	0
	10
	100
	0
	0

	8
	10
	100
	0
	0
	10
	100
	0
	0



3.5 96 Hour LC50 Determination 
The 96 hours LC50 for C. gariepinus fingerlings exposed to the different concentrations of the ethanolic extract of Annona muricata was determined using probit analysis. The concentrations were first transformed into log for the probit analysis (Table 3). The 96-hour LC50 is given at 1.38 mg/l, representing a log-transformed concentration of 0.14 mg/l, a point where 50 % of the test organisms would be killed at the end of the experiment (Fig. 4). 
Table 3: LC50 determination for C. gariepinus Fingerlings at the end of the 96-hour bioassay.
	Concentration (mg/l)
	Log Transformation
	Mortality (M)
	% Mortality
	Survivors
(S)
	% Survivor

	O
	0
	0
	0
	10
	100

	2 
	0.30
	10
	100
	0
	0

	4 
	0.60
	10
	100
	0
	0

	6 
	0.78
	10
	100
	0
	0

	8 
	0.90
	10
	100
	0
	0
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Fig. 4: Probit Graph of mortality (%) against concentration


3.6. Behavioural Responses 
Exposure of the test organisms to varying concentrations of A. muricata triggered abnormal behavioural response in a concentration-dependent manner, and also exposure time. Semi-quantitative measurement was used in assessing behavioural abnormalities (Table 4). After 24 h exposure, the treated groups exposed to 2–4 mg/l concentrations of the plant extract displayed slight to moderate behavioural changes such as erratic swimming, respiratory distress, air gulping, excessive mucus secretion, and vertical erection, while the control (0 mg/l) concentration exhibited none of these behavioural changes. Further exposure at (48–96 hours) of the plant leaf extract promoted moderate to severe behavioural abnormalities in the treated groups, in a concentration-dependent pattern.

















Table 4: Effect of Annona muricata leaf extract on Behavior of Clarias gariepinus fingerling at exposure to Varying Concentrations at different Time intervals
	Time in hours
	Conc. (mg/l)
	Gulping of air
	Vertical erection
	Respiratory distress
	Erratic swimming
	Abnormal mucus secretion

	24 
	control
	-
	-
	-
	-
	-

	
	2
	+
	+
	+
	+
	+

	
	4
	+
	+
	+
	+
	+

	
	6
	++
	++
	++
	++
	+

	
	8
	++
	++
	++
	++
	++

	
	
	
	
	
	
	

	48 
	control
	-
	-
	-
	-
	-

	
	2
	+
	+
	+
	+
	+

	
	4
	+
	+
	+
	+
	+

	
	6
	++
	++
	++
	++
	+

	
	8
	++
	++
	++
	++
	++

	
	2
	
	
	
	
	

	72 
	control
	-
	-
	-
	-
	-

	
	2
	+
	+
	+
	+
	+

	
	4
	+
	+
	+
	+
	+

	
	6
	++
	++
	++
	++
	+

	
	8
	+++
	+++
	+++
	+++
	++

	
	
	
	
	
	
	

	96 
	control
	-
	-
	-
	-
	-

	
	2
	+
	+
	+
	+
	+

	
	4
	+
	+
	+
	+
	+

	
	6
	+++
	+++
	+++
	+++
	+++

	
	8
	+++
	+++
	+++
	+++
	+++



[bookmark: _Hlk196061335]Where; 
- = Normal
+ = Mild
++ = Moderate
+++ = Severe

3.7 Histopathology of the gill of C. gariepinus exposed to the different concentrations of the Ethanolic extract of Annona muricata
3.7.1 Gills Histopathology
		Histological examination of gill tissues revealed progressive alterations across the experimental groups exposed to the ethanolic extract of Annona muricata. The control group (Group 1) displayed normal histoarchitecture, characterised by highly cellular short primary filaments (PF), intact central cartilage epithelium, and prominent red blood cells in the gill arch. In contrast, exposed groups (Groups 2–5) showed varying degrees of structural deterioration. Groups 2 and 3 demonstrated eosinophilic-stained PF and secondary lamellae (SL), sparse epithelial cellularity, and a complete absence of red blood cells, indicating initial epithelial compromise.
Groups 4 and 5 exhibited more severe histopathological changes. In Group 4, the gill tissue showed diffused epithelial degeneration of the filament and retained SL processes with few or no epithelial cells. Group 5 displayed the most pronounced damage, including eosinophilic-stained PF and the complete loss of discernible epithelial architecture. These findings indicate a dose-dependent response to the ethanolic extract, with increasing concentrations leading to more severe gill tissue damage.


[image: ]
[bookmark: _Hlk197262698]Figure 5. Representative photomicrographs of gill tissues from fingerlings exposed to the ethanolic extract of Annona muricata. (A) Control group (Group 1) showing normal gill architecture with cellular primary filaments (PF, thick arrow), central cartilage epithelium (blue arrow), and red blood cells (thin red arrow). (B) Group 2 exhibiting eosinophilic-stained PF (thick arrow) and secondary lamellae (SL, thin arrow) with sparse epithelial cells and absent red blood cells. (C) Group 3 showing eosinophilic-stained PF (thick arrow) with epithelial cell depletion. (D) Group 4 demonstrates diffuse epithelial degeneration of filaments with residual SL processes (thin arrow) showing few epithelial cells. (E) Group 5 revealed severe epithelial degeneration with eosinophilic-stained PF (thick arrow) and no distinct epithelium. Stain: Hematoxylin & Eosin (H&E), x400 magnification.


3.7.2 Liver Histopathology
Histological assessment of liver tissues from fingerlings exposed to varying concentrations of the ethanolic extract of Annona muricata revealed dose-dependent pathological changes. The liver tissue of the control group (Group 1) displayed well-organised cords of hepatocytes and intact blood vessels, but with evidence of diffuse macrovesicular steatosis within the hepatic parenchyma.
In contrast, exposed groups (Groups 2–5) exhibited various degrees of hepatic injury. Group 2 showed cords of hepatocytes alongside dilated and congested blood vessels, accompanied by severe diffuse inflammatory infiltrates. Group 3 demonstrated hepatocellular degeneration marked by focal necrosis and disrupted connective tissue. Groups 4 and 5 displayed similar features, with distorted hepatic architecture, degenerated connective tissue, and mild inflammatory cell infiltration, indicating moderate hepatic toxicity. These findings suggest a graded hepatotoxic response correlated with extract concentration


[image: ]
Figure 6. Histopathological alterations in fingerling liver tissues following exposure to ethanolic extract of Annona muricata.  (A) Control group (Group 1) showing normal hepatic architecture with hepatocyte cords (arrows), blood vessels (V), and diffuse macrovesicular steatosis. (B) Group 2 exhibiting dilated congested blood vessels (CV) and severe inflammatory infiltrates. (C) Group 3 demonstrating focal necrosis (N) and degenerated connective tissue (#). (D) Group 4 and (E) Group 5 showing distorted parenchyma with connective tissue degeneration (#) and mild inflammatory infiltrates (arrowhead). Stain: Hematoxylin & Eosin (H&E), x400 magnification.




4.0 Discussion
From the results of this study, it can be deduced that Annona muricata has a significant toxic effect on the gills and liver of Clarias gariepinus fingerlings. A consistent trend was generally observed in the mortality rate, which increased with an increase in the concentration of the A. muricata extracts. Mortality was more pronounced within the first 24 hours of exposure of the bio-model organism to increased concentration. At 6 and 8 mg/l concentration of the extract, 100% mortality was recorded at 24 hours of the test, leaving behind no survivors. This may be attributed to the bioactive compounds present in the A. muricata leaves extract, which is an indication of the toxic potential of the plant extract. Several researchers have reported a dose-dependent mortality pattern (George, et. al., 2013a; b; 15a; b; c; 2024d).
The productivity and biological sustainability of aquatic organisms strongly rely on good water quality. This becomes more pertinent for fish species as they are in close association with the aquatic environment. Thus, any slight variation in water quality would be immediately reflected in the biological stability of the species. The result of the water quality analysis shows significant variations in dissolved oxygen (DO), temperature and pH across the different concentrations and time intervals. The control tank had a stable water quality parameter with little or no variation. The observed variations in the treatment tanks could be attributed to the introduction of the extract to the test media, thereby affecting the stability of the test water. Several researchers have reported that water quality is often affected by the presence of toxic substances, which in turn may lead to physiological and behavioural changes in the fish (Jonah and George, 2019; Jonah et. al., 2020; George et. al., 2020a; b). 
The acute exposure of C. gariepinus to varying levels of A. muricata obviously led to progressive changes in the histological formations of the liver and the gills. This is in consonance with observation of several researchers on fish exposed to plant extracts; Latana camara (George, et. al., 2023a; d), Launaea taraxocifolia (George, et. al., 2024c), Cana indica (George, et. al., 2024 b); Phragmenthera capitata (George, et. al., 2023 b; c), and Costus afer (Essien-Ibok, et. al., 2024a), among others. (George, et. al., 2023 e) reported that potent bioactive substances in plants are numerous and diverse in structural compositions, and this is responsible for the varying histological alterations observed in the tissues of the model organisms. 
The observed histopathological changes suggest that the ethanolic extract of Annona muricata induces concentration-dependent toxicity in the gill tissues of fingerlings. Gill tissues serve as a vital interface between fish and their aquatic environment, playing critical roles in respiration, osmoregulation, and excretion. As such, they are highly susceptible to waterborne toxicants (George, et. al., 2023a; b; c; d). In the present study, there was no observed tissue alteration or distortion in the gill epithelia of the control. However, C. gariepinus exposed to A. muricata extract showed several gill histopathological alterations on exposure to varying concentrations of the leaf extract. These include severe vacuolar degeneration of the epithelial cells of the lamella, moderate vacuolar degeneration of the epithelial cells of the lamella and dilation of blood vessels, and mild degeneration of epithelial cells of the lamella. Generally, the severity of the lesion observed in gill tissues in this study increases with an increase in extract concentration. That is, it represents a dose-dependent distortion, especially with obvious severity in those given the higher concentration of the extract (George, et.al., 2024 b; c). The functional implication of these distortions could evolve into obstructions of respiration activities of the interlamellar space (water channel), which has a direct effect on gaseous exchange across the lamellar epithelium of the gill (George, et. al., 2014 b; Audu, et. al., 2017; 2021; Okey, et. al., 2018). The intact morphology in the control group indicates normal physiological function, whereas the epithelial degeneration and absence of erythrocytes in the treated groups point toward impaired respiratory and osmoregulatory efficiency. Similar histopathological disruptions, including epithelial lifting, lamellar fusion, and necrosis, have been reported following exposure to various plant-based bioactive compounds and xenobiotics (Fanta et al., 2003; Au, 2004).
Severe fatty degeneration was observed in the liver of C. gariepinus exposed to 96 hours of acute toxicity in all the treatments exposed to A. muricata extract. Tissue distortions in the treatments varied from severe fatty degeneration of hepatocytes and congestion of blood vessels, severe fatty degeneration and necrosis of hepatocytes and severe infiltration by inflammatory cells. The control, however, showed liver sections appearing intact with no fatty degeneration of the hepatocytes. This observation follows the affirmation of (Kumar, et. al., 2010; Audu, et. al., 2017; Idowu, et. al., 2019) who stated that the liver is one of the major organs that are quite sensitive to pollutants in the aquatic environment. The histological distortions readily observed in the liver, ranging from moderate to severe hepatocellular degeneration and necrosis of hepatocytes and severe inflammatory cells of C. gariepinus exposed to levels of A. muricata, is a confirmation of the toxic potential of the plant. Annona muricata is known to contain bioactive acetogenins and alkaloids with cytotoxic, pesticidal, and antimicrobial properties (Moghadamtousi, et al., 2015). While these compounds contribute to its therapeutic effects, they can also disrupt cellular integrity in non-target organisms. The eosinophilic staining observed may indicate protein coagulation and necrotic processes, likely resulting from oxidative stress or direct cytotoxicity of the extract components (García-Gasca et al., 2010). The findings in Groups 4 and 5, which include complete epithelial loss and tissue degeneration, support the hypothesis of dose-related toxicity. Previous research has similarly demonstrated that plant-derived extracts, though natural, can exert deleterious effects on aquatic life when used indiscriminately (Ramesh et al., 2009; Kumar et al., 2010). Therefore, while A. Muricata has valuable pharmacological potential; its environmental impact—particularly on aquatic organisms—requires careful assessment and regulation.
Observations showed mortality increasing with an increase in concentration of the plant extract. This histological disruption shows a direct link to the level of extract concentration. Higher concentrations of the extract of A. muricata to C. gariepinus fingerlings pose severe mortality. This aligns with previous research indicating that certain plant extracts can exhibit toxic properties in aquatic environments. For instance, a study by George et al. (2013 a) on the effects of lethal concentration of rubber extract (Hevea brasiliensis) on the survival of fingerlings of Clarias gariepinus under laboratory conditions confirms the results of the present findings as mortality was observed to increase with increasing concentration. This assertion is also supported by the reports of George, et. al., (2013 b; 2015a; b; c; 2024a; d; Essien-Ibok, et. al., 2024 b; Joshua, et. al., 2022) in a related study. The toxic effects of A. muricata observed in this study align with evidence from related plants in the Annonaceae family. For example, Dennettia tripetala fruits were shown to contain both beneficial nutrients and bioactive phytochemicals such as alkaloids, tannins, saponins, and cyanogenic glycosides, which may exert antioxidant or toxic effects depending on concentration (Akpakpan et al., 2019). Thus, the hepatocellular necrosis and gill lesions recorded here may partly be attributed to the presence of similar phytochemical groups in A. muricata, supporting the need for phytochemical profiling and safe dosage determination in aquaculture applications.
 Contrarily, a toxicity study of the effect of ethanolic extract of Dennetia tripetala, a fruit from the Annonaceae family, did not pose any toxic effect to the kidney and liver of rats (Akpakpan, et. al., 2014). The histopathological alterations observed in the present study are consistent with earlier findings in catfish where pollutant exposure induced both oxidative stress (elevated SOD, GPx, GR, MDA) and structural damage in the gills and liver (Akpakpan et al., 2014). Although biochemical biomarkers were not evaluated here, such evidence supports the likelihood that oxidative imbalance may underlie the lesions induced by A. muricata extract, reinforcing the need for biomarker-based investigations in future studies. Under such stress, fish divert metabolic energy from growth and reproduction to detoxification, reducing nutrient utilisation and productivity (Madesh et al., 2024). While low doses of A. muricata may confer immunostimulatory or antimicrobial benefits (Chakraborty and Hancz, 2011), higher concentrations compromise feed efficiency and pose risks of toxic residues in fish consumed by humans (FAO, 2022).

4.1 Conclusion / Recommendations
This study concluded that ethanolic leaf extract of Annona muricata exerts adverse, concentration-dependent effects on the gills and liver of Clarias gariepinus fingerlings, leading to impaired organ function and mortality at higher concentrations. These outcomes suggest that phytochemicals present in the leaves may disrupt oxidative balance and nutrient metabolism, thereby reducing fish growth and productivity. Farmers should therefore exercise caution when disposing of fresh or remnant A. muricata leaves into aquatic systems, as such practices can result in significant stock losses. While the plant may possess beneficial properties at low doses, unregulated use presents toxicological risks with possible implications for aquaculture sustainability and food safety. Future studies should establish safe inclusion limits and integrate phytochemical profiling, biochemical biomarkers, and assessments of neurotoxic, molecular, and genotoxic effects to better define the dual role of A. muricata in aquaculture.
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