


Toxicological and Histopathological Effects of Psidium guajava Leaf Extract on African Catfish (Clarias gariepinus): Implications for Aquaculture

Abstract
Psidium guajava (guava) leaves are rich in bioactive compounds, including flavonoids, tannins, and saponins, known for their antimicrobial and antioxidant properties. These attributes have led to their incorporation in fish diets to enhance growth performance and health status. Despite the recognised benefits of guava leaf extracts, there is limited information on their potential toxic effects when introduced at varying concentrations, particularly concerning histopathological changes in critical organs of C. gariepinus. This study assessed the toxicological impact of the ethanolic leaf extract of Psidium guajava on African catfish (Clarias gariepinus) fingerlings. A total of two hundred (200) fingerlings were collected and used for the study. Fresh leaves of guava (Psidium guajava) were collected for the study. The results of the respective concentration effects of the ethanolic extract of Psidium guajava 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. Fish were exposed to varying concentrations of the extract 0–10 mg/L for 96 h, with mortality, behaviour, water quality, and histopathology evaluated. Results showed a concentration-dependent mortality (96-h LC₅₀ = 4 mg/L), significant declines in dissolved oxygen and pH, and abnormal behaviours including erratic swimming and respiratory distress. Gill lesions ranged from epithelial lifting to lamellar degeneration, while liver tissues exhibited steatosis, vacuolation, and necrosis at higher concentrations. The water temperature exhibited slight fluctuations throughout the 96-hour experimental period. The lowest temperature (26.1 °C) was recorded at the 8mg/l concentration of the extract after 96 hours, whereas the highest temperature (28.6 °C) was observed in the control group (0mg/l) after 24 hours. Statistical analysis revealed significant variations (p<0.05) at 48 and 72 hours, while no significant differences were observed at 24 and 96 hours across the various concentrations. These effects may relate to phytochemicals such as tannins, flavonoids, and saponins, which act as antioxidants at low levels but induce oxidative stress and cellular injury at higher doses. While P. guajava is valued for its antimicrobial and immunostimulatory properties, excessive concentrations impair organ function, reduce survival, and may compromise nutrient utilisation and fillet quality, raising aquaculture and food safety concerns. Defining safe exposure thresholds and integrating biomarker assays in future work are essential to balance its potential benefits with toxicological risks. This study highlights the dual nature of P. guajava leaf extract—offering potential benefits for disease control and fish health management but also posing risks if used improperly. We recommend establishing safe inclusion limits, integrating phytochemical and biomarker analyses and evaluating ecological impacts on non-target species.
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1.0 Introduction
The exploration of plant-derived compounds in aquaculture has garnered significant interest due to their potential as natural alternatives to synthetic chemicals. Psidium guajava Linn is a common plant, called guava, and is available worldwide. Guava has been shown to have many biological activities as a medicinal plant, including anticough, anti-diabetes, antibacterial and antioxidant properties. Pharmacological and chemical research work has been carried out on the leaf as it is enriched with phytoconstituents, including flavonoids and phenols, terpenoids, chlorophyll, tannins, saponins, and essential oils (Zayed et al., 2022). Psidium guajava (guava) leaves are rich in bioactive compounds, including flavonoids, tannins, and saponins, known for their antimicrobial and antioxidant properties (Olusola and Olorunfemi, 2017). These attributes have led to their incorporation in fish diets to enhance growth performance and health status (Olusola and Olorunfemi, 2017).
Plant extracts are becoming increasingly popular in aquaculture due to their natural biocides, extensive therapeutic history and potential for healing (Reveter, et al., 2017); their preventive and therapeutic qualities have been demonstrated in previous studies (Talpur, et al., 2013). Plants are known to contain complex chemical compounds that influence a range of biological activities and have the potential to either prevent or treat disease (George et. al., 2023 e). Bioactive substances in plants include flavonoids, alkaloids, tannins, saponins, and terpenoids. Also, they are confirmed as an antinutrient known to promote growth and stimulate reproduction in finfish and shellfish species (George et. al., 2023 e).
Previous studies have demonstrated that exposure to certain plant extracts can induce histopathological changes in fish organs. For instance, exposure to Melaleuca cajuputi leaf extract resulted in degenerative alterations in the gills, liver, and kidney of C. gariepinus, with severity proportional to the extract concentration (Marina et. al., 2023).  Similarly, aqueous extracts of Carica papaya dry seeds have been shown to cause histological changes in the gills and liver of C. gariepinus, indicating their potential as biomarkers for assessing toxicosis (Abubakar, et. al., 2023). However, several studies using plant extract on Clarais gariepinus fingerlings as test organisms have shown evidence of histological changes in the gills (George, et. al., 2023a, b, c, d; George, et. al., 2024 b, c, d and Essien-Ibok, et.al., 2024a).  
Clarias gariepinus (African catfish) is a prominent species in aquaculture, valued for its rapid growth and adaptability (Otoh, et. al., 2022; 2023; 2024a, b, c, d). Clarias gariepinus are primarily freshwater fish that are well adapted to confined environments and are resistant to manipulation and disease (Abdel-Mobdy et al., 2021; Adeparusi et al., 2023). However, the introduction of plant extracts into their environment or diet necessitates a thorough understanding of potential toxicological impacts, particularly on vital organs such as the gills and liver. The gills are essential for respiration and osmoregulation, making them susceptible to waterborne toxins, while the liver plays a crucial role in metabolism and detoxification. Histopathological examinations of these organs can reveal sub-lethal effects of toxicants, providing insights into the safety and efficacy of plant-based treatments.
The gills, being a respiratory organ of fish, regularly come into contact with the external environment and thus make it vulnerable to environmental toxicants (Erdoğan, et al., 2022). The gills are particularly sensitive and can also be responsible for maintaining the optimal osmotic pressure and acid-base balance of body fluids. Because their large surface area contacts the external environment, the gills are sensitive to even minor chemical or physical changes in the surroundings and are the target organ for many contaminants in water (Sula et al., 2020). 
Despite the recognised benefits of guava leaf extracts, there is limited information on their potential toxic effects when introduced at varying concentrations, particularly concerning histopathological changes in critical organs of C. gariepinus. Understanding these effects is essential for ensuring the safe application of such extracts in aquaculture practices.
[bookmark: _Hlk187310418]The increasing interest in plant-based compounds in aquaculture underscores the need to evaluate their safety. While guava leaf (Psidium guajava) extracts offer antimicrobial and growth-promoting effects, their toxicological impacts at higher concentrations remain underexplored. Beyond cultured species, plant extracts can alter water quality and affect non-target organisms, raising ecological concerns (Akpakpan et al., 2019; FAO, 2022). As a widely farmed species in Africa, the health of C. gariepinus is central to food security. Assessing gill and liver responses, therefore, provides insight into both the nutritional benefits and toxicological risks of P. guajava, guiding safe application in aquaculture and protecting consumer safety (Akpakpan et al., 2014; Yusuf et al., 2022).

2.0 Materials and Methods
2.1 Collection of Test Organism
Fingerlings of Clarias gariepinus were collected from Akwa Ibom State University fish farm, Obio Akpa, Akwa Ibom State, Nigeria, located within 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.

2.2 Acclimatisation of Specimens
The fingerlings were acclimated in a re-circulatory plastic aquarium measuring 25 ×10 × 15 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., 2023a, b, c).

2.3 Collection of Plant Sample 
Fresh leaves of guava (Psidium guajava) were collected for the study. The collection site of the plant was Atan road in Obio Akpa Village, Oruk Anam Local Government Area, Akwa Ibom State. The date of the Collection was 20th November 2023. 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 (Ibok et al., 2024).

2.4 Preparation of Plant Material
After the identification, the leaves were washed. After washing, the leaves were shredded and spread on cellophane and allowed to dry for 72 hours at room temperature. The dried leaves were pulverised (ground) into fine powder using a wooden pestle and mortar.

2.5 Preparation of Ethanolic Extract (Maceration and Extraction)
Cold extraction method (Maceration) was used in this research according to Hidayat and Wulandari (2021). In the extraction procedure, 1000ml of 99% Concentrated Ethanol was used to Macerate 240g of the plant materials in an airtight container and kept in the laboratory under 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° Celsius for 48 hours and stored in a beaker covered with aluminium foil for bioassay immediately after the evaporation was complete.
2.6 Preparation of Experimental Aquaria
Ten (10) rectangular plastic aquaria measuring 25 ×10 × 15 cm were thoroughly washed with tap water and properly rinsed with fresh water and allowed to dry for 24 hours on the laboratory bench based on George, et. al., (2024a, b, c, d).

2.7 Stocking ff Specimen for Toxicity Test
Prior to commencement of the actual experiment, a range-finding test with varying concentration (0, 4, 8, 12, 16) was conducted to determine the actual variations in concentration to be used for the acute bioassay. Each of the aquariums had a replicate to ensure accuracy. Each of the ten (10) plastic aquaria was filled with two litres of hatchery water, and 10 Clarias gariepinus fingerlings were stocked in each aquarium. The actual concentrations of Psidium guajava ethanolic extract used for the acute bioassay after preliminary test were (0, 4, 6, 8, 10). This was added to each stocked aquarium and allowed to stand for 96 hours for mortality examination. 

2.8 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" (Ibok et al., 2024).

2.9 Monitoring of Specimen for Mortality
The effects of the various concentrations of the ethanolic extract of guava (Psidium guajava) on the fingerlings were monitored on a 24-hour basis for 96 hours as recommended by George et.al., (2013a, b, 2014a, b).

2.9.1 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 Psidium guajava 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, b, 2014a, b). 

2.9.2 DETERMINATION OF MORTALITY LETHAL MEDIAN CONCENTRATION (96 hours LC50) 
The effects of the various concentrations of the ethanolic extract of the plant Psidium guajava 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-hour) was determined at the probit level Udo et. al., 2006; Ekanem and Ekpo, 2008).

2.9.3 Behavioural and Morphological Measurement
Behavioural cum morphological responses of C. gariepinus fingerling exposed to P. guajava were monitored and measured daily according to OECD (2014). In addition to the acute doses, the control without toxicant exposure was 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 (Ibok et al., 2024).
2.10 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 and stained by the hematoxylin and eosin technique. The prepared tissues were finally observed using a microscope for pathological changes at x100 and x400 magnification.

2.11 Data Analysis
The results of the respective concentration effects of the ethanolic extract of Psidium guajava 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 (Ibok et al., 2024).


3.0 Results
3.1 Initial Water Quality Parameters
	Prior to the commencement of toxicity studies, initial water quality parameters were taken to ascertain if the values were within the acceptable range for aquaculture operations. The values of dissolved oxygen (5.8 mg/l), temperature (29.5 0C) and pH (6.97) recorded are presented in Table 1. 
Table 1: Initial physicochemical parameters of the test water prior to stocking of the test organism
	Fish Species
	Initial physicochemical parameters prior to stocking

	
	DO (mg/l)
	Temp (oC)
	pH

	Clarias gariepinus
	5.8
	29.5
	6.97



3.2 Variation in physicochemical parameters of the test media with Clarias gariepinus as test organism during the experimental period (96 Hours)
Introduction of the extract resulted in variations in the water quality parameters (DO, temperature, pH) of the test media at the different concentrations and exposure times (Figure 1-3). 

3.2.1 Dissolved Oxygen (mg/l)
The minimum dissolved oxygen (DO) concentration was recorded at the 8mg/l treatment after 96 hours of exposure. Whereas the maximum DO concentration occurred in the control group (0 mg/l) at 24 hours. The temporal and concentration-dependent variations in DO are presented in Figure 1. Statistical analysis indicated that these variations were significant (p<0.05), both across the toxicant concentrations and at different time intervals. The results showed that DO gradually decreases progressively with increasing concentration and time, reflecting the oxygen-depleting effects of the extract.
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Fig 1. Dissolved Oxygen Variations in the Experimental Media During the 96th Hours of Test


3.2.2 Temperature (oC)
The water temperature exhibited slight fluctuations throughout the 96-hour experimental period. The lowest temperature (26.1 °C) was recorded at the 8mg/l concentration of the extract after 96 hours, whereas the highest temperature (28.6 °C) was observed in the control group (0mg/l) after 24 hours. Statistical analysis revealed significant variations (p<0.05) at 48 and 72 hours, while no significant differences were observed at 24 and 96 hours across the various concentrations (Fig. 2). Despite the changes observed, the variations remain within a narrow range, indicating that the temperature was relatively stable and not substantially influenced by the extract. 

3.2.3 pH
The lowest pH value was observed at the 8mg/l concentration after 96 hours, whereas the highest value was recorded in the control group at 24 hours. Significant differences (p<0.05) were detected across concentrations at 24, 48 and 72 hours, while no significant variations were observed at 96 hours (Fig. 3). The overall trend revealed a gradual decline in pH with increasing concentration and exposure duration, suggesting a mild acidifying effect of the extract that stabilises after 96 hours. 
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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 Psidium guajava 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 60% mortalities were observed in the 4 mg/l concentration of the extract in both batch A and B, leaving behind 50% and 40% survivors. 
In the 6, 8 and 10 mg/l concentration of the extract, 100% mortality was recorded, leaving behind no test organisms in the test media for both batches at the end of the 96th hour bioassay (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 Psidium guajava 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

	4
	5
	50
	5
	50
	6
	60
	4
	40

	6
	10
	100
	0
	0
	10
	100
	0
	0

	8
	10
	100
	0
	0
	10
	100
	0
	0

	10
	10
	100
	0
	0
	10
	100
	0
	0



3.4 96 Hours LC50 Determination 
The 96-hour LC50 for C. gariepinus fingerlings exposed to the different concentrations of the ethanolic extract of Psidium guajava 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 4 mg/l, representing a log-transformed concentration of 0.60 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

	0
	0
	0
	0
	0
	100

	4
	0.60
	5
	50
	5
	50

	6
	0.78
	10
	100
	0
	0

	8
	0.90
	10
	100
	0
	0

	10
	1.00  
	10
	100
	0
	0
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Fig. 4: Probit Graph of mortality (%) against concentration



3.5. Behavioural Responses 
Abnormal behavioural response was observed by the test organisms upon exposure to varying concentrations of P. guajava in a concentration-dependent manner with respect to 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 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 Psidium guajava 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
	-
	-
	-
	-
	-

	
	4
	+
	+
	+
	+
	+

	
	6
	+
	+
	+
	+
	+

	
	8
	++
	++
	++
	++
	+

	
	10
	++
	++
	++
	++
	++

	
	
	
	
	
	
	

	48 
	control
	-
	-
	-
	-
	-

	
	4
	+
	+
	+
	+
	+

	
	6
	+
	+
	+
	+
	+

	
	8
	++
	++
	++
	++
	+

	
	10
	++
	++
	++
	++
	++

	
	
	
	
	
	
	

	72 
	control
	-
	-
	-
	-
	-

	
	4
	+
	+
	+
	+
	+

	
	6
	+
	+
	+
	+
	+

	
	8
	++
	++
	++
	++
	+

	
	10
	+++
	+++
	+++
	+++
	++

	
	
	
	
	
	
	

	96 
	control
	-
	-
	-
	-
	-

	
	4
	+
	+
	+
	+
	+

	
	6
	+
	+
	+
	+
	+

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

	
	10
	+++
	+++
	+++
	+++
	+++


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


3.6 Histopathology of the gill of C. gariepinus exposed to the different concentrations of the Ethanolic extract of Psidium guajava
3.6.1 Gills Histopathology
The histopathological analyses of the gills of the test organisms exposed to the different concentrations of the extract are shown in Figure 5.  Histopathological analysis of gill tissues revealed progressive structural alterations in response to ethanolic extract exposure when compared to the control. The control group exhibited normal gill architecture, characterised by highly cellular primary filaments and well-aligned secondary lamellae. Supporting cartilaginous filaments, dilated blood vessels in the basal arch, and red blood cells along the primary filaments were evident, with basophilic epithelial staining and no signs of pathology. In contrast, varying degrees of epithelial disruption and degeneration were observed across the exposed groups. Mild epithelial lifting and compacted filaments were noted in Group 2, indicating early structural responses. Group 3 showed disorganised and partially degenerated filaments, accompanied by a marked reduction in epithelial cell presence. Group 4 exhibited moderate epithelial disruption and a decrease in red blood cell distribution, suggesting vascular compromise. The most severe lesions were observed in Group 5, with extensive epithelial damage and degeneration of secondary lamellae, indicating advanced toxic injury.
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Figure 5. Representative photomicrographs of gill tissues from fingerlings exposed to the ethanolic extract of Psidium guajava. (I) Control group showing normal gill architecture with cellular primary filaments (thick arrow), secondary lamellae (thin arrow), central cartilage (blue arrow), and visible red blood cells (thin red arrow). (II) Group 2 exhibiting compacted PF and SL with mild epithelial lifting (red arrowhead). (III) Group 3 showing disorganised and partially degenerated Primary filaments (thick arrow) with reduced epithelial cell presence; cartilage epithelium retained (blue arrow). (IV) Group 4 demonstrates moderate epithelial disruption in PF and SL with reduced red blood cell distribution. (V) Group 5 revealed extensive epithelial degeneration and secondary lamellar breakdown. Stain: Hematoxylin & Eosin (H&E), ×400

















3.6.2 Liver Histopathology
The histopathological analyses of the liver of the test organisms exposed to the different concentrations of the extract are shown in Figure 6.  Histopathological evaluation of liver tissues revealed a spectrum of alterations across treatment groups when compared to the control. In the control group (Group 1), the hepatic parenchyma exhibited normal architecture with distinct cords of hepatocytes and diffuse uniform fatty lobule size, indicative of mild physiological fatty changes. Blood vessels appeared unremarkable, and no degenerative changes were noted.

In treated groups, the degree of hepatic alteration increased with presumed concentration or duration of exposure. Groups 2 and 3 showed similar morphological patterns, including intact hepatocyte cords and visible blood vessels, but with evidence of macrovesicular steatosis, suggesting early hepatocellular lipid accumulation. More pronounced pathological changes were observed in Group 4, characterised by distorted hepatic parenchyma, diffuse fatty changes, and ballooning degeneration—an indicator of hepatocellular injury. Group 5 exhibited the most severe liver damage, with diffuse epithelial loss, hepatocyte vacuolation, pale-stained hydropic degeneration, and increased numbers of Kupffer cells, consistent with inflammatory activation and hepatocellular necrosis.
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Figure 6. Representative photomicrographs of liver tissues from fingerlings exposed to the ethanolic extract of Psidium guajava. (I) Control group showing cords of hepatocytes (arrow) and diffuse, uniform fatty changes (asterisk). (II) Group 2 displaying hepatocyte cords (arrow), central blood vessel (V), and macrovesicular steatosis (asterisk). (III) Group 3 showing similar macrovesicular steatosis with preserved hepatic structure. (IV) Group 4 with distorted parenchyma, diffuse fatty changes, and ballooning degeneration. V Group 5 exhibiting severe epithelial loss, hepatocyte vacuolation (thin black arrow), pale-stained hydropic degeneration (#). Stain: Hematoxylin & Eosin (H&E), ×400.
4.0 Discussion
The present study investigates the toxicological effects of ethanolic extracts from Psidium guajava (guava) leaves on fingerlings of Clarias gariepinus. The result reveals a concentration-dependent mortality, significant alterations in water quality parameters, pronounced histopathological changes in gill and liver tissues, and observable behavioural abnormalities. These findings contribute to the growing body of literature on the biological impacts of P. guajava extracts in aquatic organisms.
The results of the findings demonstrate a clear concentration-dependent increase in fish mortality upon exposure to P. guajava leaf ethanolic extracts. 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., (2013b; 2015 a; b; c; 2024 d) in a related study.
In contrast, other studies have reported beneficial effects of P. guajava leaf extracts in fish when used at lower concentrations. Gobi et al. (2016) investigated the dietary supplementation of P. guajava leaf extracts in Oreochromis mossambicus and observed enhanced growth, improved immune responses, and increased resistance to Aeromonas hydrophila infection. This suggests that while low concentrations may confer health benefits, higher concentrations could be detrimental, highlighting the importance of dosage in the application of plant extracts in aquaculture.
The introduction of P. guajava leaf extracts into the test media resulted in significant changes in water quality parameters, including pH, dissolved oxygen (DO), and temperature. These alterations can have profound effects on fish health and survival. Changes in pH can affect the ionisation state of toxic compounds, potentially increasing their bioavailability and toxicity. Fluctuations in DO levels can lead to hypoxic conditions, stressing aquatic organisms and exacerbating the toxic effects of contaminants. Temperature variations can influence metabolic rates and the toxicity of substances. The results of this study align favourably with earlier assertions reported by George, et.al., (2014a; 2023a; b; c; d) who made similar observations in water quality alterations upon introduction of toxicants. Therefore, monitoring and maintaining stable water quality parameters are crucial when assessing the safety and efficacy of plant-based treatments in aquaculture.
Histopathological examination of the gill and liver tissues revealed moderate to severe pathological changes with increasing extract concentrations. The comparative histopathology highlights organ-specific toxicity mechanisms. Gill damage (epithelial lifting, lamellar degeneration) likely impairs respiratory and osmoregulatory functions, consistent with direct exposure to waterborne toxicants. The liver, as a metabolic detoxification organ, exhibited cytoplasmic vacuolation and necrosis, indicating possible oxidative stress or impaired xenobiotic metabolism (George, et. al., 2024a; b; c; Essien-Ibok, et. al., 2024a; b; Ibrahim, et. al., 2024; Adesanya, et. al., 2024). The severity of hepatic lesions (vacuolation → necrosis) parallels gill degeneration, suggesting systemic toxicity at higher concentrations. These findings align with studies on plant-derived hepatotoxins causing metabolic disruption in fish (George et al., 2023a). 
Future studies should correlate these changes with biochemical markers (e.g., ALT, AST, LPO) to elucidate mechanistic pathways.
[
From a biochemical perspective, the hepatic steatosis and necrosis observed in this study suggest impaired lipid metabolism, likely mediated through oxidative stress pathways. Similar findings have been reported where phytochemical-rich extracts disrupted hepatocyte function by overwhelming antioxidant defences (Akpakpan et al., 2014; Su et al., 2019). For aquaculture, such organ-level impairments may translate to poor feed conversion, reduced growth, and compromised nutrient quality of fish flesh, raising potential food safety concerns for consumers (Yusuf et al., 2022). Furthermore, indiscriminate disposal of guava leaves into aquatic environments could extend toxic impacts to wild fish populations, emphasising an ecological as well as nutritional dimension to the observed toxicity (Madesh et al., 2024).
Behavioural observations indicated that fish exposed to higher concentrations of P. guajava leaf extracts exhibited increased attempts to jump out of the water, gasping for air, and other abnormal behaviors. These behaviours are indicative of a distress environment and are commonly associated with poor water quality and toxicant exposure. This confirms the earlier assertion by George, et. al., (2024 b; c). Gasping behaviour, for instance, often reflects hypoxic conditions or gill impairment, while increased jumping attempts may indicate an attempt to escape unfavourable environmental conditions. Behavioural changes are valuable indicators of sub-lethal toxicity and can provide early warnings of environmental stress before more severe or pronounced effects, such as mortality, occur.
The dual nature of P. guajava leaf extracts—exhibiting both beneficial and detrimental effects—has been documented in various studies. As previously mentioned, Gobi et al. (2016) reported positive outcomes with low-dose dietary supplementation, including enhanced growth and immunity in O. mossambicus. Conversely, this study highlights the potential toxic effects at higher concentrations, emphasising the importance of dosage and exposure assessment.
Furthermore, Tran et al. (2021) investigated the effect of P. guajava leaf extract on the quality of cobia (Rachycentron canadum) fillets during ice storage and found that the extract improved sensory properties and reduced lipid oxidation, suggesting its potential as a natural preservative. While this study focuses on post-harvest quality, it underscores the antimicrobial and antioxidant properties of P. guajava extracts, which could have implications for their use in live fish.
The observed toxic effects of P. guajava leaf extracts may be attributed to the presence of bioactive compounds such as tannins, flavonoids, and saponins. These compounds have been reported to possess antimicrobial, antioxidant, and antitumor activities. While beneficial at low concentrations, these compounds can disrupt cellular functions at higher doses. For instance, tannins can precipitate proteins and interfere with nutrient absorption, while saponins can disrupt cell membranes, leading to cell lysis. Flavonoids, although known for their antioxidant properties, can act as pro-oxidants under certain conditions, inducing oxidative stress and cellular damage. The findings of this study have significant implications for the use of plant extracts in aquaculture. 

4.1 Conclusion / Recommendation
This study demonstrates that ethanolic extracts of Psidium guajava leaves exert significant toxic effects on fish in a concentration-dependent manner. Fish exposed to higher extract concentrations exhibited increased mortality, behavioural abnormalities, and histopathological damage to gill and liver tissues. The introduction of the extract into the test media also altered water quality parameters, further contributing to the observed toxicity. The results of the findings align with previous research on the exposure of fish to various extracts and toxicants. Low concentrations of P. guajava have been reported to enhance fish health and immunity. However, higher concentrations, as observed in this study, resulted in physiological and pathological stress. The toxicity may be attributed to compounds such as tannins, flavonoids, and saponins, which, although beneficial at low doses, can become harmful at elevated levels. This study highlights the dual nature of P. guajava leaf extract—offering potential benefits for disease control and fish health management but also posing risks if used improperly. We recommend establishing safe inclusion limits, integrating phytochemical and biomarker analyses and evaluating ecological impacts on non-target species. Such evidence-based guidelines will be essential to harness the therapeutic potential of guava leaves while safeguarding fish health, consumer safety, and aquatic ecosystem integrity. 
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