


Review Article
Benzo[a]pyrene as a Model Toxicant from Coal Mining: Impacts on Freshwater Fish Physiology and Ecosystem Health

Abstract:
Coal mining activities release various contaminants into aquatic ecosystems, including polycyclic aromatic hydrocarbons (PAHs), such as benzo[a]pyrene (B[a]P), which are of particular concern because of their persistence and toxicity. This review examines B[a]P as a model toxicant, detailing its environmental entry routes and effects on freshwater fishes. We synthesized current knowledge on the molecular mechanisms of B[a]P-induced toxicity, focusing on oxidative stress, DNA damage, and histopathological alterations across multiple organ systems. Species- and tissue-specific responses are discussed, highlighting the complex interplay between the exposure conditions and biological outcomes. This review also explores the application of diverse biomarkers, including biochemical, histological, and molecular endpoints, for assessing fish health in coal-impacted ecosystems. Emerging technologies, such as omics approaches and non-invasive sampling methods, have been evaluated for their potential to enhance environmental monitoring capabilities. By integrating the findings from laboratory and field studies, this review provides a comprehensive overview of the sublethal physiological effects and ecological consequences of acute and chronic B[a]P exposure in aquatic ecosystems affected by mining. This comprehensive analysis of B[a]P toxicity in freshwater fish offers insights into evidence-based management strategies and underscores the need for ongoing monitoring to protect freshwater biodiversity in coal mining regions worldwide.
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1. Introduction
Coal field mining is a significant contributor to the energy sector, primarily serving as a fuel source for electricity generation and various industrial processes (Imasiku and Thomas, 2020). Coal extraction involves complex operations, including surface and underground mining techniques, each with its own set of environmental and safety considerations (Rouhani et al., 2023; Srivastava and Jha, 2025). Despite its widespread use, coal mining has been increasingly scrutinized because of its environmental impact, particularly its contribution to water and air pollution (Hasii and Gasii, 2024; Masood et al., 2020; Yang et al., 2021). In regions such as the Upper Silesian Coal Basin in Poland, extensive waste rock dumps contribute to groundwater contamination through leaching of saline, sulfurous, and acidic components (Szczepanska and Twardowska, 1999). Similarly, coal mining in China has been associated with pollutants that affect soil, surface water, and groundwater due to the disposal and treatment of mining waste (Bian et al., 2008). The impact extends to water resources, where mine water discharge can be acidic or neutral, depending on the pyrite content of the coal. Acid mine drainage is a particular concern as it lowers the pH and increases the concentrations of suspended solids and heavy metals, affecting water quality (Tiwary, 2001). Surface mining releases toxic compounds including polycyclic aromatic hydrocarbons (PAHs), heavy metals, and radioactive elements, which can adversely affect ecosystems and human health by disrupting soil and water habitats (Rouhani et al., 2023).
Among the environmental contaminants, PAHs are known for their carcinogenic properties. PAHs are generated from coal combustion and present as unburned coal particulates, posing significant environmental and health risks in coal mining regions (Liu et al., 2006). Studies have shown high levels of PAH contamination in soil, water, and air in coal-mining environments. For instance, soil in coal mining zones tends to contain significantly higher concentrations of PAHs than surrounding agricultural or lake bank soils. This contamination stems from a combination of coal combustion and other anthropogenic activities associated with mining operations  (Liu et al., 2006) . Similarly, underground mining environments can have elevated levels of PAHs in water and sludge, sludge, ecological risks, including threats to groundwater and surface water (Chen et al., 2019). Among the diverse array of PAH contaminants, benzo[a]pyrene (B[a]P) is often used as a model toxicant because of its well-documented carcinogenicity and prevalence in the environment (Negi and Chaudhary, 2024).  As a high-molecular-weight PAH, B[a]P is a representative compound in toxicity studies and serves as a proxy for understanding the behaviour and impact of other, less-researched PAHs (Takam et al., 2024). It is metabolized by cytochrome P450 into carcinogenic metabolites such as 7,8α-dihydroxy-9α,10α-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE), which can form DNA adducts, leading to mutations and cancer (Bukowska et al., 2022). Although other PAHs contribute more significantly to overall cancer risk, the established role of B[a]P in carcinogenesis makes it a frequent choice for risk assessment (Kelly et al., 2021). It is readily detected in environmental samples, such as air, water, and soil, as well as in human surroundings, such as food, especially smoked or grilled items (Bukowska et al., 2022). Because of its prevalence and toxicological significance, B[a]P is often used as a benchmark compound to establish toxic equivalency factors for PAH mixtures, aiding in the assessment of chemical risk in urban settings (Halek et al., 2008).
Therefore, this review examines B[a]P as a model toxicant released from coal mining, detailing its environmental entry routes, metabolic activation, and oxidative stress, which cause DNA damage in freshwater fish populations. This study further explored the sublethal physiological effects and population-level ecological consequences of acute and chronic B[a]P exposure in aquatic ecosystems impacted by mining.

2. Environmental Entry Routes of B[a]P 
[bookmark: _Hlk210900560]Structurally, B[a]P contains five benzene rings and belongs to a group of PAHs (Bukowska et al., 2022). Studies from coal mining regions worldwide have documented elevated concentrations of PAHs in surface water, with B[a]P concentrations frequently exceeding the background levels by several orders of magnitude (Batchamen Mougnol et al., 2022; Deng et al., 2023; Liu et al., 2012). The average daily intake of B[a]P from bread grain, cereal, barbecued or grilled meat by the general U.S. population is approximately 21% and 29%, (Negi and Chaudhary, 2024). However, the distribution patterns of B[a]P show significant spatial variability, with underground mining environments displaying concentrations of 15.87 μg/g in coal, 0.82 μg/L in mine water, and 10.63 μg/g in underground sludge (Chen et al., 2019). According to the European Union (EU) in India, various concentrations of B[a]P have been detected in different waterbodies, such as surface water, ranging 8.61 ng/L.  In drinking water, it usually ranges 10 ng/L which directly affects human health (Negi and Chaudhary, 2024) . B[a]P has also been detected in Indian river at a concentration of approximately 8.61 µg/L (Zeb et al., 2024). At higher concentrations, B[a]P and its metabolites, including benzo[a]pyrene-7,8-dihydrodiol, benzo[a]pyrene-9,10-oxide, and the ultimate carcinogen BPDE (Bukowska et al., 2022). These metabolites possess strong electrophilic properties and readily form covalent adducts with DNA, primarily at the guanine residues, resulting in mutagenic lesions. Additionally, excessive metabolic turnover enhances the production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), which contribute to oxidative DNA damage, lipid peroxidation and protein oxidation (Figure 1). The combined burden of direct DNA adduct formation and oxidative stress at elevated B[a]P exposure levels significantly increases genomic instability, disrupts signalling networks, and favors malignant transformation (Das and Bhutia, 2018). 
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Figure 1.  B[a]P is taken up by aquatic organisms that are released during coal mining through runoff. This uptake results in the generation of ROS/RNS, which in turn leads to oxidative DNA damage, lipid peroxidation, and protein oxidation, ultimately leading to genomic instability and cellular disruption.  Created with mindthegraph.com.
3. Molecular Mechanisms of Toxicity
B[a]P induces oxidative stress in fish through a multifaceted mechanism primarily mediated by ligand-activated aryl hydrocarbon receptor (AhR) signalling (Figure 2). The metabolic fate of these compounds involves complex phase I and II detoxification pathways (Kang et al., 2022; Soltani et al., 2019). B[a]P is absorbed into tissues such as the gills, liver, brain, and gastrointestinal tract, and binds to the cytosolic AhR domain, forming a ligand-receptor complex. The complex then translocates to the nucleus, where it dimerizes with Aryl hydrocarbon receptor nuclear translocator (ARNT) to activate phase I enzymes CYP1A1 and CYP1B1, enhancing the epoxidation of B[a]P (Figure 2). These enzymes initiate phase I metabolism, mainly through oxidation, which converts B[a]P into multiple metabolites, including quinones and dihydrodiols, many of which are more toxic than their parent compounds. Phase II detoxification reactions, involving glutathione S-transferases (GSTs) and UDP-glucuronosyltransferases, promote the elimination of B[a]P metabolites but can be overwhelmed under chronic exposure conditions (Alharthy et al., 2017; Bukowska et al., 2022; Silva et al., 2017; Soltani et al., 2019). Epoxide hydrolase then converts these epoxides to trans-7,8-dihydrodiol (DHD), which undergoes a second P450-mediated oxidation to form the diol-epoxide BPDE-I. Alternatively, aldo-keto reductases oxidise DHD to benzo[a]pyrene-7,8-quinone (Bukowska et al., 2022; Negi and Chaudhary, 2024; Soltani et al., 2019). These quinones undergo NADPH-dependent redox cycling between quinone and semiquinone radicals to generate superoxide and hydrogen peroxide (Figure 2). 
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Figure 2. Phase I and phase II metabolic detoxification pathways of B[a]P through Ahr-ARNT dimerization and CYP450 enzymes in fish. Generation of quinones and their radicals through the NADPH-dependent redox cycling pathway by AKR during phase-I metabolism of B[a]P leads to the formation of ROS. Created with mindthegraph.com
The resultant ROS initially provokes the upregulation of antioxidant defenses, including superoxide dismutase, catalase, and glutathione peroxidase. However, prolonged exposure depletes reduced glutathione and impairs these enzymes, precipitating lipid peroxidation, protein carbonylation, and oxidative DNA lesions (Jung et al., 2009). Mitochondria are located near the electron transport chain and sustain mitochondrial DNA damage, respiratory enzyme inhibition, loss of membrane potential, and ATP depletion, thereby triggering apoptotic pathways and energy collapse (Kozal et al., 2023; Soltani et al., 2019). Macromolecular and organelle damage manifests histopathologically as gill lamellar fusion, hepatocyte vacuolation, inflammation, DNA strand breaks, and mutagenesis, culminating in impaired growth, neurotoxicity, and reduced reproductive fitness in fishes (Soltani et al., 2019). Studies on Atlantic killifish (Fundulus heteroclitus) have demonstrated that B[a]P exposure directly targets the mitochondria, leading to decreased ATP production, loss of mitochondrial membrane potential, and increased ROS production (Jung et al., 2009). Mitochondrial targeting represents a critical mechanism linking B[a]P exposure to long-term metabolic dysfunction and cellular damage in the exposed fish populations (Hawkey et al., 2022).
3.1 Species and Tissue-Specific Responses 
Biological responses to B[a]P and coal-derived contaminants exhibit strong species- and tissue-specific variability, largely reflecting differences in ecological adaptations, physiology, and detoxification capacity between freshwater and estuarine organisms (Chan et al., 2021; Kortei et al., 2020; Villa-Villaseñor et al., 2022). In general, upon exposure to zebrafish (Danio rerio), B[a]P induces oxidative stress and modulates several key biomarkers, including acetylcholinesterase (AChE) and glutathione-S-transferase (GST),  which increase 0.96-fold relative to the control groups in a concentration and time-dependent manner (Zhou et al., 2021). Species-specific responses are particularly evident among sentinel organisms and are widely distributed and frequently used in ecotoxicological assessments (Perveen et al., 2024). In common goby (Pomatoschistus microps), B[a]P exposure triggers the upregulation of antioxidant enzymes, such as SOD, CAT, GPx, and GR, along with an elevated lactate dehydrogenase activity, suggesting both enhanced ROS production and a metabolic shift towards anaerobic pathways. In contrast, the concurrent inhibition of AChE activity and induction of GST detoxification pathways results in both neurotoxic and adaptive metabolic effects of exposure (Vieira et al., 2008). Similarly, zebrafish respond to oxidative stress and apoptosis in developing skeletal tissues, accompanied by the downregulation of critical bone synthesis genes (SOX9a, SPP1/OPN and COLLA1), suggesting impaired osteogenesis (Elfawy et al., 2021). Similarly, in marine medaka (Oryzias javanicus), elevated ROS and malondialdehyde (MDA) levels indicated oxidative stress and lipid peroxidation in embryos exposed to high B[a]P concentrations (Nam et al., 2020) . B[a]P metabolism in bivalve gills further exemplifies interspecies sensitivity, where reactive intermediates, such as BPDE, lead to oxidative DNA lesions, notably 8-oxo-dG (Michel and Vincent-Hubert, 2015). The antioxidant defense genes (GST, SOD, and CAT) and antioxidant enzyme activities increased at moderate B[a]P levels but declined at higher concentrations, indicating an overwhelmed defense system (Nam et al., 2020). Transcriptomic studies have revealed complex gene expression patterns, including consistent upregulation of oxidative stress pathways and suppression of bone development markers, reinforcing the value of multi-omic approaches in ecotoxicology (Elfawy et al., 2021). Generally, oxidative stress response genes show consistent upregulation across multiple species and exposure scenarios (Agrawal et al., 2024).
Furthermore, tissue-specific patterns provide a resolution to the impact of contaminants. These biomarker changes are detected early in metabolically active tissues, such as the liver and brain, indicating their sensitivity to toxic exposure (Kang et al., 2022). The liver serves as the principal site of xenobiotic biotransformation and consistently exhibits the highest contaminant burden and the most pronounced pathological changes. The brain is sensitive to lipophilic PAHs, which readily cross the blood-brain barrier, leading to bioaccumulation, neurotransmitter disturbances, behavioral impairments, and histopathological damage (Alexiev et al., 2024; Gentile et al., 2023; Sathikumaran et al., 2022). In contrast, B[a]P in Klunzinger's mullet (Liza klunzingeri) triggers a significant oxidative stress response; CAT activity is regulated in a time- and dose-dependent manner, and SOD activity is regulated only in a time-dependent manner, leading to liver damage by an increase in hepatic enzyme activity (Soltani et al., 2019).
[bookmark: _Hlk209858353]The gills, which function as the primary interface with the aquatic environment, respond rapidly through fluctuations in biomarkers, including metallothionein induction, altered antioxidant enzyme activity, and structural damage to respiratory lamellae (Mohamed et al., 2023; Rehman et al., 2021). Kidney tissues, which are critical for osmoregulation and excretion, show oxidative stress responses, enzymatic alterations, and glomerular or tubular damage, with renal dysfunction posing a significant threat to fish survival in polluted habitats (Barangi et al., 2023; Pramanik and Biswas, 2024). Generally, the accumulation of lower contaminant concentrations in muscle tissues is highly relevant for human health risk assessments because of their role in fish consumption, which favors the accumulation of parent compounds rather than metabolites, thereby providing an integrative measure of long-term environmental exposure (Aib et al., 2025; Lebepe et al., 2020). Overall, B[a]P exposure induced CYP1A expression and EROD activity, leading to ROS production, oxidative stress, and histopathological lesions (Kang et al., 2022; Santos et al., 2018; Soltani et al., 2019). Together, these species- and tissue-specific responses underscore the importance of adopting multi-biomarker and molecular approaches for ecotoxicological monitoring of ecosystems impacted by coal mining. They highlight not only the mechanistic underpinnings of contaminant toxicity but also the practical value of sentinel species in providing early warning indicators of ecosystem health deterioration.  Extensive research has documented that exposure to B[a]P induces reactive oxygen species generation, disrupts cellular redox homeostasis, and damages essential cellular components (Table 1).
Table 1. Oxidative stress and antioxidant enzyme biomarker responses in fish populations following B[a]P exposure.
	Species 
	Experimental conditions 
	Impacts
	References

	Pomatoschistus microps 
	Juveniles (2.5 – 3 cm long); (1, 2, 4, 8, and 16 μg/L); for 96 hours
	↑ Increased antioxidant enzyme activity (CAT, SOD, GR, GPx), which suggests ↑ROS generation. 
↑LDH activity, indicating a shift toward anaerobic metabolism
	(Vieira et al., 2008)

	Oryzias javanicus 
	3hpf; (0.001, 0.01, 0.1, 1, 2, 5, 10, 20 μg/L); for 1 week  
	Induced oxidative stress ↑ROS and MDA are key indicators of cellular and lipid damage
	(Nam et al., 2020)

	Danio rerio
	Embryo; (0.25, 0.5, 0.6, and 0.8 μM); for 72hours
	ROS levels increased in a dose-dependent manner; GST, involved in managing oxidative stress, was increased with higher concentrations
	(Elfawy et al., 2021)

	 Danio rerio
	Embryo; (0.8 µg/L & 2.0 µg/L); for 96 hours
	Oxidative stress biomarkers ↑in a dose-dependent manner; ↑B[a]P mainly depressed the activity of GST and AchE, but not SOD
	(Zhou et al., 2021)

	 
Liza klunzingeri
	Sexually immature (Weight 23 ± 2 g and length of 10 ± 1 cm); (5, 10, and 50 mg/kg); for 14 days
	↑Antioxidant enzyme activity (SOD, CAT) indicates a direct response to excessive ROS production, while elevated liver enzymes (AST, ALT, ALP) confirm resultant cellular damage and hepatotoxicity due to this oxidative stress
	(Soltani et al., 2019)



3.2 Histopathological Manifestations of Coal Exposure
Chronic exposure of fish to coal mining contaminants resulted in characteristic histopathological changes across multiple organ systems (Table 2). The liver showed pronounced pathological alterations in coal-contaminated fish. Key histological changes include hepatocyte hypertrophy, cytoplasmic vacuolization, necrosis, and infiltration of inflammatory cells (Soltani et al., 2019). These alterations reflect both the direct toxic effects of contaminant accumulation and secondary consequences of oxidative stress and metabolic disruption. Gill pathology is another consistent finding in coal-contaminated fish populations. The observed alterations encompassed multiple structural components including lamellar hyperplasia, epithelial lifting, chloride cell hypertrophy, filament distortion, lamellar destruction, and inflammatory responses. Such lesions impair respiratory efficiency and osmoregulatory balance, thereby elevating physiological stress, reducing overall fitness, and predisposing fish to secondary infections (Masud and Cable, 2023; Pramanik and Biswas, 2024). Kidney tissues exhibit significant pathological responses to B[a]P exposure, which are characterized by glomerular damage, tubular degeneration, and interstitial inflammation (Chandra, 2024; Soulivongsa et al., 2020). These changes reflect both the direct nephrotoxic effects of accumulated metals and PAHs, and the secondary consequences of systemic oxidative stress. The role of the kidney in maintaining ionic and osmotic homeostasis makes these pathological changes particularly significant for overall health and survival (Figure 3).
In Caspian white fish (Rutilus frissi kutum), the liver reflects impaired detoxification and circulatory disturbances upon exposure to B[a]P (Esmaeilbeigi et al., 2021).  Cyprinus carpiospecifically induces,  swelling, necrosis, and cavitation in the gills, resulting in swollen ootids with condensed or broken nuclei in the gonads (Sha et al., 2021). Studies on fish populations from the Sepon gold-copper mine area have provided detailed documentation of mining- contamination-associated histopathology (Soulivongsa et al., 2020). Hampala Barb Fish (Hampala macrolepidota) and Osteochilus vittatus from contaminated sites showed significant liver damage, including hepatocyte degeneration, nuclear abnormalities, and increased melanomacrophage centers, compared with those in reference populations (Soulivongsa et al., 2021). Specifically, B[a]P exposure in Caspian White fish (Rutilus frissi kutum) causes gill disruption, impaired respiration, and hepatic lesions, which are indicative of detoxification failure and circulatory disturbances (Esmaeilbeigi et al., 2021). Catfish exposed to PAH mixtures exhibit disorganized gill lamellae and dense immune cell infiltration in the liver, indicating structural damage (Osuagwu et al., 2023). In Cyprinus carpio, B[a]P causes gonadal damage characterized by nuclear fragmentation and vacuolization of oocytes (Sha et al., 2021). Histopathological changes often persist longer than acute biochemical responses, providing evidence of chronic exposure effects even when contaminant concentrations decrease (David and Kartheek, 2015; Pramanik and Biswas, 2024). Collectively, these findings highlight the value of histopathological assessment as a complementary tool along with biochemical biomarkers (Figure 3), with the integration of these endpoints enhancing diagnostic precision and evaluating the long-term ecological consequences of coal mining on fish. 
Table 2. B[a]P exposure affects histological alterations across fish species, showing altered liver and gill pathology.
	Species 
	Experimental conditions  
	Impacts
	References

	Cyprinus carpio 
	Juveniles (6months) ;(50, 100, 200, 400, and 600 μg/L) for 10 days
	Histological damage; ruptured membranes, cytoplasm leakage, increased lipid droplets, fragmented organelles
	(Sha et al., 2021)

	Clarias gariepinus
	Juveniles (weight 19.7±1.8 g); ½ and ¼  of LC50;  For 5 weeks
	 In Liver alterations, dense cellular infiltrates and structural damage; Gill alterations include disorganized lamellae
	(Osuagwu et al., 2023)

	Rutilus frissi kutum
	Fingerling (weight 6.5 ± 0.8 g and length 10 ± 1 cm); (50, 100, and 200 ppb); for 21 days
	B[a]P induced several lesions in the liver and gill tissues where gill observed more sensitive than liver
	(Esmaeilbeigi et al., 2021)

	 Pomatoschistus microps 
	Juveniles;(2.5 – 3 cm long); (1, 2, 4, 8, and 16 μg/L); for 96hours 
	Gill lesions, gonadal damage with nuclear fragmentation, and vacuolization of oocytes
	(Vieira et al., 2008)



3.3 Genotoxic Effects and DNA Damage
[bookmark: _Hlk209050877]B[a]P exposure exerts significant genotoxic effects on freshwater fish populations (Miranda-Guevara et al., 2023; Soltani et al., 2019). The primary mechanism involves metabolic activation of B[a]P to BPDE, which covalently binds to DNA bases to generate mutagenic adducts (Bukowska et al., 2022; Gazo et al., 2020; Jung et al., 2009). These adducts, along with chromosomal breaks, deletions, and structural aberrations, have been widely reported in coal-exposed fish and can be detected using techniques such as 32P-postlabeling, immunochemical assays, and cytogenetic methods (Jung et al., 2009). The comet assay has emerged as a sensitive and widely applicable method for assessing DNA damage in B[a]P-exposed fishes (Javed et al., 2018; Rixian et al., 2005). Elevated olive tail moment and percentage of tail DNA in marine medaka (Oryzias javanicus) embryos exposed to B[a]P revealed significant strand breakage (Nam et al., 2020), whereas Atlantic killifish (Fundulus heteroclitus) showed both nuclear (nDNA) and mitochondrial (mtDNA) damage, with mtDNA exhibiting greater vulnerability because of its proximity to ROS and limited repair capacity (Jung et al., 2009).  B[a]P also showed that Caspian whitefish (Rutilus frisii kutum) displayed concentration- and time-dependent DNA strand breaks in the liver and gill cells (Esmaeilbeigi et al., 2021). At the population level, sustained DNA damage, detected using comet assays, correlates with reduced fertility, impaired growth, and increased disease susceptibility, underscoring its ecological relevance (Silva et al., 2017). Field and laboratory studies have consistently demonstrated DNA damage in aquatic organisms exposed to coal-derived B[a]P. In zebra mussels (Dreissena polymorpha), B[a]P exposure induces oxidative stress and bulky DNA adduct formation, leading to persistent DNA oxidation and long-term genomic instability (Michel and Vincent-Hubert, 2015). Similarly, the Hampala barb (Hampala macrolepidota) exhibited increased chromosomal abnormalities correlated with tissue metal accumulation (Soulivongsa et al., 2021). Micronucleus formation is another robust biomarker of chromosomal damage (Figure 3), reflecting fragments or whole chromosomes excluded from daughter nuclei during cell division in response to B[a]P (Soulivongsa et al., 2021). Elevated micronucleus frequencies have been consistently observed in coal-exposed fish populations (Kim et al., 2024; Morado et al., 2018). For instance, Astyanax altiparanae erythrocytes showed increased micronuclei after exposure to metal-rich waters (Dourado et al., 2017),  whereas Caspian whitefish exhibited time-dependent increases in micronucleated and binucleated erythrocytes (Esmaeilbeigi et al., 2021).
DNA repair mechanisms, including base excision repair (BER), nucleotide excision repair (NER), and homologous recombination, play critical roles in mitigating B[a]P-induced genotoxicity (Deng et al., 2023; Gazo et al., 2020; Wan et al., 2023). Studies on sterlet embryos (Acipenser ruthenus) have demonstrated efficient activation of repair pathways, although chronic exposure can overwhelm repair capacity (Gazo et al., 2020). The upregulation of repair genessuch as XPC, indicates an adaptive response to PAH exposure (Wan et al., 2023). In Caspian whitefish, BER and NER processes gradually remove B[a]P-induced adducts, reducing damage over time; however, incomplete repair under chronic stress increases the risk of mutation fixation (Esmaeilbeigi et al., 2021). Marine medaka (Oryzias melastigma) exposed to B[a]P showed altered expression of genes related to detoxification and apoptosis, suggesting that persistent DNA damage can shift cellular responses toward programmed cell death (Zeb et al., 2024). The p53 tumor suppressor pathway is another critical defense mechanism against genotoxic stress. Zebrafish exposed to B[a]P show increased p53 expression, reflecting the activation of protective mechanisms (Martins et al., 2018). However, prolonged exposure to coal mining pollutants can overwhelm these protective responses, leading to p53 dysfunction and an increased susceptibility to neoplastic transformation. Epigenetic modifications have emerged as key factors in B[a]P-induced genotoxicity. This exposure alters DNA methylation patterns, and whole-genome bisulfite sequencing has revealed hundreds of differentially methylated genes involved in neurological and developmental processes (Fang et al., 2013; Wan et al., 2023). These modifications can persist across generations and may explain some of the long-term consequences of coal mining contamination on fish populations (Alexiev et al., 2024; Knecht et al., 2017; Wan et al., 2023). Whole-genome bisulfite sequencing studies have identified hundreds of differentially methylated genes in fish exposed to B[a]P that are associated with neurological and developmental functions (Wan et al., 2023).
These findings demonstrate that coal-derived PAHs, such as B[a]P, induce genotoxicity through DNA adduct formation, oxidative stress, and chromosomal instability. Although DNA repair pathways and tumor suppressor responses provide partial protection, their capacity is often exceeded by chronic exposure. The resulting mutations, micronuclei, and epigenetic changes have profound implications for fish health and the long-term sustainability of coal-impacted freshwater ecosystems. Extensive research has shown that exposure to B[a]P induces DNA damage and repair (Table 3).
Table 3. Genotoxic responses and DNA repair capacity in various fish populations exposed to varying concentrations of B[a]P.
	Species 
	Experimental conditions
	Impacts
	References

	Rutilus frissi kutum
	Fingerling (weight 6.5 ± 0.8 g and length 10 ± 1 cm); (50, 100, and 200 ppb); for 21 days
	Time and concentration-dependent DNA strand breaks in liver and gill cells; chromosomal abnormalities, evidenced by increased frequency of micronucleated and bi-nucleated erythrocytes.
	(Esmaeilbeigi et al., 2021)

	Oryzias melastigma
	Embryo; (10 µg/L and 50 µg/L); for 2.5–96 hpf
	Decrease in Cyp19a1b aromatase activity accompanied by increased DNA strand breaks and elevated 8-oxo-dG levels.
	(Alharthy et al., 2017)

	Fundulus heteroclitus 
	Larvae; (50, 100, and 200 μg/L); for 5 days
	Both nDNA and mtDNA ↑ damage was mtDNA showed greater vulnerability to ROS and limited repair capacity
	(Jung et al., 2009)

	 Dreissena polymorpha
	Mussel length (25–30 mm); (7, 12 and 18 lg/L); for 24hours
	DNA strand breaks and oxidative lesions, specifically 8-oxo-dG, in the gill cells; repaired significantly
	(Michel and Vincent-Hubert, 2015)

	Oryzias melastigma
	 Embryo; (1, 4, and 8 μg/L); for 30days
	apoptosis-related genes like diablo, apaf1, casp9, and casp3
	(Zeb et al., 2024)

	Acipenser ruthenus   
	Embryo; 1 μM; for 8days (2 cell stage –8dpf)
	Efficient embryonic DNA repair with elevated NER and BER activity.
	(Gazo et al., 2020)

	Oryzias melastigma
	3 hpf;(0.001, 0.01, 0.1, 1, 2, 5, 10, 20 μg/L); for 1 week
	↑ tail movement and percent tail DNA
	(Nam et al., 2020)



3.4 Metabolic and Physiological Disruptions
Chronic exposure of fish to coal mining contaminants results in the profound disruption of metabolic and physiological processes (Gashkina, 2024; Hawkey et al., 2022). Energy metabolism is a primary target of coal-derived toxicity, with multiple studies documenting decreased ATP production, altered mitochondrial function, and shifts toward anaerobic metabolism in exposed fish (Gashkina, 2024; Hawkey et al., 2022; Jung et al., 2009). In killifish, B[a]P-induced DNA damage suggests that the mitochondrial repair capacity is inherently limited compared to nuclear repair, leading to greater mtDNA susceptibility (Jung et al., 2009). These metabolic disruptions have cascading effects on the growth, reproduction, and survival of the affected populations.
Mitochondrial dysfunction has emerged as a central theme in coal contamination research (Hawkey et al., 2022; Jung et al., 2009). PAHs and heavy metals directly target mitochondrial membranes and enzymes, leading to a decreased respiratory chain efficiency and increased ROS production (Gashkina, 2024). Studies on aging zebrafish embryonically exposed to B[a]P have revealed persistent reductions in mitochondrial respiration across multiple tissues, including the brain, liver, and heart (Hawkey et al., 2022). These effects suggest that early life exposure to coal-derived contaminants can promote long-term metabolic dysfunction. For example, oxygen consumption patterns in coal-exposed fish provide integrative measures for metabolic disruption (Hawkey et al., 2022; Villa-Villaseñor et al., 2022). Whole-animal oxygen consumption typically decreases in chronically exposed fish, reflecting compromised respiratory and circulatory function (Hawkey et al., 2022). Tissue-specific measurements revealed differential effects across organ systems, with the brain and liver showing particularly pronounced reductions in oxygen consumption (Hawkey et al., 2022).
Enzymatic biomarkers of metabolic dysfunction include alterations in key metabolic enzymes such as lactate dehydrogenase, succinate dehydrogenase, and various aminotransferases (Kim et al., 2024; Soulivongsa et al., 2021). These enzyme activities often show tissue-specific patterns of change, with liver enzymes typically showing the most pronounced alterations due to the central role of this organ in xenobiotic metabolism (Soulivongsa et al., 2021, 2020). Serum enzyme activities, including those of aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase, are consistently elevated in coal-exposed fish, indicating hepatocellular damage and metabolic disruption (Kim et al., 2024; Soulivongsa et al., 2021).
The endocrine system is another important target of coal mining contamination, with multiple studies documenting disruptions in hormone synthesis and signalling pathways (Alharthy et al., 2017; Sathikumaran et al., 2022; Wan et al., 2023). B[a]P exposure inhibits aromatase activity, leading to altered estrogen: androgen ratios and reproductive dysfunction (Alharthy et al., 2017). These endocrine-disrupting effects can have population-level consequences through their effects on reproductive success and development (Knecht et al., 2017; Wan et al., 2023). Cross-generational toxicity studies have revealed that maternal exposure to B[a]P results in mitochondrial dysfunction and altered DNA methylation in offspring sperm, providing a mechanism for paternal inheritance of pollution-induced genetic damage (Wan et al., 2023). These findings suggest that coal mining contamination can have far-reaching consequences on fish reproduction and population genetics.

4. Biomarkers for Environmental Monitoring
The temporal dynamics of biomarker responses add complexity to the interpretation of the effects of coal contamination (David and Kartheek, 2015; Kim et al., 2022; Pramanik and Biswas, 2024). Acute responses such as the induction of detoxification enzymes and oxidative stress markers, may occur within hours to days of exposure (Kang et al., 2022; Kim et al., 2022). Chronic responses, including histopathological changes and genotoxic effects, may require weeks to months to develop fully (David and Kartheek, 2015; Pramanik and Biswas, 2024). Recovery patterns following the cessation of exposure vary among endpoints, with some showing rapid normalization and others persisting for extended periods (David and Kartheek, 2015; Martins et al., 2018).
The spatial patterns of biomarker responses provide valuable information regarding contamination gradients and their ecological impacts (Chan et al., 2021; Gabriel et al., 2020; da Silva Montes et al., 2020). Studies on mining-affected river systems typically show distance-related patterns of biological effects, with the most pronounced responses occurring near contamination sources and gradual downstream recovery  (Chan et al., 2021; Gabriel et al., 2020). These spatial patterns can inform management decisions regarding critical habitat areas and restoration priorities (Hall et al., 2014). The correlation between biomarker responses and contaminant body burden validates cause-and-effect relationships and supports the use of biomarkers in environmental monitoring (Jiri et al., 2018; Porte et al., 2002; da Silva Montes et al., 2020). Strong correlations between specific contaminants and the corresponding biomarker responses enhance confidence in biomarker-based assessments (Figure 3) and support a mechanistic understanding of the toxicological effects (Jiri et al., 2018; Soltani et al., 2019). Weak correlations may indicate complex exposure scenarios, metabolic factors, or confounding environmental variables that require further investigation (Abdallah et al., 2024).
Population-level consequences of individual biomarker responses represent an important area of research (Azevedo-Santos et al., 2021; Hall et al., 2014; Masud and Cable, 2023). Although biomarker responses clearly indicate exposure and early biological effects, their relationships with population-relevant endpoints, such as growth, reproduction, and survival, require careful validation (Hook et al., 2014; Villa-Villaseñor et al., 2022). Long-term studies of fish populations in mining-impacted systems have provided opportunities to establish  critical linkages between biomarker responses and ecological outcomes (Hall et al., 2014).
4.1 Emerging Technologies and Future Directions 
The field of environmental biomarker research is evolving rapidly with the development of new analytical technologies and computational approaches (Agrawal et al., 2024; Auslander et al., 2008; Kim et al., 2022). Omics technologies, including genomics, transcriptomics, proteomics, and metabolomics, offer unprecedented opportunities to understanding the molecular mechanisms (Figure 3) underlying the effects of coal contamination on fish (Auslander et al., 2008; Wan et al., 2023). These approaches can identify novel biomarkers and provide mechanistic insights that enhance our understanding of the contaminant toxicology (Agrawal et al., 2024). Transcriptomic approaches have proven valuable for identifying gene expression patterns associated with exposure to coal contamination exposure (Auslander et al., 2008; Fang et al., 2013; Kim et al., 2022). RNA sequencing technologies enable a comprehensive assessment of gene expression changes across the entire genome, revealing complex networks of biological responses to contaminant exposure (Fang et al., 2013; Wan et al., 2023). The identification of universal biomarker genes that respond consistently across species enhances the applicability of transcriptomic approaches to environmental monitoring(Agrawal et al., 2024).
Epigenetic biomarkers represent an emerging frontier in environmental toxicology (Figure 3), with growing evidence showing that exposure to contaminants can induce heritable changes in gene expression patterns (Wan et al., 2023).  DNA methylation patterns, histone modifications, and non-coding RNA expression respond to coal-derived contaminants and may provide sensitive indicators of early biological effects (Carrothers et al., 2024; Wan et al., 2023). The transgenerational inheritance of epigenetic modifications has important implications on  the population-level impact of contamination (Knecht et al., 2017; Wan et al., 2023). 
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Figure 3. Different Integrated biomarker assessment tools represent the major technologies for the comprehensive health assessment of fish in coal-contaminated ecosystems. Created with mindthegraph.com
Non-invasive biomarker approaches are gaining attention as methods for reducing the impact on fish populations while maintaining monitoring capabilities (Aib et al., 2025; Takeuchi et al., 2024). Fish scales have emerged as promising matrices for contaminant analysis, providing historical records of exposure, while avoiding the need for lethal sampling (Aib et al., 2025). Fecal samples provide an alternative noninvasive approach for monitoring fish health, with metagenomic and metabolomic analyses revealing disease-related biomarkers (Takeuchi et al., 2024). Advanced analytical instruments and methods have continued to expand the research capabilities of biomarkers. X-ray fluorescence (XRF) and inductively coupled plasma techniques enable the rapid multi-element analysis of fish tissues with improved sensitivity and precision (Aib et al., 2025). Gas chromatography-mass spectrometry (GC-MS) provides a detailed characterization of PAH exposure patterns and metabolite profiles (Deng et al., 2023).
5. Conclusion
In conclusion, this comprehensive review highlights the significant and multifaceted effects of coal mining contamination on freshwater fish populations, with benzo[a]pyrene emerging as a key toxicant of concern. This study demonstrated that oxidative stress serves as a central mechanism linking contaminant exposure to adverse biological outcomes across multiple organ systems and various levels of biological organization. The integration of diverse biomarker approaches, including biochemical, histopathological, and molecular endpoints, provides powerful tools for assessing and monitoring fish populations health in coal-affected ecosystems.     
Tissue-specific response patterns and temporal dynamics of biomarker responses offer insights into exposure pathways and progression of toxicological effects. The application of advanced analytical techniques, including omics technologies and non-invasive sampling methods, continues to expand our understanding of the impact of contaminants and improve monitoring capabilities.
However, significant research gaps and priorities remain. These include the need for standardized multi-biomarker protocols suitable for routine environmental monitoring, long-term studies linking biomarker responses to population-level outcomes, and investigations into the combined effects of coal contamination and other stressors, such as climate change. The translation of biomarker research into practical management applications requires ongoing collaboration among researchers, regulators, and stakeholders. As global energy demand continues to drive coal mining, the protection of freshwater ecosystems remains a critical environmental challenge. The research synthesized in this review provides a strong foundation for evidence-based management strategies and highlights the ongoing need for international cooperation to address the far-reaching impacts of coal mining on aquatic environments. By advancing our understanding of toxicological mechanisms and refining biomarker-based assessment tools, we can work towards more effective protection and restoration of fish populations in coal-impacted watersheds globally. 

[bookmark: conflict_of_interest]Disclaimer (Artificial Intelligence): The author(s) affirm that no generative AI tools, including Large Language Models like ChatGPT, COPILOT, or text-to-image generators, were utilized during the writing 
Conflict of Interest declaration: The authors declare that they have no conflict of interest.

[bookmark: _GoBack]
References
Abdallah SM, Muhammed RE, Mohamed RE, El Daous H, Saleh DM, Ghorab MA, et al. Assessment of biochemical biomarkers and environmental stress indicators in some freshwater fish. Environ Geochem Health 2024;46:464. https://doi.org/10.1007/s10653-024-02226-6.
Agrawal I, Lee AQ, Gong Z. Identifying Universal Fish Biomarker Genes in Response to PCB126 Exposure by Comparative Transcriptomic Analyses. Curr Issues Mol Biol 2024;46:7862–76. https://doi.org/10.3390/cimb46080466.
Aib H, Czédli H, Baranyai E, Sajtos Z, Döncző B, Parvez MS, et al. Fish Scales as a Non-Invasive Method for Monitoring Trace and Macroelement Pollution. Biology 2025;14:344. https://doi.org/10.3390/biology14040344.
Alexiev A, Stretch E, Kasschau KD, Wilson LB, Truong L, Tanguay RL, et al. Clearing the Air on Pollutant Disruptions of the Gut-Brain Axis: Developmental Exposure to Benzo[a]pyrene Disturbs Zebrafish Behavior and the Gut Microbiome in Adults and Subsequent Generations. Toxics 2024;13:10. https://doi.org/10.3390/toxics13010010.
Alharthy KM, Albaqami FF, Thornton C, Corrales J, Willett KL. Mechanistic Evaluation of Benzo[a]pyrene’s Developmental Toxicities Mediated by Reduced Cyp19a1b Activity. Toxicol Sci 2017;155:135–47. https://doi.org/10.1093/toxsci/kfw182.
Auslander M, Yudkovski Y, Chalifa-Caspi V, Herut B, Ophir R, Reinhardt R, et al. Pollution-Affected Fish Hepatic Transcriptome and Its Expression Patterns on Exposure to Cadmium. Mar Biotechnol 2008;10:250–61. https://doi.org/10.1007/s10126-007-9060-y.
Azevedo-Santos VM, Arcifa MS, Brito MFG, Agostinho AA, Hughes RM, Vitule JRS, et al. Negative impacts of mining on Neotropical freshwater fishes. Neotropical Ichthyology 2021;19:1–25. https://doi.org/10.1590/1982-0224-2021-0001.
Barangi S, Asadi R, Mehri S, Karimi G. The effect of melatonin on benzo(a)pyrene-induced renal toxicity in mice. Toxicol Ind Health 2023;39:248–57. https://doi.org/10.1177/07482337231166491.
Batchamen Mougnol JB, Waanders F, Fosso-Kankeu E, Al Alili AR. Leaching of Polycyclic Aromatic Hydrocarbons from the Coal Tar in Sewage Wastewater, Acidic and Alkaline Mine Drainage. Int J Environ Res Public Health 2022;19:4791. https://doi.org/10.3390/ijerph19084791.
Bian Z, Dong J, Lei S, Leng H, Mu S, Wang H. The impact of disposal and treatment of coal mining wastes on environment and farmland. Environmental Geology 2008;58:625–34. https://doi.org/10.1007/s00254-008-1537-0.
Bukowska B, Mokra K, Michałowicz J. Benzo[a]pyrene—Environmental Occurrence, Human Exposure, and Mechanisms of Toxicity. International Journal of Molecular Sciences  https://doi.org/10.3390/ijms23116348.
Carrothers S, Trevisan R, Jayasundara N, Pelletier N, Weeks E, Meyer JN, et al. An epigenetic memory at the CYP1A gene in cancer-resistant, pollution-adapted killifish 2024:2024.08.14.607951. https://doi.org/10.1101/2024.08.14.607951.
Chan WS, Routh J, Luo C, Dario M, Miao Y, Luo D, et al. Metal accumulations in aquatic organisms and health risks in an acid mine-affected site in South China. Environ Geochem Health 2021;43:4415–40. https://doi.org/10.1007/s10653-021-00923-0.
Chandra R. Impact of Cadmium Chloride (CdCl2) Exposure on Glucose Levels in Various Tissues of Heteropneustes fossilis. Knowledgeable Research A Multidisciplinary Journal 2024;2:106–11.
Chen D, Feng Q, Liang H, Gao B, Alam E. Distribution characteristics and ecological risk assessment of polycyclic aromatic hydrocarbons (PAHs) in underground coal mining environment of Xuzhou. Human and Ecological Risk Assessment: An International Journal 2019;25:1564–78. https://doi.org/10.1080/10807039.2018.1489715.
Das DN, Bhutia SK. Inevitable dietary exposure of Benzo[a]pyrene: carcinogenic risk assessment an emerging issues and concerns. Current Opinion in Food Science 2018;24:16–25. https://doi.org/10.1016/j.cofs.2018.10.008.
David M, Kartheek RM. Histopathological alterations in spleen of freshwater fish Cyprinus carpio exposed to sublethal concentration of sodium cyanide. Open Vet J 2015;5:1–5.
Deng X, Chen G, Wang H, Sun H. Pollution Characteristics and Risk Evaluation of PAHs in Subsidence Water Bodies in Huainan Coal Mining Area, China. Sustainability 2023;15:14003. https://doi.org/10.3390/su151814003.
Dourado PLR, Rocha MP da, Roveda LM, Raposo JL, Cândido LS, Cardoso CAL, et al. Genotoxic and mutagenic effects of polluted surface water in the midwestern region of Brazil using animal and plant bioassays. Genet Mol Biol 2017;40:123–33. https://doi.org/10.1590/1678-4685-GMB-2015-0223.
Elfawy HA, Anupriya S, Mohanty S, Patel P, Ghosal S, Panda PK, et al. Molecular toxicity of Benzo(a)pyrene mediated by elicited oxidative stress infer skeletal deformities and apoptosis in embryonic zebrafish. Science of The Total Environment 2021;789:147989. https://doi.org/10.1016/j.scitotenv.2021.147989.
Esmaeilbeigi M, Kalbassi MR, Seyedi J, Tayemeh MB, Moghaddam JA. Intra and extracellular effects of benzo [α] pyrene on liver, gill and blood of Caspian White fish (Rutilus frissi kutum): Cyto-genotoxicity and histopathology approach. Marine Pollution Bulletin 2021;163:111942. https://doi.org/10.1016/j.marpolbul.2020.111942.
Fang X, Thornton C, Scheffler BE, Willett KL. Benzo[a]pyrene decreases global and gene specific DNA methylation during zebrafish development. Environ Toxicol Pharmacol 2013;36:40–50. https://doi.org/10.1016/j.etap.2013.02.014.
Gabriel FÂ, Hauser-Davis RA, Soares L, Mazzuco ACA, Rocha RCC, Saint Pierre TD, et al. Contamination and oxidative stress biomarkers in estuarine fish following a mine tailing disaster. PeerJ 2020;8:e10266. https://doi.org/10.7717/peerj.10266.
Gashkina NA. Metal Toxicity: Effects on Energy Metabolism in Fish. Int J Mol Sci 2024;25:5015. https://doi.org/10.3390/ijms25095015.
Gazo I, Franěk R, Šindelka R, Lebeda I, Shivaramu S, Pšenička M, et al. Ancient Sturgeons Possess Effective DNA Repair Mechanisms: Influence of Model Genotoxicants on Embryo Development of Sterlet, Acipenser ruthenus. Int J Mol Sci 2020;22:6. https://doi.org/10.3390/ijms22010006.
Gentile I, Vezzoli V, Martone S, Totaro MG, Bonomi M, Persani L, et al. Short-Term Exposure to Benzo(a)Pyrene Causes Disruption of GnRH Network in Zebrafish Embryos. Int J Mol Sci 2023;24:6913. https://doi.org/10.3390/ijms24086913.
Halek F, Nabi Gh, Kavousi A. Polycyclic aromatic hydrocarbons study and toxic equivalency factor (TEFs) in Tehran, IRAN. Environ Monit Assess 2008;143:303–11. https://doi.org/10.1007/s10661-007-9983-9.
Hall S, Beeson D, Lockwood R. Recovery of Stream Communities Following Surface Coal Mine Reclamation. Environment and Natural Resources Research 2014;4:p204. https://doi.org/10.5539/enrr.v4n3p204.
Hasii O, Gasii G. Coal mining and water resources: impacts, challenges, and strategies for sustainable environmental management. IOP Conf Ser: Earth Environ Sci 2024;1348:012017. https://doi.org/10.1088/1755-1315/1348/1/012017.
Hawkey AB, Piatos P, Holloway Z, Boyda J, Koburov R, Fleming E, et al. Embryonic exposure to benzo[a]pyrene causes age-dependent behavioral alterations and long-term metabolic dysfunction in zebrafish. Neurotoxicol Teratol 2022;93:107121. https://doi.org/10.1016/j.ntt.2022.107121.
Hook SE, Gallagher EP, Batley GE. The Role of Biomarkers in the Assessment of Aquatic Ecosystem Health. Integr Environ Assess Manag 2014;10:327–41. https://doi.org/10.1002/ieam.1530.
Imasiku K, Thomas VM. The Mining and Technology Industries as Catalysts for Sustainable Energy Development. Sustainability 2020;12:10410. https://doi.org/10.3390/su122410410.
Javed M, Ahmad MI, Usmani N, Ahmad M. Publisher Correction: Multiple biomarker responses (serum biochemistry, oxidative stress, genotoxicity and histopathology) in Channa punctatus exposed to heavy metal loaded waste water. Sci Rep 2018;8:17451. https://doi.org/10.1038/s41598-018-35445-w.
Jiri Z, Tazvivinga A, Greenfield R, Vuren J van. Oxidative stress biomarkers in Oreochromis niloticus as early warning signals in assessing pollution from acid mine drainage and diffuse sources of pollutants in a subtropical river. Water SA 2018;44:318–27. https://doi.org/10.4314/wsa.v44i2.17.
Jung D, Cho Y, Collins LB, Swenberg JA, Di Giulio RT. Effects of benzo[a]pyrene on mitochondrial and nuclear DNA damage in Atlantic killifish (Fundulus heteroclitus) from a creosote-contaminated and reference site. Aquat Toxicol 2009;95:44–51. https://doi.org/10.1016/j.aquatox.2009.08.003.
Kang X, Li D, Zhao X, Lv Y, Chen X, Song X, et al. Long-Term Exposure to Phenanthrene Induced Gene Expressions and Enzyme Activities of Cyprinus carpio below the Safe Concentration. Int J Environ Res Public Health 2022;19:2129. https://doi.org/10.3390/ijerph19042129.
Kelly JM, Ivatt PD, Evans MJ, Kroll JH, Hrdina AIH, Kohale IN, et al. Global Cancer Risk From Unregulated Polycyclic Aromatic Hydrocarbons. GeoHealth 2021;5:e2021GH000401. https://doi.org/10.1029/2021GH000401.
Kim M, Jee S-C, Sung J-S. Hepatoprotective Effects of Flavonoids against Benzo[a]Pyrene-Induced Oxidative Liver Damage along Its Metabolic Pathways. Antioxidants 2024;13:180. https://doi.org/10.3390/antiox13020180.
Kim W-S, Park K, Park Jae-Won, Lee S-H, Kim J-H, Kim Y-J, et al. Transcriptional Responses of Stress-Related Genes in Pale Chub (Zacco platypus) Inhabiting Different Aquatic Environments: Application for Biomonitoring Aquatic Ecosystems. Int J Environ Res Public Health 2022;19:11471. https://doi.org/10.3390/ijerph191811471.
Knecht AL, Truong L, Marvel SW, Reif DM, Garcia A, Lu C, et al. Transgenerational inheritance of neurobehavioral and physiological deficits from developmental exposure to benzo[a]pyrene in zebrafish. Toxicol Appl Pharmacol 2017;329:148–57. https://doi.org/10.1016/j.taap.2017.05.033.
Kortei NK, Heymann ME, Essuman EK, Kpodo FM, Akonor PT, Lokpo SY, et al. Health risk assessment and levels of toxic metals in fishes (Oreochromis noliticus and Clarias anguillaris) from Ankobrah and Pra basins: Impact of illegal mining activities on food safety. Toxicology Reports 2020;7:360–9. https://doi.org/10.1016/j.toxrep.2020.02.011.
Kozal JS, Jayasundara N, Massarsky A, Lindberg CD, Oliveri AN, Cooper EM, et al. Mitochondrial dysfunction and oxidative stress contribute to cross-generational toxicity of benzo(a)pyrene in Danio rerio. Aquat Toxicol 2023;263:106658. https://doi.org/10.1016/j.aquatox.2023.106658.
Lebepe J, Oberholster PJ, Ncube I, Smit W, Luus-Powell WJ. Metal levels in two fish species from a waterbody impacted by metallurgic industries and acid mine drainage from coal mining in South Africa. J Environ Sci Health A Tox Hazard Subst Environ Eng 2020;55:421–32. https://doi.org/10.1080/10934529.2019.1704604.
Liu G, Niu Z, Van Niekerk D, Xue J, Zheng L. Polycyclic Aromatic Hydrocarbons (PAHs) from Coal Combustion: Emissions, Analysis, and Toxicology, 2006. https://doi.org/10.1007/978-0-387-71724-1_1.
Liu Y-S, Ying G-G, Shareef A, Kookana RS. Occurrence and removal of benzotriazoles and ultraviolet filters in a municipal wastewater treatment plant. Environ Pollut 2012;165:225–32. https://doi.org/10.1016/j.envpol.2011.10.009.
Martins M, Silva A, Costa MH, Miguel C, Costa PM. Co-exposure to environmental carcinogens in vivo induces neoplasia-related hallmarks in low-genotoxicity events, even after removal of insult. Scientific Reports 2018;8:3649. https://doi.org/10.1038/s41598-018-21975-w.
Masood N, Hudson-Edwards K, Farooqi A. True cost of coal: coal mining industry and its associated environmental impacts on water resource development. Journal of Sustainable Mining 2020;19. https://doi.org/10.46873/2300-3960.1012.
Masud N, Cable J. Microplastic exposure and consumption increases susceptibility to gyrodactylosis and host mortality for a freshwater fish. Dis Aquat Organ 2023;153:81–5. https://doi.org/10.3354/dao03721.
Michel C, Vincent-Hubert F. DNA oxidation and DNA repair in gills of zebra mussels exposed to cadmium and benzo(a)pyrene. Ecotoxicology 2015;24:2009–16. https://doi.org/10.1007/s10646-015-1536-3.
Miranda-Guevara A, Muñoz-Acevedo A, Fiorillo-Moreno O, Acosta-Hoyos A, Pacheco-Londoño L, Quintana-Sosa M, et al. The dangerous link between coal dust exposure and DNA damage: unraveling the role of some of the chemical agents and oxidative stress. Environ Geochem Health 2023;45:7081–97. https://doi.org/10.1007/s10653-023-01697-3.
Mohamed IA, Fathy M, Farghal AIA, Temerak S a. H, Abd El-Ghaffar SK, Idriss SKA. Behavioral and histopathological changes of Clarias gariepinus as a predatory fish against Culex pipiens larvae following exposure to sublethal concentration of quinclorac and bensulfuron-methyl based herbicide. Hellenic Plant Protection Journal 2023;16:67–78. https://doi.org/10.2478/hppj-2023-0009.
Morado CN, Parente TEM, Araújo FG, Paumgartten FJR, Gomes ID. Induced CYP1A activity and DNA damage in fish from the middle Paraíba do Sul River basin, southeastern Brazil. Acta Scientiarum Biological Sciences 2018;40.
Nam S-E, Saravanan M, Rhee J-S. Benzo[a]pyrene constrains embryo development via oxidative stress induction and modulates the transcriptional responses of molecular biomarkers in the marine medaka Oryzias javanicus. Journal of Environmental Science and Health, Part A 2020;55:1050–8. https://doi.org/10.1080/10934529.2020.1767452.
Negi K, Chaudhary P. Benzo[a]pyrene: A carcinogen, its sources, adverse effects, and preventions. The Applied Biology & Chemistry Journal 2024;5:44–56. https://doi.org/10.52679/tabcj.2024.0007.
Osuagwu UO, Ujowundu CO, Nwaogu LA, Nwaoguikpe RN. Assessment of haematological and histopathological effects of mixture toxicity of phenanthrene and benzo[a]pyrene in catfish. Biological Sciences 2023;3:399–405. https://doi.org/10.55006/biolsciences.2023.3202.
Perveen S, Latif F, Aziz S, Iram S. Oxidative Stress Biomarkers in the Fish Samples Collected from Taunsa Barrage. Journal of Agriculture and Veterinary Science 2024;3:457–65. https://doi.org/10.55627/agrivet.003.03.0501.
Porte C, Escartín E, Parra* LMG de la, Biosca X, Albaigés J. Assessment of coastal pollution by combined determination of chemical and biochemical markers in Mullus barbatus. Marine Ecology Progress Series 2002;235:205–16. https://doi.org/10.3354/meps235205.
Pramanik S, Biswas JK. Histopathological fingerprints and biochemical changes as multi-stress biomarkers in fish confronting concurrent pollution and parasitization. iScience 2024;27:111432. https://doi.org/10.1016/j.isci.2024.111432.
Rehman T, Naz S, Hussain R, Chatha AMM, Ahmad F, Yamin A, et al. Exposure to heavy metals causes histopathological changes and alters antioxidant enzymes in fresh water fish (Oreochromis niloticus). Asian Journal of Agriculture and Biology 2021;2021.
Rixian L, Huasheng H, Xinhong W, Kejian W, Chunguang W. The genotoxic effects of benzo[a]pyrene and methamidophos on black porgy evaluated by comet assay. Chin J Ocean Limnol 2005;23:455–60. https://doi.org/10.1007/BF02842691.
Rouhani A, Skousen J, Tack FMG. An Overview of Soil Pollution and Remediation Strategies in Coal Mining Regions. Minerals 2023;13:1064. https://doi.org/10.3390/min13081064.
Santos C, de Oliveira MT, Cólus IM de S, Sofia SH, Martinez CB dos R. Expression of cyp1a induced by benzo(A)pyrene and related biochemical and genotoxic biomarkers in the neotropical freshwater fish Prochilodus lineatus. Environmental Toxicology and Pharmacology 2018;61:30–7. https://doi.org/10.1016/j.etap.2018.05.008.
Sathikumaran R, Madhuvandhi J, Priya KK, Sridevi A, Krishnamurthy R, Thilagam H. Evaluation of benzo[a]pyrene-induced toxicity in the estuarine thornfish Therapon jarbua. Toxicol Rep 2022;9:720–7. https://doi.org/10.1016/j.toxrep.2022.03.051.
Sha W, Cai F, Li Y, Wang Y, Liu C, Wang R, et al. Biomarker responses and histological damage in the gill, liver, and gonad of Cyprinus carpio with benzo(a)pyrene exposure. Environ Sci Pollut Res 2021;28:61290–301. https://doi.org/10.1007/s11356-021-15065-0.
Silva GS da, Fé LML, Silva M de NP da, Val VMF de AE. Ras oncogene and Hypoxia-inducible factor-1 alpha (hif-1α) expression in the Amazon fish Colossoma macropomum (Cuvier, 1818) exposed to benzo[a]pyrene. Genet Mol Biol 2017;40:491–501. https://doi.org/10.1590/1678-4685-GMB-2016-0066.
da Silva Montes C, Pantoja Ferreira MA, Giarrizzo T, Amado LL, Rocha RM. Evaluation of metal contamination effects in piranhas through biomonitoring and multi biomarkers approach. Heliyon 2020;6:e04666. https://doi.org/10.1016/j.heliyon.2020.e04666.
Soltani T, Safahieh A, Zolgharnain H, Matroodi S. Interactions of oxidative DNA damage and CYP1A gene expression with the liver enzymes in Klunzinger’s mullet exposed to benzo[a]pyrene. Toxicol Rep 2019;6:1097–103. https://doi.org/10.1016/j.toxrep.2019.10.013.
Soulivongsa L, Tengjaroenkul B, Neeratanaphan L. Effects of Contamination by Heavy Metals and Metalloids on Chromosomes, Serum Biochemistry and Histopathology of the Bonylip Barb Fish Near Sepon Gold-Copper Mine, Lao PDR. Int J Environ Res Public Health 2020;17:9492. https://doi.org/10.3390/ijerph17249492.
Soulivongsa L, Tengjaroenkul B, Patawang I, Neeratanaphan L. Cytogenetic, Serum Liver Enzymes and Liver Cell Pathology of the Hampala Barb Fish (Hampala macrolepidota) Affected by Toxic Elements in the Contaminated Nam Kok River Near the Sepon Gold-Copper Mine, Lao PDR. Int J Environ Res Public Health 2021;18:5854. https://doi.org/10.3390/ijerph18115854.
Srivastava V, Jha PK. Environmental impacts of coal mining and mitigation measures: a review. Environ Monit Assess 2025;197:545. https://doi.org/10.1007/s10661-025-13939-1.
Szczepanska J, Twardowska I. Distribution and environmental impact of coal-mining wastes  Environmental Geology 1999;38:249–58. https://doi.org/10.1007/s002540050422.
Takam P, Schäffer A, Laovitthayanggoon S, Charerntantanakul W, Sillapawattana P. Toxic effect of polycyclic aromatic hydrocarbons (PAHs) on co-culture model of human alveolar epithelial cells (A549) and macrophages (THP-1). Environmental Sciences Europe 2024;36:176. https://doi.org/10.1186/s12302-024-01003-7.
Takeuchi M, Fujiwara-Nagata E, Kuroda K, Sakata K, Narihiro T, Kikuchi J. Fecal metagenomic and metabolomic analyses reveal non-invasive biomarkers of Flavobacterium psychrophilum infection in ayu (Plecoglossus altivelis). mSphere 2024;9:e0030124. https://doi.org/10.1128/msphere.00301-24.
Tiwary RK. Environmental Impact of Coal Mining on Water Regime and Its Management. Water, Air, and Soil Pollution 2001;132:185–99. https://doi.org/10.1023/A:1012083519667.
Vieira LR, Sousa A, Frasco MF, Lima I, Morgado F, Guilhermino L. Acute effects of Benzo[a]pyrene, anthracene and a fuel oil on biomarkers of the common goby Pomatoschistus microps (Teleostei, Gobiidae). Science of The Total Environment 2008;395:87–100. https://doi.org/10.1016/j.scitotenv.2008.01.052.
Villa-Villaseñor IM, Yáñez-Rivera B, Rueda-Jasso RA, Herrera-Vargas MA, Hernández-Morales R, Meléndez-Herrera E, et al. Differential sensitivity of offspring from four species of goodeine freshwater fish to acute exposure to nitrates. Front Ecol Evol 2022;10. https://doi.org/10.3389/fevo.2022.1014814.
Wan T, Mo J, Au DW-T, Qin X, Tam NY-K, Kong RY-C, et al. The role of DNA methylation on gene expression in the vertebrae of ancestrally benzo[a]pyrene exposed F1 and F3 male medaka. Epigenetics 2023;18:2222246. https://doi.org/10.1080/15592294.2023.2222246.
Yang L, Birhane GE, Zhu J, Geng J. Mining Employees Safety and the Application of Information Technology in Coal Mining: Review. Front Public Health 2021;9. https://doi.org/10.3389/fpubh.2021.709987.
Zeb R, Yin X, Chen F, Wang K-J. Chronic exposure to environmental concentrations of benzo[a]pyrene causes multifaceted toxic effects of developmental compromise, redox imbalance, and modulated transcriptional profiles in the early life stages of marine medaka (Oryzias melastigma). Aquatic Toxicology 2024;273:107016. https://doi.org/10.1016/j.aquatox.2024.107016.
Zhou Y, Kong Q, Lin Z, Ma J, Zhang H. Transcriptome aberration associated with altered locomotor behavior of zebrafish (Danio rerio) caused by Waterborne Benzo[a]pyrene. Ecotoxicology and Environmental Safety 2021;227:112928. https://doi.org/10.1016/j.ecoenv.2021.112928.






image3.emf

image4.emf

image1.emf

image2.emf

