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Abstract

Heavy metal pollution is a major environmental concern and in particular for aquatic ecosystems. With heavy metals exceed-
ing safe and recommended limits, they pose significant threats to the environment and its inhabitants, including fish. Heavy
metals, when accumulated in the different organs of the fish, result in toxicity in fish by producing reactive oxygen spe-
cies (ROS) through the generation of oxidizing radicals. This oxidative stress mechanism is a key factor in the detrimental
effects of heavy metal pollution on aquatic life. Heavy metal exposure profoundly affects fish behavior and physiology. In
this review, an attempt was made to report the effects of heavy metals on fish physiology, focusing on toxicological effects
on antioxidant enzymes, microRNAs (miRNAs) and molecular genetic responses, histopathology of organs, and underlying
molecular mechanisms. This review also highlighted the heavy metal impact on fish gonads (testes and ovaries) and the
hormones associated with it. The detection methods and the incorporation of latest developments in Al-based technology
for the detection of heavy metals are also included in this review. Understanding the above effects is important for assess-
ing the ecological impact of heavy metal pollution and developing strategies to mitigate its adverse effects on aquatic life.
Understanding the consequences listed above is important for analyzing the ecological impact of heavy metal pollution and
devising measures to reduce its negative effects on aquatic life and human health.
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Introduction

Water pollution due to various pollutants like heavy met-
als, pesticides, microplastics, etc. causes a severe threat to
aquatic life and human health [1]. Fishes are more vulner-
able to water pollution because of their direct contact with
exposed contaminants. Heavy metals are metals with high
density (usually more than 5 g/cm?®) and show toxicity even
at parts per billion (ppb) levels [2]. These metals offer sub-
stantial environmental and health risks due to their persis-
tence, bioaccumulation, and biomagnification in ecosystems.
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Heavy metals pose a serious threat to aquatic ecosystems,
including fish. These metals accumulate in water bodies and
sediments, ultimately affecting fish physiology and repro-
ductive performance [3]. The heavy metal toxicity impacts
fish by damaging their nervous systems, movement, feeding,
and breeding behaviors [4]. The accumulation of heavy met-
als is concerning because most heavy metals do not degrade
into less harmful forms. Their accumulation in aquatic eco-
systems leads to long-term detrimental effects not only on
fish but also on humans who consume contaminated fish.
The uncontrolled release of heavy metals into water bodies
remains a critical environmental and public health challenge.
In recent times, pollutants like heavy metals have become
a global concern due to their intensified emission resulting
from anthropocentric activities [5-8]. Increasing population
growth, industrialization, and intensive agriculture activities
contribute to an array of pollutants which causes a serious
impact on aquatic flora and fauna [9, 10]. Anthropogenic
and industrial activities like mining, manufacturing, metal
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working, and the leather industry release effluents contain-
ing a variety of toxic heavy elements viz. chromium (Cr),
nickel (Ni), cobalt (Co), aluminium (AI), cadmium (Cd),
mercury (Hg), lead (Pb), copper (Cu), arsenic (As), and tin
(Sn) (Table 1). Higher levels of iron lead to oxidative stress,
while excessive concentrations of copper are involved in
neurological disorders and embryonic and larval develop-
ment [11, 12]. Due to their high toxicity, Cd, As, Cr, Pb,
and Hg are classified as priority heavy metals of significant
public health concern. These elements are systemic toxicants
capable of causing damage to multiple organs, even at low
levels of exposure [13].

Exposure to heavy metals during larval and embryonic
stages leads to a range of negative effects on fish develop-
ment and health. Metals entered into the body via direct
contact with gills, skin, and dietary intake of metal-contam-
inated food [14]. Metals can interfere with skeletal develop-
ment in fish embryos and larvae, leading to abnormalities in
the vertebral column and spinal structure [15]. These may
disrupt cardiovascular function in developing fish, lead-
ing to alterations in heart rate and rhythm and also induce
morphological abnormalities in fish embryos and larvae,
resulting in deformed body shapes and impaired growth and
development [15]. Metal toxicity during early life stages can
increase mortality rates in fish populations.

Heavy metal intoxication in fish leads to a wide range
of biochemical, physiological, histological, and molecular
alteration. Exposure to acute as well as chronic levels of
heavy metals leads to significant health impacts, which are
reflected in altered enzyme activities, gene expression pat-
terns, histopathological changes, and overall physiological
dysfunction [16, 17]. Heavy metals endorse the production
of reactive oxygen species, which results in oxidative stress
and DNA damage. This oxidative stress alters the expres-
sion patterns of important proteins, hormones, and enzymes,
affecting numerous physiological and cellular functions
[18], Garriz et al. [19]. Heavy metal alters the hemato-bio-
chemical setup in fishes and results in various cellular and
nuclear deformities in blood cells [20]. Various studies have

Table 1 Source of heavy metals

Heavy metals Sources

Arsenic (As) Pesticides, fungicides

Cadmium (Cd) Pesticides, fertilizers, nuclear plants, batteries
Chromium (Cr) Mining, electroplating, textile

Nickel (Ni) Industrial dust and electroplating

Cobalt (Co) Battery production, industrial waste, alloy,

mining and fossil combustion
Mercury (Hg)
Zinc (Zn)
Lead (Pb)

Pesticides, batteries, paper industries
Refineries, brass manufacture, metal painting

Paint, pesticides, mining, batteries

confirmed that heavy metals are involved in different genetic
damages [21]. Additionally, documented reports revealed
that heavy metal contamination impairs the reproductive
performance of fish, viz. reduced gonadosomatic index
(GSI), fecundity, gonadotropins, and abnormal shape of
reproductive organs [22-24]. Despite the well-documented
impacts of heavy metals on aquatic animals, comprehensive
patterns detailing these effects across various fish species,
especially those crucial to aquaculture, are sparse.

The detection of heavy metals from environmental and
human samples is crucial for monitoring and managing
contamination. The development and implementation of
simplified and precise methodologies for the quantifica-
tion of heavy metals in environmental matrices can signifi-
cantly enhance monitoring and management efforts [25]. To
address the need for highly simplified and precise methodol-
ogies for the quantification of heavy metals in various envi-
ronmental matrices (water, soil, biological tissues), several
key approaches can be considered viz. sample preparation
protocol, calibration, and application of internal standards.
In recent years, significant advancements have been made in
the development of novel, highly robust, sensitive, and selec-
tive approaches for the quantification of heavy metals. Two
prominent techniques for this purpose are atomic absorption
spectrometry (AAS) and inductively coupled plasma mass
spectrometry (ICP-MS) [26]. However, monitoring pollu-
tion levels typically involves direct measurement methods
can be labor-intensive, require specialized equipment, and
consume significant time and resources. Effective manage-
ment of heavy metal pollution necessitates comprehensive
definition, continuous monitoring, and accurate modeling
[27]. Artificial intelligence (AI) and machine learning (ML)
offer significant importance in the field of heavy metal detec-
tion. Using a machine learning approach, an Al-based meth-
odology has been used to identify and genetically optimize
the color and texture features for the classification of fish
exposed to heavy metals [28].

This review aims to consolidate current knowledge on
how heavy metals influence antioxidant enzymes, histopa-
thology, molecular changes, miRNA, detection techniques,
and reproductive impairments with the latest insights.

Toxicological Response of Heavy Metals
on Antioxidant Enzymes

Reactive oxygen species (ROS) have a role in disrupting
biological systems. It can directly damage DNA by caus-
ing modifications such as base oxidation and strand breaks;
it also initiates lipid peroxidation. Superoxide dismutase
(SOD) is an enzyme that catalyzes the dismutation of
superoxide radicals (O,7) into hydrogen peroxide (H,0,)
and molecular oxygen (O,), and catalase (CAT) catalyzes
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the decomposition of H,0, into O, and H,0. By convert-
ing superoxide radicals, SOD and catalase help prevent
oxidative stress and cellular damage (Fig. 1). Glutathione
S-transferase (GST) is an essential phase II detoxification
enzyme, facilitates the removal of toxicants from fish tis-
sues, and plays a critical role in protecting fish from harmful
chemicals and maintaining cellular homeostasis [29, 30].
These enzymes together minimize ROS and their adverse
effects on cellular components [31]. The presence of ROS,
also referred as oxyradicals, triggers the upregulation of
antioxidant enzymes as part of the cellular defense mecha-
nism against oxidative stress [31, 32]. Exposure to heavy
metals can lead to alterations in the activity levels of anti-
oxidant enzymes such as CAT, SOD, glutathione peroxidase
(GPx), and other enzymes [33, 34]. Heavy metals viz. Cu
and Cd have been reported to reduce the activity of CAT
in tissues of African catfish and other fish species. These
metals induce oxidative stress by promoting the generation
of ROS, which can overcome the defense mechanism of the
body, resulting in harm to cellular components [35]. The
reduction of CAT activity by Cd and Cu in different tissues
reflects the negative effects of metal-induced oxidative stress
on aquatic organisms. Exposure to Cr has been associated
with decreased catalase activity in various tissues of Clarias
batrachus, viz. kidneys and gills. Lower concentrations of
CAT in various tissues of exposed fish may result from the
accumulation of H,0, within cells [36]. Khalil et al. [37]
upon working on lipid peroxidation and antioxidant enzymes
in Oreochromis niloticus (Nile tilapia) during different sea-
sonal variations reported during winter when water pollu-
tion levels were higher compared to summer, the activities
of antioxidant enzymes such as SOD, CAT, GPx, and glu-
tathione S-transferase (GST) significantly increased in O.
niloticus depicting an adaptive mechanism of the fish to cope
with increased oxidative stress induced by elevated pollution
levels during the winter season. Cd is a significant environ-
mental pollutant known for its toxicity to aquatic animals
and fish. Previous studies have reported that exposure to

Fig. 1 Heavy metal accumula-
tion, formation of ROS and
histopathological changes in
fish and human health risk
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Cd can lead to various adverse effects, including oxidative
stress, impaired antioxidant capacity, reduced growth perfor-
mance, and alterations in the composition of the microbiota
in fish ([38].

Vaseem and Banerjee [39] have studied the impact of
heavy metal pollution resulting from uncontrolled anthro-
pogenic activities on fish health, particularly in terms of
oxidative stress. An elevated activity of enzymes viz. CAT,
SOD, and MDA in fish collected from the heavily polluted
river was reported. The increase in enzyme activities depicts
that the fish were going through oxidative stress caused by
the pollutants present in the water. Bhat et al. [40] recorded
a reduction in the levels of antioxidant enzymes like SOD,
CAT, and GPx, and an increase in MDA levels in Oncorhyn-
chus mykiss ovary with increased heavy metal concentration.
The reduction suggests that the antioxidant defense mecha-
nisms are overwhelmed by the increased production of ROS
induced by heavy metal stress. An increase in MDA levels
were noticed in O. mykiss ovary collected from metal con-
taminated water depicted elevated lipid peroxidation. Atli
[41] observed a decrease in CAT activity in both the liver
and kidney of O. niloticus when fishes exposed to Cd but an
increase in thiobarbituric acid reactive substances (TBARS)
level in the kidney when treated with higher doses of Cu
and Zn. Hossain et al. [42] recorded a significant change in
antioxidant enzyme activities and GST activity, as well as
changes in lipid peroxidation levels, in response to exposure
to heavy metal-contaminated river water in O. niloticus. An
increase in GST activity in blood was observed on exposure
to heavy metals compared to the control group. Also, after
10 days of exposure to polluted water, a significant increase
in the activities of antioxidant enzymes such as GPx, SOD,
and CAT were noticed.

Glutathione (GSH) and its oxidized form glutathione
disulfide (GSSG) has an important role in non-catalytic
antioxidant defense mechanisms within cells. Glutathione
helps to neutralize ROS and protect cellular components
from oxidative damage [43]. Changes in GSH levels with
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response to toxicological response have been observed in
different fish species [44]. Tanhan et al. [45] studied the
relationship between liver GSH levels and lead accumula-
tion in different fish species, namely, Netuma thalassina,
Scatophagus argus, Mugil cephalus, and Netuma thalassina,
and observed that liver GSH levels were not significantly
different among the species studied. A positive correlation
between liver GSH levels and Pb concentration specifically
in N. thalassina was revealed suggesting this species may
have a unique response to Pb exposure compared to the
other species studied. Table 2 depicts the detailed effects
of heavy metals on fish antioxidant enzymes with different
concentrations.

miRNAs and their Toxicological Response

ROS are reactive molecules causing damage to various cel-
lular components, including nucleic acids like RNA. It also
induces oxidative modifications in RNA molecules, includ-
ing ribosomal RNA (rRNA), messenger RNA (mRNA),
and microRNAs (miRNAs) [58]. miRNAs are small non-
coding RNA molecules typically consisting of around 22
nucleotides and play an essential role in post-transcriptional
regulation of gene expression by linking to complementary
sequences on target mRNA molecules [59, 60]. miRNA
expression changes in response to exposure to heavy met-
als in humans and fish is an emerging field with limited
research conducted so far [61, 62]. miR-181a and miR-155

Table 2 Effects of heavy metals on antioxidant enzymes

are miRNAs had a role in regulating immune responses,
inflammation, and oxidative stress. The increased elevation
of miR-155 has been associated with the upregulation of
inflammatory cytokines, including interleukin-6 (IL-6), (IL-
8) and interleukin-1p (IL-1p) [63].

Cadmium and miRNAs

Liu et al. [38] reported that exposure to Cd at a concentration
of 0.275 mg/L for 30 days resulted in the downregulation of
novel-miR6, miR-193a-3p, and miR-122 in the kidney or
other tissues of C. carpio, these all play a role in apoptosis,
cell proliferation, and metabolism. Li et al. [64] have studied
the effects of Cd exposure on the kidney of C. carpio and
reported that exposure to 0.5 mg/L Cd** significantly alters
the function of key enzymes and the expression of various
immune-related genes and upregulation of miR-181a and
miR-155 in the kidneys. Cd exposure hindrances miRNA
expression and can induce specific signalling pathways, such
as the miR-216a-PI3K/AKT axis in C. carpio lymphocytes
[65]. miR-122 has been implicated in the regulation of met-
allothionein (MT) levels, and this regulatory mechanism can
influence Cd exposure and the resistance response in fish
[66].

Several reports have documented that miRNA viz. miR-9,
miR-21, miR-132, miR-210, miR-146, miR-155, miR-181a,
and miR-223 play crucial roles in inflammatory processes
[67, 68]. miRNAs have been reported to play a significant
role in the response of fish to Cd exposure, some miRNAs

Fish species Heavy metal and dose

Effect on fish References

Carassius auratus gibelio Cd (20 mg/L)

Carassius auratus Cr®* and Cr° (10 mg/L)

Phoxinus lagowskii Cr* (5and 10 mg/L)

Channa punctatus 7.89 mg/LL (Cr%)

Oryzias latipes 16 mg/L Cr(VI)

Oreochromis niloticus Pb (9.12 mg/L), Cd (0.84 mg/L), Hg
(0.025 mg/L)

Pseudosciaena crocea MeHg (4.0 pg/L)

Salmo salar 5 and 10 mg MeHg/kg

Anguilla Anguilla MeHg (50 ng/L)

Hoplias malabaricus HgCl, (0.15 mg/L)

Micropterus salmoides Cd (0.05 mg/L; 0.15 mg/L; 0.25 mg/L)

Oreochromis niloticus Zn and Ag (25—-100 pg/L)

Stress, proliferation mucus cells, and oxidative Zikic et al. [46]
injury

Change in the activity of CAT, and SOD in
the brain, liver, gills and kidney

Increase in SOD, CAT, GPx, GST, ROS

Increase in SOD-CAT, GR, increase in ROS
and decrease in GSH level

Kubrak et al. [47]

Hu et al. [48]
Awasthi et al. [49]

Li et al. [50]
Rahman et al. [51]

Increase in MDA levels in testes

Elevated activity of CAT, SOD, GPX, and
MDA

Decrease in SOD and increase in CAT, GSH,
and GPx levels

Dose dependent activity of SOD, first increase Berntssen et al. [53]
then got decreased in 10 mg dose

Wu et al. [52]

Over expression of sod—cat system resulting ~ Claveau et al. [54]

in elevated activity of SOD and CAT
Increase in GST activity in liver
SOD, CAT, and GPx first increased then got
decreased in 0.25 mg/L in gill as well as in
liver

Inhibition of CAT

Monteiro et al. [55]
Liu et al. [56]

Atli et al. [57]
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are involved in modulating various cellular processes and
pathways associated with Cd toxicity and stress response
[38, 66, 69].

In C. carpio treated with Cd, miR-375—4-3p was upregu-
lated and miR-9-6-5p and miR-31-12-5p were downregu-
lated [69]. miRNAs mediate inflammation-immunosup-
pressive damage by Cd toxicity in the spleens of C. carpio
through targeted regulation of multiple signalling pathways.
Specifically, the targeted regulation of key pathways, includ-
ing the Janus kinase-signal transducer and activator of tran-
scription (JAK-STAT) signaling pathway, mitogen-activated
protein kinase (MAPK) signaling pathway, nuclear factor
kappa-light-chain-enhancer of activated B cell (NF-xB)
signaling pathway, and Toll-like receptor (TLR) signalling
pathway, suggests a comprehensive response to Cd-induced
stress and inflammation in the spleens of C. carpio [69].

Arsenic and miRNAs

Shaw et al. [70] reported that arsenic exposure on killifish
(Fundulus heteroclitus) elevates miRNA expression viz.
miR-146a, novel-miR6, miR-22a-1, miR-30e-2, miR-203a-1,
miR-203a-2, miR-22a-2, miR-21-2, and miR-30e-1. These
miRNAs are known to be involved in regulating various cel-
lular processes, including inflammation, oxidative stress, and
apoptosis, which were affected by arsenic exposure. miR-
10,012 has been documented as the most highly expressed
miRNA, followed by miR-10,003 and miR-10,016, in the
gills of Atlantic killifish upon exposure to arsenic toxicity
[71]. An elevated expression of miR-135b in the gills of kil-
lifish following arsenic exposure has also been reported [71].

Fig.2 Role of miRNAs and
their regulation in fish physiol-

(
ogy \
e
N A
S S
§$ g
\\-\\ = o
F o £
3«*\-'» 3%
S 83 5%
Sy & &4
S g 8
§ z%
§ ]
e

(let-7, miRNA-Ta, |

Copper and miRNAs

Copper exposure has an impact on the normal function of
the olfactory system in zebrafish, as well as a direct rela-
tion of differentially expressed miRNAs in mediating the
toxic effects. miRNASs such as miRNA-7a, miRNA-128, let-
7, and miRNA-138 were regulated on Cu exposure, which
is known to be involved in neurogenesis, suggesting that
Cu exposure interferes with the process of neurogenesis in
the olfactory system of zebrafish, while downregulation of
miRNAs such as miRNA-16a, miRNA-16C, miRNA-203a,
miRNA-199, and miRNA-25 leads to lower mRNA levels
of their host genes through post-transcriptional mechanisms
[72]. Figure 2 depicting the dysregulation of some important
miRNAs upon heavy metal resulting in decreased neuro-
genesis, molecular changes, inflammation, oxidative stress,
and apoptosis.

Toxicological Responses at the Molecular
Levels

The genes and their expression involved in oxidative stress
response and heavy metal detoxification in fish are valuable
indicators of cellular and physiological responses to heavy
metal exposure. These genes play crucial roles in defending
against the toxic effects of heavy metals by scavenging ROS,
chelating metal ions, and facilitating their excretion from
cells. Various molecular techniques have been employed to
study the profiling/expression of the genes in response to
heavy metal exposure. Quantitative polymerase chain reac-
tion (qQPCR) allows for the precise measurement of gene
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expression levels for specific target genes. It provides high
sensitivity and specificity, making it suitable for validat-
ing the expression of candidate genes linked to stress and
metal detoxification [73, 74]. Microarrays enable the simul-
taneous amount of gene expression levels for thousands of
genes in a single experiment. Transcriptomic techniques,
such as RNA sequencing (RNA-seq), offer a comprehensive
view of gene expression by sequencing and quantifying the
entire transcriptome of an organism [73, 74]. The molecu-
lar approaches enable the identification of key pathways
and mechanisms that can be targeted for the development
of strategies to mitigate the adverse effects of heavy metal
pollution on fish and their habitats [73, 74].

A potent method for comprehending the molecular reac-
tion to metal stress is the use of RNA sequencing to examine
genes that are expressed differently in the hepato-pancreas
of C. carpio subjected to Cd [73]. The down-regulation of
mRNA expression of SOD and CAT genes in brain tissue
of Tilapia zillii and O. niloticus due to Zn has been reported
[75]. Jiang et al. [76] highlighted the impact of Cu expo-
sure on caspase-3 activity and apoptotic processes in the
muscles of fish, an increase in caspase-3 in fish adminis-
tered to Cu exposure, suggests induction of apoptotic path-
ways and DNA fragmentation, which are indicative of cel-
lular damage and programmed cell death. Caspase-3 is an
important enzyme in the executing phase of apoptosis, a
highly regulated process of programmed cell death for tis-
sue homeostasis and the elimination of damaged cells. Dai
et al. [77] reported the molecular mechanisms underlying
Cd-induced toxicity, particularly focusing on the role of
autophagy-related genes as potential markers of autophagy
toxicity. They reported upregulation of genes such as ulkl,
beclinl, atg5, atg4b, atg9a, and p62 in response to chronic
Cd exposure suggesting the activation of autophagy path-
ways in an attempt to remove damaged cellular components
and mitigate Cd-induced toxicity. The findings of Giri et al.
[78] highlight the detrimental effects of Cd exposure on the
immune system of L. rohita, the downregulation of impor-
tant immune genes viz. TNF-a, IL-1f, IFN-y, and IL-10 in
the head kidney, suggest immune response compromised,
which can lead to increased vulnerability to pathogens and
reduced ability to cope with environmental stressors. In
another study on zebrafish embryos, upregulation of TNF-
a and IL-1p treated with lower concentrations of Cd was
reported [79].

The abnormal expression of stress response protein genes,
including heat shock proteins (HSPs) and metallothioneins
(MTs), in the liver of C. carpio and L. rohita exposed to Cd,
was reported [80]. The differential expression patterns of
anti-stress genes, particularly HSPs, in various tissues of C.
carpio following 96 h of Cd exposure highlight the tissue-
specific responses to Cd-induced stress [80]. The expres-
sion level of HSP60 in the liver was significantly induced

after Cd exposure, while the expression levels of HSP70 and
HSP90 in the liver were not significantly changed or inhib-
ited after Cd exposure. The expression level of HSP70 in the
gills first significantly increased and then decreased after Cd
exposure, while the expression level of HSP90 in the gills
was significantly inhibited at all times after Cd exposure.
HSP90 is involved in protein folding, signal transduction,
and cellular homeostasis [81, 82].

The transcriptome analysis in a study was aimed to find
the molecular mechanisms behind brain injury in C. carpio
due to lead exposure. Upon lead exposure, results identified
2141 differential genes, and these differential genes were
significantly enriched in several pathways viz. GnRH sign-
aling pathway, ion channels, Wnt signaling pathway, and
calcium signaling pathway, all of which are likely involved
in lead-induced brain injury [83]. Studies have also dem-
onstrated that lead can accumulate in the brain tissues of
fish, leading to serious neurological injuries [84]. In rain-
bow trout exposed to Cd, differential expression patterns of
HSP70a and HSP70b genes were noticed. Both these genes
showed increased mRNA expression in the intestine while
HSP70a gene expression was observed only in the kidney
in response to Cd exposure [85]. Heavy metal exposure dis-
rupts the function of the brain-pituitary—gonadal BPG axis,
leading to alterations in gene expression and reproductive
physiology. In a study on Odontesthes bonariensis, exposure
to Cd, Cu, and Cr has been shown to hinder the expression
of key genes involved in the BPG axis. Cd increased GnRH
mRNA transcripts (1, 2, 3), while a decrease in cypl9alb
and FSHF mRNA expression was observed in the pituitary
gland in the brain. The alterations in gonadotropin gene
expression may disrupt the normal balance of reproductive
hormones and impair reproductive function in O. bonarien-
sis exposed to heavy metals Gérriz et al. [19]. Figure 3 dem-
onstrating heavy metal exposure resulting in ROS forma-
tion, organ damage, DNA damage, apoptosis, and enzyme
hindrance in fish.

Toxicological and Genetic Damage Response

Heavy metal pollution poses a threat to the stability and
health of freshwater ecosystems and is among the pollutants
that commonly accumulate in these environments. Heavy
metal pollution affects freshwater ecosystems and induces
genotoxicity in fishes [86, 87]. Heavy metals directly dam-
age DNA by causing DNA strand breaks, cross-linking, and
oxidative damage [88]. Javed et al. [89] studied the potential
for genotoxicity and other biochemical changes in Channa
punctatus in response to long-term exposure to different
metals. Long-term exposure to metals induces genotoxic
effects in C. punctatus, leading to DNA damage, chromo-
somal aberrations, and other genetic alterations. Ratn et al.
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Fig.3 Impact of heavy met-
als on fish DNA, lipids, and
proteins
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[90] reported that higher levels of zinc accumulation in C.
punctatus are associated with DNA damage. Like other
heavy metals, Zn causes direct DNA damage through DNA
strand breaks, cross-linking, and oxidative damage. Moussa
et al. [91] have observed a direct relation between the accu-
mulation of metals in tissues and the degree of DNA damage
as observed in O. niloticus and C. gariepinus collected from
contaminated water. A higher frequency of DNA fragmenta-
tion observed in fish exposed to metals indicated that met-
als impaired the expression of enzymes involved in DNA
proofreading and repair mechanisms.

Gonzilez-Mille et al. [92] observed a higher frequency
of DNA damage in the muscle tissues of fish from the Coat-
zacoalcos River. Higher DNA damage was attributed to the
presence of high concentrations of genotoxins in the water,
which are substances capable of causing genetic mutations
and DNA alterations. Exposure to heavy metals has detri-
mental effects on organisms, even in relatively short periods.
In Venus verrucosa, exposure to Pb for six days results in
significant histopathological changes in the gills and diges-
tive gland [93]. Exposure to Cr®" at concentrations ranging
from 5 to 10 mg/L induced DNA damage in Ctenopharyn-
godon idellus. Even the lowest concentration 5 mg/L of Cr®*
induced DNA damage in C. idellus [94]. Chaudhary et al.
[95] reported that L. rohita experiences higher DNA damage
when exposed to Cr as compared to the control group. In one
study when L. rohita were exposed to different non-lethal
doses of copper oxide nanoparticles (CuO NPs) showed a
clear dose—response relationship regarding genetic damage.
According to Aziz and Abdullah [96], L. rohita exposed to
CuO NPs showed a higher percentage of nuclei damaged
and higher concentrations of CuO NPs lead to more pro-
nounced genetic damage. Exposure to inorganic mercury in
concentrations ranging from 5 to 20 pg/L has been reported
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to have adverse effects on O. mykiss such as the generation
of free radicals, DNA damage, and oxidative stress [97].
Numerous studies have demonstrated that exposure to heavy
metals can result in significant DNA damage across vari-
ous fish species such as C. punctatus, C. gariepinus, and O.
niloticus Jamil Emon et al. [98]. The study by Chatha et al.
[99] examined the effects of metal exposure on cell DNA in
four fish species. Among the four fish species studied, silver
carp exhibited the highest percentage of DNA-damaged cells
in response to Pb exposure, followed by L. rohita, C. idella,
and L. catla. The study of Barjhoux et al. [100] reported that
exposure to Cd and Cu induced significant DNA damage in
2-day post-hatch (dph) larvae of Japanese medaka. Table 3
shows a detailed overview related to molecular response in
fishes upon different doses of heavy metal administration.

Toxicology and Histopathological
Alterations

Fish are extremely susceptible to heavy metal-induced tox-
icity because they are constantly exposed to heavy metal-
contaminated aquatic environments. Among organs affected
by heavy metal toxicity in fish, the kidney, liver, and gills
are particularly susceptible and commonly studied for his-
topathological alterations [108]. A study conducted by
Awasthi et al. [49] highlights the importance of histologi-
cal manifestations as end-point biomarkers for evaluating
toxicity induced by Cr%" in C. punctatus. The observations
of gills reveal many structural alterations such as epithelial
hyperplasia, necrosis, lamellar fusion, and inflammatory
responses while tissues hepatocellular damage, necrosis,
vacuolization, necrosis, and inflammation in liver tissue
induced by Cr®* exposure. Javed et al. [18] report many
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Table 3 Impact of heavy metals on molecular response

Fish species Heavy metal and dose

Effect on fish References

Gobiocypris rarus Cd (0.5 and 2.5 mg/L)

As (2 or 10 ppb)
Pangasianodon hypophthalmus Cr (0.8, 1.6, and 3.2 mg/L)

Danio rerio

Oreochromis niloticus Cr (43.7 mg/L)
Oryzias melastigma Cd (10 pg/L), Pb (50 pg/L), and Zn
(100 pg/L)

Channa punctatus 7.89 mg/L (Cr®h

Odontesthes bonariensis Cd (0.25 pg/L), Cr (4 pg/L), Cu

(22 pg/L), and Zn (211 pg/L)

Oreochromis niloticus Pb (9.12 mg/L, Cd (0.84 mg/L), Hg
(0.025 mg/L)

Myoxocephalus Scorpius Pb (0.73+0.35 pg/L)

Pseudosciaena crocea MeHg (0.25, 1, 4.0 pg/L)

Anguilla Anguilla MeHg (50 ng/L)

Gadus morhua MeHg (2 mg/kg)

Danio rerio MeHg (13 mg/kg)

Labeo rohita Cd (0.65 mg/L)

Micropterus salmoides

Clarius magur Zn (50, 200, and 300 mg/kg)

Oncorhynchus mykiss Cd (35.9 pg/kg)

Cd (0.05 mg/L, 0.15 mg/L, 0.25 mg/L)

Significant change in genes related to Lietal. [101]

hypothalamic-pituitary-thyroid (HPT)

axis and decrease in thyroid hormone
Increase in the expression of /L-6 Nayak et al. [102]
Suchana et al. [21]
Abbas et al. [103]

Yan et al. [104]

DNA damage in liver, kidney and brain

DNA damage and polymorphic bands

Upregulation of FSHp, B-ER-a, LAR-a,
VTG2, LHR, FSHR, G-ER-a, G-ER-p,
G-AR-a, and 3$-HSD in females and
upregulation of B-AR-a, B-ER-f3,
L-ER-a, VIGI, LHR, G-ER-f, GAR-«,
and Star genes and down regulation of
LHp in the testis

Upregulation of cat, p53, bax, apaf-1,
and down regulation of bcl-2 gene in
liver

Awasthi et al. [49]

Increase in gnrhl, 2 and 3 in brain, Garriz et al. [19]
decrease in cypl9alb, fshb, and
decrease of fshr in testis

Upregulation of MT gene of hepatic Rahman et al. [51]

Upregulation of hepatic mt and igm
mRNA

Upregulation of GST3, Hsp70, Hsp27,
and TCTP in juveniles

Jantawongsri et al. [105]
Wu et al. [52]
Claveau et al. [54]

Upregulation of /2 s and cox! gene in
migrant Anguilla anguilla

Upregulation of many genes involved in ~ Yadetie et al. [106]

lipid and amino acid metabolism
Decrease in mitochondrial respiration Cambier et al. [107]
and cytochrome c oxidase (cox) activity
Upregulation of HSP70 in the liver
Upregulation of HSP70, HSP90, Cypla,
and MT
Increase in FSH, LH, and decrease in
GTH

Increase in hepatic transferrin, MTs, and Kwong et al. [85]
HSP70

Giri et al. [78]
Liu et al. [56]

Gupta et al. [24]

histopathological changes induced by environmental stress-
ors in fish viz. necrosis, leucocyte infiltration, and vacuoliza-
tion in the liver while in gills, swelled and fused lamellae,
gill bridging, and granuloma formation. These histopatho-
logical changes observed in the liver and gills of fish pro-
vide valuable information about the effects of environmen-
tal stressors on tissue morphology and function. Puntoriero
et al. [109] observed histological changes in Odontesthes
bonariensis due to heavy metal toxicity effects, viz. cellular
degeneration, apoptosis, and congestion in hepatic sinusoi-
dal and focal necrosis areas.

Cd exposure leads to nephrotoxicity, damage or dysfunc-
tion of the kidneys and mesangial hypercellularity, cellular
damage with cloudy appearance of tubules, and vacuolation

of the renal tubules due to exposure to toxic substances.
These histopathological changes collectively reflect the toxic
effects of Cd on renal tissues and the pathophysiological
processes underlying Cd-induced nephrotoxicity [110]. Li
etal. [111] reported that C. carpio exposed with Cd leads to
arange of histological changes in the kidneys including renal
tubular interstitial fibrosis and renal tubular inflammatory
cellular infiltration.

Short-term exposure to Pb has been reported to be linked
with histopathological alterations in the gills and diges-
tive gland of Venus verrucosa. The morphological changes
include structural abnormalities, cellular damage, inflamma-
tion, and other morphological disruptions. Pb exposure also
leads to DNA damage in V. verrucosa [93].
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The accumulation of Hg in fish leads to toxicity and tissue
damage, particularly in organs such as the gills, kidney, and
liver. Histopathological changes include epithelial damage,
lamellar fusion, and disruption of gill architecture [112].

The histopathological changes recorded in C. puncta-
tus exposed to mercuric chloride highlight the detrimental
effects of Hg toxicity on liver tissue. In control, the liver
showed normal hepatocytes while the fish exposed to mer-
curic chloride exhibit degeneration of both the nucleus and
cytoplasm of hepatocytes. Other degenerations reported
were pyknotic nuclei, vacuolization, and necrosis [113]. Per-
vaiz et al. [114] investigated the effects of Hg exposure on
the liver of O. niloticus and observed hepatocyte destruction,
sinusoidal abnormalities, pyknotic nuclei, bile duct degen-
eration, vacuolization, and necrosis. The histological exami-
nation of L. catla liver showed degeneration of hepatocytes,
vacuolar degeneration, and necrotic changes, and the kidney
reveals scattered inflammatory cells in the interstitium, focal
degeneration of glomeruli, and eosinophilic hyaline casts in
tubules upon heavy metal exposure [115]. Elwasify et al.
[116] and Sahid et al. [117] have reported various histo-
pathological changes in the kidney and liver induced by the
accumulation of potentially toxic metals in 7. zillii viz. vacu-
olated hepatocytes, vasculitis in hepatoportal blood vessels,
congestion in interstitial blood vessels, and necrosis in renal
tubules.

The accumulation of heavy metals leads to histopatho-
logical abnormalities in the kidney of O. niloticus. Cd has
been observed to induce various histopathological changes
in the kidney of O. niloticus viz. accumulation of fluid in the
renal interstitium, resulting in reduction in cell size, edema,
and degeneration of renal tubules [118]. Rana et al. [119]
demonstrated histopathological changes in the C. carpio
kidney following exposure to Cr, and the changes observed
were accumulation of inflammatory cells and enlargement
of the capillaries [119]. The histological analysis of Boops
boops revealed several histopathological changes in the kid-
ney, indicative of potential renal injury or dysfunction. The
histopathological changes noted were renal tubule atrophy;
inflammatory cell aggregation; such as lymphocytes, mac-
rophages, or neutrophils; loss of cellular integrity; and renal
tubule degeneration. Gill histopathology showed potential
damage or dysfunction in the gill tissues such as cartilagi-
nous core and lamellar damage [120]. Exposure to metal-
contaminated waters has been reported to various abnor-
malities in the renal structures of fish. These abnormalities
include a decrease in the production of blood cells within
the kidney, causing cellular injury, degeneration, necrosis,
lesions in the glomeruli, proliferation of connective tissue,
and structural changes in the glomeruli [121, 122]. Gills
play an important role in ion exchange during osmoregula-
tion and contact with toxicants (heavy metals) have a drastic
effect on the gill lamellae. Exposure to heavy metals has
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been recorded to stimulate abnormal growth or proliferation
of epithelial cells in the gill filaments as well as lamellar
fusion and necrosis in the epithelial cells [123].

Kumar et al. [124] recorded significant histopathological
changes induced by mercuric chloride in multiple organs in
C. punctatus. Mercuric chloride exposure led to the fusion
of adjacent gill lamellae, damage of branchial arches, and
necrosis in gills, while in liver degenerative changes in the
cytoplasm of hepatic cells, the presence of vacuoles was
observed. In kidneys, constriction of the renal tubules and
hypertrophy while in muscle abnormalities and necrotic
changes in muscle tissues were recorded. Table 4 provides
a detailed demonstration related to the changes in different
fish organs upon heavy metal administered.

Toxicology and Fish Reproduction

Reproduction is fundamental to the survival and per-
petuation of all animal species. Successful reproduction
ensures the continuation of a species over time, maintain-
ing biodiversity and ecological balance [133, 134]. Water
pollution from various sources, including heavy metals,
industrial wastes, pesticides, and agricultural runoff, can
all have detrimental effects on fish reproduction [135].
Heavy metals accumulate in the fish leading to a range
of adverse effects, including disruptions to reproductive
organs, disruption in the production of hormones, and
impaired gamete production [136]. Heavy metal pollution,
viz. arsenic, has detrimental effects on reproductive cell
and organ development in various organisms, including
fish. Arsenic is known for its toxic effects on reproductive
systems, disrupting processes like spermatogenesis and
oogenesis. In fish, exposure to arsenic has been reported
to reduce egg and sperm quality and quantity [22, 137].
Several studies have recorded adverse effects on the repro-
ductive performance of fish due to heavy metal pollution
viz. abnormal oocyte structure, empty follicles, condensa-
tion of the cytoplasm, and a decrease in GSI [104]. Cu and
Hg are known to exert toxic effects on the reproductive
health of fish, leading to various adverse outcomes such
as reduced GSI, decrease in fecundity, structural abnor-
malities in gonads, and reduced hatching and fertilization
rate [23, 138]. Increased heavy metal concentrations have
been reported to affect the reproductive health of T. zillii,
higher concentrations of heavy metals, as observed in the
El-Nasria station at the river Nile delta area, induce atresia
in the ovaries of T. zillii [139]. Bhat et al. [40] observed a
significant impact of heavy metal pollution on the ovarian
histology of O. mykiss. The observed histological changes
in the ovaries reported were disorganization of the nucleus
and cytoplasm, and abnormal structural changes in the
oocytes, retracted cytoplasm, and post-ovulatory follicles.
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Table 4 Effect of heavy metals on histopathology of different fish organs

Fish species

Heavy metal/contaminants and dose

Effect on fish

References

Cirrhinus mrigala

Labeo catla

Cyprinus carpio

Cyprinus carpio

Pangasianodon hypophthalmus

Phoxinus lagowskii

Channa punctatus

Anabas testudineus

Channa gachua

Gambusia affinis

Oreochromis niloticus

Anguilla anguilla

Ctenopharyngodon idella

Micropterus salmoides

Mercuric chloride (0.0206 ppm,
0.0402 ppm); lead acetate (28.2 ppm,
14.1 ppm)

Cu (1.25 ppm), Cd (4.5 ppm)

K,Cr,05 (150 pg/L), CdCl, (100 pg/L)
and Pb (NOy), (250 pg/L)

Cd (8.4 mg/L) and Pb (6.2 mg/L)

Cr (0.8, 1.6, and 3.2 mg/L)

Cr* (5and 10 mg/L)

7.89 mg/L (Cr*)

K,Cr,0; (6 and 12 mg/L)

NiSO, (150 ppm)

PbCl, (20 and 25 mg/L)

Pb (9.12 mg/L, Cd (0.84 mg/L), Hg
(0.025 mg/L)

MeHg (50 ng/L)

Cu (1.5, 1.4, 1.2, and 1 mg/L)
Ch (25.5,22.5, 20, and 18 mg/L)
Pb (250, 235, 225, and 216 mg/L)

Cd (0.05 mg/L, 0.15 mg/L, 0.25 mg/L)

Loss of cellular architecture in the liver,
necrosis in hepatocytes, and lamellar
degeneration in gills

Hepatic cell degeneration, lamellar
atrophy, necrosis of lamellar epithelial
cells and atrophy of glomeruli, necro-
sis of renal tubular cells

Fusion of secondary lamellae, damage
of central vein in hepatocytes, and
increase in vacuolization

Fusion of gill lamellae, vessel dilatation,
hyperemia

Hypertrophy of cells, lamellar fusion,
necrotic lamellae in gills and hemor-
rhage, pyknotic nucleus hepatocyte
hypertrophy in the liver, shrinkage of
renal corpuscle, pyknotic nuclei, dila-
tion of Bowman’s space, vacuoliza-
tion, and necrosis in kidneys

Diffuse vacuolations of hepatocytes,
cytoplasmic vacuolizations, bile stasis
and focal necrosis and increase of
sinusoidal space in the liver; lamellar
curling fusion, necrosis and lamellar
fusion in gills

Necrosis and hypertrophy and hepato-
cytes with large vacuolation in the
liver

Hyperplasia in lamellar epithelium,
lamellar fusion in gills; hepatic
haemorrhage, necrosis, degeneration
in hepatocytes in liver; renal haem-
orrhage and degeneration in renal
tubules in kidney

Rupture of sinusoids, necrosis and
degeneration in hepatocytes, shrinkage
of central vein and connective tissue
degeneration

Histological lesions, hemorrhage, vacu-
olar degeneration, necrosis, conges-
tion, and edema in brain

Necrosis of hepatopancreatic cells,
vacuolar degeneration of hepatocytes
in liver, and congestion of gill lamellae

Empty mitochondria, destruction of
cristae in mitochondria and increase
in space between fiber bundles of
muscles

Necrosis and degeneration of muscle
fibres, lesions in muscles, and gills
showed curling filaments, gill bridg-
ing, irregular cells, and interlamellar
spaces

Necrosis and nuclear shrinkage in liver
and swollen lamellae, vacuolization,
cell detachment and columnar cell
disorder in gills

Chavan and Muley [125]

Naz et al. [126]

Rajeshkumar et al. [127]

Khalesi et al. [128]

Suchana et al. [21]

Hu et al. [48]

Awasthi et al. [49]

Benjamin and Kutty [129]

Kawade [130]

Alkshab and Taha [131]

Rahman et al. [51]

Claveau et al. [54]

Shah et al. [132]

Liu et al. [56]
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Exposure to pollutants can lead to follicular atresia. Folli-
cular atresia refers to the degeneration and eventual apop-
tosis (cell death) of ovarian follicles, which are structures
containing developing oocytes [140]. The findings of Sen-
arat et al. [141] suggest that the decrease in the activities
of gonadotropin hormone (GTH) and other estrogen hor-
mones, likely induced by pollutant exposure, contributes
to the observed increase in follicular atresia. Jangu et al.
[142] study the effects of pollutants on the ovaries of L.
rohita within the Harike wetland ecosystem. Their findings
reported that the ovaries of these fish were subjected to
significant damage and disruption. The study by Du et al.
[143] also observed changes and improper responses in
gonadal development and alterations in tissue histology
that occurred because of heavy metal intoxication. A study
conducted by Hayati et al. [144] reported that exposure to
pollutants significantly impacted spermatogenic develop-
ment and induced metabolic disorders in fish. Pollutants
like heavy metals were found to interfere with the mitotic
process, leading to a reduction in the number of spermato-
cytes compared to the control group.

Heavy metals like Cd have been reported to cause tes-
ticular damage to various fish species. One common effect
observed in male fish exposed to Cd is a reduction in the
total number of spermatocytes and spermatids [145]. Cd
toxicity has also been reported to cause a wide range of
adverse effects on the male reproductive system in fish,
including histological changes in the testis and impaired
sperm function, which can ultimately reduce fertilization
success [19, 146].

Exposure to heavy metals such as Cd, Cu, As, Hg, and
Pb can disrupt various stages of spermatogenesis, lead-
ing to impaired sperm production and function [147]. The
histological examination of the gonads of C. gariepinus
has revealed that heavy metals interfere with gonad devel-
opment in this species [148]. Chronic exposure to Cr has
been associated with decreased spawning success in fish
populations. Cr exposure led to structural deformities in
the testes of male fish and reduced sperm motility [149].
Bhat et al. [150] reported different structural anomalies
of testicular tissues in O. mykiss viz. the presence of large
empty spaces, reduction in germ cells, and disorganization
of the epithelium. These structural anomalies observed
in the testicular tissues of O. mykiss are consistent with
the effects of environmental stressors on reproductive
health. Heavy metals like Cd, Cr, and Cu are reported to be
impacting negatively sperm quality primarily by reducing
sperm motility and velocity in pejerrey fish [151] and dam-
age the plasma membrane as well as axoneme of sperm
thus leading to a loss of fertility Cousins et al. [152]. A
detailed information is provided in below (Table 5) regard-
ing the effects of heavy metals on fish gonads viz. ovary
and testes.
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Quantification Techniques of Heavy Metals

Quantifying heavy metals is important because biomarker
responses of fish to heavy metal exposure and the quantifi-
cation of heavy metals are interconnected as they provide
a comprehensive understanding of environmental con-
taminations and their biological effects [171]. Addition-
ally, researchers can pinpoint particular dose-response
correlations by quantifying the concentrations of heavy
metals in organs with biomarker responses [172]. The
bioaccumulation potential of metals in different organs
in fish or other organisms in response to metal exposure
is assessed through quantification of metals in between
the contaminant environment and the exposed animals.
Therefore, quantification of metals is important for assess-
ing their biomarker responses at specific doses, bioaccu-
mulation potential, environmental impact, and associated
health risks. Various analytical techniques are being used
for accurate and reliable quantification of metals. This
review introduces various heavy metal detection instru-
ments that are important for monitoring heavy metals in
aquatic compartments. The key instruments include atomic
absorption spectrometry (AAS), inductively coupled
plasma mass spectrometry (ICP-MS), and inductively cou-
pled plasma—optical emission spectroscopy (ICP-OES).
The procedures for heavy metal detections in fish tissues
include sample collection, tissue digestion, filtration, and
analysis viz. AAS, ICP-Ms, ICP-AES, AFS, etc. which are
demonstrated in Fig. 4 [173-175].

Atomic Absorption Spectroscopy (AAS)

Atomic absorption spectrometry (AAS) is one of the
most popular and widely used methods for the qualita-
tive and quantitative analysis of heavy metals. AAS is
highly valued for its ability to directly measure the metal
content in various samples, making it an essential tool in
environmental monitoring, industrial quality control, and
biomedical research [176]. AAS is a highly advantageous
technique for the qualitative and quantitative analysis of
heavy metals. Its high selectivity, accuracy, sensitivity,
and ability to minimize interferences make it an essential
tool in various fields, including environmental science and
biomedical research. The ease of operation, fast analysis
times, and versatility further contribute to its widespread
use and reliability in detecting and quantifying heavy met-
als in diverse samples [177]. While AAS is a powerful tool
for heavy metal analysis, it has its limitations, particularly
the narrow range of standard curves and potential interfer-
ence from complex sample matrices. Its efficacy can also
be influenced by the extraction technique used and the
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Table 5 Effect of heavy metals on histopathology of fish gonads

Fish species Heavy metal and dose Effect on fish References

Odontesthes bonariensis 0.25 and 2.5 pg/L (Cd), 4 and 40 pg/L  Decrease in sperm motility Garriz and Miranda [151]
(Cr), 220 pg/L

Odontesthes bonariensis Cd (0.25 pg/L), Cr (4 pg/L), Cu Shrinkage of spermatic lobules and Garriz et al. [19]
(22 pg/L), and Zn (211 pg/L) pyknotic nuclei

Astyanax aff. bimaculatus Zn (3 and 20 mg/L) Swollen and broken walls of their Santos et al. [153]

spermatic cysts, pyknotic cells in
spermatic cells

Danio rerio Cu(20and 40 g L_l) Decrease in GSI of both male and Cao et al. [154]
female fish and reduced gonadal
maturation
Poecilia reticulata Hg (30to 50 gL ™) Delayed spermatogenesis; decrease Hayati et al. [146]
in GSI
Poecilia reticulate Hg exposure (—) Testicular degeneration, inhibition in ~ Liao et al. [155]
Oryzias latipes spermatogenesis
Clarias gariepinus Pb (6.1, 12.2, 24.4 ppm) Reduced sperm motility Alkahemal-Balawi et al. [156]
Colossoma macropomum Cu (0, 0.4, 0.8, and 1.2 ppm) Reduced motility and fertilization rate Pinto et al. [157]
Clarias batrachus Pb (5 ppm) Deformities in the testes as well as in ~ Authman et al. [158]
the ovary
Channa punctata Mercuric chloride (0.081 mg/L) Disruption of the ovarian follicle, Rai et al. [159]

reduction in the mature ovum,
oocyte swelling, reduction in GSI of
ovary as well as testes

Colisa fasciatus As (14.0 mg/L) Follicular spaces, underdeveloped Shukla and Pandy [160]
ovum, atretic follicles
Oreochromis niloticus Fe (134.863 ppm), Cu (10.386), Pb Loss of shape of seminiferous tubule; Elgaml et al. [161]
(2.659), Cd (1.400) severe congestion in testes
Oryzias melastigma Cd (10 pug/L), Pb (50 pg/L), and Zn Irregular oocytes, empty follicles and ~ Yan et al. [104]
(100 pg/L) increased follicular atresia
Oryzias latipes Cr(VI) (1.4 mg/L) Lower GSI in the ovary as well as Chen et al. [162]

testes, follicular atresia, follicular
wall degeneration

Channa punctatus Cr(VI) (14.0 mg/L) Cr(VI) and Cr(VI) Increase in follicular atresia and Mishra and Mohanty [163]
(1.4 mg/L) decrease in the 17-estradiol in the
serum
Gasterosteus aculeatus As (1 pg/L) Decrease in GSI Hani et al. [164]
Oncorhynchus tshawytscha Cr (11 to 266 pg/L) No effect on fish ovary/eggs Farag et al. [165]
Pangasianodon hypophthalmus Ash 1074 M Germ cell necrosis, hypertrophy and ~ Yamaguchi et al. [166]
interstitial tissue enlarged
Anguilla japonica Pb (1077 M), Mo (10— 5 and 107 M), Inhibition of spermatogenesis and Yamaguchi et al. [166]
As (1073 M) necrosis
Anguilla japonica As (100 mM) Increase in dead germ cells Celino et al. [137]
Lepomis macrochirus Se (10 mg/L) Reproductive failure Lemly [167]
Amblypharyngodon mola Mercuric chloride (0.04583 ppm.), Size reduction on gonads, damage Shelke [168]
arsenic trioxide (0.2911 ppm.), and in germinal elements, increase in
Cadmium chloride (0.6279 ppm.) follicular atresia and secondary

spermatocytes were pycnotic
Oncorhynchus mykiss Pb (10 pg/L) Increase in spermatogonia cysts and ~ Ruby et al. [169]
decrease in spermatocytes
Carassius gibelio Pb (8, 13, 24, and 49 mg/kg) Decrease in GSI, adverse long-term Luszczek-Trojnar et al. [170]
impact on steroidogenesis, game-
togenesis, and ovulation
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Fig.4 Procedure of heavy
metal detection using different
techniques
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specific elements being analyzed [178]. While using AAS
for detecting heavy metals, Vinodhini and Narayanan [179]
examined the bioaccumulation of Cd in C. carpio upon
exposure to 5 mg/L for 32 days. The results revealed the
bioaccumulation rates as follows: gills (6.23-6.94 ng/g),
liver (4.82-5.64 pg/g), and kidney (4.31-5.32 pg/g). Simi-
larly, Ali et al. [180] investigated the bioaccumulation of
Mn and Cr in C. carpio upon exposure to doses of MnSO,
(1.12 mg/L) and CrClIs (3.41 mg/L). Gills exhibited highest
accumulation of Mn and Cr, viz. Mn (0.54 +0.04 pg/g)
and Cr (0.78 +0.01 pg/g). They also reported hematologi-
cal indices of C. carpio following exposure to Mn and
Cr and recorded elevated levels of hematocrit, hemo-
globin, RBCS, mean corpuscular hemoglobin, and mean
corpuscular volume. Similarly, biochemical parameters
viz. serum glutamic pyruvic transaminase (SGPT), serum
cholesterol, and low-density lipid were recorded signifi-
cantly high. Szebedinszky et al. [181] have also studied the
effects of Cd exposure on O. mykiss upon dose of 1.5 mg/
kg for a duration of 36 days recorded bioaccumulation
rate of 0.20 to 0.30 pg/g in the gills and 0.29 to 0.37 pg/g
in the liver.

Inductively Coupled Plasma Mass Spectrometry
(ICP-MS)

In heavy metal analysis, AAS has been a widely used tech-
nology due to its reliability, cost-effectiveness, and ability to
measure metal concentrations in various environmental sam-
ples [182]. However, in recent years, I[CP-MS has emerged
as the preferred technique due to its greater efficiency, sen-
sitivity, and versatility. ICP-MS is a premier technology in
elemental analysis, excelling in the detection of ultra-trace
levels of metals and metalloids. Its high sensitivity, wide
dynamic range, and ability to perform multi-element and
isotopic analysis make it an invaluable tool across vari-
ous scientific and industrial fields [183, 184]. ICP-MS is
the preferred method for detecting heavy metal due to its
exceptional accuracy, sensitivity, and low detection limits.
Additionally, ICP-MS is often used in combination with
other analytical techniques like LA-ICP-MS, SP-ICP-MS,
and LC-ICP-MS to enhance its capabilities. Despite its pow-
erful capabilities in ultra-trace elemental analysis, ICP-MS
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has limitations including high costs, the necessity of pre-
transforming samples into solutions, issues with salt toler-
ance, and interference from certain elements viz. S, Ca, Fe,
K, and Se [185]. Pei et al. [186] upon quantifying heavy
metals with ICP-MS investigated the bioaccumulation of
arsenic in O. niloticus when exposed to doses of 806.5 and
772.1 pg/g for 10 days recorded bioaccumulation rates as
follows: gills (5.12+0.61 pg/g), liver (9.51 +1.68 pg/g), and
muscle (3.40+0.24 pg/g).

Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES)

ICP-OES is a standard technique used for heavy metal detec-
tion. It is widely used for determining both major and trace
elements in various matrices, viz. environmental samples
and biological samples. ICP-OES is worth noting for its sta-
bility, low detecting limits, high accuracy levels, vast lin-
ear ranges of concentrations, and multi-element detection
ability [187, 188]. ICP-OES versatility and robustness are
demonstrated by its popularity and broad acceptance over
the past 50 years. ICP-OES has developed steadily since
the first commercial instrument was introduced, establishing
itself as one of the most dependable analytical methods for
identifying major and trace elements in a variety of sample
matrices [187]. Aldoghachi et al. [189] upon determining
the bioaccumulation in different tissues of Oreochromis sp.
exposed to varying concentrations of Cu (0.0, 0.50, 1.0, 3.0,
and 5.0 mg/L) by ICP-OES recorded accumulation rates viz.
gill (6.3 to 38.4 mg/kg), liver (19.4 to 136 mg/kg), and mus-
cle (1.4 to 4.0 mg/kg).

Artificial Intelligence (Al)

Artificial intelligence (Al) is described as “computers with
modern intelligent behavior with minimal human interven-
tion.” Its applications in medicine, image processing, and
biology are revolutionizing these fields, leading to more
accurate diagnostics, enhanced image analysis, and deeper
insights into biological processes [190, 191]. In recent years,
Al-based technologies have become increasingly valuable
in the detection and removal of heavy metals. These tech-
nologies leverage advanced algorithms and computational
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power to enhance the efficiency and accuracy of monitor-
ing and remediation processes [28]. Ucun Ozel et al. [192]
conducted a study in which they analyzed concentrations
of Cu, Fe, Zn, Mn, Ni, and Pb in samples taken from three
stations along the Bartin River. The results of these analyses
were then modeled using artificial neural networks (ANN)
and adaptive neuro-fuzzy inference system (ANFIS) tech-
niques. The results underscore the potential of artificial
intelligence models, such as ANN and ANFIS, to effectively
estimate heavy metal concentrations in river systems. The
use of these models with easy-to-measure parameters offers
a quick, economical, and reliable method for monitoring
and managing heavy metal pollution, thereby enhancing the
viability of rivers and protecting both environmental and
public health. Various neural network models such as mul-
tilayer perceptron (MLP), backpropagation neural network
(BPNN), general regression neural network (GRNN), and
multiple linear regression (MLR) models have also been
used in heavy metal prediction. It has been established that
the ANN model is an efficient tool for heavy metal fore-
casting, with many researchers reporting that the results are
suitable for predicting heavy metals quickly and cost-effec-
tively [193], Altunkaynak and Basakin [194]. ANN have
proven to be a very important tools in the management of
water resources, monitoring of water quality, and analysis of
hydrologic time series. Their ability to model complex envi-
ronmental systems accurately and efficiently makes them
indispensable for defining, monitoring, and managing river
pollution [195].

Al particularly ML algorithms are highly effective in
addressing the challenges of interference and large data
processing in the detection of heavy metals like Hg, As, and
Pb in samples. The ML algorithms significantly enhance
the accuracy, speed, and efficiency of data analysis in spec-
trometric techniques like AAS, ICP-MS, and ICP-OES.
Genetic algorithm back-propagation neural network (GA-
BPNN), BPNN, successive projections algorithm (SPA), and
ANFIS are advanced computational techniques employed
in the detection and analysis of heavy metals especially in
complex environmental samples [196]. GA-BPNN a hybrid
technique that integrates genetic algorithms (GA) and BPNN
study method was used for Hg detection using an Avafield
spectrometer in samples, and the recorded results were found
significant [197]. BPNN in detecting Cu and Cd with the
AAS has been studied and recorded accurate levels of con-
centrations of the metals compared to traditional statistical
models [198].

Maurya et al. [28] developed a ML-based methodology
to classify fish exposed to heavy metals versus non-exposed
fish by leveraging color and texture features. These features
were identified and genetically optimized, and the perfor-
mance of the proposed method was further tested using a
transfer learning-based approach. This innovative approach

underscores the potential of machine learning in address-
ing environmental challenges. Continuous advancements
in detection technology are driving the evolution of Al
towards enhanced integration, efficiency, and adaptability
in the detection of heavy metals. As detection technologies
improve and become more sophisticated, Al methodologies
are increasingly capable of integrating diverse data sources,
optimizing detection processes for higher efficiency, and
adapting to varying environmental conditions and contami-
nant scenarios.

Conclusion

The aquatic environment in general and the water quality in
particular have been severely weakened by the unregulated
discharge of sewage and industrial pollutants, which has an
impact on the biochemical and physiological condition of
aquatic animals, including fish. Toxic heavy metals have
bioaccumulated in fish organs thus impairing normal fish
functions. Fish physiology has been negatively impacted by
the bioaccumulation of these hazardous metals, which has
hindered fish growth and reduced fish reproduction. There-
fore, it is advised that industrialists not dispose of their waste
until it is properly treated in order to preserve the ecologi-
cal balance. In the long run, fish will have lower levels of
heavy metals when the level of pollution in their environ-
ment declines. Therefore, in order to prevent pollution of
aquatic ecosystems worldwide and to avoid harmful effects
on fish and humans, it is imperative that action be taken
immediately to make sure that future emissions and releases
of heavy metals in aquatic ecosystems be minimized to the
greatest extent possible.

Al offers a powerful tool to complement direct measure-
ments in monitoring heavy metal pollution levels over tra-
ditional techniques like AAS. By leveraging computational
techniques and data-driven approaches, modeling enhances
cost-effectiveness, efficiency, and spatial-temporal cover-
age in heavy metal assessment. With a minimal margin of
error and a very high degree of reliability, predictions can
be made using Al Therefore, it is possible to monitor water
contamination with a significant reduction in cost, time, and
labor force. Many studies have concluded that Al-based
approaches for detecting heavy metals are more effective
than any other traditional methods. But before using Al
techniques, the best model for that area or resource needs to
be chosen, preparatory research needs to be done, and the
model’s degree of reliability needs to be determined.
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