


Liver stress biomarkers as indicators of water pollution in Oreochromis mossumbicus-Tilapia fish from three lakes around Bangalore: Preliminary report



Abstract
Toxic chemicals discharged into water enter into the aquatic biota and food chain leading to several changes in the chain and human health. The use of biomarkers provides preliminary information which once validated through laboratory studies can provide direct measures of actual effect of heavy metals on biota especially fish thereby overcoming large areas of uncertainty implicit in normal risk assessments. Heavy metals accumulated in the tissues of aquatic organisms may catalyze reaction that generates reactive oxygen species (ROS) which may manifest primarily oxidative stress in the exposed organisms. Thus, antioxidant defense system is now being increasingly studied because of their potential utility in providing biochemical biomarkers that could be used in environmental monitoring systems. The fish species Oreochromis are being widely used as food and also as feed supplements, thus are considered as important fishery products. In the present study, estimation of bioaccumulation of metals in the fish Oreochromis from three sites around Bangalore was carried out by estimation of activity of antioxidant enzymes and lipid peroxidation. Also, as early biological markers of environmental stress related to heavy metals. The results suggest chloride values in the range of 161.14mg/L to 201mg/L and phosphates 2.23mg/l to 165mg/l from various sources. The Hebbal Lake with high level of chlorine is a causal factor for stress.  The high amount of phosphates of Hebbal Lake indicates that the oxidation of glucose in the fish body is drastically reduced. The BOD values were in the range of 15mg/l to 40 mg/l. The higher values in Kanakapura and Hebbal Lake are an indicator of organic pollution, effluent and drainage pollution leading to ecological imbalance. Higher marker enzyme activity indicates toxicity effects of metals and minerals on liver functions. In summary, the study implicates the potential damaging effects on water pollutants on lakes and the aquatic fauna such as fish. Further, the study highlights the application of liver enzymes in early detection of toxicity which can aid the fish industry also serves as an easy viable lake pollution monitoring model. 
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1.0. Introduction
Water contamination is becoming an increasingly important concern all around the planet (Plessis, 2022). Aquatic ecosystems are divided into two categories: freshwater ecosystems and marine ecosystems. The marine environment is one of the largest aquatic ecosystems on Earth, distinguished by salinity-rich waters (Yoshida, 2024). Coral reefs, sea grass beds, mangrove forests, lagoons, tidal zones, marshes, and estuaries make up its ecosystem. The freshwater environment includes lakes and ponds, rivers, streams, springs, bogs, and marshes (Reid et al., 2019). Human activity has led to the deterioration in water quality and availability, significant flooding, species loss, and changes in the distribution and structure of the aquatic biota (Bashir I, et al., 2020). The geomorphology and geological formations, the physicochemical and microbiological quality of the water, hydrological regimes, and the character of instream and riparian ecosystems all have an impact on a river system's health (Leong et al., 2018). Lakes and ponds serve as crucial freshwater reservoirs, biodiversity hotspots, and stabilizers of the environment (Kumar and Padhy et al., 2015; Hoverman and Johnson, 2012). They regulate the water cycle by storing runoff, reducing flood risks, and recharging groundwater. These lentic (still) systems support aquatic life by providing habitats for diverse species and enabling nutrient cycling, which is essential for sustaining biodiversity (Miller et al., 2024). 
Water's chemical, physical, and biological qualities define its quality and usability for many purposes, as well as the health and diversity of aquatic ecosystems (Land and Peters, 2023). Mineral and metal contamination, particularly of aquatic systems, is a growing issue in both developed and developing countries. Fish consumption has increased in recent years, owing to its nutritional and medicinal benefits (Singh et al., 2023). Fishery research activities have been designed to suit these goals in a variety of domains such breeding, fish products etc. Many aquatic creatures, including fish, have suffered as a result of the growing amount and volume of industrial, agricultural, and commercial chemicals introduced into the aquatic environment.  Fish, on the other hand, absorb heavy metals through their gills, skin, or food, and the amounts of these toxins in their systems reflect previous or current exposure (Mustafa et al., 2024). 
Sublethal toxicity due to metals and other water pollutants can create behavioral and morphological changes that are dangerous to marine life (Mayer-Pinto et al., 2020). Researchers have shown that changes in behavior and appearance are more dependable markers of health of fish (Chen et al., 2026). Balancing the uptake and elimination of heavy metals is crucial for maintaining the health of fish; therefore, upon higher heavy metal concentrations, fish are vulnerable to stress, utilizing more energy to cope. However, they can exceed their capacity and overwhelm their bodies, causing detoxification to fail, resulting in toxicity (Jasim et al., 2016). Additionally, as non-biodegradable in nature, heavy metals persist in the environment for a long time, subsequently and biomagnifying in the tissues of living organisms and throughout the food chain (Yin et al., 2019). The bioaccumulation of heavy metals in fish is dependent on many abiotic factors, such as the concentration of toxicants in the water (the most crucial factor), alkalinity, salinity, pH, temperature, hardness, dissolved oxygen. Also, the fish-related factors such as age, size, species, duration of exposure, and feeding habits are added variables (Authman et al., 2015). Fish swimming patterns are a highly organized, species-specific response to contaminants that may impair locomotor function (Calfee et al., 2016). The tests, may be carried out with minimal disruption to the fish population are advantages as indicators of aquatic milieu (Groh et al., 2025). The amplitude and kind of behavioural and physiological reaction to toxicity differ not just among fish species, but also between strains and individuals (Jimoh et al., 2025). 

Heavy metals accumulating in aquatic organisms' tissues catalyze a reaction that produces reactive oxygen species (ROS), which can cause oxidative stress in the exposed organisms (Mansoor et al., 2023). Many mammalian species, especially aquatic animals like fish, have defensive mechanisms in place to combat the effects of ROS (Ma, 2025). Biochemically, ROS attack lipids, forming lipid peroxides that can breakdown into alkanes, ketones, and aldehydes. A number of lipid peroxidation (LPO) byproducts can also have harmful biological consequences on exposed organisms (Ayala, 2014). Oxidative stress is defined as an imbalance between the systemic expression of ROS and a biological system's ability to rapidly detoxify reactive intermediates or repair the consequent damage (Pizzino et al., 2017). Disruptions in the normal redox state of cells can have hazardous effects by producing peroxidases and free radicals, which destroy all cell components such as protein, lipid, and DNA (Martemucci et al., 2022). The regular cellular signaling pathway may be disrupted by oxidative stress. Antioxidant defense systems and repair mechanisms combat oxidative damage (Rao et al., 2025). In order to preserve cell homeostasis, the antioxidant defense systems are made up of several enzymes that function as scavengers of the extremely reactive intermediates created in cells during hydrocarbon metabolism (Jomova et al., 2024). Catalase (CAT), peroxidase, Superoxide dismutase (SOD), glutathione (GSH), alkaline phosphates (ALP), and acid phosphates (ACP) are important antioxidant enzymes. Because of its potential to produce biochemical biomarkers that could be utilized in monitoring pollutant effects in fish, the antioxidant defense system is currently the subject of increased research (Grădinariu L et al., 2025). The measurement of the various peroxidation products has made it possible to identify environmental stressors in several aquatic species including fish before pathological or before the deadly effects manifest (Madesh et al., 2024). Since fish are a crucial component of the food chain and metal contamination results in imbalances in the aquatic system. Therefore, it is particularly crucial to investigate the harmful effects of metals on fish (Oros, 2025). 
An oreochromine cichlid fish indigenous to southeast Africa is the Mozambique tilapia (Oreochromis mossambicus) (Russell et al., 2012). The Mozambique tilapia is dull-colored and can live up to ten years in its natural surroundings. There may be weak banding and a dull greenish or yellowish tint. Adults can grow up to 1.1 kg (2.4 lb) in weight and 39 cm (15 in) in standard length with a lifespan of 11 years (Ujjania et al., 2015). Tilapia of Mozambique are omnivorous feeding on small insects, phytoplankton, diatoms, detritus, and a variety of vegetation, including rooted plants and macroalgae. The species may flourish in a variety of environments thanks to its varied food. Mozambique tilapia is a good aquaculture species since they are hardy and simple to cultivate and harvest and has several customers friendly advantages in comparison to several other fishes (Scott et al., 2016). Freshwater ecosystems have a high degree of natural patchiness in their physical and chemical characteristics due to regional variations in geology and temperature. Therefore, compared to the more stable and consistent oceanic habitat, they are more vulnerable to human activities (Bănăduc et al., 2024). Increase in human activity exaggerates the quantity and quality of water. Water quality is affected by any kind of contamination, either through chemical or physical inputs (Shah et al., 2023). Increased dissolved nutrients, which could lead to eutrophication, changes in stream temperatures and bottom characteristics, which could destroy habitat and change species diversity (Chislock, et al., 2013). The addition of toxic substances, could affect aquatic organisms either acutely or over time. BOD, measures the amount of dissolved oxygen that aerobic bacteria use to break down organic materials in water (Sen et al., 2025). Also, it offers an index to evaluate the impact of waste water discharge on the receiving environment. Higher BOD value is indicative of organic matter availability for organisms that consume oxygen (Vigiak et al., 2019). Unfavorable conditions arise when the rate of DO consumption by organisms surpasses the supply of DO from aquatic plants, algal photosynthesis, or diffusing from the air. Chlorine acts primarily as an artificial, potent disinfectant and sanitizer in lake ecosystems. One of the main inorganic anions found in wastewater is chloride (European environment agency). Chloride concentrations in portable water provide a salty taste that varies depending on the chemical makeup. Because of salt water intrusion, coastal towns may have elevated chloride levels (Khateeb, 2014). 
Lakes, rivers, and wastewater contain phosphates, which are biologically accessible forms of phosphorus. The most frequent reason for the unwanted growth of aquatic weeds and algae is due to the increase in phosphate concentration. Phosphates are critical, often limiting, nutrients in lake ecosystems that drive primary production but, when in excess, cause "eutrophication"—accelerated aging characterized by massive algal blooms, reduced biodiversity, and oxygen depletion. A lake's phosphate content will rise as a result of watershed draining and reclaimed wastewater outflow (Corrales-González et al., 2019). Another significant source of phosphate in lakes is runoff from lawn and landscape fertilizers (Krimsky et al., 2021). Since it has a key role in digestion, storage, and protein production, fish liver is a target tissue for lesions related to water contaminants. Upon exposure to contaminants, a metabolic trade-off occurs as hepatic nutrient metabolism is altered (Weinrauch et al., 2021). Energy allocation is disturbed since large proportion of the ingested energy shifts from maintenance to detoxification and repair mechanisms. These processes result in rapid decrease of energy storage such as ATP, phosphocreatine and glycogen, and rapid accumulation of blood (Liu et al., 2025). Upon exposure, increased levels of oxidative damage occur, which stimulate the production of reactive oxygen species (ROS) and other pro-oxidants (Puppel et al., 2015). The ROS generated by liver metabolism are eliminated by activation of a variety of antioxidant defense mechanisms, both direct and indirect pathways. The antioxidant defense system cannot efficiently counteract the ROS, it triggers oxidative stress leading to LPO and DNA damage, micronuclei, chromosome aberrations, and sister chromatid exchanges in hepatocytes and other cells (Snezhkina et al., 2019). With this background the current study's objectives were
1. Estimations of effect of toxicity on biomolecules such as protein, carbohydrate and lipids of Oreochromis mossumbicus 
2. Analysis of stress enzymes such as catalase, peroxidase, superoxide dismutase, glutathione, acid phosphatase and alkaline phosphatase respectively.
3. Analysis of Chlorine, phosphate and biological oxygen demand of water collected from three different lakes around Bangalore.
2.Materials and methods 
This retrospective study was carried out in the year 2017, during the month of March and April. Collection of water and representative fish was carried out from three lakes around Bangalore Hebbal Lake, Kanakapura lake and Rachenahalli Lake. Map coordinates Rachenahalli Lake (13°03′48″N, 77°36′43″E), Hebbal Lake (13.0466° N, 77.5856° E), Kanakapura lake (12.546244, N 77.419884.E). The area around the lakes was recorded such as industrial area, agriculture field and dry land, walking paths respectively. Fishing was done during the morning hours with the help of professional local fishermen using Gill nets made locally of nylon. Age of the fishes which were sacrificed for the experiment was around 3 to 6 months, size of fishes was 60-100gms, and length of the fishes was 15-17cms. Liver tissue was collected from 2 fishes; however, for glutathione 3 fishes were used. 100 ml of water from the lakes was collected for toxicity assays. 

2.1Estimation of Biomolecules in tissue Extract 
All reagents were prepared with analytical grade chemicals using double distilled water in hygienic conditions using sterile glass wares.
The Liver of the fish was dissected on site using sterile dissections sets by a single investigator with due care of air, particle contamination. The dissected tissue was stored in physiological saline and transported to laboratory for assays.  In the laboratory, the liver tissue was stored in refrigerator at the temperature of 3oC.
Protein estimation was carried out by the Folin-Ciocalteu method (or Lowry method) (Lowry et al., 1951). F.C method is one of the most sensitive and widely used methods for protein estimation. A graph for standard curve preparation was plotted and amount of protein present in the tissue extract was calculated
Reducing sugar estimation was carried by DNS Method (Dinitro salicylic Acid) (Miller, 1959). A standard graph was plotted and the amount of sugar present in the tissue extract was determined. 
Lipid estimation was carried out by Folch Method (Folch et al., 1957). 
2.2Enzyme Extract 
The animal tissue was homogenized in a blender with M/150 phosphate buffer (assay buffer diluted 10 times) at 1-40C and centrifuged. The sediment was stirred with cold phosphate buffer and allowed to stand in cold with occasional shaking and then repeating the extraction once or twice. The combined supernatants (sometimes opalescent) are used for the assay. The same conditions of extraction, storage and temperature were followed for all the enzyme assays and care taken to reduce storage-based errors.
Catalase Enzyme was estimated by Methods of enzymatic analysis (Luck, 1965). 
Catalase enzyme is present in high concentrations in the liver. Increased level of this enzyme causes oxidative damage in the cell.
Peroxidase Enzyme was estimated by spectrophotometric method.
The rate of formation of guaiacol dehydrogenation product is a measure of the peroxidase activity which is assayed spectrophotometrically at 436nm. 
Enzyme Superoxide Dismutase was estimated by spectrophotometric method
Superoxide dismutase (SOD), a metal containing enzyme plays a vital role in scavenging superoxide radicals.  
Enzyme Glutathione Peroxidase (GSH) was estimated by estimated by the coupled enzymatic assay method (Paglia & Valentine, 1967).
This procedure is based on the reaction between leftover glutathione in the following reaction with the 5, 5' dithiobis 2 nitrobenzoic acid to form a compound, which absorbs at 412nm. 
[bookmark: _Hlk220772447]Acid Phosphotase Enzyme was estimated by the spectrophotometric method  
The enzymes phosphatase hydrolyzes p-nitrophenol is yellow in colour in acid medium. It hydrolyses a number of phosphomonoesters and phosphoprotein. It is measured at 405nm spectrophotometrically. 
Alkaline Phosphatase Enzyme was estimated by the spectrophotometric method  
Alkaline phosphatase catalyses the hydrolysis of numerous phosphate esters such as primary and secondary alcohols and sugars. It is measured at 410nm. 

2.3. Estimation of minerals
Chloride was estimated using the argentometric method (specifically Mohr’s method).  
In a neutral or slightly alkaline solution, potassium chromate can indicate the end point of the silver nitrate titration of chloride. Silver chloride is precipitated before red silver chromate is formed. 
Phosphorous was estimated by Vanadomolybdo– Phosphoric acid Method (Allen, 1940). 
In dilute orthophosphate solution, ammonium molybdate reacts under acid conditions to form a heteropoly acid, molybdo-phosphoric acid. In presence of vanadium, yellow Vanadomolybdo-phosphoric acid is formed. The intensity of yellow colour is proportional to phosphate concentration.  

2.4. Biological Oxygen Demand 
The standard test condition includes incubating the sample in an air tight bottle in dark at a specified temperature for specific time. The method of was followed by Ramachandra and Solanki 2007.
The following equation is used for calculating sample volume; Sample volume in ml, per litre dilution=x/expected BOD*1000 For 2 dilution take x=2.5 and 4.0 For single dilution take x=3.0 or 3.5. Round off to nearest convenient volume fraction. 
Determination of Initial Dissolved Oxygen (DO) 
Initial DO for one bottle was determined and two bottles were kept for incubation at 270C for 3 days. 
Calculation:  BOD,mg/l =DO before incubation – DO after incubation. 
when Dilution Water is seeded: BOD,mg/l=DI-DS/P×1000 
when Dilution Water Is Seeded: BOD,mg/l=Di-Ds-(Bi-Bs)f/p×1000 
Where, D1=Initial DO of sample in mg/l, D2=DO of sample after incubation in mg/l, B1= DO of seed control before incubation in mg/l, B2=DO of seed control after incubation in mg/l,f=ratio of seed in diluted sample to seed in control; (percent seed in diluted sample):    (percent seed in seed control), p= percentage dilution of sample (sample volume in ml/10). 
All statistics was conducted using SPSS statistical package version 17 and the data expressed as mean ± standard error (M ± SE).
3.0 Results 
3.1Biomolecule estimations
The results of the biomolecular estimation of liver tissue from the three lakes are summarized in table-1.The protein and amino acid requirements of fishes are dispensable in the fish nutrition. The protein in fish tissue is formed from all 20 major amino acid. High amount of protein is present in fishes of Hebbal Fisheries and Rachenahalli Lake which implicates their better nutrition status. Carbohydrates provide energy for physical activity and the operation of internal organs in fishes. The digestive system converts the carbohydrates into glucose for immediate use or for later use in the liver and muscles. Rachenahalli Lake fishes contain high amount of carbohydrate content in its liver which implicates better physical activity in the fishes of the lake. The lipids play an important role in the cellular function because the form membranes that surround each cell. They also play major roles as sources of metabolic energy for growth including reproduction, movements and migration of fish. High amount of lipid is present in the fishes of Hebbal Lake is an indication of high metabolic energy in the fishes of these lake. 
3.2. Enzyme estimations
Summary of the fish liver marker enzymes assays from the three sites is tabulated in Table-2.
Catalase Enzyme
The data is represented as a bar graph in the figure-1. Catalase enzyme is present in high concentration in the fish liver. Increased level of this enzyme causes oxidative damage in the cell. The low amount of this enzyme in fishes collected from Hebbal Fisheries indicates their potential in protection from oxidative damage. 

Peroxidase enzyme 
The data is represented as a bar graph in the figure-2. Peroxidase enzyme s major function is to breakdown hydrogen peroxide (H₂O₂.) a toxic byproduct of using oxygen for respiration. The result indicate that fish from Hebbal Fisheries have the highest capacity to breakdown the toxin that enters during respiration compared to fishes from other lakes. Since fishes cultured in fisheries take in too much of oxygen for their survival from the aquatic plant, its capabilities against H₂O₂ is high. 
Superoxide Dismutase 
The data is tabulated as a bar graph the figure-3. SOD is produced as a byproduct of oxygen metabolism and if not regulated, causes several cellular damages. SOD decreases reactive oxygen species generation and oxidative stress and thus, inhibiting endothelial activation.  Fishes cultured in Hebbal fisheries contained less amount of this enzyme which reveals that they have a high sustainable capacity against oxidative stress. 
 
Glutathione enzyme 
The data is tabulated as a bar graph in the figure-4. The fish muscles show potentiality for preventing oxidative deterioration in muscles during storage and processing. As a result, stress enzyme glutathione activity is observed in fish subjected to low temperatures. The fishes collected from Rachana Halli Lake showed highest activity of glutathione enzymes indicative that they can sustain low temperature and can be even stored and preserved without deterioration.

Acid phosphatase 
The data is tabulated as a bargarph the figure-5. Acid phosphatase activity is used as marker for pollution induced modulation of the digestive capacity of phagocytes, since function of non-specific immune response play a central role in the maintenance of fish health. The acid phosphatase activity is also dependent on temperature and season. The lowest activity of this enzyme is generally found in fishes from polluted areas. Rachenahalli lake fishes had high resistance against the disease compared to fishes from other lakes.

Alkaline Phosphatase 
The data is tabulated in the figure-6. Alkaline phosphatase enzyme is a hydrolase enzyme that is responsible for the removal of phosphate from different molecules of the body. Increased alkaline phosphatase activity is accompanied by increase in total bacteria but not in increase of phytoplankton biomass. The study data implicates that the fresh water of Hebbal Lake has high bacterial content. However, the fishes from this Lake are protected from stress caused by bacteria due to higher amounts of alkaline phosphatase enzyme.

3.3Mineral estimation-Chlorine and phosphatase
Chlorine has been used for fresh water fish to decrease stress and manage a variety of disease condition. Concentrated level of chlorine kills fish and other aquatic life forms. Chlorine is an oxidizer, which removes the necessary slime coat from fish body, causing the stress and stress related illness. Hebbal Lake contains high level of chlorine, which shows that the aquatic species are subjected to stress.  Phosphate is an important component of metabolism in animals, aids in oxidation of glucose. Phosphates do not directly harm fish, even when they are at high levels. However, algal blooms deplete the oxygen, which in turn harm the fish. The water sample of Hebbal Lake showed high amount of phosphates compared to other water samples indicating the oxidation of glucose in the fish body is drastically reduced. Chlorine and phosphorus content in the three lakes is tabulated in table-3.
3.4 Biological oxygen demand estimation (BOD):
	The BOD of the Hebbal Fisheries water sample was 20mg/l, in the Hebbal Lake it was 40mg/l, where as in Kanakapura Lake it was 15mg/l and finally in the Rachenahalli Lake water was 24mg/l. The data is tabulated in the figure-7.BOD is one of the most common measures of pollutant organic material in water. BOD indicates the amount putrescible organic matter present in water. Therefore a low BOD is an indicator of good quality water, while a high BOD indicates polluted water. The water sample of Kanakapura Lake showed low level of BOD whereas Hebbal Lake showed highest level of BOD content. Figure-7 summarizes the BOD values in water from the three sites.
4.0. Discussion 
Despite appropriate legislation the contamination of the aquatic ecosystem is on the rise leading to disturbances on the inhabiting flora and fauna (Singh et al., 2026). Water pollution causes severe, often irreversible damage to fish physiology, leading to gill damage, suppressed immune systems, and reproductive failure (Sagar et al., 2024). Pollutants like heavy metals and pesticides cause chronic stress, hormonal disruption, and tissue damage, while low dissolved oxygen (hypoxia) from eutrophication hinders respiration and can lead to mortality (Wang et al., 2023). Fish serve as critical, sensitive bioindicators for monitoring lake toxicity and ecological health by accumulating contaminants like heavy metals and persistent chemicals in their tissues (Ray and Vashishth, 2024). Since fish are sensitive to environmental shifts and occupy various trophic levels, they provide a comprehensive, ecosystem-wide view of pollution (Pinna et al., 2023). Through bioaccumulation and physiological changes—such as altered enzyme activity (e.g., AChE, ALA-D), histological damage, or morphological anomalies—fish provide evidence of sub-lethal effects that are not immediately fatal (Emon et al., 2023). Species such as the lake whitefish and goldfish (Carassius auratus) are specifically used for local, long-term monitoring of water quality due to their limited migration patterns and high sensitivity (Fry et al., 2024). Fish (Ocean, river and lake) is widely consumed in many parts of the world by humans because it’s high protein content, low saturated fat and high omega fatty acids which is known to support health. India ranks second and third in the world fishery production and freshwater aquaculture respectively (FAO, 2025). O. mossambicus have been used for aquaculture to afford economical food for populations around the globe since it is relatively easy species to breed and rear. It is a dominating fish population in due to its rapid breeding, and omnivorous diet. Further, it can tolerate a large range of environmental factors such as temperature, salinity, and pH (Vijayan and Karpagam, 2022). The fish is a habitant of several Indian lakes, such as Jaisamand, Powai Lake, and Vallabhsagar reservoir, Veli-Akkulam, Poringalkuthu lake and also several other lakes throughout India. 
Heavy metal accumulates in tissues of the fish and in turn affects the physiology. Several studies have reported alterations in blood glucose and tissue glycogen levels, protein and lipid profile of fishes (Habib et al., 2024). Since biomolecules act as good biomarkers of fish health therefore their assessment under the influence of heavy metals can be checked even under field conditions (El-Agri et al., 2022). Normal fish physiology relies on a complex interplay of biomolecules, primarily proteins, lipids, carbohydrates and water. These molecules are essential for energy metabolism, muscle structure, osmoregulation, and environmental adaptation (Ahmed, 2022). Protein is the most dominant biochemical constituent in the muscle of fishes since it forms the nitrogenous constituents of the tissues of the body (Lakshmi et al., 2018). Further, proteins serve as components of the cell such as enzymes, hormones and as depositors for the genetic information which are determinants of the characteristic of the fish species (Prasad et al., 2017).  The study data indicated that the fishes of Hebbal fisheries and Rachenahalli lake had the highest protein content which is in the range reported by previous authors. Murthy et al., 2009 report the values ranging from 85.56 mg/g (±1.39) to 75.01 mg/g (±1.95). Carbohydrates are basic the substances of protoplasm involved in the storage and release energy. They are chemically aldehyde or ketone derivatives of the higher polyhydric alcohols or as compounds which yield these derivatives on hydrolysis (Holesh et al., 2025). In the current study fishes from Hebbal fisheries contained higher carbohydrate content comparison to other lakes.  Previous studies indicate the ranges between 4.79 mg/g (±1.08) to 3.16 mg/g (±0.24) (Marichamy et al., 2011). Lipids are organic substances important dietary constituents on account of their high calorific value (Ahmed et al., 2025). They are present in the specialized areas of the fish body as deposits of fat. Lipids are also the storage form of energy like glycogen (Wang et al., 2018). They offer higher calories percentage energy than protein and carbohydrates and also act as pads maintaining the body organs in place. The fish of Hebbal Lake contained highest lipid content in comparison to fish from other lakes. Cheng et al., 2024 report values ranging from 8.30 mg/g (±0.72) to 5.04 mg/g (±0.78). Similarly Malathi et al., 2023 report lipid values of 3.75 ± 0.21 mg/g. 
 
The liver in fish is an organ that performs various functions associated with the metabolism. The liver of fish and other vertebrates is the principal detoxifying organ and effects of consistent pollutant exposure is evident on at the cellular and tissue levels (Popović et al., 2023). Hepatocytes like other cells are dependent on antioxidant enzymes for the protection against ROS. Under normal physiological status, the antioxidant defense system including SOD, CAT and GSH can be induced by a slight oxidative stress as a compensatory response, and thus the ROS can be removed to protect the organism from oxidative damage (Patlevič et al., 2016). Fish liver enzymes serve as critical early-warning biomarkers for aquatic pollution, reflecting toxic stress before histopathological damage or mortality occurs. Liver enzyme activities, particularly when combined with histological examinations (e.g., fatty degeneration, congestion), provide a comprehensive assessment of the toxic effects of environmental pollution on fish health (Jovičić et al., 2025). Key enzymes like transaminases (ALT, AST), CAT), and glutathione-S-transferase (GST) change activity to metabolize contaminants, indicating exposure to pollutants like heavy metals, pesticides, and municipal wastewater in aquatic species like shrimps (Gonçalves-Soares et al., 2012). Changes occur at sublethal, low concentrations, making them sensitive tools for monitoring (Gouda et al., 2022). The type of enzyme alteration (e.g., increased antioxidant activity) can help pinpoint the stressor. Further, the biomarkers help in the elucidation of the pathways that are disrupted due to detoxification.
Catalase enzyme is one of the sensitive enzymes biomarkers and its activity is modulated by various factors including over production of superoxide radicals. (Nandi et al., 2019). The Kanakapura Lake fish had higher contained amount of catalase enzymes comparison to other lakes indicative of oxidative stress and an adaptive response by the liver by producing higher amount of enzyme to neutralize increased ROS and H₂O₂. Changes in peroxidase enzyme led to destruction of membrane lipids and production of lipid peroxides and production of aldehydes as byproducts (Gaschler and Stockwell, 2017).  The present study result shows that in fish collected from Hebbal Fisheries higher enzyme was present in comparison to other lakes. Other investigations showed that the peroxidase enzyme in the range of 232 ± 0.16 μ moles - 239 ± 0.90 μ moles/100g wet tissue compared with that of the control fishes (Sreejai and Jaya, 2010). SOD is an oxido-reductase which catalyzes the dismutation of superoxide anion into molecular oxygen and H202 (Zheng et al., 2023). It is produced as a byproduct of oxygen metabolism and, if not regulated, causes cell damage. The fish species collected Hebbal Lake fishes contained higher activity indicative of adaptation to altered physiology. Previous studies report values of in the range between 72±1.4 - 73±3.7 m mol/gram and 343±2.6 - 351±1.5 unit/gram respectively (Metwaly, 2009; Mohammadkazem et al., 2023). 
GSH is synthesized in the liver and the plasma level of GSH is a balance between secretion from the liver and elimination through the kidney (Georgiou-Siafis et al., 2023). In the present investigation GSH enzyme activity in fishes collected from fishes of Rachenahalli Lake showed higher enzyme activity indicative of the normal activity and application for prolonged storage. There was initial elevation in GSH level, but in the low and medium lethal concentrations of H2S-exposed fishes, there was a modest decrease in GSH level in the liver toward the end of the experiment. Other investigations have reported similar report time- and dose-dependent changes in GSH level (Sreejai and Jaya, 2010). Previous reports of GSH varied from 1250 ± 6.27 (C) to 1273 ± 3.82 nm/100 (Parthasarathy and John Joseph, 2011). Two important phosphatases ACP and ALP differ in their sub cellular distribution (Amoozadeh et al., 2023). ALP activity is found to be high in plasma membrane enriched fraction, whereas ACP is associated with lysosomes. These enzymes are involved in a variety of metabolic activities such as growth and cell differentiation, absorption and transport of nutrients, gonadal maturation, and steroidogenesis (ALP activity is involved in the modulation of the osmoregulatory response (Swetha et al., 2025). In the present investigation ACP enzyme activity in fishes collected from Hebbal Fisheries was lowest in comparison to other lake fishes. The ALP enzyme activity in fishes collected from Hebbal Fisheries was lowest. The decreased activity of the enzymes in tissues like the gills, liver, and muscles, reflects reduced enzyme production or inhibition due to metabolic stress. Decrease in ACP lysosomal enzyme indicates cell damage or membrane disruption and decrease of ALP enzyme reflects altered energy metabolism and impaired nutrient absorption.
Species like tilapia and catfish are commonly used to monitor aquatic ecosystem health (Páez-Osuna et al., 2024). The tilapia is a model fish species frequently used as a bio monitor of water pollution due to its tolerance and availability in many contaminated sites (Páez-Osuna et al., 2023a, 2023b; Munyeshuri et al., 2021; Segaran et al., 2023). The tilapia fish species have been used as test organ which are advantageous include sensitivity; occupation of different trophic levels, large size, viable breeding and differences in age. Fish gills and liver are effective in bio monitoring of the effects of toxicants on aquatic ecosystems. Biochemistry of enzymes is a fast-developing area of application of the enzymes which are reliable biomarkers for contaminated water as successfully demonstrated by several researchers (Nikita and Sathiavelu, 2024). Tilapia is global distributed in inland and estuarine waters, rivers and ponds globally. Also, tilapia is extensively reared in ponds, reservoirs, and dams as part of commercial aquaculture for food and as fish feed (Laxmappa, 2024).  The ability of tilapia to accumulate metals, resistance to viral, bacterial, and parasitic diseases, sensitivity to several pollutants coupled with the toleration to poor water quality serves as an advantage ( Shek and Chan, 2015; Stickney, 2017). The fish liver assays offer superior sensitivity for detecting sub-lethal and chronic effects of pesticides, pharmaceuticals, and industrial chemicals compared to traditional, mortality-based, whole-fish tests (Pugazhvendan, 2013; Chen et al., 2025; Mahi et al., 2022). The tests serves as "on-site" (in-situ) tools for monitoring water toxicity by providing a more realistic exposure scenarios by capturing daily environmental variations and assessment of several variables in a single experiment (Crane, 2009). Also, liver assays can activate pro-toxicants (chemicals that become toxic only after being metabolized (Katagi et al., 2020). The high numbers of research publications in this area of aquatic biology is an indication of the validity, sensitivity, and reproducibility applications of the assays (Katagi et al., 2013; Bavia et al., 2024; Alshkarchy et al., 2021). 
Chlorine and phosphates cause significant water pollution by acting as disinfectant residuals and limiting nutrients, respectively in aquatic ecosystems (Zhang et al., 2021). Chlorides are salts resulting from the combination of the gas chlorine with a metal. Chlorine alone as Cl2 is highly toxic and it is often used as a disinfectant. However, minor amount of chlorides are required for normal cell function in animal life (Zhang et al., 2023). While chlorine destroys bacteria but can create harmful byproducts, high phosphate levels drive eutrophication, fueling excessive algae growth that depletes oxygen and increases chlorine demand. Together, they cause ecological damage, reduce water quality, and demand intense treatment (Lamb et al., 2025). Primarily source of these minerals are agricultural runoff (fertilizers), wastewater, detergents, and residential runoff (leaves, lawn care) (Cai et al., 2013; Müller et al., 2020). High phosphate levels create more algae/bacteria, which consume chlorine faster (high chlorine demand for killing) (Douterelo et al., 2020). The chloride content present in the Hebbal Lake was high in comparison to other lakes. The chloride content reported by Roger Bannerman, 2012 in Wingra lake is 395 mg/l. Similarly, a qualitative assessment of Hebbal lake in Bangalore in 2019 also reports values in the same range (Naik and Reshma, 2019).  The optimum values for phosphatase activities are known to be species dependent. Generally, phosphorous is the limiting nutrient in fresh water aquatic systems (Kuldeep et al., 2015). That is if all phosphorous is used, aquatic plant growth which will cease resulting in low oxygen level in water which in turn reduces the respiration of aquatic organisms. The phosphorous content was higher in Hebbal Lake in comparison to other lakes. Similar values are reported by Gnanapragasam et al., 2025. Begum et al., 2008 report a value of 40.00 ppm in water of Madiwala lake of Bangalore. Global research by several researchers in various countries indicates higher accumulation in the liver and kidneys, and lower levels in muscle and fat. In the Benue River, Nigeria, variation in the bioaccumulation pattern is observed in fish species such as tilapia zilli, Clarias anguillaris, Synodontis budgetti, and O. niloticus. In S. budgetti, Fe content was significantly increased in the gills, while Cd and Mn were significantly increased in the liver. In tilapia zilli, the Fe and Zn contents were higher in the stomach. In C. anguillaris, Cd, Pb, Co, and Cr were highly accumulated in most organs (Akan et al., 2012).  Metals (Cu, Cd, Cr, Fe, Ni, Pb, Zn and Hg) in the muscle tissues of fish is reported from Brazilian City Macapá (Souza et al., 2025). In Babina–Cernovca sector of the Danube Delta, in the muscle of fishes metals Zinc (Zn), and iron (Fe) is identified in S. erythrophthalmus, C. gibelio, and A. alburnus (Oroian,  et al., 2025).  The accumulation of heavy metals (Al, As, Zn, Ba, Cr, and Ni) in the Ravi river in Pakistan is reported in different organs of fish species, including Catla catla, Labeo rohita, and Cirrhinus mrigala (Abdullah Shakir, 2015).  In the Yumurtalik zone of the Iskenderun Gulf, Turkey, concentrations of heavy metals in the tissues of fish species (Solea solea and Solea aurata) was in the order Fe > Zn > Pb > Cu > Cd, with higher bioaccumulation patterns in the liver in Solea solea and Solea aurata, (Aytekin et al. 2019). Bioaccumulation of heavy metals in organs of fresh water fish Oreochromis mossambicus from two Sites of Ujani Backwaters in India was in the order Zn>Cu>Pb> Hg (Chordiya and Chandanshive 2023).  Muniraju and Delvi 2022 report accumulation of the heavy metals like Zn, Fe, Ni, Pb, Cd and Cu in liver and gills of three species of the fish Notopterus monopteros, Oreochromis mossambicus and Mystus vittatus inhabiting the Bellandur lake in Bangalore.
BOD is a measure of the quantity of oxygen consumed by microorganisms during the decomposition of organic matter. Natural source of organic matter include plant decay and leaf fall of aquatic ecosystem. Oxygen consumed in the decomposition process robs the aquatic organism of the oxygen. In this case, the demand for oxygen will be high, resulting in higher BOD levels. When BOD levels are high, dissolved oxygen level decreases because the bacteria are consuming the oxygen that is available in water. Since less DO is available in water, fishes and other aquatic organism may not survive. In the present study the BOD content of water from Hebbal Lake was highest. Previous reports of BOD values in Bellandur lake of Bangalore by Ramesh and Krishnaiah, 2014 is 26.4mg/l, similarly from the Mallathahalli Lake is 28 mg/l. Plausible reasons which could be attributed to the higher BODs are inflow of untreated sewage, industrial effluents, and nutrient-rich runoff (nitrogen/phosphorus) that cause eutrophication from adjoining agriculture fields. Rapid, unplanned urbanization, illegal encroachment of wetlands, and the dumping of solid waste exacerbate BOD, causing severe anaerobic conditions, high organic load, and reduced DO. The BOD and toxicity indices data of water from the three sites are an indicator of the ecology and ecosystem health. Ponds and lakes support a wide variety of aquatic life, including fish, invertebrates, and birds. They are essential for species that require specialized habitats, providing food and shelter for migratory species (Abhilash et al., 2023). Further, with distinct zones (littoral, photic, and aphotic), they provide varied, specialized environments for different organisms (Walter and Whiles, 2024). They help regulate local climates and manage water flow by collecting excess rainfall and preventing floods. Lakes serve as active sites for nutrient cycling which supports the primary production (photosynthesis) of algae and plants (Karpowicz et al., 2020). Fish species, health and diversity is an indicator of the ecological health of lakes (Sajina et al., 2021). Among the three sites the fish assays of biomolecules, enzyme and minerals from the Rachenahalli Lake indicates normal values matching the reported global values. It implicates better physio-metabolic activity of fish with no stress. The data are pointers to the balanced and thriving ecosystem of the lake with no water pollution through various sources. Rachenahalli Lake of approximately 104 acres located in the north of Bangalore within the Hebbal Valley is a well-demarcated wetland. Wetlands provide several ecological economic benefits such as water purification, controlling floods, supporting fisheries and agriculture (Badamfirooz et al., 2021). Further, they enable mitigation of climate change through carbon storage, saving resources in water treatment and flood damage (Lin et al., 2019). Finally they also offer eco-recreation (ecotourism, fishing, boating). The biomolecular assay of the liver tissue of fishes from Kanakapura Lake is an indication of the stressed metabolism and associated poor health due to poor water quality and pollution. Further the enzymes assays values are an indicator of the oxidative stress and toxicity of the liver due to various chemicals and effluents with a burden on the physiological system. The Kanakapura lake is part of the Arkavathi river basin, with a regional biodiversity, supporting diverse bird and plant species. However, the water body is increasingly threatened by sewage, encroachments, and ineffective rejuvenation, leading to poor water quality despite. The lower chlorine and phosphate cause significant water pollution by acting as disinfectant residuals and limiting nutrients in the lakes. The higher phosphate level promotes algae/bacteria, which consume chlorine faster thus increasing the chlorine demand. The low DO values are indicators of severe pollution, high organic waste, or advanced eutrophication. It also mirrors the bacterial decomposition of algae oxygen-consuming processes outpacing natural replenishment ultimately leading to leading to hypoxic or anoxic conditions leading to ill health and death of aquatic life (Glibert et al., 2018).  The Hebbal Lake, is integral to Bangalores Hebbal region's socio-economic fabric since 8th century CE a according to epigraphic evidences.  High amount of lipid in fish tissues from Hebbal Lake is an indication of high metabolic energy an indication of stress. Further the cumulative data from liver enzyme assays are an indicator of oxidative stress in the liver. The data corroborates the eutrophic nature of the lake with inflow of sewage supporting the profuse growth of water hyacinth and Typha in the shallow zone (Engdaw et al., 2025). Sewage inflow into the lake is alters the chemistry and biology of the lake. The physico-chemical properties of the waters of the lake exceed the acceptable standards for sewage effluent discharge set by the Central pollution control board (CPCB (2009). The altered mineral assay and BOD values of the present study could plausibly be due to these effluent discharges. The study has few limitations such as sampling of fewer lakes and non-seasonal sampling. Further, the effects of toxicity were not assessed in the different stages of the fish. 
Conclusion.
In summary, the results of the study suggest altered levels of biomolecules and enzymes in fish from the three lakes each value individually or in combination indicates the pond ecosystem due to toxicity effects and the resulting environmental changes. The results affirm the application of liver enzymes for water toxicity applications. It further supports the application of Oreochromis mossumbicus fish as “in-situ” model to study the effect of various toxicity, chemical stressors on fish liver biology and various physiological and metabolic functions. It also serves as a viable species in the food chain as an indicator of changes in environment variables of fresh water lakes. Finally, the toxicity effects of the water on the fish biology calls for better management and preventive practices to re-establish ponds lakes and large pods which are crucial freshwater reservoirs, biodiversity hotspots, and stabilizers of the environment.
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Table-1. Summary of biomolecule estimation from fish liver of the three lakes.
	Biomolecule 

	Values/mg

	Protein

	Hebbal Fisheries
	0.21mg

	Hebbal Lake
	0.17mg

	Kanakapura
	0.10mg

	Rachanahalli Lake
	0.21mg

	Glucose

	Hebbal Fisheries

	0.374mg

	Hebbal Lake

	0.03mg

	Kanakapura Lake

	0.049mg

	Rachanahalli Lake

	0.388mg

	Lipids

	Hebbal Fisheries

	3.145 mg

	Hebbal Lake

	5.242mg

	Kanakapura Lake-

	3.145mg

	Rachanahalli Lake-

	4.718mg




Table-2.Summary of the fish liver marker enzymes assays from the three sites
	STATIONS OF FISH
COLLECTION

	UNITS/g

	Enzyme assay 
Catalase

	Hebbal Lake
	44.736

	Kanakapura Lake
	84.955

	Rachanahalli Lake
	41.451

	Hebbal Fisheries(Control)
	41.268

	Peroxidase
	50

	Hebbal Lake
	38.46

	Kanakapura Lake
	45.45

	Rachanahalli Lake
	55.55

	Hebbal Fisheries(Control)
	

	Superoxide Dismutase

	Hebbal fisheries
	1.109

	Hebbal Lake
	18.175

	Kanakapura Lake
	6.321

	Rachanahalli Lake
	5.715

	Glutathione

	Hebbal Fisheries
	0.0595

	Hebbal Lake
	0.0745

	Kanakapura Lake
	0.131

	Rachanahalli Lake
	0.458

	Acid phosphatase

	Hebbal Fisheries
	0.012

	Hebbal Lake
	0.134

	Kanakapura Lake
	0.226

	Rachanahalli Lake
	0.489

	
	

	Alkaline Phosphatase

	Hebbal Fisheries
	0.136

	Hebbal Lake
	0.570

	Kanakapura Lake
	0.410

	Rachanahalli Lake
	0.212












Table-3. Chlorine and phosphorus content in the three lakes
	Amount of Chloride 
	mg/L 

	Hebbal Lake 
	201 

	Kanakapura Lake 
	161.14 

	Rachanahalli Lake 
	187.99 

	Hebbal Fisheries (Control) 
	167.85 

	Phosphorus

	Hebbal Lake
	165

	Kanakapura Lake
	2.23

	Rachanahalli Lake 

	43.28

	Hebbal Fisheries (Control)
	26.02
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Figure-1. Bar graph depicting the various concentrations of liver Catalase Enzyme in fish from the three sites. 
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Figure 2: Bar graph depicting the various Concentrations of liver Peroxidase Enzyme of fish from the three sites.
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Figure 3: Bar graph depicting various concentrations of liver Superoxide dismutase Enzyme in fish from the three sites
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Figure-4: Bar graph depicting the various concentrations of liver Glutathione Enzyme in fish from the three sites
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Figure 5: Bar graph depicting various concentrations of liver Acid phosphatase Enzyme in fish from the three sites 
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Figure 6: Bar graph depicting various concentrations of liver Alkaline phosphatase Enzyme in fish from the three sites
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Figure 7: Bar graph depicting Biological Oxygen Demand values of water from the three sites.
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