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A B S T R A C T

Aquatic environments, including marine and freshwater ecosystems, are vital for ecological balance and biodi-
versity. The rising global demand for aquaculture products necessitates increased production, with intensified 
aquaculture practices posing significant environmental risks. This review explores the pathways through which 
chemical pollutants, heavy metals, pharmaceuticals, and environmental stressors induce teratogenic effects in 
aquatic species. The review highlights the impact of pesticide include triazine herbicides, organophosphate and 
organochlorine insecticides, and carbamates on aquatic life, emphasizing their interference with endocrine 
systems and developmental processes. Heavy metals like mercury, lead, cadmium, arsenic, and chromium are 
noted for their persistence and bioaccumulative properties, disrupting cellular and hormonal functions. Phar-
maceuticals, including NSAIDs, antibiotics, and chemotherapeutic agents, exert teratogenic effects by disrupting 
physiological and developmental pathways. Environmental stressors includes temperature fluctuations, salinity 
variations, pH changes, and oxygen level imbalances exacerbate the teratogenic impact of pollutants. This review 
highlights the importance of comprehensive environmental management and understanding these complex in-
teractions is essential for formulating efficient strategies to safeguard the effective measures to protect aquatic 
ecosystems and the biodiversity.

1. Introduction

Aquatic environments, encompassing both marine and freshwater 
ecosystems, are integral to the planet’s ecological balance. The global 
demand for aquaculture products is rising, necessitating an increase in 
production to 102 million tons by 2025 to sustain current consumption 
levels (FAO, 2016). [1] Aquatic species are crucial to human survival, 
offering nutritional resources, economic benefits, and ecosystem ser-
vices. [2] They contribute to global biodiversity, regulate climate by 
sequestering carbon, and maintain ecological balance. The preservation 
and sustainable management of these species are essential for ensuring 
food security, economic stability, and environmental health. [3,4]
Aquaculture intensification, which involves the excessive use of pro-
teinaceous feeds, nitrogenous fertilizers, and higher fish stocking den-
sities, is a potential strategy to meet this demand, especially as land 
resources for expansion are limited. However, such intensified practices 

can result in increased concentrations of nitrogenous and other toxic 
metabolites in aquatic environments, posing significant risks to aquatic 
organisms. [5]

The occurrence of toxic compounds in aquatic system has profound 
implications for aquatic organisms, impacting their development and 
overall health. [6] Aquatic organisms are consistently exposed to these 
pollutants through direct contact with contaminated water, ingestion of 
polluted sediments, and bioaccumulation through the food chain. [7]
Numerous studies have documented the pervasive presence of chemical 
pollutants in aquatic environments and their detrimental effects on 
aquatic life. Furthermore, previous studies mentioned the use of bio-
logical tools to support legislative objectives aimed at maintaining high 
aquatic environmental quality. However, bioindicators and biomarkers 
serve as early-warning indicators of environmental stressors, their ap-
plications are limited in certain contexts. [8,9] Embryotoxicological and 
teratotoxicological studies are critical for understanding the effects of 
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these pollutants at early developmental stages. [1,7] Six teratogenic 
mechanisms associated with pollutant exposure in aquatic species 
include folate antagonism, neural crest cell disruption, endocrine 
disruption, oxidative stress, vascular disruption, and receptor- or 
enzyme-mediated teratogenesis. [10] Understanding these mechanisms 
is essential for assessing the impacts of environmental pollutants on 
aquatic organisms.

Heavy metal pollution in aquatic environments has garnered sig-
nificant attention due to its persistence and bioaccumulative properties. 
These metals can disrupt the endocrine system of aquatic species, 
leading to developmental anomalies. [11,12] On other side, pharma-
ceuticals, particularly those that are not fully metabolized and are 
excreted into wastewater, represent another significant source of 
aquatic pollution. These substances can disrupt the endocrine and 
reproductive systems of aquatic organisms, leading to teratogenic effects 
[13]. For example, exposure to synthetic estrogen used in contraceptives 
has been linked to the feminization of male fish and intersex conditions, 
severely impacting population dynamics and reproductive success. [14, 
15] Furthermore, pesticides, widely used in agriculture to control pests, 
also contribute to aquatic pollution and teratogenicity. For instance, 
organophosphate exposure has been associated with craniofacial de-
formities and impaired swimming behavior in fish. [16]

Moreover, environmental stressors, such as temperature fluctua-
tions, hypoxia, and salinity changes, can exacerbate the teratogenic ef-
fects of pollutants. These stressors impair the ability of aquatic 
organisms to detoxify and repair damage caused by contaminants, 
increasing their susceptibility to developmental abnormalities. [17,18]
Additionally, the combined effects of multiple stressors can lead to 
complex interactions that are difficult to predict and manage. Aquatic 
pollution represents a significant environmental challenge that 
adversely impacts aquatic ecosystems and poses a threat to biodiversity. 
The proliferation of contaminants, compounded by environmental 
stressors and aquaculture practices, has led to a dramatic increase in 
teratogenic effects among aquatic species. [18] This review aims to 
elucidate the pathways through which various pollutants cause terato-
genicity in aquatic species, highlighting the critical need for compre-
hensive environmental management and pollution mitigation strategies.

2. Chemical pollutants

Chemical pollutants are a significant environmental concern, espe-
cially regarding their impact on aquatic ecosystems. The increasing 
industrialization, chemical employed agricultural activities, and ur-
banization have led to elevated levels of these contaminants in water 
bodies, posing a threat to aquatic species and the broader ecological 
balance. [19,20] According to a report by the United Nations Food and 
Agriculture Organization (FAO), approximately 2.3 million tonnes of 
pesticides are used worldwide annually, with significant portions 
reaching aquatic ecosystems through runoff. [19] On other hands fac-
tories and industrial plants discharge various chemicals, including 
heavy metals and organic pollutants, into nearby water bodies. The 
World Bank estimates that industries release around 300–500 million 
tonnes of heavy metals, solvents, toxic sludge, and other waste into the 
world’s water annually. [21] The Environmental Protection Agency 
(EPA) reports that urban runoff is a leading cause of water quality 
impairment in the developed countries. [22] Furthermore, medications 
consumed by humans and animals often end up in water bodies through 
sewage systems. A study published in the Journal Environmental Health 
Perspectives found that over 80 % of the rivers and streams in the United 
States contained traces of pharmaceuticals, including antibiotics, anti-
depressants, and hormones. [23] Generally, chemical exposure generate 
reactive oxygen species (ROS) which activate signaling pathways such 
as nf-κb, mapks, and ap-1, regulating genes involved in inflammation, 
apoptosis, and cell survival. ROS-induced oxidative stress causes DNA 
damage, activating p53, which can induce cell cycle arrest, apoptosis, or 
DNA repair. Additionally, it interacting with nuclear receptors like AhR, 

PPARα, and CAR disrupt cellular homeostasis by modulating genes 
involved in detoxification, lipid metabolism, and proliferation. The 
exposure also induces detoxification enzymes like GST and UGTs to 
mitigate toxicity. However, chronic exposure overwhelms these sys-
tems, leading to persistent oxidative stress, inflammation, and disrupted 
metabolic and immune responses in aquatic species (Fig. 1). [24]

2.1. Pesticides

Pesticides are widely employed in agriculture to control pests and 
enhance crop productivity. However, their extensive use has resulted in 
the contamination of aquatic environments, posing significant risks to 
aquatic species (Table 1). Pesticide toxicity in aquatic species primarily 
involves the generation of ROS, leading to oxidative stress. Pesticides 
interact with cellular receptors, activating enzymes like NADPH oxi-
dases (NOXs), which produce ROS. This oxidative stress damages lipids, 
proteins, and DNA, resulting in lipid peroxidation, protein oxidation, 
and DNA oxidation. ROS activate signaling pathways, including NF-κB 
and ASK1, promoting inflammatory responses and further ROS pro-
duction. Mitochondrial dysfunction follows, releasing cytochrome c, 
activating caspase-9 and caspase-3, leading to apoptosis. Additionally, 
ER stress activates caspase-12 and JNK pathways, while the FAS 
pathway activates caspase-8, culminating in programmed cell death and 
significant impact on aquatic health (Fig. 2). [25]

2.1.1. Triazine herbicides
Triazine herbicides, including atrazine, simazine, and cyanazine, are 

extensively used to manage broadleaf and grassy weeds in crops such as 
corn and sugarcane. These chemicals act as endocrine disruptors, 
interfering with hormonal regulation and increasing protein degrada-
tion rates during the development of aquatic organisms. [26] Further-
more, it disrupted the hypothalamic-pituitary-gonadal (HPG) axis, 
altering steroidogenesis and these herbicides and their metabolites 
inhibit the expression of key enzymes in the steroidogenic pathway, 
leading to reduced levels of testosterone and other sex hormones. [27] In 
zebrafish (Danio rerio), this disruption can result in various develop-
mental abnormalities, such as edema, craniofacial abnormalities, heart 
defects, and impaired fin development. [28] In Gilt-head bream (Sparus 
aurata), triazine exposure has been linked to hepatic lesions and hepa-
tocyte damage, characterized by lipid inclusion and extensive necrosis. 
[29] Amphibians are also significantly affected by triazine herbicides. In 
species like the Northern leopard frog (Rana pipiens) and the African 
clawed frog (Xenopus laevis), atrazine exposure can lead to the femini-
zation of male frogs and the induction of intersex conditions, resulting in 
reduced fertility and reproductive success. Additionally, delayed meta-
morphosis has been observed in the Argentinian frog (Rhinella arenarum) 
upon exposure to these herbicides. [30,31] Exposure to atrazine at 
4 mg/L disrupts normal developmental processes in zebrafish, and even 
concentrations between 10 and 20 mg/L further impair organogenesis, 
reduce motility, and cause functional disturbances in cardiac and cir-
culatory systems. Previous studies have also documented deformities, 
including edema, yolk sac malformation, spinal curvature, and body 
shortening in approximately 25 % of early life stages exposed to atrazine 
and its degradation products. [32,33]

2.1.2. Organophosphate insecticides
Organophosphate insecticides, including chlorpyrifos, malathion, 

diazinon, fenitrothion, and guthion 2S, are primarily used to control a 
variety of insect pests in crops such as corn, soybeans, fruit trees, and 
ornamental plants. These chemicals inhibit acetylcholinesterase (AChE), 
an enzyme crucial for nerve function, by binding irreversibly to its active 
site. This inhibition causes an accumulation of acetylcholine in synapses, 
leading to continuous stimulation of postsynaptic receptors can lead to 
excessive neuronal firing, which can cause neurodevelopmental toxicity 
and various developmental disruptions. In fish like rainbow trout 
(Oncorhynchus mykiss) and zebrafish, AChE inhibition results in 
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neurotoxicity, evidenced by reduced hatching success, edema, skeletal 
deformities, and impaired swimming behavior characterized by paused, 
jerky movements. [34,35] This occurs due to disrupted cholinergic 
signaling and increased oxidative stress, leading to cellular damage and 
developmental abnormalities. Studies on amphibians, such as African 
clawed frog and the Northern leopard frog, organophosphate exposure 
causes neuromuscular defects, including abnormal tail flexure and dis-
torted myocytes, by interfering with cholinergic transmission and 
inducing oxidative stress. These disruptions lead to skeletal deformities, 
such as notochord thinning, and increased mortality, as observed in 
Western narrow-mouthed toad (Gastrophryne olivacea) and Axolotl 
(Ambystoma mexicanum). The oxidative stress and mitochondrial 
dysfunction further exacerbate these developmental issues, leading to 
delayed metamorphosis and reproductive impairments. [36,37]

2.1.3. Organochlorine insecticides
Organochlorine insecticides, including benzene hexachloride, 

methoxychlor, endosulfan, lindane, dieldrin, heptachlor, and thiaclo-
prid, are commonly used to control a wide range of insects on crops such 
as tea, coffee, and vegetables. In fish species such as medaka (Oryzias 
latipes) and zebrafish, organochlorine insecticides interfere with the 
endocrine system by mimicking natural hormones, disrupting hormonal 
regulation. These chemicals bind to estrogen receptors, leading to 
altered gene expression and hormonal imbalances. This disruption can 
cause skeletal deformities, such as trunk curvature, reduced growth, and 
abnormal behaviour. [38] Additionally, in Gilt-head bream and rainbow 
trout, endosulfan exposure in these fish has been linked to hepatocytic 
alterations, myoskeletal deformities, and exophthalmia due to oxidative 

stress and mitochondrial dysfunction, which impair normal cellular 
processes and energy production. [39,40] In amphibians, organochlo-
rines cause developmental delays and defects through similar 
endocrine-disrupting mechanisms. These chemicals interfere with the 
HPG axis, leading to altered hormone levels and disrupted signalling 
pathways essential for normal development. [40] For example, exposure 
to these insecticides can result in poor blood circulation, body axis 
curvature, and cardiac dysfunction in species like sea snail (Marginella 
oranata). Additionally, behavioral alterations such as increased preda-
tion susceptibility are observed in species long-toed salamander 
(Ambystoma macrodactylum), linked to disruptions in neuromuscular 
activity and oxidative stress that damage neural tissues and impair 
normal development. [41]

2.1.4. Carbamate insecticides/ nematicides
Carbamates, including carbaryl, aldicarb, thiobencarb, thiuram, and 

methomyl, are widely used in agriculture to control pests. These com-
pounds, derived from carbamic acid, are known to have detrimental 
effects on non-target organisms, including aquatic species. Exposure to 
carbamates has been shown to cause skeletal deformities such as twisted 
notochords, distortions, shortened anterior-posterior axes, disorganized 
somites, reduced hatching success, impaired growth, lack of nutritional 
absorption (yolk sac edema), RBC accumulation, and impaired repro-
ductive performance in fish species such as zebrafish, medaka, and 
fathead minnow (Pimephales promelas). [42] These may attribute due to 
the induction of oxidative stress and disruption of mitochondrial func-
tion by disrupting normal cellular processes and metabolic functions. 
This oxidative stress leading to lipid peroxidation results from oxygen 

Fig. 1. Main oxidative interactions of chemicals include activation of receptors (AhR, CAR, PXR), transcription factors (Nrf2, NF-κB), and enzymes (CYP450, GST), 
leading to ROS production and cellular oxidative stress responses.
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free radicals interacting with polyunsaturated fatty acids in cell mem-
branes, leading to cellular damage, structural damage, and DNA dam-
age. The ROS, including superoxide, hydrogen peroxide, hydroxyl 
radicals, singlet oxygen, peroxyl and alkoxyl radicals, lipid hydroper-
oxide, peroxynitrite, hypochlorous acid, and ozone. [43] These reactive 
intermediates interact with cellular macromolecules, causing cytotoxic 
effects. Additionally, N-nitrosocarbofuran, a gastric metabolite of car-
bofuran, may form an O⁶-methylguanine DNA adduct, exhibiting 
mutagenic and carcinogenic properties. Mitochondrial dysfunction im-
pairs energy production and promotes apoptosis. [44] In amphibians, 
carbamate exposure can result in abnormal limb development, cranio-
facial deformities, increased susceptibility to predation due to impaired 
mobility, disrupted metamorphosis, respiratory dysfunctions, and 
increased mortality in amphibian larvae, especially in A. barbourin and 
R. sphenocephala. In Rana perezi, carbamates cause organ morphology 
damage, mainly in gills and liver. [45,46] Carbamates inhibit AChE, 
leading to the accumulation of acetylcholine at synapses, causing 
neurotoxicity. This disruption in neural signaling can interfere with 
normal development, resulting in teratogenic effects in common carp 
(Cyprinus carpio) and Asian common toad (Duttaphrynus melanostictus). 
[47,48]

2.1.5. Combined pesticides
Pesticides are often used in combinations to enhance their efficacy 

against pests and weeds. However, the combined use of different classes 
of pesticides, such as organosulfurs, methyl isothiocyanate, terbutryn (a 
triazine), and triasulfuron (a sulfonylurea), can have complex and 
potentially harmful effects on non-target aquatic species. Exposure to 
combined pesticides has been shown to cause developmental abnor-
malities such as spinal deformities, craniofacial malformations, 
impaired fin development, and larval growth in fish species like zebra-
fish and medaka. [44] Methyl isothiocyanate, released from organo-
sulfurs like dazomet and metam sodium, acts by inhibiting cellular 
respiration by disrupting the electron transport chain in mitochondria. It 
also interferes with mitotic spindle formation, leading to cell cycle arrest 
and teratogenic effects such as spinal deformities and craniofacial mal-
formations in fish species. [39] Additionally, in Gilt-head bream, these 
chemicals can cause liver damage characterized by the loss of cellular 
shape and the formation of loosely arranged cords in hepatocytes with 

Table 1 
Classes of pesticides with examples, and their potential harmful effects on 
aquatic species.

Pesticide class Examples Damage Caused

Insecticide DDT, Malathion Neurological damage, cancer risk, 
reproductive harm

Herbicide Glyphosate, Atrazine Potential carcinogen, endocrine 
disruptor, aquatic toxicity

Fungicide Mancozeb, 
Chlorothalonil

Dermal irritation, respiratory issues, 
potential carcinogen

Rodenticide Warfarin, Brodifacoum Internal bleeding, kidney and liver 
damage, secondary poisoning of non- 
target species

Bactericide Streptomycin, Copper 
compounds

Antibiotic resistance, disruption of 
microbial communities

Nematicide Aldicarb, Oxamyl Reproductive and developmental 
toxicity, neurotoxicity

Acaricide Abamectin, 
Fenpyroximate

Skin irritation, respiratory problems, 
potential carcinogen

Molluscicide Metaldehyde, Ferric 
phosphate

Respiratory issues, toxic to aquatic 
life

Avicide 4-Aminopyridine, 
DRC− 1339

Neurological damage, respiratory 
issues

Antimicrobial Triclosan, Chlorine 
dioxide

Endocrine disruptor, antibiotic 
resistance

Algicide Copper sulfate, 
Simazine

Skin irritation, respiratory problems

Defoliant Calcium cyanamide, 
Thidiazuron

Dermal toxicity, respiratory issues

Desiccant Calcium carbide, 
Magnesium sulfate

Respiratory problems, skin irritation

Miticide Tetradifon, Amitraz Skin and eye irritation, potential 
carcinogen

Virucide Glutaraldehyde, 
Sodium hypochlorite

Respiratory issues, skin irritation

Larvicide Temephos, 
Methoprene

Developmental toxicity, potential 
endocrine disruptor

Repellent DEET, Picaridin Skin irritation, respiratory issues
Biopesticide Bacillus thuringiensis, 

Neem oil
Allergic reactions, potential toxicity 
to beneficial insects

Fumigant Methyl bromide, 
Phosphine

Respiratory issues, potential 
carcinogen

Plant growth 
regulator

Gibberellins, Auxins Hormonal imbalances, reproductive 
issues

Fig. 2. Mechanism of ROS-induced teratogenicity in aquatic species, highlighting pesticide impact, oxidative stress, and apoptosis pathways via caspase activation.

S. Madesh et al.                                                                                                                                                                                                                                 Toxicology Reports 13 (2024) 101819 

4 



lipid inclusions. [49] In amphibians, combined pesticide exposure can 
lead to limb malformations, disrupted metamorphosis, increased mor-
tality, and increased susceptibility to predation due to impaired 
mobility. In Northern leopard frog, exposure has been linked to altered 
growth development, sex differentiation, and behavioral activity. [50]
Terbutryn disrupts photosynthesis in plants but can act as an endocrine 
disruptor in aquatic species, affecting hormonal regulation necessary for 
normal development. Triasulfuron inhibits acetolactate synthase, an 
enzyme critical for branched-chain amino acid synthesis in plants, but in 
aquatic species, it can disrupt protein synthesis and cellular division, 
leading to teratogenic effects. [39,44,50]

2.2. Heavy metals

Heavy metals, a group of elements exhibiting metallic properties and 
high densities, are naturally occurring but have become concentrated in 
aquatic environments due to human activities such as mining, industrial 
processes, and agricultural runoff. [51] Notable heavy metals, including 
mercury, lead, cadmium, arsenic, and chromium, are present at signif-
icant concentrations in aquatic system known to cause teratogenic ef-
fects in aquatic species due to their high toxicity and ability to interfere 
with cellular processes (Table 2).

2.2.1. Mercury (Hg)
MeHg easily crosses cell membranes due to its lipophilic nature, 

binding to sulfhydryl groups in proteins. This disrupts protein function 
and induces oxidative stress by generating ROS, which leads to cellular 
damage and apoptosis. Furthermore, it disrupts neurotransmitter func-
tions, particularly glutamate signaling, resulting in neurological dam-
age. [52] This can cause spinal deformities, craniofacial abnormalities, 
and impaired fin development in species like zebrafish and fathead 
minnow. In species such as Siberian sturgeon (Acipenser baerii), rainbow 
trout, and goldfish (Carassius auratus), Hg exposure inhibits sperm 
mobility, arrests spermination, and causes testicular atrophy by inter-
fering with hormonal regulation and cellular integrity. [53] In am-
phibians like the African clawed frog and American bullfrog (Lithobates 
catesbeianus), it can induces oxidative stress, leading to DNA damage 
and cellular apoptosis. This results in limb malformations, disrupted 
metamorphosis, and increased mortality. Additionally it interferes with 
calcium homeostasis and neurotransmitter release, causing develop-
mental and behavioral abnormalities. [54] This includes impaired motor 

functions and increased susceptibility to predation due to compromised 
mobility and coordination. Further, at 18.5 μg/L Hg, Meretrix meretrix 
embryos experience developmental arrest at the gastrula or blastula 
stages, and at 187 μg/L, only morula-stage embryos are observed. 
Toxicant exposure initially impacts behavior, such as swimming, and 
physiological processes, like growth, eventually leading to increased 
mortality. [55]

2.2.2. Lead (Pb)
Pb mimics calcium due to its similar ionic radius, interfering with 

calcium-dependent processes. This can disrupt cellular signaling and 
enzyme functions, leading to skeletal deformities such as scoliosis and 
craniofacial malformations in zebrafish and rainbow trout. It can in-
duces oxidative stress by generating ROS and reducing antioxidant de-
fenses. This results in cellular damage, impaired growth, and 
neurobehavioral changes. It also leads to reduced hatching success and 
developmental issues like yolk-sac edema and spinal curvatures in cat-
fish (Clarias gariepinus). In fish like Oryzias melastigma and Carassius 
gibelio, Pb exposure causes irregular oocytes, follicular atresia, and 
altered ovarian steroidogenesis. [56,57] This disrupts gametogenesis, 
resulting in reproductive damage. Furthermore, Pb exposure in am-
phibians such as Xenopus larvae results in the accumulation of lead in the 
liver, causing DNA damage and genotoxic effects. This leads to limb 
deformities and disrupted development. Additionally it can interferes 
with the endocrine system, altering hormonal secretions necessary for 
normal development. This results in developmental delays and 
increased mortality rates, particularly in species like Bufo arenarum and 
Bufo bufo. Similar to its effects in fish, it disrupts neurotransmitter 
release and neuronal function in amphibians, contributing to neuro-
behavioral abnormalities and increased susceptibility to predation due 
to impaired mobility. [58,59]

2.2.3. Cadmium (Cd)
Cd competes with zinc for binding sites on zinc-dependent enzymes 

and proteins, leading to a disruption in their normal functions. Zinc is 
essential for the structural stability and activity of numerous enzymes, 
including those involved in DNA synthesis and repair, antioxidant de-
fense, and metabolic processes. This competition leads to impaired 
cellular metabolism and developmental processes, resulting in skeletal 
deformities such as kyphosis, lordosis, and C-shaped larvae in zebrafish, 
medaka, and mosquitofish (Gambusia affinis). Disrupted enzyme activity 
also impairs growth and hatching success. [60,61] It further induces 
oxidative stress by generating ROS and interfering with the antioxidant 
defense mechanisms, such as glutathione peroxidase and superoxide 
dismutase. Cd can also replace iron and copper in various cellular pro-
cesses, further contributing to ROS production. Ferritin is a protein that 
stores iron and releases it in a controlled fashion. Cd can displace iron 
from ferritin, releasing free iron into the cytoplasm and catalyzes the 
formation of hydroxyl radicals (•OH) through Fenton reactions. Addi-
tionally, it can also interfere with iron-sulfur clusters in mitochondrial 
enzymes, such as aconitase. This displacement impairs the function of 
the electron transport chain leads to electron leakage and the subsequent 
formation of superoxide radicals (O2•− ). This contributes to mito-
chondrial dysfunction and further oxidative stress. [62] Copper is a 
crucial cofactor for superoxide dismutase, an enzyme that catalyzes the 
dismutation of superoxide radicals into oxygen and hydrogen peroxide. 
Cd can displace copper from SOD, reducing its activity leads to the 
accumulation of superoxide radicals, increasing oxidative stress within 
the cell. Elevated ROS levels cause damage to lipids, proteins, and DNA 
repair mechanisms leads to epigenetic changes, such as DNA methyl-
ation and histone modifications, altering gene expression, result in cell 
death (apoptosis). Cadmium inhibits methionine synthase, leading to 
homocysteine accumulation and methionine depletion, reducing 
S-adenosyl methionine (SAM) levels, a key methyl donor. This impair-
ment results in decreased methylation of DNA, proteins, and lipids, 
affecting gene expression and cellular functions (Fig. 3). [63] This 

Table 2 
Heavy metal classes, examples, and their potential toxicological effects on 
aquatic species.

Heavy 
Metal

Examples Species Affected Damage Caused

Mercury Methylmercury Salmo salar Neurological damage, 
reproductive issues

Cadmium Cadmium 
chloride

Mussels (Mytilus 
edulis)

Kidney damage, 
respiratory problems

Lead Lead nitrate Cyprinus carpio Neurological damage, 
hematological effects

Arsenic Arsenate Shrimp (Penaeus 
monodon)

Carcinogenic effects, DNA 
damage

Chromium Chromium(VI) Oncorhynchus 
mykiss

Oxidative stress, 
respiratory issues

Nickel Nickel sulfate Oreochromis 
niloticus

Reproductive toxicity, 
growth inhibition

Copper Copper sulfate Algae (Chlorella 
vulgaris)

Photosynthesis 
inhibition, oxidative 
stress

Zinc Zinc chloride Danio rerio Growth inhibition, 
reproductive issues

Selenium Selenite Oncorhynchus 
tshawytscha

Reproductive toxicity, 
oxidative stress

Aluminum Aluminum 
sulfate

Salvelinus fontinalis Respiratory issues, gill 
damage
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oxidative damage manifests as developmental abnormalities, including 
cardiac edema, blastodermal lesions, and bent spines in fish species like 
Pagrus major. [64] Cd disrupts calcium homeostasis by competing with 
calcium ions (Ca²⁺) for transport and binding sites in cellular processes. 
It affects calcium channels, pumps, and binding proteins, leading to 
altered intracellular calcium levels. Disruption of calcium homeostasis 
affects bone development and muscle function, causing spinal de-
formities and impaired locomotion. In fish, this results in shortened 
body length, swim bladder issues, and neurobehavioral changes. [65] In 
amphibians, it leads to limb malformations and delayed metamorphosis. 
In amphibians like African clawed frog and common toad (Bufo bufo), Cd 
exposure results in limb malformations and increased mortality rates 
due to impaired DNA repair and altered gene expression. [66,67] Cd 
disrupts endocrine function by interfering with hormone synthesis, 
secretion, and receptor function. It can mimic or block the action of 
hormones, disrupting hormonal signaling pathways essential for growth 
and development. In amphibians, hormonal imbalances cause issues 
such as shortened limbs, extra digits, and fused digits, affecting their 
survival and reproductive success. [62,68]

2.2.4. Arsenic (As)
The compounds, particularly arsenite (As³⁺), disrupt cellular redox 

homeostasis by interfering with thiol-containing proteins and enzymes. 
As binds to thiol groups in glutathione (GSH) and other proteins, 
depleting antioxidant reserves and impairing the function of thiol- 
dependent enzymes. This disruption leads to an increase in oxidative 
stress and a decrease in the cell’s ability to neutralize ROS. This oxida-
tive stress disrupts mitochondrial integrity, reducing membrane poten-
tial and causing uncontrolled ROS production. The mitochondria, being 
a primary site for arsenic-induced oxidative damage, become dysfunc-
tional, leading to impaired ATP production and cellular energy meta-
bolism. [69,70] In fish species like zebrafish, rainbow trout, and 
medaka, this results in craniofacial malformations, impaired fin 

development, and growth retardation. As inhibits key enzymes in the 
Krebs cycle, such as succinate dehydrogenase, which impairs cellular 
respiration. [71,72] This inhibition leads to decreased ATP production 
and increased ROS generation result in Anguilla japonica exhibit 
inhibited spermatogenesis, reduced egg production rates, and testicular 
necrosis. Moreover, it inhibits DNA repair pathways, including base 
excision repair and nucleotide excision repair. This inhibition is due to 
arsenic’s ability to bind with zinc finger motifs in DNA repair proteins, 
impairing their function and leads to the accumulation of DNA damage, 
increasing the risk of mutations and genomic instability. [73] Similar to 
its effects in fish, arsenic exposure in amphibians leads to the production 
of ROS, which triggers oxidative stress and inflammation. The oxidative 
stress activates transcription factors like NF-κB, leading to the expres-
sion of pro-inflammatory cytokines. In amphibians such as African 
clawed frog and Bufo bufo, this results in limb deformities, disrupted 
development, and increased susceptibility to infections due to immune 
system impairment. [74,75] Additionally, it interferes with endocrine 
functions by disrupting the synthesis, secretion, and receptor activity of 
hormones. This interference affects hormonal regulation critical for 
normal growth and development includes delayed metamorphosis, limb 
malformations, and increased mortality rates. [75] Further it can bio 
accumulates in tissues, particularly in the liver and nervous system, 
causing neurotoxic effects. It disrupts neurotransmitter functions and 
induces oxidative damage in neuronal cells. [76] In leopard frogs, this 
metal exposure reduces swimming ability and causes neurological im-
pairments due to the accumulation of arsenic in neural tissues and 
associated oxidative damage. [77] As interferes with signal transduction 
pathways, including the MAPK (Mitogen-Activated Protein Kinase) 
pathway, PI3K/Akt pathway, and JNK (c-Jun N-terminal Kinase) 
pathway through altering the phosphorylation status of key signaling 
proteins. [78] This disruption can affects cell proliferation, apoptosis, 
and differentiation. In fish and amphibians, this leads to disrupted 
development, abnormal cell growth, and increased apoptosis, 

Fig. 3. Methionine cycle and methylation pathway in aquatic species, showing the roles of homocysteine, S-adenosyl methionine, and methionine synthase in DNA, 
protein, and lipid methylation processes.
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contributing to deformities and reduced survival rates. In aquatic spe-
cies, the impairment of immune system results in increased suscepti-
bility to infections and impaired immune responses. For example, in 
Scylla serrata (mud crab), this exposure leads to oxidative stress and 
immune impairment, making them more susceptible to pathogens. [68, 
74]

2.2.5. Chromium (Cr)
Cr(VI) primarily exists as chromate (CrO₄²⁻) and dichromate 

(Cr₂O₇²⁻) anions, which mimic sulfate (SO₄²⁻) and phosphate (PO₄³⁻) 
ions. These anions utilize sulfate and phosphate transporters to pene-
trate cell membranes to overcome the cellular defenses due to its high 
solubility and strong oxidizing properties. Inside the cell, Cr(VI) is 
reduced to trivalent chromium (Cr(III)), generating ROS and leading to 
extensive DNA damage, including strand breaks, crosslinks, and muta-
tions. [79] Cr(VI) can also directly bind to DNA and proteins, causing 
structural alterations and interfering with cellular functions. In fish 
species like zebrafish and medaka, this results in developmental ab-
normalities such as spinal curvatures, craniofacial malformations, and 
fin erosion. The oxidative damage also impairs growth and swimming 
abilities in other species like Odontesthes bonariensis and Clarias gar-
iepinus. [80] Additionally, Cr(VI) inhibits several critical cellular en-
zymes, including those involved in the detoxification processes and DNA 
repair such as NADPH-cytochrome P450 reductase, leading to impaired 
detoxification of reactive intermediates. Inhibition of these enzymes 
results in the accumulation of toxic intermediates and extensive DNA 
damage, contributing to developmental defects, such as spinal curva-
tures and craniofacial malformations in species like zebrafish and 
medaka. [81] Furthermore, it leads to impaired reproductive functions 
through mitochondrial disruptions in fish includes testicular fibrosis, 
spermatic lobule shrinkage, and oocyte immaturity. [82] Additionally, 
Cr(VI) disrupts intracellular calcium signaling by interacting with cal-
cium channels and binding proteins. This interference affects 
calcium-dependent processes, including muscle contraction and neuro-
transmitter release. In amphibians like Hypsiboas pulchellus and Rana 
tigrina, this disruption leads to limb deformities, abnormal development, 
and increased mortality [83,84]. The altered calcium homeostasis also 
affects swimming abilities and overall motor functions in these species. 
Epigenetic alterations through DNA methylation and endocrine disrup-
tion through hormonal imbalance due to Cr exposure contribute to 
developmental abnormalities and impaired immune responses in both 
fish and amphibians. This includes delayed hatching, reduced body size, 
skeletal malformations, and increased susceptibility to infections 
observed in species like Hypsiboas pulchellus. [85] In fish species like 
Odontesthes bonariensis and Clarias gariepinus, endocrine disruption re-
sults in impaired spawning capabilities, reduced egg production, and 
sperm immobility. [81]

2.3. Pharmaceuticals

Pharmaceuticals encompass a wide range of medicinal compounds 
classified by their therapeutic purposes, such as antibiotics, analgesics, 
and antidepressants, etc. The increased consumption of these pharma-
ceuticals inevitably leads to higher levels of their discharge into the 
environment [13]. Over the past two decades, numerous studies have 
reported the presence of trace levels of various prescription and 
over-the-counter pharmaceuticals in aquatic ecosystems. Unlike most 
other environmental contaminants, pharmaceuticals are specifically 
designed to alter physiological functions. Consequently, they have a 
high potential to affect non-target organisms because the mechanisms 
through which many pharmaceuticals exert their effects are conserved 
across different animal phyla (Table 3). [86]

2.3.1. Analgesics and antipyretic drugs
Nonsteroidal anti-inflammatory drugs (NSAIDs), including 

ibuprofen, diclofenac, naproxen, and aspirin, are extensively used for 

Table 3 
Pharmaceutical classes and their potential toxicological effects on aquatic 
species.

Parmaceutical Class Species Affected Damage Caused

Ibuprofen NSAID Pimephales promelas Reproductive 
issues, altered 
hormone levels

Diclofenac NSAID Oncorhynchus mykiss Kidney damage, 
gill damage

Carbamazepine Antiepileptic Danio rerio Neurological 
effects, behavioral 
changes

Fluoxetine Antidepressant Oncorhynchus mykiss Behavioral 
changes, 
reproductive 
issues

Sulfamethoxazole Antibiotic Algae 
(Pseudokirchneriella 
subcapitata)

Growth inhibition

Trimethoprim Antibiotic Pimephales promelas Reproductive 
issues, growth 
inhibition

Metoprolol Beta-blocker Oncorhynchus mykiss Cardiotoxicity, 
altered behavior

Propranolol Beta-blocker Pimephales promelas Cardiotoxicity, 
reproductive 
issues

Atenolol Beta-blocker Danio rerio Cardiotoxicity, 
growth inhibition

Estradiol Hormone Pimephales promelas Endocrine 
disruption, 
reproductive 
issues

Ethinylestradiol Hormone Oncorhynchus mykiss Endocrine 
disruption, 
reproductive 
impairements

Venlafaxine Antidepressant Pimephales promelas Behavioral 
changes, 
reproductive 
issues

Ciprofloxacin Antibiotic Oncorhynchus mykiss Growth inhibition, 
reproductive 
damage

Ofloxacin Antibiotic Algae (Chlorella 
vulgaris)

Growth inhibition, 
photosynthesis 
inhibition

Paracetamol Analgesic Pimephales promelas Liver toxicity, 
kidney damage

Amoxicillin Antibiotic Danio rerio Growth 
restriction, 
reproductive 
issues

Erythromycin Antibiotic Oncorhynchus mykiss Growth inhibition, 
reproductive 
impairment

Clarithromycin Antibiotic Algae 
(Pseudokirchneriella 
subcapitata)

Growth inhibition, 
photosynthesis 
inhibition

Azithromycin Antibiotic Pimephales promelas Growth 
retardation, 
reproductive 
issues

Doxycycline Antibiotic Oncorhynchus mykiss Growth inhibition, 
reproductive 
issues

Sertraline Antidepressant Danio rerio Behavioral 
changes, 
reproductive 
issues

Atenolol Beta-blocker Oncorhynchus mykiss Cardiotoxicity, 
reproductive 
issues

Clonazepam Antiepileptic Danio rerio Neurological 
effects, behavioral 
changes

(continued on next page)
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their analgesic, antipyretic, and anti-inflammatory properties. NSAIDs 
inhibit cyclooxygenase (COX) enzymes, which are crucial for the syn-
thesis of prostaglandins. Prostaglandins play vital roles in regulating 
inflammation, pain, and fever, and in aquatic species, they are involved 
in critical physiological processes such as reproduction, development, 
and immune responses. COX-1 inhibition reduces mucosal blood flow 
and bicarbonate secretion, leading to decreased protective mucus pro-
duction and direct epithelial damage. COX-2 inhibition increases 
leukocyte adherence, reduces angiogenesis, and impairs platelet aggre-
gation, exacerbating epithelial damage through inflammation and 
impaired tissue repair. These combined effects cause significant mucosal 
injury and bleeding (Fig. 4). [87] In zebrafish, this inhibition leads to 
developmental abnormalities, including skeletal deformities, impaired 
fin development, and altered hatching rates. [10,88] Exposure to 
diclofenac and ibuprofen at concentrations ranging from 0.5 to 
1000 µg/L in rainbow trout, brown trout, and medaka results in gill 
damage, impaired ion regulation, cardiovascular abnormalities, and 
changes in reproductive patterns. NSAID exposure induces oxidative 
stress in species like zebrafish and common carp, leads to cytological 
alterations in primary organs, disruption of oocyte maturation and 
ovulation, and inhibition of cytochrome P450 enzymes (CYP2M), which 
are essential for detoxification and metabolism. Additionally it can 
interfere with endocrine functions by disrupting hormone synthesis and 

secretion, leading to impaired reproductive performance, such as 
testicular fibrosis, spermatic lobule shrinkage, and oocyte immaturity. 
Furthermore, the combined exposure paracetamol and ciprofloxacin, 
can severely induce teratogenic effects in zebrafish embryos, causing 
morphological alterations and reducing survival rates by up to 75 %. 
Realistic levels of paracetamol may activate the antioxidant defense 
system in freshwater crustaceans, leading to behavioral changes and 
hepatotoxicity in male fish Rhamdia quelen. [89] This disruption in 
developmental processes results in malformed embryos and reduced 
viability. NSAIDs can interfere with ion transport and regulation, 
particularly affecting sodium (Na+), potassium (K+), and calcium (Ca2+) 
channels. In rainbow trout and medaka, this leads to impairs gill func-
tion, difficulties in maintaining ion balance. This can cause osmoregu-
latory stress, reduced swimming performance, and overall poor health. 
Additionally, NSAIDs can cross the blood-brain barrier and interfere 
with neurotransmitter systems, particularly those involving serotonin 
and dopamine. [90,91] This can lead to neurotoxic effects and behav-
ioral changes in fish and common carp, such as changes in feeding, 
aggression, anxiety and social interactions.

2.3.2. Antibiotics
The widespread use of antibiotics in both human and veterinary 

medicine has led to their presence in aquatic environments. Antibiotics 
can have teratogenic effects on fish embryos by disrupting normal 
bacterial flora and directly affecting cellular processes. Furthermore, the 
widespread use of antibiotics in aquaculture promotes antibiotic resis-
tance in aquatic bacteria, contributing to environmental reservoirs of 
resistance genes that may transfer to human pathogens. Antibiotics such 
as penicillins, cephalosporins, macrolides, quinolones, tetracyclines, 
and aminoglycosides have been detected in aquatic environments. [92]
Antibiotics like quinolones, aminoglycosides, and tetracyclines interfere 
with DNA replication and transcription by targeting bacterial DNA 
gyrase and topoisomerase IV. These antibodies generally bind to 

Table 3 (continued )

Parmaceutical Class Species Affected Damage Caused

Lamotrigine Antiepileptic Pimephales promelas Neurological 
effects, behavioral 
changes

Amitriptyline Antidepressant Oncorhynchus mykiss Behavioral 
changes, 
reproductive 
issues

Fig. 4. Mechanism of NSAIDs-induced epithelial damage in aquatic species, illustrating the inhibition of COX-1 and COX-2, leading to mucosal injury, impaired 
blood flow, and increased leukocyte adhesion.
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bacterial ribosomes, inhibiting protein synthesis for treatment therapy. 
This mechanism can extend to similar ribosomal structures in aquatic 
organisms, disrupting protein production. These disruptions can cause 
DNA strand breaks and mutations, leading to developmental abnor-
malities and impaired growth. Studies have shown that oxytetracycline, 
florfenicol, and sulfadimethoxine exposure in tilapia (Oreochromis nilo-
ticus) for 21 days at human therapeutic doses and maximum residual 
limit leads to DNA damage, contributing to liver impairment and skel-
etal deformities. [93,94] Additionally, oxytetracycline and sulphona-
mides caused immune system impairments in medaka and rainbow trout 
through the disruption of gut microbial community potentially induce 
antibiotic-resistant bacteria. [92,95] Similarly, oxytetracycline expo-
sure in fish elevates hepatic enzymes alanine aminotransferase and 
aspartate aminotransferase, indicating hepatotoxic effects with simul-
taneous raising of cortisol and blood glucose levels, signaling a stress 
response. [92] Clarithromycin exposure in spring Chinook salmon 
(Oncorhynchus tshawytscha) improved survival rates and egg production 
in adults but led to mandible and fin teratogenesis in offspring because 
of ion homeostasis and hormonal alterations. [92] Doxycycline exposure 
in marine microalga (Tetraselmis suecica) for 96 hours resulted in growth 
inhibition and physiological and biochemical alterations due to the 
generation of ROS, which damages the cellular components. [96]
Erythromycin exhibits genotoxic effects in fish, notably rainbow trout, 
at concentrations as low as 0.8 μg/L, leading to nuclear abnormalities in 
erythrocytes and oxidative stress, marked by lipid peroxidation. Chronic 
exposure affects gill health and reduces survival at high doses 
(1000 mg/L), though such levels are rare in natural habitats. Erythro-
mycin also inhibits liver cytochrome P450 enzymes activity in fish, 
impacting drug metabolism and inducing enzymes like 7-ethoxyresoru-
fin O-deethylase and anti-oxidant enzyme in carp tissue. [97]

2.3.3. Drugs for cardiovascular, endocrine, CNS, respiratory, and 
gastrointestinal conditions

Exposure to propranolol and metoprolol at 1–100 µg/L for 96 hpf in 
zebrafish larvae resulted in pericardial edema, altered heart structure, 
and reduced cardiac output, indicating significant oxidative damage to 
nucleic acids leading to DNA damage such as strand breaks, crosslinks, 
and mutations. Atenolol and gemfibrozil exposure led to cardiac mal-
formations at 10 µg/L for 7 days and 50 µg/L for 14 days, respectively, 
causing reduced heart rates, impaired cardiac function, and skeletal 
deformities in zebrafish embryos. [86,98]

Triclosan exposure (10 µg/L) led to developmental abnormalities in 
zebrafish, including pericardial edema and disrupted thyroid hormone 
signaling, affecting both heart and skeletal development through mimic 
or blocking action of thyroid hormone signalling. Furthermore, this 
exposure causes alterations in behavior and biochemical constituents in 
tilapia, even at a minimum concentration of 0.715 mg/L. [99] Addi-
tionally it induces changes in Phase I and Phase II metabolism enzymes 
and genes in swordtail fish, suggesting potential ecotoxicological risks to 
aquatic ecosystems. [100]

Fluoxetine exposure at 1 µg/L caused neurodevelopmental defects 
through increases serotonin levels, which can disrupt normal neuronal 
signalling, altered behavior, and skeletal malformations in zebrafish 
embryos. Fluoxetine exposure at environmentally relevant concentra-
tions (40 ng/L) causes pericardial edema, hatching retardation, spine 
alterations, and craniofacial malformations in zebrafish. [101]
Furthermore, short-term and long-term fluoxetine exposure in zebrafish 
and gold fish causes accelerated heart rates, postponed hatching times, 
and increased swimming speeds. [102] Theophylline exposure 
(100 µg/L) resulted in limb malformations and disrupted respiratory 
development in African clawed frog embryos through disrupting normal 
cellular metabolism by inhibiting phosphodiesterase enzymes, leading 
to an increase in cyclic AMP levels. Theophylline metabolites evaluated 
using the Frog Embryo Teratogenesis Assay - Xenopus suggest P-450 
(CYP450) detoxification pathways may be responsible for its teratoge-
nicity. [103] Carbamazepine exposure at environmental concentrations 

(0.01 µg/L) caused teratogenicity in sea urchins, resulting in develop-
mental retardations through affects ion channels, particularly Na 
channels, disrupting neural and muscular function. [104] Carbamaze-
pine exposure under multiple stress conditions resulted in a 10- to 
25-fold higher toxicity in aquatic key organisms, especially New Zealand 
mud snail Potamopyrgus antipodarum. [105]

Ranitidine exposure (10 µg/L) led to developmental delays, reduced 
body length, and gastrointestinal tract malformations in zebrafish em-
bryos [106] because it a histamine H2 receptor antagonist, disrupts 
gastrointestinal and hormonal functions by interfering with histamine 
signaling. Acute adverse effects of ranitidine are not expected in aquatic 
organisms like algae (Raphidocelis subcapitata), macrophyte (Lemna 
minor), cnidarian (Hydra attenuata), crustacean (Daphnia similis), and 
zebrafish at concentrations found in fresh surface waters. However, 
chronic exposure to ranitidine (100 mg/L) and its photoderivatives 
caused inhibition of growth population in rotifers and crustaceans, with 
genotoxic and mutagenic effects observed due to metabolic imbalances 
and oxidative stress. [107]

2.3.4. Chemotherapeutic agents
17β-estradiol, an estrogenic compound, binds to estrogen receptors 

in aquatic organisms, leading to the activation of estrogen response el-
ements in the DNA, resulted in significant alterations in immune pa-
rameters, indicating immunomodulation in both fingerlings and 
juveniles, with teratogenic effects including disrupted immune function 
and potential developmental issues. [108] Cyclophosphamide and 
cisplatin cause alkylate DNA, forming crosslinks that inhibit DNA 
replication and transcription and causing changes in reproductive 
function, oxidative stress, genotoxicity, cytotoxicity, and neurotoxicity 
in aquatic species. Previous research evaluated the acute toxicity of six 
commonly used anti-cancer drugs and their metabolites (5-fluorouracil, 
ifosfamide, cyclophosphamide, imatinib, tamoxifen, methotrexate, and 
its metabolite 7-hydroxymethotrexate) on aquatic organisms such as 
Raphidocelis subcapitata, Vibrio fischeri, Lemna minor, and Daphnia magna. 
This study revealed Lemna minor as the most sensitive species, with 
5-fluorouracil being highly toxic to algae (EC50 = 0.075 mg/L) because 
this drug inhibits thymidylate synthase, blocking DNA synthesis and 
repair. Methotrexate and tamoxifen very toxic to duckweed 
(EC50 = 0.08–0.23 mg/L) through inhibits dihydrofolate reductase, 
preventing nucleotide synthesis. [109] Exposure of 5-fluorouracil, 
capecitabine, cisplatin, etoposide, and imatinib to embryos of the Afri-
can clawed frog at 0.01–50 mg/L increased developmental malforma-
tions, such as abdominal edema, axial flexure, and malformations of the 
head, eyes, gut, and heart, with significant effects at the highest con-
centrations tested (50 mg/L for 5-fluorouracil; 30 mg/L for etoposide; 
20 mg/L for capecitabine and imatinib). [110]

2.3.5. Steroidal estrogens and progestogens
Exposure to steroidal estrogens and progestogens in aquatic envi-

ronments disrupts the endocrine systems of fish, leading to reproductive 
and developmental issues. Levonorgestrel exposure in zebrafish reduces 
egg production and alters endocrine functions by lowering estradiol and 
testosterone levels in females, and 11-ketotestosterone in males. [111]
Levonorgestrel exposure at environmentally relevant concentrations (0, 
1, 10, 33, and 100 ng/L) for 63 days can cause androgenic activity and 
masculinization during zebrafish gonadal differentiation, potentially 
affecting fish populations. [112] Estrone exposure in fathead minnow at 
15 ng/L for 3 weeks led to disrupted endocrine functions, altered 
reproductive behaviors with increased vitellogenin concentrations, 
decreased reproductive success, and significant impacts on gonad 
development. [113]

In Japanese medaka, chronic exposure (60 days) to ethinylestradiol 
caused feminization of male fish, reduced fertility, and skewed sex ra-
tios, demonstrating strong endocrine-disrupting and teratogenic prop-
erties. [114] Exposure to sublethal concentrations (5 ng/L) of 
17β-ethinylestradiol resulted in severe intersex conditions, altered 
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gonadal development, and liver damage in least killifish (Heterandria 
formosa). [115] Paternal exposure to environmental 17α-ethinylestra-
diol (2.5, 5, and 10 ng/L) during spermatogenesis can cause skeletal 
distortions, lymphedema, and impaired estrogen receptor expression in 
zebrafish. [116] Progesterone exposure in fathead minnow for 21 days 
at 50–500 ng/L resulted in reduced egg production and disrupted 
endocrine systems, including decreased estradiol and testosterone levels 
in females, and reduced 11-ketotestosterone in males. [117,118] Pro-
gestogen exposure in aquatic species like great pond snails (Lymnaea 
stagnalis) led to significant alterations in embryonic development time, 
heart rate, feeding, and gliding activities. [119]

2.3.6. Azoles (Aromatase inhibitors)
Azoles, which inhibit aromatase enzymes, are used to treat fungal 

infections and in certain cancer therapies. These compounds can cause 
significant disruptions in the reproductive systems of aquatic animals by 
inhibiting estrogen synthesis. Research has shown that exposure to 
azoles like dutasteride can negatively impact fish reproduction. [120]

2.3.7. Fibrates (Peroxisome proliferators)
Fibrates, used to manage cholesterol levels, have also been detected 

in aquatic environments. Their presence can lead to various develop-
mental issues in fish embryos, although specific studies focusing on their 
teratogenic effects are limited. Fibrates’ mode of action involves acti-
vating peroxisome proliferator-activated receptors, which play a role in 
lipid metabolism and can affect energy balance and growth in aquatic 
organisms. [121]

3. Aquaculture practices

Aquaculture, the cultivation of aquatic organisms, has become a 
critical sector for meeting global seafood demands. However, the 
intensive use of chemicals, feed additives, fertilizers, pesticides, disin-
fectants, and antibiotics in aquaculture practices poses significant risks 
to aquatic species.

3.1. Water and sediment treatment compounds

3.1.1. Liming compounds
Liming compounds such as calcium carbonate (agricultural lime), 

calcium hydroxide (hydrated lime), and calcium oxide (quicklime) are 
commonly applied during pond preparation to neutralize acidity and 
improve water quality. While their primary purpose is to balance pH 
levels, they are sometimes used to eliminate potential pests and preda-
tors. These compounds temporarily alter water quality parameters such 
as alkalinity, hardness, and pH, which can affect the development of 
aquatic organisms. [122]

3.1.2. EDTA and aluminium potassium sulfate
EDTA is used to reduce the bioavailability of heavy metals by 

chelating metal ions, thus preventing their uptake by aquatic organisms. 
This can protect organisms from metal toxicity but may also introduce 
temporary changes in water chemistry that affect embryonic develop-
ment in fish and amphibians. [123] Aluminium potassium sulfate (alum) 
is applied to reduce turbidity, however, alum can introduce aluminum 
ions into the water, which can be toxic to aquatic life at high concen-
trations through binding to gill surfaces, disrupting ion transport and 
respiration, leading to physiological stress and potentially lethal. [124]

3.1.3. Zeolites
Zeolites are used to remove ammonia and other nitrogenous com-

pounds from the water column. However, their efficacy in brackish 
water systems has been questioned, and improper use can lead to 
ammonia spikes that are harmful to aquatic larvae. [124]

3.2. Fertilizers

3.2.1. Organic fertilizers
Organic fertilizers, including cow, pig, and chicken manure, are 

employed to induce algal blooms and increase natural productivity in 
ponds. These fertilizers can raise concerns regarding food safety and 
environmental health due to the risk of bacterial proliferation and the 
introduction of antibiotic residues from livestock manure. The presence 
of antibiotics can lead to the development of antimicrobial-resistant 
bacterial strains, which pose significant risks to both aquatic species 
and human health. [125]

3.2.2. Inorganic fertilizers
Intensive and semi-intensive aquaculture systems often use inorganic 

nitrogenous and phosphate fertilizers during the early production 
stages. While these fertilizers enhance algal growth and natural food 
availability for young fish and shrimp, they also contribute to high 
organic matter discharges and eutrophication in receiving waters, 
leading to hypoxic conditions and developmental issues in aquatic 
species. [106]

3.2.3. Fungicides and insecticides
Twenty-nine different pesticides, including malachite green, copper 

sulfate, methylene blue, and trifluralin, are used in aquaculture to treat 
fungal and parasitic infections, kill unwanted organisms, and manage 
pests. Malachite green, a powerful bactericide, has been banned in many 
countries due to its carcinogenic properties [126]. Copper sulfate, 
although effective against planktonic organisms, poses risks of bio-
accumulation and toxicity in cultured species and non-target organisms. 
[127] Insecticides such as endosulfan, trichlorfon, and dichlorvos are 
used to control ectoparasitic infections and crustaceans, with studies 
showing high toxicity to zooplankton and other non-target species. 
[128] Piscicides like rotenone and saponin compounds are used to kill 
fish in shrimp culture ponds before stocking. These substances cause 
significant declines in zooplankton populations, impacting the broader 
aquatic food web. [129]

3.2.4. Disinfectants
A wide range of disinfectants, including formaldehyde, potassium 

permanganate, chlorine, and iodine, are used in aquaculture to maintain 
hygiene, disinfect facilities, and treat disease outbreaks. These sub-
stances are moderately to highly toxic to planktonic and macro-
invertebrate species. For instance, formaldehyde and chlorine-based 
disinfectants can cause significant harm to phytoplankton and crusta-
ceans at treatment concentrations. Chlorine disinfectants also produce 
harmful organic chlorine compounds that are persistent environmental 
contaminants. [130,131]

4. Environmental stress

4.1. Temperature

Fluctuating temperatures can cause proteins to denature and 
aggregate, disrupting critical developmental processes and leading to 
abnormalities like spinal deformities and craniofacial anomalies. While 
heat shock proteins (HSPs) typically refold denatured proteins, excessive 
damage overwhelms these mechanisms, causing cellular dysfunction. 
Temperature stress also increases ROS production, leading to oxidative 
stress and teratogenic effects (Fig. 5). [132] It alters the expression of 
crucial genes like Hox, resulting in developmental anomalies, and dis-
rupts the retinoic acid signaling pathway, affecting limb, craniofacial, 
and organ development. [133,134] Furthermore, temperature changes 
induce epigenetic modifications, impacting gene expression and devel-
opment. [135] Stress-induced hormonal imbalances, involving cortisol 
and thyroid hormones, impair growth, neural development, and meta-
bolic functions.
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4.2. pH-Induced teratogenic effects

Acidosis (low pH) and alkalosis (high pH) disrupt the acid-base 
balance within cells and tissues, impairing enzyme activity, ion trans-
port, and metabolic processes. This imbalance interferes with critical 
developmental pathways, leading to teratogenic effects. [136] Similar to 
temperature stress, pH fluctuations enhance ROS production, resulting 
in oxidative stress and subsequent damage to DNA, proteins, and lipids, 
which are associated with developmental defects. [132] pH changes 
significantly impact calcium ion availability and signaling, which are 
crucial for various developmental processes. Disruption of calcium 
signaling leads to abnormalities in skeletal formation and muscle 
development. Additionally, pH stress alters the expression of Hox genes, 
causing misexpression and resulting in segmental duplications, de-
letions, or transformations, similar to the effects seen with temperature 
fluctuations. [133] Changes in pH induce epigenetic modifications, 
including alterations in DNA methylation patterns, leading to the 
long-term impacts on gene expression and development. [135]

4.3. Salinity-induced teratogenic effects

Salinity-induced teratogenicity in aquatic species manifests through 
various developmental anomalies, influenced by the species’ osmoreg-
ulatory abilities and genetic plasticity. For instance, the snail Radix 
balthica exhibits changes in developmental timing and hatchling 
morphology due to salinity fluctuations. [137] Similarly, salinity 
exposure impacts larval development in estuarine crabs, with different 
populations showing varying tolerance levels, likely due to environ-
mental adaptation. The copepod Eurytemora affinis demonstrates genetic 
variation in salinity tolerance, influencing development time under 
different salinities. High salinity conditions also affect the compensatory 
growth potential in Litoria ewingii tadpoles. [138] In sturgeons, salinity 
levels are crucial for egg development and hatching success, with an 
optimal range identified for early stages. [139] The crown-of-thorns 
seastar shows delayed hatching and reduced fertilization success 

under low salinity conditions, threatening their populations. [136]
Additionally, the freshwater snail Chilina dombeiana experiences 
decreased survival and physiological stress when exposed to brackish 
water. [140]

4.4. Oxygen level induced teratogenicity

Oxygen levels in the aquaculture environment are critical for the 
healthy development of aquatic organisms. Both hypoxia (low oxygen 
levels) and hyperoxia (high oxygen levels) can act as teratogenic agents, 
leading to developmental abnormalities.

4.4.1. Hypoxia-induced teratogenic effects
Hypoxia, disrupts cellular homeostasis by limiting oxygen needed for 

aerobic respiration, forcing cells to rely on anaerobic metabolism. This 
leads to lactate accumulation and decreased cellular pH, impairing 
cellular functions and developmental processes. Cells upregulate 
hypoxia-inducible factors (HIFs) to adapt, but prolonged hypoxia over-
whelms these mechanisms, causing cellular dysfunction and develop-
mental abnormalities such as impaired organogenesis and abnormal 
growth. Reoxygenation after hypoxia generates reactive oxygen species 
(ROS), causing oxidative stress and damaging DNA, proteins, and lipids, 
resulting in teratogenic effects like spinal deformities and craniofacial 
abnormalities. [141] Hypoxia also stabilizes and activates HIFs, regu-
lating genes involved in angiogenesis, erythropoiesis, and metabolism. 
Chronic hypoxia dysregulates HIF signaling, disrupting blood vessel 
formation and organ development. Hypoxia can also induce changes in 
DNA methylation patterns, leading to altered gene expression. These 
epigenetic modifications can have lasting effects on development and 
phenotype. Research has shown that hypoxia during critical windows of 
development can lead to hypo- or hypermethylation of genes involved in 
developmental processes, resulting in teratogenic effects. Additionally, 
hypoxia can induce stress responses that elevate corticosteroid levels. 
Chronic stress can impair development and lead to teratogenic effects. 
Elevated cortisol levels have been linked to developmental 

Fig. 5. Pollutants and environmental stressors in aquatic ecosystems lead to oxidative stress, altering water quality and impacting aquatic species. Sources include 
industrial discharge, medical waste, pesticides, and melting glaciers, resulting in reactive oxygen species (ROS) formation and biological damage.
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abnormalities such as growth retardation, skeletal deformities, and 
impaired neural development. [142]

4.4.2. Hyperoxia-induced teratogenic effects
Hyperoxia, causes excessive ROS production, leading to oxidative 

stress and damage to DNA, proteins, and lipids, resulting in teratogenic 
effects. This oxidative stress is linked to developmental defects such as 
abnormal organ development and impaired growth. Hyperoxia also in-
fluences the Wnt signaling pathway, crucial for cell proliferation and 
differentiation, causing developmental abnormalities like defects in 
limb formation, craniofacial development, and organogenesis. [143]
Additionally, hyperoxia affects histone acetylation and methylation, 
disrupting chromatin structure and gene expression, leading to the 
misregulation of genes essential for morphogenesis and differentiation. 
[144] These epigenetic changes interfere with normal development, 
contributing to the teratogenic effects of hyperoxia.

5. Global economic impact and environmental impact and 
management strategies

Teratogenicity in aquatic species, caused by various chemical pol-
lutants and environmental stressors, poses significant threats to global 
biodiversity and ecological balance. The disruption of developmental 
processes in aquatic organisms can lead to severe ecological conse-
quences, including reduced population sizes and biodiversity loss, which 
directly impact the productivity and sustainability of aquaculture in-
dustries. This decline in aquatic health affects global economic stability, 
as the aquaculture sector is crucial for food security and economic 
livelihoods worldwide. Moreover, the bioaccumulation of harmful 
substances in aquatic species can ascend the food chain, potentially 
impacting higher organisms, including humans. To mitigate the terato-
genic effects of pollutants on aquatic species, comprehensive environ-
mental management strategies are essential. These include enforcing 
stringent regulations and emission standards, adopting best manage-
ment practices in industries and agriculture, and promoting sustainable 
aquaculture practices like Integrated Multi-Trophic Aquaculture 
(IMTA). The governance of aquatic pollution through frameworks like 
EU REACH, the U.S. Clean Water Act, Central and State Pollution Con-
trol Board reflects a commitment to protecting water resources from 
various pollution sources. Each entity employs specific regulations 
tailored to its jurisdiction’s needs and promoting sustainable practices to 
safeguard aquatic ecosystems. Restoration efforts such as bioremedia-
tion and habitat restoration are crucial, along with public awareness and 
educational programs to foster community involvement. Ongoing 
research on pollutant toxicity and innovative pollution control tech-
nologies is vital. International cooperation and adherence to global 
treaties enhance the effectiveness of these strategies, ensuring the pro-
tection of aquatic ecosystems and public health.

6. Limitations, future perspective, and concluding remarks

This review highlights the significant teratogenic effects of chemical 
pollutants and environmental stressors on aquatic species, emphasizing 
the need for comprehensive environmental management strategies. 
However, future research should address several limitations such as 
conducting long-term studies to understand chronic impacts on devel-
opment and reproduction, investigating the combined effects of multiple 
stressors to reveal synergistic or antagonistic interactions; examining 
species-specific responses to develop generalized models for predicting 
pollutant impacts on biodiversity; gaining a deeper mechanistic under-
standing of pollutant disruption at molecular and cellular levels using 
advanced techniques; exploring ecological and population-level conse-
quences to understand effects on population dynamics, community 
structure, and ecosystem functioning; and translating scientific findings 
into effective policies and regulations to mitigate pollutant impacts.

Aquaculture practices, crucial for satisfying global seafood demands, 

introduce various chemicals and pollutants into aquatic environments, 
leading to teratogenic effects in aquatic organisms. This review 
comprehensively examines the teratogenic effects of chemical pollutants 
and environmental stressors on aquatic species, highlighting the critical 
need for sustainable management strategies. Rising global demand for 
aquaculture products has led to intensified practices, amplifying risks to 
aquatic life through pollutants like pesticides, heavy metals, and phar-
maceuticals, alongside environmental stressors such as temperature 
fluctuations, hypoxia, and salinity changes, contribute to developmental 
abnormalities in aquatic species. Understanding the mechanisms 
through which these pollutants and stressors exert their effects is 
essential for developing effective mitigation strategies. Future research 
should prioritize long-term studies on cumulative stressor effects, 
species-specific responses, and ecological outcomes. Implementing 
informed policies and regulations based on scientific insights will be 
essential to safeguard aquatic biodiversity and promote ecosystem 
sustainability.
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