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Over recent years, aquaculture has been advancing significantly faster than other animal
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1. Introduction They are naturally existing constituents of the crust of the earth and are

recognized as the micronutrients of the hydric ecosystems with
Over recent years, aquaculture has been advancing significantly faster restricted tolerable concentrations, which have been elevating due to
than other animal husbandry sectors (Kalita et al. 2023; Nwafili and
Chibanya 2023; Basir et al. 2024; Tenaya et al. 2024). Interestingly, about

17% of animal protein and over 6% of total protein consumed by

multiple anthropogenic activities including ever-increasing
urbanization, and agricultural practices such as overuse of herbicides,

fertilizers, fungicides, and industrialization (Bashir et al. 2020; Sonone
humans is sourced from aquaculture (Boyd et al. 2022; Montesqrit etal. | 2020; Pandey and Tiwari 2021; Rasheed and Du 2023; Mukanga et
2024). Vitamin B and omega-3 fatty acids are present in rich quantities

in fish with lower saturated fats (Jabeen et al. 2024; Karadas 2024).
Unfortunately, fish consumption may threaten the health of humans

al. 2024; Santoso et al. 2024). These factors elevate the susceptibility of
fish and humans as well as other invertebrates and vertebrates to

natural hazards, including neurological disorders such as cognitive

due to a variety of contaminants, such as heavy metals. Heavy metals function impairment, tremors and Parkinson’s and Alzheimer’s

are classified into two groups, essential heavy metals and non-essential diseases, hepatic and kidney disorders, cancer, reproductive problems

heavy metals (Arinola et al. 2025). Essential heavy metals are needed at including miscarriages, infertility and stillbirths, cardiovascular

optimum levels for all the body’s vital functions, such as copper, zin¢,  gisorders and other health issues (Kolarova and Napiérkowski 2021;

nickel, iron, manganese, selenium, chromium, and cobalt. Otherwise, Monchanin et al. 2021; Mitra et al. 2022; Soliman et al. 2022). Heavy

minimal amounts result in deficiencies, and excessive levels cause  ota15 bioaccumulate in the fish from the heavily contaminated aquatic

toxicity (Jagaba et al. 2024). Non-essential heavy metals, such as lead, ., vironment. In comparison to marine fish, freshwater fish have

aluminum, mercury, cadmium, etc., also known as xenobiotics, haveno  |..ome more vulnerable to the toxicity of heavy metals. Because

biological significance. However, excessive levels of these metals have . oovo 6ot fiva by losing salt and gaining water, on the other hand,

toxic effects on the tissues of humans and animals (Ngu et al. 2022). marine fish live by gaining salt and losing water. Freshwater fish have
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Heavy metal toxicity in fish

higher concentrations of salts in their body as compared to their
surroundings, which causes the continuous entering of water into the
body through osmosis; on the other hand, marine fish have lower
concentrations of salt in their body as compared to their surroundings,
which causes the continuous losing of water through the body (Boyd et
al. 2025; Kaur et al. 2025). Heavy metals enter the fish body through
ingestion, gills, and skin (Najibzadeh 2025; Suleman et al. 2025). The
bioaccumulation of metals in different parts of the fish is determined by
the environment, water solubility, eating patterns, and fish physiology,
such as health, age, size, fertility status, species, absorption rate, and
different ecological niches (Sharma et al. 2024; Zaghloul et al. 2024).
This study aims to provide information regarding the heavy metals-

induced hepatotoxicity and neurotoxicity in freshwater fish.
2. General mechanisms of neurotoxicity in fish

The mechanisms of neurotoxicity include disruption of the activity of
neurotransmitters, such as acetylcholinesterase, and hence impairment
of neural signaling pathways (Medda et al. 2020). Heavy metal
intoxications upregulate oxygen radical species production, leading to
neuronal apoptosis through increased lipid peroxidation and
mitochondrial dysfunction (Liu et al. 2023). Moreover, they allow
penetration of more toxins due to the disintegration of the blood-brain
barrier resulting in neuroinflammation and glial cell stimulation (Wang
et al. 2021a). Consequently, this leads to neural atrophy and cognitive
dysfunctions. Defects in the development and growth of the nervous
system, which could be induced by environmental or hereditary
elements, are generally referred to as neurodevelopmental disorders
(NDDs) (Yilmaz et al. 2024). Regardless of whether external
morphology remains unchanged, behavior is a sensitive indicator of
changes in interior physiology (de Lagrdn et al. 2024). In fish, behavior
changes are frequently caused by impaired neurodevelopment and
abnormal release of neurotransmitters, which are associated with
exposure to heavy metals (Green and Planchart 2018; Althobaiti 2024;
Murumulla et al. 2024). The World Health Organization reported lead,

Chromium induces gene expression
associated with neuroinflammation
and cognitive impairment

Mercury Causes Lead causes
modifications in modifications in
gap junction the epigenome
proteins

Aluminum causes oxidative
stress by suppressing SOD, GST
and CAT Created in BioRender.com

Fig. 1: Mechanisms of heavy metal-induced neurotoxicity in
freshwater fish (ROS — Reactive oxygen species; SOD — Super
oxide dismutase; CAT — Catalase; GST — Glutathione S-
transferase)
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mercury, and cadmium as dangerous elements (WHO 2020).
Additionally, aluminum, arsenic, and chromium are also reported to
induce severe neurotoxicity in freshwater fish through different
mechanisms in various studies (Patel et al. 2021; Boopathi et al. 2024a;
Rezaei et al. 2024; Garg and Bandyopadhyay 2025). The mechanism of
the neurotoxic effects of heavy metals is shown in Fig. 1 below.

3. General mechanisms of hepatotoxicity in fish

The liver is known for its metabolic detoxification and xenobiotic
metabolism processes (Wu et al. 2024). Therefore, it comes under the
category of organs most influenced by pollutants and contaminants
(Wu et al. 2025). Several hepatotoxic effects can be seen in freshwater
fish exposed to heavy metals. Oxidative stress is a key factor that is
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Fig. 2: Mechanisms of heavy metal-induced hepatotoxicity in
freshwater fish

triggered by structural and functional modifications in catalase (CAT),
superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px)
(Jomova et al. 2024; Sozen et al. 2024). This oxidative damage causes
biochemical changes such as elevated lipid peroxidation that disrupts
the hepatocyte membrane and may be linked to developing necrotic
regions in the liver (Bashir et al. 2024). These biochemical changes lead
to histopathological alterations such as the occurrence of sinusoidal
dilation and congestion, squamous-like hepatocytes, necrosis, the
proliferation of fibrotic tissues around muscles, vacuolization,
eosinophilic bodies, and infiltration. All these factors lead to the
development of histopathological lesions and ultimately liver damage
(Rajkumar 2022; Elumalai et al. 2023). Mechanism of toxicity in fish is
show in Fig. 2.

4. Various metals that cause neurotoxicity and
hepatotoxicity in freshwater fish

4.1 Cadmium (Cd)

Despite being a non-essential, persistent, and non-biodegradable
element, cadmium is extremely harmful to people, animals, and plants,
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even in low quantities (Sable et al. 2024). As the seventh most abundant
element on Earth, Cd is found in rocks, soils, plants, and volcanic dust.
Numerous freshwater fish species, such as Danio rerio, Pimephales
promelas, and Oncorhynchus mykiss, have been examined for their
neurological effects at lower concentrations of Cd (Oleinikova et al.
2024). According to these studies, Cd causes alterations in social and
flight behavior, boosts auditory thresholds, impairs the neuromast and
sensory macula, and builds up in the olfactory bulb (Patel et al. 2021;
Rani et al. 2022; Xu et al. 2022; Naz et al. 2023; Nalivaikiené et al. 2024).
Cd can accumulate in the brain of adults and upregulate the expression
of apoptotic genes, including Jun proto-oncogene, AP-1 transcription
factor subunit, and detoxifying genes such as metallothionein 1 (mt1)
and metallothionein 2 (mt2), even at very low levels of exposure (Hu et
al. 2022; Al Marshoudi et al. 2023). By increasing the concentration
levels, upregulation of the nuclear factor erythroid 2-related factor 2 in
the telencephalon and olfactory bulb can be observed when the
exposure period is less than 24 hours (Xu et al. 2023; Alharbi et al.
2024). Tt also increased the expression of mtl and mt2 in the brain, as
demonstrated by another study (Liu et al. 2024). Nuclear factor
(erythroid 2-related factor 2) and metallothioneins (mtl and mt2) are
considered defenses that aid in reducing oxidative stress and regulating
cellular homeostasis. However, these protective mechanisms appeared
to be overcome after exposure to elevated duration and concentration
of Cd, resulting in the downregulation of the antioxidant enzyme heme
oxygenase 1 (HO-1) and metal-responsive transcription factor 1 (MTF1)
pathway. Consequently, symptoms of tissue degeneration become
evident due to elevated oxidative stress and inflammation (Choudhury
et al. 2021; Min et al. 2021; Patel et al. 2021; Talukder et al. 2021; Banaee
et al. 2023; da Silva et al. 2023; Motta et al.2025). These disruptions
comprise alterations in the structure of retinal neurons, intensified light
sensitivity, reduction in glial fibrillary acidic proteins, and increased
concentrations of malondialdehyde, nitric oxide, and ROS. In general,
Cd triggers oxidative stress reactions and stimulates the induction of
detoxification genes in adults and embryonic larvae. Moreover, during
the embryonic and larval phases, the maturing sensory system was
more vulnerable to Cd toxicity (Khan et al. 2023). Similarly, Cd at
higher concentrations accumulates in the liver, the primary organ for
metal detoxification, and causes damage (Rasin et al. 2025). For
instance, Wu et al. (2019) reported that Cd induces hepatocyte necrosis
by disrupting the lipid metabolism in Gobiocypris rarus when exposed to
higher concentrations. Moreover, Rahmi et al. (2024) reported severe
liver damage in Oreochromis niloticus when exposed to Cd by excessive
secretion of aspartate transaminase (AST) and alanine aminotransferase
(ALT) enzymes, downregulating total protein levels, upregulating total
lipid levels that lead to the disruption of metabolic processes and
ultimately liver dysfunction. Hence, Cd increases the morbidity and
mortality of freshwater fish due to its direct influence on its nervous

system and liver.
4.2 Mercury (Hg)

High Hg levels are more toxic to both animals and humans. Studies
demonstrate that D. rerio, P. promelas, and Diplodus sargus show
neurologically damaging effects when exposed to it. For instance,
studies on adults have revealed that Hg activates the metallothionein
gene in the brain at concentrations below 200 ppb, but otherwise does
not impact other neural transcripts (Alam et al. 2021; Zhu et al. 2022).
On the other hand, minimal inorganic concentration exposure led to

impaired foraging ability, suppression of membrane adenosine

Letters in Animal Biology 05(1): 61 - 72 63

Shehzad et al. 2025

deaminase, and abnormal swimming patterns (Albers et al. 2022; Jeong
et al. 2024). Intermediate concentrations revealed a notable
accumulation of Hg in the brain (Zhang et al. 2023) which cause high
mortality, late hatching (Barst et al. 2022), reduction in dopamine,
neurotransmitters, and serotine associated with the onset of
hyperactive behavior (Nielsen et al. 2017; Chen et al. 2021; Solakhiyah
et al. 2023). Exposure to elevated levels of Hg modifies amino acids
associated with oxidative phosphorylation and gap junctions, causes
mitochondrial dysfunction, and upregulates the metallothionein gene
expression (Rasinger et al. 2017; Trivedi et al. 2022; Singh et al. 2024).
Notably, this disruption may be associated with the modifications in the
mammalian target of the rapamycin (mTOR) pathway activated by
oxidative stress triggered by Hg. Another investigation specifically on
zebrafish embryos demonstrated its sensitivity toward low
concentrations of Hg resulting in modification at cellular, molecular,
and behavioral levels. For example, exposure at the embryonic
development stage to Hg levels below 30 ppb caused adult vision
impairments, hyperactivity, suppression of neural tube cell growth, and
higher mortality (Bakar et al. 2017; Cano-Viveros et al. 2021; Henriques
et al. 2023). Significant harmful effects, such as delayed hatching,
reduced head size, modified cAMP signaling, and mortality, can be
observed at levels above 50 ppb (Bakar et al. 2023; Henriques et al.
2023). Similarly, Hg caused hepatotoxicity in freshwater fish. For
instance, according to a study conducted by Lei et al. (2025), exposure
of D. rerio to low levels of Hg caused liver damage evidenced by
oxidative stress in hepatocytes leading to the activation of intrinsic
apoptotic pathway, the uncontrolled activity of kinases and nuclear
receptors, mitochondrial dysfunction and abnormal endocrine
secretions. Another study demonstrated the hepatocyte disruption in
Geophagus brasiliensis by elevating lipoperoxidation in response to
oxidative stress and impaired activity of antioxidant enzymes,
including catalase (CAT) and glutathione peroxidase (GPx) (Monteiro et
al. 2024). Furthermore, Mohamed et al. (2019) reported severe
hepatotoxic impacts of mercury along with lead on Clarias gariepinus
including severe hepatic cords, excessive hepatocyte necrosis,
melanomacrophage aggregation, and hemolysis. Lastly, Pervaiz et al.
(2019) reported liver damage in O. niloticus after exposure to sublethal
concentrations of Hg. The disruption included hepatocyte destruction,
the occurrence of karyolysis and pyknotic nuclei, sinusoids, tissue
degeneration, vacuolization, and cellular necrosis. In conclusion,
mercury causes severe damage to freshwater fish by inducing
neurotoxic effects including hyperactivity, delayed hatching, reduced
head size, and increased mortality rate, and hepatotoxic effects such as
reduced activity of antioxidant enzymes, hepatocyte necrosis, and
hemolysis.

4.3 Lead (Pb)

Pb is known as a natural element of the geological crust and is present
in micro-concentrations in plants, water, and soil. However,
anthropogenic activities have caused its high accumulation which is
dreadful for aquatic life. It is mainly because of the increased affinity of
Pb for a particular protein due to its capacity to develop a stable
complex with oxygen and sulfur atoms in protein (Lee et al. 2019). For
instance, numerous genes responsible for the development of the
nervous system are modified by Pb at low concentrations, such as
elevated protein expression of the GABA gene during embryonic
maturation (Paduraru et al. 2023). These modifications were due to

incomplete nerve development, resulting in slower neuronal signaling
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and inefficient communication between the neurons due to reduced
axon length (Liu et al. 2024). Moreover, zebrafish showed changed color
preferences and reduced adult learning at concentrations of more than
100 ppb (Paduraru et al. 2021; Thawkar and Kaur 2021). However,
lasting learning impairment for three generations after first exposure
revealed the ability of Pb to cause modifications in the epigenome
(Wang et al. 2022a). Also, Pb above 100 ppb concentrations caused
hyperactivity, trembling, abnormal swimming, muscle tremors, and
rapid breathing in Coregonus lavaretus and Cyprinus carpio (Gashkina et
al. 2022; Habib et al. 2024). Lastly, elevated levels of Pb disturbed
cognitive functions and motor activity in zebrafish by suppressing
neurexin 2 expression, which is essential for neural development (Tu et
al. 2017). Similarly, Pb affects the health of freshwater fish by inducing
hepatotoxicity. For instance, a novel study on superoxide dismutase
(Sod) deficiency in D. rerio liver caused by Pb revealed that like Cd, Pb
toxicity triggered oxidative stress in the cell by disrupting the activity
of SOD by shifting Zn and Cu ions from its catalytic pockets (Wang et
al. 2022b). Hence, oxidative stress can be a key factor in Pb-induced
abnormalities in freshwater fish (Guo et al. 2021; Shafiq et al. 2024).
Moreover, Dey et al. (2024a) demonstrated hepatotoxicity in D. rerio
when exposed to 5 ppm concentration levels. It triggered severe
oxidative stress, resulting in lipoperoxidation and, ultimately,
apoptosis. However, activation of the Nrf2-Keap1 signaling pathway in
response to oxidative stress was the cellular defense mechanism that
has been observed. A similar pattern of activation of the Nrf2-Keap1
defense mechanism has been seen in Anabas testudineus when exposed
to 43.4 ppm Pb concentration (Dey et al. 2024b; Helmizuryani et al.
2024). Similarly, Giri et al. (2021) indicated that the Pb-induced
impairment of the cytochrome P450 detoxification system results in the
slow detoxification of pollutants in C. carpio, causing liver dysfunction
by reducing liver enzyme aspartate aminotransferase through its
leakage into the blood. Hence, Pb contamination causes serious
neurotoxic and hepatotoxic effects in the freshwater fish and risks their

survival.
4.4 Aluminum (Al)

Al makes up 8.1% of the Earth's mass and so categorized as the most
frequent natural metallic element and the third most common mineral
in the crust (Upadhyay 2025). Al affects aquatic organisms adversely
(Botté et al. 2022). Al-induced oxidative stress is a key factor that targets
the cognitive functions and behaviors of fish by interrupting cellular
metabolism. For instance, long-term exposure suppressed the
antioxidant enzymes produced in response to oxidative stress, such as
brain catalase activity (CAT) in Channa punctatus, Oreochromis
mossambicus, and Ctenopharyngodon Idella (Closset et al. 2021; Aydin et
al. 2024). This suppression in CAT was explained by the inhibition of
gene expression and the binding of Al ions to enzyme thiol groups
(Rahimzadeh et al. 2022). Similarly, Temiz and Kargin (2022) reported
the significant suppression of glutathione S-transferase (GST),
superoxide dismutase (SOD), and glutathione peroxidase (GPx) in O.
niloticus leading to lipid peroxidation due to elevating oxygen radical
levels. Moreover, a significant production of AChE was reported in D.
rerio on exposure to 50 pg/L AICls which diminished the locomotor
activity, including lowering maximum speed, elevating the absolute
angle of rotation, and reducing traveled distance (Kaur et al. 2022;
Nadiga and Krishna 2024; Zhang et al. 2024). Furthermore, there are
reports of swimming impairment in D. rerio larvae when exposed to Al

at concentrations below 100 pM, including lowering the time and
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velocity of movement, reducing average traveled distance and number
of headings due to modification in glucose metabolism and restricted
neuroblast differentiation due to decreasing numbers of neural stem
cells (Wei et al. 2018; Capriello et al. 2019, Gao et al. 2022). Boopathi et
al. (2024a) reported that in D. rerio after being exposed to Al witnessed a
decline in their spatial learning abilities. Cognitive deficiencies were
linked to a reduction in the forebrain's neuronal plasticity and
Neurogenic differentiation factor 1 (NeuroD1) expression in the
telencephalon (Tutukova et al. 2021). Several studies have revealed the
hepatotoxic effects of Al on freshwater fish. For instance, the exposure
of O. niloticus to 2.6 ppm concentration levels of ALO3 induced severe
liver damage by triggering oxidative stress through elevating levels of
thiobarbituric acid reactive substance (TBARS) and consequently,
damaging hepatocyte cell membrane (Temiz and Kargin 2022). It also
caused genotoxicity by upregulating the biomarker of DNA oxidative
damage known as 8-hydroxy-2-deoxyguanosine (8-OHdG). In another
study, O. niloticus exposed to 4 mg/L concentration of ALOs; NPs
indicated irreversible liver damage due to the induction of
melanomacrophage aggregation leading to necrosis of hepatocytes
(Massoud et al. 2021). Aluminum exposure of freshwater fish exhibits
neurotoxic and hepatotoxic effects by causing cognitive deficiencies and

genotoxicity in hepatocytes.
4.5 Arsenic (As)

As is regarded as an environmental contaminant. Different countries
have restricted As concentration to conserve aquatic biodiversity
(Saxena 2025). For instance, according to Brazilian law, the highest
amount of As tolerable for aquatic fauna is 10 ug/L (de Souza et al.
2019). However, As toxicity in the nervous system gained minimal
recognition compared to its impacts on cellular disruption, genetic
toxicity, and cancer (Chuong et al. 2024; Garkal et al. 2024). Neurotoxic
effects of As has been observed in D. rerio when exposed to 50 ug/L and
500 ug/L of sodium arsenate for 30 days (Ma et al. 2024). Consequently,
neurobehavioral dysfunctionalities can be observed including reduced
social interaction and cognition, long-term memory impairment, and
lower aggression levels. In another study, low performance of D. rerio in
the latent learning task and disrupted memory due to alteration in
dopamine-associated genes in the brain when exposed to high (100 ug/
g) and medium (60 ug/g) doses of As were observed (Rachamalla et al.
2023). Moreover, the disruption of neurotransmitter AChe in C. carpio
after 30 days of arsenite exposure at 2.83 mg/L resulting in disrupted
coordinated behavior, slowed reflexes, and memory loss was observed
(Wang et al. 2021). In a study on Labeo rohita the exposure to As (20.25
mg/L) induced severe liver damage due to severe oxidative stress,
excessive secretion of ALT, AST, and ALP, and upregulation of
cytochrome P450 gene expression (Khalid et al. 2024). Similarly, the
histopathological and metabolic damage in the liver of D. rerio exposed
to arsenic was reported (Ragupathi et al. 2022). Likewise, in another
study within 48 hours of exposure to the nonlethal As doses, C.
punctatus hepatopancreas developed severe degenerative alterations
(Chandel et al. 2024). C. batrachus exposure to sodium arsenate caused
babbling of the nucleus and necrosis of hepatocytes, infiltration, and
abnormalities in the original architecture (Pichhode et al. 2022). Lastly,
arsenic hepatotoxicity in C. gariepinus led to several histopathological
modifications comprising of liver cell enlargement and cell
proliferation, lymphocytic accumulation, dilated blood vessels,
reduction in cellular glycogen levels, necrosis, and melanomacrophage

clustering (Moneeb et al. 2020). Hence, arsenic can alter the
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Reference

(Xu et al. 2022; Naz et
al. 2023; Nalivaikiee et
al. 2024)

(Alam et al. 2021; Zhu
et al. 2022;

Albers et al. 2022; Jeong
et al. 2024; Usman et al.
2024)

(Paduraru et al. 2023;
Liu et al. 2024; Habib et
al. 2024)

(Capriello et al. 2019;
Closset et al. 2021;
Rahimzadeh et al. 2022;
Temiz and Kargin 2022)

(Wang et al. 2021;
Rachamalla et al. 2023;

Ma et al. 2024)
(Shaw et al. 2020; Yadav

2023;
Boopathi et al. 2024b)

Table 1 Prevalence, effective concentration, and mechanisms of heavy metal neurotoxicity in different freshwater fish species
Heavy Prevalence i . Species Neurotoxicity
metal concentration
Cd Low 1.9 ppb -1000 ppb D. rerio, ®Social and flight behavior,
P. promelas, $Boosts auditory thresholds,
O. mykiss, &1 Expression of detoxifying genes and
apoptotic genes
Hg Low 200 ppb - 13 ppm D. sargus, & Activation of the mT2 gene in the brain
D. rerio, & Impairing foraging ability
P. promelas, & Abnormal swimming patterns
O. niloticus, &eMitochondrial malfunction
P. flavescens
Pb Low 10 ppb to 2 ppm S. gairdneri, & ! GABA gene and protein expression
S. fontinalis, $Modifications in the epigenome
T. pavo, & Learning impairment
G. mirabilis, S Hyperactivity
D. rerio & Trembling
& Abnormal swimming
% Muscle tremors
& Rapid breathing
Al Low Less than 100 uM C. punctatus, &Inducing oxidative stress by suppressing
O. mossambicus, CAT, GST, SOD and GPx
C. Idella, eIncreased lipoperoxidation
D. rerio, & Diminished
S. salar locomotor activity
As Low 0.001 mg/L - 100 D. rerio, & Impaired long-term memory
mg/L C. carpio & Impaired cognitive performance
Cr Medium 2mg/L-19.7 mg/L  D. rerio, eSevere oxidative stress in brain cells
S. schlegelii, #Gene expression associated with
C. punctatus neuroinflammation and Alzheimer’s disease
®Cognitive impairment

neurobehavioral patterns and histopathology of the liver in freshwater
fish.

4.6 Chromium (Cr)

According to the US Environmental Protection Agency, Cr is one of the
most prevalent heavy metal pollutants and is regarded as a dangerous
element (Sable et al. 2024). The most toxic state of Cr is Cr [VI] due to its
property of rapid accumulation in the living cells (Muddin et al. 2024).
For instance, the neurotoxic effect of Cr on zebrafish and snakehead fish
included severe oxidative stress, blood-brain barrier injury, and
ferroptosis (Li et al. 2024). Another study reported severe oxidative
stress in brain cells, gene expression associated with
neuroinflammation, and cognitive dysfunction in D. rerio on exposure
to Cr (Boopathi et al. 2024b). Additionally, Xu et al. (2021) demonstrated
the suppression of neurogenesis in the embryo of zebrafish by
suppressing the activity of proneuronal genes, including zashla, zashl
b, and ngnl, when exposed to a 9 M sub-lethal dosage of Cr for one
day. Consequently, incomplete development of the nervous system
causes cognitive dysfunction, abnormal swimming patterns, increased
heart rates, and disturbances in reward pathways. Moreover, irregular
swimming patterns and lethargy were observed in C. punctatus as a
result of DNA damage triggered by excessive production of
micronuclei in interphase cells (Yadav 2023). A similar pattern of DNA
damage was observed in D. rerio when exposed to 2 mg/L Cr [VI] with
the activation of the Nrf2-ARE signaling pathway in response to
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oxidative stress. Consequently, abnormal behavior patterns included
irregular swimming patterns, slow activity, and cognitive impairment
(Shaw et al. 2020). Similarly, the exposure of O. niloticus to 4.57 mg/L
hexavalent chromium Cr (VI) caused hepatotoxic effect by triggering
oxidative stress, impairing the detoxification mechanism through
suppressing GST and CYP450, which are involved in clearing reactive
oxygen species and metabolizing heavy metals in the cells and induced
apoptosis through upregulating caspase-3 and downregulating Bcl-2
(Mohamed et al. 2020; Shafqat et al. 2023). The histopathological
changes in Ctenopharyngodon idella after exposure to sublethal
concentrations of Cr (VI), including dilation of sinusoidal space,
intracellular vacuolation, glycogen depletion, dilation of rough
endoplasmic reticulum, lymphocyte infiltration, hemorrhage, and
hepatopancreas degeneration, were observed (Handa and Jindal 2021).
Moreover, Awasthi et al. (2018) reported adverse effects of Cré* on the
liver of Channa punctatus when exposed for a longer time, and at higher
dosages through oxidative stress, DNA damage, and apoptosis. All
these destructive mechanisms were evident in hepatic cells through
increased activity of CAT, SOD, NOX-1 and GSR genes, increased
number of micronuclei, and increased activity of apoptotic genes
including apaf-1, casp3a, and bax. The synergistic effects of arsenic and
chromium on liver damage in D. rerio has been reported (Kamila et al.
2024). Lastly, in a study on C. carpio, the exposure to a sub-lethal
concentration of Cr led to excessive production of Serum glutamic

pyruvic transaminase (SGPT) and Serum glutamic-oxaloacetic
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Table 2 Prevalence, effective concentration, and mechanisms of heavy metal hepato-toxicity in different freshwater fish species

Heavy P 1 Effective Speci
metal revalence concentration pectes
Cd Medium 0.0001-5.03 mg/L  R. quelen,
G. rarus,
O. niloticus
Hg Low 0.25-539 ug/L D. rerio,
H. malabaricus,
C. gariepinus
Pb Medium 5ppm-434ppm  D.rerio,
A. testudineus,
C. gariepinus
Al Medium 0.1 mg/L-8mg/L  O. niloticus,
C. auratus
As Medium 3 ppm O. mossambicus,
C. punctatus
Cr Low Sublethal doses O. niloticus,
C. idella

Hepato-toxicity

e Development of liver lesions due to

& Alterations in GST

& 1 Lipoperoxidation

& 1 Hepatocyte necrosis

1 AST and ALT enzymes

& | Total protein levels

& 1 Total lipid levels.

&Liver damage evident by oxidative stress in
hepatocytes

& Activation of the intrinsic apoptotic pathway

& Uncontrolled activity of kinases and nuclear

receptors

®eMitochondrial dysfunction

¢ Abnormal endocrine secretions.

Induction of severe oxidative stress, resulting in

lipoperoxidation and ultimately leading to

hepatocyte apoptosis.

S Trigger oxidative stress through elevating levels of

TBARS.

& Caused genotoxicity by upregulating the

biomarker of DNA oxidative damage known as (8-

OHJG).

&Induction of melanomacrophage aggregation

leading to necrosis of hepatocytes

e Panhypoproteinemia

e Hepatocyte vacuolation and apoptosis

S Pyknosis in numerous necrotic cells

e Tissue peliosis hepatitis.

& Inducing oxidative stress

& Impairing detoxification mechanism through
suppressing GST and CYP450

HInduces apoptosis through upregulating caspase-3
and downregulating bcl2.

Reference

(El-Sabbagh et al.
2022; Liu et al. 2023)

(Mohamed et al. 2019;
Pervaiz et al. 2019;
Monteiro et al. 2024)

(Giri et al. 2021; Dey et
al. 2024a; Dey et al.
2024b)
(Massoud et al. 2021;
Temiz and Kargin
2022)

(Ragupathi et al. 2022;
Pichhode et al. 2022;
Khalid et al. 2024)
(Mohamed et al. 2020;
Handa and Jindal
2021;

Kamila et al. 2024)

transaminase (SGOT), indicating liver damage (Ali et al. 2021). In
conclusion, all the above studies proved the neurotoxic and hepatotoxic
effects of Cr exposure in freshwater fish. The mechanisms of
neurotoxicity and hepatotoxicity caused by heavy metals are given in

Tables 1 and Table 2, respectively, along with effective concentrations.
5. Conclusion

These findings demonstrate the adverse effects of heavy metals on
freshwater fish, with compelling evidence of hepatotoxicity and
neurotoxicity. These metals bioaccumulate in the nervous system,
resulting in impaired cognitive functions and abnormal behavior, while
hepatotoxic effects disturb detoxification and metabolic processes and
ultimately influence the health of the ecosystem. Toxicity induced by
heavy metals not only has adverse effects on fish but also influences
aquatic food webs and human food security. Therefore, the focus
should be on the detoxification of the heavy metals by developing
proactive assessment and mitigation strategies. Upcoming studies
should focus on sustainable pollution control measures and the
prolonged effects of heavy metal toxicity on aquatic life to understand
the mechanism of toxicity and develop permissible environmental

limits.

Letters in Animal Biology 05(1): 61 - 72

Declarations
Funding: Not applicable
Conflict of interest: All authors declare no conflicts of interests

Acknowledgements: None
References

Alharbi AA. (2024). In vitro and in vivo anticancer, anti-inflammatory,
and antioxidant activity of Dhimran (Ocimum forsskaolii benth)
extract and essential oil on carbon tetrachloride-induced
hepatotoxicity in mice. Kafkas Universitesi Veteriner Fakiiltesi
Dergisi 30(5): 729-740. https:/ / doi.org/10.9775 / kvfd.2024.32444

Al Marshoudi M, Al Reasi HA, Al-Habsi A, Barry MJ. (2023). Additive
effects of microplastics on accumulation and toxicity of cadmium in
male zebrafish. Chemosphere 334: 138969.
https:/ /doi.org/10.1016 /j.chemosphere.2023.138969

Alam RT, Abu Zeid EH, Khalifa BA, Arisha AH, Reda RM. (2021).
Dietary exposure to methyl mercury chloride induces alterations in
hematology, biochemical parameters, and mRNA expression of
antioxidant enzymes and metallothionein in Nile tilapia.
Environmental Science and Pollution Research 28: 31391-31402.

ISSN: 2584-0479


https://doi.org/10.1016/j.chemosphere.2023.138969%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier

Heavy metal toxicity in fish

https:/ /doi.org/10.1007 /s11356-021-13014-5

Alani JM, Victory EF, Olatunbosun AG. (2025). Essential-(cobalt,
chromium, molybdenum and nickel) and non-essential-
(aluminium, beryllium, and boron) heavy metals in patients with
breast or cervical cancer. Tropical Journal of Obstetrics and
Gynaecology 43(1): 40-44.

Albers JL, Steibel JP, Klingler RH, Ivan LN, Garcia-Reyero N, Carvan
MJ, Murphy CA. (2022). Altered larval yellow perch swimming
behavior due to methylmercury and PCB126 detected using hidden
markov chain models. Environmental Science & Technology 56(6):
3514-3523. https:/ / pubs.acs.org/doi/10.1021/ acs.est.1c07505.

Ali Z, Yousafzai AM, Sher N, Muhammad I, Nayab GE, Aqeel SAM,
Khan H. (2021). Toxicity and bioaccumulation of manganese and
chromium in different organs of common carp (Cyprinus carpio)
fish. Toxicology Reports 8: 343-348.
https:/ /doi.org/10.1016/j.toxrep.2021.02.003

Althobaiti NA. (2024). Heavy metals exposure and Alzheimer’s disease:
underlying mechanisms and advancing therapeutic approaches.
Behavioural Brain Research 476: 115212.
https:/ /doi.org/10.1016/j.bbr.2024.115212

Awasthi Y, Ratn A, Prasad R, Kumar M, Trivedi SP. (2018). An in vivo
analysis of Cré* induced biochemical, genotoxicological, and
transcriptional profiling of genes related to oxidative stress, DNA
damage, and apoptosis in the liver of fish, Channa punctatus (Bloch,
1793). Aquatic toxicology 200: 158-167.
https:/ /doi.org/10.1016 /j.aquatox.2018.05.001

Aydin Kaya D, Giizel O, Sezer D, Sevim G, Matur E, Ergen E, Giirsel
FE, Atmaca G. (2024). Effect of propofol induction on antioxidant
defense system, cytokines, and CD4+ and CD8+ T cells in cats.
Kafkas Universitesi Veteriner Fakultesi Dergisi 30 (5): 603-610.
https:/ /doi.org/10.9775 /kvfd.2024.31756

Bakar NA, Sata NSAM, Ramlan NF, Ibrahim WNW, Zulkifli SZ,
Abdullah CAC, Amal MNA. (2017). Evaluation of the neurotoxic
effects of chronic embryonic exposure with inorganic mercury on
motor and anxiety-like responses in zebrafish (Danio rerio) larvae.
Neurotoxicology and Teratology 59: 53-61.
https:/ /doi.org/10.1016/j.ntt.2016.11.008

Bakar NA, Ibrahim WNW, Zulkiflli AR, Hodin NAS, Kim TY, Ling YS,
Kim CH. (2023). Embryonic mercury exposure in zebrafish:
alteration of metabolites and gene expression, related to visual and
behavioral impairments. Ecotoxicology and Environmental Safety
256: 114862. https:/ / doi.org/10.1016/j.ecoenv.2023.114862

Banaee M, Beitsayah A, Proki¢ MD, Petrovi¢ TG, Zeidi A, Faggio C.
(2023). Effects of cadmium chloride and biofertilizer (Bacilar) on
biochemical parameters of freshwater fish, Alburnus mossulensis.
Comparative Biochemistry and Physiology Part C: Toxicology &
Pharmacology 268: 109614.
https:/ /doi.org/10.1016 /j.cbpc.2023.109614

Bashir F, Sharif S, Manzoor F, Naz S, Rashid F. (2024). Protective effects
of Moringa oleifera leaf extract against silver nanoparticles and
arsenic induced hepatotoxicity in rats. Pakistan Veterinary Journal
44(2): 377- 383. http:/ / dx.doi.org/10.29261/ pakvetj/2024.154

Basir AP, Rejeki S, Purwanti F, Purnomo PW. (2024). Implementation of
integrated multi-trophic aquaculture in the cultivation of giant
trevally (Caranx ignobilis), seaweed (Kappaphycus alvarezii) and sea
cucumber (Holothuria atra) in the aquaculture sub-zone of the Banda
marine conservation area. International Journal of Agriculture and
Biosciences 13(4): 610-616.
https:/ / doi.org/10.47278 /journal.ijab/2024.166

Letters in Animal Biology 05(1): 61 - 72

67

Shehzad et al. 2025

Barst BD, Chételat J, Basu N. (2022). Toxicological risk of mercury for
fish and invertebrate prey in the Arctic. Science of the Total
Environment 836: 155702.
https:/ /doi.org/10.1016 /j.scitotenv.2022.155702

Bashir I, Lone FA, Bhat RA, Mir SA, Dar ZA, Dar SA. (2020). Concerns
and threats of contamination on aquatic ecosystems.In: Hakeem K,
Bhat R, Qadri H, editors, Bioremediation and biotechnology:
Sustainable approaches to pollution degradation.Springer, Cham.
Pp. 1-26. https:/ / doi.org/10.1007 / 978-3-030-35691-01

Boopathi S, Mendonca E, Gandhi A, Rady A, Darwish NM, Arokiyaraj
S, Arockiaraj J. (2024a). Exploring the combined effect of exercise
and apigenin on aluminium-induced neurotoxicity in zebrafish.
Molecular Neurobiology 61(8): 5320-5336.
https:/ /doi.org/10.1007 /s12035-024-03913-2

Boopathi S, Haridevamuthu B, Gandhi A, Nayak SRR, Sudhakaran G,
Rajagopal R, Arockiaraj J. (2024b). Neurobehavioral impairments
from chromium exposure: insights from a zebrafish model and
drug validation. Comparative Biochemistry and Physiology Part C:
Toxicology & Pharmacology 275: 109780.
https:/ /doi.org/10.1016/j.cbpc.2023.109780

Botté A, Zaidi M, Guery ], Fichet D, Leignel V. (2022). Aluminium in
aquatic environments: abundance and ecotoxicological impacts.
Aquatic Ecology 56(3): 751-773.
https:/ /doi.org/10.1007 /s10452-021-09936-4

Boyd CE, Davis RP, McNevin AA, Kumar V. (2025). Water quality and
its impacts on feeding practices. In: Kumar V, editor, Feed and
feeding for fish and shellfish. Academic Press. Pp. 383-401.
https:/ /doi.org/10.1016 / B978-0-443-21556-8.00006-5

Boyd CE, McNevin AA, Davis RP. (2022). The contribution of fisheries
and aquaculture to the global protein supply. Food security 14(3):
805-827. https:/ /doi.org/10.1007 / s12571-021-01246-9

Capriello T, Grimaldi MC, Cofone R, D'Aniellon S, Ferrandino I. (2019).
Effects of aluminium and cadmium on hatching and swimming
ability in developing zebrafish. Chemosphere 222: 243-249.
https:/ /doi.org/10.1016 /j.chemosphere.2019.01.140

Cano-Viveros S, Galar-Martinez M, Gasca-Pérez E, Garcia-Medina S,
Ruiz-Lara K, Goémez-Olivan LM, Islas-Flores H. (2021). The
relationship between embryotoxicity and oxidative stress produced
by aluminum, iron, mercury, and their mixture on Cyprinus carpio.
Water, Air, & Soil Pollution 232: 1-21.
https:/ /doi.org/10.1007 /s11270-021-05312-y

Chandel M, Sharma AK, Thakur K, Sharma D, Brar B, Mahajan D,
Kumar R. (2024). Poison in the water: Arsenic's silent assault on fish
health. Journal of Applied Toxicology 44(9): 1282-1301.
https:/ /doi.org/10.1002 /jat.4581

Chen Q, An ], Xie D, Gong S, Lian X, Liu Z, Li Y. (2021). Suppression
and recovery of reproductive behavior induced by early life
exposure to mercury in zebrafish. Comparative Biochemistry and
Physiology Part C: Toxicology & Pharmacology 239: 108876.
https:/ /doi.org/10.1016/j.cbpc.2020.108876

Choudhury C, Mazumder R, Biswas R, Sengupta M. (2021). Cadmium
exposure induces inflammation through the canonical NF-«xB
pathway in monocytes/macrophages of Channa punctatus Bloch.
Fish & Shellfish Immunology 110: 116-126.
https:/ / doi.org /10.1016 /j.fsi.2021.01.002

Chuong NV, Tri TLK. (2024). Enhancing soil fertilizer and peanut
output by utilizing endophytic bacteria and vermicompost on
arsenic-contaminated soil. International Journal of Agriculture and
Biosciences 13(4): 596-602.

ISSN: 2584-0479


https://pubs.acs.org/doi/10.1021/acs.est.1c07505?goto=supporting-info
https://doi.org/10.1016/j.toxrep.2021.02.003%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/
https://doi.org/10.1016/j.ntt.2016.11.008%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.ecoenv.2023.114862%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.cbpc.2023.109614%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.scitotenv.2022.155702%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1007/978-3-030-35691-01
https://doi.org/10.1007/s12035-024-03913-2
https://doi.org/10.1016/j.cbpc.2023.109780%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1007/s10452-021-09936-4
https://doi.org/10.1016/j.chemosphere.2019.01.140%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1007/s11270-021-05312-y
https://doi.org/10.1002/jat.4581
https://doi.org/10.1016/j.cbpc.2020.108876%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.fsi.2021.01.002%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier

Heavy metal toxicity in fish

https:/ /doi.org/10.47278 /journal.ijab /2024.145

Closset M, Cailliau K, Slaby S, Marin M. (2021). Effects of aluminium
contamination on the nervous system of freshwater aquatic
vertebrates: a review. International Journal of Molecular Sciences
23(1): 31. https:/ / doi.org/10.3390/ijms23010031

de Souza ACM, de Almeida MG, Pestana IA, de Souza CMM. (2019).
Arsenic exposure and effects in humans: a mini-review in Brazil.
Archives of environmental contamination and toxicology 76:
357-365. https:/ / doi.org/10.1007 / s00244-018-00586-6

Dey KK, Kamila S, Das T, Chattopadhyay A. (2024a). Lead induced
genotoxicity and hepatotoxicity in zebrafish (Danio rerio) at
environmentally relevant concentration: Nrf2-Keapl regulated
stress response and expression of biomarker genes. Environmental
Toxicology and Pharmacology 107: 104396.
https:/ /doi.org/10.1016/j.etap.2024.104396

Dey KK, Mondal P, Chattopadhyay A. (2024b). Environmentally
relevant lead alters nuclear integrity in erythrocytes and generates
oxidative stress in liver of Anabas testudineus: involvement of Nrf2-
Keapl regulation and expression of biomarker genes. Journal of
Applied Toxicology 44(2): 260-271. https:/ /doi.org/10.1002/jat.4537

da Silva AOF, Bezerra V, Meletti PC, Simonato JD, dos Reis Martinez
CB. (2023). Cadmium effects on the freshwater teleost Prochilodus
lineatus: Accumulation and biochemical, genotoxic, and behavioural
biomarkers. Environmental Toxicology and Pharmacology 99:
104121. https:/ /doi.org/10.1016/j.etap.2023.104121

de Lagrdn MM, Bascén-Cardozo K, Dierssen M. (2024).
Neurodevelopmental disorders: 2024 update. Free Neuropathology
5: 5-20. doi: 10.17879/ freeneuropathology-2024-5734

El-Sabbagh NM, Khalil RH, Khallaf MM, Shakweer MS, Ghetas HA,
Atallah MM. (2022). Pharmacological and ameliorative effects of
Withania somnifera against cadmium chloride—induced oxidative
stress and immune suppression in Nile tilapia, Oreochromis niloticus.
Environmental Science and Pollution Research 29(5): 6777-6792.
https:/ /doi.org/10.1007 / s11356-021-15630-7

Elumalai S, Prabhu K, Selvan GP, Ramasamy P. (2023). Review on
heavy metal contaminants in freshwater fish in South India: current
situation and future perspective. Environmental Science and
Pollution Research 30(57): 119594-119611.
https:/ /doi.org/10‘1007/511356-023-30659-6

Gao X, Zhang P, Chen ], Zhang L, Shang N, Chen J, Zhang Q. (2022).
Necrostatin-1 relieves learning and memory deficits in a zebrafish
model of Alzheimer’s disease induced by aluminum. Neurotoxicity
Research 40(1): 198-214.
https:/ /doi.org/10‘1007/512640-021-00463-6

Garg A, Bandyopadhyay S. (2025). A comprehensive review of arsenic-
induced neurotoxicity: exploring the role of glial cell pathways and
mechanisms. Chemosphere 372: 144046.
https:/ /doi.org/10.1016 /j.chemosphere.2024.144046

Garkal A, Sarode L, Bangar P, Mehta T, Singh DF, Rawal R. (2024).
Understanding arsenic toxicity: implications for environmental
exposure and human health. Journal of Hazardous Materials
Letters 5:100090. https:/ /doi.org/10.1016/j.haz1.2023.100090

Gashkina NA, Moiseenko TI, Shuman LA, Koroleva IM. (2022).
Biological responses of whitefish (Coregonus lavaretus L.) to reduced
toxic impact: metal accumulation, haematological, immunological,
and histopathological alterations. Ecotoxicology and Environmental
Safety 239: 113659. https:/ / doi.org/10.1016/j.ecoenv.2022.113659

Giri SS, Kim MJ, Kim SG, Kim SW, Kang JW, Kwon J, Park SC. (2021).

Letters in Animal Biology 05(1): 61 - 72

Shehzad et al. 2025

Role of dietary curcumin against waterborne lead toxicity in
common carp Cyprinus carpio. Ecotoxicology and Environmental
Safety 219: 112318. https:/ / doi.org/10.1016/j.ecoenv.2021.112318

Green AJ, Planchart A. (2018). The neurological toxicity of heavy
metals: a fish perspective. Comparative Biochemistry and
Physiology Part C: Toxicology & Pharmacology 208: 12-19.
https:/ /doi.org/10.1016 /j.cbpc.2017.11.008

Guo J, Pu Y, Zhong L, Wang K, Duan X, Chen D. (2021). Lead impaired
immune function and tissue integrity in yellow catfish (Peltobargus
fulvidraco) by mediating oxidative stress, inflammatory response
and apoptosis. Ecotoxicology and Environmental Safety 226:
112857. https:/ /doi.org/10.1016/j.ecoenv.2021.112857

Habib SS, Maqgaddas S, Fazio F, Amouri RE, Shaikh GS, Rahim A, Al-
Emam A. (2024). Evaluation of lead exposure effects on tissue
accumulation, behavior, morphological and hemato-biochemical
changes in common carp, Cyprinus carpio. Journal of Trace Elements
in Medicine and Biology 86: 127523.
https:/ /doi.org/10.1016/j.jtemb.2024.127523

Handa K, Jindal R. (2021). Estimating the hepatotoxic impact of
hexavalent chromium on Ctenopharyngodon idellus through a multi-
biomarker study. Environmental Advances 5: 100108.
https:/ /doi.org/10.1016/j.envadv.2021.100108

Henriques MC, Carvalho I, Santos C, Herdeiro MT, Fardilha M, Pavlaki
MD, Loureiro S. (2023). Unveiling the molecular mechanisms and
developmental consequences of mercury (Hg) toxicity in zebrafish
embryo-larvae: a comprehensive approach. Neurotoxicology and
Teratology 100: 107302. https:/ /doi.org/10.1016/j.ntt.2023.107302

Helmizuryani, Khotimah K, Muslimin B, Puspitasari M, Rosmiah,
YonartaD, Apriyanti D. (2024). Heritability, selection response,
genetic gain and RAPD markers of Anabas testudineus in three
generations. International Journal of Veterinary Science 13(6):
806-812. https:/ /doi.org/10.47278 /journal.ijvs / 2024.178

Hu W, Zhu QL, Zheng JL, Wen ZY. (2022). Cadmium induced oxidative
stress, endoplasmic reticulum (ER) stress and apoptosis with
compensative responses towards the up-regulation of ribosome,
protein processing in the ER, and protein export pathways in the
liver of zebrafish. Aquatic Toxicology 242: 106023.
https:/ /doi.org/10.1016/j.aquatox.2021.106023

Jabeen G, Tariq M, Ishaq S, Ain Q. (2024). Assessment of total protein
contents, hematological parameters and histopathological
alterations in gills of fish treated with plasticizers, di-methyl
phthalate and di-n-octyl phthalate. Continental Veterinary Journal
4(2): 152-157. http:/ / dx.doi.org/10.71081/ cvj/2024.025

Jagaba AH, Lawal IM, Birniwa AH, Affam AC, Usman AK, Soja UB,
Saleh D, Hussaini A, Noor A, Yaro NSA. (2024). Sources of water
contamination by heavy metals. In: Jaafar ], Zaidi AA, Naseer MN,
editors, Membrane technologies for heavy metal removal from
water. CRC Press. Boca Raton, FL. Pp. 3-27.
https:/ /doi.org/10.1201/9781003326281—2

Jeong H, Ali W, Zinck P Souissi S, Lee JS. (2024). Toxicity of
methylmercury in aquatic organisms and interaction with
environmental factors and coexisting pollutants: a review. Science
of the Total Environment 943: 173574.
https:/ /doi.org/10.1016 /j.scitotenv.2024.173574

Jomova K, Alomar SY, Alwasel SH, Nepovimova E, Kuca K, Valko M.
(2024). Several lines of antioxidant defense against oxidative stress:
antioxidant enzymes, nanomaterials with multiple enzyme-
mimicking activities, and low-molecular-weight antioxidants.
Archives of Toxicology 98(5): 1323-1367.

ISSN: 2584-0479


https://doi.org/10.3390/ijms23010031
https://doi.org/10.1007/s00244-018-00586-6
https://doi.org/10.1016/j.etap.2024.104396%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1002/jat.4537
https://doi.org/10.1016/j.etap.2023.104121%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.17879/freeneuropathology-2024-5734%22%20%5Ct%20%22_blank
https://doi.org/10.1007/s11356-021-15630-7
https://doi.org/10.1007/s11356-023-30659-6
https://doi.org/10.1007/s12640-021-00463-6
https://doi.org/10.1016/j.chemosphere.2024.144046%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.hazl.2023.100090%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.ecoenv.2022.113659%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.ecoenv.2021.112318
https://doi.org/10.1016/j.cbpc.2017.11.008%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.ecoenv.2021.112857%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.jtemb.2024.127523%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.envadv.2021.100108%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.ntt.2023.107302%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.aquatox.2021.106023%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
http://dx.doi.org/10.71081/cvj/2024.025

Heavy metal toxicity in fish

https:/ /doi.org/10.1007 / s00204-024-03696-4

Kalita R, Pegu A, Baruah C. (2023). Prospects of probiotics and fish
growth promoting bacteria in aquaculture: a review. International
Journal of Agriculture and Biosciences 12(4): 234-244.
https:/ /doi.org/10.47278 /journal.ijab /2023.070

Kamila S, Dey KK, Islam S, Chattopadhyay A. (2024). Arsenic and
chromium induced hepatotoxicity in zebrafish (Danio rerio) at
environmentally relevant concentrations: Mixture effects and
involvement of Nrf2-Keapl-ARE pathway. Science of the Total
Environment 921: 171221.
https:/ /doi.org/10.1016/j.scitotenv.2024.171221

Karadas NF. (2024). Effects of fish on human health and nutrient
content. Agro Science Journal of Igdir University 2(1): 32-38.

Kaur K, Narang RK, Singh S. (2022). AICl3 induced learning and
memory deficits in zebrafish. Neurotoxicology 92: 67-76.
https:/ /doi.org/10.1016/j.neuro.2022.07.004

Kaur S, Thakur H, Singh A, Ramasamy V, Mudgal G. (2025). Poisoned
seas: chemical threats to marine life and human health. In: Prakash
C, Kesari KK, Negi A, editor, Sustainable development goals
towards environmental toxicity and green chemistry. Springer,
Cham. Pp. 167-200. https:/ / doi.org/10.1007 /978-3-031-77327-310

Khalid F Azmat H, Khan N. (2024). Ameliorative effects of Moringa
oleifera leaf extract against arsenic induced histo-biochemical
alterations in Labeo rohita. Ecotoxicology and Environmental Safety
287:117258. https:/ / doi.org/10.1016 /j.ecoenv.2024.117258

Khan A, H Afsheen, G Afzal, QU Nisa, S Alam, A Ali, M Irfan, A Jamal.
(2023). Oxidative stress and toxicological impacts of Monomehypo
exposure on bone marrow and erythrocytes in male Japanese quail.
Continental Veterinary Journal 3(1):84-90.
http:/ /dx.doi.org/10.71081/cvj/2023.012

Kolarova N, Napidérkowski P. (2021). Trace elements in aquatic
environment. Origin, distribution, assessment and toxicity effect for
the aquatic biota. Ecohydrology & Hydrobiology 21(4): 655-668.
https:/ /doi.org/10.1016/j.ecohyd.2021.02.002

Lee JW, Choi H, Hwang UK, Kang JC, Kang Y], Kim KI, Kim JH. (2019).
Toxic effects of lead exposure on bioaccumulation, oxidative stress,
neurotoxicity, and immune responses in fish: a review.
Environmental Toxicology and Pharmacology 68: 101-108.
https:/ /doi.org/10.1016/j.etap.2019.03.010

Lei Y, Li X, Mao X. (2025). Microplastics aggravate the adverse effects of
methylmercury than inorganic mercury on zebrafish (Danio rerio).
Environmental Pollution 367: 125559.
https:/ /doi.org/10.1016 /j.envpol.2024.125559

Li MY, Shi YC, Xu WX, Zhao L, Zhang AZ. (2024). Exploring Cr (VI)-
induced blood-brain barrier injury and neurotoxicity in zebrafish
and snakehead fish, and inhibiting toxic effects of astaxanthin.
Environmental Pollution 355: 124280.
https:/ /doi.org/10.1016 /j.envpol.2024.124280

Liu J, Wang E, Xi Z, Dong J, Chen C, Xu P, Wang L. (2024). Zinc
mitigates cadmium-induced sperm dysfunction through regulating
Ca2* and metallothionein expression in the freshwater crab
Sinopotamon henanense. Comparative Biochemistry and Physiology
Part C: Toxicology & Pharmacology 279: 109860.
https:/ /doi.org/10.1016/j.cbpc.2024.109860

Liu M, Deng P, Li G, Liu H, Zuo J, Cui W, Luan N. (2024). Neurotoxicity
of Combined Exposure to the Heavy Metals (Pb and As) in
Zebrafish (Danio rerio). Toxics 12(4): 282.
https:/ /doi.org/10.3390/ toxics12040282

Letters in Animal Biology 05(1): 61 - 72

Shehzad et al. 2025

Liu XH, Pang X, Jin L, Pu DY, Wang ZJ, Zhang YG. (2023). Exposure to
acute waterborne cadmium caused severe damage on the lipid
metabolism of freshwater fish, revealed by nuclear lipid droplet
deposition in hepatocytes of rare minnow. Aquatic Toxicology 257:
106433. https:/ /doi.org/10.1016/j.aquatox.2023.106433

Ma H, Yang W, Li Y, Li ], Yang X, Chen Y, Sun H. (2024). Effects of
sodium arsenite exposure on behavior, ultrastructure, and gene
expression of the brain in adult zebrafish (Danio rerio).
Ecotoxicology and Environmental Safety 273: 116107.
https:/ /doi.org/10.1016/j.ecoenv.2024.116107

Massoud E, El-Kott A, Morsy K, Abdel-Khalek AA. (2021). Assessment
of hepatotoxicity induced by aluminum oxide nanoparticles in
Oreochromis niloticus using integrated biomarkers: exposure and
recovery. Bulletin of Environmental Contamination and Toxicology
106: 970-977. https:/ / doi.org/10.1007 /s00128-021-03190-y

Medda N, Patra R, Ghosh TK, Maiti S. (2020). Neurotoxic mechanism of
arsenic: synergistic effect of mitochondrial instability, oxidative
stress, and hormonal-neurotransmitter impairment. Biological Trace
Element Research 198: 8-15.
https:/ /doi.org/10.1007/312011-020-02044-8

Min EK, Lee AN, Lee JY, Shim I, Kim P, Kim TY, Lee S. (2021).
Advantages of omics technology for evaluating cadmium toxicity
in zebrafish. Toxicological Research 37: 395-403.
https:/ /doi.org/10.1007 / s43188-020-00082-x

Mitra S, Chakraborty AJ, Tareq AM, Emran TB, Nainu F, Khusro A,
Simal-Gandara J. (2022). Impact of heavy metals on the
environment and human health: novel therapeutic insights to
counter the toxicity. Journal of King Saud University-Science 34(3):
101865. https:/ /doi.org/10.1016/j.jksus.2022.101865

Mohamed NA, Ali AM, Bakhoum SA, Abdel-Kader HH, Ahmed MA.
(2019). Monitoring of oxidative stress biomarkers and toxicity of
lead and mercury in Catfish of lake mariout, Egypt: The role of
meso-2, 3-dimercaptosuccinic acid (DMSA). Egyptian Journal of
Aquatic Biology and Fisheries 23(2): 165-182.
https:/ /doi.org/10.21608/ ejabf.2019.30238

Monchanin C, Devaud JM, Barron AB, Lihoreau M. (2021). Current
permissible levels of metal pollutants harm terrestrial invertebrates.
Science of the Total Environment 779: 146398.
https:/ /doi.org/10.1016/j.scitotenv.2021.146398

Moneeb RH, Mekkawy IA, Mahmoud UM, Sayed AEDH. (2020).
Histopathological and ultrastructure studies on hepatotoxicity of
arsenic in Clarias gariepinus (Burchell, 1822): hepatoprotective effect
of Amphora coffeaeformis. Scientific African 8: e00448.
https:/ /doi.org/10.1016/j.sciaf.2020.e00448

Monteiro JAN, Cunha LA, Silva RC, Freitas JJS, Concei¢do RCS, Lima
SSC, Rocha CAM. (2024). Prolactin protects against mercury-
induced toxicity in the Amazonian fish Geophagus brasiliensis
(Perciformes, Cichlidae). Genetics and Molecular Research 23(2):
gmr19267. https:/ /doi.org/10.1016 /j.sciaf.2020.e00448

Montesqrit M, Pazla R, Ningrat RWS. (2024). Effectiveness of Lemuru
fish (Sardinella longiceps) oil supplementation on nutrient
digestibility, fiber fraction and rumen fluid fermentability.
International Journal of Veterinary Science 13(3): 273-283.
https:/ /doi.org/10.47278 /journal.ijvs /2023.096

Motta CM, Carotenuto R, Fogliano C, Rosati L, Denre P, Panzuto R,
Avallone B. (2025). Olfactory impairment and recovery in zebrafish
(Danio rerio) following cadmium exposure. Biology 14(1): 77.
https:/ /doi.org/10.3390/biology 14010077

Mohamed AAR, El-Houseiny W, Abd Elhakeem EM, Ebraheim LL,

ISSN: 2584-0479


https://doi.org/10.1007/s00204-024-03696-4
https://doi.org/10.1016/j.scitotenv.2024.171221%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.neuro.2022.07.004%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.ecoenv.2024.117258%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.ecohyd.2021.02.002%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.etap.2019.03.010%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.envpol.2024.125559%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.envpol.2024.124280%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.cbpc.2024.109860%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.3390/toxics12040282
https://doi.org/10.1016/j.aquatox.2023.106433%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.ecoenv.2024.116107%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1007/s12011-020-02044-8
https://doi.org/10.1016/j.jksus.2022.101865%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.scitotenv.2021.146398%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/

Heavy metal toxicity in fish

Ahmed AI, Abd El-Hakim YM. (2020). Effect of hexavalent
chromium exposure on the liver and kidney tissues related to the
expression of CYP450 and GST genes of Oreochromis niloticus fish:
Role of curcumin supplemented diet. Ecotoxicology and
Environmental Safety 188: 109890.

https:/ /doi.org/10.1016/j.ecoenv.2019.109890

Muddin NAI, Badsha MM, Arafath MA, Merican ZMA, Hossain MS.
(2024). Magnetic chitosan nanoparticles as a potential bio-sorbent
for the removal of Cr (VI) from wastewater: synthesis,
environmental impact and challenges. Desalination and Water
Treatment 319: 100449. https:/ /doi.org/10.1016/j.dwt.2024.100449

Mukanga M, Matimelo M, Lwinya K, Machuku O, Chilipa L, Lupapula
M, Tembo SM, Chipabika G. (2024). Efficacy of selected pesticides
against the fall armyworm infestation in small holder maize
production in Zambia. International Journal of Agriculture and
Biosciences 13(2): 237-249.
https:/ /doi.org/10.47278 /journal.ijab /2024.105

Murumulla L, Bandaru LJM, Challa S. (2024). Heavy metal mediated
progressive degeneration and its noxious effects on brain
microenvironment. Biological Trace Element Research 202(4):
1411-1427. https:/ / doi.org/10.1007 /s12011-023-03778-x

Nadiga AP, Krishna KL. (2024). A novel Zebrafish model of Alzheimer's
disease by Aluminium chloride; involving nitro-oxidative stress,
neuroinflammation and cholinergic pathway. European Journal of
Pharmacology 965: 176332.
https:/ /doi.org/10.1016/j.ejphar.2024.176332

Najibzadeh M. (2025). Monitoring and Assessment of Heavy Metal
Concentrations in Two Black Fish Species, Capoeta saadii (Heckel,
1847) and Capoeta trutta (Heckel, 1843), in Western Iran. Biological
Trace Element Research: 1-10.
https:/ /doi.org/10.1007 /s12011-025-04529-w

Nalivaikiene¢ R, Kalciené V, Butrimavi¢iene L. (2024). Response of
oxidative stress and neurotoxicity biomarkers in rainbow trout
(Oncorhynchus mykiss) after exposure to six-metal mixtures. Marine
and Freshwater Behaviour and Physiology 57(4-6): 77-93.
https:/ /doi.org/10.1080/10236244.2024.2415065

Naz S, Chatha AMM, Danabag D. (2023). Effects of cadmium and nickel
on embryonic development of fish: a review. Menba Kastamonu
Universitesi Su Uriinleri Fakiiltesi Dergisi 9(2): 40-51.
https:/ /doi.org/10.58626 / menba.1266952

Ngu Y], Skalny AV, Tinkov AA, Tsai CS, Chang CC, Chuang YK, Chang
JS. (2022). Association between essential and non-essential metals,
body composition, and metabolic syndrome in adults. Biological
Trace Element Research 200: 4903-4915.
https:/ /doi.org/10‘1007/512011-021-03077-3

Nielsen KM, Venables B, Roberts A. (2017). Effects of dietary
methylmercury on the dopaminergic system of adult fathead
minnows and their offspring. Environmental Toxicology and
Chemistry 36(4): 1077-1084. https:/ /doi.org/10.1002/ etc.3630

Nwafili SA, Chibanya OD. (2023). Knowledge and practices of
Chrysichthys nigrodigatatus fishery of the new Calabar River and
implications for conservation. Agrobiological Records 14: 14-21.
https:/ /doi.org/10.47278 /journal.abr/2023.033

Oleinikova Y, Badryzlova N, Alybayeva A, Yermekbay Z, Amangeldi A,
Sadanov AMA. (2024). Effect of a probiotic preparation based on
lactic and propionic acid bacteria on the growth of young rainbow
trout Oncorhynchus mykiss in aquaculture. International Journal of
Veterinary Science 13(3): 319-327.
https:/ /doi.org/10.47278 /journal.ijvs /2023.107

Letters in Animal Biology 05(1): 61 - 72

70

Shehzad et al. 2025

Paduraru E, Flocea EI, Lazado CC, Simionov IA, Nicoara M, Ciobica A,
Jijie R. (2021). Vitamin C mitigates oxidative stress and behavioral
impairments induced by deltamethrin and lead toxicity in
zebrafish. International Journal of Molecular Sciences 22(23): 12714.
https:/ /doi.org/10.3390/ijms222312714

Paduraru E, Tacob D, Rarinca V, Plavan G, Ureche D, Jijie R, Nicoara M.
(2023). Zebrafish as a potential model for neurodegenerative
diseases: a focus on toxic metals implications. International Journal
of Molecular Sciences 24(4): 3428.
https:/ /doi.org/10.3390/ijms24043428

Pandey N, Tiwari A. (2021). Human health risk assessment of heavy
metals in different soils and sediments. In: Kumar V, Sharma A,
Cerda A, editors, Heavy metals in the environment: Impact,
assessment, and remediation. Elsevier. Pp. 143-163.
https:/ /doi.org/10.1016 /B978-0-12-821656-9.00008-0

Patel UN, Patel UD, Khadayata AV, Vaja RK, Patel HB, Modi CM.
(2021). Assessment of neurotoxicity following single and co-
exposure of cadmium and mercury in adult zebrafish: behavior
alterations, oxidative stress, gene expression, and histological
impairment in brain. Water, Air, & Soil Pollution 232(8): 340.
https:/ /doi.org/10.1007 /s11270-021-05274-1

Pervaiz A, Afridi R, Pervaiz Z, Masood R, Pervaiz H. (2019).
Examination of morphological, behavioral and histopathological
effects on Oreochromis niloticus after acute exposure to
methylmercury. Journal of Innovative Sciences 5(1): 16-24.
http:/ /dx.doi.org/10.17582 /journal.jis/2019/5.1.16.24

Pichhode M, Karpgye SK, Gaherwal S. (2022). Impact of sodium
arsenate on histological changes in liver and kidney of freshwater
catfish, Clarias batrachus. Agricultural Science Digest 42(4): 506-510.
https:/ /doi.org/10.18805/ag.D-5349

Rachamalla M, Salahinejad A, Khan M, Datusalia AK, Niyogi S. (2023).
Chronic dietary exposure to arsenic at environmentally relevant
concentrations impairs cognitive performance in adult zebrafish
(Danio rerio) via oxidative stress and dopaminergic dysfunction.
Science of The Total Environment 886: 163771.
https:/ /doi.org/10.1016/j.scitotenv.2023.163771

Rahmi, Relatami ANR, Anshar AR, Akmal, Syaichudin M, Firman SW,
Tampangallo BR, Mundayana Y, Chadijah A, Nisaa K, Salam NI,
Masriah A, Ikbal M, Indahyani F, Hoven ID, Muzalina E. (2024).
Growth analysis and innate immune response of tilapia
(Oreochromis niloticus) fed with synbiotic feeds in brackish water.
International Journal of Veterinary Science 13(3): 291-299.
https:/ /doi.org/10.47278 /journal.ijvs / 2023.100

Rasinger JD, Lundebye AK, Penglase SJ, Ellingsen S, Amlund H. (2017).
Methylmercury induced neurotoxicity and the influence of
selenium in the brains of adult zebrafish (Danio rerio). International
Journal of Molecular Sciences 18(4): 725.
https:/ /doi.org/10.3390/ijms18040725

Ragupathi S, Gunasekar A, Chathalingath N, priya Mohan T. (2022).
Amelioration Effects of leaf extract of Centella asiatica on sodium
arsenate induced hepatotoxicity in zebra fish. South African Journal
of Botany 151: 432-439. https:/ / doi.org/10.1016 /j.sajb.2022.04.052

Rahimzadeh MR, Rahimzadeh MR, Kazemi S, Amiri R], Pirzadeh M,
Moghadamnia AA. (2022). Aluminum poisoning with emphasis on
its mechanism and treatment of intoxication. Emergency Medicine
International 2022(1): 1480553.
https:/ /doi.org/10.1155/2022 /1480553

Rajkumar J. (2022). Hepatotoxic effect of lead and hepatoprotective
effect of Hydrilla verticillata on hepatic transcriptional and

ISSN: 2584-0479


https://doi.org/10.1016/j.ecoenv.2019.109890%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1007/s12011-023-03778-x
https://doi.org/10.1016/j.ejphar.2024.176332%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1007/s12011-025-04529-w
https://doi.org/10.1080/10236244.2024.2415065
https://doi.org/10.1002/etc.3630
https://doi.org/10.3390/ijms222312714
https://doi.org/10.3390/ijms24043428
https://doi.org/10.1007/s11270-021-05274-1
https://doi.org/10.3390/ijms18040725
https://doi.org/10.1016/j.sajb.2022.04.052%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier

Heavy metal toxicity in fish

physiological response in edible fish Labeo rohita. Drug & Chemical
Toxicology 45(3): 1276.
https:/ /doi.org/10.1080/01480545.2020.1815762

Rani R, Sharma P, Kumar R, Hajam YA. (2022). Effects of heavy metals
and pesticides on fish. In: Dar GH, Qadri H, Hakeem KR, editors,
Bacterial fish diseases. Academic Press. Pp. 59-86.
https:/ /doi.org/10.1016 /B978-0-323-85624-9.00016-6

Rasin P, Ashwathi AV, Basheer SM, Haribabu J, Santibanez JF, Garrote
CA, Arulraj A, Mangalaraja RV. (2025). Exposure to cadmium and
its impacts on human health: a short review. Journal of Hazardous
Materials Advances 17: 100608.
https:/ /doi.org/10.1016/j.hazadv.2025.100608

Rasheed M, Du XX. (2023). Unveiling behavioral responses of wild
animals: insights from domestication in the face of anthropogenic
change. Agrobiological Records 13: 34-43.
https:/ /doi.org/10.47278 /journal.abr/2023.023

Rezaei K, Mastali G, Abbasgholinejad E, Bafrani MA, Shahmohammadi
A, Sadri Z, Zahed MA. (2024). Cadmium neurotoxicity: insights
into behavioral effect and neurodegenerative diseases.
Chemosphere 364: 143180.
https:/ /doi.org/10.1016 /j.chemosphere.2024.143180

Sable H, Singh V, Kumar V, Roy A, Pandit S, Kaur K, Malik S. (2024).
Toxicological and bioremediation profiling of nonessential heavy
metals (mercury, chromium, cadmium, aluminium) and their
impact on human health: a review. Toxicologie Analytique et
Clinique 36(3): 205-234 https:/ /doi.org/10.1016/j.toxac.2024.03.096

Santoso U, Widyastuti M, Nurlaila, Noor I. (2024). Vegetative growth
phase of Mentik susu local rice species with the application of
Perokan fertilizer. International Journal of Agriculture and
Biosciences 13(4): 547-552.
https:/ /doi.org/10.47278 /journal.ijab /2024.157

Saxena V. (2025). Water quality, air pollution, and climate change:
investigating the environmental impacts of industrialization and
urbanization. Water, Air, & Soil Pollution 236(2): 73.
https:/ /doi.org/10.1007 /s11270-024-07702-4aga

Shafiq A, Aftab M, Nadeem A, Rasheed MS, Awan I, Khalil MT, Ali
MM, Saeed HA, Zafar MZ. (2024). Impact of Fusobacterium
nucleatum infection on ferroptosis suppression, oxidative stress, and
prognostic outcomes in esophageal squamous cell carcinoma.
Agrobiological Records 18: 96-104.
https:/ /doi.org/10.47278 /journal.abr /2024.041

Shafqat S, ] Abbass, A Khan, H Afsheen, G Afzal, QU Nisa, S Alam, MI
Shamsher, A Jamal. (2023). Oxidative stress and toxicological
impacts of ethoxysulfuron exposure on bone marrow, and intestinal
morphometry in male Japanese quail. Continental Veterinary
Journal 3(2):78-85. http:/ /dx.doi.org/10.71081/ cvj/2023.022

Shaw P, Mondal P, Bandyopadhyay A, Chattopadhyay A. (2020).
Environmentally relevant concentration of chromium induces
nuclear deformities in erythrocytes and alters the expression of
stress-responsive and apoptotic genes in brain of adult zebrafish.
Science of the Total Environment 703: 135622.
https:/ /doi.org/10.1016 /j.scitotenv.2019.135622

Sharma M, Kant R, Sharma AK, Sharma AK. (2024). Exploring the
impact of heavy metals toxicity in the aquatic ecosystem.
International Journal of Energy and Water Resources 9: 267-280.
https:/ /doi.org/10.1007 / s42108-024-00284-1

Singh S, Dwivedi S, Khan AA, Jain A, Dwivedi S, Yadav KK, Kumar M.
(2024). Oxidative stress, inflammation, and steatosis elucidate the
complex dynamics of HgCl2 induced liver damage in Channa

Letters in Animal Biology 05(1): 61 - 72

Shehzad et al. 2025

punctata. Scientific Reports 14(1): 9161.
https:/ /doi.org/10.1038/s41598-024-59917-4

Solakhiyah TNA, Tjahjaningsih W, Sulmartiwi L. (2023). The Metrics
profiles of melanomacrophages centre on the spleen of carp
(Cyprinus carpio) exposed to mercury chloride. Journal of
Aquaculture 8(2): 67-73. https:/ / doi.org/10.20473 /joas.v8i2.48704

Soliman MM, Hesselberg T, Mohamed AA, Renault D. (2022). Trophic
transfer of heavy metals along a pollution gradient in a terrestrial
agro-industrial food web. Geoderma 413: 115748.
https:/ /doi.org/10.1016 /j.geoderma.2022.115748

Sonone SS, Jadhav S, Sankhla MS, Kumar R. (2020). Water
contamination by heavy metals and their toxic effect on aquaculture
and human health through food chain. Letters in Applied
NanoBioScience 10(2): 2148-2166.
https:/ /doi.org/10.33263 / LIANBS102.21482166

Sozen ME, Savas HB, Cuce G. (2024). Protective effects of selenium
against acrylamide induced hepatotoxicity in rats. Pakistan
Veterinary Journal 44(2): 274-279.
http:/ /dx.doi.org/10.29261/ pakvetj/2024.153

Suleman R, Zahoor MA, Qarni MA, Saleh IA, Rao W, Hussain M, Fahad
S. (2025). Assessment of heavy metals and microbial loads in Nile
tilapia (Oreochromis niloticus) from different farms and rivers.
Scientific Reports 15(1): 5055.
https:/ /doi.org/lO.lOSS/s41598-025-87152-y

Talukder M, Bi SS, Jin HT, Ge J, Zhang C, Lv MW, Li JL. (2021).
Cadmium induced cerebral toxicity via modulating MTF1-MTs
regulatory axis. Environmental Pollution 285: 117083.
https:/ /doi.org/10.1016/j.envpol.2021.117083

Temiz O, Kargin F. (2022). Toxicological impacts on antioxidant
responses, stress protein, and genotoxicity parameters of aluminum
oxide nanoparticles in the liver of Oreochromis niloticus. Biological
Trace Element Research 200 (3): 1339-1346.
https:/ /doi.org/10.1007 /s12011-021-02723-0

Tenaya IWM, Swacita IBN, Sukada IM, Suada IK, Mufa RMD, Agustina
KK, Suardana IW, Handayani NM. (2024). Microbial investigation
of animal product hygiene in Bali and Nusa Tenggara of Indonesia.
International Journal of Veterinary Science 13(4): 413-420.
https:/ /doi.org/10.47278 /journal.ijvs /2023.120

Thawkar BS, Kaur G. (2021). Zebrafish as a promising tool for modeling
neurotoxin-induced Alzheimer’s disease. Neurotoxicity Research
39: 949-965. https:/ / doi.org/10.1007 /s12640-021-00343-z

Trivedi SP, Singh S, Trivedi A, Kumar M. (2022). Mercuric chloride-
induced oxidative stress, genotoxicity, haematological changes and
histopathological alterations in fish Channa punctatus (B loch, 1793).
Journal of Fish Biology 100(4): 868-883.
https:/ /doi.org/10.1111/jtb.15019

Tu H, Fan C, Chen X, Liu J, Wang B, Huang Z, Zou F. (2017). Effects of
cadmium, manganese, and lead on locomotor activity and neurexin
2a expression in zebrafish. Environmental Toxicology and
Chemistry 36(8): 2147-2154. https:/ /doi.org/10.1002 / etc.3748

Tutukova S, Tarabykin V, Hernandez-Miranda LR. (2021). The role of
neurod genes in brain development, function, and disease.
Frontiers in Molecular Neuroscience 14: 662774.
https:/ /doi.org/10.3389/ fnmol.2021.662774

Upadhyay RK. (2025). Non-metallic minerals and their deposits. In:
Upadhyay RK, editor, Geology and mineral resources. Springer
Nature, Singapore. Pp. 563-652.
https:/ /doi.org/10.1007 /978-981-96-0598-9_9

ISSN: 2584-0479


https://doi.org/
https://doi.org/10.1016/j.chemosphere.2024.143180%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.scitotenv.2019.135622%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1038/s41598-024-59917-4
https://doi.org/10.1016/j.geoderma.2022.115748%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
http://dx.doi.org/10.29261/pakvetj/2024.153
https://doi.org/10.1038/s41598-025-87152-y
https://doi.org/10.1007/s12011-021-02723-0
https://doi.org/10.1007/s12640-021-00343-z
https://doi.org/10.1111/jfb.15019
https://doi.org/10.1002/etc.3748
https://doi.org/10.3389/fnmol.2021.662774

Heavy metal toxicity in fish

Usman U, Khaliq A, Akram F, Afzal H, Aziz S. (2024). A review on the
role of bacillus spp. as probiotics in tilapia culture. Agrobiological
Records 18: 80-95. https:/ /doi.org/10.47278 /journal.abr/2024.04

Wang Z, Zhao H, Xu Y, Zhao J, Song Z, Bi Y, Zhang S. (2022a). Early-life
lead exposure induces long-term toxicity in the central nervous
system: from zebrafish larvae to juveniles and adults. Science of the
Total Environment 804: 150185.
https:/ /doi.org/10.1016 /j.scitotenv.2021.150185

Wang Y, Zhao H, Liu Y, Guo M, TianY, Huang P, Xing M. (2021).
Arsenite induce neurotoxicity of common carp: involvement of
blood brain barrier, apoptosis and autophagy, and subsequently
relieved by zinc (II) supplementation. Aquatic Toxicology 232:
105765. https:/ / doi.org/10.1016/j.aquatox.2021.105765

Wang G, Wang T, Zhang X, Chen J, Feng C, Yun S, Cao J. (2022b). Sex-
specific effects of fluoride and lead exposures on histology,
antioxidant physiology, and immune system in the liver of
zebrafish (Danio rerio). Ecotoxicology 31(3): 396-414.
https:/ /doi.org/10.1007 / s10646-022-02519-5

Wu L, Yu Q, Zhang G, Wu E, Zhang Y, Yuan C, Wang Z. (2019). Single
and combined exposures of waterborne Cu and Cd induced
oxidative stress responses and tissue injury in female rare minnow
(Gobiocypris rarus). Comparative Biochemistry and Physiology Part
C: Toxicology & Pharmacology 222: 90-99.
https:/ /doi.org/10.1016/j.cbpc.2019.04.013

Wei X, Wei H, Yang D, Li D, Yang X, He M, Wu B. (2018). Effect of
aluminum exposure on glucose metabolism and its mechanism in
rats. Biological Trace Element Research 186: 450-456.
https:/ /doi.org/10.1007 /s12011-018-1318-x

WHO 2020. Ten chemicals of major public health concern. https://
www.who.int/news-room/photo-story / detail / 10-chemicals-of-
public-health-concern. (Accessed on 26 Feb. 2025).

Wu Z, Shangguan D, Huang Q, Wang YK. (2024). Drug metabolism and
transport mediated the hepatotoxicity of Pleuropterus multiflorus
root: a review. Drug Metabolism Reviews 56(4): 349-358.
https:/ /doi.org/10.1080/03602532.2024.2405163

Wu X, Zhang X, Yu X, Liang H, Tang S, Wang Y. (2025). Exploring the
association between air pollution and the incidence of liver cancers.
Ecotoxicology and Environmental Safety 290: 117437.
https:/ /doi.org/10.1016 /j.ecoenv.2024.117437

Xu 'Y, Peng T, Zhou Q, Zhu J, Liao G, Zou F, Meng X. (2023). Evaluation
of the oxidative toxicity induced by lead, manganese, and cadmium
using genetically modified nrf2a-mutant zebrafish. Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacology
266: 109550. https:/ /doi.org/10.1016/j.cbpc.2023.109550

Xu Y, Wang L, Zhu J, Jiang P, Zhang Z, Li L, Wu Q. (2021). Chromium
induced neurotoxicity by altering metabolism in zebrafish larvae.
Ecotoxicology and Environmental Safety 228: 112983.
https:/ /doi.org/10.1016/j.ecoenv.2021.112983

Xu Y, Zhao H, Wang Z, Gao H, Liu J, Li K, Zhang S. (2022).
Developmental exposure to environmental levels of cadmium
induces neurotoxicity and activates microglia in zebrafish larvae:
From the perspectives of neurobehavior and neuroimaging.
Chemosphere 291: 132802.
https:/ /doi.org/10.1016 /j.chemosphere.2021.132802

Yadav P. (2023). Adverse effect of chromium (VI) on genotoxicity,
histology of brain and behavioral patterns of fish Channa punctatus
(Bloch, 1793). International Journal of Fisheries and Aquatic Studies
11(4): 41-49 https:/ /doi.org/10.22271/ fish.2023.v11.i4a.2824

Letters in Animal Biology 05(1): 61 - 72

Shehzad et al. 2025

Yilmaz S, Beyazit U, Biitiin Ayhan A. (2024). Genetic etiology of
neurodevelopmental disorders. In: Bennett G, Goodall E, editor,
The Palgrave encyclopedia of disability. Cham: Springer Nature
Switzerland, Pp. 1-13.
https:/ /doi.org/10.1007 /978-3-031-40858-8_188-1

Zaghloul GY, Eissa HA, Zaghloul AY, Kelany MS, Hamed MA, Moselhy
KME. (2024). Impact of some heavy metal accumulation in different
organs on fish quality from Bardawil Lake and human health risks
assessment. Geochemical Transactions 25(1): 1.
https:/ /doi.org/10.1186/312932-023-00084-2

Zhang Y, Guo X, Zhao ], Gao X, Zhang L, Huang T, Zhang Q. (2024).
The downregulation of TREM2 exacerbates toxicity of development
and neurobehavior induced by aluminum chloride and nano-
alumina in adult zebrafish. Toxicology and Applied Pharmacology
492:117107. https:/ /doi.org/10.1016/j.taap.2024.117107

Zhang Y, Lu Y, Zhang P, Shang X, Li Y. (2023). Brain injury induced by
mercury in common carp: novel insight from transcriptome
analysis. Biological Trace Element Research 201(1): 403-411.
https:/ /doi.org/10.1007 /s12011-022-03161-2

Zhu J, Zhang Y, Xu Y, Wang L, Wu Q, Zhang Z, Li L. (2022). Effects of
microplastics on the accumulation and neurotoxicity of
methylmercury in zebrafish larvae. Marine Environmental Research
176: 105615. https:/ / doi.org/10.1016 /j.marenvres.2022.105615

Citation

Shehzad T, Zainab R, Zulfigar R, Butt AS, Shahid MR, Usmani MW, Iftikhar N,
Parveen S, Mehmood N, Tariqg MT. (2025). Neurotoxicity and hepatotoxicity
induced by heavy metals in freshwater fish. Letters in Animal Biology 05(1):
61 — 72. https://doi.org/10.62310/liab.v5i1.204

ISSN: 2584-0479


https://doi.org/10.62310/liab.v5i1.204
https://doi.org/10.1016/j.scitotenv.2021.150185%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.aquatox.2021.105765%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1007/s10646-022-02519-5
https://doi.org/10.1016/j.cbpc.2019.04.013%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1007/s12011-018-1318-x
https://doi.org/10.1080/03602532.2024.2405163
https://doi.org/10.1016/j.ecoenv.2024.117437%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.cbpc.2023.109550%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1016/j.chemosphere.2021.132802%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.22271/fish.2023.v11.i4a.2824
https://doi.org/10.1186/s12932-023-00084-2
https://doi.org/10.1016/j.taap.2024.117107%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier
https://doi.org/10.1007/s12011-022-03161-2
https://doi.org/10.1016/j.marenvres.2022.105615%22%20%5Ct%20%22_blank%22%20%5Co%20%22Persistent%20link%20using%20digital%20object%20identifier

