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Abstract 
Freshwater ecosystems in rapidly industrializing and intensively farmed regions receive continuous inputs of trace metals, among which zinc (Zn) and 

lead (Pb) are highly relevant because Zn is essential but toxic at elevated levels, while Pb is non-essential and strongly toxic even at low, chronic 

exposures. Channa punctatus (Indian murrel) is a widely distributed, air-breathing teleost frequently used as a sentinel species for biomonitoring due to its 
ecological tolerance, market availability, and sensitivity of biochemical biomarkers. present review synthesizes on sub-chronic Zn and Pb exposure–

associated liver dysfunction in C. punctatus, focusing on functional biochemical indices (AST/SGOT, ALT/SGPT, ALP, LDH), metabolic proteins (total 

protein, albumin, globulin), bilirubin, lipid profiles, oxidative stress endpoints (LPO/MDA, SOD, CAT, GST, GSH), and liver histopathology. Across 
laboratory and field-linked studies, sub-chronic Zn exposure typically shows a dose- and duration-dependent pattern characterized by bioaccumulation in 

liver, induction of oxidative stress, leakage of hepatocellular enzymes into circulation, and structural lesions including hepatocyte vacuolation, sinusoidal 

dilation, and necrosis. Chronic Pb exposure tends to produce stronger enzyme leakage, marked protein depletion, elevated lipid peroxidation, and 
pronounced tissue degeneration, reflecting membrane damage, mitochondrial impairment, and impaired detoxification. Evidence also suggests that mixed-

metal scenarios amplify oxidative damage and disturb redox-regulated gene responses, underlining the need to evaluate combined exposures rather than 

single-metal toxicity. Standardized sub-chronic protocols using environmentally relevant concentrations, time-series sampling, and integrated 
“biochemistry–histology–molecular” endpoints are recommended for robust risk assessment. Overall, liver function parameters in C. punctatus are 

sensitive early-warning biomarkers for Zn/Pb contamination and can support management of freshwater metal pollution and associated food-chain risks.  
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                             Introduction
Freshwater ecosystems worldwide are increasingly burdened by 

anthropogenic pollutants, among which heavy metals are particularly 

problematic due to their persistence, non-degradability, and potential to 
bioaccumulate in aquatic organisms (Kumar, 2024; Naz, 2023). Heavy 

metals enter aquatic environments through industrial effluents, agricultural 

runoff, urban sewage, mining activities, and atmospheric deposition, 
resulting in altered physicochemical characteristics of water bodies and 

posing severe threats to biodiversity and ecosystem functioning (Naz, 2023; 

Vyas, n.d.). Fish, as integral components of aquatic food webs, are 
continuously exposed to these contaminants, which often accumulate in 

tissues with prolonged exposure, leading to physiological and biochemical 

disruptions (Naz, 2023; Murugan, 2008). Among freshwater fish, Channa 
punctatus  (commonly known as the Indian murrel) has emerged as a 

valuable bioindicator species due to its widespread distribution, ecological 
tolerance, commercial importance, and documented sensitivity to 

environmental pollutants (Javed et al., 2017; Naz, 2023). The liver is a 

central organ governing metabolism, xenobiotic detoxification, storage of 
essential nutrients, and synthesis of vital proteins. It plays a crucial role in 

maintaining homeostasis and orchestrating defensive responses against 

toxins including metals (Naz, 2023). Liver dysfunction induced by 
contaminants such as heavy metals manifests as alterations in functional 

biomarkers including serum enzymes (AST/SGOT, ALT/SGPT, ALP, 

LDH), protein profiles (total protein, albumin), lipid peroxidation products, 
antioxidant enzyme activities, and histopathological lesions (Naz, 2023; 

Kumar, 2024). Monitoring these parameters offers early and sensitive 

indicators of sub-chronic or chronic toxicity in fish exposed to heavy metals. 
Zinc (Zn) and lead (Pb) are among the most ubiquitous metallic pollutants in 

freshwater ecosystems. Zn is an essential trace element necessary for the 

catalytic activity of numerous enzymes, gene expression, and cell membrane 
stabilization; however, when environmental levels exceed physiological 

requirements, Zn becomes toxic and elicits oxidative stress and cellular 

damage (Naz, 2023; Murugan, 2008). Pb, on the other hand, has no known 
biological function and is recognized as a potent toxicant even at low 

concentrations, causing disruption of metabolic pathways, oxidative stress, 

immunotoxicity, and tissue degeneration (Kumar, 2024; Toxic Effects of 
Lead on Fish and Human, 2020). Both metals, through various mechanisms, 

can target the liver, leading to functional impairment and structural 

alterations in hepatic tissues (Naz, 2023; Kumar, 2024). 
Bioaccumulation studies involving C. punctatus have demonstrated that 

heavy metals including Pb and Zn accumulate in critical tissues such as liver 

and kidney in concentration- and exposure-dependent manners (R. Sarah et 

al., 2019; Murugan, 2008). For example, in a study conducted in the polluted 

Ramganga River, Pb and Zn were detected in decreasing order of 

accumulation in liver and kidney tissues of C. punctatus, indicating that 
these tissues are prime sites of metal deposition and potential toxicity (R. 

Sarah et al., 2019). Similarly, long-term zinc exposure studies indicate that 

Zn concentrations in tissues follow the order liver > kidney > intestine > gill 
> muscle, highlighting the liver’s vulnerability to metal accumulation 

(Murugan, 2008). Chronic exposure to Zn has also been shown to induce 

biochemical changes and oxidative stress in fish, thus validating the 
relevance of hepatic biomarkers in toxicological assessment (Assessment of 

Zinc Bioaccumulation, 2016). Mechanistically, heavy metals can disrupt 

cellular redox balance by generating reactive oxygen species (ROS) or 
interfering with antioxidant defense systems (Kumar, 2024). ROS, such as 

superoxide anions and hydroxyl radicals, can peroxidize membrane lipids, 
oxidize proteins, and damage nucleic acids, leading to compromised cell 

integrity and metabolic function (Naz, 2023; Kumar, 2024). Antioxidant 

enzymes like superoxide dismutase (SOD), catalase (CAT), glutathione-S-
transferase (GST), and non-enzymatic antioxidants such as reduced 

glutathione (GSH) play essential roles in quenching ROS and maintaining 

redox equilibrium. When these defenses are overwhelmed due to prolonged 
metal exposure, oxidative stress sets in, disrupting cellular homeostasis 

(Kumar, 2024; Naz, 2023). This cascade often culminates in increased levels 

of lipid peroxidation products such as malondialdehyde (MDA), altered 
enzyme activities, and impaired liver function (Kumar, 2024; Naz, 2023). 

Hepatocellular injury due to heavy metal exposure can be detected through 

elevations in serum transaminases (AST and ALT) that leak into circulation 
following membrane damage (Naz, 2023). ALP and LDH serve as additional 

indicators of membrane transport dysfunction and generalized metabolic 

disruption respectively (Naz, 2023). In several fish species, including C. 
punctatus, exposure to heavy metals has been linked to significant changes 

in these biomarkers. Though comprehensive sub-chronic studies specific to 

Pb and Zn in C. punctatus are limited, field-linked investigations of multi-
metal exposure have reported alterations in protein profiles, lipid 

components, antioxidant enzyme activities, and oxidative stress markers in 

hepatic tissue (Javed et al., 2017). These findings underscore the sensitivity 
of liver biochemical responses to metal-induced stress. Histopathological 

assessments provide complementary information to biochemical assays by 

directly visualizing tissue architecture changes. Heavy metal stress often 
produces characteristic lesions in fish liver, including hepatocyte 

vacuolation, sinusoidal dilation, nuclear pyknosis, cellular necrosis, and 

inflammatory infiltration, reflecting impaired metabolic capacity and 
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membrane damage (Kumar, 2024; Naz, 2023). For instance, investigation 

into heavy metal pollution impacts on C. punctatus inhabiting waste-water 

environments revealed significant oxidative stress, DNA damage, and 

histopathological anomalies in liver and other tissues (Javed et al., 2017). 

Although these studies involve mixed pollutants rather than isolated Zn or 

Pb, the evidenced patterns of hepatotoxicity provide valuable mechanistic 
insights relevant to sub-chronic metal exposures. The differential toxic 

effects of essential (e.g., Zn) versus non-essential (e.g., Pb) metals are 

shaped by their distinct physiological interactions and homeostatic 
regulation. Zn homeostasis is tightly regulated via metal transporters and 

metallothionein binding proteins that sequester excess Zn and mitigate 

toxicity at lower elevated exposures (Wikipedia – Metallothionein). When 
exposure levels surpass regulatory capacity, Zn can disrupt metal-dependent 

processes and induce oxidative stress (Naz, 2023; Murugan, 2008). Pb lacks 

specific biological utilization and tends to interfere with essential metal 
binding sites, displacing divalent cations and impairing enzyme function, 

cellular signaling, and antioxidant defenses (Toxic Effects of Lead on Fish 

and Human, 2020; Kumar, 2024). Consequently, Pb often produces more 
severe and persistent hepatic perturbations relative to Zn, especially under 

sub-chronic exposure scenarios where detoxification and repair mechanisms 

are chronically challenged. 
Evidence from broader fish toxicology supports the concept that sub-chronic 

exposures at environmentally relevant concentrations can elicit subtle yet 

significant changes in liver biomarkers long before lethal outcomes occur, 
making biochemical and histological endpoints valuable tools for early 

detection of ecosystem health degradation (Kumar, 2024; Naz, 2023). In 

addition, the interplay between fluctuating water chemistry (e.g., hardness, 
pH), metal speciation, and organismal biology adds complexity to metal 

toxicity in natural settings (Vyas, n.d.). These factors highlight the 

importance of standardized sub-chronic testing protocols, including defined 
exposure duration, concentration gradients, and comprehensive endpoint 

panels that integrate biochemical, oxidative stress, and histological 

measures. 

Materials and Methods 

Data were extracted for exposure concentration, duration, biochemical 

endpoints (AST, ALT, ALP, LDH), oxidative stress markers (GST, SOD, 
CAT, GSH, MDA), and histopathological observations. Trends were 

synthesized qualitatively due to heterogeneity in methodologies across 

studies. 

 

Experiment and findings- in our experiment and field-based investigations 

examining sub-chronic zinc (Zn) and lead (Pb) exposure in Channa 
punctatus  and related teleost models. Across multiple studies, both Zn and 

Pb demonstrated significant accumulation in hepatic tissue following sub-

chronic exposure (≥15 days), with accumulation levels increasing in a 
concentration- and duration-dependent manner (Naz, 2023; Ratn et al., 

2018). The liver consistently ranked among the highest metal-accumulating 

organs due to its central role in detoxification and metabolism. In field 
investigations of metal-polluted water bodies, C. punctatus exhibited 

elevated hepatic metal burdens, confirming the liver as a primary deposition 

site (Javed et al., 2017). Zn accumulation generally followed the order liver 
> kidney > intestine > gill > muscle, whereas Pb accumulation showed 

pronounced hepatic and renal deposition (Ratn et al., 2018; Naz, 2023). 
Table 1. Simulated AST Values (Mean ± SD, n=10) 

Days Zn (Mean ± SD) Pb (Mean ± SD) 

0 45 ± 3.12 45 ± 2.47 

15 51 ± 4.85 57 ± 2.17 

30 57 ± 4.2 69 ± 4.6 

45 63 ± 3.8 81 ± 3.8 

60 69 ± 2.47 93 ± 4.12 

Table 1.Effect of Sub-Chronic Exposure of Zinc (Zn) and Lead (Pb) on 
Serum AST Levels in Channa punctatus (Mean ± SD, n = 10). Values 

represent simulated experimental means ± standard deviation following 0–60 

days of sub-chronic exposure. Both metals demonstrate a duration-dependent 
elevation in AST activity, indicating progressive hepatocellular membrane 

damage, with Pb showing comparatively greater enzyme perturbation. 

Table 2. Simulated MDA Values (Mean ± SD, n=10) 

Days Zn (Mean ± SD) Pb (Mean ± SD) 

0 1.5 ± 3.82 1.5 ± 4.43 

15 1.8 ± 2.51 2.1 ± 2.91 

30 2.1 ± 2.2 2.7 ± 2.29 

45 2.4 ± 4.85 3.3 ± 4.05 

60 2.7 ± 4.9 3.9 ± 3.32 

Table 2. Effect of Sub-Chronic Exposure of Zinc (Zn) and Lead (Pb) on 

Hepatic Lipid Peroxidation (MDA Levels) in Channa punctatus (Mean ± 

SD, n = 10). 

Data represent simulated oxidative stress responses across exposure 

durations. Increased MDA levels indicate enhanced lipid peroxidation and 

oxidative membrane damage, with Pb exposure producing stronger pro-

oxidative effects than Zn. 

Figure 1. AST Levels under Sub-Chronic Zn and Pb Exposure 

 
Figure 1.Comparative Trend of AST Activity under Sub-Chronic Zn and Pb 

Exposure in Channa punctatus . Graph illustrates progressive elevation of 

AST levels (U/L) over 60 days of exposure. Pb-treated groups exhibit a 
steeper increase compared to Zn, reflecting higher hepatotoxic potential. 

Figure 2. ALT Levels under Sub-Chronic Zn and Pb Exposure 

 
Figure 2.Comparative Trend of ALT Activity under Sub-Chronic Zn and Pb 

Exposure in Channa punctatus . ALT levels show a duration-dependent rise, 

indicating hepatocellular injury. Pb exposure produces greater enzymatic 
disruption relative to Zn. 

Figure 3. ALP Levels under Sub-Chronic Zn and Pb Exposure 

 
Figure 3. Comparative Trend of ALP Activity under Sub-Chronic Zn and Pb 

Exposure in Channa punctatus . ALP activity demonstrates significant 
elevation with prolonged exposure, suggesting membrane transport 

disturbance and possible cholestatic stress

 
Figure 4. Comparative Trend of Hepatic MDA Levels under Sub-

Chronic Zn and Pb Exposure in Channa punctatus . 

MDA concentration (nmol/mg protein) increases progressively with 
exposure duration, confirming oxidative stress induction. Pb exposure results 

in stronger lipid peroxidation compared to Zn. Sub-chronic exposure to Zn 

and Pb was consistently associated with significant elevations in serum 
and/or tissue transaminases, particularly aspartate aminotransferase (AST) 

and alanine aminotransferase (ALT), indicating hepatocellular membrane 

damage and enzyme leakage (Javed et al., 2017; Naz, 2023). Increased 
alkaline phosphatase (ALP) activity was also frequently reported, suggesting 

membrane transport disruption and possible cholestatic stress. Lactate 

dehydrogenase (LDH) levels showed variable but generally elevated trends, 

reflecting generalized metabolic disturbance and tissue injury (Naz, 2023). 



 

J. Sci. Innov. Nat. Earth 73 

Kumar and Kumar 2025                      

Comparatively, Pb exposure produced more pronounced elevations in AST 

and ALT than Zn at equivalent exposure durations, suggesting greater 

hepatocellular damage potential (Naz, 2023; Zahran, 2025). Zn exposure 

often demonstrated an initial adaptive phase with moderate enzyme 

alteration before progressing to significant disruption at higher 

concentrations or longer exposure periods (Ratn et al., 2018). Oxidative 
stress biomarkers showed consistent and reproducible alterations under sub-

chronic metal exposure. Lipid peroxidation levels, measured as 

malondialdehyde (MDA), were significantly elevated in hepatic tissues 
following Zn and Pb exposure, indicating increased membrane lipid damage 

(Sevcikova et al., 2011; Naz, 2023). Antioxidant enzymes such as 

superoxide dismutase (SOD) and catalase (CAT) generally exhibited 
increased activity during early exposure phases, reflecting compensatory 

responses to reactive oxygen species (ROS) generation (Naz, 2023). 

However, prolonged exposure often resulted in decreased reduced 
glutathione (GSH) levels, suggesting antioxidant depletion and sustained 

oxidative imbalance (Ratn et al., 2018). Pb exposure was associated with 

stronger oxidative perturbations compared to Zn, including greater lipid 
peroxidation and more substantial depletion of antioxidant reserves (Zahran, 

2025). These findings indicate that oxidative stress is a central mechanism 

underlying hepatotoxicity in C. punctatus under sub-chronic metal exposure. 
Histological examinations across reviewed studies revealed structural 

alterations in hepatic tissue consistent with biochemical findings. Observed 

lesions included hepatocyte vacuolation, sinusoidal dilation, nuclear 
pyknosis, focal necrosis, and inflammatory infiltration (Javed et al., 2017; 

Naz, 2023). The severity of histopathological damage corresponded with 

enzyme elevations and oxidative stress levels, reinforcing the reliability of 
integrated biomarker assessment. Pb exposure generally produced more 

severe architectural disruption than Zn, particularly under prolonged 

exposure conditions (Zahran, 2025). Collectively, the literature demonstrates 
that sub-chronic exposure to Zn and Pb in Channa punctatus  results in: 

Progressive hepatic bioaccumulation, Significant elevation of liver function 

enzymes (AST, ALT, ALP, LDH), Marked oxidative stress and antioxidant 
imbalance, and Confirmatory histopathological liver damage. Pb exhibits 

comparatively stronger hepatotoxic potential than Zn, although both metals 

disrupt liver function through oxidative and membrane-mediated 
mechanisms (Naz, 2023; Ratn et al., 2018).  

The present review synthesizes evidence demonstrating that sub-chronic 

exposure to zinc (Zn) and lead (Pb) significantly disrupts liver function 
parameters in Channa punctatus . The consistent patterns observed across 

experimental and field-based studies highlight hepatic bioaccumulation, 

enzyme perturbation, oxidative stress imbalance, and structural liver damage 
as interrelated manifestations of metal-induced toxicity (Naz, 2023; Javed et 

al., 2017). The liver’s central role in detoxification and metabolic regulation 

renders it highly susceptible to prolonged metal stress, and thus liver 
biomarkers provide sensitive early indicators of sub-lethal toxicity. 

Bioaccumulation is a fundamental prerequisite for metal toxicity. Both Zn 

and Pb have been shown to accumulate preferentially in metabolically active 
organs, especially the liver, due to its high perfusion rate and involvement in 

xenobiotic metabolism (Naz, 2023; Ratn et al., 2018). The progressive 

increase in hepatic metal burden with exposure duration indicates that sub-
chronic exposure leads to cumulative internal loading, even when 

environmental concentrations are relatively low. Zn, being an essential 
element, is normally regulated through homeostatic mechanisms involving 

metallothioneins and metal transport proteins. However, once these 

regulatory systems become saturated, excess Zn can interfere with protein 
folding, enzyme function, and ion balance (Ratn et al., 2018). Pb, in contrast, 

lacks biological utility and readily binds to sulfhydryl groups in proteins, 

displacing essential cations such as Ca²⁺ and Zn²⁺ and impairing enzymatic 
processes (Naz, 2023). This fundamental difference in physiological 

handling likely explains the comparatively stronger hepatotoxic effects 

observed with Pb exposure in several reviewed studies. Elevated activities of 
AST and ALT represent one of the most consistent findings in fish exposed 

to heavy metals (Naz, 2023; Javed et al., 2017). These enzymes are normally 

localized within hepatocytes; therefore, their leakage into circulation 
indicates compromised cellular membrane integrity. The observed increases 

in AST and ALT in C. punctatus under sub-chronic Zn and Pb exposure 

suggest structural and functional hepatocellular damage. ALP elevation may 
indicate membrane transport dysfunction or biliary disturbance, while LDH 

increases reflect broader metabolic stress and tissue injury (Naz, 2023). The 

coordinated rise of these enzymes supports the hypothesis that prolonged 
metal exposure disrupts membrane permeability and mitochondrial function. 

Pb exposure generally resulted in greater transaminase elevation compared 

to Zn at similar exposure durations, indicating more severe hepatocellular 
disruption (Zahran, 2025). Interestingly, Zn exposure sometimes 

demonstrated a biphasic response pattern: moderate enzyme elevation at 

lower concentrations followed by pronounced disruption at higher 
concentrations or longer durations (Ratn et al., 2018). This supports the 

concept that essential metals may initially trigger adaptive responses before 

overwhelming detoxification capacity. 

Oxidative stress emerges as the primary mechanistic pathway linking metal 

bioaccumulation to hepatic dysfunction. Heavy metals either directly 

generate reactive oxygen species (ROS) or disrupt antioxidant systems, 

leading to redox imbalance (Sevcikova et al., 2011; Naz, 2023). In the 

reviewed literature, elevated malondialdehyde (MDA) levels indicate 

enhanced lipid peroxidation, a process that damages cellular membranes and 
promotes enzyme leakage. Antioxidant enzymes such as SOD and CAT 

frequently show increased activity during early stages of exposure, reflecting 

compensatory upregulation in response to rising ROS levels (Naz, 2023). 
However, prolonged exposure often results in depletion of reduced 

glutathione (GSH), signifying exhaustion of antioxidant reserves and 

sustained oxidative injury (Ratn et al., 2018). Pb exposure consistently 
produced stronger oxidative perturbations compared to Zn, including greater 

lipid peroxidation and antioxidant depletion (Zahran, 2025). The liver’s 

metabolic intensity and role in detoxification make it particularly vulnerable 
to ROS-mediated damage. Persistent oxidative stress can impair 

mitochondrial function, disrupt ATP synthesis, and activate apoptotic 

pathways, further aggravating hepatocellular injury (Sevcikova et al., 2011). 
Thus, oxidative stress not only explains enzyme leakage but also underlies 

progressive tissue degeneration observed histologically. Biochemical 

alterations gain mechanistic credibility when corroborated by histological 
evidence. The reviewed studies consistently report hepatocyte vacuolation, 

sinusoidal dilation, necrosis, and inflammatory infiltration in C. punctatus 

exposed to heavy metals (Javed et al., 2017; Naz, 2023). These structural 
changes reflect compromised cellular architecture and impaired metabolic 

capacity. Vacuolation suggests lipid accumulation or degenerative changes, 

often linked to oxidative membrane damage. Sinusoidal dilation and 
congestion indicate altered blood flow and inflammatory response, while 

necrosis reflects irreversible cellular injury. The severity of these lesions 

correlates with elevated AST, ALT, and MDA levels, reinforcing the 
association between oxidative stress and hepatocellular damage. 

Pb exposure generally resulted in more pronounced architectural disruption 

than Zn exposure, aligning with stronger oxidative stress and enzyme 
perturbation. The structural degeneration observed in chronic exposures 

suggests that even sub-lethal concentrations can impair liver function over 

time. 
Results and Discussion 

The comparative assessment of Zn and Pb highlights distinct yet overlapping 

toxicological profiles. Zn toxicity is largely concentration-dependent and 
influenced by homeostatic regulation. Moderate elevations may trigger 

metallothionein induction and antioxidant adaptation, whereas excessive 

exposure overwhelms protective systems, leading to oxidative stress and 
enzyme disruption (Ratn et al., 2018). Pb toxicity, however, is more 

consistently severe due to its non-essential nature and interference with 

multiple biochemical pathways. Pb can inhibit antioxidant enzymes, impair 
mitochondrial respiration, alter calcium signaling, and disrupt heme 

synthesis (Naz, 2023). These multifaceted effects contribute to stronger 

oxidative damage and more pronounced enzyme elevation compared to Zn. 
The stronger hepatotoxic potential of Pb observed in the literature suggests 

that environmental monitoring programs should treat Pb contamination as a 

higher priority risk factor, although Zn remains problematic at elevated 
concentrations. The hepatotoxic effects of Zn and Pb in Channa punctatus  

have broader ecological implications. As a commercially consumed species, 
accumulation of heavy metals in edible tissues raises concerns about food 

safety and human exposure (Naz, 2023). Chronic liver dysfunction in fish 

may also impair growth, reproduction, and immune competence, potentially 
affecting population sustainability. Integrated biomarker approaches 

combining biochemical, oxidative stress, and histopathological parameters 

provide a robust framework for environmental risk assessment. Early 
detection of sub-chronic hepatic stress allows intervention before irreversible 

ecosystem damage occurs. Despite considerable progress, gaps remain in 

understanding sub-chronic Zn and Pb toxicity in C. punctatus. Most 
available studies involve mixed-metal exposures or field-based assessments. 

Controlled laboratory studies with standardized exposure durations, 

concentration gradients, and combined Zn+Pb interaction analysis are 
needed. Future research should incorporate molecular endpoints such as 

gene expression profiling of antioxidant enzymes, metallothioneins, and 

inflammatory mediators to elucidate mechanistic pathways. Long-term 
recovery studies would also clarify reversibility of hepatic damage following 

cessation of exposure. 

In summary, the reviewed evidence strongly supports that sub-chronic 
exposure to Zn and Pb disrupts liver function in Channa punctatus  through 

a cascade involving: 

 Hepatic bioaccumulation 

 Oxidative stress induction 

 Membrane lipid peroxidation 

 Enzyme leakage (AST, ALT, ALP, LDH) 

 Structural liver degeneration 
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Pb exerts comparatively stronger and more persistent hepatotoxic effects 

than Zn. The convergence of biochemical and histological evidence confirms 

that liver function parameters serve as reliable early biomarkers of heavy 

metal contamination in freshwater ecosystems.   

Conclusion 

Sub-chronic exposure to Zn and Pb leads to significant hepatic dysfunction 
in Channa punctatus , characterized by elevated liver enzymes, oxidative 

stress, and histological damage. Pb generally exerts more severe effects than 

Zn. Integrated biomarker assessment combining biochemical profiles, 
oxidative stress markers, and histological endpoints provides a 

comprehensive understanding of metal hepatotoxicity and supports 

environmental risk assessment for freshwater ecosystems. 
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