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Abstract
[bookmark: _GoBack]This study investigated the toxicological effects of ethanolic leaf extract of turmeric (Curcuma longa) on the mortality and organ morphology of African catfish (Clarias gariepinus) fingerlings. Two hundred healthy specimens (mean length 3.40 ± 1.2 cm; mean weight 2.26 ± 1.25 g) were exposed to graded concentrations of the extract (0, 20, 22, 24, 26, 28 mg/L) for 96 h. The 96 hours LC50 was given at 22 mg/L representing a log transformed concentration of 1.34 mg/L a point where 50 % of the test organisms would be killed at the end of the experiment. No mortality or abnormal behavior was observed in the control group, whereas exposed fish exhibited concentration-dependent mortalities and behavioral changes, including erratic swimming, air gulping, loss of reflex, hyperactivity, and skin discoloration. Water quality parameters (pH and dissolved oxygen) significantly (P < 0.05) declined with increasing extract concentration. The significant decline in DO affect the survival of the fingerlings, hence the mortality recorded during the study.  Histopathological examination revealed progressive damage in the gills, including epithelial disintegration, lamellar fusion, and structural collapse, as well as hepatic alterations such as hepatocellular necrosis, vacuolation, and blood cell rupture. These changes indicate severe impairment of respiratory and metabolic functions at higher exposure levels. Although turmeric is globally recognized for its nutraceutical, antimicrobial, and immunostimulatory properties, this study demonstrates that excessive concentrations can compromise fish health, nutrient assimilation, and survival. Safe inclusion limits are therefore necessary if turmeric is to be applied in aquaculture as a feed additive. Future studies incorporating biochemical and molecular biomarkers are recommended to better define its risk–benefit profile in fish culture.
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1.0 Introduction
Turmeric (Curcuma longa), a perennial herbaceous plant of the Zingiberaceae family, is renowned for its rhizome, which harbors bioactive compounds like curcumin, demethoxycurcumin, and bisdemethoxycurcumin. These compounds exhibit a spectrum of biological activities, including antioxidant, anti-inflammatory, and antimicrobial properties (Prasad and Aggarwal, 2011; Arulkumar, et al., 2017). While the rhizome has been extensively studied, the leaves of turmeric also contain significant phytochemicals such as flavonoids, tannins, and alkaloids, which may possess potent biological effects.
Aqueous as well as ethanolic components of turmeric has proven to be active in the treatment of bacterial diseases in aquaculture production (Sahu, et. al., 2005). Supplementation of turmeric in diet of Oreochromis niloticus demonstrated evidence of improved growth performance, protected the fish against Pseudomonas fluorescens infection (Mahmoud, et al., 2014). Apart from fish, Daneshyar, et al. (2011) reported that inclusion of turmeric powder in broiler chickens feed could improve the quality of the meat by reducing its saturated fatty acids and triglycerides concentration.
In aquaculture, particularly concerning the African catfish (Clarias gariepinus), there is a growing interest in utilizing plant-based additives to enhance growth, immunity, and overall health of the fish. Studies have explored various herbal additives and their impacts on fish health. For instance, research has evaluated histopathological changes in African catfish fed diets containing herbal plants like Allium sativum, Chromolaena odorata and Talinum triangulare, noting effects on visceral organs at varying inclusion rates (Adebisi, et. al., 2024). Additionally, the use of ethanolic leaf extracts from plants such as Senna occidentalis has been investigated for their impact on water quality parameters and histopathological changes in gills and liver of C. gariepinus juveniles (Adesanya, et. al., 2024).
Several studies have been documented on the use of turmeric extract as an additive in the formulation of fish feed for different species of fishes to assess growth indices. Nurizku, et. al., (2022) reported on the effectiveness of turmeric extract on the growth performance and viability of Eel seeds (Anguilla spp); effects of turmeric on the growth and survival of fresh water pomfret (Colossoma macropomum); Prihandini and Umami, (2022), assess the effects of turmeric extract on the growth of O. niloticus; Putri, et. al., (2016), digestive enzymes and growth performance of goldfish (Cyprinus carpio) fed turmeric flour.
Despite these studies, there remains a paucity of information regarding the toxicological effects of ethanol-extracted turmeric leaves on C. gariepinus fingerlings. Understanding the potential toxicity is crucial, as certain plant extracts can induce histopathological alterations in fish tissues. For example, exposure to sub-lethal doses of Melaleuca cajuputi leaf extract in African catfish has been shown to cause degenerative changes in gill, liver, and kidney tissues. Therefore, assessing the safety and potential adverse effects of turmeric leaf extracts is essential before recommending their use in aquaculture.
Clarias gariepinus, commonly known as African catfish, is an economically significant species in aquaculture due to its rapid growth, adaptability, and resilience to environmental stress (Otoh et al., 2022; 2023; 2024a–d). Studying the effects of turmeric leaf extract on this species will provide valuable insights into its applicability in aquaculture practices, particularly for safeguarding the health of cultured fish during vulnerable life stages such as fingerlings. From a nutrition and toxicology perspective, turmeric’s phytochemicals including curcumin, flavonoids, and tannins may act as antioxidants and immunostimulants at low doses but become hepatotoxic and disruptive to gill function at higher exposures (Akpakpan et al., 2014; Su et al., 2019). Such dual effects underscore the importance of defining safe inclusion limits, as excessive concentrations could impair fish nutrient utilization, compromise product quality, and raise consumer food safety concerns (FAO, 2022). Therefore, assessing the toxicity of ethanolic turmeric leaf extract on C. gariepinus fingerlings is essential for evidence-based recommendations in aquaculture.
2.0 Materials and Methods
2.1 Collection of Plant Sample 
Fresh leaves of turmeric (Curcuma longa) were collected from Obio Akpa in Oruk Anam Local Government Area, Akwa Ibom State. The date of Collection was 15th October, 2024. The plants material was transported to 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 with herbarium No: (Ben, UUH 4418 (Uyo).

2.2 Preparation of Plant Material
After the identification, the leaves were washed, shredded and spread on cellophane and allowed to dry for 72 hours under room temperature. The dried leaves were then pulverized (grinded) into fine powder using wooden pestle and mortar.

2.3 Preparation of Ethanolic Extract (Maceration and Extraction)
[bookmark: _Hlk159678488]Cold extraction method (Maceration) was employed in this study following the procedure described by Hidayat and Wulandari (2021).  In this process 240g plant materials were macerated in 1000 mL of 99% concentrated ethanol in an airtight container and kept at room temperature for 72 hours (3 days). The ethanolic suspension was filtered using a filter net and filter paper and the extract was evaporated in a water bath at 40° C for 48 hours and stored in a beaker covered with aluminum foil for bioassay immediately after the evaporation was complete.


2.4 Collection of Test Organism
Fingerling of Clarias gariepinus were collected from Akwa Ibom State University fish farm, Obio Akpa Akwa Ibom State, Nigeria and 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 acclimation period helped stabilize the fish and minimize stress resulting from collection and transportation (George, et. al., 2024 a, b, c, d).

2.5 Preliminary Test  
Prior to commencement of actual experiment, a preliminary test (range finding test) was conducted using varying concentration (0, 10, 12, 14, 16 mg/L) to determine appropriate concentrations levels for the bioassay. Each of the aquarium had a replicate to ensure reliability of results. Each of the Ten (10) plastic aquaria was filled with two liters of hatchery water and 10 Clarias gariepinus fingerlings was stocked in each aquarium. The ethanolic extract of Curcuma longa was added at varying concentrations (0, 20, 22, 24, 26 mg/L) and the setup was maintained for 96 hours for mortality examination (George, et. al., 2013 a; b; 2014 a; b). 
2.6 Monitoring of Water Quality
Water Quality Parameters was monitored prior to commencement of the experiment and periodically thereafter, following the Standard Method (APHA, 2005). Parameters investigated include dissolve Oxygen (DO), pH, and Temperature (0C). Temperature and pH were measured using portable pH /Ec/ TDs/ Temperature HANNA, H1 991301 Model instrument while dissolve oxygen was measured using digital portable analyser (JPB - 607A "Search Tech Instrument).

2.7 Determination of Mortality and Survival Rates of Fingerlings
The percentage mortality and survival rates of the fingerlings exposed to different concentrations of the ethanolic extract of Curcuma longa during the study period were determine using the following 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., 2023 a, b, c, d). 

2.7.1 Determination of Mortality Lethal Median Concentration (96 Hours Lc50) 
The effects of the various concentrations of the ethanolic extract of C. longa on the fingerlings of C. gariepinus was determined by graphical method (Probit Level Determination as recommended by Finney (1971). The Lethal Median Concentration (LC₅₀) at 96 hours was estimated from the graph, representing the concentration expected to cause mortality in 50% of the fingerlings. Similarly, the concentration corresponding to 50% mortality at the end of the 96-hour test was determined at the probit level. 


2.7.2 Behavioral and Morphological Measurement
Behavioral cum morphological responses of C. gariepinus fingerling exposed to C. longa 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 behavioral and morphological changes. The responses monitored included irregular swimming, excessive mucus secretion, increased air gulping, vertical erection, respiratory distress and change in skin color. Each experimental tank was observed for the exposure durations.
2.7.3 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 hematoxylin and eosin technique. Prepared tissues were finally observed using a microscope for pathological changes at x100 and x400 magnification.

2.8 Data Analysis
The results of the respective concentration effects of the ethanolic extract of C. longa were presented in tables. One-way analysis of variance (ANOVA) was used to test for significant difference 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
	Water quality parameters were monitored and recorded prior to commencement of the toxicity studies as 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 Physico-chemical parameters of the test water prior to stocking of 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 Physico-chemical parameters of the test media with Clarias gariepinus as test organism during the experimental period (96 Hours)
Figure 1-3 shows variation in the water quality parameters (DO, temperature, pH) of the test media at the different concentrations and exposure time. As shown in Figure 1, dissolved oxygen (DO) levels at 24 hours decreased progressively with increasing concentrations of the toxicant, in contrast to the highest DO values recorded in the control group. A similar pattern persisted at 72 and 96 hours, indicating a sustained decline in oxygen availability with toxicant exposure. However, at 48 hours, only slight differences in DO levels were observed across the treatment groups, and these were not statistically significant compared to the control. Correspondingly, as illustrated in Figure 2, water temperature exhibited a concentration-dependent decrease throughout the entire exposure period (24, 48, 72, and 96 hours), whereas the control group maintained relatively higher and stable temperature values. Notably, this trend mirrors the decline in DO, reinforcing the interrelationship between temperature and oxygen solubility in aquatic systems under toxic stress. These results were consistent with those observed in pH levels (Figure 3), where a similar concentration-dependent shift was detected during the exposure period.
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Fig 1. Dissolved Oxygen Variations in the Experimental Media During the 96th Hours of Test
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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 Percentage Mortality and survivors of C. gariepinus Fingerlings in the different concentrations of the ethanoic extract of Curcuma longa at the end of the experiment (96 hrs) (Preliminary Test).
A range finding test was conducted prior to the commencement of the toxicity experiment to determine the actual concentrations to be used for the bioassay. Ethanoic extract of Curcuma muricata leaf was administered on the test organism, no mortality was recorded in the control (0 mg/L) of the extract used resulting in 100 % survival of the test organisms in both batches A and B respectively during the 96th hour exposure period. 100 % survivor were recorded in the 8, 12, 16 mg/L concentration of the extract during the 96th hours of test in both batches. In the 20 mg/L concentration of the extract, 40 % mortality was recorded during the 24th hour of test and 10% mortality recorded during the 48th hour of test leaving behind 50 percent survivor at the end of the 96th hour bioassay. 

3.4 Summary of the Percentage Mortality and survivors of C. gariepinus Fingerlings in the different concentrations of the ethanoic extract of Curcuma longa 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 50 % and 40% mortalities was observed in the 22 mg/L concentration of the extract leaving behind 50% and 60% test organisms in the test media for both batches. In the 22 mg/L 60% and 50% mortalities was recorded leaving behind 40% and 50% survivors at the end of 96th hours. 70% and 60% mortalities were recorded in the 24 mg/L concentration of the extract leaving behind 30% and 40% survivors at the end of 96th hours. In the 26 mg/L concentration of the extract 80% and 70% mortalities were recorded leaving behind 20% and 30% survivors at the end of 96 hours of test (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 Curcuma longa 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

	20
	5
	50
	5
	50
	4
	40
	6
	60

	22
	6
	60
	4
	40
	5
	50
	5
	50

	24
	7
	70
	3
	30
	6
	60
	4
	40

	26
	8
	80
	2
	20
	6
	70
	3
	30




3.5 96 Hours LC50 Determination 
The 96 hours LC50 for C. gariepinus fingerlings exposed to the different concentrations of the ethanolic extract of Curcuma longa was determine using probit analysis. The concentrations were first transformed into log for the probit analysis (Table 3). The 96 hours LC50 was given at 22 mg/L representing a log transformed concentration of 1.34 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-hours bioassay.
	Concentration (mg/L)
	Log Transformation
	Mortality (M)
	% Mortality
	Survivors
(S)
	% Survivor

	0
	0
	0
	0
	10
	100

	20
	1.30
	5
	50
	5
	50

	22
	1.34
	6
	60
	4
	40

	24
	1.38
	7
	70
	3
	30

	26
	1.41 
	8
	80
	2
	20
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Fig. 4: Probit Graph of mortality (%) against concentration



3.6. Behavioral Responses 
Exposure of the test organisms to varying concentrations of C. longa triggered abnormal behavioral 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 varying concentrations of the plant extract displayed slight to moderate behavioral 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 behavioral changes. Further exposure at 48–96 hours of the plant leaf extract promoted moderate to severe behavioral abnormalities in the treated groups, in a concentration-dependent pattern.

















Table 4: Effect of Curcuma longa 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
	-
	-
	-
	-
	-

	
	20
	+
	+
	+
	+
	+

	
	22
	+
	+
	+
	+
	+

	
	24
	++
	++
	++
	++
	+

	
	26
	++
	++
	++
	++
	++

	
	
	
	
	
	
	

	48 
	control
	-
	-
	-
	-
	-

	
	20
	+
	+
	+
	+
	+

	
	22
	+
	+
	+
	+
	+

	
	24
	+
	+
	+
	+
	+

	
	26
	+
	+
	+
	+
	+

	
	
	
	
	
	
	

	72 
	control
	-
	-
	-
	-
	-

	
	20
	+
	+
	+
	+
	+

	
	22
	+
	+
	+
	+
	+

	
	24
	+
	+
	+
	+
	+

	
	26
	+
	+
	+
	+
	+

	
	
	
	
	
	
	

	96 
	control
	-
	-
	-
	-
	-

	
	20
	+
	+
	+
	+
	+

	
	22
	+
	+
	+
	+
	+

	
	24
	+
	+
	+
	+
	+

	
	26
	+
	+
	+
	+
	+



[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 Curcuma longa
3.7.1 Gills Histopathology
The histopathological analyses of the gills of the test organisms exposed to the different concentrations of the extract is shown in Figure 5 (I-V). Histopathological analysis of the gill tissues revealed distinct structural responses among the experimental groups exposed to ethanolic extract of Curcuma longa. The control group exhibited normal gill morphology with well-organized primary filaments, clearly defined secondary lamellae, intact cartilaginous support, and abundant red blood cells within the vascular lacunae. No evidence of epithelial degeneration or other pathological alterations was observed.
In contrast, varying degrees of epithelial damage and cellular disruption were noted in the treated groups. Group 2 showed diffuse epithelial degeneration along the filaments with reduced or absent epithelial lining on the secondary lamellae. Group 3 presented partial disorganization of the filaments and decreased epithelial cell density, although cartilage epithelium remained preserved. Group 4 demonstrated preservation of epithelial integrity and filament cellularity, though a reduction in red blood cell distribution was noted. Group 5 exhibited the most pronounced damage, characterized by extensive epithelial degeneration of the secondary lamellae, with retention of filament cartilage structure and a few remaining lamellar projections.
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Figure 5. Histopathological Changes in Gill Tissues of Fingerlings Exposed to Ethanolic Extract of Curcuma longa
Photomicrographs of gill tissues from fingerlings. Group 1, figure 5 (I) shows a highly cellular primary filament (thick arrow), secondary lamellae (thin arrow), supporting cartilaginous filaments (blue arrow), and blood lacunae filled with red blood cells (thin red arrow), with no pathological changes. Group 2, figure 5 (II) shows diffused epithelial degeneration of the filament (thick arrow) and retained secondary lamellae (thin arrow) with few or no epithelial cells. Group 3 shows disorganized and partially degenerated filament (thick arrow), decreased epithelial cells, and preserved cartilage epithelium (blue arrow). Group 4 shows a highly cellular filament (thick arrow), visible central cartilaginous support (blue arrow), and reduced red blood cell distribution. Group 5 shows diffuse epithelial degeneration of the secondary lamellae (thick black arrow), preserved filament cartilage, and few retained secondary lamellae (green arrow). Hematoxylin and eosin stain; magnification ×400.

3.7.1 Liver Histopathology
Histopathological analysis of the liver tissues in fingerlings exposed to ethanolic extract of Curcuma longa revealed dose-dependent alterations in hepatic architecture as shown in Figure 6 (I-V). Group 1 (control) displayed normal hepatic organization, with well-defined cords of hepatocytes and sporadic fatty changes presenting as uniformly sized lipid droplets.
Treated groups exhibited varying degrees of hepatic injury. Group 2 showed parenchymal distortion with degenerated connective tissue and mild inflammatory infiltrates. Group 3 exhibited signs of hepatocellular ballooning degeneration within the parenchyma. Group 4 demonstrated similar features to Group 2, including distorted hepatic parenchyma, degenerated connective tissue, and mild inflammatory cell infiltration. Group 5 displayed the most severe hepatic pathology, including extensive epithelial loss, hepatocyte vacuolation, hydropic degeneration, diffuse mononuclear inflammatory infiltration, and presence of bile pigments, indicating severe hepatic toxicity.
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Figure 6 (I-V). Histopathological Changes in Liver Tissues of Fingerlings Exposed to Ethanolic Extract of Curcuma longa, 
Photomicrographs of liver tissues from fingerlings. Group 1 (I) shows cords of hepatocytes (arrows) and sporadic fatty changes with uniform fatty lobules. II shows cords of hepatocytes (arrows), distorted parenchyma with degenerated connective tissue (#), and mild inflammatory infiltrates. III, shows hepatocyte cords (arrows) with ballooning degeneration (red arrow). IV, shows cords of hepatocytes (arrows), parenchymal distortion with degenerated connective tissue (#), and mild inflammatory infiltrates (arrowhead). V shows severe epithelial loss, hepatocyte vacuolation (thin black arrow), hydropic degeneration (#), degenerated connective tissue (#), diffused mononuclear inflammatory infiltrates (circle), and bile pigment deposits (green arrow). Hematoxylin and eosin stain; magnification ×400.
4.0 Discussion
The use of medicinal plants, including their leaves, bark, and roots for both feed formulation and therapeutic applications in aquaculture has been widely documented, primarily due to their broad-spectrum bioactivities such as antimicrobial, antiparasitic, antioxidant, and growth-promoting properties. However, their potential toxicological effects remain significantly underreported and poorly understood, as highlighted by George et al. (2023a). 
No mortality was recorded at 0 mg/L (control), confirming that fish deaths were directly associated with exposure to the extract. Mortality increased with concentration, establishing a dose-dependent relationship. The highest mortality occurred at 26 mg/L, where fish exhibited rapid toxicity symptoms which agrees favourably with the findings of (George, et. al., 2013 a; b; 2015 a; b; 2024 d) who observed a similar mortality trend. The present study provides critical evidence confirming the acute toxicity of Curcuma longa leaf extract on Clarias gariepinus fingerlings, with a 96-hour median lethal concentration (LC₅₀) of 22 mg/L, corresponding to a log-transformed value of 1.34 mg/L. This LC₅₀ value classifies the extract as mildly toxic based on standard toxicological benchmarks. Comparative analysis with other plant-derived extracts reveals substantial variability in toxicity levels. For instance, George et al. (2023b) reported an LC₅₀ of 2.983 mg/L for Lantana camara leaf extract in C. gariepinus fingerlings, suggesting higher toxicity, whereas Phragmanthera capitata ethanolic leaf extract produced median lethality at 22.124 mg/L in Oreochromis niloticus juveniles (George et al., 2023c), a value closely aligning with the present findings. Additionally, L. camara exhibited an LC₅₀ of 7.346 mg/L in O. niloticus after 96 hours (George et al., 2023d), underscoring the influence of species sensitivity. These variations in toxicological profiles can be scientifically attributed to several factors, including the specific plant species, the bioactive compounds present in different plant parts, the method of extraction (aqueous vs. ethanolic), the developmental stage or age of the test organisms, and inherent interspecies physiological differences. Therefore, while plant extracts offer promising benefits in aquaculture, a cautious, evidence-based approach is essential to evaluate both their therapeutic potential and associated risks, especially in the context of environmental safety and fish health.  
[bookmark: _Hlk203033967]Stable water quality is critical to the growth and physiological processes of aquatic organisms (Jonah and George, 2019; Jonah, et.al., 2020; George, et. al., 2020 a; b). Alterations in the physical and chemical properties of water can alter physiological and metabolic processes of aquatic species. A higher dosage of toxicant induced a series of physicochemical changes in the aquatic environment, likely driven by underlying scientific mechanisms associated with stress responses and chemical interactions (Banaee et. al., 2025). The progressive decline in dissolved oxygen (DO) levels at 24, 72, and 96 hours with increasing toxicant concentration in this study may be attributed to reduced photosynthetic activity due to toxicity-induced inhibition of autotrophic organisms, increased oxygen consumption from heightened metabolic stress in aquatic fauna, and potential chemical oxygen demand imposed by the toxicant itself. The lack of significant DO variation at 48 hours may reflect a transient equilibrium or delayed physiological response before the onset of more pronounced toxic effects. Simultaneously, the observed decrease in water temperature across toxicant concentrations could stem from reduced biological heat generation or altered heat exchange properties of the contaminated water, which in turn impacts oxygen solubility (Hutchings et. al., 2024). The parallel trends in decreasing pH suggest increased CO₂ accumulation from respiration and decomposition, or the formation of acidic byproducts, further stressing the system. Overall, the interdependence of DO, temperature, and pH underlines the systemic impact of toxicant exposure on aquatic environments, with each parameter influencing the others through a network of chemical and biological feedback mechanisms.
The harmful effects of several range of extract / toxicants can be measured via the behavioral abnormalities of the intoxicated test organism (George, et. al., 2024 a). In bioassay studies, animal behavioral measurements are effective to assess the toxic effects of the toxicant. The present study showed that the test organism was highly sensitive to the toxic effect of C. longa leaf extract, following the behavioral aberrations exhibited, particularly in a concentration and duration-dependent pattern. Toxicant-induced stress such as excessive mucus secretion, air gulping, erratic swimming, respiratory distress and vertical erection, were evident in the treated groups and could further impair physiological processes and subsequent mortality (George, et. al., 2024 b; c). Plant piscicides have been reported to induce behavioral abnormalities in aquatic species such as hyperactivity, reduced swimming in Launaea taraxocifolia exposed catfish (C. gariepinus) (George, et. al., 2024 c), loss of equilibrium, air gulping, incessant jumping in C. indica exposed C. gariepinus fingerling (George, et. al., 2024 b), excessive mucus accumulation and jerky movement in both D. innoxia (Ayuba, et. al., 2012) and C. odorata (Okoro, et. al., 2019) exposed C. gariepinus. 
Histopathological analysis is a critical biomarker for assessing tissue-level changes in animals resulting from dietary, environmental, or toxicant-related exposure events (Essien-Ibok et al., 2024a, b; George et al., 2014a, b). In the present study, Clarias gariepinus fingerlings exhibited concentration-dependent histopathological alterations in both gill and liver tissues following a 96-hour acute exposure to ethanolic leaf extract of Curcuma longa. Gills, which are integral to vital physiological functions such as osmoregulation, ion balance, gas exchange, and excretion of nitrogenous waste (Arman, 2021), are particularly sensitive to aquatic pollutants due to their constant and direct contact with the external environment (Mallatt, 1985). In this study, gill tissues from exposed groups demonstrated varying degrees of lesion development, including cellular degeneration, desquamation, hyperplasia, erosion and fusion of secondary lamellae, and extensive epithelial damage. These lesions suggest impaired respiratory function, likely due to disrupted gaseous exchange across the lamellar epithelium (George, 2024a). Similar oxidative stress–mediated gill alterations have been reported in biomarker studies, where elevated SOD, GPx, and MDA levels coincided with lamellar degeneration in catfish exposed to pollutants (Akpakpan et al., 2014). Also, patterns of gill pathology have been reported in C. gariepinus exposed to Euphorbia hirta and Vernonia amygdalina extracts, further supporting the sensitivity of gill tissues to phytochemical stressors (Idowu et al., 2019; Audu et al., 2017).
Notably, the severity of the observed gill lesions increased with concentration. Groups 2, 3, and 5 showed marked epithelial degeneration, structural disintegration of secondary lamellae, and reduced epithelial cellularity, indicating cytotoxic effects of specific bioactive compounds in the extract at elevated concentrations. Group 4, while lacking epithelial degeneration, showed reduced red blood cell distribution, potentially indicating a sublethal circulatory impairment or an adaptive physiological response. Interestingly, the consistent preservation of the cartilaginous support structure in Groups 3 and 5 suggests that deeper gill architecture may possess greater resistance to short-term chemical insult.
These findings are consistent with previous research documenting plant extract-induced gill damage, including epithelial lifting, lamellar fusion, and necrosis (Fanta et al., 2003). Although C. longa is renowned for its antioxidant and anti-inflammatory activities (Chainani-Wu, 2003), certain phytoconstituents may become harmful at high concentrations, potentially exerting oxidative, pro-inflammatory, or membrane-disruptive effects that contribute to the epithelial and vascular lesions observed in this study.
Liver histopathology also revealed a dose-dependent toxicological response. The control group (Group 1) exhibited normal hepatic architecture with only minor fatty changes, likely representing normal lipid metabolism in fish hepatocytes (Wolf and Wolfe, 2005). In contrast, treated groups demonstrated progressively severe hepatic alterations. Group 2 and Group 4 showed signs of early hepatic stress, including parenchymal disorganization, degenerated connective tissue, and mild inflammatory infiltrates. Group 3 displayed ballooning degeneration—an early indicator of hepatocyte injury characterized by cytoplasmic swelling and potential necrosis. Group 5 exhibited the most profound hepatic pathology, including vacuolation, hydropic degeneration, bile pigment accumulation, mononuclear infiltration, and widespread epithelial cell loss. These pathological changes suggest compromised hepatocellular function, impaired bile metabolism, and possible oxidative damage, supporting findings from previous studies that curcumin, despite its hepatoprotective reputation, may elicit toxic responses at high concentrations or with prolonged exposure (Meghana et al., 2007 a; Rai et al., 2008). Comparable results were demonstrated by Akpakpan et al. (2014), who reported that increased oxidative stress biomarkers were closely associated with hepatocellular necrosis and vacuolation in wild catfish from polluted Nigerian rivers.
From a biochemical perspective, the hepatic necrosis and vacuolation observed suggest disruption of hepatocellular metabolism, possibly mediated by curcumin’s paradoxical pro-oxidant activity at high concentrations (Meghana et al., 2007 b; Su et al., 2019). While turmeric is widely regarded as an antioxidant and immunostimulant, excessive exposure may overwhelm antioxidant defenses, leading to lipid peroxidation, bile pigment accumulation, and impaired detoxification pathways. For aquaculture, such toxic stress diverts metabolic energy away from growth and reproduction toward stress response and detoxification, ultimately reducing feed efficiency and productivity (Chakraborty and Hancz, 2011). From a nutritional standpoint, gill and liver damage may also compromise protein and lipid metabolism, lowering nutrient assimilation and affecting the quality of fish flesh destined for human consumption. These findings highlight the importance of dose regulation, since turmeric’s nutraceutical benefits at low inclusion levels can turn toxic at higher exposures, with implications for aquaculture sustainability and food safety.
In summary, the histopathological alterations observed in both gill and liver tissues confirm that ethanolic extracts of Curcuma longa can induce concentration-dependent cellular and structural damage in C. gariepinus fingerlings. While the plant is widely recognized for its therapeutic properties, these findings underscore the importance of dose regulation and comprehensive toxicity assessment before application in aquaculture or phytotherapeutic contexts.

4.1 Conclusion
Following the findings of this study, we infer that C. longa leaf extract induced behavioral abnormalities and prominent histopathological lesions in the liver and gill tissues of C. gariepinus fingerlings at higher concentrations. While turmeric may be less toxic at lower concentrations, excessive exposure produces marked tissue damage and mortality, reflecting a clear dose-dependent toxicological profile. From a nutritional and toxicology perspective, this dual effect underscores the importance of defining safe inclusion limits if turmeric is to be used as a feed additive in aquaculture. Furthermore, processing and indiscriminate disposal into aquatic environments should be discouraged to preserve aquatic biodiversity, particularly in sensitive freshwater species. Future research should incorporate biochemical and oxidative stress biomarkers to clarify mechanistic pathways and strengthen risk assessment. Such approaches will provide evidence-based guidance for balancing turmeric’s nutraceutical potential with its toxicological risks in aquaculture and food safety contexts.
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