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Abstract
Heavy metal contamination poses a significant environmental hazard, particularly to aquatic ecosystems, due to its non-biodegradable and
persistent nature. Increased levels of heavy metals negatively impact aquatic organisms, particularly fish, by generating reactive oxygen
species and inducing oxidative stress through the production of oxidising radicals. Exposure to heavy metals induces haematological and
biochemical changes, encompassing cellular and nuclear problems in multiple fish species. It alters blood parameters, compromises immune
system activities, influences hormonal and enzymatic activity that resulting in systemic toxicity. Principal organs including gills, liver, kidneys,
intestines and muscles, demonstrate considerable tissue damage associated with acute and chronic heavy metal exposure. Histopathological
analyses demonstrate organ-specific diseases resulting from heavy metal deposition, underscoring the adverse impacts on fish health. The
manifestation of genes associated with oxidative stresses and detoxification systems is modified, signifying disturbances in antioxidant
defenses and cellular signaling pathways. In this chapter, we will discuss the systemic and molecular disturbances induced by heavy metal
pollution in aquatic ecosystems. The results highlight the necessity of protecting aquatic ecosystems from heavy metal contamination and
advocating for sustainable management strategies to alleviate their impacts.
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Introduction

The industrial revolution marked a turning point on environment as rapid industrialization introduced unprecedented levels of pollutants
into natural ecosystem. Rapid industrial expansion, escalation energy demands and unchecked resources exploitation have accelerated
environment pollution over past few decades (Gautam et al., 2016). Aquatic ecosystem which is crucial for supporting the biodiversity,
regulating climate and sustaining nutrition cycle has been affected. The aquatic ecosystem is gradually threatened by various forms of pollution
such as thermal waste, plastic pollution, organic and inorganic contaminants (Zeitoun & Mehana, 2014). These contaminants elevate fatalities
among particular animal and plant species, alter physiological functions, and deteriorate the physicochemical qualities of water to the extent
that it becomes unsuitable for human consumption (Alimba & Faggio, 2019).

The diverse organic and inorganic hazardous substances are perpetually emitted from multiple throughout natural and artificial sources
throughout land and aquatic ecosystems. Heavy metals are significant cause of the ecological disruption because of their poisonous properties.
It also have the tendency to lead bioaccumulation in the food chain (Briffa et al., 2020). The phrase heavy metal describes any metallic chemical
element defined by its high density and toxic nature, at even low concentrations (Gheorghe et al., 2017). In biology, heavy metals are typically
categorized as essential and non-essential metals. The essential metals (Fe, Cu, Zn) facilitate biological processes and are non-toxic at trace
levels within an organism; but they can become hazardous if concentrations surpass a certain threshold (Keller et al., 2018). The non-essential
metals like Pb, Cd, Cr etc, lack biological function and are naturally hazardous, even at trace levels. Regardless of a metal's classification as
essential or non-essential, being exposed to excessive levels can result in significant detrimental health effects. They cannot be created or
extinguished and are closely associated with environmental degradation due to their ability to produce toxicity in living organisms (Sarkar et
al., 2022).

The natural origins of heavy metals mostly consist of volcanic eruptions and weathering of rocks, whereas artificial sources encompass
waste from agriculture, industrial activity, fossil fuel burning, petrol, waste incineration, and mining (Garai et al., 2021). Each of these sources
of contamination impact the physicochemical properties of water, sediments, and living entities, hence affecting the overall health of fish
populations (Figure 1). Heavy metals are inherent constituents of the Earth's crust that are indestructible and non-degradable (Singh et al.,
2020). Although they naturally occur as trace elements in aquatic environments, their concentrations have increased due to industrial waste,
geochemical structures, and farming and mining operations (Sprocati et al., 2006).
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The absorption and bioaccumulation of heavy metals are affected by various factors, including the concentration of heavy metals and the
period of exposure, interactions with other metals, the age and morphological attributes of fish, detoxifying mechanisms, metabolic impacts,
feeding behavior, and the physicochemical aspects of the environment (Delahaut et al., 2020). Fish are among the most extensively spread
species in aquatic ecosystems and are vulnerable to metal contamination (Youssef & Tavel, 2004). The homeostatic mechanisms of fish are
significantly influenced by their surrounding environment, where even little alterations in water quality can induce a variety of stresses (Singh
etal.,, 2023). Aquatic biota rapidly exposed to dissolved heavy metals in water or soil suffer neurological impairment, inhibiting fish interactions
with their environment (Luo et al., 2014).

2. The Dynamics of Bioaccumulation and Sources of heavy Metals in Aquatic Ecosystems

Ecotoxicology is the study of the adverse effects of chemical and physical substances on living organisms, with a particular emphasis on
the populations and communities in specific ecosystems (Yu et al., 2020). It comprises the transmission channels of these agents and their
relationship with the environment (Gupta et al., 2021). Among them, heavy metals are major cause of disturbance of the ecosystem, not only
due to their poisonous characteristics but also because they have the potential for bioaccumulation within the food chain (Briffa et al., 2020).
The characteristics of bioaccumulation and biomagnification in cells and tissues of living organisms, together with the incapacity to eradicate
them by oxidation or bioremediation, render these components very alarming, similar to organic pollutants (Ngo et al., 2011; Jamil Emon et al.,
2023). The unrestricted use and accumulation of these metals provide a considerable health hazard, as most are non-biodegradable into non-
toxic forms, hence exerting detrimental effects on human health and aquatic organisms (Lu et al., 2015). These pollutants impact the
physicochemical properties of water, sediments and living entities, hence influencing the quality and quantity of fish populations (Singh et al.,
2020; Jamil Emon et al., 2023).

The aquatic toxicology has a negative influence on the development and social behaviors of aquatic invertebrates, stimulate oxidative
stress, cause DNA damage and potentially lead to teratogenic and carcinogenic effects (Xu et al., 2016). High densities of these contaminants in
water ecosystems can also cause danger, as they accumulate in fish and shellfish, leading to toxic exposure in humans through consumption
(Sun et al., 2010). They can cause serious health issues, neurological damage and organ dysfunction (Jasim et al., 2016). These toxicants
frequently result in two categories of health effects. The first possesses carcinogenic qualities, while the other exhibits non-carcinogenic
properties. These impacts can be quantified using target hazard quotients (THQ) and target cancer risk (TR). Therefore, contamination of
heavy metals in aquatic creatures remains in food chain, resulting in transmission to human body (Rahman et al., 2012).
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3. Lethal Concentration of heavy Metals on fish

Heavy metals toxicity causes significant negative effects on aquatic environment when it is beyond the tolerance level. Toxicity tests are
performed to examine the impact of heavy metals on the physiology of fish and other aquatic species. Some trace elements, including Cu, Zn,
Fe and Cr are vital for maintaining basic metabolic process of fish but when they cross the threshold concentration, they cause toxicity. However,
some non-essential metals including Pb, Hg, Ni and As induce toxicity at minimal concentrations (Wood et al., 2016). Here are some trace
elements that cause adverse effect on fish health are discussed below.

3.1 Mercury (Hg)
Mercury is regarded as a severe environmental contaminant and is among the foremost dangerous metals present in our ecosystem.
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Mercury is emitted from both natural and synthetic sources. It permeates the water and soil via natural deposits, waste disposal, and the use
of mercury-laden fungicides The LCso value were less for Hg in case of R.sumatrana than P. reticulate, this indicates that R. sumatrana exhibited
greater susceptibility to heavy metal poisoning compared to P. reticulate. Mercury contamination exposed fish gill respiration deficiency, edema,
hypertrophy and epithelial cell lesions on Channa punctata. Additionally, it is commonly stated that toxicants cause lamellar fusion in the
secondary lamellae of carp (Jasim et al., 2016).

3.2 Cadmium (Cd)

Cadmium is a hazardous and nonessential transition metal that poses a significant risk to several organisms in aquatic settings. It is
present in the crust of the earth in a standard proportion of 0.1-0.5 ppm and is frequently located along with zinc, copper, and lead ores (Jaiswal
et al., 2018). Cadmium is regarded as the most hazardous metal for aquatic ecosystem due to its significant accumulation and delayed excretion
rates (Das et al., 2023). Cadmium exhibited greater toxicity in the freshwater prawn Macrocherax destructor and juvenile clams Mercenaria
mercenaria, indicating that biological variables, including genetic composition, account for differences in heavy metal toxicity. Exposure of
cadmium impaired gonadal function and sexual maturation in fish (Zhang et al., 2017). It is an endocrine disruptor and a vitellogenesis inhibitor
(Haverinen et al., 2021).

3.3 Arsenic (As)

Arsenic is a prevalent element released into aquatic environments from multiple anthropogenic sources, including industrial sites,
smelting operations, and power production plants. Arsenic present both in organic and inorganic form but inorganic arsenic is highly toxic and
easily absorbed into fish tissues (Kumari et al., 2017). The LCso for Orechromis mossambicus exposed to arsenic demonstrates that reduced
LCso values are associated with comparable arsenic exposure levels, leading to changes in the tissues of gills and liver cells of the freshwater
fishes (Figure 2). The liver histology demonstrated macrophage infiltration, enhanced vascularization, hepatocyte atrophy, sinusoidal dilation,
vascular degeneration, nuclear hypertrophy and localized necrosis in Channa punctatus (Hwang et al., 2019). A variety of histological changes
was observed in the heart of teleosts (Dangleben et al., 2013).
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3.4 Chromium (Cr)

Chromium is a common metal contaminant in the environment, often entering aquatic systems through effluents from industries such as
textiles, tanneries, mining, electroplating, dyeing, printing, photographic printing, and pharmaceuticals (Ahmed et al., 2013). Initial exposure
of fish to chromium resulted in several behavioral alterations, including erratic swimming, mucus secretion, color change and decreased hunger
etc. Chromium accumulation in the tissue of Cyprinus carpio reduce overall protein and fat levels in the muscle, liver and gill. Prolonged
exposure to chromium demonstrated cytotoxic effects, reduced lymphocyte activation and impaired phagocyte activities in aquatic fish. It
incorporated into fish tissues predominantly in the liver and is found at significantly higher concentrations than in the surrounding
environment (Dar et al., 2016).

3.5 Lead (Pb)

Lead is a bluish-gray in color and is occurs naturally in the earth’s crust. Lead enters the aquatic ecosystem via precipitation, dry deposition,
soil leaching, municipal and industrial waste (Carocci et al., 2016). It is additionally stored in the liver, spleen, kidneys, gastrointestinal tract
and gills of fish. A 96-hour lead exposure experiment in Zebrafish indicated that the lethal concentration value was elevated in hard water
relative to that in soft water (Kim et al., 2020). Acute lead intoxication results in damage to the gill epithelium and asphyxia Chronic lead
toxicity can affect blood chemistry characteristics, resulting in harm to red blood cells, white blood cells and the neurological system (Yildirim
et al., 2009).
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3.6 Zinc (Zn)

Zinc is an ever-present trace element and a crucial micronutrient for living organisms. Zinc contamination in the environment is escalating
due to several anthropogenic sources, including industrial operations, mining, coal combustion and waste disposal (Wuana et al., 2011). Zinc
toxicity is particular to species and varies among different developmental stages. Zinc acute toxic concentrations lethally damage fish by
damaging gill tissue, whereas chronic toxic levels generate stress that ultimately leads to fish mortality (Skidmore, 1964). Zinc has been
demonstrated to promote apoptosis in Channa punctatus through oxidative stress, resulting in cytotoxicity due to inflammatory reactions and
changes in mitochondrial membranes (Chuang et al., 2014). Zinc sulfate exposure resulted in reduced swimming activity and impaired body
balance in Cyprinus carpio. LCso values for zinc during 96-hour exposure for adult common carp exhibit a greater tolerance than 2.7g immature
fish. Pathways and effects of heavy metal contamination from different sources on aquatic habitat and fish health are described below in Figure 3.

3.7 Copper (Cu)

Copper is a vital trace metal that is crucial for the developmental process and metabolism of living organisms. In fishes and other species,
copper is an essential component of various metabolic enzymes as well as glycoproteins. At elevated concentrations, copper induces harmful
effects in living creatures. Copper induces toxicity in freshwater fish at concentrations between 10 and 20 ppb (Collins, 2021). For instance, the
LCso values for copper after 96 hours of exposure indicate that 60g adult common carp exhibit greater tolerance than 2.6g fish juvenile Exposure
to copper sulfate in Cyprinus carpio resulted in biochemical and morphological alterations in liver tissue (Tavares-Dais, 2021). Copper toxicity
in Mytilus edulis results in a reduction of heart rate and cardiac function. The goldfish (Carassius auratus) exhibited a significant incidence of
physical malformations and death rate upon exposure to copper (Kong et al., 2013). Copper accumulates in the liver at the highest concentration,
with lower concentrations seen in the gills and body tissue of fish (Bawuro et al., 2018).

4. Histopathological effects of heavy metals on fish

Fish absorbs and accumulates metals directly from the adjacent water and indirectly via other species, including small fish, crustaceans
and aquatic plants (Garai et al., 2021). Fish preferentially store contaminants in their adipose tissues such as the liver (Islam et al., 2020). The
liver is regarded as a primary organ responsible for metabolism and detoxification of harmful substances (Al-Attar et al., 2007). When level of
toxicants exceeds, reaching a threshold, structural and metabolic changes transpire in the liver, resulting in changes to hepatic enzyme levels.
Histopathological changes in the kidney are more significant than those in the gills and liver. Lesions in kidney cells and tissues show ionic
imbalance due to heavy metal consumption (Table 1).

5. Effects of heavy metal toxicity on Hemato-biochemical Indices in fish

Fish blood serves as a crucial diagnostic tool for identifying stressed or pathological conditions throughout the body in response to various
living and non-living stressors (Ashaf-ud-Doulah et al., 2020). The exposure of fish to toxicants, results in various alterations in hematological
and biochemical markers (Islam et al., 2020). Hematological measures, including red blood cells, hemoglobin, leukocytes and lymphocytes
dramatically reduced regardless of the toxicity in various fish species were exposed (Suchana et al., 2021). Various heavy metal exposures have
been documented to cause distinct cellular and nuclear abnormalities in red blood cells. Other hematological indicators, such as neutrophil
counts, have increased; nevertheless, variations in hematocrit and white blood cell differentials (Table 2).

Fig. 3: Pathways and effects of
heavy metal contamination
from different sources on
aquatic habitat and fish health
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Table 1: Influence of heavy metal intoxication on the histopathology of numerous fish organs

Species Doses Exposure time Organ  Effects References
(days)
Hg
Channa gachua  0.106, 0.05mg/L 4 Liver Nuclear degeneration and Kawade (2021)
cytoplasmic vacuolation
Oreochromis 550, 70 and 60 Gills Epithelial lifting and enlargement of cells Al-Ghanim et al. (2019)
niloticus 1000mg/kg Liver Necrosis of liver cells, portal veins
Muscles Irregularity in the muscle fascicles
Cirrhinus mrigala 0.020 and 0.040 30 Gills Lamellar degeneration, epithelial cells necrosis Chavan and Muley (2014)
ppm Liver Inflammation of liver cells
Cd
Catla catla 4.5mg/L 30 Gills Lamellar atrophy and telangiectasia Naz et al. (2021)
Liver Hepatic cells degeneration
Kidney Degeneration of renal tubules
Intestine Atrophy of villi
Cyprinus carpio  0.10mg/L 30 Gills Spiking of secondary lamellae Rajeshkumar et al. (2017)
Liver Demage of hepatocytes
Sparus aurata 1mg/L 30 Liver Displaced the nuclei and vacuolated cytoplasm  Guardiola et al. (2013)
Species Doses Exposure time Organ  Effects References
(days)
Cr
Labeo rohita 1/10t LC50 60 Liver Hyperplasia Velma et al. (2009)
Gills Lamellar degradation
Kidney Extensively perforated Bowman's capsule
Intestine Glomerular disorganization
Channa punctatus 20, 40mg/L 60 Gills Necrosis of epithelial calls Mishra & Mohanty (2008)
Kidney Hematopoietic tissues necrosis
Liver Vacuolization of cell cytoplasm
Cyprinus carpio  0.15mg/L 30 Gills Spiking of secondary lamella Rajeshkumar et al. (2017)
Liver Rupture of hepatic plate
Cu
Channa gachua  1.4202mg/L 4 Liver Degeneration of nuclei Kawade (2021)
Oreochromis 0.5, 1.0 and 21 Gills Edema Figueiredo-Fernandes et
niloticus 2.5mg/L Liver Vacuolation and necrosis al. (z007)
Catla catla 1.25ppm 30 Gills Lamellar degeneration Naz et al. 2021
Species Doses Exposure  Organ Effects References
time (days)
Pb
Myoxocephalus  4.01pg/L 28 Gills Epithelial cell hyperplasia Jantawongsri et al. (2021)
scorpius Liver Hepatic neoplasm
Cyprinus carpio  0.25mg/L 30 Gills Development of club-shaped filaments in Rajeshkumar et al. (2017)
interlamellar areas
Liver Intravascular haemolysis in blood vessels
Cirrhinus mrigala 28.2 and 30 Gills Dilation and congestion in blood vessels of gill Chavan & Muley (2014)
14.1ppm filaments
Liver Focal necrosis
Ni
Hypophthalmicht 5.7mg/L 30 Gills Hypersecretion of mucus Athikesavan et al. (2006)
hys molitrix Liver Degeneration of blood vessels
Kidney Hyperplasia
Channa gachua  150mg/L 4 Liver Contraction of the central vein, aggregation of Kawade (2021)
blood cells within the central vein, and rupture of
sinusoids
As
Channa punctatus 3.8 and 7.6mg/L 14 Liver Disorientation of tissues Roy & Bhattacharya (2006)
Kidney Shrinkage of the glomerulus
Heteropneustes 77 and 20ppm 60 Muscle Atrophy, Intramuscular edema Begum et al. (2013)
fossilis Intestine Partial intactness of seros
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Table 2: Impact of heavy metal poisoning on haemato-biochemical parameters in fish

Species Doses (mg/L) Exposure Effects References
time
(days)
As
Clarias batrachus 84 4 Decreased TP levels indicative of protein synthesis Pichhode & Gaherwal (2020)
impairment.
Tilapia mossambica  Sub lethal 21 Significant increase in WBCs accompanied by a decrease in Soundararajan & Veeraiyan
Hb, RBCs. (2014)
Cr
Cyprinus carpio 25-150 180 Number of WBCs, MCV increased while RBCs, Hb and protein Shaheen & Akhtar (2012)
content decreased.
Labeo rohita 39.40 4 TP and lipid content decreased. Vutukuru (2005)
Oncorhynchus mykiss 0.367 - Number of RBCs decreased significantly. Vosyliene & Jankaite (2006)
Cd
Channa straiata 0.001 - Level of glucose dropped. Phoonaploy et al. (2019)
Labeo rohita 0.826 - Elevated number of WBCs while RBCs decreased. Chandamshive et al. (2012)
Oreochromis niloticus 1.0 7and 14 Cholesterol level dropped. Firat & Kargin (2010)
Zn
Channa punctatus 0.54 - Lipid ad cholesterol level increased accompanied by decrease Javed et al. (2017)
in level of albumin.
Mastacembelus 0.30 - Glucose level increased Javed &Usmani (2013)
armatus Vvxx
Species Doses (mg/L) Exposure Effects References
time
(days)
Tilapia mossambicus 1.0, 2.5,5.0 14 Decrease in level of WBCs, RBCs and lymphocyte. Celik et al. (2013)
Pb
Mugil cephalus 0.0015, 4 Glucose and MDA level increased. Hajirezaee et al. (2021)
0.0025
Channa straita 0.005 - Glucose level decreased. Phoonaploy et al. (2019)
Labeo rohita 0.756 - Elevated WBCs along with decrease in RBCs. Chandanshive et al. (2012)
Ni
Clarias gariepinus 0.302 - Glucose level evaluated while CK, MCV diminished. Bandit et al. (2019)
Channa punctatus 0.12 - Elevated WBCs along with decrease in RBCs. Javed & Usmani (2014)
Cyprinus carpio 6, 9,12,15,18 4 RBC, WBC and Hb decreased. Al-Ghanim (2011)
Hg
Oreochromis niloticus 0.025 30 ALT, AST, SOD increased Mahboub et al. (2019)
Labeo rohita 0.0987 Elevated WBCs. Chandanshive et al. (2012)
Acanthopagrus lates  0.01, 0.02, 21 Hb and monocytes increased; decreased lymphocytes and Safahieh et al. (2010)
0.04, 0.08 eosinophils.
Cu
Clarias gariepinus 100 4 Significant increase in albumin and globulin. Javed &Usmani (2019)
Mastacembelus 0.86 - Increase in glucose level. Javed & Usmani (2013)
armatus
Conclusion

Heavy metal contamination constitutes a significant and escalating issue for water ecosystems and human health. Industrial activities,
farming, and pollution have led to metals like mercury, cadmium, lead, and arsenic building up in rivers, lakes, and oceans. Once in the water,
these metals get absorbed by fish through their gills, skin, and food, affecting their health, growth, and even causing death in some species. As
fish take in these metals, they accumulate in their bodies. When humans eat fish contaminated with heavy metals, they are exposed to these
harmful substances, which can lead to issues like nerve damage, organ problems, and even cancer. Some metals, like zinc and copper, are
necessary for health in tiny amounts, but too much can be toxic. This lasting presence of aquatic toxicity highlights the importance of monitoring
and controlling pollution to protect fish and human health. It’s crucial to limit heavy metal discharges from factories, farms and other sources
to keep our water clean, ensure safe food and protect the environment. Enhanced legislation, advanced technologies and consistent monitoring
are essential to mitigate heavy metal pollution, whereas remediation initiatives and international collaboration safeguard water quality,
ecosystems and public health.

References
Ahmed, M. K., Kundu, G. K., Al-Mamun, M. H., Sarkar, S. K., Akter, M. S., & Khan, M. S. (2013). Chromium (VI) induced acute toxicity and

88



genotoxicity in freshwater stinging catfish, Heteropneustes fossilis. Ecotoxicology and Environmental Safety, 92, 64-70.

Al-Attar, A. M. (2007). The influences of nickel exposure on selected physiological parameters and gill structure in the teleost fish, Oreochromis
niloticus. Journal of Biological Sciences, 7(1), 77-85.

Al-Ghanim, K. A. (2011). Impact of nickel (Ni) on hematological parameters and behavioral changes in Cyprinus carpio (common carp). African
Jjournal of Biotechnology, 10(63), 13860-13866.

Al-Ghanim, K. A., Ahmad, Z., AL-BALAWI, H. F. A, Al-Misned, F., Mahboob, S., & SULIMAN, E. A. M. (2019). Accumulation and histological
transformation in the gills, liver, muscles, and skin in Oreochromis niloticus induced by mercury. Turkish Journal of Veterinary & Animal
Sciences, 43(2), 276-284.

Alimba, C. G., & Faggio, C. (2019). Microplastics in the marine environment: Current trends in environmental pollution and mechanisms of
toxicological profile. Environmental Toxicology and Pharmacology, 68, 61-74.

Ashaf-Ud-Doulah, M., Al Mamun, A., Rahman, M. L., Islam, S. M., Jannat, R., Hossain, M. A. R., & Shahjahan, M. (2020). High temperature
acclimation alters upper thermal limits and growth performance of Indian major carp, rohu, Labeo rohita (Hamilton, 1822). Journal of
Thermal Biology, 93, 102738.

Athikesavan, S., Vincent, S., Ambrose, T., & Velmurugan, B. (2006). Nickel induced histopathological changes in the different tissues of
freshwater fish, Hypophthalmichthys molitrix(Valenciennes). Journal of Environmental Biology, 37(2), 391-395.

Banday, U. Z., Swaleh, S. B., & Usmani, N. (2019). Insights into the heavy metal-induced immunotoxic and genotoxic alterations as health
indicators of Clarias gariepinus inhabiting a rivulet. Ecotoxicology and Environmental Safety, 183, 109584.

Bawuro, A. A., Voegborlo, R. B., & Adimado, A. A. (2018). Bioaccumulation of heavy metals in some tissues of fish in Lake Geriyo, Adamawa
State, Nigeria. Journal of Environmental and Public Health, 2018(1), 1854892.

Begum, A., Mustafa, A. I., Amin, M. N., Banu, N., & Chowdhury, T. R. (2013). Accumulation and histopathological effects of arsenic in tissues of
shingi fish (Stinging Catfish) Heteropneustes fossilis (Bloch, 1794). Journal of the Asiatic Society of Bangladesh, Science, 39(2), 221-230.

Briffa, J., Sinagra, E., & Blundell, R. (2020). Heavy metal pollution in the environment and their toxicological effects on
humans. Heliyon, 6(9)46-91.

Carocci, A., Catalano, A., Lauria, G., Sinicropi, M. S., & Genchi, G. (2016). Lead toxicity, antioxidant defense and environment. Reviews of
Environmental Contamination and Toxicology, 45-67.

Celik, E. S., Kaya, H., Yilmaz, S., Akbulut, M., & Tulgar, A. (2013). Effects of zinc exposure on the accumulation, haematology and immunology
of Mozambique tilapia, Oreochromis mossambicus. African Journal of Biotechnology, 12(7).

Chandanshive, S. S., Sarwade, P. P., Humbe, A., & Mohekar, A. D. (2012). Effect of heavy metal model mixture on haematological parameters
of Labeo rohita from Gharni Dam Nalegaon, Latur. International Multidisciplinary Research Journal, 2(4).

Chavan, V. R., & Muley, D. V. (2014). Effect of heavy metals on liver and gill of fish Cirrhinus mrigala. International Journal of Current
Microbiology and Applied Sciences, 3(5), 277-288

Chuang H. C., Juan, H. T., Chang, C. N, Yan, Y. H., Yuan, T. H., Wang. (2014). Cardiopulmonary toxicity of pulmonary exposure to occupationally
relevant zinc oxide nanoparticles. Nanotoxicology 8:593-604

Collins, J. F. (2021). Copper nutrition and biochemistry and human (patho)physiology. Advances in Food and Nutrition Research, 311-364.

Dangleben, N. L., Skibola, C. F., & Smith, M. T. (2013). Arsenic immunotoxicity: a review. Environmental Health, 12, 1-15.

Dar, G. H,, Dar, S. A., Kamili, A. N., Chishti, M. Z., & Ahmad, F. (2016). Detection and characterization of potentially pathogenic Aeromonas
sobria isolated from fish Hypophthalmichthys molitrix (Cypriniformes: Cyprinidae). Microbial Pathogenesis, 91, 136-140.

Das, S., Kar, 1., and Patra, A. K. (2023). Cdmium induced bioaccumulation, hostopathology, gene regulation in fish and its amelioration - A
review. Journal of Trace Elements in Medicine and Biology, 79, 127-202.

Delahaut, V., Raskovi¢, B., Salvado, M. S., Bervoets, L., Blust, R., & De Boeck, G. (2020). Toxicity and bioaccumulation of Cadmium, Copper and
Zinc in a direct comparison at equitoxic concentrations in common carp (Cyprinus carpio) juveniles. PLoS One, 15(4), €0220485.

Figueiredo-Fernandes, A., Ferreira-Cardoso, J. V., Garcia-Santos, S., Monteiro, S. M., Carrola, J., Matos, P., & Fontainhas-Fernandes, A. (2007).
Histopathological changes in liver and gill epithelium of Nile tilapia, Oreochromis niloticus, exposed to waterborne copper. Pesquisa
Veterinaria Brasileira, 27, 103-109.

Firat, O., & Kargin, F. (2010). Individual and combined effects of heavy metals on serum biochemistry of Nile tilapia Oreochromis
niloticus. Archives of Environmental Contamination and Toxicology, 58, 151-157.

Garai, P., Banerjee, P., Mondal, P. and Saha, N.C. (2021). Effect of heavy metals on fishes: Toxicity and bioaccumulation. Journal of Clinical
Toxicology, 11:1-10

Gautam, P. K., Gautam, R. K., Banerjee, S., Chattopadhyaya, M. C., & Pandey, ]J. D. (2016). Heavy metals in the environment: fate, transport,
toxicity and remediation technologies. Nova Science Publishers, 60, 101-130.

Gheorghe, S., Stoica C., Vasile G. G, Nita-Lazar M., Stanescu E. and Lucaciu L. E. (2017). Metals toxic effects in aquatic ecosystems: Modulators
of water quality. Water Quality, 59-89.

Guardiola, F. A., Cuesta, A., Meseguer, ]J., Martinez, S., Martinez-Sanchez, M. J., Pérez-Sirvent, C., & Esteban, M. A. (2013). Accumulation,
histopathology and immunotoxicological effects of waterborne cadmium on gilthead seabream (Sparus aurata). Fish & Shellfish
Immunology, 35(3), 792-800.

Gupta, G., Srivastava, P. P., Kumar, M., Varghese, T., Chanu, T. L, Gupta, S., ... & Jana, P. (2021). The modulation effects of dietary zinc on
reproductive performance and gonadotropins’(FSH and LH) expression in threatened Asian catfish, Clarias magur (Hamilton, 1822)
broodfish. Aquaculture Research, 52(5), 2254-2265.

Hajirezaee, S., Ajdari, A., & Azhang, B. (2021). Metabolite profiling, histological and oxidative stress responses in the grey mullet, Mugil cephalus
exposed to the environmentally relevant concentrations of the heavy metal, Pb (NO3) 2. Comparative Biochemistry and Physiology Part

89



C: Toxicology & Pharmacology, 244, 109004.

Haverinen, J., Badr, A., & Vornanen, M. (2021). Cardiac Toxicity of Cadmium Involves Complex Interactions Among Multiple Ion Currents in
Rainbow Trout (Oncorhynchus mykiss) Ventricular Myocytes. Environmental Toxicology and Chemistry, 40(10), 2874-2885.

Hwang, D. W., Kim, P. J., Kim, S. G., Sun, C. L, Koh, B. S., Ryu, S. O., & Kim, T. H. (2019). Spatial distribution and pollution assessment of metals
in intertidal sediments, Korea. Environmental Science and Pollution Research, 26, 19379-19388.

Islam, S. M., Rohani, M. F., Zabed, S. A, Islam, M. T., Jannat, R., Akter, Y., & Shahjahan, M. (2020). Acute effects of chromium on hemato-
biochemical parameters and morphology of erythrocytes in striped catfish Pangasianodon hypophthalmus. Toxicology Reports, 7, 664-
670.

Jaiswal, A., Verma, A., & Jaiswal, P. (2018). Detrimental effects of heavy metals in soil, plants, and aquatic ecosystems and in humans. Journal
of Environmental Pathology, Toxicology and Oncology, 37(3).

Jamil Emon, F., Rohani, M. F., Sumaiya, N., Tuj Jannat, M. F., Akter, Y., Shahjahan, M., ... & Goh, K. W. (2023). Bioaccumulation and
bioremediation of heavy metals in fishes—A review. Toxics, 11(6), 510.

Jantawongsri, K., Norregaard, R. D., Bach, L., Dietz, R., Sonne, C., Jorgensen, K., & Nowak, B. (2021). Histopathological effects of short-term
aqueous exposure to environmentally relevant concentration of lead (Pb) in shorthorn sculpin (Myoxocephalus scorpius) under laboratory
conditions. Environmental Science and Pollution Research, 28(43), 61423-61440.

Jasim, M. A., Sofian-Azirun, M., Yusoff, 1., & Rahman, M. M. (2016). Bioaccumulation and histopathological changes induced by toxicity of
mercury (HgCl2) to tilapia fish Oreochromis niloticus. Sains Malaysiana, 45(1), 119-127.

Javed, M., & Usmani, N. (2013). Assessment of heavy metal (Cu, Ni, Fe, Co, Mn, Cr, Zn) pollution in effluent dominated rivulet water and their
effect on glycogen metabolism and histology of Mastacembelus armatus. Springer Plus, 2, 1-13.

Javed, M., Ahmad, M. 1., Usmani, N., & Ahmad, M. (2017). Multiple biomarker responses (serum biochemistry, oxidative stress, genotoxicity
and histopathology) in Channa punctatus exposed to heavy metal loaded waste water. Scientific Reports, 7(1), 1675.

Kawade, S. (2020). Histopathological Alterations in the Liver of Freshwater Fish, Channa gachua (Ham.) on Acute Exposure to
Nickel. International Journal of Emerging Technologies and Innovative Research, 7, 1025-1030.

Keller, W., Heneberry J., Edwards B.A. (2018). Recovery of acidified sudbury, ontario, Canada, Lakes: A multi-decade synthesis and update.
Environmental Reviews, 27:1-16.

Kim, T. H., Kim, J. H., Le Kim, M. D., Suh, W. D., Kim, J. E., Yeon, H. J., ... & Jo, G. H. (2020). Exposure assessment and safe intake guidelines
for heavy metals in consumed fishery products in the Republic of Korea. Environmental Science and Pollution Research, 27(26), 33042-
33051.

Kong, X., Jiang, H., Wang, S., Wu, X., Fei, W., Li, L., ... & Li, X. (2013). Effects of copper exposure on the hatching status and antioxidant defense
at different developmental stages of embryos and larvae of goldfish Carassius auratus. Chemosphere, 92(11), 1458-1464.

Kumari, B., Kumar, V., Sinha, A. K., Ahsan, J., Ghosh, A. K., Wang, H., & DeBoeck, G. (2017). Toxicology of arsenic in fish and aquatic
systems. Environmental Chemistry Letters, 15, 43-64.

Ly, Y., Song, S., Wang, R, Liu, Z., Meng, J., Sweetman, A. J., ... & Wang, T. (2015). Impacts of soil and water pollution on food safety and health
risks in China. Environment International, 77, 5-15.

Luo, J., Ye, Y., Gao, Z., & Wang, W. (2014). Essential and nonessential elements in the red-crowned crane Grus japonensis of Zhalong Wetland,
northeastern China. Toxicological & Environmental Chemistry, 96(7), 1096-1105.

Mahboub, H. H., Beheiry, R. R., Shahin, S. E., Behairy, A., Khedr, M. H., Ibrahim, S. M., ... & El-Houseiny, W. (2021). Adsorptivity of mercury
on magnetite nano-particles and their influences on growth, economical, hemato-biochemical, histological parameters and
bioaccumulation in Nile tilapia (Oreochromis niloticus). Aquatic Toxicology, 235, 105828.

Mishra, A. K., & Mohanty, B. (2008). Acute toxicity impacts of hexavalent chromium on behavior and histopathology of gill, kidney and liver of
the freshwater fish, Channa punctatus (Bloch). Environmental Toxicology and Pharmacology, 26(2), 136-141.

Naz, S., Hussain, R., Ullah, Q., Chatha, A. M. M., Shaheen, A., & Khan, R. U. (2021). Toxic effect of some heavy metals on hematology and
histopathology of major carp (Catla catla). Environmental Science and Pollution Research, 28, 6533-6539.

Ngo, H. T. T., Gerstmann, S., & Frank, H. (2011). Subchronic effects of environment-like cadmium levels on the bivalve Anodonta anatina
(Linnaeus 1758): II. Effects on energy reserves in relation to calcium metabolism. Toxicological & Environmental Chemistry, 93(9), 1802-
1814.

Phoonaploy, U., Tengjaroenkul, B., & Neeratanaphan, L. (2019). Effects of electronic waste on cytogenetic and physiological changes in
snakehead fish (Channa striata). Environmental Monitoring and Assessment, 191, 1-11.

Pichhode, M. O. H. N. L. S. H., & Gaherwal, S. (2020). Effect of heavy metal toxicity, arsenic trioxide on the biochemical parameter of fresh
water fish, Clarias batrachus. Poll Res, 39, 123-125.

Rahman, M. S., Molla, A. H., Saha, N., & Rahman, A. (2012). Study on heavy metals levels and its risk assessment in some edible fishes from
Bangshi River, Savar, Dhaka, Bangladesh. Food chemistry, 134(4), 1847-1854.

Rajeshkumar, S., Liu, Y., Ma, J., Duan, H. Y., & Li, X. (2017). Effects of exposure to multiple heavy metals on biochemical and histopathological
alterations in common carp, Cyprinus carpio L. Fish & Shellfish Immunology, 70, 461-472.

Roy, S., & Bhattacharya, S. (2006). Arsenic-induced histopathology and synthesis of stress proteins in liver and kidney of Channa
punctatus. Ecotoxicology and Environmental Safety, 65(2), 218-229.

Safahieh, A., Hedayati, A., Savari, A., & Movahedinia, A. (2010). Experimental approaches of hematotoxic and immunotoxic effects of mercury
chloride on yellow fin sea bream (Acanthopagrus latus). American-Eurasian Journal of Toxicological Sciences, 2, 169-176.

Sarkar, M. M., Rohani, M. F., Hossain, M. A. R., & Shahjahan, M. (2022). Evaluation of heavy metal contamination in some selected commercial
fish feeds used in Bangladesh. Biological Trace Element Research, 1-11.

90



Shaheen, T., & Akhtar, T. (2012). Assessment of chromium toxicity in Cyprinus carpio through hematological and biochemical blood
markers. Turkish Journal of Zoology, 36(5), 682-690.

Singh, P. K., Kumar, V., Rathaur, P., Singh, R., & Singh, P. K. (2023). Toxic Impact of Tannery Waste Water on Human Health. Plants and
Agquatic Ecosystem 10, 1269-2348.

Singh, R. K., Chavan S. L. and Sapkale, P. H. (2020). Heavy metal concentrations in water, sediments and body tissues of red worm ( Tubifex
spp.) collected from natural habitats in Mumbai, Indian Environmental Monitoring Assessment, 129(1-3): 471-481

Skidmore, J. F. (1964). Toxicity of zinc compounds to aquatic animals, with special reference to fish. The Quarterly Review of Biology, 39(3),
227-248.

Soundararajan, M., Veeraiyan, G., & Samipillai, S. S. (2014). Effect of heavy metal arsenic on haematological parameters of fresh water fish,
Tilapia mossambica. International Journal of Modern Research and Reviews, 2, 132-135.

Sprocati, A. R., Alisi, C., Segre L. and Cremisini. C. (2006). Investigating heavy metal resistance, bioaccumulation and metabolic profile of a
metallophile microbial consortium native to an abandoned mine. Science of the Total Environment, 366(2-3):649-658

Suchana, S. A, Ahmed, M. S., Islam, S. M., Rahman, M. L., Rohani, M. F., Ferdusi, T., & Shahjahan, M. (2021). Chromium exposure causes
structural aberrations of erythrocytes, gills, liver, kidney, and genetic damage in striped catfish Pangasianodon hypophthalmus. Biological
Trace Element Research, 199, 3869-3885.

Sun, Y., Zhou, Q., Xie, X., & Liu, R. (2010). Spatial, sources and risk assessment of heavy metal contamination of urban soils in typical regions
of Shenyang, China. Journal of Hazardous Materials, 174(1-3), 455-462.

Tavares-Dias, M. (2021). Toxic, physiological, histomorphological, growth performance and antiparasitic effects of copper sulphate in fish
aquaculture. Aquaculture, 535, 736350.

Velma, V., Vutukuru, S. S., & Tchounwou, P. B. (2009). Ecotoxicology of hexavalent chromium in freshwater fish: a critical review. Reviews on
Environmental Health, 24(2), 129-146.

Vosyliené, M. Z., & Jankaité, A. (2006). Effect of heavy metal model mixture on rainbow trout biological parameters. Ekologija, (4), 12-17.

Vutukuru, S. S. (2005). Acute effects of hexavalent chromium on survival, oxygen consumption, hematological parameters and some
biochemical profiles of the Indian major carp, Labeo rohita. International Journal of Environmental Research and Public health, 2(3), 456-
462.

Wood, J. L., Tang, C., & Franks, A. E. (2016). Microbial associated plant growth and heavy metal accumulation to improve phytoextraction of
contaminated soils. Soil Biology and Biochemistry, 103, 131-137.

Wuana, R. A, & Okieimen, F. E. (2011). Heavy metals in contaminated soils: a review of sources, chemistry, risks and best available strategies
for remediation. International Scholarly Research Notices, 2011(1), 402647.

Xu, P, Sun, C. X,, Ye, X. Z., Xiao, W. D., Zhang, Q., & Wang, Q. (2016). The effect of biochar and crop straws on heavy metal bioavailability and
plant accumulation in a Cd and Pb polluted soil. Ecotoxicology and Environmental Safety, 132, 94-100.

Yildirim, Y., Gonulalan, Z., Narin, I., & Soylak, M. (2009). Evaluation of trace heavy metal levels of some fish species sold at retail in Kayseri,
Turkey. Environmental Monitoring and Assessment, 149, 223-228.

Youssef, D. H., & Tayel, F. T. (2004). Metal accumulation by three Tilapia spp. from some Egyptian inland waters. Chemistry and Ecology, 20(1),
61-71.

Yu, B., Wang, X., Dong, K. F., Xiao, G., & Ma, D. (2020). Heavy metal concentrations in aquatic organisms (fishes, shrimp and crabs) and health
risk assessment in China. Marine Pollution Bulletin, 159, 111505.

Zeitoun, M. M., & Mehana, E. E. (2014). Impact of water pollution with heavy metals on fish health: overview and updates. Global
Veterinaria, 12(2), 219-231.

Zhang, Z., Zheng, Z., Cai, J., Liu, Q., Yang, J., Gong, Y., Wu, M., Shen, Q., & Xu, S. (2017). Effect of cadmium on oxidative stress and immune
function of common carp (Cyprinus carpio L.) by transcriptome analysis. Aquatic Toxicology, 192, 171-177.

91



