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Dedicated
To
The Earth, the lovely planet that we know of



Foreword 1

Xenobiotic pollution of the environment has become a serious problem on a global
front. Due to high toxicity, protracted persistence, and restricted biodegradability,
many xenobiotic chemicals have a negative influence on the environment, especially
the aquatic environment. Different types of xenobiotics, which are credited with
saving millions of lives in recent decades, have emerged as a new category of an
environmental hazard. These substances can affect the natural flora and fauna in
ways that are both acute and chronic. These pollutants can be found in a variety of
water sources, including groundwater, surface waters, seawater, wastewater treat-
ment plant influents and effluents, soils, and sludges.

Looking into the threat posed by hazardous chemicals from the perspective of
species vulnerability, researchers have the opportunity to take steps to reduce those
risks, such as managing habitat, the ocean, freshwater, and fisheries. To manage the
vulnerability of aquatic ecosystems to toxic chemicals, more research is needed to
develop biomarkers of vulnerability, identify the most vulnerable life stages and
populations of the aquatic ecosystem, and comprehend the linkage between patho-
gens, hazardous chemicals, nutritional status, and environmental changes on a global
scale.

The exposure of aquatic animals to xenobiotics and the demand for chemical
therapeutic agents for aquatic animals will both rise as the aquaculture sector is in an
escalating stage. The book Xenobiotics in Aquatic Animals: Reproductive and
Developmental Impacts has been the outcome of the contributions made by different
national and international experts working on xenobiotics in aquatic systems. I
sincerely believe the book would greatly help towards enhancing the understanding
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of readers including scientists, teachers, students, researchers, policymakers, and all
those who are interested in working in this particular area.

viii Foreword 1

.

General (Fisheries Science), ICAR,
New Delhi, India

J. K. Jena



Foreword 2

The idea that environmental risks are to blame for the reproductive and develop-
mental problems aquatic animals experience has been brought to light most con-
vincingly by several studies undertaken over the last few decades. Recent years have
seen a significant increase in the number of chemicals discharged into our environ-
ment, especially aquatic ecosystems. Each year, thousands of tons of synthetic
chemical substances are generated; these compounds have already been approved
for use in industry and agriculture. Their use has been continuing unabated, despite
increasing awareness of their longstanding impacts.

In order to identify, regulate, and potentially intervene in xenobiotic exposure and
its impacts on ecosystems and people, a significant amount of research has been
conducted recently to understand better how xenobiotics behave in aquatic organ-
isms. As a resource for human needs, the ecosystem’s general health and safety
should be our concern in this predicament.

In this context, I am happy to see this compilation of xenobiotic stressors on
aquatic ecosystems that significantly impact aquatic organisms and dependent com-
munities. This book, titled Xenobiotics in Aquatic Animals: Reproductive and
Developmental Impacts, focuses on several significant and recently updated aspects
of various xenobiotics entering aquatic ecosystems, including their effects on repro-
ductive physiology, developmental biology, breeding biology, hormonal imbalance,
aquatic ecology, and pollution to aquatic ecosystems. Readers, including scientists,
teachers, students, researchers, policymakers, or anyone interested in this field, can
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benefit from the book’s unique mix of various stressors on aquatic organisms, under
a single cover.

x Foreword 2

.

Aquaculture Program, Asian Institute of
Technology (AIT), Bangkok, Thailand

Krishna R. Salin



Preface

India has an exclusive economic zone that is 2.02 million square kilometres in size, a
continental shelf that is 0.506 million square kilometres, and a coastline that is
around 8129 km long. In 2019–20, India produced 14.16 million metric tonnes of
fish, keeping its position as the second largest fish producer in the world. Fish
production has increased by an average of 7.53% annually over the last 5 years,
demonstrating the industry’s phenomenal expansion. There are more native fresh-
water fish species in India than in any other nation in continental Asia, making it one
of the world’s key hotspots for biodiversity. The cold-water fisheries support
258 species of freshwater fish from 21 families and 76 genera. Snow-trout, brown
trout, Chinese carps, and rainbow trout are among the 258 cold-water fish species
both native and foreign reported from Indian uplands that are commercially signif-
icant. Following shrimp, which makes up 15% of all trade in terms of value, trout
and salmon are the second most valuable fish species traded worldwide. More than
6% (five million tonnes) of the world’s aquaculture production is made up of trout
and salmon (SOFIA FAO 2020).

The entire world is searching for a sustainable source of food security. Aquacul-
ture is steadfastly upholding expectations. The dominance of fish and fisheries
products in terms of growth rate and future potential to provide nutritional security
is evident from the food production sector scenario of today. According to “The
State of World Fisheries and Aquaculture,” aquaculture generated almost 46% of the
total 178.5 million tonnes of fish produced in 2020. Around 88% of the total fish
production was used for direct human consumption (SOFIA 2020). India’s aquacul-
ture industry has grown significantly over the past 10 years, and the country is now
prepared to expand by embracing cutting-edge aquaculture technologies and species
diversification to make the most of its vast potential water resources.

Many efforts have been made recently to comprehend how xenobiotics operate in
aquatic species in order to recognise, control, and maybe intervene in xenobiotic
exposure and its effects on ecosystems and people. In this case, our primary concerns
should be the ecosystem’s overall health and safety as well as its capacity to meet
human requirements.
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xii Preface

The focus of this book, Reproductive and Developmental Impact of Xenobiotics
in Aquatic Animals, is on a number of significant and recently updated aspects of
various xenobiotics entering aquatic ecosystems, such as their effects on reproduc-
tive physiology, developmental biology, breeding biology, hormonal imbalance,
aquatic ecology, and pollution to aquatic ecosystems.

The unique grouping of numerous stressors on aquatic organisms under a single
title has benefits for readers, including scientists, teachers, students, and researchers.

Rangil, Ganderbal, Jammu and Kashmir, India Mohd Ashraf Rather
Rangil, Ganderbal, Jammu and Kashmir, India Adnan Amin
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1 Introduction

Scientific, technological, and industrial revolutions have permitted humans to
overutilize the resources, thereby creating an imbalance in the natural ecosystem
(Sikandar et al. 2013). Enormous amounts of toxic effluents let out as a result of
industrial processes have caused widespread contamination of the ecosystem. It was
reported that nitrated and halogenated hydrocarbons are few among the major
contaminants (Jain et al. 2011). Various fertilizers, insecticides, and herbicides
have been employed in agricultural activities. In addition, industry-based synthetic
compounds like dyes, pharmaceuticals, hydraulics, pigments, agrochemicals, halo-
genated compounds, and fire retardants have been extensively used (Reineke and
Knackmuss 1988). Due to the inevitable uses in veterinary and anthropoid medica-
tions, pharmaceutical wastes have developed as a significant cause of prolonged
environmental condition (Gani et al. 2021). The chemicals thus let out into the
surrounding environments are believed to possess specific modes of action and thus
impart a certain number of hazards on the aquatic flora and fauna, in comparison to
the other chemical substances. These chemical compounds persist within the envi-
ronment making them a potential agent causing health hazards and posing toxic
effects on the surrounding niche. Xenobiotics can have a range of impacts, such as

Akhila D S · P. Ashwath · K. G. Manjunatha · S. D. Aksahy · R. Vittal (✉)
Nitte (Deemed to be University), Nitte University Centre for Science Education and Research,
NUCSER, Deralakatte, Mangalore, Karnataka, India
e-mail: rajeshwari.vittal@nitte.edu.in

R. Rao
Department of Biotechnology, Alvas PG College, Moodibidre, Karnataka, India

D. Reddy
Krishi Vigyan Kendra, Dr. Y.S.R. Horticultural University, Venkataramannagudem, Andhra
Pradesh, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
M. A. Rather et al. (eds.), Xenobiotics in Aquatic Animals,
https://doi.org/10.1007/978-981-99-1214-8_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1214-8_1&domain=pdf
mailto:rajeshwari.vittal@nitte.edu.in
https://doi.org/10.1007/978-981-99-1214-8_1#DOI


immunological reactions, medicine toxicity, and climate change. Xenobiotics are
substances that are either nonbiodegradable or only partially biodegradable, which
may result in sluggish biotransformation and persistence in the setting for an
extended period of time (Dar et al. 2020).
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With this point of view, in this chapter, we sought to discuss dormant pollutants
(pesticides and xenobiotics), their metabolism, and their harmful effects on
aquatic life.

2 Pesticides and Xenobiotics

Pesticides are a collective term used to represent all the compounds including
herbicides, insecticides, and fungicides that are applied to regulate pests or undesir-
able organisms. Water resources contaminated with pesticides are found to affect
both humans and the ecosystem. Pesticides have sought to be as probable mutagens,
as they are capable of triggering deviations in the DNA. The World Health Organi-
zation has estimated that around 1,000,000 human beings have been affected by
acute poising as a result of toxicant contact; in addition, annually, a death rate
ranging between 0.4% and 1.9% has been recorded. It has been reported that
constant exposure to pesticides in the medium and long term resulted in various
syndromes and tumors including the nervous system disorder. Accustomed applica-
tion of agrochemicals such as pesticides, soil conditioners, acidifying agents,
chemicals involved in animal husbandry (hormones and antibiotics), and fertilizers
is popular. Since the beginning of the industrial era in 1950, the use of pesticides has
had a severe impact on the environment niche. It has been extensively employed as a
pest control agent wherein monocular cultivation is involved. Few demerits are still
involved, despite the development of chemistry in the field of pesticide formulations;
majorly, the pesticides perturb the predator-prey interactions, thus causing an imbal-
ance in the biodiversity. Furthermore, the pesticides can cause exceptional health
concerns. Though the usage of a few chemical compounds is limited/controlled by
the agricultural sector, it is said that agriculture is one of the areas which purpose-
fully discharges chemicals into the surrounding niche leading to the adverse effects
(WHO 2020; Warra and Prasad 2020). Of the manufactured compounds, the usage
of the pesticides by the agricultural sector has been recorded the highest (Sharma
et al. 2019; Laxmi et al. 2019). It is often difficult to distinguish among the pesticide
effect and environmental effects on the ecosystem because the industrial effluents are
let out into the surroundings to a greater extent accidently or intentionally. On the
contrary, significant evidence suggests that the usage of pesticides in the agricultural
field has had a considerable impact on the water quality causing major influence and
concerns on the environment (FAO 1990; Warra and Prasad 2020). Despite the fact
that the amount of pesticide practice is relatively extensive, it is plausible that
substantial use of chemicals is associated only with few pesticide products. Of the
million tons of pesticides produced, 29.5% insecticides, 47.5% herbicides, 5.5%
other pesticides, and 17.5% fungicides are the categories extensively in application



(De et al. 2014). Howbeit, the use of pesticides is in a range of low to zero in
subsistence and conventional farming in countries like Asia and Africa. However,
the environment, water quality, and health hazards are associated with its inappro-
priate usage.
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2.1 Classification of Pesticides

Pesticide is a collective term that describes diverse groups of insecticides, herbicides,
rodenticides, garden chemicals, fungicides, and household disinfectants employed to
both protect and destroy pests (Mohapatra et al. 2021). Each pesticide groups differ
in its physical and chemical properties. On that account, it is preferable to classify
them based on their properties. As recommended by Drum (1980), the widely used
method of classification of pesticide groups depends on their (a) chemical structure,
(b) mode of entry, and (c) mode of action and type of organisms they target (Yadav
et al. 2015). Based on their source, chemical pesticides have been classified into four
types: pyrethroid pesticides, organophosphate, carbamate, and organochlorine
(Yadav and Devi 2017). Another class of pesticides are biopesticides, occurring
naturally or are naturally derived from living organisms such as bacteria, plants, and
fungi (Mehrotra et al. 2017). Microbial pesticides, biochemical pesticides, and
incorporated protectants are the three major groups of biopesticides.

2.2 Pesticide Categories

2.2.1 Chemical Structure of Pesticides

The most general and applicable method of classifying insecticides is based on their
chemical description and the chemical composition of the active ingredients. The
chemical classification of pesticides delivers the efficacy and physical and chemical
properties of special pesticides (Fig. 1).

Pes�cides

Organochlorine Organophosphorus Carbamate Pyrethrin & 
Pyrethroid

Fig. 1 Classification of Pesticides
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2.2.2 Organochlorine Pesticides (OCPs)

Chemicals belonging to this group are very stable and persistent in the environment
and have the potential of accumulating in the adipose tissue (Lee et al. 2017). It is
said that in humans, these chemicals/their metabolites largely work on the central
nervous system by altering their electrophysiological properties and altering enzy-
matic nerve membranes and changing the flow kinetics of K+ and Na+ through the
nerve cell membrane and may cause seizures from apnea and acute poisoning death
(Zaffar et al. 2016). Based on their structure, the organochlorines are categorized into
five categories: (a) hexachlorocyclohexane (HCH), such as lindane, (b) DDT and its
analogues including DDT and dichlorodiphenyldichloroethylene (DDE),
(c) dichlorodiphenyldichloroethane (DDD), (d) mirex and chlordecone, and
(e) cyclodienes including aldrin, dieldrin, endrin, heptachlor, chlordane, and endo-
sulfan (Singh and Singh 2017). Higher concentrations of most of the OCPs generally
result in acute toxicity and death under natural circumstances and may be gradually
causing chronic illness. The persistent nature of the OCPs and their lipophilic nature
might lead to long-term storage in the adipose tissue, following their release into the
circulatory system (Kumar et al. 2013). This process takes a longer duration from the
initial time of exposure to the onset of effects; it is said that DDT may remain in the
human body for 50 years and more.

Organophosphate Pesticides

Organophosphate pesticides are ester derivatives of phosphoric acid. These esters
work on the central nervous system by blocking acetylcholine. This enzyme is
responsible for maintaining the levels of acetyl cholinesterase, which disturbs the
nerve impulse by the phosphorylation of the serene OH group in the active site of the
enzyme (Lionetto et al. 2011; Laxmi et al. 2020). Headache, dizziness, loss of
reactions, nausea, convulsions, cramps, and ultimately coma and death are the
intoxication symptoms of organophosphate pesticides.

Atropine is said to be the definitive treatment for organophosphate poisoning,
which competes with acetylcholine at the muscarinic receptors. The recommended
initial dose for adults is 2–5 mg IV, and for children, a dosage of 0.05 mg/kg IV is
recommended. In case the patient does not respond to the initial doses, the dosage is
doubled every 3–5 min until the respiratory secretions have been cleared and there
are no signs of bronchoconstriction (van Heel and Hachimi-Idrissi 2011). The
atropine is given as a continuous infusion or in bolus in patients with severe
poisoning for a couple of days until the patient shows any signs of improvement.



Pesticide and Xenobiotic Metabolism in Aquatic Organisms 5

Carbamate Pesticides

Some organic ester compounds which are the derivatives of dimethyl N-methyl
carbamic acid are applied as fungicides, herbicides, nematicides, and insecticides,
collectively termed as carbamates. Propoxur, pyridostigmine, molinate, carbaryl,
thiobencarb, methiocarb, and disulfiram (Antabuse) are being widely used in dogs
and cats (Hassaan and El Nemr 2020). The toxicity of the carbamate compounds
depends on their molecular structure, and generally, they have short duration in
comparison to that of the organochlorines and organophosphates; organochlorines
are said to inhibit acetyl cholinesterase. Carbamates are short-lived, and thus pre-
cautions must be taken while administering the atropine (Hernández et al. 2013).
Symptoms caused by acute poisoning of carbamate insecticides and organophos-
phate are often common and severe. The symptoms of poisoning develop in different
organs as follows: cough, increased secretions, pulmonary edema, bronchial tree
(dyspnea, wheezing,), cardiovascular effects (hypotension and bradycardia), abdom-
inal cramps, gastrointestinal manifestations (diarrhea, vomiting, nausea, and incon-
tinence), glandular stimulation (lacrimation, increased salivation, and sweating), eye
problems (miosis, and blurred vision), compromised motor activity (cramps, fascic-
ulation, muscle twitching, weakness, depression of respiratory and circulatory),
bladder dysfunction (incontinence and frequency), sympathetic dysfunction (tachy-
cardia, hypertension, and pallor), central nervous system effects (generalized weak-
ness, drowsiness, restlessness, tremor, emotional lability, confusion, slurred speech,
Cheyne-Stokes respiration , areflexia, ataxia, convulsion, hypothermia, and coma),
nicotinic receptor stimulation (including sympathetic and motor neurons),
bronchoconstriction, and cyanosis (Muhammad et al. 2017).

Pyrethroid Pesticides

Pyrethroids are natural insecticides that are the derivatives of pyrethrum extracts
from the flowering chrysanthemum, commonly called pyrethrin. These chemicals
act on the central nervous system causing fluctuations in the dynamics of sodium
cation channels on the membrane of the nerve cells, leading to an increased opening
time of the sodium channels. In both insects and vertebrates, the sodium cation
stream extends across the membrane, and the neuronal hyperexcitation experienced
could be the result of all these symptoms put together (Clark and Symington 2011).
Since there is an increased demand for the usage of pyrethroids, and also a shortage
of the essential oils required for the production of natural organic pyrethrum,
researchers have opted for synthetic pyrethroids. Majority of the pyrethroid insecti-
cides exhibit lower toxicity toward mammals and birds while higher rates of toxicity
to arthropods, as they require very low doses for the effects to show up (Lengai et al.
2020). When applied directly to water, these are highly toxic to the fishes and act
rapidly against chewing insects. Even though majority of the pyrethroid insecticides
are absorbed by the insect pests, they are not very effective in penetrating the soil in
order to kill the underground pests, as they adhere tightly to the organic matter and



soil. Pyrethroids are employed as active substance in the production of several
products such as topical mosquito repellents, pet shampoos, human head lice
treatments, pet sprays, and insecticide sprays in farms and homes (Hassaan and El
Nemr 2020).
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Pesticides in Water Resources

Water is considered as one of the most predominant natural resources, essential for
all the living creatures. The condition of surface water and soil is a matter of concern
in many developing countries due to the contaminants reaching the surface water and
soil over the past few years.

It is mandatory for the pesticide users to clearly understand the cycle of pesticide
contamination of both surface and ground water (Fig. 2). In order to reduce the
pesticide off-site movement, it is utmost important for the pesticides users to
implicate safe practices when introducing pesticides into the surface and ground
water. The groundwater contamination by the pesticides is hard to be eliminated due
to the pollutant concentration, in comparison to other environments, which is
worrisome (Sjerps et al. 2019). The entry of pesticides into the water source is by
rundown (flowing) and leaching (filtering), of which both modes are related to the
earth’s hydrological cycle. While taking into consideration the utilization of water
for surface flow, the pesticides in the municipal wastewater are suitable for hydro-
logical model. Some of the factors affecting the quality of water are usage of active
ingredients in the formulation of pesticides, degradable compounds as a result of
microbial/photochemical or chemical degradation of the active compounds, adhe-
sives, buffers, preservatives, and emulsifier/wetting agents used as additive mixture
along with the active ingredients.

Fate and Effects of Pesticides in Aquatic Ecosystems

Employing pesticides in various sectors contaminates the aquatic niche via several
ways, namely, leaching, spray drift and, runoff, and this may cause harmful effects
on the terrestrial and aquatic life (Van den Brink 2013; Wijngaarden et al. 2005).
Fishes are said to be directly affected by the pesticide usage; the small fishes are
affected severely in comparison to the larger ones. Indirect toxic effects of pesticides
on fishes include decrease in the fish’s food sources (plankton and algae), deterio-
ration in the quality of the aquatic habitat, and changes in their food pattern. The
reduced abundance of primary producers as a result of pesticide application signif-
icantly decreases the primary and secondary consumers.

Organochlorine pesticides severely affect the primary consumers such as zoo-
plankton. Microcrustaceans are also being affected by the employment of various
insecticides. It can be noted that the interferences used in the pesticide formulation
might further increase the toxic effects of the pesticides; however, these are not a part
of the active ingredients (Singh et al. 2016). For instance, TFM (3-trifluoromethyl-4-
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nitro phenol), a lamprey pesticide, has found its application in the tributaries of the
Great Lakes for years together in Egypt, in order to control the lamprey (Gllderhus
and Johnson 1980). The environmental fate of TFM has been studied for years, and
reports have stated that the formulation consists of additional potent interferences
that have an impact on the hormonal system of fishes, leading to liver diseases.
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Direct Effects of Pesticides

The aquatic ecosystem consists of diverse groups of organisms such as microorgan-
isms, invertebrates, plants, fishes, and amphibians. Pesticides can impart both direct
and indirect effects on these living forms. The physiological action of the particular
pesticides within the organisms brings about the direct effects. The biotic community
is distinguished by the interactions among the species like predation or competition;
indirect effects involve the consequences mediated through these communications.

Mostly, the direct effects of chemicals on any organism are dependent on the
concentration or the dosage of the pesticide used. Nevertheless, few factors impact
the magnitude and occurrence of the adverse effects.

Exposed life stage: The effects of pesticides in different life stages of the organisms
vary, for instance, younger invertebrates, fishes, and amphibians are more sus-
ceptible to the toxic effects than adult ones (Babalola and Van Wyk 2018).

Duration of exposure: Longer duration of exposure to pesticides has potent effects. It
can be noted that biomagnification indirectly delays the temporal effects caused
by pesticide usage. The pesticide organochlorine biomagnifies along the food
web, resulting in higher magnitudes of pesticide concentration/lipid weight
within the organisms, at the top of the food web pyramid (Tooker and Pearsons
2021).

Additional stressors: Enhanced effect could be visualized when an additional single
compound was found in conjunction with the pesticides. Other stressors include
food scarcity, predation, UV radiation, and parasitism (Hooper et al. 2013).

Population density: Reduction of negative intraspecific interaction, toxicant-induced
effects in high-density populations could be seen, although there remains an
altered population structure, the toxicant displays delay in development and
age-dependent mortality (Liess and Foit 2010).

History of the community: Higher sensitivity or acquired tolerance/pollution-induced
community tolerance (PICT) may be experienced, in the case of the communities
previously being exposed to the toxicants (Schmitt et al. 2005).

Indirect Effects of the Pesticide on the Aquatic Community

In the ecosystem, interactions within the species and with the other species and their
respective abiotic environment could be observed. These interactions could be
altered as a result of the direct effects of the pesticides, causing the secondary or



indirect effects on the related species which are not affected directly. Listed ecolog-
ical relationships may result in the indirect effects through the propagating direct
effects, namely, predation, which comprises the parasite-host, predator-prey, and
herbivore-plant relationships; competition, which is intraspecific/interspecific; and
species-habitat relation, that is, commensalism or mutualism.
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As mentioned earlier, the primary producers are usually at a higher risk of being
adversely affected by herbicide usage. Thus, a reduction in the population of the
primary producers eventually leads to a decrease in the herbivore populations, as a
consequence of habitat loss or limitations in the food source. In a study reporting the
effects of the herbicide (atrazine) on the freshwater communities, for instance, in
artificial ponds, the reproduction rate of the zooplankton (e.g., Daphnia pulex,
Simocephalus serrulatus) gradually decreased as a result of the reduction in the
phytoplankton biomass. Similarly, it was observed that due to the reduction of
periphyton and as a loss of macrophyte habitat (Typha latifolia, Chara sp.), there
was diminished biomass of the amphibian tadpole (Rana catesbeiana) (DeNoyelles
et al. 1982, 2020). While in the nutrient-dense ecosystems, the indirect effect
pronounced on the herbivores as a result of reduction in the food sources is often
less common. Effects may be propagated to the subsequent higher tropic levels,
when there is a reduction in the herbivore source, for instance, the predators preying
on the herbivores. The reduction in the populations of the macroinvertebrates (e.g.,
Chironomidae spp.) and zooplanktons ensued owing to herbicide-induced reduc-
tions and resulted in the loss of food sources like the primary producers and habitat
depletion, ultimately leading to the total biomass decrease of bluegill sunfish
(Lepomis macrochirus) (DeNoyelles et al. 2020). The ecological chain effect indi-
cates the bottom-up indirect effects due to the primary producers (lowest trophic
level) bearing alterations on the higher trophic levels. These indirect effects being
observed are a consequence of predatory ecological relationships, that is, elimination
of sensitive primary competitors by the pesticides, thereby promoting competitive
relationship among the primary consumers making them tolerant. For instance, the
herbicide linuron increased the algal bloom Chlamydomonas sp., due to the
decreased population of the macrophyte Elodea nuttallii (Van den Brink et al. 1997).

Photosynthesis is considered a significant part of the ecosystem, influencing the
water quality. The outcome of the herbicide usage is lowered pH value of water
during day time and lowered concentration of dissolved oxygen (DO). As recorded
by a study, usage of linuron (50–150 μg/L) resulted in lowered pH of about 40% and
25% and reduced the DO (Cuppen et al. 1997). Acute mortality of the macrophages
as a result of herbicide usage further has been said to reduce the concentration of DO
and pH (Brock et al. 2000). This decrease in the water quality can have detrimental
effects on the sensitive invertebrate species and results in indirect effects as a result
of species-habitat relationships. Decreased populations of Copepoda and Cladocera
were characterized to lowered DO levels (20%) in comparison to the controls
(Thompson et al. 1993).

The usage of insecticides adversely affects the zooplanktons and invertebrate
species. The impact of pesticides on the freshwater ecosystems is the reduction of the
invertebrate prey. The significantly decreased populations of macroinvertebrates



such as dipterans and ephemeropterans (mayflies) and also two zooplankton groups
Cyclopidae and Daphniidae, followed by treatment with methyl parathion, resulted
in the mean weights of the rainbow trout (Salmo gairdneri) (Crossland 1984).
Reduction of Copepoda (Isopoda Cladocera) and few invertebrate communities
and the eradication of insecta and amphipoda due to the usage of the insecticide
chlorpyrifos resulted in an increase (two to threefold) in the periphyton chlorophyll-
a, along with blooms of Oscillatoria sp. (Brock et al. 1992). In a study conducted on
chlorpyrifos, herbivorous rotifers, and freshwater bivalve mollusks (Sphaeriidae), an
increase was found in their population, as a result of reduced competition for food
sources among the sensitive invertebrates (Brock et al. 1992). Identical study was
performed to check the exposure effects of pesticide on the increased tolerant species
and decreased sensitive species; in this scenario the effects on the ecosystem are
ambiguous. As there is observed increased pH and DO concentration, due to the
increase in the population of the primary producers, the decomposition of the
zooplankton and the dead invertebrates by the bacteria or the fungi decreases the
water quality (Brock et al. 2000). A study conducted on the French streams illus-
trated that a three to fivefold reduction in the invertebrate fauna inhibited the leaf-
litter decomposition due to the application of the insecticides. The decomposition of
the leaf-litter decomposition describes a significant energy source in the stream
ecosystems, and the reduction in the process could negatively affect the river
sections up to several kilometers downstream. These alterations put together indi-
rectly affect the flora and fauna of the aquatic ecosystem in the long term (Schäfer
et al. 2007).
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Lethal concentration 50 (LC50), a common toxicity dosage measurement, is
employed since not all animals of a species perish at the same dose (some are
more tolerant than others). This is the demonstration of a pesticide that, in a certain
time frame, often between 24 and 96 h kills 50% of the test population of animals.

LC50s and hazard ratings ranging from minor to extremely hazardous for fre-
quently used fungicides, insecticides, and herbicides are mentioned in the Table 1.
For instance, the pesticide permethrin’s 24 h LC50 for rainbow trout is 12.5 ppb.
This indicates the pesticide’s extreme toxicity to trout, as half of the fish exposed to
12.5 ppb of permethrin died within 24 h (Maurya et al. 2019).

A pesticide’s biological availability (bioavailability), bioconcentration,
biomagnification, and environmental persistence all affect how much fish and
other aquatic creatures are exposed to it. The quantity of pesticide in the environment
that is accessible to fish and other wildlife is referred to as bioavailability (Maurya
et al. 2019; Adnan et al. 2016). Some insecticides degrade quickly after being used.
Some are less available because they cling firmly to stream bottoms or soil particles
floating in the water column. Some are less accessible to aquatic life because they
swiftly dissolve in water or rapidly volatilize into the air. The accumulation of
pesticides at levels higher than those in the water or soil where they were sprayed
is known as bioconcentration. Some fish may have concentrations of some pesticides
ten million times higher than those found in the water in their bodily tissues and
organs (particularly lipids) (Katagi 2010; Adnan and Indulkar 2017).
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Table 1 Acute toxicity (LC 50) of pesticides against fish

Name of the
chemical

Duration exposure/
dose

DDT Rainbow trout 96 h–8.7 μg/L Maurya et al. (2019)

Cypermethrin Nile tilapia (Oreochromis
niloticus)

0.082 ppm Yuniari et al. (2016)

Akton Channel catfish 400 μg/L Maurya et al. (2019)

Acephate Feathed fish 1000 μg/L
Alachlor Rainbow trout 2.4 μg/L
Dieldrin African catfish (Clarias

gariepinus)
0.056 (0.006-0.144)
mg/L

Islam et al. (2021)

Endosulfan Channel catfish 1.5 μg/L Maurya et al. (2019)

Endosulfan Snakehead (Channa striatus) 0.8–4.8 ng/g Ibrahim (2007)

Endosulfan Javanese carp (Puntius
gonionotus)

1.1–4.8 ng/g

Endosulfan Gourami (Trichogaster sp.) 0.4–3.9 ng/g

Endosulfan Climbing perch (Anabas
testudineus)

0.4–4.2 ng/g

Malathion Labeo rohita 15 μg/L Maurya et al. (2019)

Malathion Heteropneustes fossilis 0.98 ppm

Methyl parathion Catla catla 4.8 ppm

Roger Pontius stigma 7.1 and 7.8 ppm

Endosulfan African catfish (Clarias
gariepinus)

0.004 (0.001-0.01)
mg/L

Islam et al. (2021)

Heptachlor African catfish (Clarias
gariepinus)

0.006 mg/L

Dieldrin Catfish (Arius sp.) 0.02–0.50 ng/g Ibrahim (2007)

Dieldrin Blood cockle (Anadara
granosa)

0.01–0.70 ng/g

Dieldrin Mullet (Valamugil sp.) 0.02–0.8 ng/g

Heptachlor Catfish (Arius sp.) 0.3–8.2

Heptachlor Blood cockle (Anadara
granosa)

0.27–3.54

Heptachlor Mullet (Valamugil sp.) 0.1–5.2 ng/g

Chlorpyrifos C. striata 4.521 ppm Suja and Williams
(2018)

2.3 Pesticide Metabolism in Aquatic Animals

The chemicals released by industrial effluents, agricultural runoff, petroleum refin-
ing, home sewage, etc. affect aquatic life by causing water pollution. The adverse
effects in aquatic life are primarily reducing the dissolved oxygen, direct toxicity to
animals, and reduced taste of the meat. These pollutants seriously damage the
physical and biological process of the animals. Sometimes, they also affect the
embryonic stages. Knowledge on pesticide toxicity and metabolism in aquatic



environment is essential for better understanding and application of such chemicals.
The most commonly used fungicide is copper sulfate (CuSO4) as fungicide in
agriculture and paraquat (PQ, 1,1′-dimethyl-4,4′-bipyridinium-dichloride), a com-
mon herbicide.
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2.3.1 Paraquat

A paraquat is a nonselective, broad-spectrum herbicide that affects the photosyn-
thetic system (PQ, 1,1′-dimethyl-4,4′-bipyridinium-dichloride). PQ is frequently
used in agriculture to manage weeds and kills practically all plants after spraying
within a few days. PQ easily dissolves in water to its fullest extent. Invading the
plant, the positively charged PQ ion impacts the harmful effect by obstructing
photosynthesis. Paraquat is a potent electron acceptor, which limits the amount of
NADPH 84 formed by competitively inhibiting ferredoxin reduction by removing
electrons from photosystem I. PQ ion is converted to a water-soluble free radical
during this process and is comparatively stable (Nemcsok and Benedeczky 1995).

2.3.2 Copper Sulfate

Initially, copper sulfate was used as a herbicide to control weeds in wheat fields and
as a caustic against wheat mildew. Its use spreads after the discovery of the so-called
Bordeaux combination, wherein the initial application took place. Given that metals
may form chelates, copper sulfate functions as a fungicide. The electron negativity of
the cations has a big impact on this process’ stability of metal binding, as well as that
of metal chelates and sulfide. The following metal cations lose relative effectiveness
as fungicides: Ag, Hg, Cu, Cd, Cr, Ni, Pb, Co, Zn, Fe, and Ca. The extent of the
fungicidal effects is probably determined by the strength of the covalent or
coordinational binding of the metal complexes attached to cell walls. When Cu2+
ions penetrate cells, they form complexes with the thiol and amino groups therein,
preferentially inhibiting key enzymes and other proteins. This is the basis for the
fungicidal activity of copper-containing medications (Nemcsok and Benedeczky
1995).

2.3.3 Diquat

Diquat is a broad-spectrum herbicide that can be used to reduce algae and weeds that
are submerged, but it is not particularly effective against weeds that are emerging.
Diquat-treated water for livestock consumption, agricultural irrigation, or drinking
must be contained for 14 days according to the legislation before use. There are no
limitations on fishing; however, for swimming, a waiting period of 1 day should be
observed. After 10 days, diquat is seldom ever found in treated water. Even when a
herbicide is applied that is not specifically hazardous to fish, fish deaths might



nevertheless happen following application. Because of the massive amounts of
decaying water weeds destroyed by the herbicide, which break down and lower
oxygen levels, fish indirectly suffocate rather than poisoned by the herbicide. To
provide fish the flexibility to relocate to untreated, oxygen-rich sections of the pond
or lake, treat no more than half (or less) of the lake at a time when applying
herbicides. Utilize herbicides in the spring when dissolved oxygen levels are greater
and water temperatures are lower than in the summer. At lower temperatures, some
herbicides are less harmful. Apply in the early spring when there are fewer weeds to
break down and they are tiny and less well-established (Helfrich et al. 2009).
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2.4 Bioconcentration of Pesticides

A specific instance of bioaccumulation is bioconcentration. The definition of
bioconcentration is the uptake and retention of a chemical from just water. The use
of other sources is not taken into account. The majority of laboratory investigations
on the absorption by aquatic creatures expose the organisms to water containing the
target chemical(s) in solution.

The bioconcentration factor (BcF) quantifies the magnitude of bioconcentration.
The BcF is the ratio of a chemical’s concentration in an organism’s tissues to its
concentration in solution in the water to which it was exposed at equilibrium. The
uptake rate constant or uptake clearance to the release rate constant ratio can also be
used to calculate the BcF:

BcF=Ct=CW = k1=k2 ð1Þ

where Ct and Cw represent the chemical’s equilibrium concentrations in tissues and
water, respectively; k1 denotes uptake clearance; and k2 denotes release rate constant.
Units for uptake clearance are mass of chemical/mass of tissue/mass of time, which
translates to time-1 (Spacie and Hamelink 1982). BcF is unitless since the release
rate constant likewise has units of time-1.

Pesticides are primarily bioconcentrated toward aquatic species through passive
diffusion through the gastrointestinal system, epithelial tissues, and gills. According
to Miyamoto et al. (1990), Connell (1988), Barron (1990), and Landrum and Fisher
(1999), the physicochemical properties of the chemicals, the surrounding environ-
mental conditions, and the physiological disposition of each organism involved are
what essentially influence bioconcentration. Since compounds must first pass a
diffusion barrier, like mucus and biological membranes, to reach circulation fluids,
the relative solubilities of such molecules in water and n-octanol may act as a stand-
in for lipids. Another important factor that could repeat the processes of diffusion
and partitioning in tissues that contain lipids is the size of the molecules. The
propensity to bioconcentrate is influenced by both lipid solubility and molecular
size (Fig. 3).
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Fig. 3 Schematic representation of bioconcentration and bioaccumulation of pesticide in aquatic
organisms

For a number of chemical class combinations with fish, the classic hydrophobic-
ity model has demonstrated a strong correlation between the n-octanol/water parti-
tion coefficient (Kow) or water solubility (WS) and BcF. Equation (2) describes this
relationship, where a and b are constants (Mackay 1982; Ellgehausen et al. 1980;
Veith et al. 1979; Neely et al. 1974):

log BCF= a log Kow orWSð Þ þ b: ð2Þ

The association between physicochemical traits and BcF has been studied for a
range of aquatic creatures, as indicated in Table 1. When many aquatic species or
chemical classes are taken into consideration, lower values are seen in the coefficient
of correlation (r2) between the two approaches (Zaroogian et al. 1985; Axelman et al.
1995; Mailhot 1987; Hawker and Connell 1986). However, the correlation coeffi-
cient (r2) is typically greater than 0.7–0.8. A range of urea herbicides were tested on
Chlorella fusca, and Manthey et al. (1993) found a moderate association; metabo-
lism and hydrophobicity both played a part in this investigation.

The link between fish BcF and Kow was initially discussed byMackay (1982). For
a chemical involved in passive uptake from water, the biological membrane, which
is primarily composed of lipid bilayers, acts as the principal barrier. An example of
this is the gill epithelium. Steric characteristics like molecule size and shape can
occasionally play a significant role in passive absorption (Barron 1990; Landrum
and Fisher 1999). Sometimes a chemical’s isomorphism affects bioconcentration.
There are four isomers (α–δ) of hexachlorocyclohexane (HCH), and the lindane-30



Class (mode of action) Source

isomer is the most common. BCFs in clams vary according to isomer as follows: δ>
α > β ≈ γ. However, the order of the elimination procedure was different: γ > α » δ
≈ β (Yamato et al. 1983). Similar results in the mussel Mytilus edulis (Ernst 1979)
and blue-green alga Anabaena sp. (Mathur and Saxena 1986) suggested the presence
of yet another separate order; these changes imply that the bioconcentration of these
isomers varies depending on the species. According to Moore et al. (1977), there
were species-specific changes in the absorption of chlordane-24 isomers, and the
predominant difference between the isomers in Mysis relicta was due to the
enantioselective metabolism of the (or trans)-isomer (Warner and Wong 2006).
Additionally, flucythrinate’s enantioselective bioconcentration in oysters has been
studied (Schimmel et al. 1983). Endosulfan-27 has two isomers, α (or I) and β (or II),
that differ in the structure of the cycloheptyl moiety. According to studies on crayfish
Procambarus clarkii (Naqvi and Newton 1990) and the Daphnia magna
(DeLorenzo et al. 2002), the β-isomer bioconcentrates more than the α-isomer,
most likely because it undergoes less metabolic conversion to the equivalent sul-
phate. However, it was noted that algae had a higher bioconcentration of the
α-isomer (Narayana Rao and Lal 1987; DeLorenzo et al. 2002).

Pesticide and Xenobiotic Metabolism in Aquatic Organisms 15

Table 2 Mode of action of some herbicides

Sl.
no

Active
ingredient

1 Glyphosate Amino acid synthesis
Inhibitors

Vonk and Kraak
(2020)

2 EPTC Seedling growth inhibitors

3 2,4-D Growth regulators (interfere with plant
hormones)

4 Atrazine Inhibitors of photosynthesis

5 Sethoxydim Lipid synthesis inhibitors

6 Paraquat Cell membrane disrupters

7 Clomazone Inhibitors of protective pigments

The main factors influencing how quickly a chemical gets bioconcentrated into an
organism from water are absorption and removal mechanisms. In aquatic creatures
such as mollusks, algae, crustaceans, and insects (other than fish), the pesticide
bioconcentration factor and elimination clearance periods (CL50) are provided in
Tables 2, 3, 4, and 5. Data on the larvae, nymphs, and inhabitants of the aquatic
environment are provided for Insecta members. Exposures to pesticides are carried
out utilizing static or flow-through systems. The hydrolytic stability and water
solubility of the chemical determine which system is employed. The 287 compounds
that the EPI Suite program determined to have log Kow values between 3 and 7 have
log BcF values that are usually between 0 and 6 for such xenobiotics (USEPA 2008).
BcF levels among studied species greatly vary, even for a single chemical. Log BcF
values for the organochlorine pesticides mentioned in Table 2 typically range from
3 to 5, with some species showing variation within a factor of two. Endosulfan,
hexachlorobenzene, and DDT showed a higher variance. High log Kow values (5.73
and 6.91) for the latter two pesticides are likely caused by the individual species’



Compound Species na Rangeb r2 d References

4

varied lipid levels. The crayfish Procambarus clarkii may more significantly metab-
olize xenobiotics to their sulfate forms, which results in significantly lower BcF
values, by resemblance to the metabolism of D. magna (DeLorenzo et al. 2002).
Aldrin has an extremely high hydrophobicity (log Kow = 6.5); however, due to its
oxidation to dieldrin, it is rapidly eliminated in ostracods (Kawatski and Schmulbach
1972).
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Table 3 Correlation of BcF with physicochemical properties for pesticides

Equation (log
BcF=)c

Organochlorines and
pesticides

Mollusks (four
species)

34 4.0–
7.8

0.844 log
Kow – 1.235k

0.69 Hawker and
Connell (1986)

Herbicides Mytilus edulis 2–6 -0.58 log
WS(ppb) + 4.5

0.92 Watanabe
et al. (1985)

Insecticides 6 3.4–
6.0

0.66 log
Kow – 0.05

0.96 Zaroogian
et al. (1985)

Pesticides 16 1.7–
6.2

0.843 log
Kow – 0.808

0.91 Geyer et al.
(1982)

Organochlorines and
pesticides

Crassostrea
virginica

17 3.9–
6.5

0.72 log
Kow + 0.41

0.29 Zaroogian
et al. (1985)

Organochlorines Daphnia pulex 22 1.8–
6.2

0.898 log
Kow – 1.315,
k

0.93 Hawker and
Connell (1986)

Pesticides Daphnia
magna

52 0.9–
6.7

0.850 log
Kow – 1.10

0.91 Geyer et al.
(1982)

Pesticides Lemna minor 10 0.3–
6.6

0.49 log
Kow + 0.0562

0.91 Lockhart et al.
(1983)

Pesticides and
organics urea
herbicides

Chlorella fusca 41 0.6–
6.4

0.681 log
Kow + 0.164

0.81 Govers et al.
(1984)

Urea herbicides 15 1.5–
4.3

0.53 log
kw + 0.99

0.56 Manthey et al.
(1993)

Pesticides Scenedesmus
acutus

8 1.7–
6.4

0.70 log
Kow - 0.26

0.93 Ellgehausen
et al. (1980)

Organochlorines and
pesticides

Selenastrum
capricornutum

5 4.1–
7.1

0.28 log
Kow + 2.6

0.64 Mailhot (1987)

na not available
aTotal number of chemicals used to derive the equation
bRange of physicochemical properties (WS, Kow, kw) in a logarithm unit
cBcF bioconcentration factor on a wet weight basis, k kinetic value, WS water solubility with a unit
in the parentheses, Kow 1-octanol-water partition coefficient, kw HPLC capacity factor, 3χcv third-
order molecular connectivity index, Ʃ Fi empirical correction factor
dCoefficient of correlation

Some pesticides seem to be quite species-specific in their ability to be eliminated.
In polychaetes as opposed to bivalves and isopods, the CL50 values for lindane-30
were longer and had a higher bioconcentration (Thybaud and Caquet 1991; Thybaud
and Le Bras 1988; Ernst 1979). Pentachlorophenol, DDT, and its metabolite DDE,
which are more hydrophobic insecticides, showed significant differences in
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Table 5 A summary of organophosphorus pesticides bioconcentration in aquatic organisms

Experimental
conditionsc

(concentration and
duration)

Parathion (3.83) G: Scenedesmus
obliquus

1 ppm, 26 °C,
7 days/na

1.9 na Gregory et al.
(1969)

B: Anacystis
nidulans

1 ppm, 26 °C,
7 days/na

1.7 na Gregory et al.
(1969)

E: Euglena
gracilis

1 ppm, 26 °C,
7 days/na

1.8 na Gregory et al.
(1969)

A: Hyalella
azteca

2.3 ppb, 22 °C,
1 day/3 days

1.1 0.7hr Nuutinen
et al. (2003)

Fenitrothion
(3.30)

Mu: Mytilus
edulis

0.2–13 ppb, 15 °C,
14 days/28 days

1.9–2.1 1–2
days

McLeese
et al. (1979)

C: Mya arenaria 0.2–13 ppb, 15°C,
14 days/28 days

1.3–2.5 1–2
days

McLeese
et al. (1979)

Anodonta
cataracta

0.8 ppb, 12 °C,
14 days/28 days

1.0 2
days

McLeese
et al. (1979)

Sn:
Cipangopaludina
japonica

0.1 ppm, 25 °C,
3 days/1–3 days

1.3 0.4
days

Takimoto
et al. (1987a)

Physa acuta 0.1 ppm, 25 °C,
3 days/1–3 days

1.7 0.4
days

Takimoto
et al. (1987a)

G:
Chlamydomonas
reinhardtii

1 ppm, 20 °C,
1 day/na

2.5 na Kent and
Currie (1995)

Chlorella vulgaris 10 ppb, 23 °C,
2 days/2 days

1.6 0.9 h Kikuchi et al.
(1984)

Scenedesmus
quadricauda

1–50 ppb, 25 °C,
1 day/na

1.0–1.5 na Guanzon Jr
et al. (1996)

B: Anabaena flos-
aquae

10 ppb, 23 °C,
2 days/2 days

1.7 2.6 h Kikuchi et al.
(1984)

Aulosira
fertilissima

1–10 ppm, 29 °C,
5 days/na

2.0–2.9 na Lal et al.
(1987)

Microcystis
aeruginosa

1–50 ppb, 25 °C,
1 day/na

1.5–2.4 na Guanzon Jr
et al. (1996)

D: Aulacoseira
granulata

1–50 ppb, 20 °C,
1 day/na

1.1–1.7 na Guanzon Jr
et al. (1996)

Nitzschia
closterium

10 ppb, 23 °C,
2 days/2 days

2.0 0.9 h Kikuchi et al.
(1984)

Mc: Lemna minor 3.9 ppb, 25 °C,
5 days/25 days

1.3 1.3
days

Lockhart
et al. (1984)

W:Daphnia pulex 1 ppb, 18 °C,
1 day/1 days

1.9 5 h Takimoto
et al. (1987b)

S: Palaemon
paucidens

1 ppb, 25 °C,
3 days/1 days

0.8 1.5 h Takimoto
et al. (1987b)
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Table 5 (continued)

Experimental
conditionsc

(concentration and
duration)

Fenitrothion
(3.30)

S: Penaeus
japonicus

0.5 ppb, 25 °C,
1 day/na

2.1 na Kobayashi
et al. (1985)

0.3 ppb, 25 °C,
12 h/72 h

2.1 6 h Kobayashi
et al. (1990)

Artemia salina 0.1 ppm, 25 °C,
3 days/na

3.7 na Kashiwada
et al. (1995)

Cr: Procambarus
clarkii

20 ppb, 22 °C,
2 days/21 days

2.1 na Escartín and
Porte (1996)

Co: Sinocalanus
tenellus

0.1 ppm, 25 °C,
3 days/na

3.6 na Kashiwada
et al. (1995)

R: Brachionus
plicatilis

0.1 ppm, 25 °C,
3 days/na

3.3 na Kashiwada
et al. (1995)

Fenitrooxon
(1.69)

S: Penaeus
japonicus

3 ppb, 25 °C,
12 h/72 h

0.5 12 h Kobayashi
et al. (1990)

Chlorothion
(3.45)

Sn: Lymnaea
stagnalis

27 ppb, 20 °C,
10 days/na

1.5 2 h Legierse
et al. (1998)

Fenthion (4.84) C: Marcia
hiantina

0.02–0.2 ppm,
28 °C,15 days/15
days

1.0–2.3 na Sathe et al.
(2005)

Chlorpyrifos
(4.7) C

Mu: Mytilus
edulis

1–3.2 ppm, 18 °C,
24–38 days/38
days

2.4–2.7 5
days

Serrano et al.
(1997a)

Mytilus
galloprovincialis

1 ppm, 18 °C,
35 days/na

2.6 na Serrano et al.
(1997b)

Oy: Crassostrea
virginica

0.7 ppb, 22 °C,
28 days/ 14 days

2.8 2.5
days

Woodburn
et al. (2003)

1–56 ppm, 18 °C,
4 days/na

0.5 na Serrano et al.
(1995)

B: Anabaena
sp. ARM310
Aulosira
fertilissima

1–10 ppm, 29 °C,
5 days/na
1–10 ppm, 29 °C,
5 days/na

0.8–2.8�
1.7-2.6

na Lal et al.
(1987)

S: Artemia
parthenogenetica

0.5–100 ppb, 20 °
C, 2 days/na

3.0–3.8 na Varo et al.
(2000)

Is: Asellus
aquaticus

0.1 ppb, 12 °C,
3 days/3 days

3.2 1.5
days

Ashauer et al.
(2006)

A: Gammarus
pulex

0.7–5 ppb,
12–25 °C,
23 days/na

5.4 1–4
days

Montañés
et al. (1995)

I: Hydropsyche
sp.

3 ppb, 20 °C,
6 h/na

1.6 na Tang and
Siegfried
(1996)

Stenacron spp. 3 ppb, 20 °C,
6 h/na

1.1 na Tang and
Siegfried
(1996)



Pesticide (log
Kow)

a Speciesb
log
BCFd CL50

e References

�

�

�

�

�

�

(continued)

26 Akhila D S et al.

Table 5 (continued)

Experimental
conditionsc

(concentration and
duration)

Diazinon (3.81) Sn:
Cipangopaludina
malleata

10 ppb, 20 °C,
7 days/na

0.8 na Kanazawa
(1978)

Cr: Procambarus
clarkii

10 ppb, 20 °C,
7 days/na

0.7 na Kanazawa
(1978)

S: Artemia salina 1 ppm, 25 °C,
3 days/na

2.6 na Kashiwada
et al. (1995)

Co: Sinocalanus
tenellus

1 ppm, 25 °C,
3 days/na

3.5 na Kashiwada
et al. (1995)

R: Brachionus
plicatilis

1 ppm, 25 °C,
3 days/na

2.7 na Kashiwada
et al. (1995)

Pyridaphenthion
(3.2)

G: Chlorella
saccharophila

10 ppm, 22 °C,
7 days/na

1.4 na Jonsson et al.
(2001)

Demeton-S-
methyl (1.02)

Mc: Spirodela
oligorrhiza

1 ppm, 22 °C,
8 days/na

1.1 na Gao et al.
(2000)

Myriophyllum
aquaticum

1 ppm, 22 °C,
8 days/na

–1.6 na Gao et al.
(2000)

Elodea
canadensis

1 ppm, 22 °C,
8 days/na

–0.4 na Gao et al.
(2000)

Phorate (3.56) B: Anabaena
sp. ARM310

0.1–1 ppm, 29 °C,
2 days/na

0.5–1.1 na Dhanaraj
et al. (1989)

Aulosira
fertilissima

0.1–1 ppm, 29 °C,
2 days/na

0.9–1.1 na Dhanaraj
et al. (1989)

Dimethoate
(0.78)

Mu: Mytilus
galloprovincialis

3–56 ppm, 18 °C,
4 days/na

–0.5 na Serrano et al.
(1995)

B: Anabaena
sp. ARM310

0.1–1 ppm, 27 °C,
5 days/na

0.3–1.9 na Kumar et al.
(1988)

Aulosira
fertilissima

0.1–1 ppm, 27 °C,
5 days/na

0.0–2.1 na Kumar et al.
(1988)

Malathion (2.36) B: Anabaena
sp. ARM310

0.1–1 ppm, 29 °C,
2 days/na

1.9–2.5 na Narayana
Rao and Lal
(1987)

Aulosira
fertilissima

0.1–1 ppm, 29 °C,
2 days/na

2.0–2.3 na Narayana
Rao and Lal
(1987)

Mc: Spirodela
oligorrhiza

1 ppm, 22 °C,
8 days/na

1.4 na Gao et al.
(2000)

Myriophyllum
aquaticum

1 ppm, 22 °C,
8 days/na

0.5 na Gao et al.
(2000)

Elodea
canadensis

1 ppm, 22 °C,
8 days/na

0.08 na Gao et al.
(2000)

Co: Sinocalanus
tenellus

15 ppb, 20 °C,
3 days/na

3.7 na Kashiwada
et al. (1995)

S: Artemia salina 0.3 ppm, 25 °C,
3 days/na

2.3 na Kashiwada
et al. (1995)
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elimination. Compared to polychaetes and shrimp, which require 2–3 weeks for
elimination (Landrum and Dupuis 1990: Ernst 1979), mollusks swiftly eliminated,
which has a CL50 of less than 1 day (Tjeerdema and Crosby 1992; Shofer and
Tjeerdema 1993). Significant variations in CL50 (by 100 days) were found for the
amphipods (Lotufo et al. 2000). Organophosphorus insecticides with intermediate
hydrophobicity were reported to have lower BcF values, often between 1 and
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Table 5 (continued)

Experimental
conditionsc

(concentration and
duration)

Malathion (2.36) R: Brachionus
plicatilis

0.3 ppm, 25 °C,
3 days/na

4.6 na Kashiwada
et al. (1995)

Methidathion
(2.20)

Mu: Mytilus
galloprovincialis

1 ppm, 18 °C,
35 days/na

2.3 na Serrano et al.
(1997b)

C: Venus gallina 3–56 ppm, 18 °C,
4 days/na

–0.03 na Serrano et al.
(1995)

W: Daphnia
magna

1.2 ppb, 20 °C,
2 days/na

0.3 na Julin and
Sanders
(1977)

I: Chironomus
plumosus

1.2 ppb, 20 °C,
2 days/na

0.8 na Julin and
Sanders
(1977)

Cr: Orconectes
nais

1.2 ppb, 20 °C,
2 days/na

0.8 na Julin and
Sanders
(1977)

Dichlorvos
(1.47)

Mu: Mytilus
edulis

15 °C, 3–7 days/na 0.04 na Donkin et al.
(1997)

Chlorfenvinphos
(3.8)

Mu: Mytilus
galloprovincialis

1 ppm, 18 °C,
35 days/na

2.4 na Serrano et al.
(1997b)

Crufomate (3.42) Mc: Spirodela
oligorrhiza

1 ppm, 22 °C,
8 days/na

0.4 na Gao et al.
(2000)

Myriophyllum
aquaticum

1 ppm, 22 °C,
8 days/na

0.4 na Gao et al.
(2000)

Elodea
canadensis

1 ppm, 22 °C,
8 days/na

–1.3 na Gao et al.
(2000)

aEvaluated by EPI Suite (USEPA 2008) or experimental data therein
bDesignation of species: A amphipod, Ab abalone, B blue-green algae, C clam. Ci ciliate, Cr
crayfish, D diatom, E Euglenophyta, G green algae, I aquatic insect, Is isopod, Mc macrophyte,
Mu mussel, O oligochaete, Os ostracod, Oy oyster, P polychaete, S shrimp, Sn snail, W water flea
cApplication of pesticide to water, presence (y) or absence (n) of sediment in the system, exposure
condition [static(s)/flow through (fl)], concentration, temperature (°C), periods of exposure/
elimination
dExperimentally obtained bioconcentration factor based on the overlying water concentration in the
whole body (or each tissue). The asterisk means dry-weight basis
e50% clearance time



2 (Table 3). In comparison to other aquatic animals, the BcF values of chlorpyrifos
are 1–2 orders of magnitude higher in the isopods Artemia sp. and Asellus aquaticus
(Varo et al. 2000; Montañés et al. 1995). In shrimp and copepods, fenitrothion,
diazinon, and malathion were found to have a comparable effect (Kashiwada et al.
1995). In these species, higher bioconcentration rates probably result from less
metabolic activity. Organophosphorus insecticides have a relatively quick clearance
rate (CL50 values are fewer than 4 days). The log BcF values of the pyrethroid
insecticides shown in Table 4 are 2–4, which is nearly an order of magnitude less
than what the regression equations in Table 1 would indicate. Toxaphene and
hexachlorobenzene are two organochlorine insecticides with log Kow values about
6. Organochlorine insecticides are often believed to be resistant to metabolism,
despite the fact that they demonstrate log BcF values of 4–6 in mollusks, which
are close to predicted levels. However, these values are higher than those observed
for pyrethroid. The terminal residues of the pyrethroids are therefore more hydro-
philic than their parent compounds, indicating that they are likely to be metabolized
through ester cleavage and hydroxylation.
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Other than the pesticides described above, bioconcentration values for pesticides
are shown in Table 5. Carbamates, triazines, ionizable acids, ureas, esters, and
amides have BcF values less than 1000. In addition to having these characteristics,
many pesticides also feature chemical groups that make hydrogen bonding easier
and easier to digest. Such groups often produce BcF values below those predicted by
the regression equations in Table 1. In comparison, the amphipod Pontoporeia
hoyi’s log BCF value of carbaryl (log Kow = 1.85) is 4.3, which is significantly
higher than the similar value (2.2) in Mysis relicta. The very sluggish elimination
and decreased metabolic activity account for the disparity (Landrum and Dupuis
1990). It may be because of its impact on algal development that the ionizable
salicylic acid demonstrated a surprisingly high bioconcentration (log BCF = 3) in
green algae (Wang and Lay 1989). These results show that the chemical class being
tested and the type of aquatic life have a substantial impact on the BcF values for
pesticides.

2.5 Bioaccumulation of Pesticides

Bioaccumulation, or the buildup of a chemical in an organism in relation to its level
in the surrounding environment, is a significant environmental hazard. Thus, a
common and growing method for determining the chemical state of aquatic ecosys-
tems is to measure chemical concentrations in biota. Aquatic species can take in
chemicals by eating contaminated prey or silt, or they can take them directly from the
water by using their respiratory organs (such their gills). Therefore, in any kinetic
investigation of bioaccumulation, each of these exposure pathways should be con-
sidered. A substance that is not yet digested and is dissolved in interstitial water or
sediment is the most basic model for bioaccumulation. Bioaccumulation factor



values and biosediment accumulation factors of different pesticides were reported in
Tables 6 and 7.

Pesticide and Xenobiotic Metabolism in Aquatic Organisms 29

While individual pesticides are bad for the ecology, pesticide mixtures increase
their toxicity. There is a dearth of information regarding how particular herbicides
from these families interact with aquatic life. As a result, it might be challenging to
forecast whether or not a given combination of drugs will increase toxicity (Deneer
2000). The degree of bioaccumulation of several pesticides in fish is influenced by
water solubility and the polarity of the pesticides. The bioaccumulation of a pesticide
chemical in fish is inversely correlated with its water solubility. As the pesticide
becomes more soluble in water, the amount of bioaccumulation decreases. As a
result, water solubility is a crucial factor in reducing pesticide dynamics in aquatic
ecosystems (Haque et al. 1977). Pesticide desorption or elimination rates seem to
vary depending on the species. The rate of elimination reactions and rate of absorp-
tion determine the quantity of pesticides in a specific species (Matsumura 1977). To
identify and map the spread of pesticide residues in the aquatic ecosystem, signif-
icant effort has been made. A thorough residue analysis program has revealed
numerous harmful effects connected to organochlorine pesticides and metabolites
of the organophosphates (Livingston and de La Cruz 1977). Pesticides that enter
aquatic environments have the potential to induce undesirable ecological loss in the
form of disease and aquatic animal mortality. As a result, aquatic bacteria, verte-
brates like fish and water birds, and invertebrates like frogs, muscles, turtles, and
prawns all experience deterioration. Because they are a component of natural food
chains and other animals rely on them for food, the hazardous compounds present in
pesticides have an effect on these aquatic species (Lakhani 2015).

In aquatic environments including estuaries and rivers, pesticides can have an
impact on the microorganisms through spills, agricultural runoff, and drift. Both the
structure and the function of microbial communities can be harmed by pesticide
toxicity. Pesticides can be bioaccumulated in the ecosystem or digested by micro-
organisms. Different mechanisms of pesticide toxicity in microorganisms exist
depending on the chemical and the microbial species exposed to it (DeLorenzo
et al. 2001).

D. magna has been proven to be susceptible to pesticide contamination in bio-
assays in which Parachromis dovii and Daphnia magna were exposed to contam-
inated water taken from the field (Diepens et al. 2014). Shrimp farming is one of the
significant sources of seafood that could be damaged by environmental or accidental
exposure to neonicotinoid insecticides like imidacloprid. Neonicotinoids influence
how insects’ neural systems function. In a study on adult black tiger shrimp
(Penaeus monodon), stress enzyme activity was assessed for both acute and chronic
imidacloprid effects in the abdomen, head, gills, and hepatopancreas. This demon-
strated an increase in these biomarkers’ activity, and the enzymatic activity was
positively linked with imidacloprid accumulation in the tissue. The effects had dose-
and time-dependent variations in how various tissues reacted. Based on an elevated
response in each of the aforementioned biomarkers during routine monitoring,
imidacloprid seems to serve as an ambient chemical stressor for adult black tiger
shrimp (Penaeus monodon) (Butcherine et al. 2022). On primary cell cultures of the
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Table 6 A summary of bioconcentration studies performed on pyrethroid insecticides in aquatic
organisms

Pesticide (log
Experimental conditionsc

(concentration and log
duration)

Allethrin
(4.78)

Mu: Anodonta
piscinalis

1.5 ppb, 10 °C, 20 days/
na

2.3 na Sabaliünas
et al.
(1998)

Permethrin
(6.5)

Oy: Crassostrea
virginica

28 °C, 31 days/40 days 3.3 <1
week

Schimmel
et al.
(1983)

Sn: Helisoma
trivolvis

16 ppb, 15 °C, 28 days/
na

2.9 na Spehar
et al.
(1983)

B: Anabaena
sp. ARM310

0.1 ppm, 27 °C, 5 days/
na

1.8–2.9 na Kumar
et al.
(1988)

Aulosira
fertilissima

0.1 ppm, 27 °C, 5 days/
na

1.6–3.4 na Kumar
et al.
(1988)

Mc: Lemna
minor

2.3–3 ppb, 25 °C, 5 days/
15 days

2.3
(trans),
2.2 (cis)

18
days

Lockhart
et al.
(1984)

I: Hydropsyche
sp.

3 ppb, 20 °C, 6 hr/na 1.5 na Tang and
Siegfried
(1996)

Stenacrn sp. 3 ppb, 20 °C, 6 hr/na 1.4 na Tang and
Siegfried
(1996)

Pteronarcys
dorsata

0.03–0.4 ppb, 15 °C,
4 days/na

2.3 na Anderson
(1982)

Lambda-
cyhalothrin
(6.8–7.0)

I: Chironomus
riparius

0.2 ppb, 23 °C, 4 days/na 3.2–3.3 na Hamer
et al.
(1999)

0.2 ppb, 23 °C, 4 days/na 3.1–3.5 na Hamer
et al.
(1999)

Fenvalerate
(6.2)

Mu: Anodonta
piscinalis

1.5 ppb, 10 °C, 20 days/
na

2.5 na Sabaliünas
et al.
(1998)

Oy: Crassostrea
virginica

1 ppb, 29 °C, 28 days/37
days

3.7 <1
week

Schimmel
et al.
(1983)

Sn: Helisoma
trivolvis

0.02–0.8 ppb, 15 °C,
28 days/na

2.6–3.1 na Anderson
(1982)

G:
Chlamydomonas
reinhardtii

16 ppb, 20 °C, 1 h/na 2.3 na Day and
Kaushik
(1987)



Kow)
a Speciesb BCFd CL50

e References

gonad, mantle, digestive gland tissues, and gill of Unio sp., the cytotoxic effects of a
neonicotinoid, a pyrethroid insecticide, acetamiprid, and flumethrin were investi-
gated. This investigation demonstrated that flumethrin was more cytotoxic to all
tested cells than acetamiprid (Arslan et al. 2021). Daphnia was shown to have a
greater risk quotient for the majority of organophosphate pesticides than fish or algae
(Sumon et al. 2018).

Pesticide and Xenobiotic Metabolism in Aquatic Organisms 31

Table 6 (continued)

Pesticide (log
Experimental conditionsc

(concentration and
duration)

log

W: Daphnia
galeata

0.1–0.5 ppb, 20 °C,
2 days/na

4.0–4.6 na Day and
Kaushik
(1987)

Flucythrinate
(6.2)

Mu: Mytilus
edulis

0.04–0.4 ppm, 15 °C,
3–7 days/na

2.9–3.6 na Donkin
et al.
(1997)

Oy: Crassostrea
virginica

1 ppb, 29 °C, 28 days/52
days

3.4 10
days

Schimmel
et al.
(1983)

na not available
aEvaluated by EPI Suite (USEPA 2008) or experimental data therein
bDesignation of species: A amphipod, Ab abalone, B blue-green algae, C clam, Ci ciliate, Cr
crayfish, D diatom, E Euglenophyta, G green algae, I aquatic insect, Is isopod, Mc macrophyte,
Mu mussel, O oligochaete, Os ostracod, Oy oyster, P polychaete, S shrimp, Sn snail, W water flea
cApplication of pesticide to water, presence (y) or absence (n) of sediment in the system, exposure
condition [static(s)/flow through (fl)], concentration, temperature (°C), periods of exposure/
elimination
d50% clearance time

The simplest model for bioaccumulation is a nonmetabolized chemical dissolved
in soil or interstitial water. When evaluating dissipation from the body of aquatic
creatures that have consumed polluted sediments, both gastrointestinal clearance and
metabolism of the contaminating substances should be taken into account. In order
to evaluate the kU, kM, kPE, and kME values (wherein k is the first-order rate
constant; U, uptake; M, metabolism; P, parent molecule; E, elimination), Schuler
et al. (2003) employed a three-compartment model to investigate the
bioaccumulation of sediment-spiked benzo[α]pyrene in worms, amphipods, and
larval midges. With alterations that were equivalent to those in kPE and kME values,
only the larval midge demonstrated substantial metabolism (75% after 3 days).

In aquatic species, the elimination of particular compounds can occasionally
result in biphasic profiles (Egeler et al. 1997; Muir et al. 1982; Landrum and Scavia
1983; Shaw and Connell 1987; Richter and Nagel 2007). Such profiles are the result
of a number of mechanisms, such as decreased metabolite clearance or bound
residue formation. Additionally, because stomach contents can leave the body either
rapidly or slowly, they might affect how chemical elimination curves seem.

According to research by Bartlett et al. (2004), Hyalella azteca held in a cage
above the sediment at an early stage of exposure exhibited higher body residues of
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Table 7 A summary of bioconcentration studies performed on other pesticides and other chemicals
in aquatic organisms

Experimental
conditionsc

(concentration and
duration)

Diuron (2.68) G: Chlorella
fusca

0.16 ppm, 22 °C,
0.5 h/na

3.4 na Manthey
et al. (1993)

Isoproturon
(2.87)

G: Chlorella
fusca

0.14 ppm, 22 °C,
0.5 h/na

2.6 na Manthey
et al. (1993)

Mc: Lemna minor 53 ppb, 23 °C,
21 days/na

1.2 na Böttcher
and Schroll
(2007)

Elodea densa 2 ppb, 21 °C,
22 days/na

1.8 na Feurtet-
Mazel et al.
(1996)

Diflubenzuron
(3.88)

G: Scenedesmus
subspicatus

0.2 ppm, na, 7 days/
4 days

2.9–3.6 3
days

Yu-yun
et al. (1993)

CCU (3.84) G: Scenedesmus
subspicatus

0.2 ppm, na, 7 days/
4 days

2.5–3.8 1
days

Yu-yun
et al. (1993)

Chlorsulfuron
(2.0)

G: Chlorella
fusca

7.2 ppm, 22 °C,
2 h/na

0.9(pH6),
1.7(pH 5)

Qna Fahl et al.
(1995)

Metsulfuron-
methyl (2.2)

G: Chlorella
fusca

7.6 ppm, 22 °C, 2 h/
na

0.0 (pH 6)
1.2(pH 5)

na Fahl et al.
(1995)

Atrazine (2.61) Sn: Lymnaea
palustris

5–125 ppb, na,
21 days/na

0.6–0.9 na Baturo and
Lagadic
(1996)

G: Scenedesmus
acutus

11ppb, 30 °C, 8 h/na 1.5 na Böhm and
Müller
(1976)

Chlorella sp. 40 ppb, 20 °C,
1 day/na

2.2 na Tang et al.
(1998)

Pediastrum sp. 40 ppb, 20 °C,
1 day/na

2.5 na Tang et al.
(1998)

D: Cyclotella
gamma

40 ppb, 20 °C,
1 day/na

1.6 na Tang et al.
(1998)

Synedra acus 40 ppb, 20 °C,
1 day/na

1.6 na Tang et al.
(1998)

Mc: Hydrilla
verticillata

57ppb, 25 °C,
6 days/na

0!.98 na Hinman and
Klaine
(1992)

Periphyton
community

0.27 ppm, 10 °C,
1 day/na

2.3–2.5 na Nikkilä
et al. (2001)

W: Daphnia
magna

23 ppb, 20 °C,
1 day/na

0.6–0.7 na Nikkilä
et al. (2001)

Daphnia
pulicaria

0.17–0.3 ppm,
8–20 °C, 7–8 days/
na

0.3–1.0 na Heisig-
Gunkel and
Gunkel
(1982)



Pesticide (log
Kow)

a Speciesb log BCFd CL50
e References

tributyltin than those kept in a water-sediment system with added sediment. If all
processes involved in uptake and dissipation are considered, the kinetic and fugacity
models may be able to satisfactorily describe the bioaccumulation profiles of a
chemical in aquatic species (i.e., uptake via gills, ingestion of food or sediment,
metabolism, and elimination). Gobas et al. (1991) developed the fugacity model for
fish and recommended feeding rates and transport variables that lead to gastrointes-
tinal absorption in the water and lipid phases. Using monitoring data on sediment,
crayfish, mussels, caddisfly larvae, and gammarus, the fugacity of PCB congeners in
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Table 7 (continued)

Experimental
conditionsc

(concentration and
duration)

Cyanazine
(2.22)

G: Scenedesmus
quadricauda

10–40 ppb, 24 °C,
22 days/na

2.3–4.1 na Aly et al.
(1984)

Terbutryn
(3.74)

I: Chironomus
tentans

14 ppb, 25 °C, 4 h/3
days

1.7 <8 h Muir et al.
(1982)

A: Gammarus
fossarum

0.67 ppm, 15°C,
2 days/2 days

1.1 10 h Richter and
Nagel
(2007)

Is: Asellus
aquaticus

0.67 ppm, 15 °C,
2 days/2 days

1.5 7 h Richter and
Nagel
(2007)

Fluridone
(3.16)

Mc:
Potamogeton
pectinatus

1 ppm, 20 °C,
2 weeks/na

2.0
(shoot),1.6
(root)

na Marquis
et al. (1981)

I: Chironomus
tentans

7.8 ppb, 25 °C, 4 h/3
days

2.1 <8 hr Muir et al.
(1982)

Fipronil (4.0) W: Daphnia
pulex

0.4 ppb–1 ppm, na,
2 days/na

1.4 na Chaton
et al. (2002)

Os: Eucypris
virens

0.4 ppb–1 ppm, na,
2 days/na

1.0 na Chaton
et al. (2002)

I: Chironomus
annularius

0.4 ppb–1 ppm, na,
2 days/na

1.8 na Chaton
et al. (2002)

Tetradifon
(4.61)

G:
Nannochloropsis
oculata

1.5–4.4 ppm, 22 °C,
4 days/na

2.0 na Ferrando
et al. (1996)

W: Daphnia
magna

1.5–4.4 ppm, 22 °C,
4 days/na

1.7 na Ferrando
et al. (1996)

na not available
aEvaluated by EPI Suite (USEPA 2008) or experimental data therein
bDesignation of species: A amphipod, Ab abalone, B blue-green algae, C clam, Ci ciliate, Cr
crayfish, D diatom, E Euglenophyta, G green algae, I aquatic insect, Is isopod, Mc macrophyte,
Mu mussel, O oligochaete, Os ostracod, Oy oyster, P polychaete, S shrimp, Sn snail, W water flea
cApplication of pesticide to water, presence (y) or absence (n) of sediment in the system, exposure
condition [static(s)/flow through (fl)], concentration, temperature (°C), periods of exposure/
elimination
d50% clearance time



biota (fB) was theoretically estimated for the detritivorous and filter-feeding benthic
invertebrates (Morrison et al. 1996).
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The biosediment accumulation factor (BASF) values, which were calculated
using the connection between fB/f = 0.62×BASF, were found to be 0.5–12.4. The
ratio of fB to the fugacity in sediment ( fS) ranged from 0.3 to 7.7. The fB/fS values
demonstrated a propensity to follow a parabolic relationship with log Kow and
statistically outperformed the equilibrium partition strategy in predicting
bioaccumulation. The percentage of organic carbon or fat in the meal that was lost
during digestion, together with the velocity of food absorption, was the most
sensitive factor. Additionally, the fugacity model was utilized to estimate
bioaccumulation at various trophic levels (Hendriks et al. 2001) (Table 8). In various
aquatic creatures that interact via a food web, this model was only marginally
successful in forecasting the absorption process (r2 = 0.39), but it was more
successful in predicting elimination (r2 = 0.70). For the chemicals maintaining log
Kow values of 2–7, the projected bioaccumulation values were usually consistent
with those that had been observed. Thomann and Komlos (1999) successfully
implemented a kinetic model to analyze the low BSAF values (0.01–0.1) observed
in crayfish exposed to different polycyclic aromatic hydrocarbons (PAH) in a
creek (Table 9).

They found that for log Kow values of PAHs above roughly 5–6, the proportional
contribution of the food exposure pathway toward water steadily increased, with its
magnitude being underlined by alkyl substitution in the ring structures. Aquatic
animals have a tendency to bioaccumulate these toxins along the food chain, making
compliance with current rules and developing mitigation measures essential.

3 Xenobiotics

To begin with, the term xenobiotic is of Greek origin from the word xenos meaning
strange or foreign and bio which means life. These are chemicals that exhibit
abnormal structural characteristics (Fetzner 2002). The aberrant presence of any
substance for that matter at higher concentrations could also be termed as xenobi-
otics. At the same time, natural substances, which found its way into animals or
humans, could also be defined as xenobiotic. Banjoko (2014) suggested the term
xenobiotics as the biological and physiological effects of exogenous substances
either synthetic or natural on the cells, tissues, or the organs of organisms. The
xenobiotic sources that are caused by humans include industrial, domestic, pharma-
ceutical, agricultural, and transportation sources (Essumang 2013). Based on the
physiological and biological effects of exogenous substances, whether natural or
synthetic (drugs, chemicals), on the cells, tissues, or organs of animals, Banjoko
(2014) introduced the term “xenobiotic.”

Numerous xenobiotics are possibly hazardous to the organisms which are
exposed to them within the environment niche. Nevertheless, the bioavailability of
such chemical substances depends on the attribute of the chemical, organism, and the
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environment. The bioaccumulation of the chemical residue within the organism
decides the toxicity of the xenobiotic (Mäenpää 2007). It is said that the long-term
effects of the xenobiotics in the environment might be contained up to months to
years within the environment.
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Table 8 A summary of bioaccumulation studies of selected pesticides in aquatic organisms

Experimental
conditionsb

(concentration and
duration)

Photo-dieldrin W: Daphnia
pulex

1 ppb, na, 36 h/7 days 1.2 4
days

Khan et al.
(1975)

Lindane
α-isomer of (31)

O: Tubifex
tubifex

0.74 ppm, 8 °C, 79 days/
84 days

0.88 <5
days

Oliver
(1987)

W: Daphnia
magna

10 ppb, 20 °C, 2 days/na –0.5 na Canton
et al.
(1975)

Hexachlorobenzene O: Tubifex
tubifex

0.9 ppm, 8 °C, 79 days/
84 days

0.49 24
days

Oliver
(1987)

Pentachlorophenol O:
Lumbriculus
variegatus

0.4 ppm, 20 °C, 14 days/
na

1.46 na Nikkilä
et al.
(2003)

DDT O: Tubifex
tubifex

0.1 ppm, 8 °C, 79 days/
84 days

–0.3 53
days

Oliver
(1987)

DDE O: Tubifex
tubifex

0.29 ppm, 8 °C, 79 days/
84 days

0.63 80
days

Oliver
(1987)

Terbutryn Is: Asellus
aquaticus

na, 15 °C, 2 days/1 days –0.37 4.3 hr Richter
and Nagel
(2007)

A:
Gammarus
fossarum

na, 15 °C, 2 days/3 days –1.4 2.9 hr Richter
and Nagel
(2007)

Bentazone O:
Lumbriculus
variegatus

20 °C, 10 days/na –0.3 to
0.6

na Mäenpää
et al.
(2003)

Pendimethalin O:
Lumbriculus
variegatus

20 °C, 10 days/na –
1.0–0.9

na Mäenpää
et al.
(2003)

Ioxynil O:
Lumbriculus
variegatus

20 °C, 10 days/na 0.4–1.7 na Mäenpää
et al.
(2003)

na not available
aEvaluated by EPI Suite (USEPA 2008) or experimental data therein
bApplication of pesticide to sediment (s) or food (f), exposure condition [static(s)/flow through (fl)],
concentration, temperature (°C), periods of exposure/elimination
cBioaccumulation factor based on the sediment or food concentration in the whole body
d50% clearance time

Advanced technologies to regulate the trace polar compounds have aided in
providing new perceptions on the removal of xenobiotics. Initially, in the USA,
pharmaceutical products (0.8–2 μg/L) were recorded in the treated wastewater
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Table 9 Biota-sediment accumulation factors (BSAF) of pesticides and chemicals in aquatic
organisms

Pesticide Speciesa fbb Sourcec focd BSAF References

Pyrene O: Lumbriculus NA Lake X 2 1.4–3.0 0.42– Leppänen and
variegates 0.59 Kukkonen

(2006)

Benzo[a]pyrene P: Nereis
diversicolor

1.2–
1.3

Marine 0.6 0.028 Driscoll and
McElroy
(1996)

Leitoscolopos
fragilis

1.4–
1.7

Marine 0.6 1.40 Driscoll and
McElroy
(1996)

Lindane O: Tubifex
tubifex

2.9–
5.2

Artificial
soil

2.0 2.81–
2.93

Egeler et al.
(1997)

Hexachlorobenzene O: Tubifex
tubifex

2.9–
5.2

Artificial
soil

2.0 3.13–
4.96

Egeler et al.
(1997)

DDT A: Hyalella
azteca

0.7–
1.8

Lake 0.4–0.6 0.44–
2.08

Lotufo et al.
(2001a)

Leptocheirus
plumulosus

1.9
+0.2

Marine 1.78 2.51
+0.54

Lotufo et al.
(2001b)

DDE O: Lumbriculus
variegates

1.1–
2.3

Lake X 2 1.3–7.9 2.00–
5.31

You et al.
(2006)

TCBP O: Lumbriculus
variegates

1.0
+0.3

Creek 0.29 0.05–
0.33

Leppänen
et al. (2003)

A: Hyalella
azteca

NA Creek 0.29 1.73–
3.85

Leppänen
et al. (2003)

I: Chironomus
tentans

NA Creek 0.29 0.47–
1.33

Leppänen
et al. (2003)

Chlorpyrifos O: Lumbriculus
variegates

1.5–
2.3

Lake X 2 1.3–7.9 1.49–
6.54

You et al.
(2006)

Azinphos-methyl Co: Amphiascus
tenuiremis

2.2 Estuarine 3.85 26.8 Klosterhaus
et al. (2003)

Microarthridion
littorale

5.6 Estuarine 3.85 2.2 Klosterhaus
et al. (2003)

Permethrin O: Lumbriculus
variegates

1.5–
2.6

Lake × 2 1.3–7.9 2.17–
3.79

You et al.
(2006)

Cypermethrin W: Daphnia
magna

NA River × 1–13 0.08–
0.31

Maund et al.
(2002)

I: Chironomus
tentans

NA River × 1–13 0.08–
0.63

Maund et al.
(2002)

Bentazone O: Lumbriculus
variegates

1.23 Lake × 4 0.54–24 2.9–
14.9

Mäenpää et al.
(2003)

Pendimethalin O: Lumbriculus
variegates

1.23 Lake × 4 0.54–24 2.2–
5.5

Mäenpää et al.
(2003)

na not available, TCBP 3,4,3′,4′-tetrachlorobiphenyl
aEvaluated by EPI Suite (USEPA 2008) or experimental data therein
bWet weight fraction of lipid in an organism
cSource of sediment or soil
dOrganic carbon %



(Garrison et al. 1976). Following which, clofibric acid (1 μg/L) was reported in the
UK, which was found in the rivers (Richardson and Bowron 1985). Ibuprofen and
naproxen concentrations were identified in the Canadian wastewaters by Rogers.
Significant reduction in the population of the Indian and Asian white-backed vul-
tures nesting in the Keoladeo National Park from North-Western India was an impact
of the diclofenac (pain killer) accumulation, a pain killer applied in the veterinary
sector to treat cattle. Several toiletries and drugs, phthalates, insect repellents, and
steroids were reported by the Geological Survey Department of the USA
(Embrandiri et al. 2016). Although, there was traces of the xenobiotic concentra-
tions, effects of the chronic exposure were uncertain. Increase in the usage of bulk
drugs lately, has been associated as a significant source of environmental pollution
consisting of active pharmaceutical compounds in definitive locations (Gunnarsson
et al. 2009; Fick et al. 2010). In addition, there is a cause of concern globally on the
residues (pharmaceutical) found in the surface water which can pose negative effects
on the aquatic organisms. Thereby, there is challenging to develop, an unambiguous
strategy to prioritize drugs on which major focus is on the environmental research
(Fick et al. 2010).
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3.1 Common Xenobiotic Compounds Based on Its Course
of Action

Xenobiotics target specified molecular and metabolic pathways in animals and
humans in the ecosystem. Howbeit, the xenobiotics when introduced into the
environment might impart effects on some pathways in animals, exhibiting identical
target biomolecules, cells, tissues, or organs. The present ecotoxicological effects of
pharmaceuticals confront basically acute toxicity and are extensively centered on
aquatic organisms. The impact of environmental variables such as pH on its toxicity
has been rarely or has not been investigated. The majority of the studies have been
directed toward the acidic pharmaceuticals that induce various toxicities subjected to
speciation at distinct ambient pH. Furthermore, till date, limited research has been
conducted on the effects of drug metabolites. Discussed below are the frequently
used xenobiotic compounds that are predicted to pose environmental distress.

3.1.1 Analgesics and Nonsteroidal Anti-inflammatory Drugs (NSAIDs)

Extensively used nonsteroidal anti-inflammatory drugs (NSAIDs) are diclofenac,
ibuprofen, and naproxen, and their metabolites like the carboxy-ibuprofen and
hydroxyl-ibuprofen could be traced in the water sewage and surface. In the USA,
the levels of NSAID in the sewage system exceeded to 1 μg/L, and its concentration
in the effluents of the conventional sewage plants (biological treatment and mechan-
ical clarification) exceeded to 0.1 μg/L (Gross et al. 2004). The deacylated form of



acetylsalicylic acid, which is believed to be the more active form, has been deter-
mined in majority of the municipal wastewaters to levels up to 4.1 μg/L, 13 μg/L, or
even 59.6 μg/L, respectively (Embrandiri et al. 2016.). Acetaminophen (paraceta-
mol), which is similar to the acetylsalicylic acid, has been recovered from the
sewage-treated water. However, it was reported that in 24% of samples from US
streams, acetaminophen (up to 10 μg/L, median 0.11 μg/L) was spotted. In addition,
in several countries, analgesic codeine (median 0.01 μg/L) was recurrently detected
in 7% of samples. Furthermore, diclofenac was also commonly identified in the
wastewater and in minute amounts in the surface water. Ibuprofen and their metab-
olites (0.1–20 μg/L) were detected in all the seawater and sewage samples in Norway
(Wiegel et al. 2004). In the stream water samples, ibuprofen (1 μg/L, median 0.2 μg/
L) was traced in high concentrations (Kolpin et al. 2002). Besides, many other
NSAID compounds have also been traced in the surface, sewage, and drinking water
samples.
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3.1.2 Mode of Action

Pharmaceutical and xenobiotic substances have an impact on traditional sewage
treatment facilities and may hinder biological processes like nitrification. The oxi-
dation of ammonium to nitrite, the initial stage in the nitrification process, is
sensitive to the presence of xenobiotic chemicals. Under uncontrolled circum-
stances, xenobiotics can completely stop the biological nitrogen process by
inhibiting the first stages of nitrification (Essumang et al. 2009). It has been deter-
mined that many medication combinations are exposed in streams and rivers.
Diphenhydramines that are antidiabetic and antihistamine have been proven to
significantly disturb the biofilm community, which is crucial to the ecology. In
biofilms, which are microbial aggregations, cells that are frequently encased in
extracellular polymeric substances (EPS) matrix cling to one another or to a surface.
The vital food source for invertebrates, which in turn feed fish and other large
animals, is biofilms. Therefore, animals in the stream food web including insects
and fish may be affected by diphenylamines’ impacts on biofilm (Rosi-Marshall
2013). Antidepressant use causes some shellfish to begin spawning early, upsetting
the aquatic balance. Additionally, it was discovered that fluoxetine and propranolol
negatively affected zooplankton and benthic species (Hoffman et al. 2005). The
development of biofilms by bacteria is caused by a variety of factors, including
cellular recognition of specific or nonspecific attachment sites, nutritional signals, or
exposure of planktonic cells to subinhibitory concentrations of antibiotics (Hoffman
et al. 2005; Karatan and Watnick 2009). When exposed to tributyltin, female marine
snails displayed masculinization (imposex) (TBT). Due to imposex, local
populations of the dog whelk (Nucella lapillus), a “species of predatory sea snail,”
have declined or gone extinct all across the world, especially in coastal regions all
over Europe and the North Sea. Diverse fish species exposed to effluents have been
negatively impacted by EDCs (endocrine disruptors), leading to reproductive issues.
Similar effects have also been seen in turtles (Cleuvers 2003; Le Page et al. 2011).



Most cleaning products contain the broad-spectrum antimicrobial ingredient triclo-
san (TCS), which works to stop bacterial, fungal, and mildew growth. Triclosan is
released into water streams by leaking sewers, sewage overflows, and domestic
wastewater. The ongoing use of these antibiotics causes the development of resistant
bacteria, which could reduce the effectiveness of crucial antibiotics (Drury
et al. 2013).
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Xenobiotic substances that are released into surface water may leak into ground-
water, although this practice is currently severely prohibited since it could compro-
mise the ecological integrity of aquatic ecosystems. Important biological markers of
xenobiotic contamination include some aquatic creatures (Fent et al. 2006). Xeno-
biotic substances can enter the environment as metabolites or in their original forms.
Humans may process xenobiotic chemicals through consumption, excretion, and
wastewater disposal (Singh et al. 2016). In typical sewage treatment facilities, some
xenobiotic chemicals are nonbiodegradable and discharged with treated runoff,
which could contaminate aquatic systems like rivers, lakes, and estuaries
(Embrandiri et al. 2016). The most significant and crucial characteristics of xenobi-
otics are their high production, environmental persistence, and biological impacts.
Concerns have been raised around the world due to studies showing an increase in
the number of xenobiotic chemicals discovered in aquatic systems (surface water)
(Embrandiri et al. 2016). Animals in the food chain, such as fish and insects, are
impacted by xenobiotics (Rosi-Marshall 2013).

3.1.3 NSAIDs (Nonsteroidal Anti-inflammatory Drugs)

The NSAIDs (nonsteroidal anti-inflammatory drugs) are usually employed to relieve
fever and treat pain and inflammation, and under few circumstances, they are
employed in the long-term treatment of rheumatic diseases. NSAIDs act by
inhibiting either one isoforms of the cyclooxygenase enzyme (COX-1 and
COX-2), either reversibly or irreversibly, which are involved in the synthesis of
various prostaglandins from arachidonic acid. The classical NSAIDs inhibit the
COX-1 and COX-2 at different degrees, while the new NSAIDs act more specifically
on the COX-2, which is an inducible form, responsible for various inflammatory
reactions. The selectivity of the drugs is mainly due to the differences in binding site
size, while the former NSAIDs work in nonspecific fashion (Szewczuk et al. 2004).

3.1.4 Blood Lipid Regulators

Habitually described pharmaceutical in the observational studies is the clofibric acid,
an active metabolite and is commonly employed to regulate blood lipids like
etofibrate, etofylline, and clofibrate. These chemicals have been detected in copious
amounts in surface waters, wastewaters, and seawaters, specifically at a quite higher
concentration in the groundwater (4 μg/L) and drinking water (0.07–0.27 μg/L),
respectively. Gemfibrozil and bezafibrate, known as lipid-lowering agents, have



been found in extreme concentrations (up to 4.6 and 0.79 μg/L) in surface water and
wastewater, respectively (Kolpin et al. 2002). Additionally, auxiliary drugs acting as
metabolites of fenofibrate such as fenofibric, gemfibrozil, and clofibric acid have
also been traced in surface water and sewage water (Heberer 2002).
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Two types of antilipidemic drugs are fibrates and statins, which are employed in
lowering the triglycerides (fibrates) and cholesterol concentration (statins and
fibrates) in the blood plasma. These drugs are often frequently targeted in the aquatic
environment. Statins (inhibitors of cholesterol synthesis) are said to act by the
inhibition of 3-hydroxymethylglutaril coenzyme A reductase (HMG-CoA), which
is important to convert HMG-CoA to mevalonate. Reports have demonstrated that
the statins have exhibited effects on the biosynthesis (in vitro) and on the mandibular
organ of lobsters and also on the juvenile hormone synthesis in insects. Alteration in
the gene transcription, which encode for the proteins that control the metabolism of
lipoprotein, in addition to activating the enzyme lipoprotein lipase, whose main role
is controlling the protein metabolism, is one of the major effects of the fibrates. The
enzyme lipoprotein lipase has a role to play in the conversion of very-low-density
lipoprotein (VLDL) to high-density lipoproteins (HDL), thereby decreasing the
concentration of the plasma triglyceride. Moreover, it stimulates the uptake by
converting the acetyl CoA derivatives and catabolism by the beta-oxidation path-
ways. A combination of these processes leads to the reduction of the triglyceride
synthesis and fatty acids and thus decreases the VLDL production. Studies have
demonstrated that chronic exposure to fibrates caused hepatic damages; this could be
due to the mitochondrial oxidative phosphorylation inhibition. At the same time, it
was observed that the fibrates in rodents caused massive proliferation of peroxi-
somes. There was a strong co-relation established between hepatocarcinogenicity
and fibrate exposure in rodents, while this wasn’t demonstrated in humans
(Cajaraville et al. 2003). These demonstrations enhance the interest to focus on the
ecotoxicological impact of therapeutic applications of these drugs.

3.1.5 Beta-Blockers

Various beta-blockers like metoprolol, propranolol, and bisoprolol were found in the
wastewater of concentrations 2.2 μg/L, 0.59 μg/L, and 2.9 μg/L, respectively. Few
other beta-blockers, betaxolol (0.028 μg/L) and nadolol, in the surface waters were
detected at its lowest concentration (Ternes 1998). The presence of metoprolol,
bisoprolol, and propranolol was detected in the surface water, in addition to the
detection of sotalol in groundwater (Sacher et al. 2001).

They act by inhibiting the beta-adrenergic receptors. Generally, these are
employed in the treatment of hypertension and preventing heart attacks in high-
risk patients. Some of the functions of the adrenergic system are bronchodilation,
vasodilatation of blood vessels, oxygen supply, and heartbeat regulation. Moreover,
it is necessary for the metabolism of lipids and carbohydrates in case of starvation.
Beta-blockers could selectively hinder one or more β-receptor types based on the
requirement. For example, these chemicals are involved in the treatment of



hypertension by preventing the cardiac arrests, as the β-2 blocker subtype is not
present in the heart.
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Unlike the metoprolol which lack the ability to stabilize cell membranes, the beta-
blocker 9 propranolol, a beta-1-adrenoceptor antagonist, exhibits those properties
(Doggrell 1990). Negative effects of these beta-blockers are majorly disturbed
peripheral circulations and bronchoconstriction. These work by passing the blood-
brain barrier, to act on the central nervous system, due to their lipophilicity (Heberer
2002). Ractopamine and clenbuterol have the role of β-agonist in mammals; how-
ever, they showed different reactions in rainbow trouts. The difference in the
functions may be due to the difference in their function and structures and varied
affinity with β-blockers and mechanisms triggered by these drugs.

3.1.6 Neuroactive Compounds (Antiepileptics and Antidepressants)

The antiepileptic carbamazepine was most commonly detected at the highest con-
centration in the wastewater (up to 6.3 μg/L) (Ternes 1998) and in lesser concentra-
tions in other media (Heberer 2002). In all the effluent samples, carbamazepine was
traced on the Canadian sewage treatment plant (STP) (2.3 μg/L). In addition, it was
also reported to be traced on all the samples of German river Elbe and streams
(Wiegel et al. 2004), which exceeded a concentration of 1 μg/L in the surface waters
(Ternes 1998; Heberer 2002) and also was detected in the groundwater (Sacher et al.
2001). Carbamazepine was detected at average concentrations of 20.9 ng/mg in the
STP. In Germany, diazepam was reported to be present in 8 out of 20 treatments, at
lower concentrations (0.04 μg/L) (Ternes 1998), whereas it was recorded at a
concentration of 0.66 μg/L (van der Ven et al. 2004) in Belgium. Fluoxetine, an
antidepressant, was found in the US streams and Canadian effluent samples at a
median concentration of 0.012 μg/L (Kolpin et al. 2002). Besides, primidone (0.6
μg/L), an antiepileptic drug, was reported in the sewage (Heberer 2002) samples.

3.1.7 Mode of Action

The overall neuronal activity will be suppressed by the antiepileptic drugs. This
could be brought about either by enhancing the inhibitory effects of the neurotrans-
mitter (GABA) by binding to the site exactly which corresponds to the gamma
subunit of the corresponding receptor (member of benzodiazepine family/diazepam).
One more way is by blocking the voltage-dependent sodium channels of excitatory
neurons (e.g., carbamazepine). Serotonin uptake is inhibited by fluoxetine (antide-
pressant). Serotonin is a neurotransmitter which interferes with the food intake,
sexual behavior, and neuronal and hormonal mechanisms. Norfluoxetine, fluoxetine,
desmethylsertraline, and sertraline have been found accumulated from the wild fish
samples in the, reflecting on the bioaccumulation potential (Brooks et al. 2005).
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3.1.8 Various Other Compounds

The effluents of the surface waters and sewage treatment plants have found to be
contaminated by drugs comprising of cotinine and caffeine (a nicotine metabolite).
Caffeine was found detectable in higher levels (6.0 μg/L (median 0.1 μg/L (Kolpin
et al. 2002); this can act as an anthropogenic marker in aquatic systems because of its
ubiquity in the groundwater, seawater, and surface water (Wiegel et al. 2004). In the
streams of the USA, the antacids ranitidine and cimetidine were found to occur at the
respective concentrations (0.58 and 0.01 μg/L) (Kolpin et al. 2002). In the surface
water (0.49 μg/L), groundwater, and municipal wastewater (15 μg/L), iopamidol was
found to be detected. Metformin, an antidiabetic compound (5%), was found in the
stream water samples, with the estimated levels of 0.11 μg/L (Kolpin et al. 2002).
Bronchodilators such as salbutamol and β2-sympathomimetic terbutaline were also
observed in the sewage waste waters, however not exceeding 0.2 μg/L concentration
(Ternes 1998).

Ranitidine and cimetidine compounds hinder the histamine receptor type 2 in the
gastric system, hence inhibiting the antacid (acid secretion) and thus used in the
treatment of gastric ulcer. Metformin is an antidiabetic agent; however, the mecha-
nism of action isn’t fully understood. It has been studied that this drug increases the
cellular glucose usage, thus inhibiting gluconeogenesis. Metformin is said to act on
the insulin receptor by directly stimulating the insulin receptor or indirectly via
inhibition of tyrosine phosphatase (Holland et al. 2004).

3.1.9 Effects of Xenobiotics on Ecosystem

It has been recorded that more than 13 million deaths and 24% of the world diseases
are a cause of environmental pollution and exposures to various contaminates, which
could be indeed avoided. As of today, traceable amounts of pharmaceutical prepa-
rations (metabolite/parent drug) are found in both food and water sources (Banjoko
2014). Severe consequences could be predicted as a result of medications for
humans and animals, which extends beyond the conventional medical care.
Healthcare sectors are one of the significant causes of active pharmaceutical ingre-
dients (API) let out from medication residues and a prime cause of environmental
pollution.

3.1.10 Effects on Aquatic Ecosystem

The aquatic organisms could be an important biological indicator of pollution. A
comprehensive study was conducted on the occurrence, ultimate fate of the phar-
maceuticals in the aquatic environment, and the mechanism of action of various
pharmaceuticals and expanded chronic and acute ecotoxicological effects on organ-
isms (Fent et al. 2006).
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Pharmaceuticals are said to be the most frequently released effluents into the
environment either in their metabolite or the original form. The main pathway in the
humans includes ingestion, excretion, and disposal through the wastewater. The
largest source of human pharmaceuticals is wastewater.

Wastewaters let out from manufacturers, hospitals, and landfill leachates might
contain significant concentrations of pharmaceuticals. The nondegradable pharma-
ceuticals in the sewage treatment plant (STP) are released into the treated effluents
which ultimately results in the contamination of drinking water, groundwater,
estuaries, rivers, and lakes. Agricultural sector contamination is a possibility when
sewage water is let into the farms and fields. Moreover, the drugs used in the
veterinary sector enter the waterways as a course of surface application for agricul-
tural farming purposes, and runoff affects the fish farming. Effluents let out from the
pharmaceuticals have high environmental significance and sometimes have high
production volume and increased environmental persistence particularly after the
long-term exposure. It has been noted that the pharmaceutical concentrations traced
in surface waters globally are a matter of concern, mostly with respect to the aquatic
flora and fauna. Thereby, its is a huge task in initiating a strategy to prioritize drugs
on which majority of the environmental research focus must rely upon. Among the
aquatic life, most often shared drug targets with humans are the fishes. Very little
information is known regarding the long-term effect of drugs in aquatic organisms.
Diclofenac is said to interfere with the organ histology and gene expression of fishes
while exposed at a concentration of l μg/L (Cuklev et al. 2012). In India, surface
water collected from 27 locations of the rivers in southern India (Tami and Kaveri)
exposed the presence of nonsteroidal anti-inflammatory drugs (NSAIDs) such as
acetylsalicylic acid, naproxen, ketoprofen, and ibuprofen. This alarming situation
imparts direct toxicity in the case of all the consumers of the water (Shanmugam
et al. 2014). In a similar scenario, the effluents let out from a treatment plant in
Hyderabad, India, was reported to be the reason for the deleterious effects on aquatic
organisms. Embryo toxicity assay carried out revealed that smaller concentrations
(0.2%) of effluents hindered the growth of tadpole by 40%; however, the growth rate
of zebra fish (Danio rerio) was not impeded. Regardless, the study focused on fishes;
meanwhile, it also shed light on how the aquatic vertebrates are probably affected as
a result of effluent exposures and the substances responsible in causing toxic effects
at the threshold dilutions (Shanmugam et al. 2014). Rivers and streams have been
identified as sources often exposed to various drug combinations. Significant dis-
ruption was caused to the biofilm community, an important part of the ecosystem as
a result of usage of antihistamine diphenhydramines and antidiabetics. In addition,
the biofilms also serve as a major source of food for the invertebrates that in return
are fed by larger animals of the aquatic lives.

Thus, the diphenylamines could affect biofilms and therefore have repercussion
for animals in stream food webs like the fishes and insects (Rosi-Marshall 2013).
Disruption of the aquatic equilibrium by early activation of spawning in some
shellfish might be one of the effects of antidepressant usage.

Moreover, deleterious effects were posed as a result of fluoxetine and propranolol
usage on the benthic organisms and zooplanktons (Hoffman et al. 2005). Aspects



such as nutritional cues, nonspecific attachment sites, cellular recognition of specific
attachment sites, and planktonic cells exposed to antibiotics at the subinhibitory
concentrations lead to the formation of biofilms by microbes (Hoffman et al. 2005;
Karatan and Watnick 2009). Exposure of female marine snails to tributyltin (TBT)
resulted in masculinization (imposex). The decline or extinction of local populations
of the dog whelk (Nucella lapillus), a predatory sea snail species in the coastal areas
and all over the North Sea and Europe, is due to imposex. One of the best examples
of reproductive impairment causing population decline is the DDE
(dichlorodiphenyldichloroethylene)-induced eggshell thinning in birds in North
America and Europe. Ovotestis in male western gulls is a result of gradual DDT
complex (dichlorodiphenyltrichloroethane) exposure. A variety of fishes, exposed to
effluents (EDC-endocrine disruptors) have negative effects on their reproductive
system. Similar effects have been demonstrated in turtles (Cleuvers 2003; Le Page
et al. 2011). Broad-spectrum antimicrobial compounds (Triclosan-TCS) have been
active ingredients in the cleaning products for preventing the growth of mildew,
bacteria, and fungi. This is reported to enter the domestic wastewater, sewage
overflows, water streams, and leaking sewerage, causing adverse effects on the
aquatic life forms.
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The removal of these contaminants is a severe environmental problem because
there are several xenobiotic chemicals present in typical sewage treatment systems,
each of which has its own effects. Xenobiotics are persistent in the environment and
difficult to break down, for example, trichloroethylene (TCE) and polycyclic aro-
matic hydrocarbons (PAHs).

Due to these xenobiotics’ unique chemical characteristics, they accumulate in the
environment. As a result, these xenobiotics exhibit traits of toxicity and accumula-
tion in the environment and have an impact on both the natural world and human life.
Xenobiotic pollutants can have an impact on the climate and human health and are
typically found in biological systems, agricultural runoff, and water and wastewater
sources (Fatta-Kassinos et al. 2011). Common xenobiotic receptors exist in tradi-
tional sewage treatment plants and must be treated with municipal wastewater before
being released into aquatic systems. The presence of trace metals, xenobiotic sub-
stances, and synthetic organic chemicals such as PAHs, phthalates, and pesticides in
water bodies has been documented (Essumang and Ankrah 2010).

Pharmaceutical and xenobiotic substances have an impact on traditional sewage
treatment facilities and may hinder biological processes like nitrification. The oxi-
dation of ammonium to nitrite, the initial stage in the nitrification process, is
sensitive to the presence of xenobiotic chemicals. Under uncontrolled circum-
stances, xenobiotics can completely stop the biological nitrogen process by
inhibiting the first stages of nitrification (Essumang et al. 2009). It has been deter-
mined that many medication combinations are exposed in streams and rivers.
Diphenhydramines that are antidiabetic and antihistamine have been proven to
significantly disturb the biofilm community, which is crucial to the ecology. In
biofilms, which are microbial aggregations, cells that are frequently encased in an
extracellular polymeric substance (EPS) matrix cling to one another or to a surface.
The vital food source for invertebrates, which in turn feed fish and other large



animals, is biofilms. Therefore, animals in the stream food web including insects and
fish may be affected by diphenylamines’ impacts on biofilm (Rosi-Marshall 2013).
Antidepressant use causes some shellfish to begin spawning early, upsetting the
aquatic balance. Additionally, it was discovered that fluoxetine and propranolol
negatively affected zooplankton and benthic species (Hoffman et al. 2005). The
development of biofilms by bacteria is caused by a variety of factors, including
cellular recognition of specific or nonspecific attachment sites, nutritional signals, or
exposure of planktonic cells to subinhibitory concentrations of antibiotics (Hoffman
et al. 2005; Karatan and Watnick 2009). When exposed to tributyltin, female marine
snails displayed masculinization (imposex) (TBT). Due to imposex, local
populations of the dog whelk (Nucella lapillus), a species of predatory sea snail,
have declined or gone extinct all across the world, especially in coastal regions all
over Europe and the North Sea. Diverse fish species exposed to effluents have been
negatively impacted by EDCs (endocrine disruptors), leading to reproductive issues.
Similar effects have also been seen in turtles (Cleuvers 2003; Le Page et al. 2011).
Most cleaning products contain the broad-spectrum antimicrobial ingredient triclo-
san (TCS), which works to stop bacterial, fungal, and mildew growth. Triclosan is
released into water streams by leaking sewers, sewage overflows, and domestic
wastewater. The ongoing use of these antibiotics causes the development of resistant
bacteria, which could reduce the effectiveness of crucial antibiotics (Drury
et al. 2013).
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Xenobiotic substances that are released into surface water may leak into ground-
water, although this practice is currently severely prohibited since it could compro-
mise the ecological integrity of aquatic ecosystems. Important biological markers of
xenobiotic contamination include some aquatic creatures (Fent et al. 2006). Xeno-
biotic substances can enter the environment as metabolites or in their original forms.
Humans may process xenobiotic chemicals through consumption, excretion, and
wastewater disposal (Singh et al. 2016). In typical sewage treatment facilities, some
xenobiotic chemicals are nonbiodegradable and discharged with treated runoff,
which could contaminate aquatic systems like rivers, lakes, and estuaries
(Embrandiri et al. 2016). The most significant and crucial characteristics of xenobi-
otics are their high production, environmental persistence, and biological impacts.
Concerns have been raised around the world due to studies showing an increase in
the number of xenobiotic chemicals discovered in aquatic systems (surface water)
(Embrandiri et al. 2016). Animals in the food chain, such as fish and insects, are
impacted by xenobiotics (Rosi-Marshall 2013).

4 Bioconcentration and Bioaccumulation of Xenobiotics

Bioaccumulation of persistent hydrophobic xenobiotics in aquatic species can occur
through a variety of methods, including bioconcentration, ingestion, and
biomagnification. Even if the subchronic, chronic, or acute consequences are not



obvious, bioaccumulation should be considered a hazard criterion in and of itself,
because certain harmful effects may not be noticed until later in life.
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Bioconcentration refers to the absorption and retention of a substance in an
organism solely through respiration from aquatic ecosystems or terrestrial ones.
The bioconcentration factor (BCF) is defined as the concentration of a chemical in
an organism divided by the concentration of the same chemical in the environment
or a component of the environment (e.g., water). The BCF is mostly used to predict
the degree of accumulation of an organic contaminant in water by organisms. For
terrestrial animals, food is usually the primary source of many xenobiotic com-
pounds, and if the rate of intake is constant, a steady state is eventually formed.
Chemicals can enter the organism primarily through three different entryways such
as gills, skin, and digestive system. The chemicals are dispersed throughout the
various tissues once they have entered the body. The distribution process is
influenced by the characteristics of the absorbed compounds, which may have a
strong affinity for specific biomolecules like membrane lipids, blood proteins,
structural proteins, or storage lipids. As a consequence, they tend to accumulate in
organs that are abundant in these biomolecules (Da Cuña et al. 2020; Hou et al. 2017;
Grech et al. 2016).

The process by which pesticides enter organisms directly from water through the
gills or through epithelial tissues is known as bioconcentration. In the contrary,
bioaccumulation includes the effect of dietary assimilation through food consump-
tion or ingestion of bottom sediments. Organic hydrophobic compounds, including
PCBs, are predominantly bioaccumulated in the lipid body component of the
organisms. The discovery of DDT (dichlorodiphenyltrichloroethane) and methyl
mercury residues in fish, fish-eating birds, and other species in the 1960s brought
the phenomena of bioaccumulation to the attention of the general public.

Intake of a chemical and its concentration in the organism by all possible means,
including contact, respiration, and ingestion, is called bioaccumulation.
Bioaccumulation of organic hydrophobic chemicals, such as PCBs, mainly happen
in the lipid body fraction of the organisms. The xenobiotic compounds dissolved/
suspended in the medium, as well as ingested food and sediment residues, are taken
up. Bioaccumulation factor needs to be incorporated.

In the case of a predator, the majority of xenobiotic compounds are consumed
through the ingestion of prey that has previously concentrated on a xenobiotic
(Fig. 4).

4.1 Biomagnification of Xenobiotics

Biomagnification is the process of transferring xenobiotic chemicals from food to an
organism, resulting in larger quantities than the source. The term biomagnification
includes the full process of bioconcentration and bioaccumulation. Furthermore, it
considers the slow increase in chemical concentration in the tissues of organisms as
it moves through the food chain. This is widely assumed to be a common occurrence
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in marine food webs. Only organic mercury displays biomagnification in studies on
metals, while the majority of metals are controlled and eliminated and do not
biomagnify.
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4.2 Xenobiotic Compounds: Other Effects

High toxicity: Many xenobiotics are harmful to bacteria, lower eukaryotes, and even
humans, such as halogenated and aromatic hydrocarbons. They may cause numerous
skin issues and impair reproductive capacity at low dosages.

Cancer-causing substances: The majority of xenobiotic chemicals include carcin-
ogens. They experience significant bioaccumulation and biomagnification. The cells
become resistant to antibodies as a result of this transmission in the food chain. They
have an extremely high risk of developing cancer-like diseases.

High resistivity to the environment: Many xenobiotics are recalcitrant and remain
in the environment, causing their concentration to rise with time.

Coral bleaching: When coral is exposed to high quantities of various xenobiotics
such as copper, herbicides, and oil, zooxanthellae are lost.

Since high xenobiotic concentrations cause zooxanthellae loss, bleaching from
such sources is typically confined and/or transient.

4.3 Marine Life Affected by Xenobiotics

Xenobiotics have a deleterious impact on a number of marine creatures’ metabolic
processes, particularly those of developing fish embryos, which results in morpho-
logical and functional defects, stunted growth, and eventual death. Fish have also
been known to have altered body shape, bodily abnormalities, and delayed hatching,
and some even die (Arya et al. 2019). The fact that dyes and paints impede sun-
light and obstruct gas exchange makes them xenobiotics even when they are present
in minute concentrations (Rápó et al. 2021). The main sources of xenobiotic
contamination in marine life are pesticides and herbicides. Organophosphorus,
nitrophenols, morpholine, synthetic pyrethroids, and carbamates are just a few
examples of the chemicals that are frequently employed in agriculture and daily
life. These chemicals later find their way into various water bodies, such as the sea
and ocean. Marine life and invertebrates are seriously threatened by insecticides like
cypermethrin (Tornero and Hanke 2016). The bioaccumulation of xenobiotics
causes the ingested substances to change into a variety of metabolites. In organs
such as the liver, gills, and kidneys, metabolic processes occur very vigorously
(Gomez et al. 2010). Consequently, typically simpler-to-expel molecules are created,
yet there are also known instances in which the metabolic byproducts prove to be
more toxic and accumulative than the initial chemicals (La Farre et al. 2008).
Excretion is the final stage of interaction of chemicals with the body. In this scenario,



elimination occurs predominantly through the gills and through fecal egestion, and
the primary routes are identical to absorption (Arnot and Gobas 2006). Additionally,
a pseudo-elimination process that involves dilution of chemical substances in devel-
oping tissues should be taken into account (Segner 2015). The bioaccumulation
phenomenon, which denotes the accumulation of ambient chemicals in living things’
tissues, is caused by all of the abovementioned processes.
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4.4 Food-Based Xenobiotic Uptake

The gastrointestinal system easily absorbs the xenobiotics drawn in through the
integument and gill surface using similar diffusion and transport mechanisms. Due
to prolonged interaction between the food and membranes, lipophilic xenobiotics
ingested are easily absorbed. In unionized form, weak acids and bases are absorbed.
While the intestinal pH favors the absorption of neutral or weakly basic xenobiotics,
the stomach pH favors the diffusion of weak acids.

To fully understand how chemicals enter the body, what happens to them inside,
and how they are excreted, it is worthwhile to trace the processes of uptake,
distribution, metabolism, and excretion.

Due to the resistivity of xenobiotics, they are highly resistive and complex. There
is a need to control the spread of these compounds in the food chain and prevent their
further magnification. For the removal and detoxification of toxins from the envi-
ronment, the microbial bioremediation technique has recently emerged as the best
alternative. Synthetic biology is addressing xenobiotic and related compound decon-
tamination and remediation solutions in the environment. It has been discovered that
understanding existing metabolic pathways is a prerequisite for removing xenobiotic
compounds.

4.5 Xenobiotic Metabolism in Aquatic Animals

Xenobiotics are chemicals which are foreign to an organism’s normal metabolism
(Brodie et al. 2002). Most commonly, xenobiotics are referred to carcinogens, drugs
and various compounds artificially introduced into environments. Majority of xeno-
biotics are toxic in nature, and an organism tries to overcome the toxic effect by
modifying the chemical structure by set of interconnected reactions called metabolic
pathways. These pathways are mediated by a variety of enzymes.

The xenobiotics are ultimately excreted from the body. The excretion can happen
in two ways: (1) excretion in unchanged state and (2) metabolized endogenously and
then excreted (Johnson et al. 2012). Xenobiotics may be water soluble or lipid
soluble. Water-soluble compounds may be eliminated from the body in the
unchanged state, whereas the lipophilic or lipid soluble compounds must be



metabolized in order to make it more polar and water soluble and can be excreted
from the body easily (Schenkman 1999).
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Metabolism of xenobiotics can result in (1) activation and (2) detoxification. In
case of activation, the metabolism of xenobiotics can result in increasing the toxicity,
whereas in the case of detoxification, metabolism results in decreasing toxicity.
There are two types of metabolism: Phase I and Phase II.

Phase I: This type of metabolism is also called functionalization reaction. The
enzymes involved in this phase are responsible for oxidation, reduction, hydra-
tion, and hydrolysis, or they introduce functional group like -OH, -COOH, etc. to
xenobiotics so that enzymes of Phase II metabolism attach large polar moieties
such as glutathione, sulfate, amino acid, etc. The metabolites resulting from Phase
I metabolism are more reactive chemically than the parent compound. This
metabolism ultimately develops metabolites which is suitable for undergoing
Phase II metabolism (Livingstone 1998).

Phase II: Alternatively, this type of metabolism is called conjugative reaction. In
this metabolism, activated derivatives produced in Phase I metabolism are con-
jugated with polar moieties like glutathione, amino acids, etc. to produce water-
soluble derivatives which can be easily excreted (Livingstone 1998).

4.5.1 Enzymes Involved in Phase I Metabolism

As mentioned earlier, Phase I involves oxidation, reduction, hydrolysis, and hydrox-
ylation. Different enzymes participate in each reaction:

1. Oxidation: Oxidation is performed mainly by three categories, namely, (1) cyto-
chrome P-450monooxygenase or mixed function oxidase (MFO), (2) microsomal
flavin-containing monooxygenase (MFMO), and (3) other oxidative enzymes.

(a) Cytochrome P-450 monooxygenase or Mixed Function Oxidase
The name MFO is coined because it catalyzes reactions in which each of

two atoms of O2 is utilized for different purposes in a reaction. These
enzymes oxidize two different substrates. The MFO converts the lipophilic
substrates (RH in the following equation) into a metabolite which is more
hydrophilic than RH (ROH in the following equation) as follows:

NADPHþ Hþ þ O2 =RH MFO →NADPþ þ H2Oþ ROH

Herein, reaction oxidation of RH and NADPH is performed by each of the
atoms of the oxygen. This family of enzymes has the ability to convert a wide
variety of substrates (i.e., xenobiotics) such as insecticides, carcinogens, and
environmental pollutants to more polar compounds that can be very easily
excreted into the environment (Cederbaum 2015).
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(b) Microsomal Flavin-Containing Monooxygenase (MFMO)
Flavin-containing monooxygenases (FMOs) and cytochrome P450 are

two categories of proteins of microsomal origin. They add molecular oxygen
to lipophilic compounds and convert them into water-soluble compound to
ensure its rapid excretion. FMOs are responsible for oxygenation of
nucleophilic S, N, O, and Se atoms of a wide range of substrates such as
thiols, amines, amides, sulfides, etc. (Eswaramoorthy et al. 2006).

(c) Other Oxidative Enzymes
There are many oxidative enzymes like alcohol dehydrogenase, aldehyde

dehydrogenase, and aldehyde oxidase involved in degradation of xenobiotics.

2. Reduction: The enzymes which are involved in this mechanism of detoxification
of xenobiotics belong to cytochrome P 450 and P 450 reductase. These systems
play important role in the metabolism of both endogenous and exogenous
compounds including insecticides (Jing et al. 2018). There are many substrates
for these enzymes which include epoxides, azo and nitro-compounds, haloge-
nated compounds, and heterocycles.

3. Hydrolysis: It is a reaction involving addition of water as a result of which toxic
substances splits into two smaller molecules. During the course of hydrolysis,
hydroxyl group is added to one of the fragments, and hydrogen atom is added to
another. A broad range of esterases such as carboxyl esterase, amidases, and
phosphatases participate in this reaction (Arand et al. 2005). The substrates for
these enzymes are amides, esters, hydrazides, and carbonates.

4. Hydration: Hydration is the process of combining with water. The enzymes
epoxide hydratase (epoxide hydrase or hydrolase) are mainly involved in hydra-
tion. The substrates of this enzyme are epoxides.

4.5.2 Enzymes Involved in Phase II Metabolism

These enzymes facilitate reactions such as glucouronidation, glycosidation,
sulfation, etc.

1. Glucouronidation: It is a very important Phase II metabolic pathway. This
process involves metabolism of parent compound by an enzyme called UDP-
glucuronosyltransferases (also called as UGTs) into negatively charged hydro-
philic glucuronides that require efflux transporters for excretion out of the cell.
Therefore, removal of xenobiotics via glucouronidation in metabolically active
cell requires (1) UGT enzymes for production of glucuronides from the parent
compound and (2) efflux transporters for excretion of glucuronides (Yang et al.
2017). Substrates for this reaction include alcohols, carboxylic acids, amides,
thiols, sulfonamides, and phenols.

2. Glycosidation: This is a process of addition of sugars to small organic molecules
mediated by a superfamily of enzyme called UDP-glycosyltransferases. The
enzyme catalyzes the transfer of glucuronic acid to a wide variety of exogenous
and endogenous lipophilic substrates (Meech et al. 2019).
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3. Sulfation: It is a reaction involving addition of SO3 group. It is mediated by
cytosolic enzyme sulfotransferases. The substrates for this enzyme are phenols,
alcohols, amines, and thiols.

Toxicity of Xenobiotics in Aquatic Ecosystems

A broad range of chemicals are used in many industrial and household activities. It
has been observed that these chemicals are known to disturb the normal physiology
and endocrinology of living organisms. The xenobiotics are mainly known to cause
three major problems: (1) neurophysiological, (2) reproductive, and (3) behavioral.
These effects are interrelated i.e., neurophysiological changes cause behavioral
changes and behavioral changes affect the reproduction. The effect of xenobiotic
on the target organism or community depends on concentration of compound and
time of exposure. The toxic effect of xenobiotics can be acute or chronic. In case of
acute toxicity, the effect is very rapid, clearly defined, whereas the induction of
chronic toxicity requires long exposure to low doses (Zaki and Hamaam 2014).

Xenobiotics are negatively affecting a plethora of metabolic processes in aquatic
animals particularly in developing fish embryos, which causes abnormal and
retarded growth leading to death, resulting in functional and morphological abnor-
malities. In addition, several studies recorded the abnormalities like altered body
shape, body abnormalities, and delay in hatching in fishes (Arya and Haq 2019). The
xenobiotics like dyes and paints restrict the penetration of light and inhibit the gas
exchange (Abdelkader et al. 2011). For marine life the pesticides and herbicides are
the major sources of xenobiotic pollution. Chemicals like nitrophenols, organophos-
phorus, morpholine, and synthetic pyrethroids used as agricultural chemicals
reached the various waterbodies including the sea. Pesticides like β-cypermethrin
causes severe problem to marine life and invertebrates (Zhang et al. 2011).

5 Conclusion

At present, majority of the researchers have focused on the impact of pesticides and
xenobiotics on the climate change and their impact on the environment, including
the aquatic life forms as well as the human health. Both the chemical forms have
adversely affected the climate (salinity and temperature). The increase in tempera-
tures could enhance their metabolism and degradation. In addition, these changes
could also facilitate the contaminants to get into the ground and surface waters,
thereby affecting the aquatic life forms. These chemical contaminants are transferred
into the food webs and chains, thereby affecting all the organisms at the tropic levels
as well as the nutrient cycle. In order to mitigate the combined effects of the
pollutants on the climate, humans, and aquatic life forms, enhanced awareness to
the society must be conveyed regarding the effects of the chemical pollutants and
their impact on the environment. The increase in the salinity and temperature, linked



to the change in climate, could probably affect the distribution of toxicity of the
pollutants employed and increase its persistence in the aquatic ecosystems. Cur-
rently, many researchers have been focusing on ways to minimize the pollutant
effects on the change in climate and the ecosystems, in addition to making it
sustainable for its usage and also enhancing its sustainability toward the
environment.
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Endocrine-Disrupting Activity
of Xenobiotics in Aquatic Animals

Prem Lata, Younis Ahmad Hajam, Rajesh Kumar, and Seema Rai

1 Introduction

From the last decade, there are several evidences which state that with the increase in
anthropogenic activities, some compounds are introduced in the ecosystem which
affect the endocrine system of vertebrates (Oberdörster and Cheek 2001). These
compounds are known as “endocrine-disrupting chemicals” (EDCs). The US Envi-
ronmental Protection Agency defined them as “exogenous compounds” that interfere
with the physiological functions and actions of endogenous hormones associated
with homeostasis maintenance and regulate the developmental processes (Kavlock
et al. 1996). Recent studies extended this definition and stated that EDCs may be
natural or synthetic as they have the potential to disrupt the hormonal and homeo-
static systems that regulate the communicating pathways of organisms with respect
to the environment (Diamanti-Kandarakis et al. 2009). A consensus was conducted
by La Merrill et al. (2020), in which they stated that the significant features of EDCs
are their interaction with or activation potential of hormone receptors, hormone-
mediated signaling in cells, transport of hormones across the plasma membranes,
distribution of hormones or level of hormone in circulatory system, metabolism of
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hormone or its clearance, etc., which shows hormone-producing cell effects and
epigenetic alteration induction in hormone-responsive cells. However, the effects
mostly in in vivo conditions and having natural correlation become very tough to
recognize. In this there are some EDCs that comprise plasticizers, byproducts of
industries, dioxins, drugs, pesticides, etc. These EDCs have created major concerns
due to their adverse effects on wildlife and humans (Sharpe and Skakkebaek 1993;
Maiti et al. 2019). From the literature survey, it has been reported that EDCs induce
various reproductive and developmental disorders in males and females (Crain et al.
2008), breast cancer (Darbre 2006), prostate cancer (Mahajan et al. 2006), and
obesity (Grun et al. 2006).
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Exogenous molecule endocrine disruptors that change the endocrine glands
function in biological system inducing adverse effects on the health of a population
or an individual. It is a well-known fact that EDs aggravate the hormonally regulated
physiological activities, i.e., growth, development, and reproduction (Sundaray et al.
2021). These EDs work through different mechanisms, like either they bind to
hormone receptor or alter the endogenous hormones level or modulate the expres-
sion of genomic network. This in turn stimulates/inhibits the downstream cellular
and molecular cascades, hence affects the normal indices and functions. Currently,
various in vitro assays have been developed comprehensively by different agencies
to identify EDs, among them are organic molecules having low molecular weights.
In contrast, in vivo assays for the identification of ED are very sensitive and provide
biological eco-relevant results than in vitro assays. In addition, endocrine disruptors
intermingle with other pollutant families that produce harmful effects when they
enter into the aquatic system. Endocrine disruptor comprises pesticides, hormonal
mimics, heavy metals, polychlorinated biphenyls, organic solvents, flame retardants,
surfactants, pharmaceuticals, etc. Moreover, certain endocrine disruptors are natu-
rally occurring, which are synthesized by natural organisms such as fungi or plants
(Liu et al. 2010). On the other hand, other endocrine disruptors are synthesized by
degradation of industrial chemicals (polycyclic aromatic hydrocarbons). It has been
studied that in wildlife fauna, EDs induce irreversible reproductive dysfunctions
reported by the workers (Tubbs and McDonough 2018), which includes feminiza-
tion of males and infecundity (Gimeno et al. 1998). Besides these reproductive
abnormalities, they also cause disorders of other endocrine systems in different
axes, by inducing antagonistic or agonistic impacts upon binding to hormone
receptors. In addition, some of them are adverse (seen in wild animals/experimental
organisms), might also occur in humans when exposed to certain concentration, and
cause endocrine dysfunctions. Endocrine-disrupting chemicals (EDCs) are structur-
ally different groups of chemical compounds that are having potential to damage
human health, wildlife, fisheries, and their future generations due to their interaction
with the endocrine system (Hansen 1998). Generally, endocrine-disrupting
chemicals are utilized in different sectors like agriculture and industry which
includes PCBs, organochlorine pesticides, plasticizers, and surfactants. There are
different well-known EDCs such as estrogenics, impacting the reproductive system
due to the lipophilicity and persistent nature of the xenobiotic estrogen and their



S. No. Physiological effect References

produced metabolites which get accumulated and biomagnified (Adami et al. 1995),
environmental estrogen, anti-estrogen, etc. All these endocrine disruptors function
same as steroid sex hormones. Herein, estrogen and androgen are bind with the
hormone receptor complex, control the cellular level of signing pathways (environ-
mental estrogens and androgens), and change or block the anti-estrogens and anti-
androgens reported by various researchers (Fossi and Marsili 2003) (Table 1; Fig. 1).
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Table 1 Commonly detected in aquatic organisms

Name of endocrine
disruptor (EDs)

1. Bisphenol A (BPA) Significantly increases the morphological
alteration, nuclear changes, and DNA dam-
age potential of BPA in RBCs

Sharma and
Chadha
2021

2. Dioxins “Blue sac” toxicity in fish larvae
Reproductive toxicity in adults

King-
Heiden et al.
2012

3. Perchlorate Hepatotoxicity, thyroid hormone which pro-
motes growth, reproduction, embryonic
development, and metamorphosis initiation

Power et al.
2001

4. Perfluoroalkyl and
polyfluoroalkyl sub-
stances (PFAS)

Decreases ovarian reserve and endogenous
hormone synthesis by activation of peroxi-
some proliferator-activated receptors, deteri-
orates gap junction intercellular
communication between oocyte and
granulosa cells,
decreases the level of thyroid hormone,
antagonizing ovarian enzyme activities
associated with ovarian steroidogenesis, or
suppresses the kisspeptin signaling in the
hypothalamus

Ding et al.
2020

5. Phthalates Reproductive, endocrine, immune,
genotoxic, and nephrotoxic effects

Munshi
et al. 2013

6. Phytoestrogens Both phytoestrogens genistein and daidzein
show estrogenic effect in Nile tilapia larvae
sexual differentiation and in turn impair the
masculinization

El-Sayed
et al. 2012

7. Polybrominated
diphenyl ethers (PBDE)

Liver, thyroid gland, and possibly develop-
ing reproductive organs

Kuriyama
et al. 2005

8. Polychlorinated biphe-
nyls (PCBs)

Polychlorinated biphenyls, in the liver, GI
system, skin, blood, and reproductive and
nervous system which shows toxic effects

Longnecker
et al. 1997

9. Triclosan Sinusoidal dilation, congestion,
vacuolization, hepatocellular degeneration,
and necrosis

Arman 2021

On our planet has approximately 4500 species of mammals, and aquatic mam-
mals comprise a small percentage of this number; however, they contribute signif-
icantly for the maintenance of ecological balance in the marine and freshwater



ecosystem. There are many aquatic species (mammalian) such as pinnipeds and
odontocete cetaceans. There are top predators that help control communities.
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Fig. 1 Figure showing different xenobiotic compounds

However, reduction or disappearance in some areas may considerably alter the
structure of community. From the last decades, different studies reported that various
mammalian species are prone to the toxicological effects due to the xenobiotic
compounds (Bernhoft et al. 2000; UNEP 2001; Dar et al. 2020), with huge
endocrine-disrupting chemical class. There are some mammals in the aquatic system
that used to eat fish due to their position in the food chain. According to the food web
of both the aquatic and marine, they inhibit the higher agriculture and industry areas
as per their reproductive biology reported by different workers in their studies
(Hajam et al. 2021; Gillesby and Zacharewski 1998). These EDCs becomes
bioaccumulated and biomagnified in the aquatic food chain such as organochlorines
(Adami et al. 1995).

The exposure of aquatic animals on EDs and their effects has been studied very
deeply especially in fishes. A number of EDs have been identified, whereas some of
them has been also tested to have a combination of or both endosulfan and flutamide
as an insecticide and nonsteroidal anti-androgenic drug, respectively, which
impaired the ovarian and testicular growth in catfish (Rajakumar et al. 2012;
Chakrabarty et al. 2012).The different researchers reported in their studies the
fenvalerate and triadimefon combinatorial disruptive effects in Chinese rare min-
now, Gobiocypris rarus, in embryonic development (Wu et al. 2018).

Fishes are the most abundant and are most diverse among the vertebrates. They
dominate the water bodies in the whole world due to their different adaptations like
morphological, physiological, etc. Their diversity is predicted through their large
population of living species. Till date, 21,700 species have been described and
presently increase up to 28,000 (Nelson 1984). Fishes occupy unusual group of
habitats ranging from streams, deserts springs, open oceans, cold mountains lakes,
and other aquatic environments (Moyle and Cech 2000). Due to the alterations in
environmental conditions, fishes have the ability to adopt various life-history



strategies to resolve the reproduction problems (Thorpe 1989). Fishes are a rich
source of proteins and lipids, which are used for humans and domestic animals and
establish an economically essential fisheries and aquaculture.
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2 Xenobiotics-Induced Toxic Manifestations

Nowadays, synthetic chemicals are a big problem. They are primarily utilized in the
different household activities and in industrial activity. These activities cause dis-
turbance in physiological as well as endocrinological functions in organisms. The
three major impacts of xenobiotics on the organisms, i.e., neurophysiological,
reproductive, and behavioral, are discussed. These impacts associate with each
other: changes in nervous systems can affect the behavior; behavioral changes can
affect the reproductive functions. A compound is not able to induce its effect on a
target organism or a community. The effect of compounds depends on its concen-
tration and the duration of treatment given to the organism. The exposure time and
effect may range from acute to chronic. Acute toxicity includes exposure of any
toxicant for a short period of time, which is well defined, sometimes fatal and
infrequently reversible. Chronic toxicity occurs when organism is exposed toward
any toxicant and could finally lead to death. Xenobiotics become fatal when it led to
death or enough to cause death, through direct target on organism. On the other hand,
when the toxicant concentration was less, it is sublethal, thereby reducing the
physiological and behavioral processes. The radioactive pollution may also affect
the ecosystem irreversibly (www.lenntech.com). In addition, there was loss of some
species due to pollution on freshwater; however, some species get advantage with
this. In general, there occurs decreases in diversity, but a number of individual
species does not change; this change in balance occurs due to predation, competition,
and cycling of materials. Due to the complex nature of pollution, the adverse effect
on aquatic life depends on the feature of pollutants. Combined effect of two or more
pollutants may promote synergetic or additive and antagonistic interaction. Com-
bined effect of zinc and cadmium on fish is an example of additive interaction.
Calcium (Ca) is antagonistic toward Pb, Zn, and, Al, whereas copper showed highest
additive effect with Cl, Zn, Cd, Ar, and, Hg and also decreases cyanide toxicity
(Rani et al. 2022; Hajam et al. 2022; Adnan Amin et al. 2016, 2017; Sruthisree et al.
2015; Adnan Amin et al. 2015). The toxic effect of phenol and ammonia on mayfly
Baetis rhodani at low concentration is additive; however, at higher concentration it
shows more additive effect.

3 Stress

Stress is one more well-known example that suppresses the immune system and
decreases the resistance against the diseases. To determine the stress level on
immune system, many experiments were conducted on different species of fish.

http://www.lenntech.com


Herein, cortisol and adrenaline and other proteins such as heat shock proteins and
plasma glucose levels were determined in addition to innate and adaptive immune
indicator and impacts on disease resistance. There are some factors associated with
the aquaculture, i.e., handling transport and high density, which leads to stress,
thereby requiring significant attention. Prolonged exposure toward the stressors
usually suppresses the immune system, resulting in decreased immunity against
diseases in fishes. Initial stimulation include limited time exposure to handle stress
of Atlantic salmon and rainbow trout up to the basal level has been generally
observed during the induction of chronic stress. Likewise, fishes in aquaculture try
to adopt confinement and show decreased stress response in comparison to
wild type.
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Direct exposure to stress hormones or neuropeptides of fishes under in vivo/
in vitro studies suppresses the functioning of immune system. For instance, in
Atlantic salmon, Ig-positive lymphocytes showed that cortisol administration and
mitogenic activation downregulation inhibited these cortisol incubation. In contrary,
it has been found that endorphin stimulates leukocyte phagocytic activity in rainbow
trout and carp fish kidneys under in vitro conditions. Stress affects the immune
system and resistance disease by affecting the factors from growth to larva health.
Due to this broad range of effects, husbandry practices in aquaculture are trying to
avoid stress through the maintenance of environmental conditions, rearing at a
particular density, and regulated sexual maturity. Xenoestrogens has the ability to
copy or act as a natural estrogen hormone. This group of compounds also includes
synthetic steroids used as contraceptive pill (Pelissero et al. 1993). In addition, there
are some pesticides such as DDTs, HCHs (Wester and Canton 1986; Palmer and
Palmer 1995; Donohoe and Curtis 1996), alkylphenolpolyethoxylates, APEs (Soto
et al. 1991; Jobling and Sumpter 1993; White et al. 1994; Jobling et al. 1996;
Arukwe et al. 1997a, b), plasticizers, polychlorinated biphenyls, polychlorinated
biphenols (McLachlan 1985), and other natural chemicals like phytoestrogens and
mycoestrogens (Pelissero et al. 1991a, b). In some cases, the estrogenic activity of
these compounds has been found by chance (Soto et al. 1991), and in fishes,
estrogenic activities like reduction of zona radiate proteins and vitelogenesis have
been reported by different workers (Sumpter and Jobling 1995; Arukwe et al.
1997b). Alkylphenolpolythoxylates constitute an essential class of nonionic surfac-
tant. These are mostly used as detergents and emulsifiers. They were also utilized in
plastic products in industries and agriculture (Ahel et al. 1994). Alkylphenols (APs)
are produced during the breakdown of APEs. Some reports suggested that APs, one
of the essential alkylphenolpolyethoxylate metabolites, because of resistance
increased toxicity, biodegradation, etc. in aquatic organisms as reported by different
researchers (Ahel et al. 1994). A multifaceted microbe-induced degradation pattern,
characterized by the production of different metabolic products showing higher toxic
manifestations than the parent compound, has been developed for
alkylphenolpolyethoxylates (Ekelund et al. 1990).
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4 Effects of Xenoestrogens

Agonist is a substance that binds with receptor to activate its potential to turn on the
receptor found in classical pharmacology. ER and E2 are agonist examples. In
comparison, it blocks the signals emitted by the agonist reported by the researchers
(Nimrod and Benson 1996). It can function through nonreceptor-aided mechanisms.
Xenobiotics have the potential to copy the natural estrogen action known as
xenoestrogens reported by the workers (Colborn and Clement 1992).

The action mechanism of xenoestrogens is that they are having higher affinity to
the ER and starts the action of target tissues, like natural estrogens. Other compounds
are also having potential to bind with the receptor; however, they do not induce
estrogenic activities and hence block the binding sites on which natural estrogens
bind, as reported by different workers (Safe 1995; Safe and Krishnan 1995; Ahlborg
et al. 1995). Incorporation of vitellogenin is important, which plays an important role
for the development of oocytes during recrudescence of ovary. A possible indirect
method for the evaluation of changed hepatic vitellogenin synthesis when fishes are
exposed toward xenobiotics is decreased or elevated GSI. These changes can be
measured directly in plasma, hepatic, and ovarian vitellogenin levels (Kime 1995).

5 Effect of Xenobiotics on Fish Reproduction

Different studies reported that xenobiotics induces reproductive abnormalities in
aquatic organisms (Guillette Jr et al. 1995). Different methods and indices are used
for the evaluation of reproductive success in different fish species. These parameters
include decreased hatching in Platichthys flesus and Clupea harengus having PCB
association in eggs (Hansen et al. 1985). Higher mortality of eggs in Lake Salvelinus
alpinus in connection with increased polychlorinated biphenyls and DDT in eggs
(Monod 1985) decreased fertilization success and viable hatch in Platichthys
stellatus from polluted areas of San Francisco Bay (Spies and Rice 1988). Common
defects observed during different studies include blister proliferation during initial
and late embryos, failure to close the blastopore, and deformity in the notochord.
However, considerable association has been observed for malformations of dab and
concentrations of p,p’-DDE residues. In addition, deformities in chromosomes and
embryo seen in North Sea area fish have been studied. Researchers found the
positive correlation in polychlorinated biphenyls, DDT, and DDE in gonads and
liver of whiting fish with increases in malformation rates in the areas near the coast of
Netherlands and the Rhine River Estuary.
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6 Effect of EDCs in Aquatic Mammals

Higher levels of both PCB and DDT as EDCs have been reported in various aquatic
mammals. In addition, the physicochemical properties of both polychlorinated
dibenzo-p-dioxins and dibenzofurans are less transportable. It has been reported
that these contaminants have a wide range of antiestrogenic activities observed under
in vivo and in vitro conditions.

The concentration-dependent impacts of various PCDD and PCDF congeners
show the antiestrogenic activity of aryl hydrocarbon (Ah)-responsive MCF-7 human
breast cancer cell lines. For the PCDDs and PCDFs, the antiestrogenic potential was
found in the order of 2,3,7,8-tetrachlorodibenzo-p-dioxin > 2,3,7,8-
tetrachlorodibenzofuran > 2,3,4,7,8 pentachlorodibenzofuran > 1,2,3,7,9-
pentachlorodibenzofuran > 1,3,6,8-tetrachlorodibenzofuran (Haynes et al. 1999).
The top predators are consistently exposed to large quantity of pollutants via
biomagnifications of compounds obtained from contaminated prey (Vonier et al.
1996). Pinnipeds and cetaceans comparatively have higher quantity of blubber for
insulation that steadily retains significant levels of highly persistent organochlorine
insecticides, PCBs, dioxins, and other associated compounds (Muir et al. 1996). The
predictable TEQ levels in the blubber of some cetacean species, such as the northern
right whale dolphin (Lissodelphis borealis) and Pacific white-sided dolphin
(Lagenorhynchus obliquidens) from the northern North Pacific; Dall’s porpoise
(Phocoenoides dalli) from the Japan Sea; striped dolphin (Stenella coeruleoalba)
off Sanriku and Fraser’s dolphin (Lagenodelphis hosei) off Kii Peninsula, Japan; and
hump-backed dolphin (Sousa chinensis) and finless porpoise (Neophocaena
phocaenoides) from Hong Kong, increased the concentrations related with immu-
nosuppression in harbor seals (Phoca vitulina) (Wren 1991). Various studies were
published with regard to PCDD and PCDF concentrations in aquatic mammals such
as Baikal seal from lake Baikal, harp seal from Greenland sea (Berg et al. 2001;
Harding et al. 1999), false killer whale and Risso’s dolphin from British Columbia,
harbor porpoises from British Columbia and central California (Mazet et al. 2001),
and dugong and sea lion from St. Lawrence River estuary, Great Barrier Reef, and
Argentina (Jarman et al. 1996; Roos et al. 2001; Mason and Macdonald 1993). There
are various studies that reported the association between OCs and their respective
reproductive toxicity which have been collected from semi-field studies on both
seals and mustelids (Tanabe et al. 1988; Wiig et al. 1998).

7 Freshwater Mammals

In mustelids, Mustela vison and Lontra canadensis have decreased in these species
area owing to the increased percentage of contaminated fish in their diet as reported
by different workers (Skaare et al. 2001). In laboratory trials it was demonstrated that
among these species, mink are sensitive to OCs (specifically polychlorinated



biphenyls and dioxins). Studies reported that from a comparison of mink population
from 1982 to 1987, contaminated countries bordering Lake Erie showed decreases
than that of other countries, signifying the chemical effect on the mink population
(Skaare et al. 2001).
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Previous studies reported that Ontario also suggested that mink harvest is having
decreased potential higher PCB exposed areas than areas having lower exposure of
PCBs. Evidences also reported that effect of endocrine-disruptive chemicals on the
otters collected from four New York State countries adjacent to Lake Ontario and the
St. Lawrence River. The harvest data collected from four countries revealed that
between 1960 and early 1970, otter harvest continued constantly and then elevated.
Elevated harvest was found constant with better water quality of Lake Ontario in the
past 15 years. Harding (Sandau et al. 2000) evaluated the contamination caused by
chlorinated hydrocarbons on mink and river otters in Columbia and Fraser River
systems of northwestern North America, in association with their morphological
conditions. In the river system, various residues of organochlorine pesticides, PCBs,
dibenzo-p-dioxins, and dibenzofurans were evaluated. Concentration of contami-
nants was found comparatively low as documented in other North American
populations, even though the concentrations were found greater than those noted
during the previous survey in these regional populations. Even though some certain
individual animals having higher reproductive dysfunctions does not reveal higher
concentrations of contaminants, the correlation was found considerably negative
between total polychlorinated biphenol levels and baculum length in juvenile mink.
The ranch-reared mink is used as a model organism for the experimental trials to
examine the toxic potency of two petroleum products when exposed to sea otters.
Females were exposed to bunker C fuel oil in their diet which considerably
decreased the reproductive success; however, their offspring were exposed to petro-
leum products in utero or during nursing. The reproductive performance was
decreased due to the consumption of contaminated food or early oil habitats of
Enhydra lutris (Reijnders 1980).

Moreover, during 1960–1980, the European otter population decreased dramat-
ically, and exposure to polychlorinated biphenols caused impairments in the repro-
ductive functions, which has been considered the main cause of reduction
((Reijnders 1990). A study was conducted in East Anglia and England rivers on
the concentration of polychlorinated biphenyls and otter population and also
organochloride residue. In addition, the comparison of population and the concen-
tration of contamination was conducted. First, on the bases on the index value of the
population that was stable and, second, as “no effect level” for all peoples (ICES CM
1992). About 44% of the samples shows “level of concern.” Contamination caused
by polychlorinated biphenyls is hence considered as a major factor affecting otter
populations (Minh et al. 2000).
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8 Bisphenol A (BPA)

Bisphenol A is broadly used in different products, such as baby bottles to thermal
paper for credit card receipts (Liao and Kannan 2011; Vandenberg et al. 2009). BPA
is the highest among the produced chemicals, having a production rate of greater
than six million pounds per year, and more than about a hundred tons are discharged
into the environment every year (Vandenberg et al. 2009; Repossi et al. 2016;
Corrales et al. 2015). Bisphenol A makes its entry into the aquatic ecosystem from
either sewage treatment wastewater or natural process of degradation (Gatidou et al.
2007; Wintgens et al. 2003). It has been reported that in China, the concentration of
BPA is as high in wastewater, rivers, and seawater surfaces, i.e., 370 mg/L, 3.92 mg/
L, and 0.19 mg/L, respectively (Huang et al. 2012). Therefore, this increased levels
of BPA in different environment especially in aquatic ecosystems, including fishes.

BPA is broadly present in aquatic ecosystems; when aquatic animals are exposed
to these chemical compounds, they affect the energy metabolism, individual cortisol
stress response, growth, musculature, and motor behavior and hence affects the
overall growth and development in fishes (Birceanu et al. 2015; Nagato et al.
2016; Wang et al. 2013; Birceanu et al. 2015). In addition, Bisphenol A is a well-
known endocrine-disrupting chemical with harmful impacts on reproduction and
sexuality. Cabaton et al. (2011) found that BPA exposure causes reduction in fertility
and fecundity and induces puberty at early age in female offspring (Durando et al.
2007); on the other hand, in male offspring, bisphenol A reduces the anogenital
distance (Miao et al. 2011). Various studies conducted on fishes have found that
BPA affects the reproductive functions of female fish. Sohoni et al. (2001) found that
BPA exposure for 164 days slows down the development of gonads and reduces
ovulation in female Pimephales promelas fathead minnows. In Oryzias melastigma
BPA exposure slows the oocyte development and decreases estrogen concentrations
(Huang et al. 2017). In male fish, exposure of BPA induces adverse effects on the
development of gonads such as reduced production of androgens, reduced sperm
counts and their mortality in the epididymis, and sperm cell apoptosis and damages
(Chen et al. 2015; Zhang et al. 2016; Karnam et al. 2015; Meeker et al. 2010; Zhuang
et al. 2015; Wintgens et al. 2003; Xie et al. 2016).

In teleost fish, reproductive functioning depends on various factors. The outmost
essential is the interaction of genes associated with sex determination and synthesis
of sex steroid hormones (Dar et al. 2012). Distinctive variations have been recog-
nized for the sex determination/differentiation of genes and synthesis of hormones in
male and female. Likewise, ovarian differentiation is controlled by genes like
CYP19a1a and foxl2 (Piferrer and Guiguen 2008; Guiguen et al. 2010). There are
some genes that are harmful as well for the testis development such as dmrt, cyp11b,
and dax1 (Marchand et al. 2000; Kusakabe et al. 2002). Moreover, earlier studies
revealed that BPA induces its effects on the hypothalamic-pituitary-gonadal (HPG)
axis for the regulation of reproduction (Molina et al. 2018). An earlier study
demonstrated that for the gender, sustained androgen sex hormones play a significant



role as reported by various researchers (Wang et al. 2017). In teleosts, synthesis of
steroids is also regulated by HPG axis.
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9 Toxic Effects of Bisphenol A on Goldfish Gonad
Development and the Possible Pathway of BPA
Disturbance in Female and Male Fish Reproduction

It has been studied that BPA exposure decreases the maturation of germ cells in
males; however, this process cannot be restarted once BPA exposure has stopped in
male goldfish. Histoarchitecture of testis revealed that after an exposure of 50 mg/L
and 500 mg/L BPA for 30 days, the STs and SCs disappeared, and the GSI in the
50 mg/L and 500 mg/L BPA-exposed goldfish was found considerably reduced in
comparison to the normal fishes. These modulations in spermatogenesis were
observed in goldfish exposed to BPA (Golshan et al. 2015; Sohoni et al. 2001).
These changes in STs, SCs, and GSI following the exposure of BPA might be due to
the disruption caused by BPA on gametogenesis. It has been studied that STs, SCs,
and GSI decreased in testis even after the withdrawal of BPA exposure (50 mg/L and
500 mg/L). It has been observed that BPA (1 mg/L, 500 mg/L) exposure of female
goldfish causes changes in histological in ovaries from oocytes with CAOs to
oocytes with PGs. BPA toxicity alters GSI and ovarian weight which indicates
that BPA treatment suppresses the maturation of oocytes. BPA exposure causes
alteration in steroidogenesis, by decreasing the mRNA level of CYP11b and 11-KT
level in circulatory serum. Both CYP11b and 11-KT are key regulatory factors for
spermatogenesis (Fenske and Segner 2004). Moreover, BPA exposure also
decreases the maturation potency of testis, which suggests that BPA inhibits the
formation of 11-KT and interrupts the spermatogenesis.

Biosynthesis of steroid hormones is regulated by HPG axis in all organisms and
in fishes as well. The HPG axis maintains the reproductive function by coordinating
with actions of gonadotrophin-releasing hormone and two gonadotrophins (LH and
FSH hormones). The toxic effect of BPA exposure was evaluated by assessing the
testicular apoptosis and proliferation. Testicular apoptosis and proliferation are
assessed via TUNEL and PCNA assays. Various physiological activities including
maintenance of approximate germ cells to somatic cells ratio, removal of germ cells
(abnormal), and maintenance of sperm production in testis rely on apoptosis and
cellular proliferation (Prisco et al. 2003; Shukla et al. 2012). It has been studied that
BPA exposure leads to apoptosis of spermatids. It also blocks the spermatocytes
proliferation. In rodents, treatment of BPA at higher doses increases the rate of
programmed death of germ cells and Leydig cells (Eo and Lim 2008; Li et al. 2009;
Xie et al. 2016). In fish, CYP 11b is expressed in Leydig cells in normal testes
reported by the workers (Sun et al. 2014). Therefore, due to the apoptosis in Leydig
cells, the level of 11-KT decreases. BPA exposure decreases the maturation ability in
testis due to apoptosis in Leydig cells and results in the reduction in androgen levels



that interrupts spermatogenesis in testis. Moreover, in goldfish, BPA exposure
reduces the 11-KT level which is correlated with a decrease in AR level; however,
the era, erbI, and erb II do not show any significant decrease.
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BPA is a weak estrogen receptor, but it helps activate androgen receptors as
reported by various researchers (Kinch et al. 2015; Wetherill et al. 2007). This
indicates that BPA has the ability to modulate AR signaling and in turn reduces
the level of androgen in goldfish. In female goldfishes, BPA exposure has no
significant changes in CYP19a1a and foxl2 mRNA level. CYP19ala plays a signif-
icant role in synthesis of E2 and FOX12 and is also important for ovarian differen-
tiation (Guiguen et al. 2010). It has been reported that BPA exposure does not alter
the level of estrogen level and the sex-specific gene expression in females. More-
over, BPA exposure via the TUNEL and PCNA assays does not show any positive
signs in the ovarian cells; however, histoarchitecture observations revealed that BPA
exposure affects the maturation of ovaries. BPA treatment also induces adverse
effect on the maturation of ovaries by directly acting on the ovary. This
BPA-affected ovarian maturation has been confirmed by studying the levels of
sgnrh, fshb, and IHb which were found to be reduced in goldfish after its exposure
to BPA 50 mg/L and 500 mg/L. GnRH helps to activate the anterior pituitary. The
anterior pituitary secretes LH and FSH hormones and helps in ovary maturation
(Molina et al. 2018). Fernández et al. (2010) found that medium and higher doses of
BPA alter the HPG axis by blocking the maturation of ovary indirectly through its
impact on the HPG axis. Moreover, BPA exposure also increases the expression of
AR in the brain; this indicates that BP might be regulating the reproductive axis in
female fish through the modulation of AR expression. Hence, BPA disrupts the
gonad maturation in both genders. It occurs due to HPG axis modulation that further
causes apoptosis in germ cell and Leydig cells.

10 Effect of Endocrine-Disrupting Chemicals on Fish
Gamete

10.1 Effects of EDC Exposure on Ovarian Physiology

Endocrine-disrupting chemicals affect the physiology and morphology of the ovary,
and oocyte maturation and steroidogenesis change the endocrine and reproductive
functions. They occur by suppressing actin of androgen hormones that modulates
androgen hormone production (Sonnenschein and Soto 1998). EDC has endocrine-
disruptive activity hormones binding with the receptor and specific site. Moreover,
the receptors associated with signaling either suppresses or changes serum binding
protein in blood plasm.
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10.2 Effect of EDCs on Morphology of the Ovary and Oocyte
Growth, Maturation, and Fertility

Exposure of bisphenol A (BPA) given to Gobiocypris rarus induced changes in
ovarian morphology which includes the presence of a large number of premature
oocytes and also various atretic follicles. In addition, exposure of dichloro-6-
nitrophenol to Gobiocypris rarus induces harmful effects in both genders.

Gonads increase the deformed number in female fish with degenerating velogenic
oocytes. It has been reported that this degenerating of velogenic oocytes indicates the
defect in the follicle process. Catfish and Clarias gariepinus were exposed to this
and various changes have been observed. It has been studied that exposure to
ethinylestradiol and diethylstilbestrol during the early stages of development, up
until 50 days post-hatch, can have adverse effects. These changes are observed till
adulthood, such as morphological deformities (stunted growth, spinal curvature, and
yolk sac fluid retention). The various researchers reported in their studies the
rudimentary ovaries with development of precocious oocyte and follicular atresia
as well (Sridevi et al. 2015). In Danio rerio (zebrafish), chronic exposure to EE2
(25 ng/1) and to di-2-ethylhexyl-phthalate (0.02 μg, 0.2 μg, 2 μg, 20 μg, and 40 μg/I)
impaired the production of ovulation and embryo. The ability of the EE2 and di-2-
ethylhexyl-phthalate (DEHP) to modulate vitellogenesis is suggested in ovarian
observation. It induces a previtellogenic oocyte reduction that is associated with
velogenic increases. The different researchers reported that when fishes were crossed
after exposure, the number of embryos was 1% which clearly showed fecundity
impairment (Carnevali et al. 2018). At present, the same study was conducted with
different concentrations (such as 0.42, 4.2, 42, 420, and 4200 μg/L) of DiNP. Di-
isononyl-phthalate was utilized in place of di-2-ethylhexyl-phthalate (DEHP). They
analyzed the number of reproductive parameters such as size frequency, follicle
number, and macromolecular composition of vitellogenin oocytes. Histological
analysis showed that in fish gonads, the number of vitellogenic oocytes becomes
lesser in number having lower concentrations of DiNP. In addition, the number of
mature oocytes gets decreased when exposed to higher doses such as 420 and
4200 μg/L.

Further, the sample was collected from exposed fish in which lipid decrease,
phosphate decrease, and protein were measured. FTIR was used to measure these
components. The observation may conclude that DiNP affects the uptake of vitello-
genin and also stops the changes that occur in the lipid composition. In addition,
results affect the physiology of female reproductive system. Wang et al. (2015)
reported the same study exposure from 2 hour postfertilization to sexual maturity
toward tris1(3-dichloro-2-propyl) phosphate. The maturation of oocytes occurs with
an increase in mature oocytes promoted by it as reported by various researchers.
Wang et al. (2015) reported high malformation rate in first generation. It was
observed that developmental toxicity is caused when parental exposure occurs to
TDCPP in offspring (Wang et al. 2015). In Oryzias latipes 3,3-diindolylmethane
inhibits the increase of VTG storage and reduces the activities of the cathepsin
enzyme in growing oocytes. Various researchers have reported that a decrease in



eggshell proteins results in inhibited maturation and reduced fecundity of primary
oocyte. This reduction is caused by a lower level of eggshell proteins (Chen et al.
2017).
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In a 3-month trout, exposure toward 5 μg/L BPA occurs. It proceeded at the
“spawning season,” which further affected percentage of ovulated egg. After
3 weeks, the ovulation starts with any effect on egg quality as reported by different
workers in their studies (Lahnsteiner et al. 2005). Giari et al. (2016) studied the
atretic oocytes (with disorganization of ooplasm) present in carp. This carp was
treated with 2 mg/L PFOA (perfluorooctanoic acid) for about 56 days. In a 21-day
study of reproduction, “fathead minnow” reported that various histopathological
conditions were demonstrated such as atretic follicles, oogonia, intestinal connective
tissue proliferation, etc., and the accumulation of both adipose tissue and interstitial
observed as reported by the researchers (Margiotta-Casaluci et al. 2013).

InOreochromis niloticus, a diuron action is a urea herbicide substitute. It has anti-
androgenic effects. Three metabolites were demonstrated in it. Boscolo Pereira and
coworkers reported an increase in the gonadosomatic index due to exposure to
pollutants. In addition, the higher number of vitellogenic oocytes is found in the
ovary, and the decrease of germinative cells is observed. It showed estrogenic action
of metabolites and can accelerate the ovarian development of this species (Boscolo
Pereira et al. 2016).

10.3 EDC Effects on Molecular Markers Linked
to Steroidogenesis, Ovarian Growth, and Maturation

G. rarus exposure to BPA with different concentrations showed adverse effects of
steroidogenic enzyme expression at lower concentrations, i.e., 5–15 μg/L. On the
other hand, it increases the ovarian transcription genes such as steroidogenic and
sexual steroid receptor genes at a high concentration up to 50 μg/L. Zhang et al.
reported that mostly the changes or variation in the expression of the steroidogenic
gene were due to changes in “et” and “ar” transcripts. Both can affect hormone
signaling and nr5als expression (Zhang et al. 2014a).

Zhang et al. (2014b) reported gdf9 and bmp15 mRNA alteration. It has a
significant role in weight gain and abnormal development of the ovary (Zhang
et al. 2014b). In catfish, EE2 and DES exposure shows a significant role in the
alteration of the rate-limiting enzyme of estrogen biosynthesis (Sridevi et al. 2015).
In EE2 exposure at 50 and 150dph, the transcript level of star and P450sec increased,
a significant increase was observed in “cyp17, 3b-hsd, 17b-hsd1 from 50 to
350 dph,” and decrease in the cyp17 transcript levels and others remains unaltered
(Sridevi et al. 2015).

In zebrafish, the fecundity gets decreased when zebrafish are exposed chronically
to EE2 and DEHP, associated with BMP15 when its level increases. It results in a
reduction of one hour or more in ptgs2 expression. Carnevali et al. (2018) reported
the DEHP inhibitory action in in vitro when the germinal vesicle breaks down



(Carnevali et al. 2018). Further, the DiNP exposure for the same species was
recognized that resulted in gene modulation involved in steroidogenesis but in a
nonmonotonic manner. In different concentrations, i.e., 0.42 and 420 μg/L, there
were greater differences demonstrated in star and cyp11a1 transcript levels; the
lowest dose might affect the fshr transcript. Exposure to DiNP at a concentration
of approximately 420 μg/L has been found to affect the levels of Esr1 and esr2b, and
results in a reduction in the esr1a transcript level. These effects were observed with
significant differences compared to exposure at 0.4 mg/L and at higher concentra-
tions. Pgrmc1 transcript levels did not change exposure to DiNP. 1hcgr and pgrmc2
levels of transcript reduction were measured, and the bmp15 transcript level
increased only 0.42 μg/L concentration.
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Various researchers reported that DINP lower concentration interferes with both
oocyte and steroidogenesis growth. On the other hand, oocyte maturation is impaired
with a high concentration of DINP (Santangeli et al. 2017). This concluded that there
is a need for an alternative to DEHP as reported by different workers (Forner-Piquer
et al. 2017).

Furthermore, concerning estrogenic effects, in fathead minnow, EDCs may have
anti-androgenic effects. This occurs when it was treated with dutasteride. It is a
product same as 5-alpha-reductase inhibitor. It is an enzyme that helps in the
conversion of testosterone into dihydrotestosterone. In fish, dutasteride inhibits or
impairs reproductive functions with an anti-androgenic action reported by various
workers (Margiotta-Casaluci et al. 2013). In in vitro conditions, the post-vitellogenic
oocyte of trout exposure to prochloraz (imidazole fungicide), which is utilized in
agriculture, affects the process of oocyte maturation. In rainbow trout, prochloraz
with or without LH can alter GVBD in post-vitellogenic follicles. Alone, prochloraz
can affect the maturation of the oocyte, stimulating the transcription of the gene. This
transcription is responsible for the recruitment of pre-ovulatory follicular phase and
its differentiation as well. Among these, some are triggered by LH. It shows a
synergistic cooperation with prochloraz (inducing GVBD) as reported by various
researchers (Rime et al. 2010).

Blair et al. (2000) reported that there are xenobiotics that also affect the morphol-
ogy of the ovary, maturation of the oocyte, and steroidogenesis that follow the
classical genomic pathway (Blair et al. 2000). After some time, the conflict of
interest focused on nongenomic mechanisms that were activated by xenobiotics
(Thomas and Doughty 2004). The various rapid estrogenic responses have a key
role of seven pass-membrane receptors and GPR30. In zebrafish, the low concen-
tration of BPA and alkyl phenols is responsible for the maturation of disrupted
oocytes by nongenomic mechanisms that further activate Gper pathway (Fitzgerald
et al. 2015).
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10.4 Effects of EDC Exposure on Male Gonadal Physiology
and Functionality

Linhart et al. (2008) reported that the fertility of males can be checked by determin-
ing the sperm mortality rate, the velocity of spermatozoa, and the duration of
motility. In vertebrates, spermatogenesis, secondary sexual features, and behavior
regulated by androgen are reported by different researchers (Martyniuk and Denslow
2012). Kime (1999) reported that the delay in maturation, changes in male sex cell
types, low semen quality, and estrogen and testosterone level changes were due to
the exposure to EDC. The significant effects showed at lower concentrations, but its
technical and biological differences show difficulty in EDCs classification
concerning toxicity. It exhibits more toxicity than organic EDCs; in addition,
heavy metals can impair the functioning of spermatozoa (Popek et al. 2006).
Endocrine disruptive chemical exposure has been observed on testis morphology
and spermatogenesis in medaka at a concentration of 0–8.5 μg/L di-indolylmethane
(DIM), which is an antifouling agent that produced eggshell proteins and vitello-
genin in testis (Chen et al. 2017). In zebrafish, DEHP concentration (0.2 and 20 μg/
L) leading to chronic exposure has an impairing ability to induce a mitotic arrest at
the time of spermatogenesis that reduces to 90% production of the embryo. The
workers reported that these changes were demonstrated with the fragmentation of
spermatozoa DNA (Corradetti et al. 2013).

Exposure to triclocarban and mercury at certain concentrations can lead to severe
histological lesions in the testis of spermatozoa. Herein, the size of the sperm and its
maturation were decreased in comparison with other fishes that are exposed indi-
vidually as reported by different workers (Wang et al. 2016). Yin et al. (2017)
reposted that the decreased concentration of sperm and spermatogenesis impairment
occur when exposure occurs to DES and FLU, also affecting both meiotic and
apoptotic processes.

In Cyprinus carpio (male carp), a delay in spermatogenesis was demonstrated
when exposed to 2 mg/L PFOA for 56 days, where spermatocytes and spermatogo-
nia dominated the germ cells.

Giari et al. (2016) reported that in testis, proliferation of Sertoli cells and
interstitial tissue increased. About 14-day exposure to BPA concentrations caused
alteration of the lobular structure and spermatogenic cysts with free spermatozoa as
reported by the workers (Mandich et al. 2007). BPA exposure of goldfish induced
hepatic vitellogenin increase, and gonadosomatic index and hepatosomatic index
were not affected by acting as testicular spermatogenesis causing alteration of sperm
maturing (Hatef et al. 2012a, c).
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11 Spermatozoa Production, Morphology, Motility,
and Velocity

Alavi et al. (2012a, b) reported that a dark field microscope was utilized to demon-
strate the alteration of morphological sperm (including flagellum damage and beat-
ing) with the help of stroboscopic illumination and a phase contrast microscope
having a high-speed video camera. They used CASA (computer-assisted sperm
analysis) to check the motility and velocity of sperm because CASA is mainly
based upon high video recording approaches (Alavi et al. 2012a). There are some
parameters of sperm velocity that were affected by ECDs.

The curvilinear velocity and the straight-line velocity of spermatozoa decreased
due to cadmium, mercury, bisphenol A, zinc, and tributyltin exposure in fish species.
The various researchers reported in their study that when species are exposed to
these EDCs, sperm shows a specific response (Hatef et al. (2013). Lahnsteiner and
workers studied that exposure to cadmium and copper of different species like
African catfish, burbot, and European chub showed a decrease in motility of
sperm immediately. In addition, in S trutta fario, there was no such evidence
found in response to similar metals (Lahnsteiner et al. 2004). However, exposure
to metals and compounds (zinc, mercury, lead, nickel, 2,4-dichlorophenol, cyclo-
hexane) showed effects (spermatozoa motility) in seabass, American catfish, burbot,
and European chub as reported by various workers (Abascal et al. 2007; Lahnsteiner
et al. 2004). Acosta et al. (2016), reported that in D. rerio, cadmium exposure also
showed a negative effect on motility and curvilinear, straight line, and average path
velocity, which may change in animal fertility rate (Acosta et al. 2016). Similarly, in
medaka, there was no effect on its motility when exposed to nonylphenol as reported
by the researchers (Hara et al. 2007). In the croaker, there are various pollutants such
as estrogenic and non-estrogenic as per environmental requirements. The sperm
motility was induced by blocking 17,20-beta,21-trihydroxy-4-pregnen-3-one and
physiologically mediated by nongenomic steroid action as reported by the
researchers (Thomas and Doughty 2004).

All the shreds of evidence indicate that with EDC recognition mode of action the
variability is found in the physiology and biochemistry of spermatozoa and seminal
plasma. In Perca fluviatilis, a decrease in sperm velocity was found when incubated
for 3 h with Hg (mercury). This experiment was conducted to identify the mercury
chloride effects on the sperm physiology and its structure and to find out the action
mechanism of spermatozoa. After the experiment, a promising result was found.
Mercury chloride acts on different sets of sperm PM, axoneme, and mid-piece. The
different researchers reported that due to mercury chloride exposure, the morpho-
logical alterations increased, and stored ATP decreased (Hatef et al. 2011).

The in vitro sperm treatment was conducted in the same species with BPA. It
showed that the velocity and motility of sperm decreased. In addition, the flagella
structure gets changed straight to the c-shape as reported by the researchers (Hatef
et al. 2010). The instant exposure of mercury in sea bass, i.e., 1 mg/L mercury for
5 min and 100 mg/L, showed an effect on velocity of sperm, but no effect occurred in



the case of lead and copper (Abascal et al. 2007). With TBT, the common carp
velocity was affected after the 1-day incubation period and graded mercury and zinc
concentration (Rurangwa et al. 2002). In S. trutta fario, there was an observed
impairment of spermatogenesis at BPA concentration during spawning period and
pre-spawning as well.
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At the start of the spawning season, at low BPA concentration velocity, sperm
density motility reduced, and BPA reduces the swimming velocity at the middle of
the spawning season. The motility rate reduced with a 2.4 μg/L concentration. A
high concentration led to a complete impairment of spermatogenesis. Lahnsteiner
et al. (2005) found that only one out of eight fish produce low-quality semen. In
goldfish, having a long exposure to BPA, e.g., 20–30 days, the mortality of sperm
decreased at 15, 30, 60, and 90 s post activation. Similarly, in short-term exposure to
BPA, e.g., 10 days, the velocity is affected at 30, 60, and 90 s post-activation. All of
this are due to hormonal imbalances as reported by the researchers (Hatef et al.
2012a). Further, in the same species, small flagella length was measured in sperma-
tozoa with the help of contrast microscopy having a high concentration of mercury
(Van Look and Kime 2003).

In addition, seminal plasma was utilized in rainbow trout to check or confirm the
exposure of mercury and cadmium on sperm and showed an immediate effect on the
motility of sperm after dilution at 4 h of exposure. There was no effect on sperm
control after treatment up to 24 h. This shows that seminal plasma has an
antiprotection role against the toxic effect of Hg on motility as reported by different
workers (Dietrich et al. 2010).

Different researchers (Migliarini et al. 2005) reported that for cadmium acetate
(1–10 mg/L) exposure for 48 h, a significant increase of HSP 70, mtt, and casp3
mRNA was demonstrated in testis, and the toxicity of the metal was highlighted in
testis physiology. Same as the sperm exposure was demonstrated in starlet to NP and
DES that induced ROS in spermatozoa. It causes the impairment of sperm, thereby
decreasing intact sperm cell percentage (Shaliutina et al. 2017). The in vitro toxico-
logical test system was developed for animal testing as the alternating source. About
seven heavy metals were tested on zebrafish sperm parameter of motility, and
progressive motility, VCL, and linearity were observed as a result, in which pro-
gressive motility was very sensitive. This can be utilized for the quick and accurate
bioindicator of heavy metal load as reported by the researchers (Kollár et al. 2018).

12 Effects of EDCs on Steroidogenesis and Hormone
Synthesis

In zebrafish, alterations can be observed in the morphology of testis. They occur
when zebrafish are exposed to triclocarban and mercury associated with cyp19a,
3betaHSD, cyp17, and 17betaHSD as reported by the researchers (Wang et al.
2016). The exposure to BPA determined nonmonotonic effects in G. rarus on



mRNA expression of cyp11a1, 3beta-HSD, cyp17a1, and cyp19ala at 15 μg/L
concentration. Several mRNAs were codified for testicular steroidogenic enzyme
when expression and androgen increased. Liu et al. (2014a) reported that the effect
could be recruited through nonsignificant downregulation of cyp17c1 mRNA
expression. The analysis performed at mRNA levels reported that the testicular
steroidogenesis BPA-mediated actions may involve the signaling of sex steroid
hormones, gonadotrophic receptor pathway, forkhead protein, etc. (Wang et al.
2012; Zhang et al. 2013). About 25 ng/L EE2 exposure demonstrated the same
steroidogenic genes affected through BPA. This showed negative feedback on EE2
on FSH (Liu et al. 2012).
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In goldfish, DEHP’s disruptive activity was demonstrated. Herein, there were
30 days of exposure to the DEHP that help reduce 11-KT and LH levels and resulted
in a decreased sperm quality due to the contaminated testicular hormone levels;
moreover, there was no effect of DEHP on GnRH and Kiss-2/Gpr54 system, which
does not exhibit estrogenic activities (Golshan et al. 2015). However, in the same
condition, goldfish were exposed to VZ (normal vinclozolin) concentration. VZ can
show potential effects by inhibiting 11-KT biosynthesis directly reported by differ-
ent researchers (Hatef et al. 2012b). Chronic exposure was also demonstrated by it to
BPA at different concentrations, i.e., 0.6, 4.5, and 11 μg/L. It decreased testosterone
and 11-KT levels significantly and impaired the mortality and velocity of sperm
(Hatef et al. 2012a). In spermatogenesis, the plasmatic 11-KT reduction was dem-
onstrated. The deregulation of genes such as a1dh1a2, cyp26a1, nonos1, sycp3 bax,
and bcl2 occurs in meiosis for signal regulation. There are some genes for orches-
trating gonadal steroidogenesis (Yin et al. 2017). The plasma testosterone concen-
tration increased due to di-n-butyl phthalate exposure, and decreased spiggin levels
in males were observed. Therefore, DBP acts as an endocrine disruptor at a signif-
icant concentration in three-spined sticklebacks. Aoki et al. (2011)) suggested that
DBP is similar to the anti-androgenic in fish as well.

Newborn Poecilia reticulata was exposed to a sublethal dose of NP
(nonylphenol) for 3 months. This was described as the hepatic vitellogenin anom-
alous with a decrease in GSI (gonadosomatic index). Herein, a male does not
approach a female with a wearied behavior. It suggests that nonylphenol has
estrogenic potency good for disrupting reproduction as reported by various
researchers (Cardinali et al. 2004).

12.1 Effects of EDCs on Sex Reversal

In different studies, various researchers reported that, in fish, at the time of critical
developmental stages, exposure to EDCs can alter sex phenotype, impair the devel-
opment of gonads, and discontinue in the reproductive process (Fenske and Segner
2004; Schäfers et al. 2007; Scholz and Klüver 2009; Zhu et al. 2016). In teleosts, the
genetic and environmental processes play a significant role in sex determination
which showed it an excellent experiment for this study in teleost (Guiguen et al.



2010). In differentiation in the fish ovary, estrogen plays a significant role that is
susceptible to many endocrine disruptors and estrogenic mediators as well. Paul-
Prasanth and coworkers analyzed the molecular and cellular mechanism of DES,
involved in the differentiation of the ovary in medaka (Oryzias latipes) embryo
(Paul-Prasanth et al. 2011). The short-term exposure to DES, from 0 to 8 pdf,
resulted in inhibition of gene expression coded for GSDF, SCP3, and 42SP43.
Similarly, 28 days of exposure causes a decrease in gene expression and the
development of ovaries. This ovary highlights the estrogenic properties of pollut-
ants. Generally, a pathological condition is considered when an oocyte is present in
the testis of gonochoristic species. In Rutilus rutilus, generally high intersex was
observed in wastewater treatment plants downstream in English rivers (Jobling et al.
1998, 2002). With aromatase upregulation and intersex individuals, in juvenile and
male fish, vitellogenin and zona radiate proteins were also described that show
xenoestrogenic contamination. Furthermore, more molecular markers identified
feminization responses and intersex conditions within species, in which ovarian
RNA showed expression of 5SrRNA in oocytes. It helps in the utilization of such
RNA to find the xenoestrogenicity in field conditions (Ortiz-Zarragoitia et al. 2014).
In largemouth bass, intersex was described in the form of testicular oocytes in
5 years in surface water Delmarva Peninsula, USA, as reported by the researchers
(Yonkos et al. 2014). There was a permanent disruption resulting from EDCs.
Maradonna et al. 2004 reported that it primarily depends upon nature, concentration,
and exposure to the chemical. G. niger, when exposed to alkylphenols for 48 h,
shows a significant increase in protein synthesis and vtg mRNA, but there were no
histological changes found in testis. Some studies showed the ability of zebrafish to
recover from estrogenic exposure as reported by different workers in their studies
(Baumann et al. 2014a, b). The permanent disrupters’ sexual development of
zebrafish formed due to estrogen-antagonist fadrozole or in some cases EE2,
proceeded by inducing masculinization and severe pathological testicular alterations.
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Histopathology of gonad demonstrated ovarian atresia and IPFD (intestinal
proteinaceous fluid deposits). In addition, Luzio et al. (2016) reported that EE2
was responsible to induce gonadal changes and showed reversible recovery as well.
In carp, intersex phenotype was observed with exposure to BPA. About 1000 μg/L
BPA was present in the male testis. Few previtellogenic oocytes were found within
the testicular tissue (Mandich et al. 2007).

12.2 Effects of EDCs on Epigenetic Process

In 1942, researchers started to talk about epigenetics, because Conrad Waddington
reported that it is the interaction of genes with their environment which brings
phenotype into being. Epigenetic modifications are defined as reversible modifica-
tion as well as heritable chromatin chemical modification, with no significant
changes in the underlying DNA sequences. Epigenetics showed a significant role
in different cellular processes through silencing from growth, metabolism,



differentiation, and gene expression regulation by enhancing specific gene as well.
Esteller (2007)) reported that no communication occurs in gene transcription and
environment in epigenetic mechanisms. There are various epigenetic modifications
such as DNA methylation and histone modification (Labbé et al. 2017). Various
researchers reported that in EDC response, deregulation of microRNA implication
was found in different species of vertebrates (Cameron et al. 2016). Similarly, in
D. rerio and Carassius auratus, it was reported that fluoxetine exposure causes
miRNA expression changes and represents a new biomarker group exposure to
toxicants. There were increases in knowledge after exposure to chronic EDCs in
miRNA transcriptional variation.
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For a long time, the effects of EDCs were determined on epigenetic mechanisms.
There are some examples such as HBCD (hexa-bromocyclododecane) and E2
(17-beta oestradiol) that were demonstrated in Gasterosteus aculeatus on global
DNA methylation in gonads, which further showed increases in GGH (global
genomic hypermethylation) in both gonads; however, male gonads showed signif-
icant increases than that of female gonads as reported by different researchers
(Aniagu et al. 2008). Skinner (2014) reported the ability of EDCs to induce ETI
(Skinner 2014).

There were some compounds that have the ability to affect germline directly, i.e.,
dioxin, PCBs, and phthalates. Embryo formation occurs by the fusion of oocytes and
spermatozoa. The gamete formation occurs in puberty stage when the embryo
developed in mature organism. The various researchers studied that this was the
time when epigenetic modification plays a significant role in the cell differentiation
at the time of development of embryo and gametogenesis process as well (Labbé
et al. 2017).

In this way, it was reported that in zebrafish, their reproductive physiology was
impaired when exposed to BPA (5 μl/L). Santangeli and workers reported that in
mature follicles, signal downregulation in growth and oocyte maturation acts with
apoptosis promotion (Santangeli et al. 2016), due to change in chromatin structure
with some modifications of histone. It was observed that BPA shows negative effects
on the female reproductive system. It may occur due to the high ability to deregulate
the mechanisms. The interference of bisphenol A reported with histone modification
in the ovary of zebrafish. It leads to decreases in 1hcgr mRNA levels that further
affect the global methylation, resulting in interference in dnmt expression as reported
by various researchers (Santangeli et al. 2016; Santangeli et al. 2017). There are
some examples that show the upregulation of cyp19a1a mRNA when exposed with
BPA (15 μg/L) for 7 days in G. rarus. On the other hand, the exposure of BPA for
35 days resulted in aromatase mRNA downregulation. Researchers have reported an
inverse correlation between cyp19a1 DNA methylation and its mRNA levels, but
only in the ovary. It was observed that cyp191a1 transcriptional control occurs due to
DNA methylation (Liu et al. 2014b). BPA helps in DNA methylation changes in
cyp17a1 and cyp11a1 5′ flanking regions at CpG loci. The direct and inverse
correlation was demonstrated in CpG methylation and cyp11a1 mRNA levels and
in CpG methylation or cyp17a1 mRNA levels as reported by various researchers
(Zhang et al. 2017). BPA also caused hypermethylation in testis that decreases the



TETs after a week of exposure. The more concentration of BPA, the more the global
DNA methylation occurs. This is because of the upregulation of DNMTs owing to
glutathione synthesis (Yuan et al. 2016). On the other hand, exposure to BPA at a
concentration of 1 mg/L has been found to result in a decrease in dnmt1 expression,
leading to down-regulation of global methylation (Laing et al. 2016). All these
results showed that a single pollutant can induce the epigenetic effects, may be
time dependent, and differ in vertebrates. A field survey also demonstrated the
different levels of contamination in the same species at different regions in southwest
of France. The fish sample from both contaminated part and from clean site showed
high aromatase and FSHr levels in DNA methylation levels in genes encoded for
these. It can be suggested that gonadal gene methylation level increased due to the
pollution that plays a significant role in growth and differentiation of oocytes.
Pierron and coworkers reported that chronic pollution affects the animals’ reproduc-
tive capacity and the offspring may inherit such epigenetic marks (Pierron et al.
2014) (Fig. 2).
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Water Contamination Through Xenobiotics
and Their Toxic Effects on Aquatic Animals

Nafee Maqbool, Ishteyaq Majeed Shah, Shams M. Galib, and Fayaz Ahmad

1 Introduction

Industrialization, urbanization, and globalization are the great advancements and
achievements of human race. These aspects with population growth are affecting our
lives both positively and negatively (Gu 2019). Globalization has enormous positive
and favorable benefits when seen through the economic as well as political perspec-
tive, but its effect on the environment is negative – a prerequisite for quality life. The
twentieth century saw a rapid technological progress leading to development of
many life-improving compounds such as antibiotics, dyes, PCPs, additives, etc.
These compounds usually are not found naturally, or if found, their natural concen-
trations are significantly lower in the environment. The advances in technology,
improved access to medicines, longer life, and use of daily grooming and personal
care products lead to the introduction of new foreign substances into the environ-
ment. The use of crop-enhancing products like pesticides and fertilizers also leads to
the addition of new foreign compounds into the environment (Ebele et al. 2017;
Nikolaou et al. 2007).

The term “xenobiotic” is derived from two Greek words xenos and bios. Xenos
refers to “foreign” and bios refers to “life.” Xenobiotic thus itself means foreign
thing in living form. Those chemicals which are foreign and are not naturally
produced in organism or the environment are referred to as xenobiotic. It also
includes some naturally found compounds when present in elevated concentrations.
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These substances either as single or mixed with other substances can lead to serious
problems including long-term and short-term effects on humans, animals, and the
ecosystem (air, water, and soil). It is challenging to detect, measure, and eliminate
xenobiotic due to their physicochemical properties like tiny molecular size, solubil-
ity in water, lipophilicity, volatile nature, polarity, and ionizability (de Oliveira et al.
2020). Wastewater systems and runoff from rainy weather are responsible for the
presence of xenobiotic in freshwater (Roccaro et al. 2013; Pedersen et al. 2003).
Manmade contaminants being nondegradable or taking a long time to degrade leads
to pollution (Singh 2017; Dar et al. 2020). These substances which are foreign to the
environment and are nondegradable or takes a very long time to degrade falls in the
category of xenobiotic. The classification of xenobiotics according to Water Frame-
work Directive is shown in Fig. 1. The sources and categories of xenobiotics is
shown in Fig. 2.
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2 Transport Route of Xenobiotic Compounds

The xenobiotics are introduced into the environment due to various human activities.
Although their incorrect disposal is a contributing factor, the transit of these
chemicals into the environment is also caused by manufacturing facilities, sewage
treatment plants (STPs), wastewater treatment plants (WTPs), animal treatments, etc.
(Fig. 1). In agriculture, insecticides and herbicides are applied directly on agricul-
tural land and consequently end up in the soil. The rain further delivers these
substances into groundwater, rivers, lakes, seas, etc. In addition, the majority of
PPCPs are released into the environment indirectly. Animals and humans both
consume PPCPs, but because they can’t fully metabolize them, they either excrete
these substances as such or their metabolites (Chopra and Kumar 2018). In this way,
metabolites and parent molecules enter the food web. It needs to be mentioned that
sometimes metabolites are more lethal/harmful than the original molecule and
through excretion they enter into wastewater treatment plants, sewage treatment
plants, etc. Finally, they reach the soil, groundwater, rivers, lakes, and seas. Unfor-
tunately, plants and aquatic organisms take these pesticides and PPCPs – providing a
route for them to enter the food chain. The different sources of xenobiotics is
shown below in Fig. 3.

3 Classification of Xenobiotics

Xenobiotic can be classified on the basis of various characteristics like nature, uses,
physical state, pathophysiological effects they cause, etc. Classification on the basis
of some characteristics is given below:
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Priority Substances

• Herbicides

Polyaromatic
Hydrocarbons

• 
• Hormones • Pyrethroida

Pharmaceuticals• Insecticides• 

Sulfonylurea• 

Herbicide• 

Metals and
Non-metal
trace
elements
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Fig. 2 Figure showing the categories and sources of xenobiotics

Industries and factories
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Fig. 3 Various sources of xenobiotic toxicants (industries and factories are the prime sources of
xenobiotics. Garbage contained in dumping sites, heavy metals, sewage treatment plants also
contribute to the xenobiotic sources. Pharmaceuticals, human excreta, livestock, and animal excreta
all are powerful packs for xenobiotic formation
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1. Nature: On the basis of nature, xenobiotics are classified as natural and synthetic.

(a) Natural xenobiotics include the chemicals produced by living organisms
mainly for defense purposes, such as bacteriotoxins, zootoxins, phytotoxins,
serotonin, etc.

(b) Synthetic xenobiotics include compounds generated by humans that are
hazardous to living things or that become toxic as a result of transformation
or accumulation (Gadzała-Kopciuch et al. 2004).

2. Uses: On the basis of use, xenobiotics are classified as active and passive.

(a) Active xenobiotics include compounds such as paints, pesticides, and dyes.
(b) Passive xenobiotics include additives and carrier molecules – used to facili-

tate the working of the active components (Donner et al. 2010).

3. Physical state: On the basis of physical state, xenobiotics are classified as
gaseous, dust form, and liquid xenobiotic.

(a) Gaseous xenobiotic includes benzene or aerosol form of pesticides. These
xenobiotics can easily spread in the environment.

(b) Dust form xenobiotics include solid particles that are very minute and
lightweight, e.g., asbestos powder. These xenobiotics can be easily carried
away with air or water.

(c) Liquid xenobiotics include chemicals that get dissolved in water. These are
generally effluents directly emitted into water bodies.

4. Pathophysiological effects they cause in an organism: Some xenobiotic affects
any tissue or organ of an organisms like kidney toxins, while others affect the
biochemical processes of an organism like methemoglobin-producing toxins.

4 Classification of Xenobiotic Sources

It is necessary to understand and study the sources from where they are released or
emitted into the environment as xenobiotics are found everywhere. By a thorough
understanding of the sources, new methods can be framed or developed to minimize
their release. The various sources of xenobiotics are classified as follows.

4.1 Direct and Indirect Sources

(A) Direct sources include all those compounds which are released directly into the
surrounding environment. Phenols from the pharma industries (Gayathri and
Namasivayam 2010) and hydrocarbons from petroleum effluents (Whyte et al.
1997) are considered direct sources. Pesticides and insecticides like organo-
phosphates, methyl parathion, morpholine, etc. degrade slowly and directly



106 N. Maqbool et al.

affect the environment (Hashmi et al. 2017). Other examples of direct pollutants
that degrade slowly in the environment include plastics, paint containing emul-
sifiers and texturizers and dyes (Lazarevic et al. 2010; Abdelkader et al. 2011),
and paper and pulp effluents (Hashmi et al. 2017).

(B) Indirect sources are substances which are directly released into the environment
and do not act as a pollutant; however, its breakdown products or residues or
combination products act as pollutants. Indirect sources include nonsteroidal or
anti-inflammatory drugs, pharmaceutical compounds, and pesticide and herbi-
cide residues. Their inclusion in the food chain is significantly influenced by
bioaccumulation and biomagnification (Heberer 2002; Monadjem et al. 2004).

4.2 Product and Processes as a Source

(A) Product includes the end-product or outcome of any process or reaction. The
end-products have enormous value as xenobiotics do not degrade easily, e.g.,
dyes, pesticides, etc.

(B) Process: Xenobiotics are released as a result of routine daily activities at home or
at an industrial scale. It includes those xenobiotics that might be involved in the
process from the beginning, such as pretreatment, through the end, such as
packaging and transportation, or they might be involved in the manufacturing of
finished items.

4.2.1 Deliberate and Accidental Causes

(A) Deliberate: Those xenobiotics which are intentionally or deliberately released
into the environment such as those used in the pulp industries.

(B) Accidental: Some xenobiotics accidentally enter the environment as a result of
an accident or a technical issue.

4.2.2 Moving and Stationary Sources

(A) Moving sources include those that discharge waste while they are moving, such
as cars that generate substantial amounts of lead, carbon monoxide, and other
pollutants.

(B) Stationary sources include those industries which are located in one location and
generate and emit harmful pollutants.

4.2.3 Regulated and Unregulated Sources

(A) Regulated sources: By establishing some standards and enacting stringent laws
and regulations, the effluent released can be controlled. Generally speaking, this
legislation applies to big businesses and vehicles.
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(B) Unregulated sources: It is exceedingly challenging to control residential waste
generation in daily life.

5 Sources

5.1 Personal Care Compounds

Personal care products and cosmetics include surfactants, oils and waxes, fragrances,
biocides, UV filters, and pigments. Most consumers prefer products with synthetic
flavors and perfumes over those without. The majority of softeners, washing pow-
ders, cleaning detergents, etc. also include substantial amounts of fragrances like
nitro and polycyclic musks. Cosmetics contain preservatives which give them longer
shelf lives as they often contain high percentage of water. It has been demonstrated
that biocides, perfumes, and UV blockers are released into water bodies (Bester
2007; Poiger et al. 2003; Balmer et al. 2005). The personal care compounds are
being reported in the marine ecosystems (Andresen et al. 2007).

5.2 Flame Retardants

Flame retardants are utilized in various textiles, construction materials, and elec-
tronic devices. These compounds can be mobilized and released into surface or
waste waters by a variety of activities, such as washing, cleaning, demolition, and
construction work, as well as the disturbance of dusts (Marklund et al. 2003).
Lipophilic polybrominated diphenyl ethers (PBDEs) have been used as flame retar-
dant in the past particularly in textiles. Nowadays, the use of HBCD and
decabromodiphenyl ethane has been reported as a replacement flame retardant for
PBDE (Ricklund et al. 2009). This substance use, however, raises concerns because
of their similar bioaccumulation and persistence qualities. The hydrophilic proper-
ties of organophosphate flame retardants, in contrast to PBDE flame retardants, make
them more likely to be discovered in water than in the sludge portion (Meyer and
Bester 2004). In addition to being detected in the wastewater (Bester 2007), they are
additionally detected in the marine environment which has been identified as the
final sink for these compounds (Andresen et al. 2007).

5.3 Pharmaceuticals

People who take medications release pharmaceuticals, with chemicals either exiting
the body as the parent chemical or as a metabolite (Ternes and Joss 2007). Although
excretion through feces is also significant, excretion through urine appears to be the



primary method for the body to eliminate the majority of medicines (Lienert et al.
2007). The majority of these chemicals are not effectively eliminated quantitatively
by current wastewater treatment methods, that is, they won’t completely stop the
entry of pharmaceuticals into wastewater. Pharmaceutical compounds are water
loving in nature and are too hydrophilic to sorb to sludge in wastewater treatment
(Joss et al. 2004, 2005; Ternes and Joss 2007; Reemtsma and Jekel 2006), and
biotransformation appears to be insufficient for the complete breakdown of many
compounds. According to Triebskorn et al. (2004)), surface waters in addition to
estrogen ethinylestradiol contain many pharmaceuticals such as diclofenac.
Diclofenac is shown to cause many effects in the laboratory tests, e.g., in gills of
fish (Triebskorn et al. 2004) and swimming activity of Gammarus (De Lange et al.
2006). Reports indicate that most unneeded medicines are disposed via toilet or the
sink. Therefore, strengthening disposal routes presents a potential to quickly ame-
liorate the problem.
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5.4 Steroid Hormones

Due to typical human excretion, wastewater contains steroid hormones other than
ethinylestradiol and mestranol. According to reports, effective STPs using activated
sludge can lower these chemicals’ concentrations to ≤10 ng/L (Joss et al. 2004;
Schlüsener and Bester 2008). According to reports, male fish encounter estrogenic
chemicals by generating egg yolk proteins in their testicles at level lower than this
(Jobling et al. 1998; Desbrow et al. 1998). Synthetic steroid hormones like mestranol
and ethinylestradiol are employed in hormone replacement therapy and birth control.
Because of its most lethality and least biodegradability, ethinylestradiol’s predesti-
nation and mass flow have been the subject of particular investigation (Bester et al.
2008a, b).

5.5 Biocides

Currently, biocides can be found in a diverse range of goods for a number of
different reasons. These include improving consumer cleanliness, extending the
shelf life of goods like paints and cosmetics (triclosan), preserving wood
(thiocyanatomethylthiobenzothiazole), bolstering construction material (mold and
algae growth inhibition), and inhibiting the growth of unwelcome vegetation on flat
roofs. Wastewater and surface waters have been found to contain biocides like
triclosan at amounts higher than those that are harmful.



Table 1 List of different
xenobiotics and their chemical
nature

Name Chemical formula

Xylene C8H10

PVC (polyvinyl chloride) (C2H3Cl)n

Toluene C7H8

Soda ash Na2CO3

Paracetamol C8H9NO2

Acetaminophen C8H9NO2

Citric acid C6H8O7

Nerve gas (soman) C7H16F

Caffeine C8H10N4O2

Methyl cyclopropane C4H10
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5.6 Polycyclic Aromatic Hydrocarbons (PAHs)

PAHs, one of current and major environmental concerns, have sources from gas
plants and blast furnaces of coke plants (belonging to coal processing units). Other
sources like automobile industry (e.g., tires) also contribute to PAHs. According to
Milukaite (2006), the level of PAHs is linked with industrial progression as they are
found to be less with no industrial history (generally in low amounts and tend to
sludge within STPs).

5.7 Corrosion Inhibitors

Benzotriazole and tolytriazole are the complexing agents that are routinely used as
anticorrosives in aircrafts, de-icing, anti-icing fluids, and silver protection in dish-
washer detergents. Benzotriazole is detected in surface water at unusually high
median concentrations of 1 microgram per liter due to poor removal inside STPs
(Giger et al. 2006; Weiss et al. 2006). These substances are identified as the
pollutants with the overloads in groundwater that has been tainted by the intrusion
of filthy water, together with medications like carbamazepine, amidotrizoic acid, etc.
(Hollender et al. 2007). The chemical nature of different xenobiotics are represented
in the Table 1.

6 Physicochemical Nature of Xenobiotics

Since majority of xenobiotic molecules share similitude/parallelism with parent
compound, from where they arose, they are mainly joined by nonphysiological
bonds which led to their complicated chemical framework. Although these com-
pounds have highest degree of polymerization that leads to high molecular weight, at
the same time, they are least soluble or partially soluble in water leading to their



condensation due to aromaticity and polycyclic rings. A vast array of compounds
like aromatic hydrocarbons, halogen-substituted aliphatic compounds, azo
chemicals, polycyclic aromatic hydrocarbons (PAHs), aromatic amines, and aro-
matic hydrocarbons belong to xenobiotics (Southorn and Powis 1988; Spain 1995).
Given below are some of the xenobiotics and their chemical formulae.
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Given the prevalence of these exogenous bodies all along the globe makes
xenobiotics challenging to confine (Wu et al. 2017). There are generally four phases
through which xenobiotics find their way in a living system, namely, absorption
(first step), distribution and their metabolism, and finally elimination. Biotransfor-
mation process like hydrolysis, oxidation, and reduction is generally carried out by
these xenobiotics in order to produce reactive functional groups like –NH2, –COOH,
and -OH preceded by complexation of hydrophilic molecules in order to boost the
hydrophilicity of xenobiotics, which results in intestinal excretion (Mandlekar et al.
2006). Additionally, it has been discovered that xenobiotics can cause gene muta-
tions that lead to cancer (Kamdem et al. 2006).

7 Water Contamination Through Xenobiotics

Graywater contains heterogeneous molecules called xenobiotic organic compounds
(XOCs), which can be found in varying amounts due to detergents, skincare
products, and hair colorants (Grčić et al. 2015). Various health effects may result
from chronic exposure to these chemicals in human bodies due to their
bioaccumulation in the environment and food chain (Kim and Zoh 2016). It is
especially dangerous for people living in countries where surface water supplies
most of their drinking water. Water quality is improved by treating surface water in
certain nations before it is used as drinking water. For the treatment procedure to
achieve primary objectives such as decreasing salinity, total suspended solids (TSS),
chemical oxygen demand (COD), and biological oxygen demand (BOD), basic
approaches are required. When it comes to getting rid of XOCs, these methods are
ineffective.

Before municipal wastewater is released into aquatic systems, it must be treated
with xenobiotic receptors found in traditional sewage treatment plants. It is possible
to detect trace metals, xenobiotic substances, organic compounds, and pesticides in
water bodies (Essumang and Ankrah 2010). Chemicals used in pharmaceuticals and
xenobiotics may interfere with biological processes like nitrification in traditional
sewage treatment facilities.

However, it is currently strictly forbidden and discouraged as the discharge of
these toxicants could compromise the biological viability and structure of aquatic
waterbodies. The leaching process may allow xenobiotic substances to reach
groundwater. A number of aquatic creatures have been found to exhibit xenobiotic
contamination (Fent et al. 2006). As metabolites or as their original forms, xenobi-
otic substances can enter the environment. Because of high resilience to



biodegradation, leading to their buildup in greater quantities, these contaminants are
highly toxic and lethal.
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8 Impact of Xenobiotics on Aquatic Life

It is well known how xenobiotic contamination affects water bodies. Keeping in
mind the boarder nature of xenobiotics, it is almost impossible to tackle down the
implication caused by the constituents present in these xenobiotic compounds.
Below listed are some of the major xenobiotics and their implication on aquatic life.

8.1 Microplastics

Microplastics can easily permeate marine environments like the ocean and sea.
Credit goes to the high prevalence and extremely smaller size which is <5 mm.
Implications of microplasticity on human health and other life forms are well
documented. Several research indicate that marine creatures, specifically fish, absorb
these microplastics (do Sul and Costa 2014). There are significant regional dispar-
ities in the distribution of microplastics on the surface of water bodies, near-shore
beaches, and sea bottom sediments. Notable geographical differences are present in
the distribution of microplastics on water bodies, sea bottom sediments, and beaches
(near-shore). The impact of microplastic contamination on coastal waters is a serious
concern, owing to increasing anthropogenic activities.

8.2 Mercury Accumulation

Mercury emissions from anthropogenic and natural sources, such as coal combustion
and incineration, deplete aquatic ecosystems of invertebrates and vertebrates
(Krabbenhoft 2004). The three categories of substances that mercury falls under
are organic, inorganic, and elemental. The most mercury that is discharged into the
environment is inorganic mercury (Li et al. 2019). The causes of the zonal variation
of mercury have been determined by numerous models (Houssard et al. 2019). This
is the major justification for locating and researching the distribution and pattern of
mercury in aquatic environments. Both humans and animals are exposed to mercury
through eating fish (Kim et al. 2016). Therefore, understanding the presence and
abundance of mercury in aquatic environments is crucial. Humans are the primary
consumers of mercury, so understanding the extent of the pollution is also useful.
According to Zupo et al. (2019), around 13 species of marine fishes were tested for
Hg, and many were found to be contaminated with the metal. The researchers also
measured mercury concentrations in water, soil, feed items, and fish prey to



demonstrate the bioaccumulation process. There were high levels of mercury depo-
sition in marine fish compared to freshwater fish. Mercury concentrations rose as
trophic level increased (Zupo et al. 2019). The total mercury concentration in market
and coastal fish samples was higher than the legal limit.
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8.3 Oxidative Stress

When the levels of both oxidants and antioxidants fall on the same balance, oxidative
stress takes birth. Cells are damaged via oxidative stress when reactive oxygen
species or oxidants are present at high levels. Free radicals are prevented from
causing damage to the body by enzymes that are antioxidants. Oxidative stress is
indicated by elevated enzyme activity levels. Healthy cells detoxify prooxidants and
ROS with antioxidant defenses (Livingstone 2003). It is possible for redox-active
metals, such as those that are redox-inactive, to generate ROS like hydrogen
peroxide, superoxide radicals, and hydroxyl radicals. A cell’s antioxidant defenses
are overwhelmed by an increase in ROS production, resulting in “oxidative stress.”
ROS damage to lipids, proteins, and DNA causes various dysfunctions in cells under
oxidative stress (Ercal et al. 2001).

8.4 Heavy Metals

A variety of heavy metals affect living things negatively, including arsenic, lead,
cadmium, and mercury. Biological accumulation of heavy metals and their
biomagnification are major concerns. It is critically significant to be aware of the
high levels of toxicity and carcinogenicity associated with these metals. Further, they
may cause morphological and functional defects, developmental delays, or even
death in developing fish embryos, as well as adverse effects on several metabolic
processes. Adnan Amin et al. (2015) found that developing fish (embryos and
larvae) had altered body form, body anomalies, and delayed hatching.

8.5 Mercury

Freshwater is contaminated with mercury on a global scale. The presence of oxida-
tive stress and damage after mercury exposure has been shown in numerous studies
(Cappello et al. 2016; Larose et al. 2008). The expression of antioxidant enzymes
and non-enzymatic scavenger molecules are mainly impacted by acute water expo-
sure to Hg(II) (Kidd and Batchelar 2012). As a result of exposure to 150 mg/L of Hg
(II) (MT) for 96 h, antioxidant enzymes such as GST, SOD, CAT, GSH-Px, GR,
GSH, metallothionein, and glutathione are highly elevated.
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8.6 Lead

Overdoses of lead can lead to anemia, which is characterized by microcytic and
hypochromic red blood cells (Goyer and Clarkson 1996; Adnan Amin et al. 2017;
Sruthisree et al. 2015). In numerous studies, waterborne Pb has been found to cause
anemia in a variety of fish, including brown trout (Salmo trutta) (Mariussen et al.
2017), common carp (Cyprinus carpio), European catfish (Silurus glanis), and tench
(Tinca tinca) (Shah 2006). Lead can cause oxidative damage via directly affecting
the cell membrane (Sevcikova et al. 2011). A number of mechanisms can result in
oxidative damage caused by lead, including interactions with SOD (superoxide
dismutase), δ-aminolaevulinic acid, and methemoglobin (Costa et al. 1997; Adnan
Amin et al. 2016).

8.7 Cadmium

Water organisms are toxic to Cd depending on their speciation, and the bioavail-
ability of Cd depends on its free ion concentration. Ca2+ and Cd2+ compete for each
other in complexing with Cd2+, reducing its toxicity. Wood et al. (2011) found that
cadmium poisoning adversely affected Ca, Na, and Mg ion homeostasis. There has
been a growing body of evidence documenting cadmium accumulation in aquatic
species, notably in the liver, spleen, gills, and muscle (Gomes et al. 2016; Olsvik
et al. 2016). As a result of Cd exposure, they were able to verify that cytotoxicity and
oxidative stress were caused. The dissociation of MT (metallothionein) by cadmium
caused kidney injury in the cytoplasm of the proximal tubule cell where it induces
oxidative stress. According to Verbost et al. (1988), Ca2+ and Cd2+ compete directly
on ATPase binding sites, with Cd2+ having a high affinity for Ca2+. A recent study
found that exposure to Cd affects Na ions (Wood et al. 2011), decreases Na+/K+

ATPase function, and affects liver catalase action (Atli and Canli 2007). Effect of var-
ious heavy metal on fish health is shown in the following Fig. 4.

8.8 Pesticides

This is a concoction of chemicals meant to kill, subdue, or prevent the spread of pests
(unwanted/undesirable organisms). Typically, nematodes, insects, microorganisms,
and insects among others belong to the category of pests, meant to ruin crops and
spread diseases, and compete in food chain (human food). Depending on the nature
of origin, pesticides are often divided into biological and synthetic categories. While
created through manufacturing techniques, synthetic pesticides differ in many ways
from biological pesticides, isolated from natural sources (e.g., azadirachtin derived
from neem). Another division of pesticides is based on working action/mechanism



with some as broad spectrum meant to control a wide range of pests/species and
others as narrow spectrum (controls/kills or inhibits growth of few or limited
species). Pesticide division is mainly based on the pests it controls or regulates.
Pesticides are categorized as insecticides (meant to kill insects), Fungicides (control
and growth of fungi) and herbicides kill unwanted plants known as weeds.
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Lead(Pb) Mercury(Hg) Cadmium(Cd) Other metals

Anemia
GST
SOD
GR

Metallothionein

Liver,Kidney,Nerve
damage

Defective
Embroys

Bioaccumulation Delayed
Hatching

Fig. 4 Heavy metal effect on fish: heavy metals like Pb, Hg, Cd, etc. greatly impact the well-being
of fishes, leading to anemia; liver, kidney, and nerve damage; delayed hatching; and elevation in
many types of antioxidant enzymes like GST, SOD, GR, etc

Meddling with nervous system at multiple areas, insecticides may alter many
membrane transport channels like the ones of Na+, K+, chloride, and calcium, thus
leading to inhibition of specific enzyme activities meant for nerve transmission
(Correia et al. 2010).

8.8.1 Classification of Insecticides

(a) Organochlorides are chemically inert and have long-lasting effects on the ner-
vous system. Examples include well-known dichlorodiphenyltrichloroethane
(DDT), lindane, and endrin, all affecting the nervous system (DDT inhibits
and targets release of neurotransmitters) (LeBlanc 2007).

(b) Organophosphates: After being banned by many developed countries,
organochlorides were replaced by organophosphates (e.g., parathion and mala-
thion). Symptoms caused by this typical class of insecticides are extended and
consistent as they target enzyme acetylcholinesterase (neurotoxic in nature)
(Ecobichon 1991; Sankhla et al. 2018; Alencar et al. 2020).
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(c) Carbamates: By adhering to the enzyme’s reactive site, this class of pesticide
also inhibits AChE. AChE is quickly and permanently inhibited by this class of
insecticide (Nie et al. 2020).

(d) Synthetic pyrethroids: A recent class of insecticides that have additional sites for
enzyme binding and action, inhibiting calcium and magnesium ATPase. It also
impedes with calcium removal from nerve endings, leading to release of neuro-
transmitters at postsynaptic gap.

8.8.2 Herbicides

Meant to eradicate noxious weeds, herbicides influence a number of systems that
take part in growth, cell and nuclear division, photosynthesis, respiration, growth,
and the production of proteins and lipids. Herbicides are categorized into different
types, but two best studied herbicides are glyphosate and chlorophenoxy herbicides.

8.8.3 Fungicides

Fungicides are a class of insecticides that disrupt fungi’s energy sources and prevent
the development of their spores. Examples include dithiocarbamates, R-S-CCl3
compounds, etc. (Tsui and Chu 2003).

8.9 Dyes

The use of dyes is highly lethal and hazardous to both the environment and the well-
being of humans. In the environment, dyes can last for many years since they are
thermally and photostable to fend off biodegradation. When sunlight enters the
water, it is absorbed and reflected by colors, which increases the level of environ-
mental pollution. Absorption of light reduces algae’s photosynthetic activity, affect-
ing the food chain as well. Biological activity and photosynthesis of aquatic plants
and algae can be disrupted by a high level of textile dyes in aquatic bodies. This is
due to the dye blocking sunlight and preventing water from being reoxygenated
(Zaharia et al. 2009).

Using textile dye wastewater (untreated and treated) on the Gambusia affinis
freshwater fish, comparative toxicological studies found that mortality and cytotox-
icity of RBCs decreased significantly, as well as their counts dropping, their appear-
ance changing (poikilocytosis), and their size changing (Soni et al. 2006).

Algal growth characteristics, including protein, pigment, and other nutrients, are
affected by an increasing concentration of dye in a body of water. The effects of
different colors on algae may vary. The toxicity of pollutants in aquatic environ-
ments is 50% higher in algae than in typical test organisms (Hoffman et al. 2002)
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9 Pesticides in the Aquatic Ecosystem

A wide variety of chemicals are used in agriculture and daily life as pesticides and
herbicides, such as organophosphorus, endosulfan, nitrophenols, morpholine, syn-
thetic pyrethroids (SPs), and carbamates. As a result of these substances, ground-
water is contaminated, and runoff eventually reaches rivers and oceans. Pesticides,
the most dangerous toxins posing substantial risks to biological organisms including
humans, find their way into aquatic system through a number of channels including
spills, industrial effluent, surface runoff, or soils that have been exposed to pesticides
(Picó et al. 2020). The toxic consequences brought on by exposure to these hazard-
ous substances can be divided into different categories according to exposure
timeframe. Short-term exposure is defined as lasting ≤96 h, whereas long-term
exposure is defined as lasting >96 h. Exposure type can be fatal or sublethal.
Pesticides primarily reach aquatic fauna through three main ways, namely, through
the skin, breathing, and orally. Aquatic organisms are typically exposed to pesticides
through the consumption of pesticide exposed prey (secondary poisoning). For
instance, if a fish consumes pesticide-exposed insects, the fish will become second-
ary poisoned.

Aquatic fauna can be negatively or positively impacted by pesticides; negative
alterations include physiological changes in an organism (Acosta-Sánchez et al.
2020). As an illustration, the access of water flea to pesticides brings down their
number, which may be viewed as a direct consequence of the pesticides, and also
may elevate the biomass of algae because of release from grazing pressure, viewed
as indirect effect. Globally, herbicide, mostly glyphosate, is mostly used in the
management and regulation of aquatic and terrestrial weeds; however, its use
skyrocketed recently. Originally, they were meant for plants (mainly unwanted
weeds) but have been recognized to hit nontargets (aquatic fauna) by adversely
impacting them. The impact on nontarget creatures (aquatic) is deadly for some and
sublethal for others (Glusczak et al. 2007). It is believed that the insecticides
cypermethrin and SP pose a significant risk to aquatic fish and invertebrates.
According to Zhang et al. (2011), this substance can adversely affect reproductive,
neurological, and developmental functions. Fertilizers with high nitrogen and phos-
phorus content cause algal blooms, which also cause hypoxia and lead to a loss of
biodiversity in the ocean. DDT, for example, accumulates in fish’s fatty tissues and
moves up the food chain through bioconcentration and biomagnification. There is
evidence that DDT can cause cancer and birth abnormalities. The route and effect of
xenobiotics on aquatic organisms is shown below in Fig. 5.

10 Conclusion and Future Perspectives

The majority of research at the moment is concentrated on how xenobiotics affect
aquatic life, since they have an adverse effect on humans, aquatic systems, and the
environment as a whole, disrupting various food chains, leading to economic loss,



etc. Numerous reports have suggested that these toxicants may be poisonous,
mutagenic, carcinogenic, and responsible for a number of other illnesses. The impact
of xenobiotics on aquatic life finally ends up on impacting human health. Many
researchers are currently working to find strategies to reduce the impact of xenobi-
otics on aquatic ecosystems and their fauna and also to use these xenobiotics
sustainably for living in harmony with environment. Bioremediation is thought to
be the most effective, environmentally beneficial, and economically viable method
of reducing the impact of xenobiotics in the marine environment. It is the most well-
known method for keeping aquaculture systems healthy and sustainable and, ulti-
mately, regenerating aquatic ecosystems.
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Fig. 5 Agricultural runoffs (mainly pesticides) finally reach the riverine system, where through
oral, respiratory, and dermal routes they find their way in aquatic fauna mainly fish. The resultant
impact of pesticide is histopathological changes, carcinogenicity, neurotoxicity, and behavioral
changes in fishes among others
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Cypermethrin-Induced Reproductive
Toxicity in Zebrafish: Biochemical
and Molecular Perspective

Sana Aziz, Mumaiza Mumraiz, Fariha Latif, and Muhammad Sarfraz Ali

1 Introduction

The water bodies are persistently contaminated by millions of toxins due to the
release of industrial, agricultural, and household wastes, which are already threat-
ening aquatic life. Among these toxins, pesticides used for agricultural purposes are
now a significant contributor to the decline in biodiversity in aquatic habitats.
Generally, aquatic environments come into contact with several different types of
pesticides. Previous literature revealed the occurrence of pesticides in all types of
water systems, aquatic biota, and bottom residues in greater concentrations (Zheng
et al. 2016). Cypermethrin, (R,S)-alpha-cyano-3-phenoxybenzyl(1RS)-cis,trans-3-
(2,2-dichlorovinyl)- 2,2-dimethylcyclopropane-carboxylate, a widely used insecti-
cide, is a type II synthetic halogenated pyrethroid pesticide of fourth generation
(Kaviraj and Gupta 2014). The physical and chemical characteristics have been
presented in Table 1. Cypermethrin has a 416.30 molecular weight, a 60–80 °C
melting point, and a 6.6020 partition coefficient and shows colourless crystals in
pure form (Kidd and James 1991; Ray 1991; and Wauchope et al. 1992a, b). These
pyrethroid types are widely utilized in tropical regions to eradicate various insect

The original version of the chapter has been revised. A correction to this chapter can be found at
https://doi.org/10.1007/978-981-99-1214-8_22

S. Aziz (✉) · M. Mumraiz
Department of Zoology, Wildlife and Fisheries, University of Agriculture, Faisalabad, Pakistan

F. Latif
Institute of Pure and Applied Biology, Bahauddin Zakariya University, Multan, Pakistan
e-mail: farihalatif@bzu.edu.pk

M. Sarfraz Ali
Islamabad, Department of Biosciences, COMSATS University, Islamabad, Pakistan
e-mail: sp20-pbs-002@isbstudent.comsats.edu.pk

© The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2023, corrected publication 2023
M. A. Rather et al. (eds.), Xenobiotics in Aquatic Animals,
https://doi.org/10.1007/978-981-99-1214-8_4

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1214-8_4&domain=pdf
https://doi.org/10.1007/978-981-99-1214-8_22#DOI
mailto:farihalatif@bzu.edu.pk
mailto:sp20-pbs-002@isbstudent.comsats.edu.pk
https://doi.org/10.1007/978-981-99-1214-8_4#DOI


pests from different crops such as wheat, okra, sunflower, sugarcane, cotton, brinjal,
cabbage, and many more (Majumder and Kaviraj 2017). Ectoparasites that invade
poultry, cattle, sheep, and some associated animals are also controlled with them
(Velisek et al. 2006). This substance has been employed as a chemotherapeutic agent
in the marine cage culture of Atlantic salmon (Salmo salar) to manage its ectopar-
asitic infections (Caligus elongatus and Lepeophtheirus salmonis) (Treasurer and
Wadsworth 2004).
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Table 1 Physical and chemical characteristics of cypermethrin

Variables Relevant Information

Appearance Colorless crystals in pure form, viscous semisolid or viscous yellow
liquid when mixed isomers are present

IUPAC name Cyano-(3-phenoxyphenyl)methyl]3-(2,2-dichloroethenyl)-2,2-
dimethylcyclopropane-1-carboxylate

Chemical abstract
(CA) name

(R,S)-alpha-cyano-3-phenoxybenzyl(1RS)-cis,trans-3-
(2,2-dichlorovinyl)- 2,2-dimethylcyclopropane-carboxylate

Chemical formula C23H19ClF3NO3

Molecular weight 416.30

CAS number 52315-07-8

Solubility in water Insoluble in water; 0.01 mg/L at 20 °C

Melting point (M.P) 60–80 °C of pure isomers

Partition coefficient 6.6020

Vapour pressure 5.1 9 10–7 nPa at 70 °C

It has been abundantly found in all types of environments and is also found in
fruits, vegetables, dust, and air in lower or higher concentrations (Li et al. 2014,
2018; Hung et al. 2018). Moreover, cypermethrin from fishery medications, rain
erosion, and spray drift has been exposed in different water sources, i.e., surface
water, contaminated water, and even drinking water (Feng et al. 2016). For instance,
industrial effluents had a maximum cypermethrin concentration of 0.969 μg/L in
Beijing, China, and in Roseville, USA, sewerage water during the arid conditions
had a maximum cypermethrin content of 25.9 ng/L (Weston et al. 2009; Ge et al.
2010).

The amount of cypermethrin in aquatic environments from Pampa Ondulada,
Argentina, can reach 194 g/L after rain (Marino and Ronco 2005). The Environ-
mental Quality Standard (EQS) states that the extreme permissible concentration and
annual average levels of cypermethrin in the water bodies are 10 ng/L and 1 ng/L,
respectively. These levels are referred to as operating values and are employed by the
organization to provide help in control of cypermethrin in various water bodies
(Anonymous 1995). This suggests that nontarget animals might be in danger from
the presence of such high levels of cypermethrin in aquatic ecosystems. Its growing
use has drawn the attention of several toxicologists dealing with fish vulnerability.

As compared to fish, birds and mammals are less harmful to cypermethrin
because of their slower metabolic rate and easier elimination. The pyrethroids take
48 h to eliminate from rainbow trout, while these substances are eliminated from
mammals and birds only within 6–12 h (Bradbury and Coats 1989a, b). It is reported
that cypermethrin is very harmful to fish, and due to the stereochemical arrangement,
mixtures, and isomer formation, its toxic effects differ from species to species



(Kumar et al. 2007; Saha and Kaviraj 2008; Polat et al. 2002; Yılmaz et al. 2004). It
has been established that common marketable formulations are more harmful than
their active constituents, which have increased efficacy in agriculture (Demetrio
et al. 2014; Majumder and Kaviraj 2015; Puglis and Boone 2011).
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Zebrafish are now rapidly emerging as an essential model species in ecotoxico-
logical studies due to their intrinsic benefits, e.g., their low cost, short reproductive
period, abundant egg synthesis with a high level of fertilization, hatching, and
production of many developing embryos, etc. They can absorb tiny compounds
from their surroundings via skin, gills, and chorion (Parng 2005). Pesticides are
frequently used in field works, and as fish are sensitive to low doses of hazardous
substances, there is a need for a method to assess the effects of these pesticides on
fish species as a biomarker for aquatic toxicity. So, it is essential to conduct studies
on the harmful effects of pesticides on fish populations.

2 Applications and Pathways of Cypermethrin in Aquatic
Systems

Cypermethrin is considered one of the most abundantly found toxicants in freshwa-
ter bodies, and its concentration is as high as 3 g/L in surface water (Carriquiriborde
et al. 2007; Jaensson et al. 2007). It is not naturally occurring in the environment;
instead, its presence in the ecosystem is a result of anthropogenic activities. It is
extensively utilized in forestry, veterinary treatments, biocides, plant protection
products, and chemical industry (Fig. 1) and discharged in the aquatic environments
by various channels. Due to its wide range of applications, it may enter water
systems through runoff from agriculture or from rain on treated outdoor surfaces

Fig. 1 Applications of
cypermethrin
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(Defra 2009; ADAS 2004). Pyrethroids can start accumulation in water bodies that
destroy zooplankton, the key source of natural food for fish, at an early stage
(Pesticide Action Network North America 1999). Pyrethroids can also kill the
different types of insects on which some fish species feed, triggering the fish to
travel distantly for food that enhances the risk of predators attacking. Wet cleaning is
regarded as a route of exposure because the EU recognized it as a potential route for
cypermethrin to enter the environment (EU 2015). Due to the disposal of hazardous
substances, leachate from landfills is a possible source of cypermethrin in the
surrounding environment. The discharge of unhealthy materials and the release of
pyrethroids from agricultural runoff may contaminate aquatic habitats, which will
then cause adverse toxic effects in exposed aquatic organisms, including fish and
other aquatic nontarget animals (Farag et al. 2021) (Fig. 2).
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Fig. 2 Entrance pathway of cypermethrin into water bodies

In order to recognize the major pathways by which pesticides are exposed to
aquatic ecosystems and organisms, the following components of a worldwide
biocycle should be taken into account:

1. The water systems are the first that are initially exposed to pesticides.
2. Biological substrates such as water-living plants, algae, fungi, leaf litter, and

branches.
3. No-living substrates, e.g., sedimentary substances, which range in size from

microscopic residues to large soil particles (Murthy et al. 2013).

3 Exposure Routes for Absorption of Cypermethrin

Various insecticides can be taken up by fish through integumentary, respiratory, and
digestive routes (Schlenk 2005; Banaee et al. 2011) (Fig. 3). They can be absorbed
by the epidermis and collaborate with the blood-carrying proteins. Afterward, these



dispersed substances with skin cells disturb the CNS (central nervous system)
directly by the connection with peripheral nervous system (PNS) (Neal et al.
2010). Moreover, they may enter the organism’s body in low concentrations by
inhalation of smoke during breathing mechanisms. Furthermore, they can enter the
circulatory system directly via the alimentary canal during the digestive process
(Prusty et al. 2015; Farag et al. 2021).
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Fig. 3 Different exposure routes of cypermethrin

Fish organs, especially gills, have direct contact with water; therefore, they are
considered the target organ which would be estimated to have a greater proportion of
cypermethrin (Wendelaar Bonga 1997). Cypermethrin rapidly invades the cell
membrane due to its lipophilic nature, which increases the sensitivity of fish against
waterborne exposure to pyrethroid (Mishra et al. 2005). Therefore, gill tissues are
thought to be well suited to evaluate the genotoxicity caused by water pollutants
(Sharma et al. 2007). Gill tissues have a high proportion of pyrethroids even at lower
levels because they are not capable of properly breaking the pyrethroids which
adversely affect the performance of enzymes and rate of transport (Viran et al.
2003). Srivastava and Kaushik (2001) described that pest-killing agents accumulate
in important organs (liver and muscles) causing dysfunction of organs and resulting
in fish mortality.

4 Toxicological Mechanisms of Cypermethrin

There are many fish species which are vulnerable to various kinds of pesticides at
different levels. All aquatic animals show a wide range of toxic effects caused by
pesticides which depends on species, particular class of pesticides, exposure time,
and water quality (Coppage and Matthews 1974). Cypermethrin, a specific type of
pyrethroid, causes adverse effects by various toxicity processes (Fig. 4), and some of
them have described below to elaborate on it further.
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Fig. 4 The toxicological mechanism of cypermethrin. 4. Cypermethrin resulted in aldehydes and
cyanides that induce ROS that disrupt antioxidant enzymes and cause oxidative stress. 2.
Cypermethrin blocks the Na+2 channel gate closing leading to multiple nerve impulses, which in
turn leads to the release of the acetylcholine neurotransmitters and stimulation of other nerves. 3.
Cypermethrin inhibits AChE, which results in ACh pathological retention in synaptic gaps. 4.
Cypermethrin has a direct effect on calcium channels leading to an increased concentration of
cytosolic calcium that leads to genotoxicity and cytotoxicity. 5. Cypermethrin increased amino acid
catabolism that raised plasma NH3 and caused tissue impairment. 6. Cypermethrin inhibits GABA
receptors, thus causing convulsions and excitability. 7. Cypermethrin caused DNA damage that
induced mortality
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4.1 Induction of Oxidative Stress

Oxidative stress is one of the important processes that have a concern for nervous
damage caused by cypermethrin toxicity. Oxidative stress is triggered by an imbal-
ance in oxygen-free radicals that can cause destruction in micro- and macromole-
cules. Generally, the unusual increase in reactive oxygen species (ROS) is an
important factor that results in oxidative stress, and can also destroy the cell structure
(Barzilai and Yamamoto 2004; Amin and Indulkar 2017).

When cypermethrin is metabolized, it converts into cyanohydrines and then
further breaks down into aldehydes and cyanides; all these compounds contribute
in the formation of ROS (Wielgomas and Krechniak 2007). Neurotoxicity caused by
cypermethrin also takes part in the production of oxygen free radicals (Kale et al.
1999; Giray et al. 2001). Cypermethrin exposure leads to the disruption in mito-
chondria, and causes cell death as well as oxidative damage that subsequently
facilitates nigrostriatal dopaminergic neurodegeneration (Agrawal et al. 2015).

Waterborne exposure to certain chemicals might be responsible for the stimula-
tion of oxidative damage in aquatic biota, if these chemicals cause an imbalance in
ROS production (Jin et al. 2010; Amin et al. 2016). In controlled biological
conditions, free radicals are rapidly removed from fish and other organisms with
the help of antioxidant enzymes such as catalase (CAT), superoxide dismutase
(SOD), glutathione peroxidase (GPx), etc. (Valavanidis et al. 2006; Zhang et al.
2009). In organisms that are exposed to harmful toxicants, the antioxidant defence
system may reduce its activity, resulting in oxidative stress (Valavanidis et al. 2006).

However, according to previous reports, cypermethrin has the capacity to cause
oxidative damage in fish. Zebrafish exposed to different levels of cypermethrin for
96 h showed a dose-dependent increase in the activity of CAT, SOD, and lipid
peroxidation levels in relation to the control group (Shi et al. 2011). The increased
level of lipid peroxidation after exposure to cypermethrin may contribute in the
production of reactive oxygen species, which may lead to the oxidation of polyun-
saturated fats and ultimately cause lipid peroxidation (Valavanidis et al. 2006). In
fish, oxidative damage caused by ROS has been reported to facilitate developmental
abnormalities in the embryo (Yabu et al. 2001; Yamashita 2003). According to Uner
et al. (2001), exposure to 3 l g/L CYP for 10 days dramatically increases the GPx,
SOD, and CAT activity as well as MDA levels in the liver and kidney of fish species
such as Oreochromis niloticus and Cyprinus carpio.

Numerous studies have demonstrated the adverse effects of pest-killing agents in
many biochemical processes (Ullah et al. 2014). The disturbances in antioxidant
enzymes in fish are frequently tissue specific and found in the liver, brain, gills,
muscles, viscera, and kidneys of various fish species. The antioxidant activity has
presented variable results in various organs of each fish, for example, in tilapia,
peroxidase activities were found to be higher in the brain, gills, viscera, and muscles,
but the gills have experienced maximum change in peroxidase levels (Ahmad et al.
2000). In the same way, changes in lipid peroxidase levels have been noted in
response to several pesticides and environmental contaminants. Cypermethrin



caused significant alterations in peroxidase, lipid peroxidase, catalase, and glutathi-
one reductase levels in the liver, brain, gills, and muscles of mahseer (Tor putitora)
(Ullah et al. 2014).
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4.2 Disturbances in Ion Channels

Pyrethroids are characterized as neurotoxins, targeting the axons of the central as
well as peripheral nervous systems (CNS and PNS) by interfering with ionic (Na+,
K+) pathways. Many studies have documented the harmful effects of pyrethroids on
various shell and fin fishes, as well as their interference with ion exchange mecha-
nisms in nervous and mitochondrial cell membranes (Lutnicka and Kozińska 2009;
Lidova et al. 2016; Cárcamo et al. 2017; Wang et al. 2017). Na+ channels are
categorized as important proteins of the nervous system that regulate coordination
as well as control the vital processes, e.g., heart rate, salt and water balance, and the
functioning of the brain. Like mammals, zebrafish also exhibit a voltage-gated Na+

pathway gene expression process (Novak et al. 2006). All the pyrethroid chemicals
result in continued Na+ discharge and delay the sodium activation channel closure,
causing elongated and reduced Na+ tail outflow (Wang et al. 2006). The association
between cypermethrin and Na+ channels creates a hyperexcitable condition, and it is
the important part of its neurotoxic activity; changes in Na+ pathways also affect
other nerve cells.

The important mechanism of pesticide-mediated toxicity is due to its blockage of
AChE (acetylcholinesterase) which results in an abundance of acetylcholine, a
neurotransmitter, at the end of neuronal and neuromuscular interchanges. Pesticides
also exhibit disturbances in animal’s behaviour that are normally controlled by
acetylcholinesterase (AChE) at the synaptic region. The results showed that
cypermethrin ceases the functioning of AChE, an enzyme located at synapsis, and
is involved in the regulation of nerve impulses by breaking down the acetylcholine
into choline and acetic acid. The accumulation of acetylcholine at various sites in
neurons results in hyper-excitability which leads to behavioural alterations and may
cause fish mortality (Rao 1990).

Das and Mukherjee (2003) also revealed that cypermethrin hinders the working
of AChE in the brain of Labeo rohita fingerlings. Cypermethrin works as a neuro-
toxin that disturbs the conduction of nerve impulses and affects the permeability of
nerve cell membranes (Rao 1990). Cypermethrin also causes alterations in swim-
ming performance, equilibrium loss, hyperexcitability, and sinking toward the
bottom in Tor putitora and Labeo rohita (Marigoudar et al. 2009; Ullah et al.
2014). Pesticides, especially cypermethrin, change the migratory patterns of fish,
which may cause disturbance in their whole life cycle, for example, in salmonids,
movement from fresh to marine water can be changed as a result of AChE inhibition.

Some pyrethroids restricted the calmodulin protein, which increased the dis-
charge of neurotransmitters in the postsynaptic region. This protein is also respon-
sible for the interaction of Ca+ ions and intracellular membranes and controls the Ca+



elimination from the nerve endpoints, which decreases the immediate neurotrans-
mitter discharge (Wang 2008). The nervous system and outer cell membrane become
excited after chronic exposure to certain pest-killing agents. Moreover, GABA
(γ-aminobutyric acid) neurotransmitters in the brain are adversely affected by
pyrethroids (Coats et al. 1989; Bradbury and Coats 1989a, b; Richterova and
Svobodová 2012). Furthermore, they change the functioning of voltage-gated
Ca+2 pathways and restrict the transfer of Cl- ions into the nervous tissues
(Soderlund 2010). The beneficial effects of pyrethroids were less with regard to
Ca-Mg ATPase receptors, peripheral benzodiazepine neurotransmitters, and calcium
ATPase (Breckenridge et al. 2009).
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4.3 Induction of DNA Damage

The exposure of zebrafish to different sublethal concentrations of cypermethrin
increases the functioning of antioxidant enzymes towards reactive oxygen species
and can result in DNA damage in gill cells. Paravani et al. (2018) observed
significant alterations in expression of genes responsible for DNA repair, retinal
structural layers, programmed cell death (γ-H2AX and caspase-3), DNA fragmen-
tation and also in gene expression related to antioxidant enzymes. These outcomes
are helpful in showing the genotoxicity and oxidative damage in retinal cells of
zebrafish after exposure to environmentally relevant concentrations of cypermethrin.

Most importantly, it has been proven by earlier studies that oxidative stress causes
DNA damage and cell death. Cypermethrin has a close interaction with nucleic acids
like DNA, causing damage to them. According to Mitchelmore and Chipman
(1998), DNA fragmentation, specifically assessed by a comet assay, can be used
as an important biomarker of genetic toxicity in fish as well as other aquatic
organisms. In this regard, cypermethrin bioassays displayed very high values of
DNA damage index in the gill cells of zebrafish, followed by dose- and time-
dependent patterns. One possible explanation for the genotoxicity of cypermethrin
is that, due to its tiny size and hydrophobic nature, cypermethrin can easily penetrate
cellular membranes, contacting and reacting with DNA through its acidic compo-
nents (Saxena et al. 2005). Therefore, this interaction with DNA could result in
unwinding of double helix and structural deformation, which results in chromosomal
disruption.

5 Reproductive and Developmental Toxicity in Zebrafish

The toxicity of cypermethrin in the reproductive system is an important harmful
effect (Al-Hamdani and Yajurvedi 2010; Yuan et al. 2010). Pesticides are endocrine-
disturbing agents (Chatterjee et al. 2001; Rajakumar et al. 2012) and have the
potency to disturb the pattern of fish development and reproduction that initiates



Toxic effects Reference

reproductive endocrine disruptions (Singh and Canario 2004; Lal et al. 2013; Eni
et al. 2019). These types of endocrine disruptions affect immunity in fish, which
initiates diseases and ultimately can lead to death. Pesticides affected reproductive
success mainly causing disturbance in hypothalamic hypophyseal-gonadal-axis
secretions (Singh and Singh 1982). During the early life stages of development,
fish are also susceptible to endocrine disturbing impacts. A high level of pesticides in
the blood of vertebrates has been reported to cause damage in gonads of fish, such as
inhibition of oocyte maturational processes, intersex, and disorganization of ovarian
structure, including atretic follicles, breeding, hatching, and slow spermatogenesis
(Chatterjee et al. 1997; Deka and Mahanta 2012; Agbohessi et al. 2013; Chukwuka
et al. 2019; Sundaray et al. 2021).
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Table 2 Cypermethrin-mediated reproductive toxicity in zebrafish

Exposure
time

Exposure
concentration

Increase in VTG content 21 days 0.1, 1, and
4 μg/L

Guo et al.
(2021)

Large yolk sac in embryo 96 h 25, 50, 100,
200, and
400 μg/L

Shi et al.
(2011)

No effects on cumulative fecundity and hatchability
rate (%), lethargic movements, and immediate ces-
sation in spawning fishes

21 days 0.1, 1, and
10μg/L

Pitchika
et al.
(2019)

No significant changes in vitellogenin levels in both
male and female fish

21 days 10 μg/L Pitchika
et al.
(2019)

Gonadal-somatic index (GSI) changed 21 days 0.1, 1, and
4 μg/L

Guo et al.
(2021)

Significantly 21 days 0.1, 1, and
10μg/L

Pitchika
et al.
(2019)

Induce spermatotoxic effects and no effect on struc-
tural integrity of ovary reduction in cumulative egg
production, no change in GSI, the percentages of
CAO increased, the percentages of EVO and LO
decreased

21 days 0.1, 0.5, and
2.5 μg/L

Lu et al.
(2021)

The Sz percentages exhibited significant decrease,
the percentage of Sc was increased while the per-
centage of Sg was increased

21 days 0.1, 0.5, and
2.5 μg/L

Lu et al.
(2021)

GSI gonadal somatic index, Sz spermatids, Sc spermatocytes, Sg spermatogonia, VTG vitellogenin,
CAO cortical alveolar oocyte, EVO early vitellogenic oocyte, LO late/mature oocyte

Cypermethrin also exhibits reproductive toxicity in zebrafish (Table 2). Both
in vitro fertilization and embryogenesis mark the zebrafish as a more attractive and
simple animal model to investigate toxicity in the reproductive system. Zebrafish can
reduce cost, shorten the testing period, and increase throughput to evaluate the repro-
ductive toxicity of different toxicants. Pesticides also block sex hormones, which
cause anomalous sexual growth, male feminization, irregular ratios in sex, and



disturbed breeding. It can also change other fish’s hormonal processes like bone
development and the proper functioning of the thyroid (Murthy et al. 2013). Several
studies have reported that pollutants disturb levels of thyroid hormone that lead to
thyroid dysfunction in fish. Pesticides disrupted mating and reproductive behaviour
because they blocked sex hormones (Hoeger et al. 2005).
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To determine its molecular mechanism, the levels of key genes to the hypotha-
lamic hypophyseal-gonadal-axis play a main controlling role in the production and
discharge of sex hormones (Sanderson 2006). Hypothalamus synthesizes
gonadotropin-releasing hormone (GnRH), and after binding with its specific recep-
tor, it regulates the production and release of pituitary gonadotropins (GtHs), that is,
luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Any change in
GnRHmight influence the two GtHs and ultimately disturb the sex-steroid hormones
balance in fish (Liu et al. 2013; Shi et al. 2015). Lu et al. (2021) observed the
significant downregulation in expression of gonadotropin-releasing hormone-2,
follicle-stimulating hormone receptor, and luteinizing hormone receptor in zebrafish,
which contributed to the changes in sex hormone levels (Liu et al. 2013).

6 Impacts in Female Zebrafish

Cypermethrin can destroy the endometrium, decrease the number of follicles and the
pregnancy rate, and disrupt the secretions of estrogen and follicle-stimulating hor-
mone in females (Liu et al. 2006; Sangha et al. 2013). Studies also reported that
zebrafish exposed to cypermethrin showed disruption of their gills, ovary, kidney,
and liver architecture (Rajini et al. 2015). Pitchika et al. (2019) observed lethargic
activities and an abrupt cessation in spawning fish at a concentration of 10 μg L-1,
and cumulative fecundity and rate of hatchability (%) did not affect female zebrafish
after exposure to 0.1, 1 or 10 μg L-1 cypermethrin which suggested normal
fertilization efficiency and spawning of eggs. Vitellogenin is a process that nourishes
developing oocyte and acts as a specific marker in females. In female zebrafish, no
significant variations were detected in the plasma vitellogenin levels and structural
integrity of ovaries after 10 μg L-1 cypermethrin exposure. Histology of ovaries
showed the toxicological impacts of xenoestrogens and was therefore supposed to be
a valued result of reproduction.

In China, due to its quick action, effectiveness, and low price, beta-cypermethrin
has half the market share (Chen et al. 2002). Even though beta-cypermethrin is
measured as safe for mammals, large-scale and long-term use of it has caused
harmful effects in both natural ecosystems and other nontargeted organisms. In
adult zebrafish, beta-cypermethrin had an adverse effect on the gonadal development
and quantity of oocytes in each period. Nevertheless, after the 0.5 and 2.5 μg/L
exposure, the CAO (cortical alveolar oocyte) percentages were remarkably aug-
mented by 9.2% and 28.3%, while the LO (late/mature oocyte) and EVO (early
vitellogenic oocyte) percentage were notably decreased (LO, 49.1%, 53.2%; EVO,
40.8%, 31.0%) (Lu et al. 2021). A 2-week pre-exposure to beta-cypermethrin



showed no clear change in collective egg production in the unexposed zebrafish
group. However, after a 21-day exposure, it caused a significant reduction in egg
production by 24.5% and 34.6% in 0.5 and 2.5 μg/L groups, respectively. Zhou et al.
(2018) reported that beta-cypermethrin may lessen the fecundity of mice by
disrupting the levels of reproductive hormones and blocking the endometrium.
Recent studies have proved that beta-cypermethrin may induce adverse effects on
the reproductive system of zebrafish (Zhang et al. 2018).
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7 Impacts in Male Zebrafish

Cypermethrin exposure may reduce the capability of male fish to sense female
pheromones and affect serum sex hormone levels (Moore and Waring 2001).
Pitchika et al. (2019) reported no significant alterations in male plasma vitellogenin
levels in zebrafish after exposure to cypermethrin at 10 μg l-1 compared to the
control group. Cypermethrin showed no structural alterations in the testis of
zebrafish, although spermatozoans relative frequency declined by up to 12% in the
exposed group as compared to controls. In male zebrafish, it has the ability to start
spermatotoxic special effects without disrupting the histological design of testis.

Shi et al. (2011) showed that cypermethrin at 10 μg L-1 might induce
spermatotoxic effects as directed by lessening sperm number in male zebrafish, but
the similar concentration was ineffective to disrupt fertility rates. Spermatogenesis is
a process that can be controlled by different factors including estrogens (Schulz and
Miura 2002; Rather et al. 2017). Cypermethrin interferes with estrogen-mediated
receptors in male zebrafish that cause a reduction in sperm count. This could be a
clue to explain cypermethrin-mediated toxicity in the male reproductive system of
zebrafish (Pitchika et al. 2019). Likewise, it was stated that beta-cypermethrin might
induce reproductive toxicity and may decrease production of sperms in rats through
reduction of the expression of androgen receptors (ARs) (Liu et al. 2010). Previous
studies have indicated that 0.02 ppb cypermethrin showed no histopathology in the
testis architecture of freshwater fish (Esomus danricus). Lu et al. (2021) reported that
the spermatids in the testes markedly decreased, while spermatocytes significantly
increased after exposure to cypermethrin at 0.5 and 2.5 μg/L, while spermatogonia
was significantly increased only in high-dose group.

8 Impacts in Zebrafish Embryo

The early life stages of organisms are mostly vulnerable to the harmful effects of
drugs and chemicals (Makri et al. 2004). Additionally, in vivo tests of zebrafish
embryo are considered to be pain-free, and development of embryo is delicate to
ecological stresses. Teratological structures and embryo-relevant toxicity can be
scored easily from zebrafish due to its development outside of the mother body.



Other benefits of using zebrafish is the genetic basis of development (Kimmel 1989),
and its main features of embryogenesis (Sayim et al. 2005), cDNA clone collections,
mutant strains availability, physical map (Phillips and Reed 2000), and completed
sequenced genome have been well studied. Zebrafish embryos showed different
morphological anomalies such as pericardial edema, body-axis curves, and bulky
yolk sac after exposure to 25 μg L-1 cypermethrin (Shi et al. 2011). The teratogenic
abrasions made by cypermethrin in embryo of zebrafish were according to the results
described by DeMicco et al. (2010). During embryogenesis, oxidative stress induced
by reactive oxygen species has been reflected to induce different morphological
anomalies in fishes (Yabu et al. 2001; Yamashita 2003). Different doses of
cypermethrin induced a clear increase in catalase and superoxide dismutase activities
in zebrafish embryos until 96 h postfertilization. Suppressed DNA repair capability
and augmented caspase and p53 pathways were observed in the zebrafish embryonic
development after cypermethrin exposure. Hence, it is likely that the high activities
of these antioxidant enzymes might be due to removal of reactive oxygen species in
the organisms developed by cypermethrin. Similar consequences have also been
found reported in studies. For instance, cypermethrin exposure for 60 days at
25 mg kg-1 increased level of catalase and superoxide dismutase in rats (Nasuti
et al. 2003).
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The adverse effects of different pesticides have been reported on embryonic
hatchability. Lower and Moore (2003) observed earlier hatching of salmon embryos
after exposure to 0.05 μg/L cypermethrin. It has been reported that pesticides could
increase the hatchability of zebrafish (Yu et al. 2015). Furthermore, more concen-
tration of pesticides caused an inhibitory influence on hatchability.

Sathya et al. (2014) confirmed 0.05 μg/L of cypermethrin as LC50 value (lethal
concentration at which more than 50% mortality occur) and observed no significant
effects at the lowest 0.001 μg/L tested concentration. Thus, the sublethal and lethal
effects of the zebrafish embryos increased with an increase in exposure time and
concentration. In laboratory testing, the typical range of acute toxicity of
cypermethrin of fishes has been reported to be 1.8–8.2 μg/L by the USDA National
Agricultural Pesticide Impact (USEPA 1998). The LC50 of cypermethrin for fresh
water prawn and carp have stated to be 12.6 μg/L (Wang et al. 2006) and 0.0031 μg/
L (Collins and Cappello 2006), respectively. It is confirmed from the studies that
contamination with cypermethrin even at low levels in the aquatic environment
would affect the earlier developmental stages of fishes at various levels. The
observations recorded in this study were in accordance with the Zebrafish embryo
toxicity test described earlier (OECD 2013; Carlsson et al. 2013). The research
conducted with the beta cypermethrin displayed increased number of dead embryos
of the common carp (C. carpio) even after exposure to very low concentration of
cypermethrin (0.0001, 0.001, 0.01, 0.1, 1, 2, 4, and 8 μg/L) (Polat et al. 2002).
Coagulation, lack of heart beat, disrupting hatching rate, and lack of somite forma-
tion were observed in zebrafish embryos for lethal endpoints (OECD 2013). At very
low concentrations, cypermethrin crosses the placental barrier and induces hazard-
ous effects. Cypermethrin exposure decreases the DNA content and may lead to
transformations, particularly mutations in the germline leading to teratological
malformations (Anwar 2003; Bhunya and Pati 1988).
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Shi et al. (2011) have found evidence that cypermethrin induced developmental
toxicity by oxidative stress in the embryo-larval stages of zebrafish as indicated by
increased malformations and apoptosis signal in the nervous system and reported
that oxidative stress, repressed DNA repair capacity, and increased p53 and caspase
pathway are possible mechanisms in terms of standard toxicological parameter.
However, the level of cypermethrin utilized to induce acute developmental toxicity
was significantly higher than those that have been investigated in animals, in order to
better elicit evidently distinguishable effects and determine possible toxicity
mechanisms.

9 Conclusion

In this chapter, the toxicity of cypermethrin to zebrafish has been discussed. The
overproduction of reactive oxygen species and disturbance in ion channels due to its
neurotoxin capability caused the induction of apoptosis or DNA damage in the target
organs of fish. However, the number of knowledge gaps required to understand its
exact mechanisms of toxicity in complex exposure media is significant. Future
ecotoxicological research of pesticides should focus on the effects of pesticides as
well as to confirm its exact mechanism in freshwater environments to fill the
knowledge gaps. Cooperation is required from biologists, environmentalists, and
toxicologists for more extensive studies on pesticides. Furthermore, standard tech-
niques for testing are required to make toxicological studies more comparable.
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Impact of Pesticide Application on Aquatic
Environments and Biodiversity

Fariha Latif, Sana Aziz, Rehana Iqbal, Saman Iram, Maria Nazir,
and Muhammad Shakeel

1 Introduction

Water is a necessary component for all living organisms because it is one of the basic
compounds without which no life can exist. With reference to other hydrological
features, water quality is concerned with the chemical, physical, and biological
aspects. Diverse water sources are used in aquaculture, and it is normal for some
of these sources to become contaminated with different kinds of xenobiotics (Çok
et al. 2011). Heavy metals, pesticides, suspended solids, organic matter, and dyes are
examples of water contaminants (Yohannes et al. 2013). A decline in water quality
would have a substantial impact on aquatic biodiversity, at both individual and
population levels, as well as on water quality.

Some persistent organic pollutants (POPs) and heavy metallic ions found in
various fish and shellfish have exceeded the guideline limits for human consump-
tion. It has been described that more than 90% of POPs in organs, such as chlorinated
hydrocarbons, are derived from food; however, seafood is a big source of toxicity in
the human body (Easton et al. 2002). The current agricultural system has been
strained by the recent rise in global population, and the main objective of major
nations is to raise food production for the expanding population, which is predicted
to reach over ten billion by 2050 (Saravi and Shokrzadeh 2011; Yadav et al. 2020).
Herbicides, fungicides, nematicides, and fertilizers are just a few of the agrochem-
icals that are used throughout crop production. Through the food chain, exposure of
aquatic organisms to genotoxic substances may endanger human health. It may also
have an adverse effect on the environment by causing transmissible mutations that
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result in the loss of biodiversity. Fish health is a suitable marker for environmental
pollution-level monitoring because it concentrates toxicants in the fish tissues
directly from surrounding water and food, allowing the assessment of routes of
exposure of toxicants that have been transferred through the food web. Fish are
relatively sensitive to even minute changes in their surroundings, and their health is
an appropriate marker for environmental pollution-level monitoring (Jabeen et al.
2012; Laxmi et al. 2019).
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Since the use of pesticides for crop protection has increased along with agricul-
tural expansion, they represent a substantial source of toxicants in freshwater
environments. There are over 1000 active components in this broad collection of
synthetic organic chemicals, which are sold as fungicides, insecticides, and herbi-
cides (Mostafalou and Abdollahi 2013). Pesticides pose a major hazard to the higher
trophic levels of aquatic habitats due to their comparative higher bioaccumulation
capacity in the food web (Dar et al. 2015). Due to their lengthy persistence and
highly toxic potential, pesticide residues may be present at levels that are hazardous
to the public’s health in the soil, water, sediments, and fish. Depending on their
chemical makeup, pesticides can be categorized as pyrethroids (natural or synthetic),
organophosphates (phosphoric acid esters), organochlorines (chlorinated hydrocar-
bons), and carbamates.

2 Pesticides

A class of chemicals known as pesticides is employed to suppress, eradicate, or stunt
the growth of pests: insecticides (viz., organophosphates, organochlorines, carba-
mates), rodenticides (viz., anticoagulants), herbicides (viz., paraquat, diquat,
chlorophenoxyacetic acid), fungicides (viz., dithiocarbonates, captan), and fumi-
gants (viz., ethylene). The term “pesticides” refers to a broad category of chemicals,
the majority of which are insecticides (organophosphates (OPs), organochlorines,
carbamates, and pythids) and herbicides (bipyridyl compounds).

Chemicals called pesticides are employed to get rid of pests. These pests include
common bacteria, plant diseases, nematodes, and other insects that compete with
human food sources, spread disease, and ruin crops. Pesticides are further divided
into broad-spectrum and narrow-spectrum categories depending on how many
species they are used to control and how many species they are used to control in
total. In general, pesticides can be categorized as biological or synthetic. While
synthetic pesticides are created in factories, biological pesticides come from natu-
rally occurring sources like plant extracts (such as pyrethrin from chrysanthemums
and azadirachtin from neem plants). The following are a few pesticide classifications
(Table 1):
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Table 1 Major classes of pesticides

Pesticide
category

Insecticides Organophosphates, car-
bamates, pyrethroids,
organochlorines,
neonicotinoids

Kill or
repel
insects

Neurotoxic,
bioaccumulates,
and biomagnifies

Malathion, methyl
parathion, aldi-
carb, carbaryl,
methomyl

Fungicides Thiocarbamates,
triazoles, strobilurins

Kills,
molds,
and other
fungi

Stop the develop-
ment of fungus
spores and plant
illnesses

Metarn sodium,
fluconazole,
myclobutanil,
triadimefon

Herbicides Phosphonates
Chlorophenoxy herbi-
cides Dipyridyl
herbicides

Kill
weeds or
unwanted
plants

Neurotoxin to cer-
tain insect devel-
opmental stages

Glyphosate,
2,4-D, mecoprop,
diquat, paraquat

2.1 Insecticides

The majority of insecticides have a variety of effects on the nervous system; they
impede the transport of sodium (Na+), potassium (K+), calcium (Ca+), or chloride
ions (Cl-) across membranes, which in turn prevents certain enzymes from carrying
out their specific functions for chemical transmission at nerve endings (Correia et al.
2010; Amin et al. 2016).

2.1.1 Carbamate

Carbamate inhibits acetylcholinesterase (AChE) by attaching to the enzyme’s reac-
tive site. It inhibits AChE in a short and reversible manner (Jeon et al. 2013).

2.1.2 Organophosphate

Prior to the bans on DDT and other organochlorine pesticides, organophosphorus
insecticides like malathion and parathion were used instead. Additionally hazardous,
this class of insecticides prevents the activity of the enzyme acetylcholinesterase
(AChE), extending and aggravating the effects of intoxication (Sankhla et al. 2018;
Laxmi et al. 2020).

2.1.3 Pyrethroids

The two distinct acidic sections of chrysanthemic or pyrethric acids that cause type I
and type II disease are the most modern insecticide group (Correia et al. 2010). The
modes of action of pyrethroid insecticides are varied. One of these is Ca2+-Mg2+-



ATPase inhibition, which prevents calcium from leaving nerve endings and triggers
the release of neurotransmitters in the postsynaptic gap.
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2.1.4 Organochlorine

They are a particular class of pesticide that has long-lasting effects on the nervous
system because they are chemically inert and stable. Among all insecticides that
prevent neurotransmitter release, DDT is the chemical that has received the most
research. In addition to the deadly DDT, additional organochlorine insecticides
include endrin and lindane (LeBlanc 2007).

2.2 Fungicides

The electron transport chain in the respiration process is constrained by fungicides
(Leroux 1996). These are a type of pesticide that stops the growth of spores by
interfering with the fungi’s energy source. A different class of fungicides known as
phenylpyrroles (fenpiclonil and iprodione) inhibits spore germination and causes a
number of morphological changes to limit the germ tube elongation, while dithio-
carbamates (maneb and thiram), captan, and dichlofluanid inhibit respiratory process
enzyme activities at various sites.

2.3 Herbicides

Herbicides are created in order to kill harmful plants (weeds). They are linked to a
variety of mechanisms involved in the various cellular processes such as respiration,
photosynthesis, development, growth, nuclear division, and protein or lipid synthe-
sis (Mondal and Subramaniam 2020).

2.3.1 Chlorophenoxy-Based Herbicides

These herbicides, which primarily consist of dichlorophenoxyacetic acid,
trichlorophenoxyacetic acid, and 4-chloro-o-toloxyacetic acid, mimic the function
of growth hormones like auxin in plants (Kanan et al. 2020), disrupting normal
growth processes and causing curling of leaves or stems, limiting the growth of roots
and shoots, necrosis, and plant death (Cole 1985).
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2.3.2 Glyphosate

This herbicide is most commonly used to control weeds by inhibiting the enzyme
responsible for catalyzing amino acid synthetic pathways, thus disrupting the protein
synthesis mechanism (Wafford et al. 1989). Due to glyphosate’s widespread use in
shallow water environments and high-water solubility, ecotoxicologists’ primary
worry is the exposure of aquatic creatures that are not intended for it (Sikorski and
Gruys 1997).

3 Sources of Pesticides into Aquatic Ecosystems

The nature and qualities of the active ingredient and the current agroclimatic
conditions have all been taken into account in the research over the past few years
to identify a variety of potential entrance pathways. Several academics have studied
the processes that control the fate of pesticides after application to agricultural land
in order to monitor and comprehend these processes. It is now commonly accepted
that, in addition to diffuse losses, there are a number of other entry pathways for
pesticides into the water that result from improper usage, carelessness, unlawful
activity, or misuse. Pesticides have been found to enter the water in several condi-
tions (Table 2).

Table 2 Sources of pesticides into the aquatic environments

Entry source Entry route/cause Main water source type affected

Point Washings and disposal of garbage Surface water/groundwater

Spillages Surface water/groundwater

Sumps, soakaways, and drainage Groundwater/surface water

Tank filling Surface water/groundwater

Faulty equipment Groundwater/surface water

Consented discharges Streams, rivers

Direct entry including overspray Ditches, ponds, streams, rivers

Nonpoint sources Spray drift Ditches, streams, ponds, rivers

Surface runoff or overland flow Ditches, ponds, streams, rivers

Volatilization and precipitation Ditches, ponds, rivers, streams

Leaching Groundwater

Drain flow Streams, ditches, ponds and rivers

Throughflow/interflow Streams, ditches, ponds and rivers

Base flow seepage Groundwater and surface water
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3.1 Point Sources

Water pollution reaches a water body from a single location or a small number of
locations. In contrast to semi-point sources, which can happen when pesticides are
administered to isolated or restricted areas like roadsides or railroads, approved point
source contamination takes the form of authorized discharges, such as those from
vegetable washing plants. Spills or discharges of product, tank mix, trash, or
washings directly to surfaces or drainage systems, which can reach surface water
or groundwater via soakaways, result in non-approved contamination occurrences.

3.2 Nonpoint Sources

There is a microbiologically active soil layer present, where degradation and dissi-
pation processes can occur. Before entering water via artificial drainage systems or
as surface or subsurface flow, leaching, or bypass flow, the active substance and/or
its metabolites usually have the opportunity to move through the soil layers in
solution or sorb to soil particles. Both groundwater and surface water bodies may
be harmed. Spray drift and pesticides in precipitation are also examples of diffuse
sources of surface water contamination.

The pesticide damages the health of aquatic life when it enters the aquatic
ecosystem by runoff, vaporization to the atmosphere, agricultural runoff, ground-
water intrusions, or adsorption or plant uptake. Outside applications of pesticides or
fertilizer may cause some of the substance to shift. Streets are typically where you’ll
find storm drains. Rain and runoff from street gutters into storm drains from
irrigating gardens and lawns Sewers originate from drains inside the home and
transport wastewater from sinks, toilets, and showers to treatment facilities, where
they somehow contaminate river water (Fig. 1). Through crop field application,
seepage of tainted surface water, unintentional spills and leaks, incorrect disposal,
and even injection of waste material into wells, pesticides can enter underground
water-bearing aquifers. Pesticides are more likely to get into groundwater and
surface water when there is irrigation. Runoff that can carry pesticides is produced
when moist soils are irrigated or when runoff rates are increased. Pesticides and other
contaminants are more likely to seep into groundwater during irrigation that encour-
ages the regular downward movement of water past the zone of plants. This is
especially concerning in regions with rocky soils where irrigation is more important.
Proper irrigation management is crucial to lowering the possibility of pesticides
contaminating groundwater.
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Fig. 1 Entry of pesticides in the rivers

4 Pesticides in Aquatic Environments

The following elements of a global bicycle should be taken into account when
establishing the main paths of pesticide exposure to aquatic systems and biota:
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1. The water column, which typically receives pesticide exposure initially
2. Organic substrates such branches, leaf litter, mosses, algae, and vascular

hydrophytes
3. Inorganic materials like fine silt to large sand chunks (Murthy et al. 2013)

Lithic biotopes are often less polluted than standing waters, and pesticide con-
centrations in interstitial water and sediments are frequently lower than in the water
column. Fish in particular are hazardous to pesticides at both sublethal and deadly
concentrations (Khafaga et al. 2020). Aquatic animals’ biological availability (bio-
availability), bioconcentration, biomagnification, and persistence in the environment
all play a role in how long they survive when exposed to pesticides. Bioavailability is
the term used to describe the amount of pesticide in the environment that is
accessible to fish, plants, and animals. After use, some pesticides quickly deteriorate.

5 Behavior and Fate of Pesticides in Aquatic Ecosystems

Pesticide persistence and mobility are the two most important elements that affect
how a pesticide behaves when it enters aquatic ecosystems through dumping, crop
application, or spillage (Kerle et al. 1994). The fate of pesticides can be somewhat
predicted based on the compound’s qualities. Pesticides’ key characteristics, such as
water solubility, degradation half-life, vapor pressure, soil sorption coefficient, and
Henry’s law constant, can be used to forecast how they will behave in the environ-
ment. Pesticide characteristics, soil characteristics, crop management techniques,
and the loading of water on the soil are only a few of the variables that determine
pesticide destiny (Kerle et al. 1994). The following variables affect how long
pesticides remain in natural water:

There are following factors that decide the fate of pesticides in the aquatic
environments:

1. Release of pesticides in the water
2. Mobility
3. Persistence
4. Patterns of application of pesticides
5. Site condition

5.1 Release of Pesticides in the Water

Determining the amount of contamination depends on how much of a pesticide is
discharged into the environment. The kind and quantity of ground cover and
vegetation, formulation properties, terrain, rate and methods of application, and
weather conditions will all affect how much pesticide is released into the
environment.
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5.2 Mobility

Pesticide mobility refers to the possibility of a pesticide moving away from its
original location. Pesticide mobility is influenced by the compound’s volatilization,
adsorption behavior in soil, and water solubility. The Henry’s law constant describes
volatilization (Kh) from moist soil. Kh is described as the ratio of pesticide’s
concentration in the water to the concentration in air at equilibrium. The pesticide
vapor pressure and solubility can be used to calculate this value. The higher Kh
causes greater rate of volatilization of pesticides from the moist soil (Kerle et al.
1994).

Adsorption is a critical process that influences pesticide fate. Many environmental
factors influence the adsorption of pesticides, such as temperature, soil pH, and water
content, as well as the type and amount of organic matter present. Pesticide adsorp-
tion is generally inversely related to pesticide solubility in water. The solubility of
pesticides that are weak bases or acids is affected by pH. Furthermore, the water
solubility of the pesticide influences plant uptake. According to researchers, highly
soluble pesticides are more likely to move within the site or offsite via leaching or
runoff.

5.3 Persistence

Persistence of the pesticides is frequently expressed in terms of half-life. The half-
life of a pesticide is the amount of time that is required for one-half of the original
time required to degrade. This is a constant that occurs under specific conditions for a
given environmental degradation process and a given compound (Connell et al.
2009). The half-life can be used to categorize substances based on their overall
persistence properties.

The longer a pesticide remains active before breaking down, the greater the risk.
Pesticides have the potential to contaminate both surface water and groundwater.
The rate of pesticide degradation is slower in sediments and deep. Pesticide degra-
dation takes place primarily in the biologically active zone of soils, where the plant
roots are plentiful. Pesticides must be kept from leaching out of the rooting zone
(Mulla et al. 1996).

5.4 Patterns of Application

Regardless of the frequency or severity of a pest infestation, pesticides are generally
sprayed in a set order. In addition, pesticide exposure in the environment typically
happens in pulses and involves rain-induced runoff or spray drift. The length of a
pulse sequential pesticide application can be between a few hours and 1–2 days, and



the pulse concentration of the pesticide depends on both the kind of pesticide and the
features of the recipient (Rosenkrantz et al. 2013).
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5.5 Site Condition

Pesticides that are dissolved in water and those that have been attached to crumbling
soil can both be transported by runoff, which is water flowing across a sloped surface
(Taylor et al. 1991). In regions with high rates of rainfall or irrigation, a lot of water
may be percolating through the soil, raising the possibility that pesticides will
contaminate both groundwater and surface water.

6 The Impacts of Pesticides on Aquatic Ecosystems

Usually, the effectiveness or cost of pesticides is considered, not their impact on
aquatic ecosystems (Kovach et al. 1992). Numerous of these pesticides are chal-
lenging to break down. These pesticides consequently penetrate aquatic habitats
through the numerous routes mentioned above. These pesticides can enter aquatic
organisms directly through absorption or ingestion of contaminated water or indi-
rectly through feeding on previously contaminated organisms, depending on their
chemical qualities that allow them to survive in the aquatic environment. Pesticides
can modify metabolic pathways, affect membrane permeability, and limit enzyme
function in addition to preventing photosynthesis, cellular development, and cell
division.

7 Impact on Aquatic Flora

Aquatic animals may become exposed to pesticides after they enter water ecosys-
tems in a number of ways, including direct chemical absorption into their habitats or
movement of species into previously polluted areas as a result of pesticide retention.
As a result, pesticides may put aquatic life at danger (Wilson and Koch 2013).
Freshwater environments support a wide variety of plants and animals all around the
world. Freshwater environments sustain a variety of species populations and give
birds and mammals access to water and food. Lemna gibba and Lemna minor, two
species of the aquatic vascular plant genus Lemna (duckweed), have frequently been
employed as test subjects for phytotoxicity. Lemna has several benefits for
ecotoxicity, including its tiny size, simplicity in handling, laboratory culture, quick
growth rate, and sensitivity to a variety of contaminants (Zezulka et al. 2013). The
European Union (EU) calculates toxicity exposure ratios (TERs) between toxicity
endpoints (EC50 values) determined from normal laboratory work with algae or



Lemna species and the projected ambient concentration in order to assess the danger
of herbicides on aquatic plants and algae (PECs). The resultant TER is evaluated
against a 10-trigger. A TER score larger than 10 indicates that the chemical poses an
acceptable danger to aquatic plants, whereas one less than 10 indicates a potential
unacceptable risk and the necessity for a higher-tier risk assessment (Maltby et al.
2009).
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8 Impact on Aquatic Fauna

Exposure to pesticides hurts a variety of nontarget organisms as well as the intended
targets, with fish being the most notable. In some cases, fish mortality was caused by
acute exposure to a number of pesticides, whereas deadly changes were caused by
reduced exposure to the same chemicals. In many species of fish exposed to different
pesticides, changes in hematological parameters such as red blood cells, white blood
cells, plasma, and serum-level variations result in histological abnormalities affect-
ing the liver, kidneys, gills, muscles, brain, and gut (Tahir et al. 2021).

Fish are at the bottom of the aquatic food chain and are a good indicator of how
clean or contaminated the water is. They can gather and store substances like heavy
metals and pesticides thanks to submissive phenomenon, which helps them detect
pollutants in their environment. Fish eat more algae, phytoplankton, and other
aquatic plants contaminated with pesticides, which causes deadly poisons to build
up in the fish’s tissues and organs. The fish’s gills, skin, and alimentary canal absorb
pollutants, which subsequently spread to different organs and tissues and change
physiological and natural phenomena (Banaee et al. 2011). Because they are fully
submerged in water, the gills are the most contaminated organs. Through the gills,
toxins enter the body, raising the need for oxygen. Monitoring any potentially
dangerous stress in the aquatic environment is therefore an important metric
(Panigrahi et al. 2014).

9 Routes of Exposure to Fish

Fish and other aquatic animals can take in pesticides in three different ways:
dermally (directly through the skin while swimming in pesticide-contaminated
waters), bronchially (directly through the gills while breathing), and orally (through
drinking pesticide-contaminated water or eating pesticide-contaminated prey). “Sec-
ondary poisoning” is the term used to describe eating an animal that has been
poisoned by a chemical. If the insects they eat contain significant concentrations
of pesticides or harmful metabolites, for instance, fish that feed on dying insects
poisoned by insecticides may be killed (Fig. 2). There are several different chemicals
that harm fish populations in various ways (Table 3).
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Fig. 2 Reproductive indicators that change in fish by exposure to herbicides

Table 3 Impact of different pesticides on fish

Pesticide Fish Effects Reference

Diazinon Poecilia reticulata Disrupts activity of acetylcho-
linesterase (AChE) and neuro-
logical system, triggering
numerous neurotoxic effects

Sharbidre
et al.
(2011)

Monocrotophos T. putitora, Lepomis
macrochirus, Hoplias
malabaricus, Oreochromis
niloticus, Clarias
gariepinus, and L. rohita

Affects the activity of antioxi-
dant defense enzymes and
lowers the levels of glutathi-
one, glutathione-S-transferase,
glutathione reductase, and the
lipid peroxidation marker
malondialdehyde

Anusiya
et al.
(2015)

Carbamate and
organophosphates

Rhamdia quelen, C. carpio,
Colisa fasciatus,
Oreochromis mossambicus,
L. rohita

Alteration in the AChE activity Joseph
and Raj
(2011)

Dimethoate and
lambda-
cyhalothrin

Oncorhynchus mykiss and
L. rohita

Disrupt the normal activity of
thyroid hormones

Dey and
Saha
(2014)

Atrazine Rhinella arenarum Disturb fish normal endocrine
systems and metamorphosis
hormones

Brodeur
et al.
(2013)

Cypermethrin Catla catla Neurotoxicity and apoptosis in
the brain cells

Jindal and
Sharma
(2019)



Impact of Pesticide Application on Aquatic Environments and Biodiversity 155

10 Effect on the Hematological Parameters of Fish

According to Rios et al. (2002), a number of genetic and environmental factors
changed the fish’s blood parameters. Pesticides have an effect on a number of fish
traits, with blood parameters receiving special attention. Pesticides quickly changed
the hematological characteristics of fish (Rezania et al. 2018). The hematologic
index can therefore be used to effectively track the health and response of
fish and aquatic life to different toxicants, showing the ecological context of the
environment and offering a standard technique to quantify the contaminant’s suble-
thal effects (Pimpao et al. 2007). Fish hematological research has become
more significant as a sensitive and accurate indicator for evaluating biological
and pathological changes brought on by anthropogenic or natural variables,
such as microbial infection or levels of contamination in aquatic sources.
Hematological indicators are therefore thought to be a crucial tool for assessing
how the body is responding to diverse stresses (Ali and Rani 2009). Barbonymus
gonionotus subjected to quinalphos (Mostakim et al. 2015), Cyprinus carpio
exposed to monocrotophos (Vaiyanan et al. 2015), Ctenopharyngodon idella
exposed to dichlorvos (Kumari et al. 2018), and Oreochromis mossambicus exposed
to quinalphos have all been found to have anemia caused by organophosphates
(Ghayyur et al. 2019) (Table 4).

11 Pesticides as Genotoxic Agents

In addition to hematological and serological indicators, pesticides had an impact on
fish genetic systems. Genetic harm was mentioned in a few instances. In Channa
punctata, naphthalene-2-sulfonate was discovered to be genotoxic. The fish had
LC50 values of 2.38 g/15 g BW and 4.77 g/15 g BW. Using 1/10th (0.238 g/L) and
1/20th (0.119 g/L) of the safe application rate, subchronic exposure was evaluated
(SAR). A 60-day exposure demonstrated increased DNA damage in a time- and
dose-dependent manner using the comet assay and the micronucleus assay.

When exposure was stopped after 30 days, the species appeared to recover during
this time. Using attenuated total reflection-Fourier transform infrared (ATR-FTIR),
the genotoxicity was further evaluated (Mehra and Chadha 2021). Using the comet
test, the pesticide cocktail (endosulfan+chlorpyrifos) caused DNA damage in
Oreochromis niloticus, a freshwater fish (Ambreen and Javed 2018). In fish eryth-
rocytes, they found a dose-dependent response, with the highest concentration of the
pesticide mixture (1/3rd of the LC50) causing the most DNA damage. When
compared to the control group, treated fish had statistically significant effects for
both concentrations and period of exposure in terms of DNA damage.
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Table 4 Effects of pesticides on the hematological parameters of fish

Pesticides used Fish species Hematological findings References

Atrazine Cyprinus carpio Decline of WBC, lymphocytes, Hb,
and HCT. Rise in monocyte

Blahova
et al.
(2014)

2,4-
Dichlorophenoxyacetate

Carassius
auratus

Reduction in lymphocytes Kubrak
et al.
(2013)

Butachlor Labeo rohita Decreased RBC, Hb, HCT, and
lymphocyte. Increased TLC. Mor-
phological and nuclear changes like
pear shape erythrocyte, microcyte,
tear shape erythrocyte, micronuclei

Ghaffar
et al.
(2015)

Carbaryl Channa
punctatus

Decrease in RBC, HB, and HCT Johal and
Grewal
(2004)

Diazinon Oncorhynchus
mykiss

Reduction of WBC, RBC, PCV,
Hb. Fluctuation in lymphocyte and
neutrophil level

Far et al.
(2012)

Chlorpyrifos Oreochromis
mossambicus

Decline in RBC, Hb, and HCT. Rise
in WBC and platelets

Ghayyur
et al.
(2019)

Fipronil Rhamdia quelen Decline of HCT and platelets Fredianelli
et al.
(2019)

Methyl parathion Mystus keletius Reduction of MCV, RBC, Hb, and
thrombocyte. Increased TLC, ESR.
Anemia, inhibition of erythropoie-
sis, and hemodilution

Sampath
et al.
(2003)

Chlorinated pesticides Heteropneustes
fossilis

Decline level of RBC, Hb, PCV.
Rise inWBC. Altered level of MCH,
MCV, and MCHC

Maurya
et al.
(2019)

Glyphosate Anabas
testudineus

Increase in MCV, MCH, WBC, and
platelets and reduction of RBC, Hb,
PCV, and lymphocytes

Samanta
et al.
(2019)

12 Effect of Pesticides on the Reproductive System of Fish

In fish, the endocrine system—which is managed by the brain—develops the
gonads. The gonads’ production of steroid hormones triggers the liver’s creation
of vitellogenin. Vitellogenin production is very high when there are reproductive
issues brought on by pollution. Herbicides lead to aberrant oogenesis and gonadal
intersex in fish.

The vulnerability of fish to the harmful effects of pesticides during their repro-
ductive and developmental stages is well documented among numerous freshwater
species. Generally speaking, reproductive and embryonic developments are
impacted by pesticides that interfere with the endocrine system. Fish reproductive



toxicity is characterized by elevated vitellogenin protein levels, aberrant
gonadosomatic indices, and alterations in steroid hormone levels (Nichols et al.
2001).
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Pyrethroids are detrimental to fish reproduction and early embryonic develop-
ment, according to numerous studies. Pyrethroids like bifenthrin and permethrin can
impede the development of the egg proteins choriogenin and vitellogenin in young
fish (Brander et al. 2012). Deltamethrin second-generation (type II) pyrethroid
neurotoxic insecticide was discovered by Wu et al. (2020) to have negative effects
on the growth of the swim bladder in zebrafish embryos at doses of 20 and 40 g/L.
Pesticides may prevent brown trout (Salmo trutta) and Atlantic salmon (Salmo salar)
from reproducing (Jaensson et al. 2007). A range of developmental anomalies were
also found, according to supplementary studies, in fish exposed to the pesticide
(Dawar et al. 2016).

In fish, steroid hormones control the reproductive process. In addition, a rare fish
reproductive condition called gonadal intersex exists. The most prevalent form of
gonadal intersex, testicular oocytes, or oocytes produced in the testes has been
connected to endocrine disruptors dispersed in aquatic environments (Blazer et al.
2007). Herbicide levels in aquatic environments are most likely connected to fish
intersex cases among the various types of EDC (Abdel-Moneim et al. 2017). Fish
reproduction could be hampered by contaminants that regulate sex hormone levels
or vitellogenin gene expression (Hou et al. 2016). Therefore, it is believed that the
expression of vitellogenin in juvenile and male fish serves as a marker of exposure to
estrogenic compounds (Jobling and Tyler 2003). Developmental toxicity in children
is also a risk when parents are exposed to contaminants in aquatic environments
(Li et al. 2019). Intuitive signs of reproductive issues brought on by low levels of
toxins include impaired egg production and quantity. The co-formulation of several
ingredients in commercially available pesticides exposes aquatic organisms to mul-
tiple pollutants at once (Muschal and Warne 2003).

13 Effect of Pesticides on Various Biochemical Processes
in Fish

Various pesticides affect different biochemical processes in fish in terms of enzyme
actions and hormone protocols. Table 5 shows how different pesticides affect fish
differently:
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Table 5 Effect of pesticides on the biochemical processes in different fish species

Pesticides
used

Diazinon Clarias
gariepinus

ise in level of glucose, AST, ALT Al-Otaibi
et al. (2018)

Deltamethrin Oreochromis
niloticus

oosted blood urea, bilirubin, ALP, AST, and
LT. Decline in blood total protein, globulin,
lbumin, cortisol, and glucose

Dawood
et al. (2020)

Boscalid Danio rerio ecline in level of glucose Qian et al.
(2019)

Chlorpyrifos Oreochromis
mossambicus

lood glucose, cortisol, and cholesterol
ncreased. Reduced total plasma proteins and
riglyceride level

Ghayyur
et al. (2019)

Propanil Oreochromis
niloticus

ise in level of total proteins, phosphoglyc-
rate kinase, and triglycerides and decrease of
holesterol

Abubakar
et al. (2018)

Cypermethrin Brycon
amazonicus

ise in level of sodium, glucose, and chloride De Moraes
et al. (2018)

Dimethoate Clarias
batrachus

ise in serum level of glucose, creatinine,
eroxidase, AST and decline globulin and
lbumin levels

Narra (2017)

Malathion Cirrhinus
mrigala

ise in sodium and potassium levels in serum
nd decline of chloride and calcium (

Rani et al.
2017)

Dioxin Oncorhynchus
mykiss

DH, AST, and total protein plasma
ecreased. Interaction with DNA in a complex
athway alters how genes control the forma-
ion of protein such as vitellogenin protein for
gg development

(
Zorriehzahra
2008)

Lead nitrate Mystus
cavasius

ecreased protein content in the liver and
idney due to proteolysis. Reduced liver
lycogen (

Jain and
Batham
2016)

14 Impact on the Behavioral Changes of Fish

Several fish species, including Tor putitora and Cyprinus carpio, can exhibit
schooling behavior, mucus formation through the skin’s goblet cells (sliminess),
motionlessness, changes in migration activities, tumbling toward base, jumping,
nonresponsiveness with hyperexcitability, irregular activities, increased opercular
rate (increased respiration), and body color changes as a result of pesticides.

Lufenuron-induced behavioral alterations in Colossoma macropomum included
loss of stability, irregular swimming, motionlessness, and lying down, according to
Soares et al. (2016). Additionally, they have the power to interfere with the repro-
duction and growth rates of aquatic vertebrates like fish and amphibians, as well as
change and disrupt their swimming behavior (Stehle and Schulz 2015). Khalil et al.
(2017)’s investigation into the effects of chlorpyrifos on social behavior in Oryzias
latipes revealed dramatically decreased schooling and shoaling behavior that varied
with time.
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The behavior’s duration alters. Pyrethroid exposure reduced the dopamine active
transporter’s efficiency, which led to unpredictable behavior (Pitzer et al. 2021).

15 Effect of Pesticides on Animal Diversity

A variety of creatures, including fish, amphibians, invertebrates, plants, and bacteria,
make up the freshwater community. Both direct and indirect effects of pesticides on
these organisms are possible. A pesticide’s physiological activity within an organism
has an immediate impact. For instance, the direct exposure of pesticides leads in the
death of water fleas (direct effect), which may eventually cause algal blooms to be
intensified as a result of reduced grazing pressure for fleas (indirect effect).

Pesticides may lessen the number of aquatic plants and insects that serve as a
habitat and a source of food for fish and other aquatic animals. Fish that consume
insects may experience a reduction in their food supply when pesticides are used.
Fish can become more vulnerable to predators if there is an abrupt, insufficient
supply of insects, which forces them to move farther in search of food.

Up to 80% of the dissolved oxygen needed by aquatic life in ponds and lakes can
be supplied by aquatic plants. The use of herbicides to eradicate all aquatic plants can
result in fish suffocation and severe oxygen shortage. When a pond is thoroughly
“cleaned up” with herbicides, it dramatically affects the habitat, food source,
dissolved oxygen, and fish production.

Spraying herbicides can also affect how successfully fish and other aquatic
creatures reproduce. Young fish can find enough of food and shelter in the shallow,
weedy nursery zones of many different fish species. Spraying herbicides close to
weedy nurseries can lessen the amount of cover and protection young fish need to
remain hidden from predators and forage. The majority of newborn fish in their
nursery habitats rely on aquatic vegetation for safety.

Due to their widespread use in farmlands to kill off the intended animals, plants,
and fungi—which may also damage unintended organisms—pesticides can have a
considerable impact on biodiversity. Experimental investigations show that fresh-
water biodiversity is decreased by pesticide contamination (Relyea 2005). Although
population structure may stay affected as the toxicant demonstrates age-dependent
mortality or developmental delays, toxicant-induced impacts on individuals in high-
density populations might limit intraspecific interaction and therefore be compen-
sated (Berenzen et al. 2005). Although it is well known that pesticide contamination
in the environment causes communities to drastically change and become dominated
by pesticide-tolerant species, it has only recently come to light that pesticide
concentrations have a significant negative impact on biodiversity in freshwater
invertebrates. Because many freshwater bodies of water experience continuous
inflows and outflows of water and organisms, it is challenging to gather accurate
measurements of the conditions of communities and environmental variables at each
sampling point given the spatiotemporal scale of pesticide application and residual
effects.
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Certain pesticides have been shown to reduce the species diversity of aquatic
organisms and predatory insects when introduced into aquatic environments. Pesti-
cide exposure causes a 42% loss in species richness in Europe, even at concentra-
tions deemed environmentally safe by current regulations. Beneficial arthropod
species richness, such as spiders, bees, and beetles, is found to be more in population
on untreated or organic fields than on insecticide-treated fields, which is common in
chemical-dependent agriculture. The diversity of these arthropods not only aids
agricultural production through pollination but also creates a balance that prevents
crop-damaging animals from overpopulating.
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Impact of Microplastics on Reproductive
and Physiological Aspects of Aquatic
Inhabitants

Menakshi Dhar, Raman Jasrotia, Seema Langer, and Nurul Suwartiningsih

1 Introduction

Food along with various dietary components, pollutants, chemicals, drugs, and
medicines persistent in the environment are regarded as xenobiotics for aquatic
organisms. Xenobiotics are chemical substances, adventitious for standard catabo-
lism and anabolism in any biological entity. The term xenobiotics is generally used
regarding the synthetic compounds that are generated in profuse amounts from
agricultural, industrial, and domestic wastes (Atashgahi et al. 2018). These xenobi-
otics originating from the synthetic and natural sources infiltrate the ecosystem at
very high or low concentrations (Schwarzenbach et al. 2006). Pollution due to the
release of plastics has become a great environmental menace that has fascinated the
considerable attention of the research worker analysts worldwide. Jambeck et al.
(2015) estimated that in the year 2010, huge amounts of plastic trash has accumu-
lated in the aquatic bodies and by the year 2025 there will be a significant rise in
plastic waste if proper waste management is not implemented. A plastic substance is
an organic polymer that is constructed from the polymerization of small molecular
fragments, called monomers, which are extracted from gas or oil (Derraik 2002;
Thompson et al. 2009).

Optimization of the numerous techniques associated with the mass production of
durable, lightweight, and inert plastics has been done since the development of
Bakelite in the year 1907, and this has accelerated the ample plastic utilization in
innumerable practices. There has been a considerable increase in plastic production
since the 1940s, and approximately 230 million tons of plastics were generated
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worldwide in the year 2009 (Plastics Europe 2010). This commodity has
far-reaching societal benefits, but it has become a subject of concern due to
environment-related problems. Being highly durable, it is resistant to degradation,
and so it remains persistent in the environment for a long period (Andrady and Neal
2009; Barnes et al. 2009). Plastics that enter the aquatic ecosystem have raised much
concern among the aquatic ecologists. The large plastic debris has a detrimental
effect on the aquatic ecosystem, where its existence proffers an aesthetic problem,
thus having serious repercussions on the aquatic organisms. Their existence in a
water body leads to the injury and death of birds, fishes, reptiles, and mammals due
to the ingestion and entanglement of discarded plastic products (Lozano and Mouat
2009; Gregory 2009). Besides this, the debris of plastic materials floating on the
surface of water plastic debris that floats on the water surface transports non-native
species to new habitats (Moore 2008). Plastic particles which are less than 5 mm or
1 μm in size are defined as microplastics, and those particles whose size range varies
between 1 μm and 100 nm are classified as nanoparticles (Wright et al. 2013;
Rochman et al. 2016). Rise in contamination of freshwater ecosystems with numer-
ous natural and synthetic chemical compounds across the globe is the major
environment-related problem that humanity is facing at present. In the last few
years, the contamination of the environment by xenobiotics and their uptake by
living organisms is increasing at a rapid rate. The entry of such xenobiotic com-
pounds into the ecosystem causes alterations in genetic makeup, lowers immunity,
increases allergic reactions, disturbs metabolic activities, and may even lead to the
mortality of an organism (Kovaleva et al. 2019). Transmission of microplastics from
aquatic ecosystem to the aquatic inhabitants occurs by the ingestion of various food
items, thus enkindling the numerous impacts on the organisms inhabiting the aquatic
ecosystem. At present, plastic debris is among the most tenacious pollutant in the
environment, and consequently, it acts as a great stressor for the environment by
acting as a menace for aquatic inhabitants (Gallo et al. 2018; Oliveira et al. 2019).
Low density and resistance to corrosion make them apt for utilization of various
consumer products (Kannan and Vimalkumar 2021).
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2 Occurrence of Microplastics in Aquatic Systems

The degradation of plastics is based on various factors such as the type of polymer
and ecological conditions like temperature, pH, weathering, and irradiation.
Microplastics are known to enter the aquatic systems as fragments, microbeads,
and thread-like strands through numerous pathways which appear in all the envi-
ronmental matrices such as sediments, coastlines, water columns, sea floor, and
surface water. Inadequate management of plastic waste disposal leads to its entry
into the aquatic system through wastewater flow, inland waterways, or through
winds or tides. Hidalgo-Ruz et al. (2012) proposed that some microplastics such
as polyethylene and polystyrene keep on floating on the surface of water bodies,
whereas few of them such as acrylic and polyamides settle down in the bottom of the



water body. Most of microplastics in freshwater emanate from terrestrial systems,
with maximum loadings from local urban areas.
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Fig. 1 Inception of microplastics accumulation in aquatic ecosystem

Breakdown of various plastic items occurs due to the physical, chemical, and
biological processes, and this leads to the generation of secondary microplastics in
freshwater ecosystems (Fadare et al. 2020; Horton et al. 2017). The degradation of
fishing ropes, nets, boats, and various other fishing gears also contributes to the
generation of microplastics in the lakes and rivers. Some of the smaller particles of
plastics get carried away by the wind to remote areas from where they are washed
into the water bodies after ample rainfall (Chen et al. 2020). Another source of
microplastic pollution is textile industry. The fibers released from the washing of the
clothes reach the sewage system from where they enter the aquatic systems
(Guerranti et al. 2019) (Fig. 1).

Because of inappropriate ways of disposal, plastic fibers have become a grave
problem as they finally reach aquatic environments, where they remain undegraded
for years (Rios Mendoza et al. 2018). According to Geyer et al. (2017), roughly 8300
million metric tons of plastics were produced from 1950 to 2015, and this rate of
plastic manufacturing is increasing and has reached about 368 million metric tons
per year in 2019. According to the survey conducted by Plastics Europe (2015), the
annual production of plastic materials across the world was 1.7 million tons in the
year 1950, and it was gone up by 300 million metric tons in the year 2014. A profuse
amount of this plastic material enters the aquatic system from land, and every year,
4.8–12.7 million tons of plastics reach the oceans per year (Jambeck et al. 2015). By
the year 2030, the emission of plastics to aquatic ecosystems will be approximately
50 million metric tonnes every year (Borrelle et al. 2020). The use of plastic products
has increased by 25-fold in the last 40 years due to their durability, lightweight,
elasticity, and minimal cost (Sutherland et al. 2016).
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3 Exposure Route of Microplastics in Aquatic Inhabitants

Primary way of being exposed to microplastics occurs via the ingestion of contam-
inated prey or directly via the intake of the microplastics from the natural environ-
ment although fishes and crustaceans can also take up these compounds through
respiration via gills (Nelms et al. 2018; Watts et al. 2016). Upon consumption, they
get transferred to the next trophic levels in food chain and accumulate in predator
species (Farrell and Nelson 2013; Setälä et al. 2014). 90% of microplastics ingested
by fishes, crustaceans, and mollusks include synthetic fibers and microfibers, and a
small proportion includes foams, films, and fragments (Mizraji et al. 2017; Jabeen
et al. 2017). Manufacturing of plastics involves the use of bisphenol A, parabens and
phthalates are utilized in plastic manufacturing (Teuten et al. 2009), and when
microplastics enter the body of an organism, these additives and monomers get
released and absorbed by the predators (Browne et al. 2013). Reports have been
made on the translocation of smaller microplastics to the liver and hepatopancreas in
crabs and fish. In vivo studies have demonstrated that after the ingestion of
nanoplastics by any organism, they get transported to all the organs of that organism
(Lusher et al. 2017; Akbay and Özdemir 2016). Various spectroscopy techniques
like Fourier-transform infrared and Raman spectroscopy have determined presence
of foams, fragments, beads, fibers of polyethylene, terephthalate, nylon, polyure-
thane, polystyrene, and polypropylene in the alimentary canal of aquatic organisms
(Wagner et al. 2017; Pinto da Costa et al. 2019). Microplastics are similar in size to
that of particulate organic matter, and so they are consumed by prawns, crabs,
crayfishes, and planktonic organisms, and this way they influence the numerous
activities in the body of these organisms (Huang et al. 2022).

3.1 Effect of Microplastics on Reproductive Aspects

Polyethylene microplastics influence growth and reproductive behavior in Hyalella
azteca, a large freshwater amphipod (Au et al. 2015). Chen et al. (2017) reported that
the association of macroplastics with 17 α-ethinyl estradiol affects the reproductivity
ofDanio rerio. Development at the early stages is a critical point during the life cycle
of any organism (Sundaray et al. 2021). Li et al. (2020) revealed that occurrence of
microplastics hinders egg production, reduces the hatching time, and represses the
larval growth in Oryzias melastigma. Exposure to microplastics hinders the process
of sex cell formation in zebrafish, due to the increased expression of genes in the
gastrointestinal tract and liver (Mak et al. 2019). Japanese medaka on exposure to
polystyrene microplastics depicted the reduction in hatching process (Zhu et al.
2020). Batel et al. (2018) and Duan et al. (2020) revealed that microplastics bind to
the eggs of a fish which alter the exchange of gases and slow down their time of
hatching. Microplastics induce reproductive stress in the fish, thereby disrupting the



process of reproduction. They also obstruct the steroidogenesis pathway and
hypothalamus-pituitary-gonadal axis, thus impairing the endocrine system that is
accountable for regulation of reproduction process (Rochman et al. 2014; Rather
et al. 2017; Chen et al. 2019). Recent research has suggested the delay in the process
of maturation of gonads and decreased fecundity in some aquatic inhabitants due to
the existence of microplastics. Besides this, microplastics surge the numerous
reactive oxygen species in the gonads of both male and female zebrafish, thus
responsible for causing reproductive stress by elevating the levels of apoptosis and
altering the histology of the testes. Levels of reactive oxygen species increase on
exposure to waterborne microplastics (Wan et al. 2019; Qiang and Cheng 2021).
Microplastics also lessen the levels of different hormones such as testosterone and
17beta-estradiol in female individuals of Oryzias melastigma. Studies done by
Ismail et al. (2021) suggested that microplastic exposure lowers reproductive ability
of male Nile tilapia (Oreochromis niloticus) due to oxidative stress. Pitt et al. (2018)
documented the transmission of microplastics from mother to offspring along with
its effect on the development of early fry stages (Wang et al. 2019). Results of the
study conducted by Aryani et al. (2021) revealed that microplastics penetrate the
gills, liver, muscles, stomach, intestines, and gonads of Nile tilapia. Incessant
exposure to polystyrene microplastics hampers the functioning of reproductive
organs in Danio rerio.
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3.2 Effect of Microplastics on Various Physiological Aspects

After ingesting the microplastics, any aquatic organism can get affected in different
ways (Strungaru et al. 2019). The microplastics may block their digestive tract, and
some life-threatening additives may percolate from these plastics which may lead to
the mortality of an organism. Assas et al. (2020) reported that Japanese medaka and
Java medaka when exposed to 2 μ of fluorescent polystyrene microplastics for
3 weeks had a significant impact on the gene expression involved in brain develop-
ment, cell adhesion, and various other metabolic processes. Cole et al. (2015)
concluded in their study that microscopic plastic debris similar in size to an algal
prey impedes the process of feeding in Calanus helgolandicus and thus they suffer
from energy depletion over a period of time. Lönnstedt and Eklöv (2016) suggested
that pollutants released from the microplastics impair the olfactory sense in the larval
stages of fish, as a result of which they are not able to perceive the inhabitance of
predators in the surrounding environment, so the presence of microplastics affects
their survival rate. The physiology and behavior of aquatic organisms are affected by
the existence of microplastics in the ecosystem (Espinosa et al. 2016). Yin et al.
(2018) analyzed the effect of polystyrene toxicity on the behavior and functioning of
Sebastes schlegelii.After getting accumulated in the digestive system and gills, these
microplastics affect their feeding and swimming activity. This has a remarkable
effect on the liver and gall bladder of fish. In addition to all of this, the presence of
such contaminant particles in an ecosystem decreases the lipid and protein content in



a consumable aquatic organism. Koongolla et al. (2020) detected the presence of
various types of microplastics in the different organ systems of the fishes in Beibu
Gulf in the South China. The microplastics were found in gills, dorsal muscles, and
the gastrointestinal tract of fish species inhabiting the North Atlantic Ocean by
Barboza et al. (2020). Increased lipid peroxidation levels and acetylcholine esterase
activity were recorded in the brain, muscles, and gills of fish contaminated with
microplastics. The results of their study suggested that microplastics cause neuro-
toxicity and lipid oxidative damage in the muscles of the fish. In the last few decades,
numerous studies on toxicity caused by the ingestion of microplastics have increased
rapidly. Exposure to microplastics in mollusks, crustaceans, and fish indicated that
these microfibers incite oxidative stress and mortality and decrease the population
growth rate in these species (Avio et al. 2015a, b; Fonte et al. 2016; Gambardella
et al. 2017; Yin et al. 2018 and Zhu et al. 2019).
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Barboza et al. (2018a, b) reported that ingestion of microplastics by European sea
bass, Dicentrarchus labrax, causes severe effects on their behavior. It causes
neurotoxicity and alterations in their alimentary tract. The reduction in swimming
behavior and the alteration in an action of energy-coupled enzymes were reported in
the juveniles of D. labrax on exposure to microplastics. Large amount of
microplastics were collected from the fish sold in Shanghai fish market, China
(Jabeen et al. 2017). Fishes inhabiting the coastal regions of western and central
Guangdong Province in China depicted the presence of microplastics in their
alimentary tract and gills (Pan et al. 2021). Polystyrene particles detected in Danio
rerio had toxic effects on the liver of the fish. Histopathological analysis revealed
that microplastics led to the accumulation of lipids and inflammation of the liver of
fish. It also increased the activities of catalase and superoxide dismutase which
caused oxidative stress by disturbing the energy and lipid metabolism (Lu et al.
2016). Microplastics act as the carriers of pollutants and disease-causing organisms
from surroundings to the aquatic inhabitants (Alimba and Faggio 2019). Magni et al.
(2019) reported that protein modification occurs in the gills of a mussel due to the
presence of microplastics and this leads to oxidative stress in them. Handy et al.
(2008) found that the plastic particles have detrimental impacts such as oxidative
stress, disturbance in an ion regulation mechanism, vascular injuries, and the for-
mation of tumors in fish. Studies conducted by Jabeen et al. (2018) on the goldfish
have depicted that microplastics led to scrapping and swelling of abdominal epithe-
lium and distended liver. Exposure to microplastics markedly affects the homeosta-
sis in the brain, muscles, intestines, and liver tissues (Rainieri et al. 2018).
Polystyrene microplastics caused alterations in the tissues of the gut, spleen, phar-
ynx, and nephrogenesis in Japanese medaka (Zhu et al. 2020). Exposure to polysty-
rene induced neurotoxicity in the encephalon of freshwater Oreochromis niloticus as
it inhibits the activity of acetylcholinesterase enzyme in them (Ding et al. 2018). In
order to determine the microplastics level in the brain, muscles, and gills of Alosa
immaculata and Mullus barbatus, Atamanalp et al. (2021) utilized various tech-
niques such as attenuated total reflectance (ATR)-Fourier-transform infrared (FTIR)
spectroscopy. Additives and plasticizers bound to the microplastics get liberated
within the body of a fish where they alter the activity of the immune system and



blood biochemistry (Parker et al. 2021). The processing of microplastics causes
alteration in the morphology and anatomy of the body of an organism (Lu et al.
2016). Alterations in the morphology of the alimentary tract change activities of gut
microbes, thus leading to dysbiosis (Jabeen et al. 2018; Zhao et al. 2020).
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Microplastics have a great influence on blood biochemistry which leads to anemia
and alteration in the functioning of the immune system of the body. Microplastics
impede working of the central nervous system and endocrine system which affects
the behavior, survival, and growth of an individual organism (LaPlaca and van den
Hurk 2020; Lei et al. 2018; Karami et al. 2016). Studies done by Mak et al. (2019)
revealed that behavior of fish gets altered on exposure to microplastics as they affect
the brain cells which have a negative impact on their swimming activity. Polyeth-
ylene and polyvinyl chloride microplastics which are approximately 40–150 μm in
size cause oxidative stress in the leucocytes of gilt-head bream, Sparus aurata,
leading to immunotoxicity in fish. The existence of these microplastics in the sand
and silt deposits hampers the growth and development of Arenicola marina, and the
degree of growth inhibition is directly linked to the microplastic concentration
(Li et al. 2021). The effect of microplastics (<3 μm size) on the adult fish Serranus
scriba was assessed by Zitouni et al. (2020). They observed that the presence of
small microplastics induced neurotoxicity and oxidative stress in fishes. The uptake
of microplastics by the fish causes blockage and histopathological alterations in the
gastrointestinal tract and behavioral changes and gets translocated to the hepatic
region (Avio et al. 2015a, b; Jovanović 2017). Transcriptome findings have
suggested that such plastic particles alter the gene expression of the body’s defense
mechanism in adult zebrafish. Besides this, these particles that are less than 5 mm in
size also downregulate the genes associated with the integrity of epithelial tissue and
metabolism of lipids in the fish (Limonta et al. 2019). Various investigations with
regard to the impact of such plastic particles on aquatic inhabitants have been done in
the laboratories. Lusher et al. (2013) and Wright et al. (2013) reported that after
consumption, microplastics get accumulated in the digestive system of the fish
which may lead to blockage across the alimentary tract and thus limit their feeding.
Functional and anatomical changes in the alimentary tract of the fish due to the
intake of microplastics may cause developmental and dietary problems in them
(Huang et al. 2021; Jabeen et al. 2018; Borrelle et al. 2017). Detailed representation
of the toxicological impact of microplastics on various fish organ systems has been
given in Fig. 2.

4 Conclusion

Presence of microplastics has become part of the ecosystem in the past few decades,
and it has been predicted that they will continue to surge in the coming generations.
In the last few decades, studies on the toxicity of microplastics have expeditiously
increased (Jeong and Choi 2019). Laboratory studies done on various organisms
such as mollusks, fish, and crustaceans were suggestive of the fact that microplastics



incite the chemical and physical toxicity that includes oxidative stress, behavioral
changes, obstruction in reproductive activity, and even mortality (Avio et al.
2015a, b; Fonte et al. 2016; Gambardella et al. 2017; Barboza et al. 2018a, b; Yin
et al. 2018; Zhu et al. 2019). These plastics affect both the environment and the
organisms inhabiting that environment. The pervasiveness of microplastics causes
serious health problems in aquatic inhabitants after exposure of them. By examining
the literature, it can be inferred that contamination due to microplastics occurs
virtually in all kinds of aquatic ecosystems across the world. In aquatic organisms,
microplastics get accumulated in the body and affect their various physiological and
reproductive processes (Table 1).
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Fig. 2 Toxicological impacts of microplastics

Various remedial measures can be set down to lessen the impact of microplastics
on water-living creatures:

• Assessment of the effect of micro-pollutants on the health of an aquatic
ecosystem.

• Exploring the technologies for the cost-effective treatment of contaminated water.
• Minimizing the entry of pollutants into an aquatic ecosystem by designing

various strategies for the disposal of wastes.
• Policies should be strengthened at local, national, and international levels.
• Awareness-related programs should be launched to curb the pollution caused due

to the presence of microplastics.
• Development of the easy, fast, and reliable methods for the microplastic detection

and quantification.
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Table 1 Overview of the effect of microplastics on various physiological and reproductive aspects
of fish

Fish Family Effect of microplastics References

Danio rerio Cyprinidae Damages the gastrointestinal tract Limonta et al. (2019),
(GIT), alters the gut microbiome
in larval stages, alters swimming
behavior, increases the rate of
apoptosis in the testis

Jin et al. (2018),
Qiang and Cheng
(2019)

Clarias
gariepinus

Clariidae Alters the level of proteins and
blood biochemistry; liver and GIT
damage in juveniles

Karami et al. (2016),
Iheanacho and Odo
(2020)

Barbodes
gonionotus

Cyprinidae Thickens epithelial lining and
increases the levels of proteins in
juveniles

Romano et al. (2018)

Oreochromis
niloticus

Cichlidae Induces anemia by changing
blood biochemistry and alters
brain activity and metabolism in
adults

Hamed et al. (2019),
Ding et al. (2020)

Oryzias latipes Adrianichthyidae Changes in the morphology in the
embryo and larval forms,
decreases the egg production and
hatching rate

Pannetier et al.
(2020), Chisada et al.
(2019)

Lates
calcarifer

Latidae Impairs feeding and swimming
behavior in juveniles

Guven et al. (2018)

Dicentrarchus
labrax

Moronidae Alters the levels of protein and
leads to larval mortality

Mazurais et al. (2015)

Cyprinus
carpio

Cyprinidae Induces oxidative stress and alters
biochemistry levels, reduces the
larval growth

Xia et al. (2020),
Hatami et al. (2019)
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The Impact of Xenobiotics in Development
and Reproduction of Freshwater Fishes

Partigya Sharma, Shriya Purohit, Sachin Kothiyal,
and Indrashis Bhattacharya

1 Introduction

Xenobiotics are exogenous compounds not produced naturally within living bodies
and are considered as detrimental particles to the ecosystem (Ravindra and Haq
2019). These chemicals are generated from pharmaceutical industries and get
released as wastewater and solid residues. Paper/pulp mills and textile industries
or agricultural products, e.g., pesticides and herbicides, discharge such waste prod-
ucts which are also potential sources of xenobiotics. Furthermore, chemicals, includ-
ing heavy metals used and emitted by coal refineries, phenol manufacturing
companies, nuclear power plant, etc., get released to the aquatic environments as
industrial effluents (Ravindra and Haq 2019; Yousuf et al. 2012). All such xenobi-
otics are harmful to fish health and show adverse impact on freshwater ecosystems.
For example, water contaminated with insecticide fipronil decreases the dissolved
oxygen level and induces hypoxia in fishes resulting in elevated ammonia secretion
in the aquatic environment (Dhamgaye et al. 2020). Organophosphate compounds
are broadly utilized as pesticides in the aquaculture and/or agriculture industries
(Kunwar et al. 2021; Dar et al. 2020). Chlorpyrifos, which belongs to the organo-
phosphate group, is a major popular pesticide found in aquatic systems, and its
deposits have been observed in both captured (wild) and cultured fishes (Kunwar
et al. 2021). One of the most toxic and profoundly used pesticides in developing
countries is the organochlorine which has an abundant capability of accumulation in
biomembranes and subsequently gets biomagnified across the food chains. Another
class of pesticides includes triazine, which predominantly consists of herbicides and
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selectively inhibits electron transport during photophosphorylation and thus contrib-
utes as a critical environmental concern regarding nontarget photosynthetic organ-
isms (Gonçalves et al. 2021). Apart from the critical role in respiration (absorbing
oxygen), gills also perform essential physiological functions like regulating acid-
base equilibrium, exchange of ions, and removal of harmful substances from the
body. Upon exposure to insecticides, the initial target tissues are fish gills (Akhtar
et al. 2021a). Metallic exposure to aquatic organisms can cause long-term irrevers-
ible effects (Yousuf et al. 2012). Other organs, viz., the intestine, kidney, liver, and
muscles, further get affected with the exposure of such xenobiotics (Akhtar et al.
2021a).
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Xeno-estrogens have the ability to mimic the natural estrogens (E2) (Arukwe and
Goksøyr 1998). These mediate their effects via binding to estrogen receptor
(ER) with high affinity and generate E2 like responses in fishes such as the induction
of vitellogenic and zona-radiata proteins, etc. Estrogenic xenobiotics have been
shown to sex reversal in medaka (Oryzias latipes) and roach (Rutilus rutilus)
(Arukwe and Goksøyr 1998).

As per food and agriculture survey of the United Nations 2022, the total aquatic
production in 2020 was around 178 million tons globally, of which capture and
culture fisheries constitute around 51% and 49%, respectively (FAO 2022). Of this
total yield, 63% (112 million tons) was harvested in marine waters (70% from
capture and 30% from cultured fisheries), and the rest 37% (66 million tons) was
produced in inland waters (83% from cultured and 17% from capture fisheries)
(FAO 2022). During the past two decades, the rise in uncontrolled anthropogenic
activities (e.g., urbanization, industrialization, water pollution, construction of roads/
hydroelectric projects, etc.) has potentially damaged the natural habitat of fishes with
a dramatic change in the feeding and breeding pattern leading to an excruciating
decline in the fish population (Agarwal and Singh 2009; Nautiyal et al. 2019).We
briefly discuss the adverse effects of xenobiotics in freshwater fishes found in the
Indo-Asian region reported during the recent past.

1.1 Types or Chemical Nature and the Applications
of Xenobiotics

Wastewater and solid residues emitted through pharmaceutical and other chemical
industries primarily contain phenols, hydrocarbons, and dyes, which are considered
to be the primary source of xenobiotics. Other sources of xenobiotics include
plastics; wastes released from different mills, viz., paper, pulp, and textiles; and
agricultural products, e.g., pesticides and herbicides (Ravindra and Haq 2019).
Chemicals such as petroleum hydrocarbon, phenol derivatives, heavy metals, radio-
active substances, stains and paints, and oil spills are effluent discharge by coal
refineries, phenol manufacturing, nuclear power plant, pharmaceuticals, etc., which
reach the aquatic environments by land runoffs and as industrial discharges



(Ravindra and Haq 2019). Petroleum industries emit polycyclic aromatic hydrocar-
bons such as naphthalene, phenanthrene, biphenyl, phenol, anthracene, and pyrene
are responsible for polluting the aquatic habitats (Ravindra and Haq 2019). Com-
mercial fertilizers, urban wastes, sewage sludge, liming/sticky material, agrichemi-
cals, and additional wastes used as soil amendments are the source of metals (Yousuf
et al. 2012). Pesticides are classified considering the substance target like bacteri-
cides, fungicides, insecticides, herbicides, etc. or of chemical class. Most commonly
and widely used chemical class pesticides include organophosphorus pesticides,
carbamates, and pyrethroid. The examples of organophosphorus pesticides include
chlorpyrifos, diazinon, triazophos, parathion, malathion, dichlorvos, methyl para-
thion, phosmet, tetrachlorvinphos, oxydemeton, and azinphos methyl. Organophos-
phate compounds are most extensively utilized as pesticides in agriculture and
aquaculture (Gonçalves et al. 2021). Dichlorvos and chlorpyrifos are widely used
as pest management products in the larger section of the developing nations.
Chlorpyrifos [O,O-diethyl-O-(3,5,6-trichloro-2-pyridyl) phosphorothioate] is a syn-
thetic, nonsystemic, wide-spectrum pesticide and is also one of the commonly used
pesticides in aquatic systems, and its remnants were found in water/sediments and in
the bodies of both captured (wild) and/or cultured fishes (Kunwar et al. 2021).
Organochlorine pesticides (OCPs) are extremely toxic and persistent pesticides in
the environment. OCPs include chlordane, hexachlorobenzene, chlordecone, lin-
dane, mirex, aldrin, endrin, alpha- and β-hexachlorocyclohexane (HCH), dieldrin,
pentachlorobenzene, heptachlor, toxaphene, and dichlorodiphenyltrichloroethane
(DDT). These get accumulated in cell/organelle membranes, biomagnifying along
with food chains (Gonçalves et al. 2021).
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Table 1 describes the type(s) and chemical nature of potential xenobiotics pre-
dominantly found in freshwater ecosystems.

1.2 Impact on Different Freshwater Fish Species

Teleosts are supra-sensitive toward such environmental contaminants of water
(Dhamgaye et al. 2020). Here, we have summarized some of the major toxicants/
pollutants/contaminants to aquatic ecosystems having a direct severe impact on fish
physiology.

1.2.1 Cypermethrin

Gills of the fishes when exposed to cypermethrin show shortening of lamellae, blood
congestion, lamellar curling, erosion of arch, necrosis, hypertrophy of epithelial
cells, degeneration of epithelial cells, shortening of secondary gill lamellae, degen-
erative changes, and lamellar destruction (Akhtar et al. 2021a). On the other hand,
the liver is another major target organ due to its critical role in metabolism.
Bioaccumulations of insecticides in hepatocytes result in significant structural



S. no. Name of xenobiotic Chemical nature and applications

(continued)
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Table 1 Types/chemical nature and applications of xenobiotics

Key
references

1 Formaldehyde Formaldehyde (HCHO), com-
monly known as formalin, usually
commercialized as a 37% (w/w)
aqueous solution of HCHO gas; it
is applied as prophylactic anti-
parasitic agent

Jerbi et al.
(2011)

2 Oxytetracycline (OTC) OTC is an antibiotic (usually
administrated via diet or immer-
sion) extensively utilized in
aquaculture

Jerbi et al.
(2011)

3 Peracetic acid (PAA)-based
compounds

Peracetic acid (PAA)-based disin-
fectants are taken as sustainable
substitutions in aquaculture
because of their nontoxic remains
from spontaneous decay

Liu et al.
(2020)

4 Alkylphenolpolyethoxylates
(APEs)

Alkylphenolpolyethoxylates
(APEs) represent an important class
of nonionic surfactants that are
widely used as detergents, emulsi-
fiers, and wetting and dispersing
agents and also in plastic products
for industrial, agricultural, and
domestic use.
Alkylphenolpolyethoxylates
(APEs) is non-ionic surfactants
used as wetting and dispersing
agents, detergents, and emulsifiers
and also in plastic products for
industrial agricultural/or domestic
purpose. The microbial degradation
of APEs leads to the formation of
alkylphenols (APs). APs are most
critical biodegradable/
nondegradable metabolites of
exhibiting estrogenic effects

Zaki et al.
(2014)

5 Non-phenol Non-phenol functions by binding
with the E2 response element

Carnevali
and
Maradonna
(2003)

6 β-Naphtho-flavone β-Naphtho-flavone, a dioxin-like
compound that exerts its toxic
action through the aryl hydrocarbon
receptor

Carnevali
and
Maradonna
(2003)

7 Chlorpyrifos [O,O-diethyl-O-
(3,5,6-trichloro-2-pyridyl)
phosphorothioate]

A synthetic, nonsystemic, wide-
spectrum pesticide. In the aquatic
system, its residues were found in
the water, sediments, and both wild
and cultured fishes

Kunwar
et al. (2021)
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alterations leading to malfunctions. Exposure of the liver to different concentrations
of cypermethrin results in impairment of hepatic cell membrane, compactly arranged
hepatocytes, bile pigment, necrosis, infiltration of leukocyte, and pyknosis (Akhtar
et al. 2021a). Kidney treated with different concentrations of cypermethrin shows
vacuolation, interstitial hemorrhage, and multifocal granulomas. The intestine too is
the pivotal fish organ, having principal contribution to ingestion and adjustment of
food. It is extensively being utilized as a target organ for eco-toxicology because of
its sensitivity toward all types of toxic substances. Under different concentrations of
cypermethrin, fish intestines show destructive changes like blood congestion, necro-
sis, loss of structural integrity, pyknosis and shrinkage of the mucosa, and necrosis of
the tip (Akhtar et al. 2021a). Exposure to cypermethrin leads to muscle necrosis and
fragmentation of sarcoplasm (Akhtar et al. 2021a). Rohu (Labeo rohita) when
introduced to different concentrations of cypermethrin results in impairment of
intestines including pyknosis, fusion of villi, construction of cup cells, hemorrhage,
and necrosis (Akhtar et al. 2021a). Furthermore, there are dramatic changes in liver
tissues with cypermethrin treatment such as damage in cell membrane, congestion,
pyknosis, necrosis, hyperplasia, and vacuolization in rohu (Akhtar et al. 2021a).
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Table 1 (continued)

Key
references

8 Fipronil 5-amino1-[2,6-dichloro-4-
(trifluoromethyl) phenyl-4
(trifluoromethylsulfonyl) pyrazole-
3-carbonitrile

The stock solution is made having
strength of 1000 ppm with the
addition of 20-mL fipronil (5%
active component) in 1-L distilled
water

Dhamgaye
et al. (2020)

1.2.2 Chlorpyrifos

Nile tilapia (Oreochromis niloticus) when exposed to chlorpyrifos shows abnormal-
ity and merging of secondary lamellae, severe epithelial hyperplasia, lamellar
necrosis, degradation in respiratory epithelial cells, and accumulation of mucus in
gill tissue cells (Kunwar et al. 2021). Notably, several studies have suggested
chlorpyrifos mediated behavioral changes in tilapia (Oreochromis mossambicus),
African catfish (Clarias gariepinus), and common carp (Cyprinus carpio) (Kunwar
et al. 2021). Chlorpyrifos also has been reported to disturb the hematological and
biochemical parameters of common carp, African catfish, Asian catfish, and mrigal
carp (Cirrhinus mrigala) (Kunwar et al. 2021).

1.2.3 Dichlorvos

Dichlorvos (2,2-dichlorovinyl dimethyl phosphate) is another widely exploited
organophosphate pesticide (Kunwar et al. 2021). Harmful results of dichlorvos on



behavioral and hematological changes in rohu, behavioral changes of guppy
(Poecilia reticulata), and changes in energy metabolism of zebrafish (Danio rerio)
were also documented. Similarly, recent evidence indicates that the treatment with
dichlorvos can change oxygen consumption in grass carp (Ctenopharyngodon
idella) and instigate/induce histopathological changes in mrigal and rohu (Kunwar
et al. 2021). Several studies performed on common carp described the harmful effect
of dichlorvos on behavior, ammonia excretion rate, metabolism, food consumption,
and immune response (Kunwar et al. 2021).
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1.2.4 Fipronil

Oxygen consumption gets reduced progressively, and the rate of ammonia secretion
is also found to be elevated on fipronil exposure (Dhamgaye et al. 2020). Fipronil
has been found as a highly toxic compound for rainbow trout (Oncorhynchus
mykiss), common carp, sheephead minnow (Cyprinodon variegatus), bluegill sun-
fish (Lepomis macrochirus), and Nile tilapia (Oreochromis niloticus).

1.2.5 Atrazine

Adult or juvenile common carp, Nile tilapia, and Golden Nile catfish (Chrysichthys
auratus) exposed to atrazine shows significant reduction in plasma parameters, viz.,
erythrocyte count, serum glucose, and total protein levels after exposure to atrazine
(Akhtar et al. 2021b). Atrazine-induced damage of gill lamellae leading to decreased
respiratory volume in Tilapia mossambica has been reported. Appearance of
micronuclei and nuclear aberrations has been reported in Nile tilapia after treatment
with various doses of atrazine. Common carp introduced to different concentrations
of atrazine results into atrophy in gills with extreme lamellar telangiectasia, dilated
lamellar capillaries filled with erythrocytes, rupture of dilated lamellar capillary, and
pooling of the blood with formation of thrombi (Akhtar et al. 2021b). Common carp
treated with atrazine showed abrasions in the liver including hepatocyte vacuolar
degeneration (Akhtar et al. 2021b). Neotropical fish curimbata/curimba
(Prochilodus lineatus) exposed to different concentrations of atrazine shows
increased DNA breakdown/degradation.

1.2.6 Others

Common carp treated to quinalphos results in structural damage, mild degenerative
changes in neural cells, necrotic changes in neural cells and intracellular edema,
increased necrotic condition of neural cells and cytoplasmic vacuolization observed,
slight degenerative changes, and vacuolization (Akhtar et al. 2021a). DNA damage
is noted due to significant oxidative stress, mediated by xenobiotic metabolites or
xenobiotics. Common carp exposed to fipronil and buprofezin collectively exhibit
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increased genotoxicity in whole blood DNA content, and exposure to oxadiazon
shows DNA damage (Akhtar et al. 2021a).
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Table 2 Xenobiotics and impact on freshwater fishes

Key
references

1. Fipronil Oxygen consumption rate of fish reduces pro-
gressively, and ammonia secretion gets
elevated

Dhamgaye
et al.
(2020)

2. Atrazine It is not biodegradable by microorganisms in
aquatic ecosystem

Akhtar
et al.
(2021b)

3 Cypermethrin The gills, kidney, liver, muscle, and intestine
get affected

Akhtar
et al.
(2021a)

4 Chlorpyrifos Behavioral changes in common carp (Cyprinus
carpio), African catfish (Clarias gariepinus),
and tilapia (Oreochromis mossambicus)

Kunwar
et al.
(2021)

5 Dichlorvos
(2,2-dichlorovinyl
dimethyl phosphate)

Behavior and hematological changes in rohu
(Labeo rohita), behavioral changes in guppy
(Poecilia reticulate), and changes in energy
metabolism of zebrafish (Danio rerio)

Kunwar
et al.
(2021)

Table 2 describes the impact of some of the xenobiotics on freshwater fishes.

1.3 Impact in Cold Water Hill Stream Fishes

The term cold water refers to the high-altitude aquatic ecosystem which maintains
high transparency, typical low thermal (5 °C–20 °C) conditions with high dissolved
oxygen levels and generally known for the natural habitat of trouts, minnows,
mahseers, etc. (Dhamgaye et al. 2020). In the recent past, there have been multiple
reports coming regarding the adverse impact of environmental contaminants/xeno-
biotics, etc. in cold water fisheries. For example, when the juveniles of golden
mahseer (Tor putitora) have been treated with sublethal doses of dichlorvos and
chlorpyrifos either alone or in combination, the blood glucose got elevated in
dichlorvos-treated fishes, alanine aminotransferase and alkaline phosphatase were
elevated in chlorpyrifos and dichlorvos treated fishes, and finally the aspartate
aminotransferase and urea were elevated in combined pesticide treatment. Blood
albumin and triglycerides were found to be reduced in the combined group (Kunwar
et al. 2022).With increasing concentrations of fipronil and exposure period, the
oxygen consumption rate has been shown to get reduced in mahseer (Tor sp.) fries
(Dhamgaye et al. 2020). Chlorpyrifos has been classified as extremely toxic and
dichlorvos as a moderately toxic pesticide for golden mahseer (Kunwar et al. 2021).
Kupffer cell hyperplasia has been noticed in the liver of snow trout (Schizothorax
niger) (Yousuf et al. 2012). Exposure of atrazine to snow trout (Schizothorax



plagiostomus) caused major changes in all hematological parameters, e.g., remark-
able decline in hemoglobin, leukocytes, erythrocytes, monocytes, and lymphocytes
was detected in treated fishes (Akhtar et al. 2021b). Snow trout (Schizothorax
esocinus) treated with different concentrations of cypermethrin resulted in DNA
damage of peripheral blood erythrocytes (Akhtar et al. 2021a).
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1.4 Impact on Fish Reproduction

The fish reproduction, including gamete maturation, spawning, and fertilization, can
easily get disturbed and impaired by small concentrations of xenobiotic contamina-
tions. Xenobiotics either operate directly, if having hormone live activity (like
estrogenic response), or indirectly via altering the gonadal hormonal milieu critical
for gametogenic development (Arukwe and Goksøyr 1998; Sundaray et al. 2021).
Zinc is a crucial element for the development of functional gametes, and its natural
balance is sustained by metallothioneins (Kime 1999). Heavy metals interfering
metallothionein synthesis might disrupt development of gamete through impaired
zinc homeostasis.

Xeno-estrogens are categorized as endocrine-disrupting compounds (EDCs) hav-
ing the ability to mimic the natural E2. These includes synthetic steroids such as
those used in contraceptive pills; surfactants; detergents; organochlorine pesticides
like DDT, hexachlorocyclohexanes, etc.; plasticizers; polychlorinated biphenyls
(PCB); and other natural chemicals, e.g., phytoestrogens, myco-estrogens, etc.
(Arukwe and Goksøyr 1998). EDCs mediate their effects by binding with high
affinity to the ER showing estrogenic responses in fishes like the induction of
synthesis of zona radiata and vitellogenin (Vtg) proteins (Arukwe and Goksøyr
1998). In teleosts, hatching eggs or developing larvae exposed to such environmen-
tal endocrine disruptors shows sex reversal. Estrogenic xenobiotics like organochlo-
rine γ-BHC and the detergent derivatives of nonylphenol can also produce intersex
in medaka and roach (Kime 1999). The recent concerns about a possible decline in
sperm counts and increased incidence of males exhibiting female characteristics
have been reported with contamination of xeno-estrogens, viz., organochlorine
pesticides, such as DDT, PCBs, and breakdown products of the alkylphenoxy
detergents as E2 of human and animal origin (Agarwal and Singh 2009). In medaka,
there is development of testis-ova in males and induction of vitellogenesis in either
sex, when exposed to β-hexachlorocyclohexane and 4-nonylphenol indicating the
estrogenic effects of this compound (Arukwe and Goksøyr 1998). In Atlantic salmon
(Salmo salar), multiple doses of 4-nonylphenol substantially elevated the plasma
levels of zona radiata and Vtg proteins (Arukwe and Goksøyr 1998). Several in vivo
studies have also demonstrated Vtg induction by xenobiotic E2, like alkyl phenolic
chemicals, DDT, and 1,1-dichloro-2,2-bis(p-chlorophenyl) ethylene (DDE) in rain-
bow trout (Arukwe and Goksøyr 1998). Polycyclic aromatic hydrocarbons (PAHs)
and halogenated aromatic hydrocarbons are inducers of cytochrome P4501A. They
have been shown to modulate E2-induced Vtg synthesis in rainbow trout (Arukwe



S. no. Name of xenobiotics Effect on fish reproduction

and Goksøyr 1998). By using Vtg as a marker of estrogenic potency, it has been
shown that the following five substances/products viz., 1-nonyl-4-phenol,
4-octylphenol (OP), DDT, Aroclor 1221, and bisphenol A, collectively induced
Vtg synthesis in cultured hepatocytes in the same fish species (Arukwe and Goksøyr
1998). Since xeno-estrogens are known to stimulate the synthesis of yolk protein
Vtg, detection of such protein in male or immature fish provides a rapid and easy
way for evaluating the presence of environmental pollutants having estrogenic
activity in aquatic ecosystems (Kime 1999; Zafar et al. 2021).
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Table 3 Xenobiotics on fish reproduction

Key
references

1 Xeno-estrogens Xeno-estrogen imitates the natural
hormone estrogen

Zaki et al.
(2014)

2 Polychlorinated biphenyls (PCB) In Platichthys flesus and Clupea
harengus, there is decrease in viable
hatching of eggs

Zaki et al.
(2014)

3 Dichlorodiphenyltrichloroethane
(DDT)

High mortality of eggs Zaki et al.
(2014)

4 β-Hexachlorocyclohexanes and
nonylphenol

In medaka and roach, shows sexual
alternations

Kime
(1999)

5 Alkyl phenolic chemicals and
1,1-dichloro-2,2-bis
(p-chlorophenyl) ethylene (DDE)

Vitellogenin induction by xenobiotic
estrogen in rainbow trout
(Oncorhynchus mykiss)

Arukwe
and
Goksøyr
(1998)

6 Polycyclic aromatic hydrocarbons
(PAHs) and halogenated aromatic
hydrocarbons

Cytochrome P4501a gets induced, in
rainbow trout; these compounds reg-
ulate vitellogenic synthesis

Arukwe
and
Goksøyr
(1998)

Table 3 summarizes the adverse role of xenobiotics on fish reproduction.

1.5 Concluding Remarks

In summary, xenobiotics are foreign exogenous compounds originating from phar-
maceutical industries, paper/pulp/textile mills, or agricultural products like pesti-
cides and other anthropogenic wastes. An inappropriate waste management and
uncontrolled release of such xenobiotics into the aquatic ecosystem result into
impaired ecological balance and poor fish health. Bioaccumulations of such toxi-
cants/pollutants/contaminants in the freshwater bodies affect fish organs like the
liver, gills, kidney, brain, muscle, etc. EDCs like xeno-estrogens act via ER leading
to dysregulation in metabolism and development.

New environmental policies should be given immediate attention on an urgent
basis by government and nongovernment organizations (NGOs) in order to regulate
the waste management for protecting the freshwater ecosystem and fishery industries



for long-term benefit. The use of plastic and other biodegradable/nondegradable
compounds should be prohibited/banned, and eco-friendly natural compounds (jute/
bamboo/other organic materials) should be promoted. Finally, sincere attention
should be given toward mass awareness as it will be the major driving force for
the successful and adequate implementation of such policies for protecting the
aquatic ecosystem.
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Contaminant Mixtures and Reproduction
in Aquatic Organisms

Melissa K. Driessnack

1 Introduction

Before large-scale migration, increasing human population, and industrialization,
many of the world’s ecosystems were what we would consider pristine. However,
over the last 100 years, we have polluted most of our freshwater and marine systems
with pesticides, urban waste, industrial effluents, automotive chemicals, and more
(Covert et al. 2020; de Zwart et al. 2018; Müller et al. 2020; Sumpter 2009),
highlighting that one of the most adverse consequences of industrial practices is
the release of contaminants into the environment and surrounding watersheds
(Cirillo et al. 2012; Knapen et al. 2004). Whether these exposures are the result of
regulated effluent discharges, drainage from mining practices, spill events, or runoff
from urban and agricultural areas, the implications of both intentional and
unintentional release in aquatic environments can severely impact the organisms
inhabiting those waters (Cirillo et al. 2012; Knapen et al. 2004; Meyers et al. 2005;
Weir et al. 2016).

To highlight the challenges facing our aquatic systems, imagine a flowing river.
At the source, it may be fed by annual glacial melt or an underwater spring. That
water will begin to flow across a complex landscape on its journey to the mouth.
During the river’s journey, it will likely flow by agricultural fields, receiving inputs
of herbicides, fungicides, and insecticides along with fertilizers and animal waste
(Burkholder et al. 2007; Covert et al. 2020). When this hypothetical river flows past
our urban centers, it will be inundated by our municipal sewage systems, which
contain pharmaceuticals, personal care products, household cleaners, and industrial
effluents (Arnold et al. 2014; de Zwart et al. 2018; Wilkinson et al. 2022). Each time
it rains, our roads serve as chemical expressways for vehicle and tire debris, oil,
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gasoline, and metals (McIntyre et al. 2021; Müller et al. 2020). All of these
“ingredients” added to this imaginary river result in a complex mixture of pollutants.
However, this river is not imaginary—it is the reality of our waterways.
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Advancing societies tend to exploit more natural resources to meet their demands
for expansion and innovation. For example, humans learned agriculture and mining
to meet their requirements; however, in this process, the environment was damaged.
To curb the wanton destruction of nature through the release of persistent complex
mixtures into ecosystems, effluent discharge is often regulated and held to standards
of release in places like the European Union, Canada, and the United States with
many other countries also employing such practices (Environment Canada 2000; US
EPA 2000). Although there is value in this approach, it is unrealistic because
organisms are exposed to a “pollutant soup,” not singular chemicals. Furthermore,
chemicals can interact with each other and alter each other’s toxic effects. This
interactive effect can also be applied to environmental stressors (e.g., temperature
and hypoxia) (Hooper et al. 2013). Chemicals in mixtures are dynamic and interact
not only with each other in water but also with the sediments of the water body and
also with the living organisms inhabiting the water (de Zwart and Posthuma 2005;
Walker et al. 2005). Furthermore, there is doubt in the applicability of acute single
chemical and single organism laboratory exposure data to effluents that are chronic,
low-dose mixtures in real-world receiving environments, where the endpoint of
lethality is often not always the most relevant (de Zwart et al. 2018; Kamunde and
MacPhail 2011; Meyers et al. 2005).

Though single chemical tests have provided valuable information regarding the
mechanistic underpinnings of the detrimental effects of toxic chemicals and cause-
and-effect relationships, these simplified tests do not appropriately reflect actual
low-dose and long-term mixture exposure conditions in the environment (Gauthier
et al. 2006; Weir et al. 2016). The potential for mixtures to have long-term interac-
tive effects on organisms, especially their reproductive potential, is recognized and
may ultimately result in additive, synergistic, or antagonistic toxicity on the health,
physiology, and reproductive success of exposed organisms (Moreau et al. 1999;
Norwood et al. 2003; Weir et al. 2016).

Since the aquatic contaminants often coexist in the environment at low concen-
trations, toxicity tests of mixtures at chronic low doses is more applicable to real-
world scenarios. From the literature on contaminant mixture tests, it becomes
evident the need to investigate the effects of complex mixtures on biological
endpoints in fish with a greater emphasis on chronic endpoints, such as
reproduction—which is critical for long-term population stability. Increased consid-
eration should be placed on understanding how chemicals in mixtures can modulate
the uptake, distribution, and metabolism of others in a mixture. Even as societal
concern for healthy environments rises, industrial and agricultural production con-
tinues to expand as does the risk of impacting our freshwater systems (Dethloff et al.
1999; de Zwart and Posthuma 2005; Connon et al. 2012).
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2 Ecotoxicology Approaches to Mixtures

Contaminants in mixtures, whether natural, synthetic, or a combination thereof,
possess the potential to interact in organisms (Connon et al. 2012; Hooper et al.
2013). However, at present, mixtures remain a challenge both in assessing for toxic
impacts and in regulating from the perspectives of human, environmental, and
ecological health (Mumtaz 2010). The number of studies assessing the impacts of
mixtures is growing using primarily aquatic crustaceans (e.g., daphnia), inverte-
brates (e.g., chironomids), and to a lesser extent fishes (e.g., fathead minnows,
zebrafish). However, most of these studies are conducted under acute exposure
regimes and focused on how different combinations and dose ratios affect lethality.
A very limited number of studies have assessed the effects of low-dose chemical
mixtures on chronic endpoints, including reproductive performance and adverse
effects such as induction or inhibition of endpoints (e.g., plasma estradiol levels).

While there is no doubt that chemicals in combination can experience interactions
when the presence of one modulates the toxicity of another, the consensus, espe-
cially in risk assessment, is to assign safety factors or assume additivity (Jonker et al.
2005; Newman 2010). To understand additivity, think of this simplified hypothetical
effluent that is found to contain Chemicals A, B, and C, at concentrations that are
equal to its single chemical LC10 (lethal concentration to 10% of the population) for
a local fish species; assuming additivity we should expect to see 30% lethality in that
population based on the following: 10% lethality (Chemical A) + 10% (Chemical
B) + 10% (Chemical C). A primary challenge regarding mixtures arises if we
observed 10% lethality or 70% lethality in this simplified scenario; those responses
do not match the predicted 30% and does not match the assumption of additivity.
Therefore, applying the concept of simple additivity to all mixtures is likely to miss
interactions that are antagonistic, synergistic, and even potentiation in some cases
(Walker et al. 2005).

Before assessing the models available for investigating mixtures, an understand-
ing of the four primary potential interactions is required—antagonism, addition
(described above), synergism, and potentiation (Walker et al. 2005; Newman
2010). Antagonism occurs when the observed effect of a mixture is lower than
what is predicted by additivity. Thinking about the above example again, an
observed lethality of 10% would suggest that the presence of one chemical modu-
lated the toxicity of another resulting in a lower than predicted lethality of 30%
(Newman 2010; Landis et al. 2010). The reverse would be synergism, where the
observed lethality or toxicity is much greater than what is predicted, for example, a
70% observed lethality, whereby the presence of one chemical seems to increase the
toxicity of the mixture based on assumed additivity (Newman 2010).

The fourth potential interaction is that of potentiation. This can occur when a
chemical is not known to be toxic or lethal at the exposure concentration or dose, but
its presence enhances the toxicity of another chemical in the mixture. An environ-
mentally relevant example of potentiation involves the use of pesticides, where the
compound piperonyl butoxide is added to insecticide formulations to inhibit the



breakdown of the active chemical by detoxifying pathways, allowing for less
pesticide to be applied to the environment while still achieving pest management
goals (Newman 2010). It should also be noted that some authors choose to use the
terms potentiation, synergism, and greater than additive interchangeably, while
others define them separately (Walker et al. 2005; Newman 2010; Landis et al.
2010).
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With the potential interactions defined, we can begin investigating the tools we
have to assess mixtures. The field of toxicology has its roots in medicine and
pharmacology, and much of the principles used to assess toxicity are based on a
dose-response relationship. While these valuable tools in pharmacology to assess for
joint action of drugs, dosage, site of action, and physiological changes have served
as the basis for mixture assessments in environmental toxicology (Connon et al.
2012; Jonker et al. 2005; Landis et al. 2010), the challenge occurs when we use a
mathematical model based on individuals and binary mixtures and apply them to
multispecies ecosystems with complex mixtures and environmental stressors.

The additivity approach has served as the basis for evaluating mixtures, using
either a concentration-based approach or a response-based approach, as both are
seeking to relate a chemical exposure to an outcome (Norwood et al. 2003; de Zwart
and Posthuma 2005; de Zwart et al. 2018). Both models function by assuming that
interactions do not occur in the mixture and predict an outcome based on that
assumption. That predicted value can then be compared to an observed outcome,
so if the two values agree, we are assuming one just added to the other, but when a
deviation is either greater (synergistic) or less (antagonistic) than expected, there is
support that an interaction occurred (de Zwart et al. 2018).

In a concentration-based approach, also called toxic units (TU), the model
assumes a similar site of action between the chemicals, and the mixture’s toxicity
is assessed based on converting individual chemical concentrations to an equitoxic
dose (Sprague 1970). This is achieved by using the concentration of a chemical of
interest in the mixture and dividing it by the reference toxic dose (e.g., LC50 or
IC50) of an individual chemical for any organism. This allows for chemicals with
varying potencies to be compared, an equitoxic concentration (Norwood et al. 2003).
A commonly used equation to determine a chemical’s TU using the concentration
(c) and the defined toxicity threshold of interest here is listed as an effect concen-
tration though lethality can also be employed (Jonker et al. 2005; Maloney et al.
2018):

TU=
C

EC50
ð1Þ

A similar approach is used when assessing the organic pollutants dioxins,
polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs),
and polychlorinated dibenzofuran (PCDFs), where toxic equivalency factors (TEF)
are used to assess complex mixtures (Bhavsar et al. 2008; Di Giulio and Hinton
2008). The use of TEF and in turn TEQs (toxic equivalents) is employed for a group
of 75 structurally related chemicals that are known to induce toxicity through the aryl



hydrocarbon receptor (AhR) pathway. The toxicity of these chemicals (dioxins,
PCBs, PCDDs, PCDFs) are compared against the most toxic—2,3,7,8-
tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD). The individual toxicity values are
determined by multiplying the concentrations of the chemicals with the chemical-
specific TEF. The resulting values are then summed to calculate a TEQ for the
mixture (Bhavsar et al. 2008; van den Berg et al. 1998, 2006; Walker et al. 2005).
This approach has become the standard practice for monitoring exposure to humans
and levels in the environment for these ubiquitous chemicals (Bhavsar et al. 2008; Di
Giulio and Hinton 2008, Gandhi et al. 2019; Liem et al. 2000); while there are
several advantages to this method, it also assumes additivity is the only outcome and
interactions occur only at a singular receptor.
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The other commonly used approach is a response or effect-based model. This
model is employed when the mode of action(s) is different or dissimilar between
chemicals in the mixture, which is often more representative of environmental
conditions (Balistrieri and Mebane 2014; de Zwart et al. 2018; de Zwart and
Posthuma 2005). The response-based approach, also called the independent action
model, seeks to relate the probability of a response to a model, which differs from the
relative toxicity approach of the TU approach (Jonker et al. 2005). A response-based
approach was employed by Driessnack et al. (2016, 2017a, b) to assess the impacts
of binary metal mixtures on fathead minnow reproductive output. The authors
employed a simple additivity model to compare the predicted (via the following
equation) reproductive output compared to the observed for three binary metal
mixtures (cadmium and copper, copper and nickel, and cadmium and zinc)
(Driessnack et al. 2016, 2017a, b). This design was appropriate as a singular fixed
dose was used to assess the interactive effects of metals on an important chronic
endpoint—fish fecundity. The simple additivity equation, based on a response-
addition model, can yield a predicted response:

Predicted Simple additivity= xþ yð Þ–f½ �× 100 ð2Þ

where x and y are the percentage fraction of a measured response induced by
Chemical A and B (metals in this case), respectively, and f is the interaction factor
(estimated by multiplying x and y). The results of those studies found that the
observed impacts on fecundity in fathead minnows tended to be impacted to a
greater degree than what was predicted, especially regarding the mixture of cadmium
and copper, where a total cessation of reproduction was noted. The work of these
authors also sought to deduce underlying mechanisms that drove the altered fecun-
dity rates and suggested molecular sites (e.g., vitellogenesis) critical to successful
reproduction where the metals could be interacting (Driessnack et al. 2016,
2017a, b). The studies by Driessnack et al. (2011, 2016, 2017a, b) all used a
standardized reproductive assay for fish, and that method and others are explained
further in the next section.
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3 Reproduction in Mixture Toxicology

The success of any species, whether it be a fish or an aquatic invertebrate, hinges
upon the ability of its individuals to successfully reproduce in changing environ-
ments and exposure to stressors (e.g., fluctuating temperatures, pollution) to main-
tain a viable population (Moyle and Cech 2005; Orr et al. 2020). The US EPA
considers an ecosystem as appropriately protected when species that belong in that
system can survive and successfully reproduce (de Zwart et al. 2018; US EPA 1992,
1998).

When considering the reproduction of fish, each species’ success can be greatly
influenced by its fecundity and behavior (Moyle and Cech 2005). The life histories
of fishes, and other aquatic organisms, are very diverse, for example, if you compare
the reproductive behavior of a Cyprinidae, like the fathead minnow (Pimephales
promelas), to a salmonid such as the Chinook salmon (Oncorhynchus tshawytscha).
The first species can reach sexually maturing in under a year and begin spawning
broods of 50–150 eggs every 3–4 days over its lifespan (Ankley et al. 2001; Parrott
2005). When compared to the Chinook salmon, their life history involves emerging
from a redd in a freshwater system, migrating through an estuary before undergoing
smolt transformation and progressing through a marine phase that can be years in
duration, before returning to freshwater for a singular spawning event (Quinn 2018).
Understanding these different life histories becomes important when considering
exposure to pollution as a population’s unique rates of development and reproduc-
tion determine its ability to recover from a toxic event. For example, if the minnow
and salmon species from above are reported to have similar LC50 values (lethal
concentration to 50% of a population) for a toxicant but different reproduction
strategies, then each population’s ability and time to recover may vary substantially
after the same toxicity events (Stark et al. 2004; Feist et al. 2017). This brief
comparison highlights that aquatic organisms have a range of reproductive strate-
gies; however, some aspects of reproduction remain consistent. First, reproduction is
vital in maintaining healthy populations, and second, it is energetically costly
(Moyle and Cech 2005).

When considering reproduction, Suter et al. (1987) evaluated various chronic
response endpoints in several fish species (e.g., FHM, rainbow trout, white sucker)
and found that fecundity is on average the most sensitive effect for chronic expo-
sures. This study also weighed the sensitivity of fecundity against early life stage
assessments (e.g., fathead minnow, zebrafish), which are often an early step in
assessing chemicals of interest or mixtures (Rand 1995; US EPA 1996a). While
valuable information may be elucidated from these studies, as the viability of eggs
and embryos is important to a population, it is an early life stage impact and not a
chronic lifetime exposure (Suter et al. 1987).

A range of endpoints have been utilized to evaluate reproduction, including the
number of eggs produced per female, the number of viable eggs produced per
surviving female, the total number of spawns, spawns per female, eggs per female
per day, and more (Driessnack et al. 2011, 2016, 2017a; Ouellet et al. 2013).



However, analyzing each of these endpoints separately potentially minimizes the
total effect that a chemical or mixture may have on spawning (Suter et al. 1987).
Using instead a measure that is intended to provide insight into future cohort size, as
done by fishery managers, likely has the greatest strength when considering popu-
lation and community-level effects. Assessing the number of eggs per surviving
female is a strong endpoint that achieves that goal. Using surviving versus spawning
females accounts for the potential that a chemical or a mixture may result in a 100%
decline in fecundity, a result previously mentioned in a binary mixture of cadmium
and copper using a 21-day fathead minnow reproductive bioassay (Driessnack et al.
2016; Suter et al. 1987).
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Including measures of reproductive performance in single and chemical mixture
assessments can be viewed as having two primary benefits: First, as noted by Suter
et al. (1987), fecundity is a sensitive endpoint though often undervalued. Second,
stable and successful reproduction is critical in maintaining healthy populations
(Moyle and Cech 2005; Suter et al. 1987). However, the use of reproduction-
based endpoints comes with the challenges of natural variability in healthy
populations and different life history strategies (Suter et al. 1987). Below are
examples of standardized laboratory tests used to assess for potential impacts on
reproduction in aquatic organisms.

3.1 Standardized Toxicology Tests That Assess Reproduction

Cladocerans Daphnia magna, Ceriodaphnia dubia, and Daphnia pulex have been
laboratory standards for decades for establishing both acute exposure dose-response
curves and chronic exposures involving reproductive output (Conners et al. 2022;
Versteeg et al. 1997). These standardized species can reach maturity and produce
three broods in under 21 days in most cases. This allows for a controlled laboratory-
based assessment of individual chemicals and chemical mixtures to determine
alterations to the reproductive output of the daphniids in chronic exposure (Conners
et al. 2022; US EPA 1996b). Work by Pérez and Hoang (2017) assessed how the
chronic toxicity of cadmium (Cd) to D. magna might be modulated in the presence
of zinc (Zn) over a range of concentrations. The results noted that Zn could either be
protective of cadmium toxicity or also contribute to toxicity depending on the
concentration. A range of 40–120 μg/L of Zn in the presence of 1.5 μg/L Cd yielded
less than additive effects (antagonistic), while Zn concentrations at 160 and 200 μg/L
contributed to the observed toxicity. This trend was noted for the reproductive
endpoints of the total number of neonates and neonates/adult/day endpoints (Pérez
and Hoang 2017). Results such as these highlight the importance of understanding
how mixtures and the concentrations of the mixture’s constituents are important.

While daphnia are commonly used to represent aquatic invertebrates, the midge
larvae Chironomus dilutus are commonly employed to represent benthic
macroinvertebrates in aquatic environments (Rubach et al. 2011; Cavallaro et al.
2016). Similarly, to daphniids, standardized tests are utilized to assess the chronic



toxicity of chemicals alone and in combination. Maloney et al. (2018) used
C. dilutus to determine whether three neonicotinoids of interest elicit interactive
impacts (e.g., additive) employing a toxic unit approach. While fecundity was not an
endpoint of interest in this study, interactions were noted for the mixture of
imidacloprid and thiamethoxam with a greater than additive (synergistic) reduction
in adult emergence and a shift in the sex ratio. While these results do not directly
imply a change in a population, such as altered fecundity, they do still warrant
consideration as the environmental impacts of altered sex ratios may have impacts on
the environment (Maloney et al. 2018).
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When considering the impacts of chemicals and mixtures on fishes, the fathead
minnow reproductive bioassay is frequently employed (Ankley et al. 2001; Parrott
2005). In this assay, sexually mature fathead minnows are exposed to chemicals,
controlled mixtures, and even whole industrial effluents of interest for 21 days.
During which time, the survival, health status, and reproductive output of the fish can
be assessed. The resulting eggs and larvae can also be assessed for the prevalence of
a range of endpoints in more expansive studies (Driessnack et al. 2011; Ouellet et al.
2013; Yan et al. 2016). Several recent studies have begun looking at mixtures of
metals, pesticides, and pharmaceuticals, due to their increasing prevalence in aquatic
systems. Additionally, the tropical fish zebrafish (Danio rerio) has been increasingly
employed in reproductive assays (Driessnack et al. 2016, 2017a, b; Hua et al. 2016;
Thrupp et al. 2018).

The impacts of five synthetic steroidal pharmaceuticals on fathead minnow
reproduction were assessed by Thrupp et al. (2018). Employing a range of concen-
trations both alone and in combination, the impacts of the steroids on egg production
were assessed and compared against predicted values using both mixture methods
(concentration and response). Interestingly, this study was designed in a way to
assess the prediction of both response models. The authors found two very notable
results: First, the impact on reproduction went from “nothing” to “a lot from a little”
response in the mixture. Second, the response-based method (i.e., independent
action) better predicted the additivity responses than the concentration model. The
result, by Thrupp et al. (2018), that the independent action model best predicted the
response in the five chemical mixtures is different than the work by Runnalls et al.
(2015). Runnalls et al. (2015) also employed the fathead minnow to assess the
impact of a binary mixture of two synthetic steroids. Again, the greatest reduction
in fecundity was noted in the binary steroid mixture, but the concentration addition
model was better at predicting the response, despite the assumed mode of altered
fecundity being different between the two chemicals.

A different study using steroid hormones in a binary mixture, but with zebrafish,
also noted an additive effect on fecundity when the chemicals megestrol acetate and
17α-ethinylestradiol were combined (Hua et al. 2016). The study by Hua et al.
(2016) also began delving into potential underlying mechanisms, sites of interaction,
that could be contributing to altered fecundity similar to Driessnack et al. (2016,
2017a, b). Hua et al. (2016) noted that plasma levels of key hormones used for
signaling development in the gonads were altered by the single chemical exposures,
with the greatest reduction found in the binary exposure, though this study did not



compare the predictive outcome of the two standard mixture models as the above
noted studies (Runnalls et al. 2015).
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3.2 Expanding Beyond Fecundity in Reproduction

While egg production has been supported as a sensitive endpoint, if we employ
fecundity as the only measure of reproductive impairment, we may miss more subtle
changes with significant impacts. One example is the “silent” reproductive toxicity
of selenium (Se) from a coal ash plant in Belews Lake, North Carolina, USA (Lemly
1993, 2002). A combination of complex waste from nearby coal-powered plants was
discharged into the lake, and over a period of years, almost all species of fish were
lost from the lake. Interestingly in this example, while selenium alone did not seem
to impair fecundity, it did result in the larvae developing severe abnormalities. This
led not to a loss of reproducing individuals but a loss in the ability of those adults to
replace themselves in the population (Lemly 1993, 1999, 2002).

Another example involves pre-spawn mortality in coho salmon in the Pacific
Northwest of the United States (Chow et al. 2019; Scholz et al. 2011). While not
labeled as a reproductive toxicant, urban and stormwater runoff events that overlap
with coho salmon spawning in the region can result in upward of 90% of female
coho failing to spawn in the region, which could result in the eventual loss of the
species (Spromberg and Scholz 2011). A series of investigations into the causal
chemical in the complex mixtures eventually identified a quinone ozonation product
of N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD)-6PPD-Q
(McIntyre et al. 2021; Tian et al. 2021).

I highlight these two examples because the best approach for understanding how
mixtures impair reproduction will require the use of several approaches such as
traditional toxicology testing methods, mechanistic models (e.g., adverse outcome
pathways), population-based models (e.g., life tables), using appropriate test species,
and assessing for mixture interactions appropriately (Ankley et al. 2010b; Connon
et al. 2012; Stark et al. 2004, 2020). Arcand-Hoy and Benson (1998) noted that while
reproductive toxicity occurs in the adult stage, it can also impact larval and juvenile
stages via altered development (e.g., Se in Belews Lake). Changes in males of a
species may also drive reproductive failure, though linkages are still being
established (e.g., intersex organisms, induced vitellogenesis). Thus, the inclusion
of critical endpoints (e.g., hormone levels) in endocrine pathways such as the
hypothalamus-pituitary-adrenal/interrenal axis (HPA/HPI), the hypothalamus-
pituitary-thyroid (HPT) axis, and, especially, the hypothalamus-pituitary-gonad
(HPG) axis, which directly supports reproduction, is necessary (Arcand-Hoy and
Benson 1998; Carr and Patiño 2011; Norris and Lopez 2011; Ottinger et al. 2002;
Vandenberg et al. 2013).

The inclusion of mechanistic endpoints, in conjunction with fecundity, is
supported by the adverse outcome pathway (AOP) approach. An AOP seeks to
link molecular initiating events, such as sites of chemicals interacting with receptors,



to adverse outcomes (e.g., vitellogenesis in males, altered fecundity). The AOP
framework has been invaluable in improving our mechanistic understanding and
has been increasingly deployed to better assess mixtures and predict population- and
community-level effects (Ankley et al. 2010a, b; Artigas et al. 2012; Kramer et al.
2011; Villeneuve and Garcia-Reyero 2011). Utilizing more than a singular endpoint
such as fecundity, even if known to be highly sensitive, is of extreme value, but as
noted by Suter et al. (1987) assessing for too many overlapping endpoints or asking
unclear hypotheses may dampen their strength.
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4 Mechanisms of Reproduction and Mixture Toxicology

Optimal fish reproduction is achieved mainly through actions of the HPG axis,
though the HPA/HPI and HPT axes have important supporting roles (Carr and
Patiño 2011; Norris and Lopez 2011; Ottinger et al. 2002; Vandenberg et al.
2013). Each of these axes is subject to alteration due to chemical exposure, which
in aquatic environments can occur through the water column, contaminated sedi-
ments, and dietary sources (Jamwal and Shekh 2021; Walker et al. 2005). Alter-
ations to the axes can occur via the action of chemicals mimicking natural hormones;
blocking hormone action; interfering with hormone synthesis; altering the secretion,
availability, and metabolism of endogenous hormones; and ultimately altering
mechanisms of hormone action. These alterations, which can be upregulated or
downregulated changes, can be transient and reversible or irreversible disruptions
that impair reproduction, induce epigenetic change, and potentially culminate in
localized population extinction (Norris and Lopez 2011; Scholz et al. 2013; Kerdivel
et al. 2013).

4.1 Hypothalamus-Pituitary-Gonad Axis in Fish

Fish detect and respond to social and environmental cues via various chemical
messengers and hormones in the brain, with those signals culminating in the release
of the decapeptide gonadotropin-releasing hormone (GnRH) by the hypothalamus
(Norris and Lopez 2011). The released GnRH acts upon the pituitary, which is
directly innervated in teleosts, stimulating the release of two main gonadotropins
(GtH) – follicle-stimulating hormone (FSH) and luteinizing hormone (LH) (Arcand-
Hoy and Benson 1998). The GtHs are then circulated throughout the body and
modulate gametogenesis and steroidogenesis in the gonads (ovaries for females and
testes in males). Sex steroids produced by the gonads are also released into the
circulation, where positive or negative feedback loops are initiated by binding to the
hypothalamus and pituitary, depending on the reproductive stage (Weltzien et al.
2004; Zohar et al. 2010). This simplified description of the HPG pathway highlights
the already vast number of sites where exogenous chemicals can interfere with the



production, release, transport, metabolism, binding, action, or elimination of endog-
enous hormones responsible for maintaining homeostasis, regulating developmental
processes, and facilitating reproduction (Kavlock and Daston 1996; Scholz et al.
2013).
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4.2 Fish Gonads

In fish, the ovaries are normally paired organs that are linked to the body cavity wall,
and its form and function may differ depending on the species’ spawning technique
(e.g., synchronous versus asynchronous). Histologically, ovaries of all fish are
generally similar, comprising of germ cells, oogonia, and oocytes at various stages
(Urbatzka et al. 2012). The fish oocyte development progresses along five stages. In
stage I, the FSH stimulates the germ cells to undergo primary oocyte growth wherein
the follicle cells surround the primary oocyte and begins forming the granulosa and
theca cell layers. Stage II, also called the cortical alveoli growth stage, is marked by
the formation of the vitelline envelope and membrane-limited glycoprotein vesicles.
In the stage II, the oocyte growth continues with the development of theca and
granulosa layer, which are critical for steroidogenesis. The GtH stimulates uptake of
cholesterol via StAR (steroidogenic acute regulatory protein) into the inner mito-
chondrial membrane of theca cells, where cholesterol is converted first into preg-
nenolone and further into testosterone (T) (Nagahama 1994). The T is then released
by the theca cells to the granulosa cells, which use cytochrome P450 aromatase to
convert T into estrogen (Nagahama 1994; Norris and Lopez 2011).

The estrogen, as 17β-estradiol (E2), is released by the granulosa cells into the
plasma, which carries it to the liver to stimulate vitellogenin (Vtg) production.
Estrogen, in the plasma, also regulates the hypothalamic-pituitary-gonadal axis via
modulating hypothalamic and pituitary feedback loops. Hepatocytes eject Vtg into
the plasma for incorporation into the oocytes via endocytosis, initiating stage III of
oocyte development. The accumulated Vtg is then processed into yolk protein for
use by developing embryos upon successful fertilization. The increased LH and
decreasing FSH secretion from the pituitary stimulates further growth and complete
maturation of oocyte in stage IV. Finally, the mature oocyte detaches and ovulates as
an egg in stage V (Arcand-Hoy and Benson 1998; Lubzens et al. 2010; Norris and
Lopez 2011).

The testes in male fish are much like females in that they are a paired organ. They
tend to be a smooth, white structure that when in a spawning condition can account
for up to about 12% of the fish’s weight (Moyle and Cech 2005). The development
of the sperm also undergoes various stages of spermatogenesis, much like with the
ovaries, and also begins with germ cells being stimulated by FSH and LH to progress
through different stages of maturation (Norris and Lopez 2011). In males, the
dominant circulating sex steroid hormones are testosterone (T), 11-keto-testosterone
(11-KT), 11β-hydroxytestosterone (OHT), and 11β-hydroxyandrostenedione (Nor-
ris and Lopez 2011).
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4.3 Mixture Studies Assessing Endpoints Beyond Fecundity

Referring back to the work by Driessnack et al. (2016, 2017a, b), they utilized
several of these mechanistic tools to link changes in the gonad and livers of females
to altered reproduction in single and binary metal mixture exposures. To summarize
those three studies, the author reported that chronic waterborne binary metal expo-
sures significantly impaired the fecundity in fathead minnows both additively
(Exposure to Cd-Zn and Cu-NI; Driessnack et al. 2017a, b) and synergistically
(exposure to Cd-Cu; Driessnack et al. 2016). All three studies demonstrated that
metals in mixture (e.g., Cd and Zn) impaired reproduction in the fish, to a degree
greater than any of the metals assessed during their respective individual exposures.
The impaired reproductive output was postulated to be the result of two primary
factors. First, metal exposure was found to alter reproduction by influencing the
molecular and physiological parameters linked with fish reproductive functions. One
notable change that was recorded was decreased serum estradiol induced by metal
mixtures. In addition, associated effects such as increased follicular atresia, altered
estrogen receptor (α and β) expression, and reduced Vtg gene expression in the liver
supported the assumption that altered reproduction is likely linked to disruption of
estrogen-mediated functions in fathead minnows.

The second factor harkens back to an aforementioned factor of reproduction – the
energetic cost (Moyle and Cech 2005). Driessnack et al. (2016, 2017a, b) noted an
induction of hepatic metallothionein expression, a key protein in metal detoxifica-
tion, and differences in liver metal accumulation. The authors noted that the assumed
increased energetic cost of producing metallothionein in response to metal exposure
and combined with metal-induced alterations to estrogen signaling diminished the
reproductive capacity of fathead minnow females. These findings support that
assessments of fish fecundity when combined with sub-organismal endpoints, such
as plasma estradiol, hepatic Vtg and MT expressions, and ovarian histopathology,
are promising biomarkers for assessing the reproductive toxicity of metal mixtures,
and other more complex mixtures, in fishes and aquatic organisms.

Work by Werner et al. (2010) assessed the impact of different pulp and paper mill
effluents on fathead minnow reproduction and the expression of androgen- and
estrogen-linked pathways in both females and males. While limited impacts were
noted in the females, the authors did note changes in male hepatic expression of
androgen and estrogen receptors, Vtg, and cytochrome p4501A between the differ-
ent treated and untreated effluents. Their decision to also include male endpoints is
of value as reproductive research often focuses on responses in females. Such
approaches have been used in both standard lab species such as daphnia and
zebrafish (Hua et al. 2016; Nkoom et al. 2022) and nonstandard fish species
(Paschoalini et al. 2021).
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5 The Challenges the Field of Ecotoxicology from
Contaminant Mixtures

As noted frequently in this chapter, successful reproduction is necessary for
populations to remain viable in aquatic environments. The reproductive strategies
and success rates for aquatic species, whether it be fishes or invertebrates, are
variable. This presents a challenge in terms of how we determine exposure to a
singular chemical, nonetheless how a complex mixture is impacting the individuals
to such a degree that failure of that population is a possibility. Additionally,
laboratory-based tests are not natural systems, and despite best efforts to extrapolate
data or use site-specific guidelines, until we can better define how and where
chemical interactions occur in aquatic organisms, the current guidelines are likely
lacking in their goals to effectively protect natural systems (Connon et al. 2012; de
Zwart et al. 2018; Stark et al. 2004).

One of the emerging approaches to begin linking and strengthening the mathe-
matical models with biological approaches (e.g., daphnia chronic tests) is the use of
AOPs to gather and employ mechanistic data to link molecular/cellular changes
(initiating events) to higher-level endpoints such as reproduction (Ankley et al.
2010a, b; Connon et al. 2012; Villeneuve and Garcia-Reyero 2011). This is essen-
tially a bottom-up approach improved upon by using the most recent advances in
high-throughput, high-output techniques. However, the results are a single snapshot
of one moment in an artificial scenario. A return to or greater attention paid to
top-down approaches, as used in ecology, still very much has a place in toxicology
(Connon et al. 2012. This sentiment also applies to the models we use to assess
mixtures, which are currently based on mathematics and pharmacology principles
and less on biology and ecology (de Zwart and Posthuma 2005).

The expression of reproductive genes and circulating sex steroid hormone levels
recommended in AOPs, and increasingly requested by regulatory agencies, are
sources of invaluable data. However, as researchers seek to increasingly understand
the physiology of aquatic organisms, we must not minimize the bigger picture—
healthy populations, communities, and ecosystems. Integrated top-down and
bottom-up approaches should utilize histological assessment of gonadal tissue to
link molecular change to a realized outcome. For example, does a downregulation of
Vtg hepatic expression in female fish result in altered oocyte development or reduce
egg size to such a degree that fecundity or larval survival is impaired (Beketov and
Liess 2012; Connon et al. 2012; Driessnack et al. 2011; Gessner and Tlili 2016)? The
production of healthy embryos, larvae, fry, and juveniles also plays a role in
successful long-term populations (Arcand-Hoy and Benson 1998). Successful mix-
ture assessment will depend on linking quantitative results in the lab with increas-
ingly environmental relevant exposures using tools such as mesocosms and field
surveys and improving the mixture models (Connon et al. 2012; Driessnack et al.
2011; Miles et al. 2017).

The two dominant mixture model approaches are the concentration-based and
effects or response-based approaches. Both models assess stressor interactions,



where the stressors of interest are chemicals in a mixture. Stressor interactions are
determined in references to a null model that predicts the joint effect assuming the
absence of interactions, in which the models assume the stressors are operating
independently. The default assumption is additivity, and any deviation could support
an interaction of the mixture, but the challenge arises when those deviations are
noted as more complex models accounting for stressor interactions are required for
reliable predictions (Schäfer and Piggott 2018). The additive null model assumes
that the combined effect of stressors equals the sum of their individual proportional
effects; this is the concentration addition model of ecotoxicology or the toxic unit
approach. The multiplicative null model assumes an independent mode of action,
which is the effects or response-based approach noted in the prior mixture section
(Thompson et al. 2018a). These models, especially the concentration or additive
approach, have started to become the standard in toxicology. However, both models
have limitations that have been minimized by researchers in attempts to better
understand and predict mixture toxicity under chronic conditions (de Zwart and
Posthuma 2005; Thompson et al. 2018a). One issue that faces both models is that
they assess impacts on individuals and those results are being applied to populations.
More specifically in the concentration approach, the model assigns equal potency of
the chemicals or stressors, which can lead to a null expectation greater than 100%.
The data may also be forced into assuming additive as the only possible response of
the null model and ultimately miss the interactions the model seeks to identify
(Schmidt et al. 2022; Thompson et al. 2018a). This often leads to the effect-based
or multiplicative null models being used, as they are based on proportional
responses, but again it is also biased in assuming additivity similar to the
concentration-based approach (Thompson et al. 2018a).
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For example, a study by Shadid et al. (2019), assessed the impacts of pesticide
mixtures on D. magna using the two common toxicology mixture models—concen-
tration and effects. The authors also assessed a more recently proposed stress
addition model (SAM) to investigate the success of the different approaches by
combining a binary pesticide mixture with the environmental stressor of food
limitation. The authors reported synergistic interactions on daphnid survival in the
mixture combined with food limitation and that all three models underestimated the
observed response. This included the SAM model, which is being developed to
predict synergism between toxicants and environmental stressors, and the only
model that considers sensitivity distributions (Liess et al. 2016; Schäfer and Piggott
2018).

While these approaches have value in the establishment of mechanisms of action
and laboratory-based responses, they are rooted in medicine, pharmacology, and
environmental chemistry, rather than in ecology (Gessner and Tlili 2016). Models in
the domain of ecology are intended to assess for patterns, processes, and relation-
ships such as indirect effects and interspecies interactions (e.g., competition, preda-
tion) (Gessner and Tlili 2016; Thompson et al. 2018b). Interactions among stressors,
both chemical and environmental (e.g., food scarcity), can produce “ecological
surprises,” whereby their combined effect is not predictable based on their known
individual effects. These missed predictions can have damaging impacts to



ecosystems, which makes the selection of our null models crucial, and the available
toxicology standard models provide debatable assessments (Thompson et al. 2018a).
So, if our current models are missing the transition from individuals to the realistic
world of populations and communities, what approaches are available?
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Thompson et al. (2018a) proposed a model that seeks to understand the toxico-
logical importance of the response but employs ecology-based measures of stress.
This model is termed the compositional null model. This model is proposed to
predict the effects of combined stressors based on the species-specific additive
effects of individual stressors that can be applied to community-based indicators,
such as species richness (Thompson et al. 2018a, b). The promise of this model and
others, such as SAM and species-sensitivity distributions, likely lies in integrating
ecology into ecotoxicology (Gessner and Tlili 2016). Ultimately, our models are
only as strong as the data supporting them, which requires us to use environmentally
relevant endpoints such as reproductive output obtained from longer studies such as
life table matrixes and mesocosms to achieve realistic and protective predictions
(Connon et al. 2012; Schmidt et al. 2022; Stark et al. 2004). It is this author’s belief
that one of the great strengths of ecotoxicology is its interdisciplinary nature, and
access to the vast skills and analytical tools utilized in the field of toxicology makes
its researchers equipped to assess these complex questions of mixtures and
reproduction.
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Phytoestrogens as Endocrine-Disrupting
Agents in Aquaculture

Nuzaiba P. Muhammad, T. Nirmal, Arya Prabhakaran, and Tincy Varghese

1 Introduction

Many estrogen-mimicking chemicals are introduced as endocrine disruptors in the
aquatic environment, which may be synthetic or natural; the synthetic ones are called
xenoestrogens. The natural estrogen-mimicking compounds could be of plant or
animal origin. Phytoestrogens, which resemble mammalian estrogens, particularly
17-estradiol, structurally or functionally, are sizable heterogenic group of chemical
substances derived from plants. Legumes are the main source of phytoestrogens as
they are involved in plant-microbe interactions and the reason to induce nodulation
in the roots of legumes. Phytoestrogens are also involved in the defense mechanisms
in the plant kingdom but do not involve in the endocrine system of plants. The
majority of phytoestrogens are not found in seed oil, and the concentration of whole
or ground seeds in a given area can vary depending on the climate, crop maturity,
storage time, and region. Phytoestrogenic compounds are being introduced in the
aquatic environment majorly through the feed. Some of the common plant-based
ingredients used in aquaculture feed contain phytoestrogens including soybean meal
and alfalfa meal.

The low molecular weight and stable structure of phytoestrogens enable them to
easily pass through the lipid bilayer and interact with the enzyme and receptors of the
cell and induce proestrogenic or antiestrogenic effects. Several reports suggest that
phytoestrogens have beneficial effects in humans, including hepatoprotective, anti-
allergic, anti-inflammatory, antitumor, antithrombotic, and antioxidant properties
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(Ahmad et al. 2013; Roca et al. 2014). Phytoestrogens or their active metabolites
typically have an estrogenic effect on the central nervous system and reproductive
systems of both males and females in mammals and are studied extensively in
mammals. This chapter concentrates mostly on the common phytoestrogens found
in aquaculture feed ingredients and their effects on reproductive endocrine function.
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Table 1 Sources of phytoestrogens

Phytoestrogens Source

Genistein Soybean, broad bean, white bean, chickpeas, red bean

Daidzein Soybean, black bean, and green split peas

Coumestrol Alfalfa, clover, split peas, chickpeas, lima beans, soy
sprouts, and pinto beans

Lignan (enterolactone and enterodiol) Flaxseed, chickpeas, unhulled soybean, whole
legumes, and cereal brans

Formononetin Green bean, lima bean, broad bean, pink bean, mung
bean, clover sprout, and alfalfa

Glycitin Soybean, chick peas, and other legumes

Biochanin A Clover sprout, chick peas, Chinese peas, pinto beans,
and kidney bean

Resveratrol (matairesinol,
secoisolariciresinol, lariciresinol, etc.)

Grape cane waste, peanut roots

2 Structure and Classification of Phytoestrogens

A phenolic ring and two hydroxyl groups, which are essential for binding with
estrogen receptors (ER), are characteristics of phytoestrogens. The phenolic group
determines whether phytoestrogens have agonist or antagonistic properties with
animal estrogen (Roca et al. 2014; Torrens-Mas and Roca 2020). Based on their
structural characteristics, phytoestrogens are divided into three main classes: flavo-
noids, lignans, and stilbenes (Cos et al. 2003; Nikolić et al. 2017). The classification
of phytoestrogens is given in Fig. 2, and various sources of phytoestrogens are given
in Table 1.

2.1 Flavonoids

Flavonoids have two benzene rings (A and B) in their structure, joined together by a
heterocyclic (C) ring (Wang et al. 2018) as depicted in Fig. 1. Based on the position
of B and C rings, oxidation and hydroxylation of the C ring, and the degree of
saturation, they are typically divided into isoflavonoids, flavones, flavonols, flavan-
3-ols (or catechins), flavanones, chalcones, and anthocyanins (Fig. 2).
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Fig. 1 General structure of
flavonoids

Isoflavonoids comprise isoflavones and coumetrans. Isoflavones have a general
backbone made of 3-phenylchromen-4-one. Genistein, daidzein (from soybean
meal), formononetin, and biochanin A (from red clover) are included in the isofla-
vone category as they share the general backbone (Fig. 1). Coumestans have a
1-benzoxolo(3,2-c) chromen-6-one linked to the B ring at the C3 position instead
of the C2 position.

2.1.1 Isoflavones

Isoflavones can be found in large quantities in soybean and its byproducts. Majorly
three types of isoflavones have been found from soybean meal which exists in four
chemical forms, namely:

1. Aglycones: genistein (4′,5,7-trihydroxyisoflavone), daidzein (4′,7-
dihydroxyisoflavone), and glycitein (4′,7-dihydroxy-6-methoxy isoflavone).

2. Glucosides: genistein, daidzein, and glycitein.
3. Acetylglucosides: 6′-O-acetylgenistin, 6′-O-acetyldaidzin, and 6′-O-

acetylglycitin.
4. Malonylglucosides: 6-O-malonylgenistin, 6-O-malonyldaidzin, and 6″-O-

malonylglycitin.

According to Chakraborty et al. (2014), most dietary forms of soybean meal have
a mixture of three bioavailable forms of aglycones, namely, genistein, daidzein, and
glycitein. Glycoside forms are biologically inactive, which can become bioactive
absorbable forms at the intestinal lumen, aglycones, when hydrolyzed by bacterial
glucosidases (Setchell 1998). Genistein can be further metabolized to p-ethyl phenol,
while daidzein can be processed to equol and O-demethyangolensin in animals
(Soukup et al. 2016); however, the efficiency of metabolism varies in different
organisms. Isoflavone content is known to vary based on the crop and products
(Carrera et al. 2011; Medic et al. 2014). The total isoflavone concentrations in
soybean meal were estimated to be 15.70–30.75 mg/g dry matter (Flachowsky
et al. 2011).
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Genistein

Among the total isoflavone content in soybean meal, genistein is recorded as the
predominant one. According to reports, genistein content in soybean meal varies
from 2.6 to 22.4 mg/100 g of soybean meal (Chen and Wei 2008) based on the crop,
season, and type of processing. Since soybean meal is the widely utilized legumi-
nous plant source of protein in feed, it is relevant to describe the genistein content
reported in fish feed worldwide. The carp commercial diets were reported to have
6.76–23.71 mg, the trout diets were estimated to be 4.16–5.02 mg, and the diet of
medaka was reported to have 0.93–5.85 mg of genistein/100 g feed (Xiao et al.
2018). Feeds manufactured in various countries, namely, Japan, the UK, and Korea,
were determined to contain genistein 3.97–11.89 mg/100 g (Inudo et al. 2004; Xiao
et al. 2018).

Daidzein

7,4′-dihydroxy isoflavone (daidzein) is found widely in plants belonging to legumes.
Recent studies on humans have demonstrated the efficacy of daidzein in treating
menopause, osteoporosis, and high blood cholesterol and reducing the risk of some
hormone-related cancers and heart disease. Despite the known health advantages, it
is also known for its potential to affect fertility and cause developmental toxicity to
the reproductive tract in female rats. The effect of daidzein on fish reproductive
endocrine system is still at the preliminary face.

Glycitein

In soy food products, glycitein, an O-methylated isoflavone, makes up 5–10% of all
isoflavones. Glycitein comes under phytoestrogens similar to other soy isoflavones
in that it has a weak estrogenic activity compared to other isoflavones.

Biochanin A and Formononetin

Biochanin A (5,7-dihydroxy-4-methoxy-isoflavone) is derived from edible and
herbal plants such as peanuts, alfalfa sprouts, soy, and red clover. Formononetin,
otherwise known as biochanin B, is a 7-hydroxyisoflavone substituted by a methoxy
group at position 4′. The plant metabolite acts as an estrogenic or antiestrogenic
compound in animals. It is a member of 7-hydroxyisoflavones and a member of
4′-methoxyisoflavones. It is functionally related to daidzein.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/daidzein
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2.1.2 Coumestrol

Coumestrol was first discovered as an estrogenic compound in 1957 by E. M.
Backoff in ladino clover and alfalfa. The compound is known to have high estro-
genic activity and high binding affinity with estrogen receptors (binds with 94%
affinity to ERα and 185% affinity to ERβ, when related to the binding affinity of
estradiol to both). The compound, however, is having much less activity than
estradiol while 30–100 times more activity than isoflavones. The compound is
normally found in a limited range of food, and alfalfa sprouts are one among them.

2.2 Lignans

A large class of low molecular weight polyphenols called lignans is present in many
types of plants, especially grain, nuts, coffee, tea, cocoa, flaxseed, and fruits. Lignans
have two phenylpropane groups linked by a -β′-β′ bond formed between the central
atoms of their side chains (eighth or position). Lignans function as anti-nutrients in
the defense of seeds and plants against herbivores and are precursors to
phytoestrogens. Lignans and lignin have different molecular weights; lignin is a
high polymer that is indigestible, whereas lignans are small and soluble in water.
High levels of lignans can be found in sesame and flax seeds. Cereals (rye, wheat,
oat, and barley), soybeans, tofu, cruciferous vegetables (like broccoli and cabbage),
and some fruits, particularly apricots and strawberries, are other foods that contain
lignans. Lignan and its estrogenic effects are well-studied in humans and rats (Tou
et al. 1998), especially in delaying puberty, lengthening diestrus, affecting the
reproductive development of offspring, and so on. However, research on the effect
of lignan in fish is null, so far (according to the Web of Science).

2.3 Stilbenes

The stilbenes (Fig. 2) have a 1,2-diphenylethylene nucleus and a polyphenolic
structure. The stilbene resveratrol, which can be found in a variety of foods like
nuts, grapes, berries, and wine, has received the most research. The most well-known
stilbene, resveratrol, is used to prevent disease, particularly obesity. The compounds
are well known for their antiaging activity in humans, and they act as an antioxidant
and inhibit cyclooxygenases in zebrafish (Kowalska et al. 2011). Other stilbenes and
their metabolites are also thought to be potential anti-obesity candidates. The main
stilbene in grape plants is called piceid (5,4′-dihydroxystilbene-3-O-β-glucoside),
and its concentration in red grape juice is almost six times higher than that of
resveratrol monomers. Red wine also contains astringin (5,4′,3-trihydroxystilbene-
3-O-β-glucoside) and isorhapontin (5,4′-dihydroxy-3′-methoxystilbene-3-β-D-



glucoside), though they are rarely found in higher concentrations than trans-piceid or
resveratrol monomeric forms. The studies on endocrine disruptive effects of stil-
benes in fishes are limited to a few, which are conducted on medaka and zebrafish
(Cavalcante et al. 2017; Rohmah et al. 2022).
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3 Phytoestrogen on Reproduction Mechanism of Endocrine
Disruption

A concern of successful reproduction and development of seeds for enhancing
aquaculture production has been discussed in the recent past. The endocrine-
disrupting compounds have the potential ability to perturb the sensitive hormone
pathways that take part in reproduction. Phytoestrogen acts on the endocrine axis by
(1) disrupting the enzymes involved in various hormone synthesis, action, and
metabolism, (2) mimicking the endogenous estrogen due to the structural similarity
of phytoestrogen with estradiol and competing for the receptor binding sites, and
(3) inhibiting cell signaling activities at ER-deficient cells and consecutively induc-
ing apoptosis (Sassi-Messai et al. 2009). These actions consequently result in
hormone imbalance, reduced gonad size, decreased fertility and fecundity, lowered
egg production, impaired sexual differentiation, and apoptosis of fish embryos
(Tables 2, 3 and 4). However, it is known that the impact of these chemicals on
fish reproductive function varies depending on several factors, including species,
sex, age, type, and dose of phytoestrogens. The detailed account on mechanism of
phytoestrogen on the reproductive endocrine system is given in the following
subsections.

3.1 Effect on Gonadotropins and Thyroid Homeostasis

Gonadotropins are secreted from the adenohypophysis by the action of
gonadotropin-releasing hormone (GnRH) from the hypothalamus to secret repro-
ductive steroids from gonads. It is believed that phytoestrogens either by directly
contributing or by disrupting the estrogen-degrading enzymes increase the circulat-
ing level of total estrogen, which in turn reduces the FSH secretion from the pituitary
gland. Pelissero et al. (2001) noticed a slight decrease in βFSH levels in plasma at the
end of spermatogenesis in male and ovulating female fishes fed with a diet
containing 500-ppm genistein. Similarly, feeding Turkey berry leaf extract (which
contains solasodine, a phytoestrogen) to C. carpio disrupted the balance of the
gonadotropin hormone (Rahmadiah et al. 2019).

The enzyme 5′-iodothyronine deiodinase is responsible for the bioconversion of
thyroxine (T4) in animals, resulting in most circulating triiodothyronine (T3). T3 is
comparatively high in biological activity and induces vitellogenesis in female fishes



(Nelson and Habibi 2016). Genistein disrupted thyroid homeostasis by disrupting
the enzyme 5′-iodothyronine deiodinase (Schiller et al. 2013). Genistein also com-
petes with thyroxine for binding to thyroxine-binding globulin (Schiller et al. 2013).
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Table 2 Effect of phytoestrogens on female fish

Compound and dose Effect Species Reference

100% mixed plant
protein containing
soybean meal

Reduced proportion of vitellogenic
and mature oocytes

Oreochromis
niloticus

Fontaınhas-
Fernandes
et al. (2000)

500 ppm of genistein Increase in plasma VTG, decreased
testosterone levels, βFSH, and βLH
level

Oncorhynchus
mykiss

Pelissero
et al. (2001)

Genistein at 750 and
30,000 ng/fish

Increased testosterone and estradiol
production by the ovaries

Oryzias latipes Zhang et al.
(2002)

1000 times higher
phytoestrogen than
E2 concentration

Binds with estrogen receptors and
impairs its function

Acipenser
baeri

Latonnelle
et al. (2002)

1000 μg/L of
genistein

Atretic oocytes, enlarged ovarian
lumen, somatic stromal tissue prolif-
eration, delayed oocyte maturation,
and the presence of primordial germ
cells in the ovary

O. latipes Kiparissis
et al. (2003)

Genistein at
415,800 ng/g

Increase in plasma Vtg Ictalurus
punctatus

Kelly and
Green
(2006)

Soybean meal at
160 and 340 g/kg of
feed

Reduction in the average number of
spawned eggs

Carassius
auratus

Bagheri
et al. (2013)

Genistein at
75.83 mg/g with
daidzein at
67.82 mg/g

Increase in plasma E2 C. auratus Bagheri
et al. (2014)

Genistein 1.6 g per kg
of diet

No significant changes in the DHP
level

Huso huso Jourdehi
et al. (2014)

10 mg/L of genistein
and daidzein

Decreased content of ovarian ERβ
levels

Cyprinus
carpio

Sarasquete
et al. (2017)

17.5 and 35% of soy-
bean meal

Reduced proportion of vitellogenic
and mature oocytes

C. carpio Banani
(2019)

Genistein at 1,3,
6, 9 mg/100 g of feed

Increased serum estradiol and testos-
terone, reduced vitellogenesis and
expression level of ovarian aromatase
and hepatic estrogen receptors, and
reduced vitellogenic oocytes in the
ovary

C. carpio Nuzaiba
et al. (2020)

Genistein at 10 mg/L
in water

Decreased levels of ERβ in the ovary Danio rerio Sarasquete
et al. (2020)

Cacao bean meal at
10 g/kg diet

Increased oocyte granulation and fol-
licle numbers

C. auratus Al-
Khalaifah
et al. (2020)
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Table 3 Effect of phytoestrogens on male fish

Compounds and dose Effects Species Reference

500 ppm of genistein Increased vitellogenin synthesis,
decrease in testosterone levels,
plasma βFSH and βLH and
17a,20b(OH)2

O. mykiss Pelissero et al.
(2001)

1000 ppm of genistein Decreased sperm motility and
spermatocrit

O. mykiss Pelissero et al.
(2001)

Genistein at 750 and
30,000 ng/fish

E2 level was increased
Testosterone level from the testis
was decreased

O. latipes Zhang et al.
(2002)

1000 μg/L of genistein Low densities of spermatozoa;
72% of male medaka showed
feminized secondary sex
characteristics

O. latipes Kiparissis
et al. (2003)

Genistein at 58.5
± 0.6 μg/g with daid-
zein at 37.3 ± 0.2 μg/g

VTG production was induced, but
there was no negative impact on
the success of reproduction

O. latipes Inudo et al.
(2004)

1–10 mg/L genistein Induced VTG gene expression and
circulating vitellogenin

O. latipes Scholz et al.
(2004)

Genistein at
50–100 μg/mL

Increased circulating vitellogenin
and a decrease in 11-KT level

C. auratus Ishibashi et al.
(2004)

Genistein at
415,800 ng/g

Increased in plasma Vtg I. punctatus Kelly and
Green (2006)

Soybean meal at
46.4 g/100 g feed

Reduction in plasma Vg O. mossambicus Davis et al.
(2009)

Soybean meal at
500 mg/kg

Lowered gonadosomatic index
(GSI)

C. carpio Turker and
Bozcaarmutlu
(2009)

Genistein, 75.833 μg/g
with daidzein,
67.821 μg/g

Decrease in plasma testosterone
level, while 17-estradiol levels
were increased

C. auratus Bagheri et al.
(2013)

Soybean meal at
160 and 340 g/kg of
feed

Reduction in sperm quality C. auratus Bagheri et al.
(2013)

Genistein at 3 mg/L Disrupt thyroid homeostasis C. auratus Nelson and
Habibi (2016)

Daidzein at 10 mg/L in
water

Increase in expression of the
bromodomain testis-specific gene
(BRDT) in gonad

D. rerio Sarasquete
et al. (2020)

10% inclusion of
cacao bean meal

Increased testosterone levels C. auratus Al-Khalaifah
et al. (2020)

1-mg genistein in
100-g feed

Increased serum estradiol and
vitellogenin and expression of
vtgb2 in the liver

C. carpio Nuzaiba et al.
(2022)



222 N. P. Muhammad et al.

Table 4 Effect of phytoestrogens on early life stages

Compound and dose Effect Species Reference

4 mg/g of genistein Decreased circulating
vitellogenin

Striped bass,
Morone
saxatilis
juvenile

Pollack et al.
(2003)

2 and 8 mg/g of
genistein

Increase in circulating
vitellogenin

Striped bass,
Morone
saxatilis
juvenile

Pollack et al.
(2003)

2 mg/kg of
phytoestrogens

Increased proportion of females
by 55%

Anguilla
anguilla
juvenile

Tzchori et al.
(2004)

50% dilution of
effluent water from
pulp mill

Elevated concentrations of
vitellogenin, male-biased sex
ratios, and occurrence of inter-
sex gonad

Danio rerio
juvenile

Örn et al. (2006)

Genistein (1 × 10-4 M,
0.5 × 10-4 M,
0.25 × 10-4 M) for
60 h

Teratogenic effects in the
embryo including dead cells in
the brain, spinal kyphosis, yolk
sac edema, and pericardial
edema

D. rerio at 24 h
postfertilization

Kim et al. (2009)

10 μM of genistein Apoptosis in the embryo D. rerio from
5 days post-
hatch

Sassi-Messai et al.
(2009)

Genistein at 2, 4, and
8 mg/g

Increased proportions of phe-
notypically male individuals

Ictalurus
punctatus at
60 and 150 days
post-hatch

Green and Kelly
(2009)

17% of soybean meal
with 0.05 g/100 g of
genistein

Increased proportion of males Clarias
gariepinus fry

Ahmed et al.
(2015)

3 and 10 mg/L
genistein

Reduce thyroxine peroxidase
and transthyretin (transfer
protein)

Senegalese sole
early life stages

Sarasquete et al.
(2017)

Genistein at 500 ng/L Increased 17β-estradiol and
aromatase activity

Rutilus kutum
Post-fertilized
embryo

Mohammadrezaei
and Nematollahi
(2018)

Genistein and daidzein
(from 1.25 mg/L to
20 mg/L)

Upregulation of estrogen
receptor, cyp1a transcript
levels, and death receptors
( fas)

D. rerio at 2–3 h
post-fertilization

Sarasquete et al.
(2020)

Genistein @ 4.41 mg/L
or daidzein 65.15 mg/L

The lethal concentration of
genistein and daidzein

D. rerio at 2–3 h
post-fertilization

Sarasquete et al.
(2020)

Turkey berry (Solanum
torvum) leaf extract at
300 mg/L

Increased the percentage of
female common carp larvae

Cyprinus carpio
post-hatching
larvae

Rahmadiah et al.
(2019)
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3.2 Effect on Steroidogenesis

Sex steroid synthesis occurs in the gonads, the interrenal gland, and the brain on the
action of gonadotropins. The enzymes including aromatases, dehydrogenases, and
side chain cleavage enzymes involved in the biosynthesis of various steroids
(including 17β-estradiol, progesterone, dehydroepiandrosterone, testosterone and
11-Keto testosterone) from the common precursor, cholesterol. Most of the steroids
impart in gonad growth, maturation, ovulation, permeation, spawning, and fertiliza-
tion. Phytoestrogens, especially isoflavones, are reported to block the transfer of
cholesterol (Stevenson et al. 2011) and disrupt certain enzymes of the steroid
synthesis pathway, including aromatases (cyp19a and cyp19b), 3-hydroxysteroid
dehydrogenase (3βHSD), and 20β-hydroxysteroid dehydrogenase (20βHSD)
enzymes and enzymes involved in estrogen-inactivating pathways. This disruption
action of phytoestrogen induces an imbalance in steroid hormone levels in fish.

The gonad and bran aromatase enzymes are involved in converting androgens to
estrogens, hence testosterone to estradiol during steroidogenesis. Disruption of
aromatase enzymes causes an increase in total testosterone and a reduction in total
estrogen levels, consequently disturbing the steroidogenesis pathway. An increase in
testosterone was observed in H. huso (Jourdehi et al. 2014). According to Weber
et al. (2002), genistein induced the level of endogenous testosterone as an indication
of aromatase inhibition in rainbow trout. Serum level of testosterone was signifi-
cantly increased in males C. auratus fed on the 10% inclusion of cacao bean meal
(Al-Khalaifah et al. 2020). The enzyme 3βHSD catalyzes the biosynthesis of the
steroids progesterone from pregnenolone, 17-hydroxyprogesterone from
17-hydroxypregnenolone, and androstenedione from dehydroepiandrosterone
(DHEA) in the steroid-producing glands. Zhang et al. (2019) reviewed that flavones
and isoflavone are interfere with testicular isoforms of 3βHSD and possibly with
androgen synthesis. Synthesis of active progesterone in fish, 17α,20β-dihydroxy-4-
pregnen-3-one (DHP), is catalyzed by the enzyme 20βHSD from 17-
α-hydroxyprogesterone. DHP plays an important role in the final maturation of
prophase I-arrested oocytes (Senthilkumaran 2011), testicular recrudescence
(Sreenivasulu et al. 2012), and spermiation (Miura et al. 1992). A dose-dependent
reduction in the expression of 20βHSD is observed in male C. carpio when genistein
(1–9-mg/100-g feed) included in the diet (Nuzaiba et al. 2022). Supplementation of
dietary genistein at 500 ppm reduced the DHP level in both males and females of
O. mykiss (Pelissero et al. 2001).

Steroid catabolism occurs in two phases mainly in the liver with some contribu-
tions from the gills, intestine, and kidney. In phase I, catabolism occurs through
monoxygenation, hydroxylation, and esterification, while phase II catabolic pathway
majorly occurs through glucuronidation and sulfonation (James 2011). Enzymes
involved in estrogen-inactivating pathways (phase II steroid estrogen-metabolizing
enzymes) are glucuronosyltransferase (UGT) and sulfotransferase (SULT). The
UGT catabolism of 17β-estradiol is reported in C. carpio and in red mullet (Solé
et al. 2003; Daidoji et al. 2006; Martin-Skilton et al. 2006)), and the expression is



higher in male and juvenile fishes. Similarly, 17β-estradiol catabolism by SULT has
been found in zebrafish, Siberian sturgeon, channel catfish, red mullet, and four-
spotted megrim (Perdu-Durand and Cravedi 1989; Martin-Skilton et al. 2006; Wang
and James 2007; Yasuda et al. 2008). Expression of these enzymes is susceptible to
xenobiotic exposure (James 2011), and genistein exposure to the salmonid fish
disrupted estrogen-catabolizing enzymes (Ng et al. 2006). Degradation of
estrogen-inactivating enzymes by phytoestrogens may significantly increase the
total estrogen level in male and juvenile fish (Nezafatian et al. 2017;
Mohammadrezaei and Nematollahi 2018).
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3.3 Effect on Vitellogenesis in Fish

Estrogen secreted by the gonads is transported through the blood to the liver to
synthesize vitellogenin in female fishes. ERβ1 and ERβ2 are two cytoplasmic
estrogen receptors reported to exist in teleosts. Hepatic vitellogenesis is based on
the type of vitellogenin, and they are more sensitive to the induction by E2.
Vitellogenin is normally synthesized from the liver of sexually mature females and
is released to the bloodstream and stored in the developing oocytes through receptor-
mediated endocytosis (Wahli et al. 1981). Still, in the male, the vitellogenin-
producing gene remains silent until they are exposed to any type of xenoestrogens.
Hence, the measurement of plasma vitellogenin levels, mainly in males and imma-
ture females, is used as a biomarker of exposure to estrogenic compounds in aquatic
environments (Cheek et al. 2001; Matozzo et al. 2008). Vitellogenin also aids in
hemagglutinating and bacteriostatic functions in male fish if present (Reading et al.
2011).

Phytoestrogens may either have agonistic effects with endogenous estrogen
(estrogenic or proestrogenic effect) or act antagonistically to E2 (antiestrogenic
effect) (Pelissero et al. 2001; Green and Kelly 2009). The effect is reported to
depend on the ratio of phytoestrogens to endogenous estrogens, aromatase activity,
species, and reproductive status, length of exposure, and method of administration in
fish (Tsai et al. 2000; Trant et al. 2001). Differential effects in both male and female
fish conducted in recent studies indicated that the action of phytoestrogens, partic-
ularly genistein, depended on the endogenous estradiol level. The agonistic effect of
phytoestrogen with animal estrogen is observed when the endogenous level of
estradiol is low. Phytoestrogens disrupt the estrogen-metabolizing enzymes, and as
a result, the total circulating estradiol level is increased, significant enough to induce
the following cascade, including vitellogenesis in a low estradiol environment. The
estrogenic potency of these compounds in fish has been documented during the last
decades. Various types and levels of phytoestrogens are known to stimulate the
vitellogenin concentration in fishes, viz., injection of genistein at 50–100 μg/mL
increased the circulating vitellogenin in male C. auratus (Ishibashi et al. 2004;
Nezafatian et al. 2017; Nezafatian and Zadmajid 2018), 1–10 mg/L of genistein-
exposed juvenile and adult males and primary cultures of male liver cells of



O. latipes (Scholz et al. 2004), yearlings of A. baeri-fed soybean meal included diet
(Pelissero et al. 1991), 1 mg genistein in 100-g feed in adult male C. carpio (Nuzaiba
et al. 2022), and 2 and 8 mg/g of genistein in juvenile-striped bass,Morone saxatilis
(Pollack et al. 2003).
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When the endogenous estradiol level is high, as, in the case of female fish,
antagonistic effects of phytoestrogens are observed, the increase in the estradiol
level due to the disruption of estrogen-metabolizing enzymes becomes insignificant.
Phytoestrogens in the circulation compete with endogenous estradiol for binding
with its membrane and nuclear receptors (ERs), which in turn reduce the estradiol
action (antagonistic activity of phytoestrogen). Low level of circulating vitellogenin
on administering dietary phytoestrogens was observed in previtellogenic to
vitellogenic phase in female O. mykiss (Bennetau-Pelissero et al. 2001; Pastore
et al. 2018), female C. carpio (Turker and Bozcaarmutlu 2009; Nuzaiba et al.
2020), and female O. latipes (Zhang et al. 2002). Reduced vitellogenin protein and
mRNA concentration in the liver were later described based on the activity and
expression of estrogen receptors. Downregulation of erβ expression is observed on
feeding phytoestrogens (Fritz et al. 2002; Sarasquete et al. 2017).

3.4 Effect on Gonadal Development and Sex Reversal

The effect of environmental estrogenic compounds, including phytoestrogens, is
known for impairing gonadal maturation and inducing female characteristics in their
male counterparts. The ovary of a 100% plant protein-based diet-fed female
O. niloticus was observed to contain comparatively a lower number of vitellogenic
oocytes (Fontaınhas-Fernandes et al. 2000). A similar result was obtained when
soybean meal was fed to C. carpio at 17.5 and 35% by Banani (2019). At the same
time, dietary cacao bean meal supplementation increased granulation and follicle
numbers (Al-Khalaifah et al. 2020). Histological examination of the long-term effect
of dietary soybean meal fed in C. auratus showed an impact on oocyte maturation
progress and spermatogenesis process in female and male fish, respectively (Bagheri
et al. 2013), at the inclusion of 35 and 65%. The mean number of eggs spawned by
females and sperm quality in males was also reduced on feeding soybean meal at
35 and 65% (Bagheri et al. 2013). In his long-duration study, Bagheri et al. (2014)
observed that isoflavone contents affect the GSI of males. Isoflavone extract from
soybean-fed C. carpio lowered male gonadosomatic index (GSI) but female GSI at
low-level extract up to 500 mg/kg supplementation (Turker and Bozcaarmutlu
2009). The fish gonadosomatic index (GSI) did not significantly differ among the
three experimental groups; when O. mykiss was fed with 500- and 1500-ppm
genistein (Pelissero et al. 2001), they also reported delay in spawning in long-term
genistein-exposed fishes. Similarly, reproductive success and egg viability of soy-
bean meal included diet in C. auratus (Bagheri et al. 2013) and flame angelfish,
Centropyge loriculus (Callan et al. 2014.
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Genistein feeding increased the proportion of females in juvenile eel, Anguilla
anguilla; Southern flounder, Paralichthys lethostigma; and C. gariepinus (Tzchori
et al. 2004; Ahmed et al. 2015). Kiparissis et al. (2003) observed oocyte develop-
ment in the testes of adult male O. latipes. A greater number of male and intersex
populations were observed by Örn et al. (2006) when D. rerio was fed with pulp mill
effluent rich in xenoestrogens. Sayed et al. (2012) observed an abundance of 77%
female population when C. gariepinus was fed with 4-nonylphenol.

4 Beneficial Effects of Phytoestrogens

Apart from the endocrine-disrupting activity, phytoestrogens are also reported to
induce some beneficial effects in fish. Its effect on the endocrine system can be
employed for modulating the endocrine system in super intensive aquaculture
system. Phytoestrogens like genistein have induced aromatase inhibition and con-
secutively produced a monosex population of tilapia. The estrogenic effects of these
compounds can be explored to produce a single-sex population in species that shows
a higher growth rate in females than male counterparts, as observed in salmon and
trout. The antioxidant property of these phytochemicals is focused on in recent
research. The dietary genistein (100–500 mg/kg) was found to be instrumental in
improving growth, antioxidant capacity, and lipid metabolism in common carp
(Yang et al. 2022).

5 Conclusion

Phytoestrogens have been known to exert a major effect on the fish endocrine system
and reproductive outcomes. Though the impact would not be visible in aquaculture
grow-out systems, loss of awareness on the effect of individual compounds and
transgenerational effects are yet to be evaluated. Studies indicated that the accumu-
lation of phytoestrogens in the muscle of fish is insignificant to induce any effect in
fish consumers. Further oil extraction does not remove the phytoestrogen contents
from the feed ingredients, as these compounds are not readily soluble in lipids.
Further, studies on their beneficial roles and use as sex reversal agents also need to be
explored with dose and duration specificity for the oral route of administration.

References

Ahmad A, Biersack B, Li Y, Bao B, Kong D, Ali S, Banerjee S, Sarkar FH (2013) Perspectives on
the role of isoflavones in prostate cancer. AAPS J 15(4):991–1000



Phytoestrogens as Endocrine-Disrupting Agents in Aquaculture 227

Ahmed Y, Idowu T, Adedeji H, Sogbesan O (2015) Sex reversal and growth performances in
Clarias gariepinus (Burchell, 1822) fry fed dietary genistein under laboratory conditions. J
Agric Food Technol 5:1–4

Al-Khalaifah H, Amer SA, Al-Sadek DM, Khalil AA, Zaki EM, El-Araby DA (2020) Optimizing
the growth, health, reproductive performance, and gonadal histology of Broodstock fantail
goldfish (Carassius auratus, L.) by dietary cacao bean meal. Animals 10(10):1808

Bagheri T, Imanpoor MR, Jafari V, Bennetau-Pelissero C (2013) Reproductive impairment and
endocrine disruption in goldfish by feeding diets containing soybean meal. Anim Reprod Sci
139(1–4):136–144. https://doi.org/10.1016/j.anireprosci.2013.02.003

Bagheri T, Imanpoor MR, Jafari V (2014) Effects of diets containing genistein and Diadzein in a
long-term study on sex steroid dynamics of goldfish (Carassius auratus). Toxicol Ind Health
30(2):132–140

Banani M (2019) Comparative assessment of estrogenic activity in female Cyprinus carpio
(Linnaeus, 1758) fed with soybean or synthetic Diadzein (M.f.Sc. Dissertation). ICAR-central
Institute of Fisheries Education (deemed university), Versova, Mumbai

Bennetau-Pelissero C, Breton BB, Bennetau B, Corraze G, Le Menn F, Davail-Cuisset B, Helou C,
Kaushik SJ (2001) Effect of genistein-enriched diets on the endocrine process of gametogenesis
and on reproduction efficiency of the rainbow trout Oncorhynchus mykiss. Gen Comp
Endocrinol 121(2):173–187. https://doi.org/10.1006/gcen.2000.7585

Callan CK, Laidley CW, Kling LJ, Breen NE, Rhyne AL (2014) The effects of dietary Hufa level on
flame angelfish (Centropyge loriculus) spawning, egg quality and early larval characteristics.
Aquacult Res 45(7):1176–1186

Carrera C, Martínez MJ, Dardanelli J, Balzarini M (2011) Environmental variation and correlation
of seed components in nontransgenic soybeans: protein, oil, unsaturated fatty acids, tocopherols,
and isoflavones. Crop Sci 51(2):800–809

Cavalcante AK, Lopes-Ferreira M, Rogero SO, Rogero JR (2017) Evaluation of resveratrol toxicity
in the embryolarval stage of danio rerio fish. Ecotoxicol Environ Contam 12(1):133–139

Chakraborty SB, Horn P, Hancz C (2014) Application of phytochemicals as growth-promoters and
endocrine modulators in fish culture. Rev Aquac 6(1):1–19. https://doi.org/10.1111/raq.12021

Cheek AO, Brouwer TH, Carroll S, Manning S, McLachlan JA, Brouwer M (2001) Experimental
evaluation of vitellogenin as a predictive biomarker for reproductive disruption. Environ Health
Perspect 109(7):681–690

Chen RT, Wei KQ (2008) Analysis of bioactive aglycone isoflavones in soybean and soybean
products. Nutr Food Sci 38(6):540–547. https://doi.org/10.1108/00346650810920132

Cos P, De Bruyne T, Apers S, Berghe DV, Pieters L, Vlietinck AJ (2003) Phytoestrogens: recent
developments. Planta Med 69(07):589–599

Daidoji T, Kaino T, Iwano H, Inoue H, Kurihara R, Hashimoto S, Yokota H (2006) Down
regulation of bisphenol a glucuronidation in carp during the winter pre-breeding season.
Aquat Toxicol 77(4):386–392

Davis LK, Fox BK, Lim C, Hiramatsu N, Sullivan CV, Hirano T, Grau EG (2009) Induction of
vitellogenin production in male tilapia (Oreochromis mossambicus) by commercial fish diets.
Comp Biochem Physiol A Mol Integr Physiol 154(2):249–254

Flachowsky G, Hünerberg M, Meyer U, Kammerer DR, Carle R, Goerke M, Eklund M (2011)
Isoflavone concentration of soybean meal from various origins and transfer of isoflavones into
milk of dairy cows. J Verbrauch Lebensm 6(4):449–456

Fontaınhas-Fernandes A, Monteiro M, Figueiredo A, Gomes E, Coimbra J, Reis-Henriques M
(2000) Partial or total replacement of fish meal byplant protein affects gonadal development and
plasma17 B-estradiol levels in female Nile tilapia. Aquac Int 8:299–313

Fritz WA, Wang J, Eltoum I-E, Lamartiniere CA (2002) Dietary genistein down-regulates androgen
and estrogen receptor expression in the rat prostate. Mol Cell Endocrinol 186(1):89–99. https://
doi.org/10.1016/S0303-7207(01)00663-3

https://doi.org/10.1016/j.anireprosci.2013.02.003
https://doi.org/10.1006/gcen.2000.7585
https://doi.org/10.1111/raq.12021
https://doi.org/10.1108/00346650810920132
https://doi.org/10.1016/S0303-7207(01)00663-3
https://doi.org/10.1016/S0303-7207(01)00663-3


228 N. P. Muhammad et al.

Green C, Kelly A (2009) Effects of the Estrogen mimic genistein as a dietary component on sex
differentiation and Ethoxyresorufin-O-Deethylase (Erod) activity in channel catfish (Ictalurus
punctatus). Fish Physiol Biochem 35(3):377–384. https://doi.org/10.1007/s10695-008-9260-z

Inudo M, Ishibashi H, Matsumura N, Matsuoka M, Mori T, Taniyama S, Kadokami K, Koga M,
Shinohara R, Hutchinson T (2004) Effect of estrogenic activity, and phytoestrogen and organ-
ochlorine pesticide contents in an experimental fish diet on reproduction and hepatic vitello-
genin production in medaka (Oryzias latipes). Comp Med 54(6):673–680

Ishibashi H, Tachibana K, Tsuchimoto M, Soyano K, Tatarazako N, Matsumura N, Tomiyasu Y,
Tominaga N, Arizono K (2004) Effects of nonylphenol and phytoestrogen-enriched diet on
plasma vitellogenin, steroid hormone, hepatic cytochrome P450 1a, and glutathione-S-transfer-
ase values in goldfish (Carassius auratus). Comp Med 54(1):54–62

James MO (2011) Steroid catabolism in marine and freshwater fish. J Steroid Biochem Mol Biol
127(3–5):167–175

Jourdehi AY, Sudagar M, Bahmani M, Hosseini S, Dehghani A, Yazdani M (2014) Comparative
study of dietary soy phytoestrogens genistein and Equol effects on growth parameters and
ovarian development in farmed female beluga sturgeon, Huso huso. Fish Physiol Biochem
40(1):117–128. https://doi.org/10.1007/s10695-013-9829-z

Kelly AM, Green CC (2006) Binding affinities of hepatic nuclear estrogen receptors for genistein in
channel catfish. N Am J Aquac 68(2):160–167. https://doi.org/10.1577/A05-081.1

Kim D-J, Seok S-H, Baek M-W, Lee H-Y, Na Y-R, Park S-H, Lee H-K, Dutta NK, Kawakami K,
Park J-H (2009) Developmental toxicity and brain aromatase induction by high genistein
concentrations in zebrafish embryos. Toxicol Mech Methods 19(3):251–256

Kiparissis Y, Balch GC, Metcalfe TL, Metcalfe CD (2003) Effects of the isoflavones genistein and
Equol on the gonadal development of Japanese medaka, Oryzias latipes. Environ Health
Perspect 111(9):1158–1163. https://doi.org/10.1289/ehp.5928

Kowalska A, Kowalski RK, Zakęś Z (2011) The effect of selective cyclooxygenase (cox) inhibitors
on Japanese medaka (Oryzias latipes) reproduction parameters. Int J Anim Vet Sci 5(5):
261–265

Latonnelle K, Fostier A, Le Menn F, Bennetau-Pelissero C (2002) Binding affinities of hepatic
nuclear estrogen receptors for phytoestrogens in rainbow trout (Oncorhynchus mykiss) and
Siberian sturgeon (Acipenser baeri). Gen Comp Endocrinol 129(2):69–79. https://doi.org/10.
1016/S0016-6480(02)00512-9

Martin-Skilton R, Lavado R, Thibaut R, Minier C, Porte C (2006) Evidence of endocrine alteration
in the red mullet, Mullus barbatus from the Nw Mediterranean. Environ Pollut 141(1):60–68

Matozzo V, Gagné F, Marin MG, Ricciardi F, Blaise C (2008) Vitellogenin as a biomarker of
exposure to estrogenic compounds in aquatic invertebrates: a review. Environ Int 34(4):
531–545

Medic J, Atkinson C, Hurburgh CR (2014) Current knowledge in soybean composition. J Am Oil
Chem Soc 91(3):363–384

Miura T, Yamauchi K, Takahashi H, Nagahama Y (1992) The role of hormones in the acquisition of
sperm motility in salmonid fish. J Exp Zool 261(3):359–363. https://doi.org/10.1002/jez.
1402610316

Mohammadrezaei D, Nematollahi M (2018) Effects of genistein and Β-sitosterol on early life of
Caspian Kutum. ECOPERSIA 6(3):163–169

Nelson ER, Habibi HR (2016) Thyroid hormone regulates vitellogenin by inducing estrogen
receptor alpha in the goldfish liver. Mol Cell Endocrinol 436:259–267. https://doi.org/10.
1016/j.mce.2016.08.045

Nezafatian E, Zadmajid V (2018) The estrogenic effect of genistein on vitellogenin synthesis in the
mature male goldfish (Carassius auratus). J Aquat Ecol 7(4):94–102

Nezafatian E, Zadmajid V, Cleveland BM (2017) Short-term effects of genistein on the reproduc-
tive characteristics of male Gibel carp, Carassius auratus Gibelio. J World Aquacult Soc 48(5):
810–820. https://doi.org/10.1111/jwas.12399

https://doi.org/10.1007/s10695-008-9260-z
https://doi.org/10.1007/s10695-013-9829-z
https://doi.org/10.1577/A05-081.1
https://doi.org/10.1289/ehp.5928
https://doi.org/10.1016/S0016-6480(02)00512-9
https://doi.org/10.1016/S0016-6480(02)00512-9
https://doi.org/10.1002/jez.1402610316
https://doi.org/10.1002/jez.1402610316
https://doi.org/10.1016/j.mce.2016.08.045
https://doi.org/10.1016/j.mce.2016.08.045
https://doi.org/10.1111/jwas.12399


Phytoestrogens as Endocrine-Disrupting Agents in Aquaculture 229

Ng Y, Hanson S, Malison JA, Wentworth B, Barry TP (2006) Genistein and other isoflavones found
in soybeans inhibit estrogen metabolism in salmonid fish. Aquaculture 254(1-4):658–665.
https://doi.org/10.1016/j.aquaculture.2005.10.039

Nikolić IL, Savić-Gajić IM, Tačić AD, Savić IM (2017) Classification and biological activity of
phytoestrogens: a review. Adv Technol 6(2):96–106

Nuzaiba PM, Varghese T, Gupta S, Sahu NP, Banani M, Srivastava PP, Krishna G (2020) Dietary
genistein disrupts sex steroid and vitellogenic response in female common carp, Cyprinus
carpio L. Aquaculture 522:735062. https://doi.org/10.1016/j.aquaculture.2020.735062

Nuzaiba PM, Varghese T, Gupta S, Sahu NP, Srivastava PP (2022) Estrogenic and vitellogenic
responses in genistein fed adult male Cyprinus carpio. Aquaculture 548:737559. https://doi.org/
10.1016/j.aquaculture.2021.737559

Örn S, Svenson A, Viktor T, Holbech H, Norrgren L (2006) Male-biased sex ratios and vitellogenin
induction in zebrafish exposed to effluent water from a Swedish pulp mill. Arch Environ
Contam Toxicol 51(3):445–451

Pastore MR, Negrato E, Poltronieri C, Barion G, Messina M, Tulli F, Ballarin C, Maccatrozzo L,
Radaelli G, Bertotto D (2018) Effects of dietary soy isoflavones on estrogenic activity, cortisol
level, health and growth in rainbow trout, Oncorhynchus mykiss. Aquacult Res 49(4):
1469–1479. https://doi.org/10.1111/are.13602

Pelissero CB, Bennetau B, Babin P, Le Menn F, Dunogues J (1991) The estrogenic activity of
certain phytoestrogens in the Siberian sturgeon, Acipenser baeri. J Steroid Biochem Mol Biol
38(3):293–299. https://doi.org/10.1016/0960-0760(91)90100-J

Pelissero CB, Breton B, Bennetau B, Corraze G, Le Menn F, Davail Cuisset B, Helou C, Kaushik S
(2001) Effect of genistein-enriched diets on the endocrine process of gametogenesis and on
reproduction efficiency of the rainbow trout, Oncorhynchus mykiss. Gen Comp Endocrinol
121(2):173–187. https://doi.org/10.1006/gcen.2000.7585

Perdu-Durand E, Cravedi J (1989) Characterization of xenobiotic metabolizing enzymes in stur-
geon (Acipenser baeri). Comp Biochem Physiol B Biochem Mol Biol 93(4):921–928. https://
doi.org/10.1016/0305-0491(89)90067-9

Pollack SJ, Ottinger MA, Sullivan CV, Woods LC III (2003) The effects of the soy isoflavone
genistein on the reproductive development of striped bass. N Am J Aquac 65(3):226–234.
https://doi.org/10.1577/C02-041

Rahmadiah T, Muslim M, Sasanti AD (2019) Effect of Turkey berry (Solanum torvum) leaf extract
on feminization of common carp (Cyprinus carpio). Int J Fish Aquat Res 4(1):30–34

Reading B, Sullivan C, Schilling J (2011) Vitellogenesis in fishes. In: Encyclopedia of fish
physiology: from genome to environment, vol 1, pp 635–646

Roca P, Sastre-Serra J, Nadal-Serrano M, Pons DG, del Mar Blanquer-Rossello M, Oliver J (2014)
Phytoestrogens and mitochondrial biogenesis in breast cancer. Influence of estrogen receptors
ratio. Curr Pharm Des 20(35):5594–5618

Rohmah MK, Salahdin OD, Gupta R, Muzammil K, Qasim MT, Al-Qaim ZH, Abbas NF, Jawad
MA, Yasin G, Mustafa YF (2022) Modulatory role of dietary curcumin and resveratrol on
growth performance, serum immunity responses, mucus enzymes activity, antioxidant capacity
and serum and mucus biochemicals in the common carp, Cyprinus carpio exposed to abamectin.
Fish Shellfish Immunol 129:221–230

Sarasquete C, Úbeda-Manzanaro M, Ortiz-Delgado JB (2017) Effects of the soya isoflavone
genistein in early life stages of the Senegalese sole, Solea senegalensis: thyroid, estrogenic
and metabolic biomarkers. Gen Comp Endocrinol 250:136–151. https://doi.org/10.1016/j.
ygcen.2017.06.008

Sarasquete C, Úbeda-Manzanaro M, Ortiz-Delgado JB (2020) Soya isoflavones, genistein and
daidzein, induce differential transcriptional modulation in the ovary and testis of zebrafish,
Danio rerio. Aquat Biol 29:79–91. https://doi.org/10.3354/ab00726

Sassi-Messai S, Gibert Y, Bernard L, Nishio S, Ferri Lagneau K (2009) The phytoestrogen
genistein affects zebrafish development through two different pathways. PloS One 4:e4935

https://doi.org/10.1016/j.aquaculture.2005.10.039
https://doi.org/10.1016/j.aquaculture.2020.735062
https://doi.org/10.1016/j.aquaculture.2021.737559
https://doi.org/10.1016/j.aquaculture.2021.737559
https://doi.org/10.1111/are.13602
https://doi.org/10.1016/0960-0760(91)90100-J
https://doi.org/10.1006/gcen.2000.7585
https://doi.org/10.1016/0305-0491(89)90067-9
https://doi.org/10.1016/0305-0491(89)90067-9
https://doi.org/10.1577/C02-041
https://doi.org/10.1016/j.ygcen.2017.06.008
https://doi.org/10.1016/j.ygcen.2017.06.008
https://doi.org/10.3354/ab00726


230 N. P. Muhammad et al.

Sayed AE-DH, Mahmoud UM, Mekkawy IA (2012) Reproductive biomarkers to identify endocrine
disruption in Clarias gariepinus exposed to 4-nonylphenol. Ecotoxicol Environ Saf 78:310–319

Schiller V, Wichmann A, Kriehuber R, Muth-Köhne E, Giesy JP, Hecker M, Fenske M (2013)
Studying the effects of genistein on gene expression of fish embryos as an alternative testing
approach for endocrine disruption. Comp Biochem Physiol Pt C Toxicol Pharmacol 157(1):
41–53. https://doi.org/10.1016/j.cbpc.2012.09.005

Scholz S, Kordes C, Hamann J, Gutzeit HO (2004) Induction of vitellogenin in vivo and in vitro in
the model teleost medaka (Oryzias latipes): comparison of gene expression and protein levels.
Mar Environ Res 57(3):235–244. https://doi.org/10.1016/S0141-1136(03)00082-5

Senthilkumaran B (2011) Recent advances in meiotic maturation and ovulation: comparing mam-
mals and pisces. Front Biosci 16(5):1898–1914

Setchell K (1998) Phytoestrogens: the biochemistry, physiology, and implications for human health
of soy isoflavones. Am J Clin Nutr 68(6):1333S–1346S. https://doi.org/10.1093/ajcn/68.6.
1333S

Solé M, Raldúa D, Piferrer F, Barceló D, Porte C (2003) Feminization of wild carp, Cyprinus
carpio, in a polluted environment: plasma steroid hormones, gonadal morphology and xenobi-
otic metabolizing system. Comp Biochem Physiol Pt C Toxicol Pharmacol 136(2):145–156.
https://doi.org/10.1016/S1532-0456(03)00192-3

Soukup ST, Helppi J, Müller DR, Zierau O, Watzl B, Vollmer G, Diel P, Bub A, Kulling SE (2016)
Phase ii metabolism of the soy isoflavones genistein and daidzein in humans, rats and mice: a
cross-species and sex comparison. Arch Toxicol 90(6):1335–1347

Sreenivasulu G, Senthilkumaran B, Sridevi P, Rajakumar A, Rasheeda M (2012) Expression and
immunolocalization of 20β-hydroxysteroid dehydrogenase during testicular cycle and after Hcg
induction, in vivo in the catfish, Clarias gariepinus. Gen Comp Endocrinol 175(1):48–54.
https://doi.org/10.1016/j.ygcen.2011.09.002

Stevenson LM, Brown AC, Montgomery TM, Clotfelter ED (2011) Reproductive consequences of
exposure to waterborne phytoestrogens in male fighting fish betta splendens. Arch Environ
Contam Toxicol 60(3):501–510. https://doi.org/10.1007/s00244-010-9561-y

Torrens-Mas M, Roca P (2020) Phytoestrogens for cancer prevention and treatment. Biology 9(12):
427. https://doi.org/10.3390/biology9120427

Tou JC, Chen J, Thompson LU (1998) Flaxseed and its lignan precursor, Secoisolariciresinol
Diglycoside, affect pregnancy outcome and reproductive development in rats. J Nutr 128(11):
1861–1868

Trant JM, Gavasso S, Ackers J, Chung BC, Place AR (2001) Developmental expression of
cytochrome P450 aromatase genes (Cyp19a and Cyp19b) in zebrafish fry (Danio rerio). J Exp
Zool 290(5):475–483

Tsai CL, Wang LH, Chang CF, Kao CC (2000) Effects of gonadal steroids on brain serotonergic
and aromatase activity during the critical period of sexual differentiation in tilapia, Oreochromis
mossambicus. J Neuroendocrinol 12(9):894–898

Turker H, Bozcaarmutlu A (2009) Effect of total isoflavones found in soybean on vitellogenin
production in common carp. Kafkas Universitesi Veteriner Fakultesi Dergisi 15(4):561–568.
https://doi.org/10.9775/kvfd.2009.062-A

Tzchori I, Degani G, Elisha R, Eliyahu R, Hurvitz A, Vaya J, Moav B (2004) The influence of
phytoestrogens and oestradiol-17β on growth and sex determination in the European eel
(Anguilla anguilla). Aquacult Res 35(13):1213–1219. https://doi.org/10.1111/j.1365-2109.
2004.01129.x

Wahli W, Dawid IB, Ryffel GU, Weber R (1981) Vitellogenesis and the vitellogenin gene family.
Science 212(4492):298–304

Wang L-Q, James MO (2007) Sulfonation of 17β-Estradiol and inhibition of sulfotransferase
activity by polychlorobiphenylols and celecoxib in channel catfish, Ictalurus punctatus. Aquat
Toxicol 81(3):286–292

Wang TY, Li Q, Bi KS (2018) Bioactive flavonoids in medicinal plants: structure, activity and
biological fate. Asian J Pharmaceut Sci 13(1):12–23

https://doi.org/10.1016/j.cbpc.2012.09.005
https://doi.org/10.1016/S0141-1136(03)00082-5
https://doi.org/10.1093/ajcn/68.6.1333S
https://doi.org/10.1093/ajcn/68.6.1333S
https://doi.org/10.1016/S1532-0456(03)00192-3
https://doi.org/10.1016/j.ygcen.2011.09.002
https://doi.org/10.1007/s00244-010-9561-y
https://doi.org/10.3390/biology9120427
https://doi.org/10.9775/kvfd.2009.062-A
https://doi.org/10.1111/j.1365-2109.2004.01129.x
https://doi.org/10.1111/j.1365-2109.2004.01129.x


Phytoestrogens as Endocrine-Disrupting Agents in Aquaculture 231

Weber LP, Kiparissis Y, Hwang GS, Niimi AJ, Janz DM, Metcalfe CD (2002) Increased cellular
apoptosis after chronic aqueous exposure to nonylphenol and quercetin in adult medaka
(Oryzias latipes). Comp Biochem Physiol Pt C Toxicol Pharmacol 131(1):51–59. https://doi.
org/10.1016/S1532-0456(01)00276-9

Xiao Y, Zhang S, Tong H, Shi S (2018) Comprehensive evaluation of the role of soy and isoflavone
supplementation in humans and animals over the past two decades. Phytother Res 32(3):
384–394. https://doi.org/10.1002/ptr.5966

Yang L, ZhangW, Zhi S, ZhaoM, LiuM, Qin C, Feng J, Yan X, Nie G (2022) Evaluation of dietary
genistein on the antioxidant capacity, non-specific immune status, and fatty acid composition of
common carp (Cyprinus carpio. L). Aquaculture 550:737822

Yasuda T, Yasuda S, Williams FE, Liu M-Y, Sakakibara Y, Bhuiyan S, Snow R, Carter G, Liu M-C
(2008) Characterization and ontogenic study of novel steroid-Sulfating Sult3 sulfotransferases
from zebrafish. Mol Cell Endocrinol 294(1-2):29–36

Zhang L, Khan IA, Foran CM (2002) Characterization of the estrogenic response to genistein in
Japanese medaka (Oryzias latipes). Comp Biochem Physiol Pt C Toxicol Pharmacol 132(2):
203–211. https://doi.org/10.1016/S1532-0456(02)00067-4

Zhang S, Mo J, Wang Y, Ni C, Li X, Zhu Q, Ge R-S (2019) Endocrine disruptors of inhibiting
testicular 3β-hydroxysteroid dehydrogenase. Chem Biol Interact 303:90–97

https://doi.org/10.1016/S1532-0456(01)00276-9
https://doi.org/10.1016/S1532-0456(01)00276-9
https://doi.org/10.1002/ptr.5966
https://doi.org/10.1016/S1532-0456(02)00067-4


A Proteomic Approach to Studying
the Effects of Xenobiotics on Aquatic Living
Organisms

Nevil Pinto, B. S. Yashwanth, Gopika Radhakrishnan,
and A. Sathiyanarayanan

1 Introduction

Fish play an essential role in food sectors and also emerged as a model organism for
biomedical research. Fish habitats are mainly categorized as freshwater, marine, and
brackish water. In recent intensive aquaculture production with various controlling
measures against microbes such as using therapeutics and discharging of harmful
chemicals to the aquatic system leads to deterioration in the quality of meat and wild
fish both in capture and aquaculture species. In recent years, there have been an
increasing awareness and a rising concern with regard to the disruption of the
endogenous hormone system of wildlife exposed to environmental pollutants. The
physiology and endocrinology of living organisms are disrupted by a variety of
man-made chemicals. The reproductive process in fish is a continuous process
throughout its life cycle. Thus, the reproductive system is susceptible to xenobiotics
throughout its entire life cycle, i.e., fertilization, embryonic development, maturity,
and breeding stage. There is ample evidence that aquatic organisms living in or
around pollutants can be adversely affected by bioaccumulating xenobiotic
chemicals. To understand the precise mechanism between the host reproductive
development and environment, it is necessary to know the entire genome, proteome,
and metabolome (Bhat et al. 2016). Before the entire genome, gene expression and
microarray analysis have been a vital role in the understanding of molecular path-
ways underlying physiological responses. However, the recent “omics” (genomics,
proteomics, and metabolomics) revolution greatly enhances the new integrative
approach that has gained the right platform for understanding biomarker research.
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For environmental monitoring, the welfare condition of fish is crucial such as the
consumption of food, hepatosomatic index (HSI) and gonadosomatic index (GSI)
are the main physiological responses observed during xenobiotics. It is important to
identify the relationship between physiological response and biochemical bio-
markers (Solé et al. 2009; Sundaray et al. 2021). During exposure to xenobiotics,
each biomarker shows stronger specificity in organisms; therefore, it has been highly
considered to be included in monitoring programs (Cajaraville et al. 2000).
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Proteomics is an upcoming research area, which appears as a strong branch for a
global protein study, including their quantification and localization of protein in
tissue, and possible post-modifications are being reflected the greatest set of tech-
nologies to prove protein changes that occurred in aquatic organisms. Proteomics is a
complement to genomics, which is conceptually defined as “the use of quantitative
protein-level measurements of gene expression to characterize biological processes
(e.g., disease processes and drug effects) and decipher the mechanisms of gene
expression control” (Anderson and Anderson 1998; Zafar et al. 2020). In toxicity
lists, toxicology pathways are significant canonical pathways. A xenobiotic insult
leads to adaptive, defensive, or reparative responses that are formed through func-
tional groupings based on critical biological processes (Nuez-Ortín et al. 2018).
Proteomics in aquaculture have also been entered recently to find antigenic proteins
and to explore the physiology, detection of proteins which are differentially regu-
lated, and impact of pollutants in aquatic organisms. The new zone of bioinformatics
information through mass spectrometry (MS) in aquatic organisms is necessary for
spontaneous data processing and validation to identify peptide/protein. After the
invention of MS technique, proteome repositories came into existence publicly like
PeptideAtlas under the Institute for Systems Biology for targeted proteomic
workflow (Deutsch et al. 2008), Global Proteome Machine Database (GPMDB)
(Craig et al. 2004), the University of Texas’ Open Proteomics Database (opd), and
PRIDE Archive http://www.ebi.ac.uk/pride (Martens et al. 2005) which gain value
recently. Identification of proteins firstly emerged through Edman degradation as
picomoles to advanced MS-based proteomic approaches in femtomole have evolved
rapidly in clinical proteomics. However, proteomic concept debates the relationships
of the DNA revolution and indicates some of the most fruitful directions for future
assessment.

2 Proteomics

The word “proteomics” was first introduced in 1995 (Wilkins et al. 1996). It is an
emergent technology utilized for the study of complete set of protein in the organism
which is encoded by a genome. Technology has progressed in several studies such as
to design vaccines for tick-borne diseases (Marcelino et al. 2012), meat science
(Paredi et al. 2012, 2013), dairy science (E Hernandez-Castellano et al. 2014),
establishing ideal stress markers and settling welfare issues in aquaculture (Marco-
Ramell et al. 2016), diverse uses in expression work in aquatic organisms (Rodrigues
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et al. 2012), or setting up markers for pollution in aquatic organisms (Campos et al.
2012). A strong link of proteins in diseased conditions result in promising baseline
applications of clinical proteomics for initial detection and target site for therapeutics
(Petricoin et al. 2004). After successful entry of genomic field in the fishery DNA
sequence database accumulated in enormous quantities, then researchers realize that
merely having complete sequences of genomes will be not abundant to clarify the
biological function of the organism. A cell which is usually for its survival depends
upon an assembly of metabolic and regulatory pathways (Pandey and Mann 2000).
Two major steps are necessary to understand the generation of manifold protein
forms, the mRNA process, and the level of translation during process. Changes that
occur in transcriptome level, i.e., the mRNA itself, can be exposed to frequent
adjustments such as alternative splicing, editing of mRNA, and polyadenylation.
Through this modification, single gene can provide numerous protein isoforms and
later formed protein further subject to subject to posttranslational modifications
(Ciereszko et al. 2012).
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Genome programs for aquaculture species is still not well developed, but the
growing number of recent projects in the world is based on RNA or DNA, thus
allowing the considerable access to novel genomic facts from a significant number of
aquatic organisms, especially in farmed species (Campos and De Almeida 2016). It
is essential to obtain species-specific/family-specific genome sequence to produce an
entire proteome map of a particular family. Fish as models (zebrafish) have been
used as an effective way in biological aspects of many human diseases, in areas like
toxicology, cancer, neurology, infectious diseases, and drug development
(Amatruda and Patton 2008; Tognoli 2010). Proteomic studies that observed eco-
nomically important species such as salmon, cod, and catfish were reviewed by
Rodrigues et al. (2012)).

3 Evolution of Proteomic Research

The Human Genome Project succeeded in investigating the structure of the human
genome provided for the study of genes, proteins, and metabolites at the same time.
For the first time in the last 12 years, the proteomic community of India has
overcome an extensive way in contributing to the first human draft map of 30 normal
tissues to detect all the proteome encrypted by 17,294 genes in the human (Kim et al.
2014). The human proteome map publication is considered a crowning achievement
for proteome study in the world. In non-model organisms such as fish, complete
proteome data is not available, except the model organism such as zebrafish. The
main areas of research in aquaculture are related to improving health status of fish,
reproduction, and developmental biology (Schultz et al. 2013; Karlsen et al. 2011;
Talakhun et al. 2014; Klinbunga et al. 2012; Marie et al. 2011) to understand the
immunology and physiology for species that represent commercial and wild stock
(Provan et al. 2013; Braceland et al. 2013). The first database of fish, FISHPROT
(http://www.cifri.ernet.in/Fishprot/index.html), in India was developed by the
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Central Inland Fisheries Research Institute (CIFRI), Barrackpore, especially for
biomarker discovery and evaluation. FISHPROT is a web-based database created
by open-source technologies Apache, PHP, and MySQL that contain liver proteome
of the murrel Channa striatus, muscle proteome of catla, riverine catfishes Sperata
seenghala and Sperata aor, plasma proteome of rohu, and muscle and lens proteome
of riverine catfish Rita rita. The financial support of proteomic research in India was
also focused by the government through its different departments such as the
Department of Biotechnology (DBT), Department of Science and Technology
(DST), Indian Council of Medical Research (ICMR), Council of Scientific and
Industrial Research (CSIR), and Board of Research in Nuclear Sciences (BRNS).
In India, a freshwater sector dominated with carp culture and marine area is recently
improving. Recently, the whole proteome of Labeo rohita was developed for the
aquaculture community using 19 tissue including gonads and the brain (Nissa et al.
2021). Figure 1 illustrates the different proteomic approaches for different applica-
tions depending on the target study.
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Fig. 1 Different types of proteomic approach

4 Types of Proteomic

Structural proteomics is used to ascertain all the proteins that represented by a
protein complex, define their location, and characterize all protein-protein interac-
tion pathways. Through structural proteomics, isolation of subcellular-specific
organelles by purification can be more comfortable (Jung et al. 2000). Functional
proteomics provides information on the elucidation of the biological function of
protein groups or proteins and classes on a proteome-wide level. This could include
the use of ligand-specific protein isolation or the isolation of protein complexes
(Graves and Haystead 2002) in differential expression quantitative study of expres-
sion between samples that differ by some variable. In this approach, protein expres-
sion of the entire proteome between samples can be matched and later recognize
disease-specific markers for targeted proteomics (Graves and Haystead 2002).



Among all types, differential proteomics play a vital role in toxicology and disease
management in aquaculture.
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5 Biomarkers in Xenobiotics

Among all the tissue, the liver is known to be the most important eco-monitoring
organ in fish. The liver was selected as a biomarker mainly as a metabolizing organ
for foreign compounds (xenobiotics). During stress, antioxidants enzyme expressed
and counteract the action of oxyradicals derived from any aerobic process, including
xenobiotic exposure. In seminal plasma, saxitoxin- and tetrodotoxin-binding protein
1 identified in pikeperch suggests its role in protecting reproductive tract tissue
spermatozoa by detoxification mechanisms (Dietrich et al. 2021). Exposure to
bisphenol A (1 μg/L) activates the NRF2-mediated oxidative stress response in
zebrafish ovaries (Molina et al. 2021). In Atlantic cod, candidate biomarkers such
as alpha-1 antitrypsin, alpha-enolase, and apolipoproteins were expressed for crude
oil, alkyl phenols, and polycyclic aromatic hydrocarbons (PAHs) (Bohne-Kjersem
et al. 2009). In the case of caged flounder, proteins involved in the glycolysis
pathway and in the Krebs cycle and meantime fatty acids and the metabolism of
sterols were reduced. Apart from these pathways in flounder, stress proteins changed
such as chaperones HSP70, DnaJ; oxidation with thioredoxins, peroxyredoxin, and
recycling system like proteasome, 4 ubiquitin carboxy-terminal hydrolases was
dysregulated after exposure of cages in polluted site (Borcier et al. 2019). In three
species of South American freshwater fish, male specimens were treated with
estradiol and observed phosphorylation ed. and glycosylation of vitellogenin
(Urdaneta et al. 2018). In zebrafish larvae, 3,4-dichloroaniline was exposed for
96 h and modulated proteins belonging to lipids and hormone metabolism (Apoa1
and Apoa1b and vitellogenins), as well as proteins important for developmental
processes and organogenesis (Myhc4, Acta2, Sncb, and Marcksb) (Vieira et al.
2020).

6 Methods Used in the Identification of Xenobiotic Markers

6.1 Quantitative Proteomics

Quantitative proteomics is used to reveal the species-specific responses of the
molecule to bacterial infection. In this workflow, relative and absolute are the two
forms of quantification used to express the protein. In relative quantification, it is
associated with the protein fold change in abundance by estimating the levels of a
specific protein in various samples, whereas in absolute quantitation the exact
amount of protein has to be estimated. Traditional gel based techniques are preferred
in quantitative proteomics, e.g., 1D and 2D gel electrophoresis and 2-D difference



gel electrophoresis (DIGE), and in gel-free methods, with the recent upgrading of
databases and the relative decline in equipment price that can be separated further
into label-free approaches (e.g., spectral counting and absolute quantitation) and
labeling approaches such as stable isotope labeling (SILAC), isotope-coded affinity
tags (ICAT), and isobaric tagging (iTRAQ®) (Martyniuk and Denslow 2009). In the
gel-based approaches, the proteins isolated electrophoretically are later identified by
MS to quantify the expression (Bagchi et al. 2015). The DIGE (chemical labeling)
was familiarized to assess the special effects of xenobiotics in aquatic species
(Apraiz et al. 2006). The different quantification platforms for proteomic analysis
are shown in Table 1.
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Table 1 Available option for protein quantification

Peptide labeling Protein labeling Label-free LC-MS DIGE using 2-DE

iTRAQ with four
(or eight) samples
labeled and then
LC-MS

SILAC with two sam-
ples labeled, digested,
and then LC-MS

Spectral counting or
ion current mea-
surements on MS

Two samples fluores-
cently labeled, 2-DE,
and image analysis

6.2 Techniques Used to Quantify Proteome

The greatest part in proteomics is handling and obtaining the protein sample. The
contribution by the Indian proteomic sector has been securely growing with prom-
inence on a biomarker for diverse queries related to clinical conditions using such as
two-dimensional electrophoresis and MS (Sirdeshmukh 2006). In proteomic
research, the steps are as follows: (1) isolation and separation of proteins, (2) deter-
mination of protein (the amino acid sequence), and (3) available database search for
identified protein sequence (Graves and Haystead 2002).

6.3 Gel-Based Quantification

6.3.1 Two-Dimensional Gel Electrophoresis (2-DE)

Proteomics was originated in 1975 through the introduction of the 2-DE gel to
identify proteins and initiated to build databases of proteins (O'Farrell 1975).
Proteomic analysis requires protein isolation from a sample containing a complex
mixture of protein, their separation by traditional 2D gel electrophoresis, and
staining of the proteins in the gel. During 2-DE, proteins as per their respective net
charge are resolved as isoelectric focusing (IEF) in the first dimension and according
to their size/molecular mass (SDS-PAGE) for second-dimensional electrophoresis.
As a result of utilizing these two different resolving techniques, much greater
resolution as compared to normal SDS-PAGE is achieved by the detection of protein



spots of 1500–3000 (Brewis and Brennan 2010). Protein spots are detected by
classical protein staining methods; then, a software is used (Table 2) to pick the
significant spot in the gel (Natale et al. 2011). There are some disadvantages, i.e.,
gel-to-gel dissimilarity is common, and limited throughput and linear dynamic range
still pose challenges to gel-based proteomics. In aquaculture, the 2-DE method has
increasingly become famous, and several results are observed (Link et al. 2006;
Forne et al. 2011; Silvestre et al. 2010).

A Proteomic Approach to Studying the Effects of Xenobiotics on. . . 239

Table 2 Software used in gel-based proteomics

Software Company Type

BioNumerics 2D BioSystematica Spot-based

Dymension Syngene Spot-based

ImageMaster GE HealthCare Spot-based

Melanie GeneBio, GE HealthCare Spot-based

PDQuest Bio-Rad Spot-based

Progenesis SameSpots Nonlinear Dynamics Warping

Progenesis and REDFIN Nonlinear Dynamics Warping

Delta 2D DECODON Warping

DeCyder GE HealthCare Spot-based

6.4 Gel-Free Quantification

The unceasing development and cost-effectiveness of MS-based methods were made
recently in life science to mitigate the current apprehensions regarding reproducibil-
ity and restrictions on the ability to study certain classes of proteins (Abdallah et al.
2012). The gel-free is a promising strategy that employs a few stages in which
proteins were firstly isolated, digested, eluted on chromatography, and detected by
mass spectrometry (MS) for absolute or relative quantification. The gel-free method
is also termed as “bottom-up” approach. Here, proteins are processed initially, and
analyses are done at the peptide level for MS. Two main steps included in gel-free
quantification are label and label-free strategies.

6.4.1 Label-Free-Based Method

Label-free methods are progressing in the proteomic field, but their innovation in
Indian aquaculture is still underdeveloped. LFQ (label-free quantification) methods
use in-solution shotgun applications, an alternative tool in making global proteome
characterizations in a less time period. LFQ is most consistent, precise, and accurate
that can allow a higher efficient range of quantification (Lundgren et al. 2010; Soares
et al. 2012; Deracinois et al. 2013). The protein is digested enzymatically and
exposed to chromatography for detaching peptides, and these peptides are



transferred to mass spectrometry unit where m/z (mass to charge) ratios are analyzed.
For higher resolution, these peptides are permitted to pass in triple-quadrupole mass
analyzer, where corresponding collision energies are liable for collecting informa-
tion for precursor referred to as tandem MS (MS/MS). The MS/MS data delivers the
truthful information of proteins, and identification is done by comparing peptide
masses obtained from analysis to that in the protein databases (Zargar et al. 2016).
The positive benefit of this technique is that it can compare MS signal intensities and
spectra after proper separation and detection as many as protein samples on LC-MS/
MS.
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LFQ is useful for relative quantification to ascertain global and targeted
approaches. In relative quantification, data-dependent acquisition of MS and MS/
MS-based label-free analysis has been broadly categorized into spectral intensity
(no MS/MS) and spectral count (MS/MS) measurement (Chelius and Bondarenko
2002). LFQ can also be used for absolute quantification, which assesses the protein
abundance based on the peptide numbers detected and hypothetically observed
tryptic peptides for each protein. For this LFQ analysis, software such as MaxQuant,
Progenesis QIP, Proteome Discoverer, and Scaffold Q+ (Al Shweiki et al. 2017) has
been used to detect the spectral peak.

6.4.2 Label-Based Method

Label-based tactics rely on specific isotope tags having specific groups that can
chemically/metabolically or enzymatically label the proteins and peptides
(Bantscheff et al. 2007). The labeled peptides were separated on LC first and later
analyzed by highly delicate MS technique that produces extremely useful data for
retrieving accurate results (Zargar et al. 2016). The label-based technique promises
the advanced well-programmed high-throughput quantitative proteomic analysis of
anonymous proteins with reliable multiplexing and automated facilities. There are
several labeling methods available such as chemical labeling (ICAT for proteins,
iTRAQ, ICPL, TMT for peptide), tandem mass tag, enzymatic labeling, and meta-
bolic labeling (SILAC). Protease, such as trypsin, is used in most of the research for
digesting proteins due to some reasons. Trypsin cleaves at the carboxyl side of lysine
and arginine and residues of proteins into its peptides with an average size ranging
from 700 to 1500 Daltons. Trypsin is highly active and can tolerate some additives
and can be altered by the methylation of lysines to prevent self-digestion at these
sites.

6.5 Mass Spectrometry (MS)

The development of mass spectrometry, a highly reproducible technique, holds the
key to fulfilling aspirations. MS deals with the accurate measurement of charged ions
and mainly measures the mass-to-charge ratio of charged species under a vacuum.



MS prototype was used first to measure m/z of the electron, in which JJ Thomson
was awarded Nobel Prize in 1906 (Thomson 1913), and to measure mass, in
1948–1952, time-of-flight (TOF) mass analyzers came into existence, and in 1955,
quadrupole ion filters were introduced by W. Paul, who also invented the ion trap in
1983 (and won Nobel Prize in 1989) (Griffiths 2008). In the 1980s, two main
approaches to MS protein identification, “peptide-mass mapping” approach,
suggested by Henzel et al. (1993)) where matrix-assisted laser desorption/ionization
(MALDI) is used that results in a time-of-flight (TOF) distribution of the peptides,
compile the mixture. MALDI acquire hundreds of protein spots and can be excised,
and digested enzymatically, obtained mass spectra were automatically searched
against databases (Jensen et al. 1997; Berndt et al. 1999). Here, ion is formed
through short laser pulses, and the sample is deposited in a sample plate and then
embedded in a matrix that initiates ionization. Another method is by peptide
sequencing known as electrospray ionization (ESI), achieved by spraying a solution
through a charged needle at atmospheric pressure toward the inlet of the MS
(Patterson and Aebersold 2003). ESI is coupled with ion trap or triple-quadrupole
MS/MS spectrometers.
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6.6 Mass Analyzer

Molecule that ionized produces molecular and fragment ions which are formed in the
source region of a mass spectrometer and moved into a mass analyzer by an electric
field. There are two broad categories of mass analyzers: ion beam and scanning mass
spectrometers, such as time of flight (TOF) and quadrupoles (Q), and the trapping
mass spectrometers, such as ion traps (IT), Orbitrap, Fourier transform (FT), and ion
cyclotron resonance (ICR). There are advanced hybrid instruments which combine
more than one mass analyzer (Yates et al. 2009). The first TOF analyzer isolates
precursor ions through a velocity filter, and the second TOF separates the fragment
ions and ion storage, ion isolation (the precursor ion/ions are trapped, while ions out
of interest are destabilized and ejected out of the analyzer). The technique is used to
fragment ions by collision-induced dissociation (CID), electron transfer dissociation
(ETD), electron capture dissociation (ECD), and electron detachment dissociation
(EDD) (Chalkley et al. 2005). Mass analyzers such as IT, O, and ICR separate ions
based on their m/z resonance frequency, quadrupoles (Q) use m/z stability, and time-
of-flight (TOF) analyzers use flight time. The mass analyzer can quantify the mass-
to-charge ratio with high resolution (up to 150,000 m/Δm, where m denotes mass)
and high mass accuracy (to <1 part per million) (Tyers and Mann 2003).
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7 Database Searching and Software

The first software tool SEQUEST was introduced for peptide matching MS/MS
spectra in 1994 (Eng et al. 1994). In 1999, Mascot was developed byMatrix Science,
UK (http://www.matrixscience.com), and was described by Perkins et al. (1999)).
To achieve this goal, a protein database was constructed in a FASTA format that
consists of theoretical proteomes derived from all fully sequenced bacterial
genomes. The large protein database Human Protein Reference Database (HPRD),
a database initiated for human proteomics by the Institute of Bioinformatics (http://
www.hprd.org/), was victorious in the country. For more substantial data set of the
human proteome, the mass spectrometry-derived label-free approach was used in a
human proteome map database (http://humanproteomemap.org/) (Gowda et al.
2015).

8 Proteomic Application in Fisheries

8.1 In Culture Species

Using proteomic tool, the quality of gametes, embryos, and dietary components,
aspects directly related to fertility, developmental competence, and growth of alevins
can be analyzed. In trout, the proteome of the coelomic fluid of females was studied
to identify proteins that disappear or accumulate simultaneously with the decrease in
viability of the egg during the postovulatory period (Rime et al. 2004). Sperm quality
was analyzed in European sea bass (Dicentrarchus labrax) to verify whether the
protein expression of sperm was affected by cryopreservation (Zilli et al. 2005).
Maturation in the fishes is essential to avoid the current sexing procedure that
requires an invasive surgical examination; in Persian sturgeon (Acipenser persicus),
the identification of mature male and female gonads was determined to identify
proteins involved in the gonad maturation and sex determination (Keyvanshokooh
et al. 2009). For muscle growth, intact and proteolytic fragments of muscle-specific
gene products are identified, and it has been investigated in yellow perch and sea
bream (Reddish et al. 2008).

8.2 Authentication and Food Safety in Aquaculture

To ensure food quality and safety, authentication of aquaculture products represents
a central issue for the assessment. Identification through visual inspection of
processed products becomes quite a big task as anatomical and morphological
characteristics. In 2-DE, isoelectric electric focusing has been applied to discriminate
different fish and shrimp (Etienne et al. 2000; Piñeiro et al. 2000; Rehbein et al.

http://www.matrixscience.com
http://www.hprd.org/
http://www.hprd.org/
http://humanproteomemap.org/


2000; Tepedino et al. 2001). However, the approach was available for raw fish and
the baked products; the IEF method is only applicable to fish species which show a
specific pattern with the heat-stable parvalbumins (PRVBs) (Rehbein 1992). The
PRVBs, used as a biomarker, which showed high variability in their primary
structure give differences in protein patterns. FDA have collected the profiles of
different fish species IEF in the internet library Regulatory Fish Encyclopedia
(https://www.fda.gov/Food/FoodScienceResearch/RFE/ucm071647.htm). Aller-
gens are another concern in the seafood; the presence of allergenic proteins like
tropomyosin has been a critical determinant of the quality of crustacean food
products. In shrimp, protein-profiling study showed that high-pressure steaming
reduced the level of tropomyosin due to protein degradation, therefore reducing
the allergenicity of tropomyosin compared with other heat treatment methods
(Lasekan and Nayak 2016). Foodborne pathogen found in seafood is also studied
by proteomics.
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8.3 Welfare in Aquaculture

It is defined by Ashley as the freedom from hunger and thirst, discomfort, pain,
injury, disease, distress, and fear and the freedom to express normal behavior
(Ashley 2007). Usually, welfare is strictly related to stress in intensive culture
organisms, where proteomics focused either on the liver (due to its central role in
most key metabolic processes) or bodily fluids like blood plasma (due to its value in
providing nonlethal proteomics-based diagnostic tools); some of them also target the
brain, skeletal muscle, osmoregulatory and immune-related organs, and tissues and
existing proteomic studies within aquaculture. Studies on the whole larvae, liver
(Martin et al. 2001; Vilhelmsson et al. 2004), heart (Lee et al. 2006), kidney (Martin
et al. 2007), and muscle (Wang 2009) have been reported using 2-DE-based
proteome analyses. Indeed, proteomics can be a powerful tool to investigate the
evolution, biodiversity, and physiological adaptations of zebrafish and other fish
species. For welfare, fish health aspects have taken a major part, with special focus
on viral infection, bacterial diseases, parasites, vaccine development, and hepatic
tumors, and skeletal deformities in fish have been studied (Booy et al. 2005; Dios
et al. 2008; Xiong et al. 2010; Yan et al. 2011). The molecular metabolic indicator of
chronic stress has been proposed in gilthead sea bream (Sparus aurata), using a
comparative proteomic approach (Alves et al. 2010).

8.4 Immunoproteomics

It is the study of large sets of proteins involved in the immune response; in European
sea, bass mucus (Dicentrarchus labrax) has been presented as a strategy that could
be applied in disease diagnosis (Cordero et al. 2015). The major concern in

https://www.fda.gov/Food/FoodScienceResearch/RFE/ucm071647.htm


aquaculture is disease, so both hosts and pathogens are highly concerned, where the
hosts include fish, shrimp, crab, and shellfish by using immunoproteomic approach
to identify broad cross-immunogens (Li et al. 2009, 2010). To investigate serum
profile of yellow croaker infected with A. hydrophila, a combined differential
proteomic approach was used (EST Library) after post-immunization challenge
and to characterize the targeted molecules (Chen et al. 2010). A. hydrophila-infected
ayu (Plecoglossus altivelis) liver proteins were identified using 2-DE-based proteo-
mics, and an observed natural killer cell-enhancing factor-B (NKEF-B), an
upregulated protein in the infected fish, was identified (Chen et al. 2011).
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8.5 Nutriproteomics

In aqua products, mainly the emphasis is on the contact of bioactive food ingredients
with proteins, and they are scrutinized following two different ways: (1) gene
expression and (2) examining its posttranslational modifications or for small mole-
cule/protein interactions (Piñeiro et al. 2010). The nutritional differences between
the cultured and wild stock of fish can also be monitored by nutriproteomics
(Erickson 2005; Monti et al. 2005; Reddish et al. 2008). Another challenge in
sustainable aquaculture is the diet composition by replacing a fish meal or oil and
the addition of new ingredients to mitigate these issues; nutrioproteomics is a
promising field for actual understanding of fish metabolism.

8.6 Climate Change and Toxicology

Applicable for estimating the effect of toxicity in the environment as well as to
assessing climate change and its effects on aquatic organisms, toxicology allows a
better understanding of the mechanisms behind changes in fish and invertebrate
protein brought by variations due to biotic or abiotic factors. Ecological protein
biomarkers and stress responses define the specific issues in the aquatic environment
(Amelina et al. 2007; Nesatyy et al. 2006). Some proteins such as metallothionein
and cytochrome p450 in “sentinel” marine species act as excellent indicators for
stress in the environment and potential health threats for humans (Stewart et al.
2008). Algal toxins are major contaminants of the marine, a widespread phenome-
non during climate change, posing significant threats to aquatic as well as humans
and among them, and microcystins are major algal toxins in the aquatic environment.
Therefore, mollusks of the genus Mytilus have been used as major natural sentinels
in seawater for aquatic toxicity. Species, such as medaka fish (Oryzias latipes),
zebrafish (Danio rerio), mosquitofish (Gambusia affinis), and fathead minnow
(Pimephales promelas), have been among the most commonly used models for
various ecotoxicology and biomedical research (Forné et al. 2010). After the recent
invention of iTRAQ which has been used in new biomarkers and toxicity signatures,



the discovery of early markers in drug toxicity, the target organ analysis, and the
curiosity for ecotoxicology is that many proteins usually utilized as bioindicators of
toxicity or stress are quantifiable using iTRAQ on a larger scale, providing a global
baseline of biological effect from which to assess changes in the proteome
(Martyniuk et al. 2012). In zebrafish ovaries, 14 days of BPA exposure cause
premature of oocytes and proteins altered in oxidative stress, metabolic shifts, and
degradome perturbations (Molina et al. 2021).
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Microplastic (MP) is a severe issue in the aquatic system, and fish are expected to
experience chronic exposure and to bioaccumulate the plastic particles potentially. In
invertebrates such as crustaceans, barnacles, polychaete worms, mussels, and amphi-
pods have ingested MP fragments in controlled studies (Browne et al. 2008; Graham
and Thompson 2009). Advanced techniques in proteomics that may hold promise for
upcoming reviews in the area include pyrolysis combined with chromatography,
mass spectrometry, infrared spectroscopy, scanning electron microscopy with
energy dispersive X-ray spectroscopy, field flow fractionation with pyrolysis, and
multiangle light scattering (Bouwmeester et al. 2015).

9 Conclusion

Proteins are an essential component of cells, and fish proteomes differ from xeno-
biotics and normal proteins, making these proteins ideal targets for identifying
eco-monitoring markers. Proteomics is an essential tool for verifying gene products
by proteomic methods. It is also the first step in “annotating the genome.” However,
in many aquatic organisms, whole-genome maps are not available, making it
difficult to identify appropriate biomarkers. Understanding fish and shellfish phys-
iological functions is heavily dependent on proteomics. It has been shown that
xenobiotics modulate fish reproductive and developmental stages. To improve our
understanding of physiological responses to stress in fish, as well as fish welfare
management, it is crucial to acquire the major proteins that affect testis maturation,
sperm quality, and ovarian regulation, which are crucial to identifying reliable
biomarkers of fish welfare.
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FMN Flavin mononucleotide
NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate

1 Introduction

Due to human interventions, huge loads of pollutants enter into aquatic environment
through various sources like dumping and disposal, increased industrialization, and
direct discharge. Various studies on cytochrome P450 (CYP) have revealed its use as
a biomarker for aquatic contamination (Lee et al. 2005). Molecular biomarkers such
as CYP have been shown to be very useful for the detection of fatal disturbances in
fish (Bucheli and Fent 1995). They respond to a wide variety of xenobiotics and
therefore detect the presence of both known and unknown pollutants relevant for
organisms (Lemaire et al. 2010). CYP enzymes help in the transformation of
environmental contaminants like harmful drugs and carcinogens and in the disinte-
gration of endogenous substrates like prostanoids, steroids, vitamins, and fatty acids
(Havelkova et al. 2007).

Cytochrome P450 was first explained by Klingenberg in 1948, and since then,
this enzyme system has been studied intensively. In fishes, the first CYP gene was
first isolated from rainbow trout followed by some other fishes in the late 1980s
(Stegeman 1989; Winston et al. 1988; Uno et al. 2012). Cytochromes are generally
most prevalent in the endoplasmic reticulum or mitochondria of the liver which
accounts for 1 to 2% mass of hepatocytes (Kilemade et al. 2009). However,
cytochromes are also present in other organs like the olfactory system, heart, gonads,
kidney, gills, brain, alimentary canal, and placenta (Arukwe 2002; Arellano et al.
2009; Siroka and Dratichova 2004). Cytochrome was discovered as a pigment with
maximum absorption at 450 nm, thus got its name as cytochrome P450; however,
the inactive form of CYP has maximum absorption at 420 nm, same as other
hemoproteins (Schenkman and Jansson 1998).

Based on the transfer of NADPH electrons to the catalytic site, P450 enzymes are
classified into four classes (Table 1) (Werck-Reichhart and Feyereisen 2000).

The cytochrome P450 Standardized Nomenclature Committee suggested catego-
rization based on the degree of similarity between amino acid sequences and has
classified P450 genes as isoforms, families, and subfamilies (Nelson 1999). A CYP
gene is granted in a subfamily when the homology percentage is greater than 55%
and in a family when it is greater than 40% (Nelson 1999). But this type of
classification has been argued due to the new sequences that are being described.
At the VII P450 International Symposium, a different classification based on bio-
logical P450 functions was recommended (Kelly et al. 2006). So far, 18 CYP
families are identified in fishes, viz., CYP1, CYP2, CYP3, CYP4, CYP5, CYP7,
CYP8, CYP11, CYP17, CYP19, CYP20, CYP21, CYP24, CYP26, CYP27, CYP39,



CYP46, and CYP51, out of which only 8 families are studied in detail, i.e., CYP1,
CYP2, CYP3, CYP4, CYP11, CYP17, CYP19, and CYP26.
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Table 1 Classification of CYP

Class I Flavin adenine dinucleotide reductase (FAD) and ferric redoxin sulfur are required
Commonly found in eukaryotes
Helps in detoxification

Class II Need flavin mononucleotide (FMN)
Commonly found in eukaryotes
Helps in detoxification

Class III There is no requirement for any electron donors

Class IV Accepts electrons from NADPH (nicotinamide adenine dinucleotide phosphate)

The main functions of different CYP families along with the respective species in
which they are found are summarized in Table 2.

CYP has been identified from fresh, marine, and brackish-water fish. Some
freshwater fish include Atlantic salmon, rainbow trout, catfish, zebrafish, carp,
Chinook salmon, crucian carp, pufferfish, rohu, catla, mrigal carp, medaka, Japanese
medaka, common whitefish, toad fish, tilapia, killifish, stripey sea perch, winter
flounder, mummichog, fathead minnow, bluegill, blue gourami, and guppy. Some
marine water fish include Atlantic croaker, mangrove killifish, European sea bass,
marine flatfish, southern stingray, and dogfish shark, while Japanese pufferfish and
rita are some examples of brackish-water fish.

All CYP families are found in the liver of respective fish species except CYP11.
The sites of induction of different CYP families and subfamilies are summarized in
Table 3.

NADPH (nicotinamide adenine dinucleotide phosphate)-cytochrome P450 reduc-
tase and the phospholipid membrane fraction are the two key factors influencing
CYP activity. The general monooxygenase reaction mediated by CYP manifests as:

RHþ O2 þ NADPHþ Hþ Cytochrome P450 →ROHþ H2Oþ NADPþ

In the above monooxygenase reaction, due to the insertion of an oxygen atom,
one molecule becomes more polar than the other. In actual, the entire reaction is
much more complicated because the cytochrome may utilize oxygen from peroxides
in addition to molecular oxygen and NADH may also supply electrons (Shalan et al.
2018).

As depicted in the above reaction, NADPH reductase and membrane phospho-
lipids are also required. The function of NADPH reductase is to transfer electrons on
cytochrome P450 with the help of FAD (flavin adenine dinucleotide) and FMN
(flavin mononucleotide) prosthetic groups. The detailed schematic representation of
this reaction is illustrated in Fig. 1.
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Table 2 Functions of CYP families in the respective fish species

Family Functions Species References

CYP 1 Hydroxylation of pregnen-
olone, metabolism of
xenobiotics, probable regu-
lator of gas and fluids in
gills
Helps in embryogenesis,
detoxification, and
excretion

Atlantic salmon (Salmo
salar), Atlantic croaker
(Micropogonias
undulatus), Japanese
pufferfish (Takifugu
rubripes), rainbow trout
(Oncorhynchus mykiss),
catfish (Ancistrus
multispinis), zebrafish
(Danio rerio), carp
(Cyprinus carpio),
pufferfish (Takifugu
obscures), Chinook salmon
(Oncorhynchus
tshawytscha), Rita (Rita
rita), crucian carp (hybrid-
ized Prussian carp), man-
grove killifish (Rivulus
marmoratus), European sea
bass (Dicentrarchus
labrax)

Lee et al. (2005), Klemz
et al. (2010), Tuan et al.
(2014), Rahman and
Thomas (2012), Sakamoto
et al. (2003), Zanette et al.
(2009), Meyer et al.
(2002), Brammell et al.
(2010), Jung et al. (2011),
Stien et al. (1998),
Arukwe (2002) and Kim
et al. (2004, 2008)

CYP 2 Metabolism of
nitrosodialkylamines
Metabolism of xenobiotic
Hydroxylation of lauric
acid
Epoxylation of arachidonic
acid

Rainbow trout
(Oncorhynchus mykiss),
Japanese pufferfish
(Takifugu rubripes), striped
sea perch (Lutjanus
carponotatus), threadfin
butterfly (Chaetodon
auriga), atoll butterfly
(Chaetodon mertensii),
zebrafish (Danio rerio),
graysby sea bass
(Cephalopholis cruentata),
tomtate grunt (Haemulon
aurolineatum), channel
catfish (Ictalurus
punctatus), rohu (Labeo
rohita), Catla catla, mrigal
carp (Cirrhinus mrigala)

Ruus et al. (2002), Kaplan
et al. (1999), Yang et al.
(2000), Wang-Buhler et al.
(2005), Haasch (2002),
Oleksiak et al. (2000,
2003), Schlenk et al.
(2002), Buhler et al.
(1994) and Yang et al.
(1998)

CYP 3 Metabolism of xenobiotics
Hydroxylation of
testosterone

Japanese pufferfish
(Takifugu rubripes), toad
fish (Opsanus tau),
zebrafish (Danio rerio),
rohu (Labeo rohita), Catla
catla, mrigal carp
(Cirrhinus mrigala), rain-
bow trout (Oncorhynchus
mykiss), European sea bass
(Dicentrarchus labrax),
medaka (Oryzias latipes),

Lee et al. (2001), Lee and
Buhler (2003), Nelson
(2003), Barber et al.
(2007), Christen et al.
(2010), Kullman and
Hinton (2001) and
Kashiwada et al. (2005)



fathead minnow
(Pimephales promelas)

(continued)

Role of Cytochrome P450 in Xenobiotic Metabolism in Fishes (Review) 255

Table 2 (continued)

Family Functions Species References

CYP 4 Metabolism of free fatty
acids
Hydroxylation of lauric
acid

Toad fish (Opsanus tau),
zebrafish (Danio rerio),
rare minnow (Gobiocypris
rarus)
Rainbow trout
(Oncorhynchus mykiss)
Japanese pufferfish
(Takifugu rubripes)
European sea bass
(Dicentrarchus labrax)
Bluegill (Lepomis
macrochirus)

Simpson (1997), Ibabe
et al. (2002) and Falckh
et al. (1997)

CYP 5 Biosynthesis of
thromboxane

Japanese pufferfish
(Takifugu rubripes)
Zebrafish (Danio rerio)

Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)

CYP 7 Steroid metabolism Japanese pufferfish
(Takifugu rubripes)
Zebrafish (Danio rerio)

Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)

CYP 8 Biosynthesis of
prostacycline

Japanese pufferfish
(Takifugu rubripes)
Zebrafish (Danio rerio)

Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)

CYP
11

Steroid biosynthesis and
cholesterol hydroxylation

Rainbow trout
(Oncorhynchus mykiss),
Japanese eel (Anguilla
japonica), European sea
bass (Dicentrarchus
labrax), Nile tilapia
(Oreochromis niloticus),
Japanese pufferfish
(Takifugu rubripes),
zebrafish (Danio rerio),
southern stingray (Dasyatis
americana), Black porgy
fish (Acanthopagrus
schlegelii), Atlantic salmon
(Salmo salar), Medaka
(Oryzias latipes)

Nunez and Trant (1997),
Hsu et al. (2002), Nelson
(2003) and Socorro et al.
(2007)

CYP
17

Steroid biosynthesis
Hydroxylation of pregnen-
olone, progesterone, and
corticosteroids

Rainbow trout
(Oncorhynchus mykiss),
Japanese pufferfish
(Takifugu rubripes),
zebrafish (Danio rerio),
fathead minnow
(Pimephales promelas)

Filby et al. (2007), Wang
and Ge (2004), Wang-
Buhler et al. (2005) and
Yu et al. (2003)



Dogfish shark (Squalus
acanthias), European perch
(Perca fluviatilis)
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Table 2 (continued)

Family Functions Species References

CYP
19

Steroid biosynthesis
Aromatization of andro-
gens and testosterone

Rare minnow (Gobiocypris
rarus), rainbow trout
(Oncorhynchus mykiss),
carp (Cyprinus carpio),
channel catfish (Ictalurus
punctatus), zebrafish
(Danio rerio), catfish
(Clarias gariepinus), Nile
tilapia (Oreochromis
niloticus), guppy (Poecilia
reticulate), rice field eel
(Monopterus albus)

Simpson et al. (1994),
Chang et al. (1997) and
Barney et al. (2008)

CYP
20

Unknown Zebrafish (Danio rerio),
Japanese pufferfish
(Takifugu rubripes)

Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)

CYP
21

Steroid biosynthesis Zebrafish (Danio rerio),
Japanese pufferfish
(Takifugu rubripes)

Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)

CYP
24

Vitamin D metabolism Zebrafish (Danio rerio),
Japanese pufferfish
(Takifugu rubripes)

Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)

CYP
26

Retinoid metabolism
Hydroxylation of retinoic
acid

Japanese pufferfish
(Takifugu rubripes),
zebrafish (Danio rerio)

Gu et al. (2005), Zhao
et al. (2005), Nelson
(2003) and Kudoh et al.
(2002)

CYP
27

Bile acid biosynthesis Zebrafish (Danio rerio),
Japanese pufferfish
(Takifugu rubripes)

Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)

CYP
39

Steroid biosynthesis Zebrafish (Danio rerio) Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)

CYP
46

Steroid biosynthesis Zebrafish (Danio rerio),
Japanese pufferfish
(Takifugu rubripes)

Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)

CYP
51

Fungal isoforms Zebrafish (Danio rerio),
Japanese pufferfish
(Takifugu rubripes)

Arellano et al. (2009),
Siroka and Dratichova
(2004) and Uno et al.
(2012)
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Fig. 1 Metabolic pathway of cytochrome P450. (Fe iron atom in P450 heme, RH substrate, ROH
oxidized product)

2 Cytochrome P450 Metabolism

Cytochrome P450 (CYP 450) is recognized to perform a substantial role in the
oxidative metabolism/biotransformation of an enormous arraying together the
endogenous and exogenous compounds and is thought to be one of the most
significant phase I biotransformation enzymes (Siroka and Dratichova 2004).
CYP1 to CYP3 are regarded as the most important families of CYP that are
accountable for the xenobiotic metabolism and to lesser extent CYP4, while cyto-
chrome P450 enzymes metabolize endogenous substrates (Ioannides and Lewis
2004). Quantifiable reactions to an organism being exposed to xenobiotics are
known as biochemical markers. They can react to a set of either similar or extremely
diverse xenobiotics because they react to the mechanism of toxic activity rather than
the presence of a specific xenobiotic. Biochemical indicators indicate the type of
toxicity; for some of them, the strength of the reaction is correlated with the pollution
level (Siroka and Dratichova 2004).
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P450 enzymes are found mostly in the endoplasmic reticulum of hepatocytes, but
their production can also be triggered in organs such as the lungs, colon, kidney,
heart, skin, gonads, brain, and placental tissue (Van der Oost et al. 2003). During
phase I metabolism, these enzymes regulate oxidation, reduction, and hydrolysis
processes, and their function is to biosynthesize substances such as steroids, fatty
acids, and prostaglandins (Groves 2005). In fish, CYP1A subfamily plays a signif-
icant role in the metabolism and activation of carcinogenesis and is used as a
biomarker to estimate contamination of the aquatic environment (Brammell et al.
2010; Jung et al. 2011). Various authors (Rabergh et al. 2000; Morrison et al. 1998;
Arukwe 2002; Kim et al. 2004, 2008; Fu et al. 2011) isolated cDNAs encoding
CYP1A enzymes from several fish species [rainbow trout (Oncorhynchus mykiss),
mummichog (Fundulus heteroclitus), Atlantic salmon (Salmo salar), medaka
(Oryzias latipes), yellow catfish (Pelteobagrus fulvidraco), yellow catfish
(Pelteobagrus fulvidraco)], respectively, and also from hermaphroditic fish, man-
grove killifish (Rivulus marmoratus) (Lee et al. 2005). 7-ethoxyresorufin, estradiol,
and benzopyrene are all metabolized by CYP1A expressed from zebrafish (Danio
rerio) cDNA (Scornaienchi et al. 2010). E. coli transformed with CYP1A9 cDNA
from Japanese eel (Anguilla japonica) bioconverts estradiol and flavanone (Uno
et al. 2008). Each isoform is involved in the metabolism of a wide variety of
substances, and many cytochrome isoforms can metabolize the same substrate. But
nearly every isoform has a unique substrate that may be utilized to recognize it
(Lewis 2001). However, P450 isoforms are highly substrate-specific in bacterial and
mitochondrial cytochrome (Lewis 2001).

3 Effects of Environmental Pollutants on Cytochrome P450
(CYP1A)

Fish CYP1A is induced by a variety of environmental pollutants, and CYP1A has
been recognized as a biomarker for the assessment of aquatic pollution. Furthermore,
induction of CYP1A has been associated with detrimental outcomes in exposed fish,
such as embryonic death and programmed cell death (apoptosis) (Dong et al. 2002).
As a result, pharmaceutical substance interactions with the CYP1A enzyme are
considered to be toxicologically substantial in fish. By measuring CYP1A mRNA
levels, it is possible to track the transcriptional response to the CYP1A induction
response caused by pollutants (Rees and Li 2004). There is limited documentation
on the toxicity of ATR (atrazine) and CPF (chlorpyrifos) in freshwater fish. It is
unclear how CYP1A affects the biotransformation of CPF (chlorpyrifos) and ATR
(atrazine) in fish. According to Chang et al. (2005), common carp exposure to 7-ppb
ATR (atrazine) could induce CYP1A1 mRNA level after 4 days. According to Xing
et al. (2014), CYP1A, which is essential for fish liver antidotal function, was induced
in the mRNA expression patterns and EROD activity in carp liver by ATR, CPF, and
ATR/CPF combination. Salaberria et al. (2009) revealed a dose-dependent rise in



vitellogenin (Vtg) as well as a decrease in CYP1A. Additionally, CYP1A varied in a
hormetic manner with testosterone (T) concentrations and was negatively correlated
with liver CAT (catalase activity) and 17 beta-estradiol (E2). These results showed
the potential for ATR to alter hepatic metabolism, produce estrogenic effects, and
induce oxidative stress in vivo, as well as the relationship between these effects. In a
previous investigation, a significant alteration in glutathione S-transferase and anti-
oxidant enzymes was found in the liver of the same carp (Xing et al. 2012a, b). These
studies (CYP1A, glutathione S-transferase, and antioxidant enzymes) revealed that
ATR and CPF, both alone and together, affect the liver of carp. Liver microsomal
EROD activity is often used to assess fish CYP1A induction. According to Torre
et al. (2011), the effects of musk xylene on EROD activity and CYP1A mRNA
levels in PLHC-1 and RTG-2 fish cell lines were distinct. The highest concentration
of pesticides used increased EROD activity by about twofold. At the same time, the
amount of CYP1A mRNA rose sixfold to sevenfold, as we are all aware that protein
is what gives enzymes their chemical makeup. The process of transforming RNA
into protein is known as translation, and it can be hampered by a number of reasons.
As a result, fluctuations in mRNA levels and enzyme activity are often inconsistent.
The results show that pesticides (ATR and CPF) can boost CYP1A expression.
However, more research is needed to see if the CYP1A induction has a direct effect
on the overall CYP rise.
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Cytochrome P450s (CYPs) and heat-shock proteins (HSPs) are key predictors for
determining contamination levels in the aquatic system (Yamashita et al. 2004; Alak
et al. 2017). Planar constituents of numerous polycyclic aromatic hydrocarbons
(PAH), polychlorinated naphthalenes, polychlorinated dibenzodioxins and dibenzo-
furans (PCDD, PCDF), polychlorinated biphenyls (PCB), and others induce
CYP-1A in organisms exposed to a wide spectrum of environmental contaminants
(Fent 2001). When a foreign substance binds to a cellular receptor, CYP-1A may be
induced (Perdew and Poland 1988). This binding stimulates the CYP-1A gene to
express, which enhances RNA transcription (Okey et al. 1994), and thus boost
CYP-1A synthesis (Hassanain et al. 2007). As a result, CYP-1A induction is used
as a biomarker in fish and fish cell systems to indicate exposure to such contami-
nants. CYP-1A induction has also been utilized as a biomarker of exposure to
different contaminants in a range of vertebrate species, including mammals, in
various studies (White et al. 1994), fish (Woodin et al. 1997), reptiles (Rie et al.
2000), and birds (Sanderson et al. 1994). According to previous research,
deltamethrin inhibits antioxidant enzymes, increases the expression of heat-shock
protein 70, and has negative effects on the expression of IGF-I, IGF-II, and GH
(Ceyhun et al. 2010; Aksakal et al. 2010). In fish, cytochrome P450 is essential for
the metabolization of a variety of contaminants. In rainbow trout, deltamethrin
exposure dramatically increased CYP1A gene expression in a time-dependent
way. When a sublethal dose of deltamethrin was used, the pesticide’s toxic metab-
olism was shown to be rapid than in the other groups (Guardiola et al. 2014). The
proportion of pesticide or its brain-accumulated metabolites was found to be related
to the potential for CYP1A induction to signify neurological toxicity (Johri et al.



2006). Several pyrethroids, particularly DLM, have previously been demonstrated to
boost CYP1A activity (Johri et al. 2006; Alak et al. 2017).
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It is presently well-established that the activation of xenobiotic metabolism in fish
by CYPs is a viable technique for ecotoxicology investigations and environmental
pollution biomonitoring (Dong et al. 2009). In recent years, ATR (atrazine) has been
related to the induction of CYP isozyme activity in Chironomus tentans larvae
(Miota et al. 2000). In zebra fish, 3,3,4,4,5-pentachlorobiphenyl can stimulate the
expression of cytochrome P4501A, 1B, and 1C genes (Jonsson et al. 2007). Fish
have proven to be reliable experimental paradigms for determining how well aquatic
ecosystems are doing after being exposed to pollution and biochemical changes.
Several research demonstrating the detrimental effects of ATR (atrazine) and CPF
(chlorpyrifos) on fish have just recently been published (Wiegand et al. 2001;
Kavitha and Venkateswara Rao 2008; De Silva and Samayawardhena 2005). Exper-
iments have demonstrated that exposure to ATR (atrazine), CPF (chlorpyrifos), and
mixtures can affect a number of organs, including the liver, kidney, brain, gills, and
muscle (Xing et al. 2012a, b; Wang et al. 2011). Because CYPs are the essential
enzymes that catalyze the oxidative metabolism of toxicants, including crucial
environmental substances, their activity or content is typically altered when the
tissues of organisms are damaged by an exogenous toxicant. The gills are involved
in gas exchange and come into direct contact with external aquatic chemicals.
Furthermore, preliminary studies have shown that benzo(a)pyrene (Bap), indigo,
and polyaromatic hydrocarbon (PAH) induction in the gills is more sensitive than
that in the liver (Jonsson et al. 2006; Abrahamson et al. 2007).

4 Conclusion

Cytochrome P450 is a biomarker which aids in detoxification in fishes. The maxi-
mum expression of this enzyme has been found in the liver. Cytochrome P450 has
been identified from many fish families like Salmonidae, Sciaenidae,
Tetraodontidae, Siluridae, Cyprinidae, Bagridae, Rivulidae, Moronidae, Fundulidae,
Sparidae, Pleuronectidae, Gasterosteidae, Adrianichthyidae, Poeciliidae, Cichlidae,
Chaetodontidae, Serranidae, Haemulidae, Centrarchidae, Dasyatidae,
Adrianichthyidae, and Squalidae. Several environmental chemicals can inhibit the
P450 activity in fish. The list of chemicals comprises chlorinated aromatics (PCB
77, PCB 169), heterocyclic compounds (e.g., piperonyl butoxide), metals (Cd),
aromatic hydrocarbons (e.g., benzo[a]pyrene, naphthalene, benzene), and
alkylmetals (tributyltin). This system either undergoes direct reduction of molecular
dioxygen through peroxide pathway or utilizes electrons from NADPH in order to
activate the CYP catalytic pathway.
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Pharmacokinetic-Pharmacodynamic
Modeling of Xenobiotics: Fate and Effect
in Aquatic Animals

Farah Hanief, Adnan Abubakr, Hafsa Farooq Chashoo,
and Monisa Mehboob Malik

1 Introduction

Twenty-first century has so far witnessed an evolution in every sphere of human
existence, science, and technology not lagging behind. However, there is a drastic
increase in the outbreak of diseases which need proper treatment using appropriate
medicines. The aquatic animals have unfortunately become more prone to the
diseases and infectious agents due to the pollution. Therefore, it is very important
to understand the working mechanisms of available medicines and treatments.

Pharmacokinetics is the branch of medicine which describes the role of absorp-
tion of medicine by the body, its distribution throughout the body, and elimination of
this medicine from the body of the organisms. On the other hand, how much drug
should be given, what is the efficiency of the drug, and for how long does the
selected drug remain in the tissue or targeted site are defined as pharmacodynamics
(Hoberman et al. 1996). In simple words, the route of the drug throughout the body is
termed as pharmacokinetics, while the efficiency of that drug and its impact on the
body is termed as pharmacodynamics. The recent research conducted worldwide in
the field of drugs has made it of extreme importance to understand the interrelation-
ship and interdependence of pharmacokinetics and pharmacodynamics of drugs. The
accurate understanding of pharmacokinetic-pharmacodynamic relationship of drugs
will help to predict the efficiency and efficacy of the drugs.

F. Hanief (✉) · A. Abubakr · H. F. Chashoo
Division of Aquatic Environmental Management, Faculty of Fisheries, Rangil, SKUAST-
Kashmir, Srinagar, Jammu and Kashmir, India

M. M. Malik
Division of Aquatic Environmental Management, Sher-e-Kashmir University of Agricultural
Sciences and Technology, Kashmir, Faculty of Fisheries Rangil, Ganderbal,
Jammu and Kashmir, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
M. A. Rather et al. (eds.), Xenobiotics in Aquatic Animals,
https://doi.org/10.1007/978-981-99-1214-8_12

269

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1214-8_12&domain=pdf
https://doi.org/10.1007/978-981-99-1214-8_12#DOI


270 F. Hanief et al.

Fish being the aquatic animals are cold-blooded in nature which makes them
highly susceptible to infections and various diseases. Various pathogens have been
reported in fish as bacterial, viral, fungal, protozoans, etc. (Hanief et al. 2021; Rather
et al. 2018). All these pathogens have to be treated with different drugs; however, the
overall working of the drugs remains somewhat similar. Certain substances termed
as xenobiotics have also been reported from aquatic animals. Xenobiotics can be
defined as those chemical substances which are present in the body of an organism
beyond the normal level. The abnormal levels of these chemicals disrupt the normal
metabolic activities and itself become toxic. With respect to the aquatic animals,
these xenobiotics have been found to disrupt the normal metabolic activities as
development of reproductive organs, gamete formations, hormonal and endocrine
disruption, and viability of eggs (Tyrpenou et al. 2003; Pokhrel et al. 2018). The
main reason for so much xenobiotic accumulation in aquatic animals can be directly
pointed toward the increasing effects of pollution, agricultural runoff, disposal of
harmful heavy metals and chemical from various industries, and untreated sewage or
partially treated sewage disposed from sewage treatment plants.

2 Pharmacokinetics of Drugs in Aquatic Animals

The drug after administration follows a route of travelling before reaching to its
targeted area or site. The steps are as follows:

2.1 Absorption of Drugs

Absorption of drugs can be defined as the movement of drug from the site of
administration into the bloodstream. The entry of drug in bloodstream facilitates
its flow throughout the body and ultimately will reach to its targeted site. Majority of
the administered drugs follow the route of passive transportation. Passive transpor-
tation of drugs is also known as the “downhill movement” of the drugs. The flow of
administered drugs occurs via cell membranes of the cells. This method works on the
principle of concentration gradient.

The major advantages of passive transportation of drugs are that it doesn’t require
any energy as the flow is across cell membranes. There is no use of any carriers and
furthermore no threat of any competitive inhibition.

However, some drugs get absorbed in the bloodstream through active transpor-
tation. The term active transportation means that the involvement of certain medi-
ators is required. Hence, this method involves the use of energy also (Tyrpenou et al.
2003). In active transportation, the flow of drugs can be against the concentration
gradient as it involves the use of solutes (carriers). The active transportation of drugs
can take place through two ways:
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2.1.1 Transportation of Drugs

Primary active transportation of drugs: The energy required for drug transportation
is derived from the ATP present in the cells.

Secondary active transportation of drugs: The energy required for drug trans-
portation is derived from energy stored as ion gradients as Na+ and K+ which are
generated during primary active transportation.

2.1.2 Factors Affecting Absorption of Drugs

The absorption of drugs into the body of aquatic animals particularly fish is depen-
dent on various factors as molecular weight of the drug, solubility of lipids, polarity
of the drugs within the bloodstream, the reaction of the targeted tissue when the drug
comes in contact with it, and the time period within which it shows the required
effect.

2.1.3 Route of Drug Administration in Fish

Administration of drugs in fish is usually done through oral cavity (drug adminis-
tered in pelleted form or mixed with feed), muscle injection (intramuscular), or
intravenously (Samuelsen 2006). Intramuscular drug or Intra- venous drug admin-
istration is more efficient and result oriented compared to the oral administration.
However, intramuscular administration of drugs is not much convenient in aquatic
animals.

2.2 Distribution of Drugs

When the drug enters to the targeted site from the bloodstream, it is termed as the
distribution of the drug. The transfer of drug from blood to the targeted tissue
continues till an equilibrium is achieved. The distribution of drugs depends on
several factors as the ionization of the solute molecules, lipid solubility of the
drugs, and the binding efficiency of the drugs with the targeted tissues.

2.3 Metabolism of Drugs

The metabolism of drugs can be defined as the biotransformation of drugs from
nonpolar lipid-soluble compounds to polar lipid-soluble compounds. The aim of
biotransformation of drugs is to prevent the reabsorption of drugs by excretory



system so to prevent excretion of the drug with metabolic wastes (Craig and Andes
1996). The biotransformation of drugs also helps to protect the body from accumu-
lation of toxic wastes or xenobiotics.
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The biotransformation of drugs is a complex phenomenon. It takes place in
several gradual steps, each step aiming in converting the simpler metabolite. The
biotransformation of drugs is broadly categorized in two phases, which are as
follows:

Phase I: In Phase I, administered drug is
subjected to various reactions as oxidation,
reduction, hydrolysis, etc. During this phase,
the reactions help in activating the drug. Oxi-
dation is the most important reaction in Phase I
as it involves using Cytochrome
450 monooxygenase (CYP), NADPH, and
oxygen

Phase II: In Phase II, glucuronidation of acti-
vated drugs from Phase I takes place which
helps in generating a conjugated product of the
administered drug

The factors which play an important role in the biotransformation of drugs are the
exposure to the pollutants and chemicals, the age of the aquatic animals, the habitat,
the strength of the immune system, etc. In the overall process of pharmacokinetics,
biotransformation plays a key role as it determines the ultimate use of the
administered drug.

2.4 Excretion of the Drug

The excretion of the drug helps in eliminating the left-out drug from the body. The
excretion of drug holds an important place as it helps in preventing the buildup of
toxic substances. The major organs associated with excretion involve the liver and
kidney.

The excretion which takes place under the influence of the liver is termed as
“hepatic excretion.” Liver accomplishes the process of excretion by throwing away
the unwanted substances along with bile juices. Hepatic excretion is easily facilitated
when the metabolic wastes are in the conjugated form with glucuronic acid.

Renal excretion takes place in kidneys. It is easier to excrete the hydrophilic and
lipophilic compounds from the body of the aquatic organisms. The excretion in the
kidney takes place in the following steps:

2.4.1 Filtration Mechanism (Steps)

Glomerulus filtration: In glomerulus filtration, the excretion of all the hydrophilic
and lipophilic substances takes place. The filtration takes place in the glomerulus
part of kidneys. All the drugs which do not have any protein component in them
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are easily filtered in glomerulus filtration, but drugs with protein presence are not
filtered here.

Tubular reabsorption: The excretion of the lipid-insoluble drugs takes place in
tubular reabsorption.

Tubular secretion: In this part of excretion, the dissociation of the remaining drug
takes place from the bloodstream. The dissociation breaks down the complex
drug components into simpler forms which facilitate excretion.

3 Pharmacodynamics of Drugs in Aquatic Animals

The role which a drug plays in the body of an organism or in other words what does a
drug do in the body is explained by pharmacodynamics. Pharmacodynamics pro-
vides a deeper understanding of what will be the efficiency of the administered drug.
The mechanism of pharmacodynamics is well explained by Clarke in his receptor
occupation theory in 1937.

According to this theory, every drug has a certain number of receptors which are
occupied by it during its course of action. The intensity of the effect of the drug is
directly proportional to the number of receptors it occupies. The more the receptor,
the more the action. Whenever the drug binds itself to a specific receptor, the binding
brings in certain structural changes in the framework of the receptor (Maiti et al.
2019). Those drugs which can positively change the structure of the receptor are said
to have agonistic effect on the receptor, while those drugs which fail to bring the
requisite changes in the receptor are said to have antagonistic effect. After binding
itself to the receptor, the pronounced action begins to come into play. This is called
as the action-effect sequence.

Furthermore, the intensity of the effect also is determined by the concentration of
the drug administered. The more the concentration, the more will be the affect and
vice versa. This is called as the “dose-response relationship.” Dose-response rela-
tionship plays an important role in determining the fate of pharmacodynamics of the
drug or any xenobiotic.

3.1 Drug Dosage

The amount of drug required to generate a specific impact is called as its dosage. The
specific concentration of a selected drug can provide the desired results. Therefore, it
is very important to determine the exact amount of concentration that should be
administered which is known as the dosage of the drug.

Drug dosage can be of the following types:

Standard dose: The concentration of the dug which is almost similar for all the
population of the specific organisms.



Regulated dose: The concentration of the drug is measured or determined by
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frequent administrations in the specific set of targeted species in order to obtain
a standard value.
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Occurrence of Xenoestrogen Alkylphenols
(Octylphenols and Nonylphenol) and Its
Impact on the Aquatic Ecosystem

Gora Shiva Prasad, Sangram Keshari Rout, Monisa Mehboob Malik,
Sutanu Karmakar, Adnan Amin, and Ishtiyaq Ahmad

1 Introduction

The use of chemical substances (natural and synthetic) is increasing exponentially in
the present time for diverse purposes. Such substances mostly occur in the day-to-
day life as well as in the environment; however, most of these are hazardous and
cause immense impact on the environment and the health (EUROSTAT 2019;
Gavrilescu et al. 2015; WWF 2020). Increasing urbanization, industrial growth,
agriculture, and economic and social development are some of the root causes of
high use of these chemicals in personal care products, pharmaceuticals, cosmetics,
insecticides, surfactants, endocrine disruptors and hormones, etc. These substances
are discharged directly into the freshwater resources due to the lack of advanced
technology in wastewater treatment plants (WWTPs) to remove emerging xenobi-
otic compounds efficiently (Naidu et al. 2016; Van Zijl et al. 2017; Vargas-Berrones
et al. 2020a, b). Even though these organic substances may occur in trace levels, they
show negative effects on development, reproduction, aquatic life, behavior of
animals (Pal et al. 2010), ecology, as well as human health (Vargas-Berrones et al.
2020a, b). Alkylphenol ethoxylates (APEOs) are the type of non-ionic surface-active
agents that are used as detergents, emulsifiers, solubilizers, and dispersing agents
in products for domestic, agricultural, and industrial application. Ethoxylated
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nonylphenols (NPEOs) account for roughly 80% of all APEOs, while ethoxylated
octylphenols (OPEOs) account for about 20% (David et al. 2009; Soares et al. 2008;
Sumpter and Jobling 2013). These alkylphenol ethoxylates are degraded to form the
alkylphenols in the aquatic compartment (Miyagawa et al. 2016). Alkylphenols
(APs) such as nonylphenol (NP) and octylphenol (OP) are endocrine disruptors
being mostly used in the textiles, agricultural chemical products, and plastic industry
(Salgueiro-González et al. 2012) and as such play a significant role among environ-
mental estrogenic contaminants. Due to their wide use, such compounds end up in
aquatic habitats as effluent from urban, industrial discharge, rainfall runoff, etc.
Octylphenol concentration in river water worldwide ranges from <0.001 to
1.440 μg L-1(Sharma et al. 2009). Moreover, these compounds show detrimental
impact on the hormone-level systems of many organisms (US EPA 2010), like
alteration in reproductive, immunological, neurological systems, and may also
prove to be carcinogenic to human beings (Uğuz et al. 2009; Thompson et al.
2015). Octylphenol ethoxylates and degradation product octylphenol tend to
mimic or block natural hormones in the endocrine system (Jobling et al. 1996) and
have been found to have similar characteristic affinity for the estrogen receptors
(ERα and ERβ) in reporter cell lines (Paris et al. 2002). Once these compounds bind
to ER and AR, they affect endogenous estrogen levels as well as the aromatase
activity (conversion of androgen to estrogen) by several cellular pathways (Dong
et al. 2014; Dumitrescu et al. 2010). Additionally, the presence of vitellogenin in the
male fish of plasma has also been detected (Ali et al. 2017). Previous studies in fish
and other aquatic species have recorded that NP exposure causes negative impacts,
which include a reduction in gonadosomatic index (Saravanan et al. 2019), a
decrease in male spermatogenesis (Cheng et al. 2017), changes in steroids and
thyroidal levels (Naderi et al. 2014), destruction of female gonads (Rivero et al.
2008), as well as fecundity reduced to nonylphenol exposure (Hu et al. 2014). When
the nonylphenol exposure at environmental-relevant concentration (1 and 10 μg/L)
occurs, it induces a wide range of impacts on plasma sex steroids, phosphorus,
estradiol-to-testosterone ratio, and intersex among wild populations (Adeogun et al.
2017) and even causes histopathological impairment in different organs in Caspian
brown trout during smoltification (Shirdel et al. 2020).
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2 Distribution of Alkylphenols

Samples from various countries around the world that have been contaminated by
various concentration of alkylphenols (OP and NP) in river water, wastewater
treatment plants, drinking water, and sediment samples (Careghini et al. 2015;
Wang et al. 2016; Li et al. 2019; Zhao et al. 2021) are presented in Tables 1 and
2. The majority of researchers focused on the identification of octylphenol and
nonylphenols in aquatic ecosystems, which is primarily associated with various
human activities. The branched alkylphenols (4-tert-octylphenol and nonylphenol)



Observation Reference

were found in more than 90% of the tests performed, while linear alkylphenols
(4-n-octylphenol and 4-n-nonylphenol) were just identified in 12% of the samples.
Wastewater treatment plant discharges, as well as fishing and shipping operations,
were determined to be the main sources of alkylphenol pollutants (Salgueiro-
González et al. 2016). Recent studies have documented that NP concentration in
flounder and eel livers were 3–20 times higher than that in muscles, while in all cod
liver samples, they were below the limit of quantitation (LOQ). The average NP
concentration in the liver of flounder caught in the Gulf of Gdansk was 222 μg kg-1

ww (Ruczyńska et al. 2020).
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Table 1 Distribution of alkylphenols (4-nonylphenol (4-NP) and 4-tert-octylphenol (4-t-OP) in
different environmental matrix

Country sample
sources

Alkylphenol
concentration

Yong River
(China)

4-NP-
140–3948 ng L-1

Higher concentrations were detected
in months with comparatively less
precipitation

Cheng et al.
(2018)

4-t-OP-6–828 ng L-

1

Pearl River Delta
(China)

4-NP-14,540 ng L-1

(river water),
3088 ng/g
(sediments)

The mainstream received significant
input from tributaries

Zhao et al.
(2021)

4-t-OP-758 ng L-1

(river water)

Canadian
MWWTP-
associated sites
(Wascana)

Median (SD)
NP 148 (128.2 ng L-

1)

NP was identified more frequently in
MWWTP-associated sites and urban

Lalonde and
Garron
(2021)

India, Mumbai,
Thane Creek

OP 176 μg kg-1 dw
(sediment)

Pollutants directly enter from adja-
cent rivers/outflows containing a
larger portion of industrial and
municipal wastewater

Tiwari et al.
(2016)

Latin America
(Mexico)

Surface water (NP),
12.61 μg L-1

Wastewater (NP),
12.20 μg L-1

Drinking water(NP),
6.08 μg L-1

– Vargas-
Berrones
et al. (2020a,
2020b)

Iran Wastewater sample
NP, 2.12 μg L-1

More concentrations of alkylphenols
were found in commercial areas and
livestock sewages

Bina et al.
(2018)



Country Species Sample and NP Reference
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Table 2 Concentration of alkylphenols in aquatic species samples

Sample and
4-tOP

Spanish Atlantic
coast and Bay of
Biscay

Mytilus
galloprovincialis

9.3–44.4
(ng g-1 dw)

9.0–2441 (ng g-1

dw)
Salgueiro-
González
et al. (2016)

Gulf of Gdansk
(Southern Baltic)

M. edulis
trossulus

<0.8–6.4
(ng g-1 dw)

18.8–75.6 (ng g-1

dw)
Staniszewska
et al. (2014)

Atlantic coast,
Portugal and Spain

Sea bass – Bile 360–898 ng g-
1

Fernandes
et al. (2008)

China, Xi’an River Wild fish – Bile ND–
803 ng ml-1

Wu et al.
(2016)

Dan Shui River,
Taiwan

Wild tilapia – Liver 2028 mg kg-1

ww
Chen et al.
(2014)

Mediterranean
Sea, Sicily

Red mullet – 10.1–33.7 mg kg-1

ww
Errico et al.
(2017)

Gulf of Gdańsk Flounder – Liver mean
concentration—
222 μg kg-1 ww

Ruczyńska
et al. (2020)

Pulau Kukup,
Johor

Golden pomfret
(Trachinotus
blochii)

Mean concen-
tration
(0.124 ng/g)

Mean concentration
(0.023 ng/g)

Ismail et al.
(2018)

3 Effect on the Aquatic Species

3.1 Male Reproductive System

There is serious concern that pollutants are affecting aquatic wild male reproduction.
NPs are noticed to have effects on sex differentiation, implying that they directly
stimulate gonad development into male or female (Demska-Zakes and Zakes 2006;
Maack and Segner 2004; Zafar et al. 2021). It has been seen that such estrogenic
pollutants stimulated to decrease the concentration of some circulating hormones
like TSH, T3, T4, FSH, and testosterone, while other hormones like LH and 17-
β-estradiol had increased in the serum of the fish (Sayed et al. 2012). Similarly, other
studies also observed significant increase in the levels of estradiol and decrease of
testosterone and FSH levels in the plasma of both sexes of smolts (Salmo trutta
caspius) after 21 days of exposure to NP (Shirdel et al. 2020).

It induces the synthesis of vitellogenin in male fish, alters the testis structure,
causes degeneration of spermatogonia (Shirdel et al. 2020; Sundaray et al. 2021),
and reduces sperm numbers, resulting in the formation of hermaphrodite individuals
and shifts in population sex ratios (Ackermann et al. 2002; Christensen et al. 1999).
Gonadosomatic index (GSI) reduced significantly during the spawning season of the
male fishes (catfish) of both lower (64 μg.L-1) and higher (160 μg.L-1NP) concen-
tration treatments than control and later progressed to reproductive dysfunction
(Suman and Jiwatram 2021). Exposure to Nile tilapia fingerlings at 40 μg NP/L
causes decrease in males significantly as compared to control group, whereas at



higher concentration (60 and 100 μg NP/L) exposure leads to intersex (testis-ova)
condition in male fingerlings which may be due to sex reversal (Ali et al. 2017). In
another study, exposure of 4-tert-octylphenol on early life stages of the South
American cichlid fish exhibited 15–38.5% testicular oocytes (TOs) in males, but
didn’t show significant difference from the control group. Further, TOs did not
appear to affect male gonad development and functionality, as normal spermatogen-
esis has been noticed in OP-treated fish testes, which may be due to weaker
xenoestrogen effect of octylphenol (Meijide et al. 2016),whereas other fish such as
Neotropical cichlid fish exhibited interstitial fibrosis at higher concentration of
150-μg g/L OP (became apparent), but the lobular structure of the testes is preserved
(Rey Vázquez et al. 2016).
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4 Female Reproductive System

A 2019 study conducted by Adeogun et al. (year) investigated the severity of five
endocrine disruptive compounds on Sarotherodon melanotheron from Lagos
Lagoon (Nigeria). In this study, endocrine-disrupting compounds (including
alkylphenols) had inhibited histopathological alteration in fish gonads and revealed
a 27.4% prevalence of intersex in the sampled fish, out of which 78% are males
(tests-ova) and 22% are females (ova-testis). Further, the severity of intersex was
observed in contaminated site compared to control, whereas female fish showed
variable levels of atretic oocytes, higher zrp mRNA, and alteration in body weight,
gonad weight, plasma VTG, and GSI were observed at contaminated site (Adeogun
et al. 2019; Rather and Dhandare 2019). Further toxicity studies of nonylphenol
effect on female fish treated with 10- and 50-μg 4-NP/g BW had significantly higher
plasma VTG concentrations compared to control. In addition to that, increase of E2
and progesterone was noticed in Koi carp (Cyprinus carpio) (Amaninejad et al.
2018; Rather et al. 2017). Interestingly, the mean diameter of the oocyte increased in
fish (Caspian trout) exposed to nonylphenol concentrations of 10 and 100 μg/L
(Shirdel et al. 2020).

5 Effect on Growth of Microalgae

Microalgae species exposed to alkylphenols caused alteration in their metabolism,
photosynthesis activity, and raise in basic photosynthesis pigments
(phycobiliproteins and chlorophyll a) due to xenobiotic exposure. In this study, for
all types of algae investigated, nonylphenols (NPs) have demonstrated more toxicity
than octylphenols (OPs): the doses of NPs (EC50) that cause 50% inhibition of
microalgal development are 1.5–3.3 times lower than EC50 for OP (depending on the
culture). They also concluded that AP exposure to microalgae showed that green
algae (Oocystis parva and Scenedesmus quadricauda) are more resistant, as



compared to blue-green algae. The presence of low concentration of alkylphenols
(NP and OP) stimulated the growth of cyanobacteria of the genus Microcystis by
20–30% (Zaytseva et al. 2015). Similarly, other toxicity studies also reported that NP
and OP hampered the cell growth and photosynthetic activity of Chlorella
pyrenoidosa and Scenedesmus obliquus. Furthermore, the toxic effects of
alkylphenols to microalgae are chemical- and species-specific (Yang et al. 2021).
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6 Effect on the Mollusk

Endocrine disruption in invertebrates has been less studied than in fish, mainly due to
a lack of understanding or expertise concerning invertebrate endocrinology. The
invertebrate VTG as a biomonitor for environmental estrogens has gained much
attention in recent time. Molluskan VTG looks promising as an invertebrate bio-
marker for both synthetic and natural estrogenic compounds. Natural estrogens, such
as estrone (E1), 17-estradiol (E2), and estriol (E3), are endocrine-disrupting
chemicals (EDCs) that are regularly and directly released into water bodies via
wastewater treatment plant effluents, disposal sludges, and rainwater runoff. How-
ever, E2 constitutes the most widespread and effective natural estrogen that induces
estrogen activity (Nazari and Suja 2016).

M. edulis exposed to 17b-estradiol (E2) (at 5 ng/L, 50 ng/L for females, and
50 ng/L for males) during their early gametogenesis stage significantly increased
VTG and ER2 mRNA expression levels in gonad tissues (Table 3). In the same
study, at elevated doses (200 ng/L E2), there was no significant change in VTG and
ER2 mRNA expression levels in both immature and mature M. edulis (Ciocan et al.
2010). Japanese clam was exposed for 7 days to nominal 4-NP concentrations of 0.1
and 0.2 mg/L, which resulted in elevated VTG-like protein levels in male hemo-
lymph and digestive glands (Matozzo and Marin 2005).

7 Conclusion

Xenoestrogens, such as alkylphenols (NP, OP), have an immense effect on various
aquatic organisms, resulting in abnormality in male and female reproductive organs,
reduction in spermatozoa count, impact on oocyte development, decreased male
proportionality, etc. Such pollution can lead to significant economic losses to fishery
ecosystem. APs can accumulate along the food chain and ultimately be consumed by
human beings. However, in order to safeguard both humans and other aquatic
animals, there is an urgent need for public awareness and concern about such
pollutants in order to monitor and minimize the use of certain alkyl phenolic
compounds.



compounds Type of risks involved Reference
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Table 3 Toxicity of alkylphenols to aquatic organisms

Name of the
Concentration of exposure
(range of dose at which the risk
was observed)

Alkylphenols
(NP and OP)

50- and 100-mg/L tNP or
4-tert-OP was added at the start
of the cell culture

Suppression of the cell
growth, changes in mitochon-
dria, vacuoles, and cell walls
of Аspergillus tubingensis

Kuzikova
et al. (2020)
Gulf of
Finland

Alkylphenols
(NP and OP)

Nonylphenols in concentra-
tions from 5 × 10-4 to 5 × 10-
2 mg/L and octylphenol in
concentrations from 5 × 10-3

to 0.25 mg/L)

Inducing the development of
toxigenic cyanobacteria
Microcystis aeruginosa

Zaytseva
et al. (2015)

NP Low dose 64 μg.L-1 NP Discontinuous of interlobular
connective tissue

Suman and
Jiwatram
(2021)High dose 160 μg.L-1 Disintegration of germ cells

4-
nonylphenol

0.08 mg/L Few number of Sertoli cell
nuclei hypertrophy was
observed

Sayed et al.
(2012)

0.1 mg/L Follicular atresia, breakdown
of yolk granules

4-NP 100 μg 4-NP Follicular atretic increased Amaninejad
et al. (2018)
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Xenobiotics’ Effect on Fish Reproduction
and Development

Jham Lal, Soibam Khogen Singh, Pradyut Biswas, and Reshmi Debbarma

1 Introduction

Xenobiotics are elements that are not naturally occurring inside the body but possess
the potential to interact with it and cause teratogenic, mutagenic, or perhaps even
cancerous consequences. Examples include air pollution, toxic metals, plastic mate-
rials, medications, pesticide, as well as petroleum products (Lang and Pelkonen
1999). Nevertheless, xenobiotics are regarded as hazardous agents because they
upset the natural equilibrium, which means these are compounds that alter the body’s
natural equilibrium after ingesting them (Larini 1997). Fish can absorb xenobiotics
via their gills, skin, digestive juices, as well as other organs (Júnior 2019). If it is
considered that man-made xenobiotic doses do not affect fish abundance and
diversity, so a chronic toxicity study must evaluate how these compounds affect
development and reproduction because these processes are crucial population con-
trollers (Bresch 1982).

The ecosystem encompasses everything that occurs naturally in our immediate
vicinity and has an impact on how we live on Earth. The continuation of all life on
Earth depends on a secure and healthy ecosystem. Nevertheless, in the age of
increased industry as well as urbanization, numerous human activities are substan-
tially to blame for the introduction of both dangerous and poisonous contaminants
including environmental xenobiotics (Embrandiri et al. 2016; Malla et al. 2018;
Bhatt et al. 2022; Rodríguez et al. 2020). Chemicals known as xenobiotic com-
pounds are those that are neither anticipated nor generated normally by living things.
Typically, when discussing environmental contaminants, the word “xenobiotic”
refers to synthetic substances manufactured in huge quantities for industrialized,
agriculture, as well as home usage (Embrandiri et al. 2016; Atashgahi et al. 2018;
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Dinka 2018). The enormous variety of xenobiotic substances that are being released
into the environment—either by purpose or by accident—poses a considerable risk
to both humans and other animals, which is causing increasing public concern (Jacob
and Cherian 2013; Hashmi et al. 2017; Zhu et al. 2017; Dinka 2018). A few
examples of environmental xenobiotic compounds include pesticides, polycyclic
aromatic hydrocarbons (PAHs), pharmaceutical active compounds (PhACs), per-
sonal care products (PCPs), polyphenolic compounds, chlorinated substances, as
well as other toxic materials. Concerns regarding these possible negative conse-
quences have grown as its occurrence has increased in many environmental contexts
(Crinnion 2010; Kim et al. 2013; Embrandiri et al. 2016; Tsaboula et al. 2016;
Dhakal et al. 2018). Their toxicity poses previously unheard-of health dangers as
well as threats to the security as well as safety of the natural environment (Godheja
et al. 2016; Dvořák et al. 2017; Burgos-Aceves et al. 2018). Because xenobiotics
have a strong attraction for organic molecules, when they are discharged into the
environment, chemicals can accumulate in the body and cause harm to humans,
organisms, as well as the entire environment (Pedersen et al. 2003; Iovdijová and
Bencko 2010; Maurya and Malik 2016).
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2 Xenobiotics and Toxicity

It has been demonstrated that a large variety of man-made chemical compounds
utilized in a variety of industrial and domestic processes interferes with natural
endocrinology as well as physiology in living creatures. Neurophysiological, repro-
duction, and behavioral consequences are the three major categories within which
the impacts of xenobiotics mostly on the entire organism are examined. These
impacts are frequently interconnected; for example, neurological changes can influ-
ence behavior, and behavioral changes can influence reproduction. A substance does
not necessarily have an impact on the target animal or group. This always varies
depending on the amount of that substance as well as the duration of the exposure. In
the end, these impacts may be either immediate or persistent. Acute toxicity is
characterised by its rapid onset, characteristic manifestations, frequent fatal out-
comes, and rarity of reversibility. Long-term exposure at low concentrations or
longer subsequent exposure results in chronic consequences that can eventually
result in mortality. A xenobiotic is considered lethal when it either directly causes
death or has the potential to do so. Additionally, a toxin is sublethal when its potency
is below that which ultimately results in death. Following it, the individual’s
behavioral and physiological processes regress, which lowers their overall health.
The likelihood that such contamination will have an irreversible impact on the
environment is only present in the situation of radioactive material (Table 1).

The impact of pollutants on freshwater fish species is reflected in the extinction of
certain animals, with potential financial gain for others. The relative importance of
processes like predators, competition, and substance cycling changes as the variety
generally declines, though not necessarily the total number of distinct organisms.



Due to the intricacy of contamination, various characteristics of the pollutants also
influence how it affects aquatic life. When two or more toxins are existing within the
same environment, they may have an additional, antagonistic, as well as cumulative
influence on the organism. Zinc and cadmium together are poisonous to fish, which
is an illustration of synergistic interactions. In contrast to the hostile elements
calcium, zinc, and aluminium, mercury, zinc, cadmium, and chlorine can signifi-
cantly lessen the severity of cyanide and copper. Phenol and ammonia are additively
poisonous to the mayfly Baetis rhodani with low doses, but then, at larger quantities,
the impact is greater than the additive (Zaki et al. 2014) (Fig. 1).
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Table 1 Effects of major heavy metals on fish reproduction

Heavy metal Fishes Effects on fish Reference

Lead (Pb) Freshwater
fishes

Genotoxic, cytotoxic damage in
gill and fin epithelial cells in some
fishes; in other fishes, it delays
embryonic development,
obstructs growth, suppresses
reproduction, causes kidney
dysfunction

Ibemenuga (2013)

Selenium Zebrafish
(Danio rerio)

It can negatively influence fish
reproductive capability

Penglase et al.
(2014)

Selenium and
mercury

Zebrafish
(Danio rerio)

Se and Hg had a synergistic
adverse impact on all aspects of
fish reproduction

Penglase et al.
(2014)

Copper oxide
nanoparticles
(CuO-NPs)

Guppy
(Poecilia
reticulata)

Chronic exposure affected repro-
ductive traits of fish

ForouharVajargah
et al. (2020)

Mercury (Hg), cad-
mium(Cd), and lead
(Pb)

Tilapia
nilotica

The gonadosomatic index (GSI)
decreased in females, retarded
gonadal development in the juve-
nile fish

Ahmed et al.
(2010)

Zinc (Zn) Zebrafish
(Brachydanio
rerio)

The adverse influences on
zebrafish fish exposure to zinc can
be reversed

Speranza et al.
(1977)

Environmental pol-
lutants (heavy
metals, drugs, and
products)

Fish The particular component of the
reproductive strategy that is most
susceptible to such disruption and
that this may be at levels well
below that which induces mortal-
ity or apparent signs of stress

Kime et al. (1999)
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Fig. 1 Components of the reproductive system affected by low-level pollution (Kime 1999)

3 Absorption of Xenobiotics in Fish

Fish can absorb xenobiotics via their gills, stomach juices, skin, as well as other
organs. Xenobiotics are then expelled from the body by a variety of discharges,
including urine, bile, and feces, as well as gas exchange, either in their original state
or after being chemically changed. The kinetic behavior of each chemical has a
significant impact on elimination, whether it is unmodified as well as chemically
altered. Therefore, lipophilic compounds are quickly absorbed, for instance, through
the digestive system, but their expulsion, either through bile or urine, is challenging
due to the ease with which they acquire reuptake after passing through the cellular
membrane. Therefore, these compounds have a propensity to build up inside the
body. Although hydrophilic compounds have worse absorption, they are primarily
excreted through the renal pathway (Larini 1997; Oga 1996).

4 Biotransformation of Xenobiotics in Fish

The body possesses a metabolic system that converts the minor polar and lipid-
soluble molecules into more significant polar as well as hydrosoluble elements to aid
in the elimination of lipid-soluble xenobiotic compounds (Oga 1996). This mecha-
nism is known as biotransformation. A variety of chemical reactions involving liver
enzymes makes up the biotransformation pathways. A xenobiotic component may
go through one or more changes before derivatives with such a genuine chance of
elimination are created. In the second scenario, the initial reaction serves as a
prelude, resulting in an intermediate chemical (Phase 1) that will continue to go
through a further reaction, ultimately yielding either active or inactive metabolites
(phase 2). Phase 1 and 2 processes can occur independent of one another, so a
xenobiotic molecule can go through either phase I, then phase II, or both phases
simultaneously (Van der Oost et al. 2003). The xenobiotic material is subjected to



chemical processes during biotransformation, which typically involves enzymes and
results in the creation of a different compound than the one that was first supplied.
The process of biotransformation, which is primarily carried out within the liver,
involves electrically charging the toxic compound’s chemical to prevent its absorp-
tion when it passes through into the renal tubules.
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The process of biotransformation, which is primarily carried out in the liver,
entails electrically charged xenobiotic material to prevent its absorption whenever it
passes through into the renal tubules. Because of the basic structural changes that are
made throughout this procedure and the decreased likelihood that the chemical will
reach the vulnerable tissues, the chemical is typically rendered inactive. Biotrans-
formation is for these materials synonymous with elimination. But occasionally,
active metabolites—or even more active ones—are produced in addition to the
chemical that was delivered.

5 Stress Signal Transduction by Xenobiotics in Fish

Prolonged exposure to xenobiotic compounds causes stress as well, and hormonal,
neuronal, as well as other physiological processes have a role in how we respond to
this stress. The study attempts to summarize the different assessment processes
elicited by certain candidate pollutants. Xenobiotics have recently attracted attention
as just environmental stressors. Intoxication and detoxication are the two main
methods by which the toxic compounds’ stress response is elicited. Xenobiotic
poisoning may manifest itself along any one of the numerous physiological mech-
anisms. Any poisoning mechanism must include a targeted region of action that is
reliant just on chemical components of both the xenobiotic, either organic or
inorganic, and other concerns (Bhattacharya 2000).

6 Xenobiotic Action on Steroid Hormones

Periodic reproductive cycles among bony fish, which also are frequently governed
by light/dark cycles as well as temperatures, are controlled by hypothalamic and
pituitary hormones, which interact on the gonads to increase sex hormones biosyn-
thesis. Therefore, fish reproduction depends on the perfect orchestrating as well as
the timing of multiple interconnected activities. The disturbance of the endocrine
glands and the restriction of hormone secretion caused by xenobiotics might lead to a
reduction in fertility, breeding, or growth (Bhattacharya 2000).

Stress, as regulated by the adrenal, has well-known impacts on the reproductive
organs and may be responsible for important unintended consequences that reduce
hormone production (Kime et al. 1980; Pickering et al. 1987; Carragher et al. 1989).
Growth, reproduction, and immune response are negatively impacted by prolonged
increased blood cortisol levels during stressful situations (Barton and Iwama 1991).



Fish exposed to Cd continuously have been found to develop a stress response
habitually, as seen by a drop in their earlier increased plasma cortisol level (Fu et al.
1990). There are very few publications accessible regarding either the intrinsic
cortisol production or even the mechanisms of action of xenobiotic compounds
(Balm et al. 1994; Sumpter et al. 1994; Pottinger et al. 1995; Balm and Pottinger
1995).
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7 Xenobiotic Interactions with Steroidogenesis

The effects of xenobiotics on steroid production, including the effects of sterol-ester
hydrolase on testosterone hydroxylase. (Civen et al. 1977; Donovan et al. 1978;
Clement 1985; Mohapatra et al. 2021). It has been demonstrated that
3B-hydroxysteroid dehydrogenase (HSD) is among the targeted areas of action of
xenobiotic compounds (Bhattacharya and Pandey 1989; Bagchi et al. 1990). Molec-
ular or pharmacological mechanisms that are still being studied underlie the
responses to stressors, and xenobiotics can interact straightforwardly with protein
at locations like steroid hormone receptors to either start or speed up gene transcrip-
tion (Kime et al. 1980). There have been claims that OP toxicity promotes hormone-
mediated protein production; nonetheless, it has been suggested that such a direct
influence of a xenobiotic on protein synthesis cannot be excluded (Cisson and
Wilson 1981).

8 Vitellogenin as an Indicator of Estrogen Exposure

Vitellogenesis is the process by which ovarian estradiol stimulates the liver to create
vitellogenin, which is then integrated into the yolks of forming oocytes (Sundaray
et al. 2021). Estrogenic organic pollutants can also stimulate vitellogenin production
by acting on hepatic receptors (Pelissero et al. 1993). Although fishes of both sexes,
and premature juveniles, contain hepatic estrogen receptors, only the livers of female
fish are typically exposed to estrogens. Therefore, the development of vitellogenin
through males, juveniles, as well as non-vitellogenic females may serve as
bioindicators of exposure to natural estrogens.

However, abnormally high vitellogenin independently may not always be a sign
of exposure to environmental estrogen, so care should be used when evaluating
vitellogenin data on its own. Female flounder exposure to Rotterdam Port soil in
mesocosms had greater vitellogenin levels than control fish. Furthermore, neither
treated nor control male fishes had plasma vitellogenin that could be detected,
indicating that this impact was not brought on by exogenous estrogen. In contrast
to controls, the exposed females’ gonads revealed that they possessed vitellogenic
oocytes in their ovaries (Janssen et al. 1995).Vitellogenin output was thus most
likely a consequence of the increased estradiol secreted by all these prematurely



innovative oocytes, possibly as a result of diminished catabolism, because benzo-
pyrene, a primary component of the sediment, hindered hepatic steroid catabolism
through monooxygenase enzymes, despite inducing action of such an enzyme as
assessed by EROD action (Janssen et al. 1997). Although the specific mechanism of
interruption is unknown, these findings indicate that vitellogenin in juveniles or men
would be a strong indicator of exogenous estrogen exposure. Nevertheless, if
females had not been employed in these tests, there would have been no indications
of reproductive failure.
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9 Vitellogenin Indicative of Reproductive Dysfunction

Natural estrogens, ingredients in birth control pills, alkyl phenolics, phthalates,
certain organochlorine insecticides, and PCBs are among the environmental pollut-
ants thought to stimulate the production of vitellogenin in fish. Although vitellogen-
esis can be utilized as a biomonitor of estrogenic pollution, it is additionally
important to consider regardless of whether this has a bearing on the reproduction
or wellness of the fish, whether greater vitellogenin affects the quantity or quality of
the eggs generated, as well as what influence it has on the males and juveniles who
generally don’t ever start producing vitellogenin. Since the mechanism of vitello-
genesis includes a complicated interaction between the various glands and hormones
of a reproduction endocrine system, estrogen exposure, as demonstrated through
vitellogenin synthesis, may very likely have detrimental effects on some other
components of fish reproduction (Kime 1998).

Gonadotropin-I (GtH-I), which is released by the pituitary mostly during the
vitellogenic phase of the female process, helps to stimulate the ovarian follicle cells
to generate estradiol. Estradiol then is transported into the liver through the circula-
tion which performs on receptor sites inside the hepatocytes to generate vitellogenin.
Intriguingly, the liver is simultaneously a targeted tissue as well as a key location of
estradiol inactivation, which raises the concern about how it “decides” whether it
should deactivate the steroids or respond to them by making vitellogenin. The liver’s
vitellogenin then returns to the ovary’s bloodstream wherein, in the presence of
GtH-I, this is synthesized into the oocytes (Tyler et al. 1991). It then needs to be
converted inside the oocytes into the various molecules that make up yolks. An
evaluation system including estradiol, testosterone, or other mediators like inhibins
allows communication between both the oocytes and the pituitary. Once oocytes
have assimilated a specified amount of vitellogenin as well as reached a species-
dependent size, subsequent incorporating stops and aromatase enzymes are turned
off. As vitellogenin inclusion is finished for each oocyte, there occurs a gradual shift
between estradiol-to-testosterone output and hepatic vitellogenesis declines. Increas-
ing estrogen has little effect on egg size because integration is GtH-I-dependent
rather than vitellogenin-dependent.

Reasonable incorporation of vitellogenin into the oocyte follows its withdrawal,
but because incorporation is governed by GtH-I (Tyler et al. 1991), the percentage of



inclusion cannot be accelerated. As a result, an excess amount of VTG will result in
plasma concentrations that are higher than those of normal fish. Therefore, if the
xenobiotic can outcompete natural estradiol for pituitary-hypothalamic feedback
receptors, it could be able to outcompete this for hepatic receptor sites as well.
This may act in an agonistic or antagonistic manner, just like the cardiac receptor,
causing a rise or drop in GtH-I. Alterations in GtH generation may occur if
xenoestrogen-induced vitellogenin causes a drop in ovary estradiol through a short
feedback system. Variations in GtH-I secretions can have an impact on overall
oocyte size because VTG must be incorporated into the oocytes for this to happen.
Furthermore, it’s crucial to keep in mind that GtH-I is influenced by elements other
than E2, including such inhibins, etc. (Kime et al. 1999).
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Due to the high energy cost of protein synthesis, somatic development must
always be sacrificed to produce vitellogenin. There are a few indications indicating
estrogen therapy-induced kidney impairment may result in increased plasma vitel-
logenin levels, which can promote death rates (Herman and Kincaid 1988). In the
male population, the response of testis androgens could encompass brain aromati-
zation of testosterone to estradiol; as such an outcome, pituitary GtH formation may
be impacted by xenobiotic estrogens. This can result in impaired sperm quality,
diminished sperm performance and productivity, failure of GtH-II, as well as
inability to produce the last phases of sperm development. These impacts have
previously been documented in male fish exposure by alkylphenolics, which also
had lower spermatocytes as well as more spermatogonia compared to reference
fishes (Jobling et al. 1996). There haven’t been any investigations on how estrogenic
exposure affects sperm quality, but we’re looking into using computer-assisted
sperm testing as just a quantitative technique to see if large amounts of vitellogenin
in the male population are a sign of low sperm motility (Table 2).

10 Energetic Adaptation

Since an organism could only obtain a certain level of energy toward which multiple
processes immediately compete, an enhancement inside the energy assignment
through one procedure should be accompanied by a reduction in the energetic
distribution to others (Ware 1980, 1982; Sibly and Calow 1983). The ideas of life
history as well as optimum foraging give the physiological underpinnings for what
happens to the dietary energy that animals consume. Female fish generally develop
later than male fishes due to the energy-intensive nature of the reproductive maturing
process (Thorpe 1994). In general, the development of the ovary as well as eggs
takes more energy than the development of the testes and sperm. Fishes should
convert food particles into total (accessible) energy to support their normal metab-
olism (maintain) as well as operational expenses (Ware 1980).
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Table 2 Pollutant-induced reproduction disturbances in fish

Pollutant Species Effect Reference

Alkylphenols Rainbow
trout

Vitellogenesis Purdom et al. (1994),
Harries et al. (1996,
1997)

PCBb Baltic
flounder
and herring

Reduced viable hatch Hansen et al. (1985)

PCB, DDT Charr High egg mortality Monod (1985)

Organic
contaminants

Starry
flounder

Reduced viable hatch and fertilization Spies and Rice (1988)

Crude oil Pacific
herring

Premature hatch, egg and larval mor-
tality, morphological deformities,
cytogenetic abnormalities

Hose et al. (1996),
Kocan et al. (1996),
Norcross et al. (1996)

Crude
petroleum

Atlantic
salmon,
flounder

Decreased plasma androgens Truscott et al. (1983)

Contaminants Coho
salmon

Overripe eggs, fry deformity, low fer-
tilization rate

Flett et al. (1991)

Textile mill
effluent

Air-breath-
ing fish

Oocyte atresia Murugesan and Haniffa
(1992)

Vegetable oil
factory
effluent

Freshwater
murrel

Retarded ovarian growth Saxena and Bhatia
(1983)

Vegetable oil
factory
effluent

Air-breath-
ing fish

Decreased gonadal lipid, increased
fatty acids

Kondal et al. (1989)

11 Non-vitellogenic Responses

An organism’s life cycle is significantly influenced by the liver, which is a crucial
organ (Hinton 1990). These functions include the biotransformation of xenobiotics
as well as the gonadal hormone, in addition to the synthesis of Zrp and Vtg for the
ovaries (metabolic activities). The impact of xenobiotic compounds inside the liver,
however, can be modified by a wide range of additional variables.

The primary site for protein biosynthesis (including Zrp and Vtg) as well as
metabolism transformation of both exogenous drugs (xenobiotics) and intrinsic
molecules like steroid hormones is indeed the liver cells (Goksøyr and Förlin
1992; Zimniak and Waxman 1993). By the use of certain enzymes from the
cytochrome P450 (CYP) superfamily as well as several transferase enzymatic
families, environmental pollutants including steroids are metabolically converted
or biotransformed inside the liver (Nelson et al. 1996; Lewis 1996; Oritz de
Montellano 1995). Isoforms of the CYP1A subfamily have already been widely
researched as well as recognized as being the most significant subfamily inside the
metabolic activation of many carcinogenic agents (Goksøyr 1995; Ioannides 1990),
whereas the CYP3A subfamily (also CYP2K in fishes) has been connected toward



steroid metabolism (Zimniak and Waxman 1993; Celander et al. 1996). Extensive
study has demonstrated that PAHs, HAHs including 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), as well as similar substances can activate the CYP1A genes via aryl
hydrocarbon (Ah) receptors (Okey et al. 1994; Swanson and Bradfield 1993; Hahn
and Chandran 1996; Schmidt and Bradfield 1996).
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12 Ecological Consequences

Through all stages of ontogeny, reproduction generation is ongoing. As a result, it is
vulnerable to the impacts of xenoestrogens and/or environmental pollutants during
all phases of the life cycle, involving fertilization, embryonic development, sexual
differentiation, oocyte maturation or sperm production, ultimate maturity, and ovu-
latory. Consequently, the susceptibility to a particular substance may fluctuate
according to the phase of reproductive stages (Donaldson 1990). The representation
of a sequential manner of reactions to pollution pressures inside a biological system
(Bayne et al. 1985). It is always possible to generate emergency alert biomarker
indicators since impacts at greater hierarchical levels are usually anticipated via
alterations in “earlier” biological systems. The early biological reactions’ relevance
just at the population as well as ecosystem levels is challenging to determine,
though. The challenge is due, among many other things, to the possibility that
variations between fish populations and ecosystem processes may result from a
wide range of many other factors besides xenobiotic compounds, such as seasonal
variations in temperature, saltiness, availability of food, harvesting activity, etc.
Acknowledging the basic principles through which chemical compounds, as well
as abroad substances (xenobiotics), interrupt fish reproduction is especially essential
for achieving the long-term goals of underwater breeding toxicity because it is
unattainable to interpret the living organisms’ specificity or how each substance
influences the reproductive life-history strategic plan of each organism.

Recent risk assessments regarding xenobiotics’ reproduction impacts on aquatic
creatures rely on in vitro and in vivo laboratory investigations, either explicitly or
indirectly. The environmental implications for xenobiotic-induced Zrp as well as
Vtg production, on the other hand, are unknown. There is currently considerable
evidence indicating aquatic creatures living in bioaccumulating toxic compounds are
harmed. Given the various roles that endogenous estrogens perform in healthy
physiology, including throughout adult sexual development as well as sex distinc-
tion at the earliest stages of life (egg and embryo), there is an obvious need for care in
some of these regards (Hunter and Donaldson 1983; Piferrer and Donaldson 1989).
In addition, a wide range of additional elements that can modify the impact of
xenobiotics may be challenging or even impossible to evaluate.
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13 Types of Endocrine Disruptive Chemicals (EDCs)

EDCs come in a variety of kinds and chemical compositions. Diethylstilbestrol, an
artificial steroid, is regarded as the initial EDC of significance as well as a perfect
example of prolonged poisoning, including impacts in the second and even third
generations. Since 1945, a considerable quantity of chemical insecticides for pest
management has been produced. Its perspective endocrine-disrupting effects were
discovered only during the 1970s. Once discharged into the environment, those
resistant hazardous chemicals in water are nearly impossible to remove. When EDCs
interact with wastewater cleaning products, metabolic ends are created which attach
to steroid hormone receptors, change the expression of multiple genes, as well as
ultimately cause endothelial dysfunction (Kar et al. 2021). Additionally, they have
an impact on the hypothalamic hypophyseal gonadal (HHG) pathway, which is
crucial for regulating response (Senthilkumaran 2015). The likelihood of metal
deposition at different trophic levels in aquatic freshwater environments has risen
as a consequence of increasing the utilization of metallic nanoparticles. However,
research addressing nanoparticle (NP) lethality in the endocrine glands of freshwater
fish is surprisingly lacking. Juvenile fishes exposed to Cu-NPs for a brief period of
time experienced oxidative stress that hampered their development and progress
(Gupta et al. 2016). Cu-NPs’ effect on male Clarias batrachus was investigated by
Murugananthkumar et al. (2016). It’s interesting that while there was a significant
rise in androgen levels, there was no histological correlation between the transcripts
of numerous genes associated with the testis. It was hypothesized that catfish
testicular regeneration would be negatively impacted by small-dose exposures to
Cu-NPs. In order to establish recommendations as well as regulate the danger of
nanoparticles in various organisms, it is crucial to understand the harmful pathways
of nanoparticles in aquatic species (Malhotra et al. 2020).

14 Target of endocrine disrupting chemicals in Fish

14.1 Thyroid

The thyroid hormone is a mysterious hormone that is associated with a wide range of
physiological procedures. They play an important role in the development of fish
larvae into their adult stages (Dickhoff et al. 1990; Galton 1992). Thyroid hormone
function in vertebrates is controlled by the hypothalamic-pituitary-thyroid (HPT)
pathway. These thyroid tissues of vertebrates are not structured in a compacted
gland; instead, the thyroid follicle is scattered into connective tissue in the pharynx
region as well as the head kidneys. Aside from controlling metabolic activity,
thyroid-stimulating hormones exhibit considerable synergistic effects with several
other hormones including synthetic hormones, sex steroids, as well as interrenal
steroids (Norris et al. 1999).
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14.2 Interrenal Gland

In fishes, the hypothalamic-pituitary-interrenal (HPI) pathway controls the physio-
logical response to stress (Wendelaar Bonga 1997). Prolonged increasing levels of
cortisol (the major corticosteroids in fishes) impair reproduction activities, immuno-
logical function, as well as developmental activity, much as they do in that other
vertebrates. On deposition, high cortisol discharge was reported among mercury, Cd,
met acid 50, as well as endosulfan; however, mainly pesticide-treated fishes dem-
onstrated a reverse in levels of cortisol (Mondal 1997).

14.3 Gonads

There are some variations between the sex steroid mechanisms involved in verte-
brates and invertebrates, including the existence of the third kind of estrogen
receptor (ER)—ERc in addition to ERa as well as b in fish (Hawkins et al. 2000).
Another distinction is the variety of different kinds of EDCs that attach to the
progestin receptors in fishes as opposed to the mammalian progesterone receptor
(Pinter and Thomas 1997). Plasma estrogen concentrations have been employed by
numerous researchers as a trustworthy biomarker of toxic compound exposures
(Choudhury et al. 1993; Kime 1995; Thomas 1990). It has been shown that several
xenobiotics and their metabolites, such as lesser oestrogens, act in the waterways
(Sumpter and Jobling 1995).

14.4 Fish Reproduction

Fish are frequently used as modeling techniques in studies of a pattern of interven-
tion imposition by endocrine-disrupting chemicals on fish embryo development
considering that they are different season breeders, are sensitive to minor changing
environments that can alter the normal reproductive cycle, and are most influenced
by toxic elements throughout their reproductive cycle. It is now generally recognized
that even low amounts of pollution can cause problems with fish’s endocrine
systems, as well as that fish can act as an alert system for those other wildlife species
(Bhattacharya and Munshi 2021).
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15 Conclusion

An increasing number of widely used chemicals and their degradation products are
found to be estrogenic in animal and human systems. These effects are observed
throughout the trophic levels in the aquatic environment, ranging from zooplankton
to top predators. Severe impacts can occur at the level of steroidogenesis, biotrans-
formation, gametogenesis, oogenesis, and spermatogenesis. Many environmental
chemicals have been shown to have specific effects on components of the reproduc-
tive system of fish. Such components include the pituitary and gonads and their
hormones, the liver catabolism of steroids and synthesis of vitellogenin, sperm
motility, fertilization rate, and larval survival and rate of abnormality. Vitellogenin
production can provide a valuable biomarker of reproductive disruption in fish.
Abnormally high or low levels are indicative of disruption at multiple sites of the
reproductive endocrine system or of early sexual development and differentiation.
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1 Introduction

1.1 What Are Xenobiotics?

A chemical substance that is not created naturally by the organism or that was not
anticipated to be there is referred to as a xenobiotic (Malchi et al. 2022). They are
present in significantly higher concentrations than typical and are frequently
discussed in relation to environmental pollutants like polychlorinated biphenyls
and dioxins and how they affect the biota (Gupta et al. 2022). They exist in both
organic and inorganic forms and can mimic substances produced biologically that
are necessary for life. Usually chemicals that are foreign to animal life are referred to
as ‘xenobiotics’, and examples of these include plant elements, medications, insec-
ticides, cosmetics, flavourings, scents, food additives, industrial chemicals, and
environmental contaminants (Štefanac et al. 2021). Xenobiotics are of two types:
exogenous and endogenous. Exogenous xenobiotics are those that enter an organism
through food, medication, or environmental inhalation but are not generally created
by the organism itself (e.g. chemicals, pharmaceuticals, pollutants, pesticides, and
food additives). Endogenous xenobiotics are physiologically produced substances
that resemble exogenous xenobiotic chemicals in some ways (Brandts et al. 2021).
These are either created by the human body during various activities or are formed as
metabolites (e.g. Eicosanoids, specific fatty acids, bile acids, bilirubin, and steroids).
These compounds have the potential to be problematic, and it is important to
investigate both their immediate and long-term impacts on people, animals, and
the environment (Ortiz et al. 2022). These are either nonbiodegradable or only
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partially biodegradable, have a slow rate of biotransformation, and can last a very
long time in the environment (Bhatt et al. 2021).
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1.2 Xenobiotics in Various Fields

Since many chemical and pharmaceutical businesses use xenobiotics to make
medicines, plastics, detergents, gels, research laboratory chemicals and biochemical
kits, perfumes, herbicides, insecticides, and a wide range of other items, xenobiotics
are essential for people and society. Many compounds used to enhance daily life
(antibiotics, pesticides, dyes, PCPs, additives, etc.) have been developed as a result
of technological advancement in the twentieth century; these compounds may not
always occur naturally in the environment or may do so at concentrations that are
significantly different from those brought on by anthropogenic activity (Mishra et al.
2019). They are categorised as pesticides, pharmaceutical chemicals, personal care
items, illegal substances, industrial goods, and nuclear waste and can be found in the
air, soil, water, plants, animals, and people (Malchi et al. 2022). Industries, including
paper and pulp, fossil fuels, pesticides, explosives, and pharmaceuticals, among
others, are important contributors of xenobiotic chemicals to the environment
(Faggio et al. 2018).

1.3 World Scenario of Xenobiotics

In their lifetimes, humans are thought to be exposed to one to three million
xenobiotics (Esteves et al. 2021). Most of these chemicals undergo a variety of
detoxication processes that, in general, make them less poisonous, more polar, and
easily excretable before entering the body through nutrition, air, drinking water, drug
administration, and lifestyle choices (Collins and Patterson 2020). Xenobiotic pol-
lution of the environment and, consequently, the uptake of these substances by living
things have both increased dramatically in recent decades. The introduction of these
compounds to ecosystems may result in an increase in allergic reactions, increased
mortality of organisms, genetic changes, lowered immune systems, metabolic prob-
lems, and disturbances of ecosystem processes all the way up to the biosphere
(Kucherenko et al. 2021). There are several immediate and long-term repercussions
on natural ecosystems as a result of the diverse medications used, which have caused
the release of dangerous chemicals into aquatic areas. Ecosystems are directly
impacted by xenobiotics, changing things like community parameters, community
structure, diversity, productivity, and energy transfer, as well as succession and
population density (Wang et al. 2022). The world develops up to one million new
products a year, including about 100,000 chemical compounds. Nearly 15,000 of
these are considered possible xenobiotics. Particularly dangerous is the pesticide,
hormone, and trans-fatty acid contamination of food (Gan et al. 2022).
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1.4 Xenobiotics in Aquatic Environments

In typical sewage treatment facilities, some xenobiotic chemicals are
nonbiodegradable and discharged with treated runoff, which could contaminate
aquatic systems like rivers, lakes, and estuaries. Common xenobiotic receptors
exist in traditional sewage treatment plants and must be treated with municipal
wastewater before being released into aquatic systems (Maculewicz et al. 2020).
Some trace metals, xenobiotic substances, and synthetic organic chemicals, such as
PAHs, phthalates, and pesticides, can be detected in water bodies (Dar et al. 2020;
Štefanac et al. 2021). Xenobiotic substances that are released into surface water may
leak into groundwater, although this practice is currently severely prohibited since it
could compromise the ecological integrity of aquatic ecosystems (Tonelli and
Tonelli 2020).

1.5 How It Affects the Aquatic Environment

Within aquatic ecosystems any exposure to xenobiotics in sediment may have
negative impacts at lower trophic levels and/or biomagnify and have more severe
negative toxic effects at higher trophic levels (Tonelli and Tonelli 2020). Over the
past century, there has been a tremendous growth in the variety of synthetic,
xenobiotic compounds entering the environment. Their ecological effects in aquatic
ecosystems are still poorly known in terms of their nature and severity (Arya and
Haq 2019). Long after their original release into the aquatic environment, these
hazardous, bioaccumulative, and persistent chemicals still run the danger of having
deleterious impacts at all levels of biological organisation. Aquatic species experi-
ence oxidative stress and endocrine disruption as a result of the presence of xeno-
biotic contaminants (Mohapatra et al. 2021; Curpan et al. 2022). Their influence on
aquatic ecosystems is well documented, and the manner in which they affect fish and
other aquatic creatures can be broadly divided into three categories: behavioural,
neurophysiological, and reproductive (Chandana and Kote 2020). It is a global
concern that xenobiotic substances, such as poly aromatic hydrocarbons (PAHs),
persistent organic pollutants (POPs), polychlorinated biphenyls (PCBs), organochlo-
rine pesticides (OC), heavy metals, tri-butyl tin (TBT), etc., are contaminating the
marine environment through various pathways (Gupta et al. 2022). A significant
threat to the health of the marine ecosystem is posed by the bioaccumulation of their
residues into the tissues of marine creature by considering the importance of the
topic we have performed a meta-analysis on xenobiotics to know the trend of
research in xenobiotics which will assist the present and future researchers in the
particular field.
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2 Materials and Methods

In order to guide future research by evaluating knowledge domains, measurable
research patterns and intellectual structure, social structures, and emergent research
themes, we performed a scientometric study of xenobiotics-related research in this
work. The visualisation of data through scientometric analysis allows researchers to
examine major changes and developments in the field of study, as well as its overall
expansion. In addition, scientometric analysis can spot trends, collaborations, and
patterns in publications on a certain subject or field of study. In this paper, the
research on xenobiotics was quantitatively displayed and reviewed in a systematic
fashion using scientometric techniques. The research made use of the Web of
Science (WoS) database (Clarivate Analytics, Philadelphia, Pennsylvania), which
includes articles from more than 21,100 high-quality scholarly journals from around
the world, covering more than 250 different fields of study (https://clarivate.com/
webofsciencegroup/solutions/web-of-science-corecollection/). Microsoft Excel
2019, Vos Viewer and R-studio were used to export the bibliometrics records
from the WoS database and conduct the analysis. Average citations per article
(ACPP), h-index, and total citations were used to determine how productive institu-
tions and authors were. The h-index is a metric used to evaluate a researcher’s
productivity in the scientific community by analysing the correlation between their
number of citations and the impact of their most highly referenced works (Hirsch
2005). To make bibliometric network maps that anyone can understand, R-studio is
utilised. The software package R-studio was utilised to illustrate the hierarchy of
command, conduct a co-authorship study, and visualise the citation relationships
between individual writers and their respective publications. Different hues were
assigned to different clusters (Waltman et al. 2010). The bibliometrics R-package in
R version 4.0.1 and R-studio version 1.3.959 was used to examine the retrieved
metadata from WoS. Biblioshiny was used for numerous analyses in this
scientometrics report, including trend topics, thematic progression, and multiple
country publication. Associations between nations, authors, and keywords were
used to partition the dataset into multiple color-coded clusters (Van Eck et al.
2010; Waltman et al. 2010). The network visualisation technique was used to depict
the connections between them all, with the proximity of two circles representing how
closely they are related (Khalil and Crawford 2015; Zhao et al. 2018).

3 Results and Discussion

3.1 Xenobiotics

Scientometric studies examine the development of science in a field that may show
the importance of a study, author, or research facility. In the particular subject of
science, it is used to compare the influence of a research paper, researcher, journal,

https://clarivate.com/webofsciencegroup/solutions/web-of-science-corecollection/
https://clarivate.com/webofsciencegroup/solutions/web-of-science-corecollection/


and institutions. Based on a search of the WoS database from 1982 to 2022 using the
keywords ‘xenobiotics’, ‘xenobiotics in fish’, and ‘impact of xenobiotics on fish
physiology’, this study was conducted to assess the amount of scholarly material on
xenobiotics that was available. Between 1982 and 2022, journals included in the
xenobiotics WoS category published a total of 33,056 documents on xenobiotics. In
1955, there was the first instance of a scientific paper on xenobiotics that was
indexed in the WoS. The metabolism of xenobiotics and other medications was
covered in the first publication (Testa 1955). There was a sharp rise in research
publications on xenobiotics in the year 1988 and the trend followed till 2020 (Fig. 1).
With an average of two authors per document (1.61%), 0.629 documents per author,
and a collaboration index of 1.68, there were about 52,574 authors. The average
number of citations per document was 37.84, indicating that the documents were of
significant academic and research value.
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Fig. 1 Annual scientific production trend of research on xenobiotics and xenobiotics in fish

The results of the scientometric analysis show that, between 1982 and 2022, the
United States contributed the most publications (30.38%), followed by Germany,
China, Japan, and France (Fig. 2).

Pharmacology, toxicology, molecular biology, and ecology were the main areas
of concentration for xenobiotics-focused research and scientific publications that
took place throughout the past 40 years in many different fields (Fig. 3). Pharma-
cology leads the field of xenobiotics research with 4070 articles, followed by
toxicology (3564), molecular biology (3131), and ecology (2570). Significant xeno-
biotic research was conducted alongside work in cell biology, biotechnology,
genetics, and engineering.
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Fig. 2 Publication output of top 10 countries on xenobiotics research

3.2 Xenobiotics in Fish

With an average citation per document of 35.71 and a collaboration index of 3.79,
about 3876 writers have contributed to 1080 documents about xenobiotics in fish
study. According to scientometric study, the top contributing nations for xenobiotics
in fish research were the developed nations like the United States, France, Germany,
Canada, and China (Fig. 4).

The study of xenobiotics in fish initially fluctuated greatly year to year and peaked
in the previous decade. The main institutions that contributed to the research were
Oregon State University, the Rudjer Boskovic Institute, the USEPA, the Chinese
Academy of Sciences, the University of Aveiro, and the Spanish National Research
Council (CSIC). The top researchers in the field of xenobiotics in fish include
Andersson, Goksoyr, Schlenk, Cashman, Forlin, James, Pritchard, Monod, and
Buhler with a great rate of collaboration (Fig. 5).

3.3 Effect of Xenobiotics on Fish Physiology

The effect of xenobiotics on fish physiology was the subject of scientometric
analysis, which found a total of 65 published documents by 253 contributing
authors, with a collaboration index of 4.13 and an average number of citations per
document of 50.71. The publications did not follow any trend over the years with
comparatively higher number of publications in 2017 (Fig. 6).

Most research on xenobiotics effects on fish physiology has been done in the
domains of toxicology, marine freshwater ecology, endocrine metabolism, and fish
pharmacology. Sugiyama, Yamazaki, Gershwin, and Wang are among the authors



Scientometric Analysis of Ecotoxicological Investigations of. . . 309

F
ig
.3

M
aj
or

fo
cu
s
ar
ea
s
in

xe
no

bi
ot
ic
s
an
d
its

re
la
te
d
re
se
ar
ch

du
ri
ng

19
82

–2
02

2



310 B. Chanikya Naidu et al.

F
ig
.4

M
aj
or

co
un

tr
ie
s
co
nt
ri
bu

tin
g
to

xe
no

bi
ot
ic
s
in

fi
sh

re
se
ar
ch

du
ri
ng

19
82
–2

02
2



who have contributed the most to studies on xenobiotics effects on fish physiology,
and the most influential countries in the research on xenobiotics effects on fish
physiology were the United States, Japan, China, and the United Kingdom (Fig. 7).
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Fig. 5 Top researchers in the field of xenobiotics in fish from various countries

Fig. 6 Annual scientific production trend of research on the effect of xenobiotics on fish physiol-
ogy during 1982–2022
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Fig. 7 Highly productive authors of research on the effect of xenobiotics on fish physiology, their
networking, and the research source

4 Conclusion

The United States, Germany, and China had more publications in the current study
than the other nations combined. China and the United States are large producers of
xenobiotics, and perhaps as a result of the negative effects that these xenobiotics
have had on their aquatic ecosystems and environment, more study has been
conducted in these nations. To have a broad overview of the research investigations
conducted in this research field, 33,056 research publications in total were analysed.
The research literature produced between 1982 and 2022 was divided and assessed
to determine the change in the pattern of authorship and their affiliation. It
highlighted the key regions, nations, and authors who are leading the field of
research on xenobiotics in fish. In this study, a moderately high level of collaboration
was identified both between and within nations. Additionally, it was discovered that
developed countries with advanced scientific and technological infrastructure had
begun xenobiotics-based research much earlier and produced a large number of
publications. However, very recently, the trend has changed as developing countries
like India have taken on the difficult studies of xenobiotics in aquatic environments
and their effects. The study’s scope was constrained by the fact that it was nearly
entirely dependent on datasets obtained through WoS. However, the study’s general
patterns and important measures may be used as a basis for deciding how to
strengthen institutions, collaborate more effectively, increase grants, and prioritise
research priorities. Similar scientometric analyses of numerous xenobiotics effect on
diverse aquatic creatures over time could undoubtedly aid in understanding the
direction of the field’s study. The scientometrics analysis that was undertaken
gives a global picture of research on xenobiotics in developed as well as emerging



Domain Application Source

(continued)

nations. Policymakers will find the data helpful in identifying the dominant trends in
this area. Governments can use it to plan for the future, spending money on new
research. Additionally, it has emphasised the key institutions for financial advice and
networking, academics for spotting hot-button research subject with the influential
and active individuals in the sector, and industries to discover solutions to the
xenobiotics in aquatic environment issues. As a result, this research report will aid
in identifying potential future line of works.
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5 Virtual Reality Application in Various Domains

S.
no

1 Agriculture VR-based simulation of the natural
environment for cows to improve
quantity and quality of milk

https://www.agritechtomorrow.
com/article/2020/11/smart-farm
ing-is-ready-for-augmented-and-
virtual-reality/12516

2 Medicinal
science

Application of VR to understand the
complex treatment procedure before
carrying out the treatment to the
patients

https://www.news-medical.net/
health/Applications-of-Virtual-
Reality-in-Medicine.aspx

3 Remote sens-
ing and GIS

VR- based interaction with real
objects using 3D visualisation

Singla (2021)

4 Oceanography VR- based creation of plankton zoo
and 3D visualisation of plankton to
learn about phytoplankton

Walcutt et al. (2019)

5 Oceanography VR application in mimicking natural
habitat to elicit behavioural response
(e.g. camouflage) in Loligo
opalescens

Jaffe et al. (2011), Josef (2018)

6 Oceanography Creation of immersive virtual
aquarium with real-walking naviga-
tion by using VR

Jung et al. (2013)

7 Fishing areas Application of VR to map the fish-
ing location present in the US
country to know about the different
fishing locations

https://www.gmw3.com/2021/12/
go-us-west-coast-fishing-in-real-
vr-fishings-upcoming-dlc/

8 Engineering
and design

VR- based creation of prototype
machinery to examineand modify
any defects in the system rather than
making a physical prototype

https://www.xcubelabs.com/blog/
the-applications-of-virtual-reality-
in-the-manufacturing-industry/

9 Military Application of VR for realistic mil-
itary training to combat high-stress
situations and improve skills over
handling weapons and range of
communications.

https://www.futurevisual.com/
blog/uses-vr-military-training/

https://www.agritechtomorrow.com/article/2020/11/smart-farming-is-ready-for-augmented-and-virtual-reality/12516
https://www.agritechtomorrow.com/article/2020/11/smart-farming-is-ready-for-augmented-and-virtual-reality/12516
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S.
no

10 Sports VR sports entertainment accelerates
the athletes training regimen, giving
them a chance to run unlimited reps
to perform better in a true event

https://www.strivr.com/solutions/
industries/sports/#:~:text=A%20
Virtual%20Reality%20(VR)%20
sports,best%20when%20it%20
truly%20matters

11 Manufacturing VR- based manufacturing will allow
the worker to interact with the inside
of an engine to create, repair and to
maintain the machinery

https://www.onewatt.eu/post/
extended-reality-in-machine-main
tenance-and-repair

12 Veterinary
medicine

Application of VR to understand the
anatomy of dog, cow, and equine

https://guides.lib.vt.edu/vetmed/
vranatomy

13 Tourism VR technology implementation of
smart tourism to provide informa-
tion about destinations and attrac-
tions while showing its potential to
become a new tourism service

Pestek and Sarvan (2020)

14 Entertainment VR- based games, theatre, museum,
amusement park, gallery, live music
concerts, hobby lessons

https://jasoren.com/virtual-reality-
for-the-entertainment/

15 Archaeology A prototype of Pleito Cave was
reconstructed by using VR which
leads to understanding the real-time
information of the caves

Cassidy et al. (2019)

16 Education VR- based learning is a promising
tool to learn the concepts clearly and
also engages multiple senses

Christou (2010)

17 Forestry Application of VR to map the pres-
ence of jaguars throughout the
Peruvian Amazon for the effective
conservation

Bednarz et al. (2016)

18 Environment Application of VR to know the
individual carbon print in their daily
activities will make them think in a
different way to reduce carbon
footprints

https://www.unep.org/news-and-
stories/story/experience-your-car
bon-footprint-vr

19 Horticulture VR- based learning of plant physi-
ology can make the individual to
grow the plant and can make them to
tackle the arising problem
effectively

Ai-guo et al. (2011)

20 Medicine VR technology employed in the
drug discovery by engaging differ-
ent scientist in a place for real-time
modification or identification of
molecules or drugs

https://www.labcompare.com/10-
Featured-Articles/577506-VR-for-
Science-Drug-Discovery-and-
More-in-the-Virtual-World/

https://www.strivr.com/solutions/industries/sports/%23:~:text=A%20Virtual%20Reality%20(VR)%20sports,best%20when%20it%20truly%20matters
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6 Status of Fisheries Education in India

In comparison to veterinary and agricultural education, professional fisheries edu-
cation in India got established later. The Central Institute of Fisheries Education in
Mumbai was started in 1961, and it was in 1969, under the auspices of the University
of Agricultural Sciences, Bengaluru, that the first Fisheries College in Mangalore
opened, marking a new era in the professional fisheries education in India at the State
Agricultural/Veterinary Universities. There are more than 32 fisheries colleges and
3 universities offering fisheries education in India for bachelors, and master and PhD
degree programmes. The present annual intake capacity of the B.F.Sc., M.F.Sc., and
PhD programme is 1500, 425, and 185, respectively, while the annual out turn is
about 80–85% of intake (Kumar et al. 2018). Universities and colleges have always
been at the forefront of new technologies, driving innovation, changing industries,
and training the next generation of scientists, developers, and business owners. Right
now, virtual and augmented reality technologies are at the cutting edge of progress,
and things are changing quickly.

7 Possible Virtual Reality Application in Fisheries
Education

Immersive VR application allows the students to reach to any possible environment
without being actually present.

8 Distance Learning/Virtual Classrooms

Students who are able to think creatively have a better shot at learning the problem-
solving, teamwork, and efficiency skills they will need in college and beyond.
Teachers can employ exploration-based learning, an active learning strategy that
encourages students to learn through curiosity and enquiry, to assist students to
acquire confidence and make their education more meaningful (Fig. 8). The concept
of distance learning is growing up after the Covid-19 lockdown as people get used to
online learning platforms. One of the major problems in online learning platforms is
physical engagement, which can be sorted out by virtual reality. Virtual reality
classroom in many examples showed significantly better learning motivation, learn-
ing outcomes, and positive impacts on learning students’ achievement scores (Liou
and Chang 2018).
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Fig. 8 Virtual reality benefits in education
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9 Virtual Field Visits

Visiting a real workplace, especially one that could put students in harm’s way, can
be prohibitively expensive and time-consuming for those pursuing a practical
education. The simulations on underwater environment like trench, coral reef
areas; real-time fishing in ocean and freshwater environments, research cruise,
aquaculture farms, virtual museums, climate change studies, etc., can be created,
which can enable the student to visit these areas from their convenient places and cut
down the travelling cost and time. VR creates psychological presence, a sense of
being there, due to the immersive VR tracking system that detects the user’s body
movements and enables them to feel as though their body is moving in the virtual
world and the virtual world is reacting to their movement. VR is an effective
treatment for some of the phobias like aquaphobia (Morina et al. 2015) and anxiety
disorder (Opriş et al. 2012) due to its high level of presence. Virtual reality meetings
such as conferences, workshops, and symposia are gaining popularity all over the
world. One of the best examples in the fisheries is the thirteenth AFAF (Asian
fisheries aquaculture forum) held in virtual mode in 2022.

10 Virtual Fish and Fish Systems

Traditionally, textbooks, live animals, and cadavers are used in fisheries anatomy
and biology classes to develop a solid foundation of knowledge. The practical
connectivity of students in the anatomy of finfish and shellfish, and biology of finfish
and shellfish systems is difficult in the textbook education. Three-dimensional
(3D) software programs provide a platform for deeper examination of anatomical
structures but are unable to deliver a fully immersive experience. The use of virtual
reality (VR) provides a new type of learning environment and avoid sacrificing live
organisms (Fig. 9). Dissection and identification of vital organs by the students
themselves will be very easy in the VR environment as the users can zoom in and
zoom out the parts and they can know the functions of the organs and systems.

11 Virtual Labs

As the accreditation criteria of many accrediting bodies emphasise, acquiring prac-
tical skills is a critical component of learning outcomes in any fisheries degree. It will
be especially difficult to ensure efficient achievement of these skills with limited
physical delivery. One possible solution to this problem is to use virtual lab
experiments and simulations to help students understand the concepts, important
relationships between variables, and potential impact on experimental rig operation
before physically carrying out an experiment in a laboratory within a much shorter



timeline. Field of cell biology, toxicology, pharmacology, histology, and pathology
studies in aquatic organisms involves hazardous or toxic chemicals in laboratories,
which can be avoided in VR education. The wastage of costly chemicals also can be
overcome in VR education, and the experiment for teaching can be repeated n
number of times (Fig. 10).
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Fig. 9 Glimpse of the Virtual Fish Laboratory developed under NAHEP

Fig. 10 Students of ICAR-CIFE enjoying the virtual reality programme
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12 Conclusion

Those interested in the new teaching technique should not miss this chance to learn
more. Virtual reality has the potential to completely transform education at all levels
by bringing a new dimension to the learning process. Augmented reality promotes
student learning and comprehension through experimentation. We are currently only
witnessing the beginnings of a paradigm shift in education brought about by virtual
technologies. Increasing accessibility is another key component of the future of VR
in the classroom. It benefits both education and technology. Augmented reality is
gaining popularity as application development incorporates new technology. As VR
hardware and software continue to decrease in price, it will soon permeate all facets
of the educational system. Virtual reality (VR) solutions have been proven effective
across a variety of educational settings, and they are generally well received by
viewers. Augmented reality (AR) can transform human existence due to its many
benefits. We must assess unsolved research problems about virtual reality’s
(VR) future barriers and potential benefits. Recent advances in telecommunication
systems, especially the rollout of the 5G network in big economies like China, India,
and the United States, will boost VR-based markets. The Web 3.0 is the next big
revolution that is happening in the world today. The ongoing Covid-19 pandemic
pushed the world to adapt and evolve to challenging situations to keep the economy
running. Every aspect of life, be it education, shopping, running business, banking,
and attending office, became online. Being online is the new normal these days. This
is why VR is going to have a huge impact in all the sectors. VR is increasingly used
in education and training in academia, healthcare, tourism, shopping, and in auto-
mobile and space industries. From an educational point of view, VR will revolu-
tionise the learning experience. Students can immerse and understand subjects that
are challenging to grasp via conventional learning. Increase in educational content in
the VR arena will certainly take education to the next level in the coming genera-
tions. Medical students can have real-time experience in complex surgeries via
pre-recorded real-time surgery videos captured directly through the eyes of the
surgeon himself and an engineering student can have hands-on training in 3D
modelling of complex machineries. A fishery student in relative terms will get to
experience real-time immersive knowledge in a variety of aspects like underwater
oceanic observations, craft and gear handling at the sea, fish processing in big
industries, aqua feed production in feed manufacturing plants, and hatchery opera-
tions to which the students have limited accessibility in many grad schools. In
limited resource settings, VR contents can be crafted to aid the students’ needs.
For example, it is not always necessary for all students to dissect a fish to learn
different parts of its body; every time the student will not get exposure to study
taxonomy of diverse fish groups within a semester, as fish availability depends on
the season and fishing effort which varies substantially across the country. VR can
solve these problems by creating interactive contents to give students a real-time
immersive learning experience around the year and across the country. Not only



does this adaptation make learning wholesome, it cuts down costs and resources
associated with it.
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1 Introduction

Recently, nanotechnology in the context of big data for health analytics has been
used as one of the most promising fields in wide-ranging domains, and it is also
using a new frontier in aquatic animals, aquaculture, fisheries food webs, develop-
ment, and understanding the remarkable response of aquatic life (Rather et al. 2011;
Aklakur et al. 2016; Rayan et al. 2022; Rayan and Zafar 2021). In recent years,
nanotechnology has emerged as one of the most promising fields of artificial
intelligence, the Internet of Things, and industry 5.0, which are very suitable for a
wide range of human activities to improve multiple health responses (Ferosekhan
et al. 2014; Bundschuh et al. 2018; Rayan and Zafar 2021). Moreover, advances in
nanotechnology are evidenced daily to assess the impact of nanomaterials (NMs) on
our environment, especially autotrophs and heterotrophs. Moreover, the currently
available evidence is varied and contradictory (Ashraf et al. 2011; Nandanpawar
et al. 2013; Kakakhel et al. 2021) for the betterment of therapeutic life (Rayan et al.
2021). The introduction of NMs into the aquatic environment with the help of many
intelligent methods like deep learning and machine learning response has many
unpredictable consequences, which are most suitable for high-quality accuracy
(Sajid et al. 2015; Zafar et al. 2021b). NMs are substances with less than 100 nm
in diameter, which possess unique physiochemical characteristics that differ from
their surrounding environment (Palmieri et al. 2021). NPs fall into different catego-
ries such as natural forms of NP are found in soil, water, or volcanic dust. They are
created with the aid of using geological and organic processes (Rai et al. 2018).
Many species are able to adapt and evolve in natural NP-rich environments even if
they are detrimental (Shokry et al. 2021). Nanoparticles have been produced by
companies for many years and used in fields such as agriculture, electronics,
medicine, pharmacy, and beautifying materials such as cosmetics (Tijani et al.
2016). Silver NPs, titanium nitride NPs, and zinc oxide NPs from wastewater
treatment could be harmful to marine organisms, as per earlier studies in different
regions (Yu et al. 2021). Finally, NPs are visible in both (water and earth) environ-
ments, are taken up by living things, and build up until they are eliminated by the
guard cell or other mechanisms (Selck et al. 2016). NPs are foreign components with
unique physical and chemical properties in vivo that can disrupt typical physiolog-
ical systems. They can occasionally impair embryonic development and cause fatal
abnormalities (Rajput et al. 2018). In addition to responding to the known processes,
chemicals that makeup NPs also interact with physiochemical attributes of living
organisms exhibiting specific unique properties. NPs can readily pass through cell
membranes and avoid defence mechanisms because of their tiny size (Cormier et al.
2021). As a result, NMs move about inside the cell, get to organelles like the
mitochondria, change the metabolism of the cell, and lead to cell death (Rana et al.
2020). In turn these cause NPs to circulate. If the NPs are too tiny to enter the cell,
they could interact with the cell membrane and obstruct processes like signal
transduction and ion transport (Medici et al. 2021). NMs can be dangerous due to
their chemical composition and physical properties. Positively charged NPs can



damage cell membrane. Surface coating of NMs can disrupt cellular structures
(Chakraborty et al. 2016). Furthermore, the effect of NMs can be influenced by
other chemicals such as impurities. NMs can also absorb elements that are toxic to
living organisms (Lei et al. 2018).
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Numerous studies have been done throughout the years to identify and compre-
hend NMs impacts, many of which are still unknown. Understanding any potential
negative direct or indirect impact on organisms is essential, given the abundance of
NMs in modern society (Deshmukh et al. 2019). NPs have already been shown to be
toxic to bacteria, algae, invertebrates, fish, and even humans. Several biological
models have been used to evaluate the effects of nanoparticles on living organisms
(McClements and Xiao 2017). NMs are detrimental to reproduction and embryonic
development in studies on mammals such as mice, teleosts, and model organism
zebrafish (Sharma et al. 2016; Okey-Onyesolu et al. 2021). Several studies
conducted inside and outside adult tissues have defined Ag-NPs as highly reactive
molecules with potential genotoxicity responsible for inducing cell death through
oxidative stress (Thines et al. 2017). The inability to detect and quantify engineered
nanoparticles in soil, sedimentary rocks, and liquid and other life forms has impeded
research on their environmental impact. The outcomes of Co-NPs on Eisenia fetida,
an earthworm specie, were also investigated using neutron activation (Zhang et al.
2022). Scintillation and autoradiography were employed to identify 4 nm Co NPs
containing 59 m2/g nano powder in spermatogenic cell waste or the environment.
Following a literature review, similar findings have previously been discovered in
microbes, roundworms, fishes, and cell lines (Ong et al. 2018). Fungicides are
usually made from NMs, for example, Ag, ZnO, or CuO, etc. (Al-Bishri 2018).
Nontarget species can be adversely affected after being released into the environ-
ment, like inhalation of pesticides or exposure to other harmful chemicals. However,
our current understanding of the detrimental effects of nanoparticles is incomplete
(Kuehr et al. 2021). As a result, earlier researchers have presented many ways to
organise this field of research (Muthukumar et al. 2022). Collecting eco toxicolog-
ical information to assess risk given the type of NP. Experiments with nitrogen
dioxide NPs, zinc oxide NPs, copper oxide NPs, silver NPs, single-walled nanotubes
(SWNTs) or single-walled carbon nanotubes (SWCNT-NTs), multi-walled
nanotubes (MWCNTs), C60 fullerenes, are essential (Aruoja et al. 2015). We also
raised the question of the experimental environment for understanding the impact
and nature of the cytotoxic activity, target cell type, and sample treatment of NPs.

Toxicity can affect organisms living in any environment (air, freshwater, or
seawater if inhaled, terrestrial environment) (Cai et al. 2018). Studies and analyses
have been performed on different species, including protozoa, various invertebrates,
chordates, adults, and embryos to investigate the harmful effects of NMs (Gehrke
et al. 2015). This chapter presents some examples of recent research. Rats and fish
included in the animal model are widely used in scientific research. On the other
hand, rare species such as annelids and molluscs are employed in innovative and
informative research. Influence of NMs on aquatic, semiaquatic, and terrestrial
organisms is investigated in this chapter. Animal models and their natural habitats



were the starting point for the logic of the text, but NP class may also be the starting
point.
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Fig. 1 A detailed overview of the use of nanotechnology in aquaculture

The use of nanotechnology enhances the cleaning of aquaculture pools, cure of
water, handling and treatment of aquatic disorders, efficient transportation of food
and medicine (including hormones and vaccines), and the inability of fish to acquire
this matter (Ahmad et al. 2021; Alwash et al. 2022; Sundaray et al. 2022). Many
publications are already available that provide detailed overviews of the use of
nanotechnology in aquaculture (Fig. 1). However, despite their use, there is a risk
of contributing to aquaculture contamination, which is unknown or unnoticed today
(Asche et al. 2022; Larsson and Flach 2022). In addition, the excessive use of
antibiotics to treat various diseases and other synthetic substances as growth pro-
moters has adverse effects on aquatic ecosystems (Fujita et al. 2023). Worrying
scenarios such as developmental and reproductive failure, mortality, and biochem-
ical alterations can lead to enormous economic losses in fisheries (Selck et al. 2016).

On the other hand, they can pose problems regarding human health and environ-
mental safety. It shows gaps, especially for lipophilic bioactive that can be used as
natural remedies rather than artificial ones (Zhao et al. 2022). We highlight these
innovative potential avenues that are projected to have a significant impact.
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2 Aquatic Organisms and Penetration of Nanomaterials

In the field of aquatic animals, the role of bioinformatics and other high technolog-
ical domains is very remarkable in penetrating reproductions in multiple organisms
(Zafar et al. 2021c), and NMs are found to be very impressive domains for under-
taking wide-ranging life responses. Furthermore, for domain applications, the
infusoria (Stylonychia mytilus, Tetrahymena pyriformis), antlers (Daphnia magna),
and amoeba (Entamoeba histolytica) are examples of a few aquatic invertebrates that
can ingest C-based NPs. Carbon nanoparticles’ capacity to penetrate organs is not
entirely understood (Malhotra et al. 2020). Lumbriculus variegatus shallow water
oligochaete, also known as California black worm, was retained in a similar liquid
rich in tagged, unmodified carbon nanotubes at 14 °C, but the tissues were not able to
see the nanotubes (Fischer 2015). Earthworms, in particular, and terrestrial oligo-
chaetes, in general, showed similar outcomes (Eisenia fetida) (Diez-Ortiz et al.
2015). The structure and changes of carbon nanoparticles may alter their capacity
to enter aquatic animals’ bodies. Unmodified fullerene C60 entered zebrafish (Danio
rerio) embryos through the chorion but not hydrolysed nanofibers (C60(OH)24) (Asil
et al. 2020). Unlike fullerenes, the large single-walled nanotube compounds could
not cross zebrafish chorion and instead settled on them. Electron microscopy
revealed that zebrafish chorionic pores have a diameter of 0.5–0.7 m (Wu et al.
2021).

The tendency of C-based NPs to enter within organs is questionable yet. Only the
gastrointestinal tract displayed the signs of nanotubes upon the maintenance of
L. variegatus in a similar liquid enriched with labelled unmodified carbon nanotubes
at 14 °C (Krzyżewska et al. 2016). All terrestrial oligochaetes displayed relatable
outcomes. The structural confirmation and variations in NPs may influence their
capacity to penetrate aquatic organisms (Thanigaivel et al. 2021). Unaltered and
non-hydrolysed fullerene C60 penetrated in embryos of zebrafish through chorion.
Unlike fullerenes, the large single-walled nanotube compounds could not cross
zebrafish chorion and instead settled at their surface. Electron microscopy revealed
that zebrafish chorionic pores have a diameter of 0.5–0.7 m (Follmann et al. 2017).

NMs are designed to ‘persist as particles in aqueous media’, allowing them to
cross biological membranes due to their size. In aqueous solutions, NMs potentially
generate aggregates, other colloidal suspensions, and colloidal suspensions
interacting with aggregates (Yang et al. 2019). This happens because marine habitats
are often highly alkaline, have high ionic strength, and already contain ‘a wide
variety of colloids and natural organic matter’. Due to their proximity to effluents
and effluents, they are likely to contain high colloids, organic waste, and NMs
(Zheng and Nowack 2022). In freshwater, nanoparticle aggregates slowly sink to
the bottom and are more likely to aggregate into the sediment, which can harm
benthic animals. In marine ecosystems, ‘nanomaterials may concentrate at the
boundary between cold and warm currents’, but this is unlikely in the freshwater
of recycling. This increases the risk for animals that feed in these cold and warm
regions, such as tuna (Pulit-Prociak and Banach 2016). Klaine et al. (2008) have a



new possibility: accumulation in ‘sea surface microlayers’ where nanomaterials are
confined due to their surface tension and viscous properties (Klaine et al. 2008). This
threatens not only seabirds and animals but also species that live in the surface
microlayer (Waris et al. 2021). However, no research has been done to look into the
different effects of nanomaterial accumulation in the surface microlayers of the
ocean.
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2.1 Toxicological Effects of Nanomaterials on Aqueous
and Terrestrial Ecosystems

Nanotechnology and the excellent incorporation of NMs are part of a multibillion-
dollar industry with diverse applications from biological sciences to electronics
(Falanga et al. 2020). It is unavoidable that artificial and natural NMs will be released
into the atmosphere, impacting water and soil. This might be due to purposeful or
inadvertent emissions, which means assessing the expanding sector’s possible
implications on environmental, human, animal, and plant health (Kaloyianni et al.
2020).

Much research has been published on the transit and fate of putatively engineered
nanoparticles (ENMs) availability of reliable toxicological information regarding
their exploitation, and safe removal is still scarce. The disparity between ENM
synthesis and toxicity data has prompted the scientific community to develop strong,
stable, and environmentally acceptable procedures for safe manufacturing and
removal (Caixeta et al. 2020). ENMs’ inbound properties significantly impact their
transit into the environment. Doped ENMs, for example, have a hazardous impact
due to their high aggregation stability, low photo bleaching, and delayed
photodegradation. Furthermore, recent studies have shown that the transport and
toxicological impact of ENMs are primarily due to the dissolved ion concentration
rather than the nanomaterial itself or its aggregated form (De Silva et al. 2021)
(Table 1).

Although NMs exist naturally in the environment, technological advances have
resulted in an abundance of novel and artificial nanomaterials that are not found
naturally (Chaukura et al. 2020). Due to a lack of understanding, there is no control
over emissions, and many experts are concerned that this might constitute a threat as
a new class of environmental hazards. NMs are frequently used in various products
due to their limited size and significant surface area, increasing the routes by which
they can come in contact with organisms in the surrounding (Yoon et al. 2018).
Nanomaterials released into the environment through emissions and industrial and
commercial items can significantly impact them, leading them to wind up in
wastewater treatment facilities and, in turn, surface water. NMs not screened in
wastewater treatment facilities are more likely to ‘accumulate in benthic sediments’,
posing a risk to numerous aquatic organisms (Kahlon et al. 2018). Because of their
broad, weak respiratory epithelium, aquatic creatures are ‘especially vulnerable to



(continued)
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Table 1 We compiled data on several NPs and target species with potential aquaculture applica-
tions, including the key comparative testing settings

Nanomaterials Functions Reference

Alginate NPs Alginate, a naturally occurring polymer, is
regularly employed in the food industry to
thicken, emulsify and stabilise various prod-
ucts. Recently, successful testing of alginate
NPs was successful. Nevertheless, there are
significant concerns about its usage due to
the absence of accurate toxicity knowledge
about these substances

Guo et al. (2013), Khosravi-
Katuli et al. (2017), Qi et al.
(2015)

Al2O3 NPs Al2O3 NPs have good insulating and abra-
sive characteristics. Caenorhabditis elegans,
used as live food in aquaculture and aquaria
for species larval development, were used to
investigate the toxicity of nAl2O3. Concen-
trations greater than 102 mg/L immediately
decreased worm development and the num-
ber of eggs within worm bodies and progeny,
whereas concentrations greater than
203.9 mg/L considerably impeded worm
reproduction

Wang et al. (2009)

Ag NPs Silver nanoparticles can be found in various
consumer products, including water puri-
fiers, textiles, pharmaceuticals, and agro-
chemicals (nAg). nAg has been used in
aquaculture to purify water due to its
antibacterial properties, and there is a body
of research on its toxicity to aquatic species
relevant to aquaculture

Márquez et al. (2018)

Au NPs According to Zhu et al., Au NPs (nAu) are
used in various industries’ detection.
Although it is frequently used, nothing is
clear about its ingestion in organisms living
in water bodies. Further research observed
that Au NPs do not exhibit toxicity (hatching
delay)

Khosravi-Katuli et al. (2017),
Mohandas et al. (2018)

CeO2 NPs CeO2 nanoparticles are used in various
applications, including fuel additives, coat-
ings, electronics, and biomedical devices.
There are still many unknowns about how it
harms the environment and human health.
After 14 days of nCeO2 exposure, zebrafish
accumulate only in the liver. During a five-
day experimental study, P. lividus was
exposed to the CeO2 (50–105 nm) NPs at a
concentration of 10 mg/L, causing death later
on two days, while the testing model
remained alive at 0.1 mg/l

Khosravi-Katuli et al. (2017),
Roberta et al. (2021)

Chitosan NPs Chitosan nanoparticles can cross tight junc-
tions between epithelial cells, potentially

Ahmed et al. (2019), Bhoopathy
et al. (2021)



threatening humans, animals, and the envi-
ronment. Zhang ( 1) found that D. rerio
embryos treated with chitosan nanoparticles
(200 nm) with high concentration died and
deformed at 40 mg/L with nearly 100%
mortality

201
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Table 1 (continued)

Nanomaterials Functions Reference

Cu NPs Copper NPs (nCu), particularly nCuO, are
one of the most prominent metallic
nanoparticles (NPS) and display bactericide
and antifouling properties, as well as solid
heat conductivity, which may influence
aquaculture
The earlier researcher treated zebrafish juve-
niles to aquatic nCuO for 48 h and found
histological damage, Cu accumulation in the
gills, and 82 differentially expressed genes
compared to controls

Shah and Mraz (2020), Vicario-
Parés et al. (2018)

Fe NPs The Fe2O3 NPs are widely utilised in bio-
logical applications such as cellular label-
ling, drug delivery, tissue regeneration,
in vitro bioseparation, and hyperthermia,
with additional applications including
wastewater purification and as a food addi-
tive in aquaculture
The researcher revealed both fatal and
sub-lethal effects on medaka fish (Oryzias
latipes) after a 14-day exposure to nFe, stat-
ing NPs coated with CMC or cellulose gum
were less harmful compared to non-coated
forms (ROS production and CAT change)

Mukherjee et al. (2022),
Refsnider et al. (2021)

La NPs According to Mácová et al. (2014), com-
monly used in water treatment, industry, and
medicine. Mácová et al. (2014) exposed boy
D. rerio and P. reticulata for 96 and 144 h,
respectively, and reported the following
LC50 values: 156.33 5.59 and 128.38
5.29 mg/L, followed by 152.98 8.06 mg/L.
As a result, the use of La NPs can have
potentially dangerous consequences

Mácová et al. (2014)

Quantum dots Quantum dots are employed in biosensing,
bioimaging, and monitoring the quality of
water bodies. According to Khosravi-Katuli,
Mykiss treated with O. 2 g/L QDs in 2 days
exhibited a rise in overall metallothionein.
Lewinsky et al. (2011) treated brine shrimp
(Artemia franciscana) and crustacean
(Daphnia magna) with 0.6 mg QD for 24 h.
These were then presented to both immature
and mature stages of D. rerio for 21 days as a

Hébert et al. (2008), Khosravi-
Katuli et al. (2017), Wu and Yan
(2013)



food source. Although zero post-exposure
mortality was reported still 4% QD accumu-
lation in young and 8% in adult stages were
found. The researchers received comparable
outcomes following an in vitro experiment
using O. mykiss liver cells

(continued)
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Table 1 (continued)

Nanomaterials Functions Reference

Selenium NPs Se is a bionutrient product suitable for
increasing aquaculture as it is a trace mineral
that many species, including fish, need for
proper physiological function and growth
(Khan et al. 2016). Khan et al. (2016) studied
the physiological and biochemical impacts of
nSe supplements (0.68 mg/kg diet) on juve-
nile fish (Tor putitora), comparing RBC
count, HB level, haematocrit levels, and lytic
enzyme activity along conventional diets
showed an increase in and other biochemical
parameters

Singh and Onuegbu (2020)

Silicon diox-
ide NPs

According to Babu et al. 2013, they are
beneficial for optical imaging and drug
delivery, but their use in aquaculture has also
been observed, reducing the risk of disease
transmission in overcrowded aquaria. Nev-
ertheless, the researcher observed increased
mortality and malformations in zebrafish

Babu et al. (2013), Duan et al.
(2013), Rahman et al. (2022)

Sn oxide NPs Owning to the rigidity of low-temperature
conductance, tin oxide NPs are crucial for
developing optronics, gas sensors, and elec-
trochemical energy storage systems.
Regarding nSnO2 toxicity to aquatic organ-
isms, just two life forms are found, and their
potential use in aquaculture is currently
under investigation. After P. reticulata was
exposed to 150 mg/L nSnO2 for 5 days,
Krysanov et al. (2009) found that tin accu-
mulates in the gonads, spleen, intestine,
liver, muscle, and thymus. The results of
Falugi et al. (2012) on the effect of sea urchin
(Paracentrotus lividus) on tin oxide have
been mentioned in the ‘Fe-NPs’ section
beforehand

Falugi et al. (2012), Krysanov
et al. (2009)

SWCNTs Carbon nanotubes have been employed in
aquaculture setups to improve water treat-
ment and food stability

Khan et al. (2021)

Titanium
dioxide NPs

Varnishes, papers, fabric, synthetic poly-
mers, sunblock, makeup, and edible items
are some commercially accessible goods that
employ nTiO2. Aquaculture may utilise
nTiO2 in direct and indirect ways, as
discussed in the preceding sections

Khosravi-Katuli et al. (2017),
Müller (2007)



(Khosravi-Katuli et al. ). Investigating
its possible toxicity to aquatic creatures is
therefore required

2017

contaminants’. Changes in pH, water temperature, and oxygen levels can increase
the dangers associated with nanomaterials in aquatic settings and should be consid-
ered when assessing risk. Plants are also vulnerable to nanomaterial exposure due to
soil contamination or inadvertent discharge (Bakshi 2020).
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Table 1 (continued)

Nanomaterials Functions Reference

Zinc oxide
NPs

According to Rather et al. (2018), ZnO NPs
are employed in optoelectronics, cosmetics,
catalysts, ceramics, pigments, and aquacul-
ture. Based on concentrations, contact dura-
tion, and targeted species, different results
have been found regarding the impacts of
ZnO

Rather et al. (2018)

Live NMs have been found to penetrate live creatures and ‘exercise harmful
effects’ at the cellular level, including membrane rupture, protein inactivation, DNA
damage, interruption of energy transmission, and toxic chemical release (Bobori
et al. 2020). Due to the significant role of producers and microorganisms in the food
chain, it is crucial to comprehend the potential impact that such vast industries may
have on biodiversity in upcoming times (Grillo and Fraceto 2022). This study will
discuss the toxicological consequences of waste-manufactured NMs in terrestrial
and aquatic habitats and their implications for human health and environmental
safety. The current investigation will be subjected to the hazardous effects of
inappropriately disposed of nanomaterials in the environment and human health.

2.1.1 Uptake of Nanomaterials in Aquatic Ecosystems

Nanoparticles are designed to ‘persist as particles in aqueous media’, allowing them
to cross biological membranes due to their size. In aqueous solutions, nanomaterials
potentially generate aggregates, other colloidal suspensions, and colloidal suspen-
sions interacting with aggregates (Wu et al. 2019). This happens because marine
habitats are often highly alkaline, have high ionic strength, and already contain ‘a
wide variety of colloids and natural organic matter’. Due to their proximity to
effluents and effluents, they are likely to contain high concentrations of colloids,
organic waste, and nanomaterials (Saxena et al. 2020).

In freshwater, NMs’ aggregates slowly sink to the bottom and are more likely to
aggregate into the sediment, which can harm benthic animals. In marine ecosystems,
‘nanomaterials may concentrate at the boundary between cold and warm currents’,
but this is unlikely in freshwater. In terms of recycling, the concentration of
nanomaterials at the boundary between cold and warm currents is a phenomenon
observed in marine ecosystems but is unlikely to occur in freshwater (Wu et al.



2017). This increases the risk for animals that feed in these cold and warm regions,
such as tuna. Buffle and Leppard (2008) proposed a new possibility: accumulation in
‘sea surface microlayers’ where nanomaterials are confined due to their surface
tension and viscous properties. This endangers not only seabirds and animals but
also species that live in the surface microlayer. However, no studies have been
performed before to investigate variable implications of nanomaterial accumulation
in the surface microlayers of the ocean (Laux et al. 2018).
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2.2 Toxicological Profiling of NMs in the Aquaculture Sector

Different TNPs are employed in the maritime sector. Several studies are underway to
ensure their safety outside the aquaculture industry (Atamanalp et al. 2022). The
details of potential NMs in aquaculture applications, including the critical compar-
ative testing settings, are mentioned in Table 2. All their effects on live animals
(especially aquatic ones) are unknown, and their use in aquaculture raises public
concern. The toxicity of NPs, as mentioned in Fig. 2, might vary based on their
delivery method, as well as toxic kinetics and toxic dynamics (Khosravi-Katuli et al.
2017). NP concentrations in feed, on treated surfaces, or in water might be more
importantly broad than expected NP ambient levels of up to mcg per litre or more.

Algins, Al2O3, Au, Ag, cerium dioxide, CuO, and CsAg nanocomposites area a
few examples of NPs along target species with potential aquaculture uses.
A summary of crucial relative test parameters. Short-term exposure times have
been studied mainly for species of tangential aquaculture relevance (i.e. A. Salinna
annua).

3 Effects of NPs on Aquatic Animals

Both freshwater and marine environments contain significant amounts of NPs.
Finding out how these NPs affect aquatic creatures was made possible by several
studies. These results might vary, though (Exbrayat et al. 2015). Recent insights
examined nanoparticles as novel contaminants that have variable effects depending
on their sizes and are not yet completely understood. Numerous laboratory experi-
ments have revealed that their constant exposure harms fish and invertebrates
(Jenifer et al. 2020). The nature of these possible consequences was evaluated
using traditional or less conventional animal models. As a result, several works
focused on bony fish, specifically the trout O. mykiss and the Danio rerio. Other
research focused on plankton, sea urchins, molluscs, daphnia, and other crustaceans.
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336 I. Zafar et al.

Table 2 Profile of toxic nanomaterials

Nanomaterials Functions Reference

Carbon
nanomaterials

Aggressive behaviour and respiratory
disorder have been observed in
O. mykiss upon nanotubes exposure to
water at 0.5–0.1 mg concentration.
(Smith et al. 2007). According to the
studies, adding fullerene C60 induced
biochemical alterations in large-
mouth bass and fathead minnow,
suggesting a detriment impact on the
development of both fishes’ gills,
brain, and liver. A change in
behavioural pattern and mortality was
observed at 0.25 mL/L of the lowest
possible fullerenes concentration in
daphnia (D. magna). Fullerenes C60

and C70 are embryotoxic and
genotoxic during the early stages of
zebrafish embryogenesis by signifi-
cantly increasing embryo abnormali-
ties and subsequent mortality at 200 h/
L maximum doses of fullerene allo-
trope
Additionally, the hydroxylated forms
of the fullerenes were less hazardous
than the original. However, Petersen
et al. (2014) showed that pure fuller-
ene C60 dispersed through sonic
waves in aquatic environments by
25 mg/l was not poisonous; however,
C60 dispersed in tetrahydrofuran was
toxic and altered the gene expression
of larvae. On the other hand, single-
walled carbon nanotubes did not
affect the continued development of
larvae and instead delayed zebrafish
hatching
Axolotl larvae and Xenopus tadpoles
showed no acute or genotoxicity in
amphibian tests using carbon
nanotubes suspended in water.
Xenopus tadpoles were toxic to
nanotubes but at high levels. (500 mg/
L) only

Haque and Ward (2018), Krysanov
et al. (2010), Petersen et al. (2014),
Sarasamma et al. (2019), Smith et al.
(2007)

Metal oxides
nanomaterials

The efficiency of photosynthesis in
green algae (Pseudokirchneriella
subcapitata) was not affected by tests
to determine the toxicity of metal
oxides (TiO2, ZrO2, Al2O3, and
CeO2). However, these algae could
not grow at 600 g/L concentration.

Basiuk et al. (2011), Hou et al.
(2018), Tetu et al. (2017), Wiench
et al. (2009)



According to a Zn, Al, and TiO tox-
icity analysis in D. rerio juveniles,
only ZnO concentration was found
harmful for the fish. The zinc oxide
nanoparticle lethal dose (LD50) after
96 h was 1.8 mg/l
The DAPHIA investigations showed
that titanium dioxide nanoparticles are
not hazardous, even at concentrations
of 100 mg/l in 48-h testing. However,
the length of exposure enhanced the
toxicity of nanomaterials. For
instance, the LD50 for titanium diox-
ide was 2 mg/l during 72 h. In con-
trast, TiO2 nanoparticles decreased
Daphnia seven’s growth and repro-
duction in the case of prolonged
exposure at values of 0.5–5 mg/l

(continued)
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Table 2 (continued)

Nanomaterials Functions Reference

Titanium diox-
ide
nanomaterials

Rainbow trout exposed to 1 mg/L
TiO2NPs did not experience adverse
toxic effects, but sublethal effects
such as internal organ disease and
biochemical and respiratory abnor-
malities were found. For two months,
TiO2 nanoparticles were added to the
meal of rainbow trout under a year old
at doses of 10 and 100 mg/kg,
although this did not affect the fish’s
growth or haematological features.
However, it was found that the
amounts of copper and zinc ions in the
fish nervous system were disturbed,
which altered the biochemistry of the
gills and gut. The hydrated tin dioxide
nanoparticles (SnO2) in guppies did
not have acute or genotoxicity

Handy et al. (2011), Smith et al.
(2007)

Metal
nanomaterials

Every aquatic organism exhibits dif-
ferent toxicity levels depending on the
type of metallic nanoparticles they are
exposed to. For instance, the Cu and
Ag NPs showed 0.04 and 0.06 mg
LD50 after 48 h. These nanomaterials,
however, were less harmful to fish.
Zebrafish died due to gill pathology
brought on by copper and silver
nanoparticles. For nanomaterials over
48 h, respective LD50 concentrations
were found to be 7.2 and 0.9 mg/L.
Morphological abnormalities in
D. rerio larvae increased when their

El-Samad et al. (2022), Lacave et al.
(2018), Zhao et al. (2013)



spawn was incubated with silver
nanomaterials, and the scientists also
showed a relationship between anom-
alies and Ag nanomaterial doses. Ag
NPs at maximum concentrations
accelerated morphological defects and
mortality in zebrafish larvae
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Table 2 (continued)

Nanomaterials Functions Reference

Semiconductors Freshwater muscle (E. complanata)
reared in aquatic conditions enriched
with cadmium telluride and QDs at a
concentration range between 1.6 and
8 mg/l showed the vital signs of
immunotoxin and Geno toxins pres-
ence. The viability and activity of the
haemocytes decreased, while oxida-
tive stress and the frequency of DNA
fragmentation increased within gills

Giroux et al. (2022), Parolini et al.
(2010)

Dendrimers Sublethal concentrations of fourth-
generation polyaminoamide
(PAMAM) dendrimer with NH2

group are found to be more poisonous,
interrupting developmental processes
and retard the growth of D. rerio
embryos

Tamayo-Belda et al. (2022)

3.1 In Fish

The immature stage of salmon developed sodium borohydride (NaBH4) after reduc-
ing silver NPs when subjected to silver nanoparticle suspension. The size range for
colloidal Ag-NPs, both manufactured and purchased, was 3–220 nm (Stanková
2015). In all tests, fish gills collected Ag-NPs, except when NP concentration was
least (1 g/L). The effect of response was dose-dependent, which caused a consider-
able spike in the stress level of gills through HSP70 and plasmatic glucose
(Ackerman et al. 2000). Dose-dependent inhibition of Na/K ATPase ubiquitous
enzyme exhibits an osmoregulatory default (Mackie et al. 2007). At maximum
concentration, 100 g/L silver nanoparticles led to necrosis of gill lamella, resulting
in the death of 73% of fish. All these experiments showed how nanoparticle
preparation could adversely affect the surrounding organisms (Handy et al. 2008).

Considering their chemical characteristics and behaviour linked to aggregation
dynamics and equilibrium of freely available metal ions may cause acute toxicity of
metallic nanoparticles. Metallic-NPs can potentially be more toxic to some fish
species than their dissolved versions (Barría et al. 2020). Numerous organ patholo-
gies, including those of the gills, liver, gut, and brain, revealed some similarities
between the responses to NPs and metal salts. Some consequences for development
were also seen (Han et al. 2021). Ag-NPs were applied to the chorion, the egg’s
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membrane, or the growing embryo. Zinc and copper nanoparticles show more
adverse consequences for embryos and young animals than the equivalent salt
(González-Fernández et al. 2021). It is still feasible that metal-NPs stimulate the
relevant stress reactions to obstruct them. Since the end of the 2000s, researchers
have been examining how fish react mechanically to NPs and other nanomaterials.
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In contrast to other chemical compounds, this research compared the methods of
substance absorption, distribution, metabolisation, and excretion in fish (Forouhar
Vajargah et al. 2020). The TiO2-NPs and C60 fullerene have been tested for these
properties in the gills, digestive system, liver, and adrenals, among other organs. NPs
more thoroughly enter the tissues by endocytosis than through diffusion or ionic
carriers, such as the equivalent metal ion (Benavides et al. 2016). In fish, NPs might
be removed with bile but are seldom expelled through the kidneys. The effects ZnO
NPs were investigated in an in vitro experiment employing human and fish liver cell
strains. These NPs clumped together, which significantly increased the toxicity of
fish cells. The dissolved salts produced by NPs would be hazardous to human cells
(George et al. 2014). A comparison of studies using tumour-bearing human hepato-
cytes Huh7 grown in vitro and in vivo revealed that the 120-nm-diameter Ag-NPs
entered the hepatocytes and caused oxidative stress characterised by ROS produc-
tion, IFN expression, and disruption of the endoplasmic reticulum (Daufresne and
Boet 2007).

In vitro studies on D. rerio revealed that silver nanoparticles’ neurotoxicity is
distinct from silver ions. Different forms of Ag nanoparticles, coated with PVP or
ionic forms, all have a variable impact on embryonic development (Kumar et al.
2020). Ag+ retards the swim bladder development and is directly connected to
multiple deformities in fishes. In response to light stimuli, fish behaviour was also
altered. Small-sized Ag nanoparticles coated with PVP induced hyperactivism,
whereas large particles induced hypoactivism in affected fishes due to light exposure
(Johnston et al. 2010). A thorough examination revealed that the adult nervous
system was affected by 1–20 nm Ag–NPs was given to zebrafish embryos.
Ag-NPs’ production of Ag ions can potentially increase mortality and deformities
(Parsai and Kumar 2020). Ag-NPs may affect cell differentiation by inhibiting cells
using acetylcholine as an intermediate. In addition, Ni-NPs caused deformities and
death in zebrafish embryos. Contrary to the Ni solution, which had no impact, the
guts showed thinning upon contact with Ni-coated NPs (Lai et al. 2021). Soluble as
well as Ni-NPs of 30, 60, and 100 nm sizes affected skeletal muscles.

A minimal difference between the toxicity of soluble NI and Ni-coated
nanoparticles was found. On the other hand, skeletal muscles and the gut were
susceptible to 60 nm massive aggregates of dendritic Ni-NPs toxicity (Shaw and
Handy 2011). Zebrafish embryos carried 10 nm Au NPs that travelled throughout
their whole bodies. However, the impacts on growth were inversely proportional to
concentrations; these particles were collected in aggregates with sizes dependent on
concentration (Geppert et al. 2021). The observed abnormalities could be the result
of being randomly distributed. Ag NPs are more harmful than Au NPs when it comes
to toxicity, which depends on chemical characteristics. D. rerio embryo can there-
fore serve as the perfect experimental model for in vivo studies, particularly



regarding materials’ biocompatibility (Guerrera et al. 2021). A comparison of the
impact of CuSO4 and Cu NPs on the gills of O. mykiss showed the accumulation of
these substances in varying amounts. NP and salt were associated with increased Cu,
although the spleen, brain, and muscle showed no signs of product accumulation
(Shaw et al. 2012). Finally, at low concentrations, Cu NPs appear to have toxic
effects comparable to CuSO4.
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Except for Cu and Zn, metallic concentration in tissues remains unaffected by NP
accumulation in the brain. Na+/K+ ATPase decreased in gills and intestines.
Thiobarbituric acid (TBA) increases in the brain and gills dose-dependently
(Tabassum et al. 2016). Ag NPs dose-dependently reduced membrane integrity,
and cell metabolism in hepatocytes culture from various species. Au NPs increased
ROS without adverse effects. Indeed, the effects of Ag and Au NPs on trout
hepatocyte cultures were sometimes contradictory (Singh et al. 2009). D. rerio
juveniles and embryos were ingested with 25 nm TiO2 NPs to investigate their
impact on developmental processes. During an experimental activity, they were
added to commercial food, while in another, fish were given algae that had already
been exposed to TiO2-NPs (Schultz et al. 2014). Hatching occurred early and
minimally affected young animals at low concentrations. However, after 14 days
of exposure to tainted food, the physiology of the digestive system changed.

4 Toxicity of Nanomaterials

In toxicity studies regarding engineered nanomaterials, numerous research groups
have evaluated sublethal and lethal concentrations, cell proliferation, embryonic
toxicity, chromosomal abnormalities, and fertility issues in animals.

5 Bio Modification and Migration Along Food Webs

Limited hydrophilicity and instability of aqueous suspensions of NPs are two of the
main problems in their use in biology and medicine. Attempts to treat nanomaterials
with organic solvents to make them more hydrophilic lead to increased toxicity of
the nanomaterials (Wang et al. 2020). However, the ability to create nanoparticle
suspensions in water without increasing nanoparticle toxicity has been met with
some success. Very shortly, many biologically accessible nanoparticles may enter
the environment (Wang et al. 2016). Engineered NMs have been shown to change
spontaneously in an aqueous environment, making them more accessible to organ-
isms. In addition, they can be artificially modified to make them more hydrophilic
(Souza and Fernando 2016). Naturally present fulvic acid and humic enhance the
stability of fullerene and nanotube suspensions. As a result, aggregates do not form
or occur in moderate amounts.
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In contrast, studies have shown that polysaccharides improve the sedimentation
of nanomaterials and reduce their mobility. The ability of nanomaterials to adsorb
organic environmental toxins has been shown to increase toxicological impact
(Rhim et al. 2013). For example, fullerene C60 in water increases the toxicity of
phenanthrene to daphnids by order of magnitude. In contrast, titanium dioxide
nanomaterials increase the accumulation of arsenic and cadmium in carp organs
(Krysanov et al. 2010). It is also recognised that organisms themselves can modify
nanomaterials. For example, fullerene C60 has been shown to combine with vitamin
A to form a molecule in the liver of house mice (Dellinger et al. 2013). Due to their
chemical activity, carbon nanotubes can combine with other organic components in
the body to produce chemical compounds (proteins, phospholipids, and DNA).
Various organic substances bind to nanomaterials, allowing them to enter cells
(Mu et al. 2014). Supplementing proteinaceous culture media with nanotubes has
shown unexpected results in Tetrahymena pyriformis strains.

We found that culture development was stimulated with increasing nanotube
concentration. The authors hypothesised that protein–nanotube interactions increase
the amount of protein reaching the cell and promote cell development by increasing
the amount of protein entering the cell can enter the bodies of aquatic invertebrates,
but how far up the food chain it goes is unknown (Naskalska et al. 2021). It has been
demonstrated that transportation of QDs from infusoria to rotifers could be due to the
food chain. No data on vertebrates is available yet. NMs could potentially move
down the food chain and focus on higher consumers. This may influence the severity
of toxic effects for species with different trophic levels.

6 Current Nanotechnology in Aquaculture

The use of vaccination in aquaculture is essential as a defence strategy against
pathogens to protect hosts against these pathogens. In silico investigations at the
genome level (Rather and Dhandare 2019; Rather et al. 2020; Zafar et al. 2021a),
oral management, and recent vaccinations in the aquaculture sector are the most
reliable and efficient immunisation method (Okeke et al. 2022). The latter is a
conventional adjuvant technique requiring an oil-in-water formulation to manufac-
ture the vaccine, with some unfortunate consequences. These compositions and
administration techniques occasionally result in fish death (Fajardo et al. 2022). To
circumvent these problems, the scientific community has proposed a nanodelivery
system as an alternative method of administering vaccines to fish that is believed to
be safer and more effective. Among them, alginate particles were selected as the first
candidate for oral administration of vaccines to aquatic animals (Sarkar et al. 2022).
Alginate particles are often produced by emulsification, one of the most rapid and
scalable NP production techniques. Several fish survival, weight, and antigenicity
adjuvant researchers have reported alginate and management to improved
immunostimulatory responses of carp (Cyprinus carpio L.), spotted grouper



(Epinephelus fuscoguttatus), and improved protection of flounder (Scophthalmus
maximus L.) against several diseases (Harikrishnan et al. 2011).
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PLG, or PLGA, is a biodegradable copolymer widely employed for encapsulating
and transporting various substances into fish. Recent research discovered strong
immune-stimulatory and antibody responses in these fish compared to the control
group (Wang et al. 2018). Another study team in Japanese flounder also found
similar outcomes, with DNA vaccine encased in PLGA demonstrating improved
inducing effects on immunological measures against lymphocytes. Compared to the
control group, carp (Cyprinus carpio) with liposomes encapsulating Aeromonas
salmonicida antigen had a higher survival rate (83%) and fewer skin ulcers (Shah
and Mraz 2020). Hydrophilic antigens significantly increased serum antibody
counts, boosting the immunity of common carp.

7 Conclusions

With enormous growth, aquaculture represents one of the fastest-growing sectors. It
provides a competent employment platform and significantly impacts the national
economy through revenue generation. Integrating nanotechnology in aquaculture
promises to reinvent traditional practices and serious challenges. Exceptional
physiochemical properties of NMs have extensive applications in aquaculture
research and development and promote aquatic organisms and life. NMs are
employed in drug delivery, broad-spectrum antimicrobial activity, biomaterials
engineering, and ecological remediation. In nanotechnology, NPs have become a
significant source of economic and scientific innovation to provide remarkable
results.

On the other hand, the widespread use leading to the uncontrolled discharge of
these particles and other toxic effluents has negatively impacted multiple modes of
life. Various poorly designed, newly engineered NMs and NPs are coming to light
every other day, turning them into potential environmental pollutants. They come in
sizes from 1 to 100, and their ecological toxicity has been suggested to be linked to
their physiochemical properties. As aquatic organisms are directly exposed to
distinct metallic nanoparticles via food, water, and sediments, thus, their low con-
centrations can induce toxicity in fishes and other aquatic organisms.
Biomagnification of their mixtures in aquatic life harm terrestrial biodiversity by
accumulating in the food chains. The intrinsic chemical reactivity of nanoparticles
causes inflammation, oxidative stress, and genotoxicity of biological systems. It has
adverse impacts on human health, increasing animal disease rates and degrading the
ecosystem.

A sustainable approach regarding the employment of NMs in aquaculture and
fisheries demands a deeper insight into their accumulation into ecological systems
and impacts on contemporary life forms. Public engagement is crucial in terms of
food and safety to preserve confidence in nanotechnology. Moreover,



multidisciplinary collaboration between researchers public and private sectors is
mandatory for the future success of aquaculture resulting in global benefit.
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Microplastic Contamination in Aquatic
Organisms: An Ecotoxicological Perspective

Udai Ram Gurjar, Suman Takar, Adnan Amin, and K. A. Martin Xavier

1 Introduction

The majority of the plastic debris present in aquatic environments are microplastics
(Eriksen et al. 2013). Plastics have become the prime marine pollutants, contributing
to approximately 80% of all global marine debris. Several studies have estimated
that eight million tonnes of plastic products enter the sea each year. Plastic waste is
expected to increase from 50 million tonnes in 2015 to 150 million tonnes by 2025
(Jambeck et al. 2015). With the rising global population and changes in lifestyle,
humans are producing huge amounts of plastic waste. Just 192 coastal countries
produced approximately 275 million tonnes of plastic discards in 2010. This figure is
expected to rise by an order of magnitude by 2025 (Jambeck et al. 2015). In litter, a
variety of different sizes and shapes of plastic debris have been identified.
Macroplastics (>200 mm) are easily visible to the human eye, including large
items like discarded water bottles, plastic bags, and food containers. Mesoplastics
are slightly smaller in size (5–200 mm), though typically still visible with relative
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ease (Eriksen et al. 2013). Microplastics are defined as plastic particles less than five
millimetres in size or their largest dimension (Arthur et al. 2009). It is estimated that
roughly 5.25 trillion floating particles of microplastics were present on ocean
surfaces globally in 2013 (Eriksen et al. 2013). Humans are using the rivers and
oceans as garbage cans or dumping grounds; therefore, global freshwater and coastal
water resources are becoming polluted (Sharma and Chatterjee 2017). Microplastics
are a global concern, affecting aquatic (freshwater and marine), terrestrial, and
distant arctic habitats, consequently influencing numerous lifeforms (de Sá et al.
2018; Gurjar et al. 2021a). Plastic debris is found in all over the global environment
due to its widespread use and durability of synthetic polymers (Duis and Coors
2016). Globally, several commercially important aquatic organisms ingested
microplastic litter (GESAMP 2016; UNEP 2016). Therefore, it is essential to
know the microplastic interactions with flora and fauna at an individual level.
Numerous studies have observed the availability of microplastics in the gastrointes-
tinal tracts of different fish species out of which many are commercially important
(Rochman et al. 2015; Karuppasamy et al. 2020; Robin et al. 2020; Gurjar et al.
2022). The ingestion of MP items by organisms leads to reduce food consumption
and fitness. In the case of fish, they can injure gills and block the intestinal tracts. The
current studies show that additives such as phthalates, BPA, PBDEs, nonylphenol,
and antioxidants can leach out from microrubber or plastic products into the aquatic
resources (Amelia et al. 2021), which poses serious health issues to aquatic animals
such as endocrine-disrupting, gene alteration, toxicity, and DNA damage (Chen
et al. 2019). Microplastics pose threats to aquatic organisms as well as human life;
therefore, it is necessary to stop the overuse of plastic products and implement new
policies to monitor the plastic litter sources (Amelia et al. 2021; Prata 2018). Chronic
biological effects are observed in various aquatic biota due to accumulation of MPs
in their tissues (Hamed et al. 2020; Chen et al. 2019). MPs can be loaded with a wide
range of substances to meet industry and consumer demand (preservatives, addi-
tives). Furthermore, these MPs act as vectors and have the ability to adsorb toxic
chemicals in the environment. As a result, this chapter discusses some of the most
important aspects of microplastics such as sources, eco-toxicological effects on
aquatic organisms, and their management.
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2 Sources of Microplastics

Microplastics in the environment are a very diverse group of particles that vary in
shape, size, chemical composition, colours, and density. Microplastics in the envi-
ronment come from various sources. Land-based sources of MPs contributed nearly
80% of the total plastic waste in the oceanic environments. Industrial, domestic, and
coastal activities are the primary paths for entering the plastic items in the aquatic
ecosystem (Derraik 2002). MP pollution in the aquatic environment is contributed
mostly by the plastics being disposed into the river system, which ultimately makes
its way to the ocean water and thus degrades within a given time period. It has been



assessed that rivers transported 70–80% of plastic to marine ecosystems. The
creation of plastic items from the manufacturing units (Lechner et al. 2014; Sadri
and Thompson 2014), leaking of microbeads and plastic powders produced by
air-blasting techniques (Claessens et al. 2011; Zbyszewski et al. 2014), fishing
activities, aquaculture industries, coastal tourism, and careless usage of fishing
gears are further sources of microplastic contamination in the marine and coastal
habitat (Desforges et al. 2014; Gurjar et al. 2022). Hence, marine resources are
mostly contaminated by plastics that enter the coastal waters through wind, rivers,
canals, wastewater, and industrial discharge (Thompson 2006; Moore 2008). There
are several sources of MPs and nanoplastics in marine environments such as
toothpaste, cosmetic products, face wash, washing products, and hand cleansers,
which enter the water canals via industrial drainage and domestic discharges
(Derraik 2002; Fendall and Sewell 2009; Duis and Coors 2016).

Microplastic Contamination in Aquatic Organisms: An. . . 355

2.1 Primary Microplastics

Primary microplastics have been generally described as plastics generated or
released into the environment in lengths ranging from a few micrometres to 5 mm
(Lassen et al. 2012). MPs are utilised as exfoliants in a variety of personal care
products, including toothpaste, and facial and hand cleaners. Primary microplastics
can persist in their original form or can break down into secondary microplastics.
Based on chemical contents, these primary microplastics are generated by the
unintended release of intermediary plastic raw material (nurdles, mermaid tears,
pellets) and arise as by-products of various events such as particles released from
maintenance of plastic items, industrial manufacture units, fibres, and dust
(GESAMP 2015). The primary microplastics’ entry route into the environment is
primarily determined by their application: microplastic particles from cosmetic
products generally enter the environment via wastewater, whereas primary MPs
used as raw materials for various products may enter into the environment via
unintentional loss during transportation and transhipment or waste runoff from
various industrial plants. When primary microplastics are too small to be retained
by sewage treatment plants, they either enter the oceans directly or indirectly via
rivers and streams.

2.2 Secondary Microplastics

Secondary microplastics are formed through the fragmentation of larger plastic
materials (Lassen et al. 2012). These microplastics are formed when larger plastic
products degrade or break into tiny pieces. It is estimated that approximately
75–90% of the plastic waste in the marine ecosystem comes from land-based



sources, with the remaining 10–25% coming from ocean-based sources (Mehlhart
and Blepp 2012).
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The following are the ways for the entry of secondary microplastics into the
natural habitat, such as (1) fibres from the textile industries might arrive through
waste discharge following the washing and drying of clothes; (2) weathering of
plastic items utilised in the agriculture sector may arrive through the surface soil
runoff; (3) microplastics generated during abrasion of tires arrive through surface
runoff and air; (4) weathering and breakdown of different substances in landfills by
photodegradation may lead microplastics into the rivers, ocean, and atmosphere via
surface runoff and wind forces; and (5) fragmentation and breakdown of plastic
debris along the coastline may endure in coastal beaches and sediments or be further
transferred to offshore waters (Browne et al. 2011; Napper and Thompson 2016).

3 Microplastics in Aquatic Organisms

Inland ecosystems can act as receivers, sinks, and transporter of plastic pollution.
Rainfall is a key source of environmental microplastics pollution that brings inland
water resources. The marine resources are affected by plastic pollution due to
terrestrial runoff, industrial waste, domestic and laundry waste through rivers, or
direct discharge. Anthropogenic activities in the coastal area, such as recreation,
fishing, and the marine industry, contribute significantly to MP pollution in marine
resources. Marine snow is an important mechanism for transporting microplastics
from the ocean surface to deep pelagic and mesopelagic zones, and it may also
increase their bioavailability to benthic biota.

Microplastics enter the terrestrial environment, and soils have already been
assumed to be a sink for MPs. Most consumer plastics are initially buoyant and
abundant on the surface of water, or the top 20 cm of the water column, which has
been addressed in numerous studies (Duis and Coors 2016). MP concentrations were
maximum in the most populated and tourism parts of the lake-friendly area. A
parallel macroplastic survey revealed that household plastics items (plastic bags
and bottles) and fishing gear were the most prevalent macroplastic substances at
shore areas of the lakes.

Microplastics in the ocean can absorb and release toxic substances and are
ingested by marine biotas (Amelia et al. 2021). Worldwide, more than 220 aquatic
species have been recorded to ingest microplastic litter; out of this, 58% are
commercially important species (GESAMP 2016; UNEP 2016). Therefore, it is
essential to know the microplastic interactions with flora and fauna at an individual
level. Globally, numerous authors have observed the availability of MPs in the
gastrointestinal tracts of wild and commercially important fish and shellfishes
species from the North Sea (Foekema et al. 2013), English Channel (Lusher et al.
2013), Indo-Pacific Ocean (Rochman et al. 2015), the Baltic Sea (Rummel et al.
2016), the Adriatic Sea (Anastasopoulou et al. 2018; Pellini et al. 2018), the
Mediterranean Sea (Nadal et al. 2016; Güven et al. 2017), the East China Sea and



South China Sea (Jabeen et al. 2017); the North Eastern Atlantic (Neves et al. 2015),
Bay of Bengal (Hossain et al. 2019), and Indian waters (Karuppasamy et al. 2020;
Robin et al. 2020; Saha et al. 2021; Gurjar et al. 2021b, 2022). The percentage
occurrence of MPs in fish varied from 2.6% in the North Sea (Foekema et al. 2013)
to 8.95% in the southeast Bay of Bengal (Karuppasamy et al. 2020), 18% in the
Central Mediterranean (Romeo et al. 2015), 21.40% in the southwest coast of India
(Robin et al. 2020), 35% in the North Pacific Central Gyre (Boerger et al. 2010),
41.1% in Kerala waters (Daniel et al. 2020), 58% in the Mediterranean Sea (Nadal
et al. 2016; Güven et al. 2017), 77% in Tokyo Bay (Tanaka and Takada 2016), 95%
in the Adriatic sea (Pellini et al. 2018), and 100% in the East China Sea and South
China Sea, R’ıo de la Plata, Adriatic Sea, Mumbai (Arabian sea) waters (Jabeen et al.
2017; Pazos et al. 2017; Anastasopoulou et al. 2018; Gurjar et al. 2022). Remark-
ably, microplastics were found in samples collected from fish markets, including
25% and 28% of fish caught off the west coast of the United States and Indonesian
waters, respectively (Rochman et al. 2015).
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Similarly, MPs have been found within 20% of individual fish species
(Oreochromis niloticus and Lates niloticus) bought from the Tanzania fish market
originating from Lake Victoria (Biginagwa et al. 2016). Jabeen et al. (2017) col-
lected 27 fish species from Shanghai fish markets originating from freshwater Lake
Taihu and marine waters (East China Sea, South China Sea, and Yangtze Estuary)
and found that microplastic ingestion varied from 1.1 to 7.2 particles/individual.
Wild fish larvae of commercially valued species harvested from the English Channel
have also been observed with microplastic ingestion (Steer et al. 2017). However,
many commercial fish species are ingested with microplastics, still limited informa-
tion about their impact on consumption is available. Microplastics can be retained in
the digestive tract or egested with faecal matter.

Various studies have revealed the connections between newly introduced plastic
materials and aquatic animals (Wright et al. 2013). Different shapes and sizes of
microplastics have been ingested by filter feeders, detritus feeders, corals, as well as
predators (Browne et al. 2008, 2013; Cole et al. 2013; Lusher et al. 2013; Setala et al.
2014; Carlos de Sa et al. 2015; Hall et al. 2015; Sussarellu et al. 2016; Gurjar et al.
2022). Hence, there is no doubt that several aquatic organisms are consuming MPs.
Fish are the most vulnerable aquatic faunas to accidental microplastic ingestion. In
general, MPs are consumed directly at the lower trophic level and then pass through
the food chain to reach higher trophic levels (Nelms et al. 2018).

In nature, there are numerous ways through which incidental ingestion of MPs
happens such as trophic transfer, being swallowed with natural food, or predation
(Cedervall et al. 2012; Peters and Bratton 2016). Deliberate ingestion occurs when
fish falsely ingest plastic as food (do Sul and Costa 2007). MPs’ incidence or
ingestion was noticed in several internal organs of aquatic organisms, such as guts,
gills, muscles, livers, brain, and gonads (Ding et al. 2018; Su et al. 2019; Wang et al.
2019). Some fishes regularly feed on microplastic items existing in the natural
environment (Carson et al. 2013). Welden and Cowie (2016) have observed
microfibres in the GI tract of lobsters from North and West Scotland. Microplastic
ingestion is also observed in pelagic fishes such as European sardines and anchovy



(Pennino et al. 2020). MPs have been recorded in killer whales (top marine preda-
tors) from the North Pacific (Harlacher 2020) and demersal sharks of the North-East
Atlantic (Parton et al. 2020). Therefore, it might have a greater chance of trophic
transfer of microplastics due to the predatory species feeding upon plastic-
contaminated prey items (Lusher et al. 2016). But still there is no conclusive proof
of MP bio-magnification in situ at the higher trophic species, although
bioaccumulation of MPs was observed within trophic levels (Miller et al. 2020).
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4 Eco-Toxicological Effects of Microplastics

Microplastics have various environmental effects, including physical (mechanical)
effects on organisms, acting as vectors for hydrophobic pollutants and substrates for
organisms, and influencing sediment (soil) properties (Duis and Coors 2016).
Aquatic animals impacted by the microplastic particles trigger global awareness
and concern adequately. Consumption of MP items may reduce the amount of food
consumed as well as the organism’s health. They can also cause intestinal blockages
and damage to gill tissues and intestinal tracts. Recent studies show that additives
such as phthalates, PBDEs, BPA, nonylphenol, and antioxidants can leach out from
plastic or rubber items into the aquatic resources (Amelia et al. 2021), which poses
serious health issues (endocrine-disrupting, DNA damage, toxicity, gene alteration)
to aquatic animals (Chen et al. 2019). Recognising that images of marine animals
impacted by the negative effects of plastic particles raise global awareness and
concern, a growing number of researchers think that plastic items pose a more
significant threat to aquatic environments and, potentially, human health (Derraik
2002; Thompson et al. 2004; Ng and Obbard 2006; Barnes et al. 2009; Fendall and
Sewell 2009; Lozano and Mouat 2009). As the abundance and pervasiveness of
microplastics in both pelagic and benthic ecosystems increase, the probability of
encountering and interacting with these small particles with aquatic biota will
increase. Globally, in different studies authors noticed the ecotoxicological effects
of microplastics on different aquatic organisms such as fish, crustaceans, molluscs,
Annelid, Echinoderms, and rotifers. These groups play a significant role in aquatic
food chain and webs (de Sá et al. 2018). Because of their feeding behaviour and
habitat, these organisms are likely to be affected by plastic pollution. Also, several of
these organisms are extensively used for human food; therefore, they are a probable
source of MPs’ contaminants for humans. MPs have been shown to cause oxidative
stress, reduce feeding activity, neurotoxicity, reduce growth, reduce reproductive
fitness, genotoxicity, and ultimately cause death in aquatic organisms (Table 1).

In laboratories studies, authors have observed the ecotoxicological effects of
nanoplastics and microplastics on fishes, such as disturbing organ and tissue dam-
age, intestinal permeability, disorders of the intestinal microbiome, immune and
behavioural functions, reproductive potentials, metabolism activities, and even brain
(Gu et al. 2020; Qiao et al. 2019; Pitt et al. 2018; Lei et al. 2018; Jacob et al. 2020).
Yang et al. (2020) described that polystyrene microplastics with the size of 50 μm
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deposited in the intestinal tracts of Carassius auratus larvae could lead to oxidative
stress, guts, liver damage, gills damage, and obstruct the growth, and nanoplastics
(NPs) can enter into the muscle tissues through the epidermis of larvae, consequently
having adverse effects. In crucian carp, even the NP materials pass through blood to
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Table 1 Effects of microplastics on aquatic organisms in various ecosystems

Plastic
polymer

Marine
water

Polyethylene Mytilus
galloprovincialis

Immune response,
genotoxicity, and oxidative
stress-related toxic effects

Avio et al.
(2015)

Marine
water

Polyethylene Pomatoschistus
microps

Reduced predatory perfor-
mance and efficiency

de Sá et al.
(2015)

Estuarine
water

Polyethylene Pomatoschistus
microps

Neurotoxicity Luis et al.
(2015)

Marine
water

Polyethylene Dicentrarchus
labrax

Mortality and induction of the
cytochrome P450

Mazurais
et al.
(2015)

Freshwater
(lab
experiment)

Polystyrene
and
polyethylene

Danio rerio Immunity, behavioural activi-
ties, and transcriptional pro-
cesses are all altered

Limonta
et al.
(2019)

Freshwater Polyester Gambusia
holbrooki

MPs in head and body parts Su et al.
(2019)

Marine
water

Polystyrene Sebastes schlegelii Increased oxygen consump-
tion and ammonia; reduced
growth and swimming speed

Yin et al.
(2019)

Marine
water (lab
experiment)

Polystyrene Girella laevifrons Leukocyte diffusion,
hyperaemia, and crypt cell
degeneration

Ahrendt
et al.
(2020)

Marine
water

Polyester and
polyethylene

Dicentrarchus
labrax, Scomber
colias, Trachurus
treacherous

Neurotoxicity as well as oxi-
dative damage

Barboza
et al.
(2020)

Freshwater
(laboratory
experiment)

Microplastics Oreochromis
niloticus

Oxidative stress and DNA
damage, extreme production
of reactive oxygen species
and change in the antioxidant
parameters

Hamed
et al.
(2020)

Freshwater
(reservoir)

Microplastics Micropterus
salmoides,
Dorosoma
cepedianum

Alteration in physiological
functions and feeding

Hurt et al.
(2020)

Freshwater
(lab
experiment)

Polystyrene Salmo trutta Changes in resting habits Schmieg
et al.
(2020)

Freshwater
(lab
experiment)

6PPD and
6PPD
quinone

Danio rerio Induce developmental
behavioural, and
cardiotoxicity, oxidative
stress, locomotor activity

Varshney
et al.
(2022)



the brain, which can cause brain injury and behaviour dysfunction (Kashiwada 2006;
Mattsson et al. 2017). The collective effects of MPs and other associated stressors
(e.g. absorbed chemicals, temperature, heavy metals, and nanoparticles) on fish were
too reported (Ferreira et al. 2016). Furthermore, microplastics are an issue for filter–
feeder megafaunas such as baleen whales and sharks since they would like to filter a
huge quantity of water per day to fulfil their nutrition and food requirements
(Germanov et al. 2018). In studies, authors have observed the incidence of
microplastics with their associated pollutants (such as persistent organic pollutants,
and additive phthalates) in baleen whales, Balaenoptera physalus, implying direct
MP ingestion and feeding on polluted prey items through filter-feeding (Fossi et al.
2012, 2014, 2016). Recent studies have evidenced that additives like phthalates,
PBDEs, BPA, nonylphenol, and antioxidants can leach out from microrubber or
plastic materials into the aquatic ecosystems (Liu et al. 2019, Chen et al. 2019,
Khaled et al. 2018, Paluselli et al. 2018, Turner et al. 2020), which poses serious
health issues (endocrine-disrupting, DNA damage, toxicity, gene alteration) to
aquatic animals (Chen et al. 2019; Boyle et al. 2020; Kolomijeca et al. 2020;
Capolupo et al. 2020; Roda et al. 2020; Oliviero et al. 2019; Pikuda et al. 2018).
Microplastics can provide a possible route for the transfer of absorbed contaminants
into the tissue of aquatic organisms, causing a health risk (Fig. 1). Though the
combined risks of MPs and allied pollutants may be species-specific and chemical-
specific (Teuten et al. 2009; Browne et al. 2013; Bakir et al. 2016; Campanale et al.
2020; Amelia et al. 2021).
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Fig. 1 Impact of microplastic on fish health
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5 Management of Microplastics

The impact of three comprehensive management strategies, such as plastic waste
management, waste reduction, and environmental recovery, has been evaluated at
various levels of effort to estimate plastic emissions in 173 countries by 2030
(Borrelle et al. 2020). Stopping overuse, increasing awareness and behavioural
changes in people, improving waste separation technology, expanding the measures
of recycling, and reusing plastic products are the simplest and superb ways to reduce
or mitigate plastic pollution. People need to develop household-based systems that
prevent the entry of microplastics into the sewer lines. Pollution caused by
microplastics can be reduced by reducing the sources of pollution, implementing
appropriate waste management plans, and integrating plastic into the circular econ-
omy. To reduce MPs in the environment, we need to develop infrastructure facilities,
waste valorisation, and cost-effective plastic waste management techniques and
possible substitutes. Non-recyclable plastics can produce energy, transforming plas-
tic waste into a usable and sustainable source of energy. Plastic litter discharge into
environments can be considerably reduced by implementing appropriate waste
management activities, extending the shelf life of plastic items, and raising aware-
ness among people, allowing the ocean life to be restored (Mallik et al. 2021).

6 Conclusions

Microplastics are a significant problem in the aquatic environment. A large amount
of research in this field, along with the large volume of results describing the
problem of MPs and their effects on fish and aquatic life, has shed some light on
this issue. MPs can cause stress, intestinal obstruction, and health problems, and
more research is being conducted to determine the full potential risks of MPs in
aquatic organisms. Plastics contain a large number of substances that can
bioaccumulate throughout the trophic food chain. More studies are required to
know the MPs’ threshold level and its effects throughout the food chain or web, as
well as studies that better manage these issues. More attention needs to be given to
knowing the human health risks of consuming MP-contaminated seafood, and more
emphasis should be placed on fish processing interventions to reduce MP contam-
ination in seafood prior to consumption. From the above-discussed issues, it can be
suggested that proper mitigation measures and enforcement of new laws or guide-
lines are required to control microplastic pollution in the aquatic environment.
Increased awareness and education on marine litter by incorporating these aspects
into educational curricula and outreach materials targeted to different age groups to
promote behavioural change is needed.
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Effects of Xenobiotics and Their
Degradation in Aquatic Life

Iqram ul Haq, Umer Aziz Mir, Sabeehah Rehman, Rasy Fayaz Choh Wani,
Mir Shabir Hussain, and Ishteyaq Majeed Shah

1 Introduction

With advancements in scientific technologies, industrialisation, or globalisation,
human lives are affected in both ways, be it positive or negative. Since advancements
in technologies are definitely bringing change in our lives, but nonetheless there are
growing concerns about the fact that globalisation or industrialisation has impacted
heavily and negatively on aquatic bodies. Among the negative aspects, one major
concern is the introduction of new substances into these waterbodies. The sources of
these new substances are medicines, by-products of various personal care products,
among others, and finally ending up in waterbodies. The term xenobiotics is actually
a combination of two words with xenos meaning foreign (something which is not
natural) and bios standing for life. So, xenobiotics represent a class of chemicals or
substances that are not naturally present in any given water ecosystem. The
non-biodegradable nature of these substance makes it impossible for wastewater
treatment plants to effectively remove them from waste water, making it possible to
end up in various food chains and infecting and affecting human lives.

Water-soluble environmental chemicals can enter the body via the gills of aquatic
creatures, whereas hydrophobic xenobiotics can enter the body via contaminated
food. Respiratory work of aquatic organisms is generally carried by gills (Carvalho
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2011; Ray and Ringø 2014). The functions of gills other than those of respiration
include waste excretion, maintenance of homeostasis, including pH, hormone pro-
duction, etc. (Foyle et al. 2020; Zhang et al. 2021). Even though the gill structure of
most bivalves has underwent secondary evolution to serve as feeding appendages,
however, the prime function remains osmoregulation. Less emphasis has been
placed on ion transport (Riisgård et al. 2015; Moreira et al. 2015). Whether we
talk of fish or mollusc gill, gill structure represents an important and vital link
between aquatic fauna and environment as it is the structure that comes in contact
(frequently) with aquatic environment. Since gills are lined with selective barriers,
controlling uptake of nutrients as well as removal of toxic xenobiotics is needed
(Armitage et al. 2013; Wang and Wang 2015). The presence of such selective
barriers throughout the digestive tract confers fishes the property to control absorp-
tion of many small molecules. According to the study carried out by Collinder et al.
(2009), and Karasov and Douglas (2013), the digestive structure of both terrestrial
and aquatic animals is essentially the same. However, the variation observed in
relative length and volumes of various regions like oesophagus, stomach, with an
oesophagus, stomach, midgut, and hindgut is attributed to food and nutrient extrac-
tion and absorption. In case of both fish and humans, the epithelia of small and large
intestines is largely responsible for nutrient uptake, including water and ions
(Sundell and Rønnestad 2011; Kiela and Ghishan 2016), and this process
(i.e. nutrient uptake whether micro- or macronutrients) is mediated by simple
diffusion, kind of enhanced permeability, or the involvement of secondary active
transport coupled with electrical potentiality (Sundell and Rønnestad 2011).
According to the studies carried out by Müller et al. (2017) and Nicklisch and
Hamdoun (2020), an absolute integration of solute carrier (SLC) proteins and
ABC transporters, found on the apical and basolateral membranes of enterocytes,
on the other hand, inhibits the absorption of dietary toxins and contaminants,
including xenobiotics and biotoxins.
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Despite the differences in gastrointestinal macro- and microanatomy between
aquatic and terrestrial species, there is limited knowledge regarding the chemical
composition, amounts of food intake, and xenobiotic defence mechanisms in the
digestive tracts of fish and like organisms. Furthermore, knowledge of the molecular
interactions of water and foodborne pathogens with these transportation networks, as
well as how these interactions may change nutritional homeostasis and hazardous
contaminant bioaccumulation, is lacking.

2 Epithelial Transport in Aquatic Organisms’ Digestive
System

Since the prime function associated with digestive system is absorption of nutrients,
water and minerals form the food to produce energy used for growth and develop-
ment. In addition to this function, this digestive system serves as an environmental



barrier, preventing xenobiotic absorption and its accumulation. As already
discussed, integration of several SLC and ATP binding cassette transporters present
in the gills as well as intestines of many aquatic organisms, including fishes,
performs a key role in xenobiotic efflux, ion flux, cell signalling processes, and
absorption of nutrient material.
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2.1 Transporters of Nutrients and Endogenous Substrates

Secondary active transporters of the solute carrier (SLC) family typically mediate
transepithelial transfer of nutrients in the gastrointestinal system. SLCs are the most
common type of secondary active membrane transporter in humans (Höglund et al.
2011; Hediger et al. 2013). SLCs can facilitate bidirectional transport (Kottra et al.
2002; Winter et al. 2011); however, they are mostly involved in nutrient and ion
uptake (Zhang et al. 2018; Felmlee et al. 2020; Song et al. 2020). In spite of their role
in nutrient absorption and metabolic equilibrium, these transporters are, however,
infamously understudied both in humans and aquatic creatures (César-Razquin et al.
2015; Barat et al. 2016).

3 Impact of Xenobiotics on Aquatic Life/Fauna

Advancements in the system of industrialisation as well as urbanisation have given
birth to a wide range of pollutants of which xenobiotics have found a top-notch place
in the toxic list of pollutants. Azole, phenolic, polycyclic aromatic hydrocarbon
(PAH), halogenated, personal care product (PCP), pharmaceutical active ingredient
(PhAC), pesticide, nitroaromatic, triazine, and chlorinated chemicals have an
adverse effect on the environment due to their long-term durability and sluggish to
nonexistent biodegradation in ecosystems. Anthropogenic sources such as urbani-
sation and population expansion are producing xenobiotic contamination in the
environment. Massive volumes of toxic substances discharged into the environment
pollute whole ecosystems. The list includes sediments, aromatic hydrocarbons,
pesticides, fertilisers, herbicides, among others.

Anthropogenic activities, including urban transportation, spraying housing,
industrial production, and building construction, are large contributors of both
ground and surface water pollution in urban environments through diffusive and
point contributions. Numerous investigations have revealed the presence of various
chemicals and signs of human intervention in urban water systems (Strauch et al.
2008). Mishra et al. (2019) examined various trace metals, xenobiotic pollutants, and
synthetic organic pollutants with the likes of phthalates, PAHs, and pesticides,
among others, in diverse bodies of water. Xenobiotic chemicals can infiltrate water
bodies via a variety of routes. These include (a) continual inputs from commercial
and fossil fuel products, as well as sewage effluents; (b) surface water runoff from



highways and land surfaces; (c) particle deposition in the air; and (d) solid waste
burning (Essumang 2010). Also, through the leaching process, xenobiotic chemicals
also reach the water table, affecting the very ecology of various aquatic ecosystems
(Fent et al. 2006). In the presence of xenobiotic contaminants, aquatic organisms
experience oxidative stress. Recently, research carried out by Ibor et al. (2019) at the
artificial Eleyele lake in Nigeria showed elevation in oxidative stress response in fish
fauna in the presence of xenobiotic contamination.
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Xenobiotics negatively imparts the metabolism of marine organisms, particularly
growing fish embryos, leading to morphological deformities, functional abnormal-
ities, stunned growth, and eventual death. Additionally, fish with altered body forms,
physiological abnormalities, delayed hatching, and mortality have been seen (Arya
and Haq 2019). Dyes and paints are xenobiotics even in trace doses because they
obstruct sunlight penetration and gas exchange (Abdelkader et al. 2011). The major
xenobiotic pollutants of marine life include pesticides and herbicides. In agricultural
and everyday life, chemicals like organophosphates, nitrophenols, morpholine,
pyrethroids, and carbamates are routinely used; these chemicals eventually wind
up in many bodies of water, such as the sea and ocean. Insecticides like
-cypermethrin are very dangerous to marine life and invertebrates (Zhang et al.
2011). Environmental xenobiotics are any manufactured substances that are not
ordinarily anticipated to occur in any organism. The presence of various environ-
mental xenobiotics greatly and negatively affects both ecosystems and humans.
Pesticides, polychlorinated biphenyls, persistent organic pollutants, dangerous
heavy metals, etc., are some fine examples of environmental xenobiotics, and there
is a wealth of scientific data demonstrating the adverse health effects that these
substances are having on people. Among the various health concerns connected with
environmental xenobiotics, neurotoxicity, immunotoxicity, nephrotoxicity, hepato-
toxicity, and cancer are the most commonly highlighted. However, the general
population is less aware of their potential toxicity and different routes of exposure.
As a result, an attempt was made in this research to critically examine current
literature in order to help future investigations on the health effects of xenobiotics
so that the findings of such studies can address the situation on the ground. As a
result, this chapter in nutshell discusses a number of particular xenobiotic com-
pounds, as well as the ways in which they can be ingested and the long-term
repercussions of doing so.

4 Impacts of Xenobiotics on the Ecosystem

Around 24% of world illnesses and some 13 million deaths are attributed to
environmental pollutants. Today, detectable quantities of pharmaceutical prepara-
tions can be detected in water and foods, including rivers and oceans, as either the
original drug or a metabolite (Banjoko 2014). The impact of medication on people
and animals goes beyond the fundamental goals of conventional medical care. The
majority of APIs (active pharmaceutical ingredients) derived from medications,
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whose by-products may contaminate the environment, are contributed by the phar-
maceutical sector.
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Pollution is detected physiologically by aquatic creatures. Fent et al. (2006)
examined the presence and effects of pharmaceuticals in the aquatic environment,
discussed putative mechanisms of action based on research on mammals, and
assessed the acute and long-term effects on species of ecotoxicity. Pharmaceuticals
find their way into the environment either in original shape or in the form of
metabolites. Humans normally eliminate chemicals through digestion, excretion,
and wastewater disposal. Human drugs are the most prevalent type of medication
discovered in municipal wastewater. Pharmaceuticals can be found in high amounts
in hospital wastewater, industrial wastewater, and landfill leachates, finding their
ways into rivers, lakes, etc., and maybe in drinking water and ending up in damaging
ecosystems and associated fauna. Sewage used for agricultural purposes also poses a
high risk of contamination. Medication that has an environmental impact typically
has a high manufacturing volume, long-term environmental persistence, and biolog-
ical activity. According to recent research, rising levels of pharmaceuticals identified
in surface waterways throughout the world have raised concerns, notably concerning
their impact on aquatic vegetation and animals. Fish are the aquatic organisms with
whom humans have the most pharmaceutical targets. Medicines’ long-term impacts
on aquatic species are little known. According to the study carried out by Cuklev
et al. (2012), fish when subjected to a dose of l g/L diclofenac, both gene expression
and organ histology are found to be altered. NSAIDs like diclofenac, ibuprofen,
among others, were detected at 27 sites along the Kaveri velar and Tami rapini rivers
of south India, posing the greatest toxicity risk for all those depending on these rivers
for water purposes (Shanmugam et al. 2013). Several therapeutic concoctions have
been found in both streams and rivers. It has been discovered that antidiabetic and
antihistamines diphenhydramine greatly discombobulate the biofilm population,
which is vital to the ecology. Microbe aggregates known as biofilms are actually
the cells that adhere to one another and/or a surface and are usually encased in a self-
produced matrix of extracellular polymeric polymers. Impacts of pollutants like
diphenylamine on biofilm can be determined by the fact that organisms in food
web such as fish and insects are largely impacted because these biofilms are food
suppliers for vertebrates, which in turn are easily accessed by higher food web
organisms (Rosi-Marshall 2013). Some mussels spawn prematurely as a result of
antidepressants, disturbing aquatic homeostasis. Furthermore, fluoxetine and pro-
pranolol have been found to be toxic to many zooplankton and benthic species.
Microbes produce biofilms in response to cellular identification of specific o
nonspecific attachment sites, nutritional signals, and planktonic cell exposure to
subinhibitory antibiotic dosages (Karatan and Watrick 2009). In female sea snails
exposed to tributyltin, imposex (masculinisation) was seen. Dichloro-
diphenyldichloroethylene (DDE) -induced eggshell thinning in birds is one of the
best examples of reproductive harm leading to significant population declines in a
variety of European and North American raptor species. Over time, DDT exposure
in male western gulls has been linked to ovo-testis. The majority of cleaning
products contain the broad-spectrum antibacterial chemical triclosan (TCS) to



prevent the growth of bacteria, fungi, and mildew. Domestic wastewater, leaking
septic systems, and sewage overflows all cause triclosan to infiltrate streams. Long-
term usage of these antibiotics breeds germs that are resistant to them, potentially
diminishing the effectiveness of crucial treatments (Drury et al. 2013).
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The most well-known effects of EDC in aquatic animals include reduced repro-
duction and development (Kid et al. 2007). Recent studies discovered many brain
targets for EDC that are present in meaningful quantities in surface waters. PCBs
have been demonstrated to reduce reproductive and immunological function in
Wadden Sea harbour seals, as well as Baltic grey and ringed seals in field studies
(polychlorinated biphenyls). Other food-chain animals that may be harmed include
the guinea pigs, polar bears, and rabbits. A chemical spill in Florida resulted in
altered genital development in alligators. Furthermore, DDT-complicated experi-
mental research employing alligator eggs has been linked to the reported androgenic
and oestrogenic effects.

Although urbanisation, population growth, commercialisation, and globalisation
have both positive and bad consequences on our lives, they are undeniably causing
change (Bulucea et al. 2012). International links, technical innovation, and market
expansion intensify global concerns such as economic centralisation and the relax-
ation and ease of the movement of commodities and services. Nonetheless, despite
the benefits, globalisation has a detrimental impact on the environment from an
economic and political aspect, and a healthy environment is a need for a good level
of life (Banerjee et al. 2008). Technology development, increased longevity, better
access to medical care (for humans and animals), routine use of personal care items,
and/or pesticides all result in new substances being released into the environment
(Jaffe 2005; Eugine and Vincent 2016). A thorough study should be done on these
substances’ immediate and long-term impacts on people, animals, and the ecosystem
because they have the potential to be hazardous either alone or in combination (air,
water, and soil). Environmental problems have been caused by poor usage of
education and drug disposal, along with the disregard for the environment demon-
strated by some businesses, despite the fact that knowledge of the issue is growing
(Wu 1999). Pollution develops as a result of man-made toxins that either do not
dissolve or disintegrate extremely slowly in the environment (El-Saad and Elgerbed
2010). Science has yet to discover a good and practical artificial deterioration
approach that meets all requirements. The term ‘xenobiotics’ refers to foreign
materials in living form and is derived from the Greek terms ‘xenos’ (foreign) and
‘bios’ (life) (life). Wastewater treatment plants and rainwater runoff are primarily
responsible for the occurrence of xenobiotics in freshwater (Ahlborg et al. 1992;
Anetor et al. 2008; Cataudella et al. 2012). The removal of xenobiotics from
wastewater by wastewater treatment facilities is frequently insufficient, allowing
xenobiotics to infiltrate public sewers, enter the food chain, and directly damage
people (Rosas and Eskenazi 2008; Neal and Guilarte 2012), as well as contributing
to micropollutant pollution of aquatic bodies (Julvez and Grandjean 2009; Soderland
et al. 2010; Descamps and Deschamps 2012). Even though colonies of bacteria and
other microorganisms have been discovered to be successful in breaking down
particular xenobiotics, activated sludge is typically insufficient for this task.



Communities would have to adapt to xenobiotics and operating parameters in
wastewater (Garcia et al. 2012; Singh et al. 2017) that are financially unviable in
typical plants. A lot of effort is being put into developing and refining biological or
physicochemical mechanisms that are more effective in removing xenobiotics from
water; these processes will be discussed later. Pharmaceuticals and personal care
products, for example, were shown to have a substantial impact on removal effi-
ciency due to technical developments (PPCPs), and secondary treatment procedures
were found to be varied (and inefficient) in eliminating pharmaceutical pollutants
(Ozaydin 2017). Various international organisations like US EPA, EMA, and EEA,
among others, have been carrying out the high-end research to lessen the harmful
nature/toxic effects of various xenobiotics and to look for the ones (pollutants) that
need urgent readdressing. However, in order to prevent or minimise the negative
impacts of xenobiotics and identify the most pressing pollutants, it is required to
know the amounts of contaminants in the environment that are affecting both people
and animals. Xenobiotics are distinct, have an impact on both the environment and
public health, and their potential for harm is not fully recognised, claims the US
EPA. Many directives and laws which are in place aim to enhance environmental
quality by continuously looking and monitoring a list of harmful compounds. It is
critical to identify pollution sources and implement the most cost-effective and
ecologically friendly strategies to reduce pollutant emissions at their source. (Kim
et al. 2015), and environmental quality standards (EQS) for those priority com-
pounds were established by Directive 2008/105/EC. This list is being continuously
updated based on data sets on toxicological impacts. In the sphere of water policy,
Directive 2013/60/EC includes a list of 45 priority compounds. The most latest
scientific and technological information is provided in the EQS for those substances.
The research ‘Modes of action of the current Priority Chemicals list under the Water
Framework Directive and other chemicals of interest’ is one of several papers on the
modes of action (MoA) and impacts of priority substances and other compounds on
the WFD’s Watch List (WL). The research includes information on assessing these
chemicals using effect-based methodologies (biomarkers and bioassays), with an
emphasis on combinations of drugs and their possible interactions in the aquatic
environment. Second, chemicals on the priority list are divided into 17 groups, while
those on the watch list are divided into 8 groups. The European Medicines Agency
(https://www.ema.europa.eu/en, accessed on 5 June 2021) offers scientific advice on
the best strategy for meeting regulatory requirements that apply to medical goods in
the European Union.
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5 Biodegradation of Xenobiotics

The degradation of non-biodegradable complex materials into products that are
acceptable in the environment includes carbon dioxide, water, and biomass. These
compounds are redistributed into the environment through ecological cycles like the

http://www.ema.europa.eu/en


sulphur cycle, nitrogen cycle, and carbon cycle. The degradation process is accom-
plished by the metabolic action of certain microorganisms including bacteria in
natural environmental conditions (Karak 2012). Microorganisms play a key role in
biodegradation, with the advancement in technology and molecular biology genet-
ically engineered microorganisms are being extensively used to counter environ-
mental problems such as the addition and accretion of xenobiotics into the biosphere.
Over the decades the acceleration in environmental pollution by xenobiotics has
emerged as a serious concern (Rathore et al. 2022). The microbes employ different
method for the bioremediation of xenobiotics. some of the methods are shown in
Fig. 1.
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Fig. 1 General methods employed by microbes in the bioremediation process

Xenobiotics like phenolics, azodyes, personal care products, halogenated com-
pounds, pharmaceuticals active compounds, polycyclic aromatic hydrocarbon,
nitroaromatic compounds, triazines, pesticides, antibiotics, and chlorinated com-
pounds negatively impact the environment owing to their non- or slow biodegrad-
able nature and their ability of persistence in the environment. The most serious
threat of xenobiotics is biomagnification apart from causing adverse effects at each
tropic level by making their way into the food chain (Zhou et al. 2022). All life
forms, plants, and animals, including human and environmental health, are adversely
affected by major xenobiotic compounds.

The aquatic habitat forms the pool of accumulation of xenobiotics and has
emerged as a sink for the hazardous complex polymers that are usually
non-biodegradable. Efforts have been made to eliminate these compounds from
the ecosystem; these methods include degradation by coagulation, adsorption, fil-
tration, electrolysis, chemical precipitation, and ozonation. However, the microbial
degradation of xenobiotics has evolved promptly as a reliable approach for being
eco-friendly and cost-effective.

Among the different strategies, the research of microbial enzymes for bioreme-
diation is growing in significance, nevertheless, on a worldwide scale. The advance-
ment and use of cutting-edge molecular approaches are providing new insights into
the structural and functional characteristics of complex microorganisms. These
techniques include proteomics, metagenomics, transcriptomics, metabolomics, etc.
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For bioremediation of xenobiotics methods like phytoremediation, bioaugmentation,
landfarming, rhizo-filtration, bio-stimulation, composting and bioreactors have been
used widely (Azubuike et al. 2016). Bioremediation uses the service of various
microorganisms for destruction, eradication, immobilisation, or detoxification of a
wide range of chemical wastes and other harmful chemicals from the ecosystem/
environment. Bioremediation involves the systems of living organisms, most impor-
tantly, bacteria, fungi, plants, and their enzymes (Ijoma and Tekere 2017). Especially
microbes, bacteria, and fungi possess the capability to degrade xenobiotics by means
of endo- and exo-enzymes systems (Singh 2014). Microorganisms involve two basic
mechanisms for the biodegradation process; aerobic and anaerobic biodegradation
(Sharma and Fulekar 2009). The basic equations for the aerobic and anaerobic
bioremediation of xenobiotics can be mentioned as follows):
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Xenobioticsþ O2
Microbesð Þ →CO2 þ H2Oþ residue Aerobicð Þ

Xenobiotics Microbesð Þ →CO2 CH4 H2O residue Anaerobic

6 Degradation of Xenobiotics Through Bacteria

Xenobiotics find their way into environments as a result of anthropogenic activities,
resulting in ecosystem damages and environmental pollutions. Opposed to this,
certain metabolites of bacteria have xenobiotic degrading capabilities. Bacterial
strains from several genera, including Burkholderia, Bacillus, Pseudomonas,
Sphingomonas, Kocuria, Chromohalobacter and Achromobacter, are known to
degrade xenobiotics completely or mineralise when subjected to axenic and anoxic
environments (Zhang et al. 2020). Microorganisms have a remarkable capacity for
catabolism involved in the biodegradation process because of a wide range of genes
and enzymes. The capability of bacteria to multiply rapidly and adapt to diverse
environmental conditions is important. Certain bacterial species have been identified
and cultured for the bioremediation process (Table 1); however, such microbes are
very limited though with incomparable capabilities to degrade xenobiotic com-
pounds. Apart from the culture-dependent technique, more modern techniques like
genomics/metagenomics and transcriptomics have led to the identification of spe-
cific genes that actually impart the biodegradation character to a microbe. These
techniques have also led to the characterisation of a wider community of microbes
that were otherwise uncultured and left unidentified. Genome investigations of
bacterial strains that break down xenobiotics have revealed that these strains evolved
recently by integrating genes for xenobiotic degradation, with mobile genetic com-
ponents being essential for gene acquisition (Nagata et al. 2019). However, the
origin and evolution of such genes in the microbiome are yet not clear. Below, Fig. 2
represents the different degrading enzymes produced by bacteria against
xenobiotics.



Bacteria Promising against Reference

(continued)
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Table 1 Promising microbes against different xenobiotics

S.
no.

1 Pseudomonas Aliphatic hydrocarbon degradation

2 Microbacterium D-2 Pesticide degradation (dicofol) Lu et al. (2019)

3 Enterobacter Polyethylene, plastic Ren et al.
(2019)

4 Micrococcus

5 Alcaligenes

6 Sphingopyxis, Russell et al.
(2021)

7 Hyphomicrobiaceae

8 Achromobacter

9 Purpureocillium

10 Mesorhizobium,

11 Aeromonas

12 Gordonia Oil degradation

13 Rhodococcus

14 Sphingobium

15 Penicillium

16 Candida

17 Sphingopyxis Russell et al.
(2021)

18 Trichoderma

19 Rhodotorula

20 Rhodopseudomonas,

21 Thalassolituus Oil-degradation

22 Afipia Russell et al.
(2021)

23 Bacillus
amyloliquefaciens

Organophosphorous pesticide (phoxim)
degradation

24 Stenotrophomonas Russell et al.
(2021)

25 Oligotropha Russell et al.
(2021)

26 Mesorhizobium

27 Rhodopseudomonas
palustris

Hexabromocyclododecane degradation

28 Oleispira Oil-degradation

29 Trichoderma
hamatum

DDT-degradation

30 Burkholderia
sp. strain C3

N-methyl carbamates pesticides Seo et al.
(2013)

31 Photobacterium
ganghwense

Cyfluthrin degradation Singh et al.
(2018)
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Table 1 (continued)

S.
no.

32 Mycobacterium sp.
DBP42

Phthalate and plasticisers Wright et al.
(2020)

33 Halomonas sp.
ATBC 28

Phthalate and plasticisers

34 Drechslera sp. 678 Methyl tertiary-butyl ether (MtBE), an additive
used in gasoline

d’Errico et al.
(2021)

35 Fusarium
verticillioides

Lactam and lactone xenobiotic degradation Gao et al.
(2022)

36 Sphingobium
chungbukense

PAH-degrading

Fig. 2 Xenobiotic degrading enzymes produced by bacteria

Many bacterial metabolic enzymes like cytochrome P450s, cellulase, laccases,
proteases, phytase, lipase, among others, are believed to play a vital role in the
management and breakdown of a good number of xenobiotics by degrading the
dyes, aromatic hydrocarbons, and halogenated compounds. The first step in enzy-
matic biodegradation is identifying an appropriate enzyme for bioremediation appli-
cation; this enzyme needs to be able to convert the target contaminants into less-toxic
by-products (Gangola et al. 2019). Aliphatic hydrocarbons are broken down either
by mono- or dioxygenases, resulting in the creation of peroxide, which is then
transformed into fatty acids (Okolafor and Ekhaise 2022). The fatty acid molecule
oxidises to create intermediates in the TCA cycle, which are ultimately broken down
into carbon dioxide and water.
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7 Degradation of Xenobiotics Through Fungi

Apart from bacteria, fungi are top-notch players for bioremediation of xenobiotic
compounds and the process is also referred to as ‘mycoremediation’, wherein fungi
are utilised in the bioremediation of hazardous contaminants including hazardous
phenolics, dyes, polycyclic aromatic hydrocarbons, polythene, among others. The
degradation of xenobiotics via fungal metabolism involves the adsorption of the
compounds to the chitinous cell wall of the fungi and as such has highlighted the
significance of xenobiotic breakdown by an intracellular enzymatic process (Mishra
et al. 2021).

Many members of the group have been recognised to possess biodegradation
capabilities, including Aspergillus, Trichoderma, Penicillium, Fusarium, Crypto-
coccus, Rhodotorula, Pichia, Candida, Exophiala, and Aureobasidium (Bhatt et al.
2020). Fungi, because of their diversity and genetic functionality, are responsible for
the evolution of novel traits for bioremediation of xenobiotics. According to
Bosshard (2011), various members (species) of genus Aspergillus, A. niger,
A. flavus, and A. oryzae, are frequently utilised in the management (breakdown) of
low-density polyethylene (LDPE) because of their intrinsic potential to grow easily
and extensively at soil and other waste sites, and are thought to have longer
incubation period compared with other fungal members (species). A study by
Sangale et al. (2019), identified Aspergillus sydowii strain PNPF15/TS and Asper-
gillus terreus strain MANGF1/WL effective against polythene degradation.
Metarhizium brunneum ARSEF has been characterised as metabolic biodegrading
fungi against herbicides (ametryn and s-triazene) (Szewczyk et al. 2018). Among
other fungi used in bioremediation, white rot fungi (WRF) have evolved as an
important candidate for the bioremediation of xenobiotics by producing numerous
enzymes for the degradation process.

However, research has demonstrated that fungal consortium yields a better
outcome than the usage of single species for the bioremediation process (Saroj
et al. 2015). Saroj et al. (2015) developed a fungal consortium by combining three
fungal strains, Aspergillus niger SAR-6, Penicillium oxalicum SAR-3, and Asper-
gillus flavus SAB-3 and the consortium had a comparatively elevated capability to
break down azo dyes. Another consortium developed by Wang et al. (2022)
consisted of Trametes hirsuta BYL-3, T. versicolor BYL-7, and T. hirsuta BYL-8,
the consortium exhibited enhanced lignin degradation. The degradation capability is
measurable, and different techniques employed are (Table 2).

8 Conclusion

Advancements in the techniques and methods in molecular biology and bioinfor-
matics have provided new perceptions of bioremediation. The bioremediation pro-
cess can be enhanced with the application of techniques like genome editing, which



enables the modification of microbial strains with the boosted capability of
degrading many xenobiotics simultaneously and/or with a rapid rate of degradation
(Janssen and Stucki 2020). Breakthroughs in the very advancement of genetic
modification technologies have opened the doors of knowledge and information,
thus providing a platform for exploring the potential of highly competent microor-
ganisms in the breakdown of xenobiotics and their biodegradation.
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Table 2 Techniques employed for measuring degradability

Polymer deterioration Scanning electron microscopy Zahra et al. (2010)

Bio-fragmentation Size-exclusion chromatography Sangale et al. (2019)

High-performance liquid chromatography

Fourier-transform infrared spectroscopy

Plastic degradation by fungi Spectroscopic methods

Fourier-transform infrared spectroscopy)
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Transcriptome Analysis of Aquatic Species
Exposed to Endocrine Disruptors

Deepak Agarwal, A. Rathipriya, Mohd Ashraf Rather, and Gulshan Kumar

1 Introduction

Several heavy metals are persistent in the environment mainly in the aquatic
environment. These heavy metals are entered into the environment through numer-
ous anthropogenic and natural sources. The major sources of these heavy metals are
wastewater from industries, agriculture, and mining that enter the aquatic environ-
ment and induce several kinds of stress to the fish and other aquatic animals.
Sometimes, the bioavailability and toxicity of these compounds are so high that
they can lead to the collapse of the entire ecosystem. Numerous heavy metals have
been reported in the aquatic environment through several studies like cadmium, zinc,
mercury, polychlorinated biphenyls (PCB), bisphenol A (BPA), linuron, etc. Some
powerful heavy metals act as endocrine disruptor compounds (EDCs), for example,
arsenic, cadmium, Hg, BPA, etc., which mimic the biological activities or block the
receptors of steroid hormones, such as androgens, estrogens, and glucocorticoids
(Kim et al. 2016). EDCs are defined as the exogenous compounds that interfere with
the hormone-regulated physiological pathways of animals and lead to the elimina-
tion of natural hormones required for the maintenance of homeostasis (Kavlock et al.
1996). The EDCs interact and disrupt the hypothalamic-pituitary–gonadal (HPG)
axis, resulting in diminished growth, abnormal function, and development of the
organism. Thousands of genes are affected by EDCs, requiring new tools to monitor
their global effects. Using the high-throughput sequencing for gene transcription
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offers a reliable and effective means of monitoring the effects of EDCs on humans
and other vertebrates including fish, as well as elucidating the mechanism involved
(Baker and Hardiman 2014).
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2 Different Endocrine Disruptor Compounds (EDCs)

The role of heavy metals as putative endocrine-disrupting chemicals is due to their
chemistry. Their physical, chemical, or in the case of uranium, radioactive properties
explain their widespread use in industries (Dyer 2007). In biological processes,
certain heavy metals like zinc, copper, manganese, and iron are essential in trace
amounts, but their lethal concentrations are usually toxic. Arsenic, cadmium, chro-
mium, lead, and mercury are among the priority metals that are extremely important
for human health because of their high level of toxicity.

2.1 Arsenic

Among the most abundant elements on earth, arsenic is widely used in semiconduc-
tor manufacture and as a pesticide. Environmental arsenic can also be found in glass
and copper smelters, coal combustion, and uranium mining. Drinking water is the
most extensive source of environmental exposure. Among the many forms of
arsenic, arsenite, and arsenic oxide are the most commonly encountered forms that
facilitate the most rapid absorption from the gastrointestinal tract, so they are the
most harmful. Some studies suggested that humans and other animals have suffered
endocrine disruption caused by arsenic that can produce estrogenic-like effects by
direct or indirect stimulation of estrogen receptor-α (Waalkes et al. 2004).

2.2 Cadmium

There is a large amount of cadmium (Cd) dispersed throughout the environment,
majorly through mining, smelting, and electroplating. It can also be found in
consumer products such as batteries, pigments, etc. Ingestion of food and inhalation
of cigarette smoke are the two main ways that people are exposed to cadmium with
rare absorption through the skin. Additionally, certain foods such as leafy vegeta-
bles, potatoes, and some seafood like crabs, mollusks, and dried seaweed contain
trace quantities of cadmium. Measuring the amount of cadmium in blood or urine is
a conventional method for detecting exposure. According to studies, cadmium pro-
duces reactive oxygen species (ROS), which cause single-strand DNA damage and
impair the synthesis of nucleic acids and proteins (Mitra 1984; Stohs and Bagchi
1995). In contrast to other carcinogenic metals, cadmium is not a particularly potent



mutagen, yet it can affect male reproduction in mice at a dose of 1 mg/kg body
weight (Rossman et al. 1992).
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2.3 Chromium

In the crust of the earth, chromium (Cr) is a naturally occurring element. Chromium
is released into the air, water, and soil via a range of natural and anthropogenic
sources, with industry sectors being the main source of emission. Chromium’s
environmental burden was mostly increased by the wastewater discharged into the
environment by the metallurgical, refractory, and chemical industries (Tchounwou
et al. 2012). The amount of chromium in fish varies according to their age, stage of
development, and other physiological factors. Additionally, it caused cytotoxicity
and had a negative effect on fish behavior, such as gill epithelium hypertrophy and
paraplegia and irregular swimming. Numerous studies have found that fish exposed
to chromium experience negative hematological consequences such as anemia,
thrombocytopenia, and a reduction in hemoglobin and total erythrocyte count
(Aslam and Yousafzai 2017).

2.4 Lead

The earth’s crust also contains trace amounts of lead, an element that is naturally
occurring and bluish-gray in color. Although lead naturally occurs in the environ-
ment, human activities like burning fossil fuels, mining, and manufacturing cause
significant concentrations to be released. Inhalation of lead-contaminated dust or
aerosols, as well as consumption of lead-contaminated food, water, and paints, is the
main way that people get exposed to lead (Abadin et al. 2007). Lead compounds
appear to cause genetic damage by several indirect pathways, including oxidative
damage, interference with DNA-binding proteins, blockage of DNA repair pathways
and interactions with tumor suppressor proteins, etc. Being on top of the aquatic food
chain, fishes are the most vulnerable to the damaging consequences of lead exposure.
Lead induced toxicity in fish through bioaccumulation in specific tissues depending
on the habitat (freshwater or seawater) and route (waterborne or dietary exposure)
(Lee et al. 2019). In addition to causing neurotoxicity, lead deposition also disrupts
neurotransmitter function in fish. Several systems in fish are disrupted by lead toxic
exposure, which can be employed as a marker of toxicity in aquatic environments
(Ishaque et al. 2020).
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2.5 Mercury

Mercury is a heavy metal found in nature. It exists in three forms: elemental mercury
vapor (Hg0), inorganic mercurous (Hg+1), mercuric (Hg+2), and organic mercury
compounds. Each of these has its own set of toxicological effects. The most
prevalent organic form of mercury found in the environment is methyl mercury,
which is created when microorganisms in soil and water methylate the inorganic
forms of mercury (Dopp et al. 2004). Mercury that enters streams is methylated by
bacteria and algae. Methyl mercury then enters fish, shellfish, and finally humans
through the food chain (Sanfeliu et al. 2003). It has also been documented that
predatory freshwater fish species, including pike, bass, and walleye, can accumulate
high levels of methyl mercury, which can be almost fully absorbed by animals or
humans. Mercury causes molecular oxygen to prematurely shed its electrons, which
increases the production of reactive oxygen species (ROS). It has been demonstrated
that selenium directly binds to mercury or acts as a cofactor for glutathione perox-
idase, enhancing its capacity to remove ROS (Ara et al. 2022).

Along with the abovementioned major pollutants, several anthropogenic chemi-
cal pollutants that affect aquatic life’s endocrine system are ultimately disposed of in
water bodies. Some common chemical pollutants found in the aquatic environment
are 17-α-ethinylestradiol, citalopram (an SSRI group drug found frequently in
sewage and surface waters), azole fungicides, for example, difenconazole, fadrozole,
ketoconazole, tebuconazole, cyproconazole, expoxiconazole, imidazole,
metoconazole, and nocodazole (Huang et al. 2022), triclosan, bisphenol A,
fluorene-9-bisphenol, quercetin, tretinoin, p,p′-DDE isomer (DDT metabolite), atra-
zine (most common agricultural herbicide used in the United States), propiconazole
(inhibitor of CYP51 commonly used in agriculture to control fungal growth on fruit,
vegetable, and cereal crops), triclocarban (antimicrobial agent interact with the
vertebrate endocrine system), etc. (Dar et al. 2020).

3 The Workflow of Transcriptomics Through Illumina
Sequencing

This section describes the overall workflow for transcriptome analysis (Fig. 1). The
RNA sequencing process begins with sample collection, which is an important step
in transcriptome analysis. The most important step in any type of research is sample
collection, that necessitates extreme caution. Later, samples should be stored in RNA
and properly frozen in liquid nitrogen. Before sequencing, tissues from different
fishes in the same experiment can be pooled in equimolar concentration to reduce the
number of samples. Transcripts are the RNA that is expressed inside the cell and
must be extracted from the sample using the most appropriate and suitable method,
such as the Trizol method. The integrity of purified RNA is an important factor in
determining the quality of RNA as measured by Bioanalyser. The samples having



RIN (RNA integrity number) ≥8 are considered best for library preparation
(Sundaray et al. 2022). RNA samples are kept at -80 °C until they are needed.
Following mRNA purification and fragmentation, random hexamers are used to
convert it to cDNA. The library is prepared and validated using the same Bioanalyser
instrument with a different chip. The library can be sequenced on any high-
throughput sequencer, but Illumina is the preferred and recommended platform for
the transcriptomics study.
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Fig. 1 Flow chart of Illumina RNA-seq

4 Bioinformatics Analysis

Following sequencing, a large amount of raw data is received, which requires
reliable and precise scanning. To analyze the data, numerous bioinformatics tools
are freely available in the public domain. Some of the tools are free to use, while
others require a subscription fee. The primary tools required for transcriptome data
analysis are discussed in this section. FastQC software is used to check the quality of
raw reads generated in the FASTQ file format, such as quality score, per base
sequence content, per base GC content, sequence length distribution, and duplicate
sequences. The raw reads are then subjected to a quality filter, which uses software
such as PRINSEQ and Kraken to trim and remove unwanted or low-quality
sequences.

Following that, the short quality reads are assembled into a reference
transcriptome (Contigs). Depending on the availability of reference genomes, two
approaches can be taken. If a reference genome sequence is available, reference-
guided assembly is used; otherwise, de novo RNA-seq assembly is used. Trinity,
Velvet, and CLC genomics workbench, TopHat-Cufflinks, and other software and
packages are available. Once the assembly is complete, the next step is to determine
homology in order to determine putative gene descriptions for all of the newly



assembled contigs. Local BLAST is frequently used to perform the homology
search, which provides all necessary details of the contigs such as gene id, protein
id, gene coordinates, hit numbers, expectation (E)-value, etc. All contigs must be
functionally annotated as well. The predicted coding sequences were classified using
GO (Gene Ontology) assignments based on their functions: biological process,
molecular function, and cellular component. Blast2GO is the most common and
widely used tool for functional annotation. Several other tools for GO analysis have
been developed, including GOstat, EasyGO, Gorilla, and others. The assembled
annotated contigs are also compared to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database for gene pathway prediction using the Blast2GO pro-
gram. Because all contigs in transcriptome data are expressed genes, their EC
(Enzyme Commission) number is frequently provided using EC prediction tools
such as E-zyme, ECOH, ECPred, and others.
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5 Transcriptomics of EDCs-Exposed Aquatic Life

To screen compounds for interactions with the estrogen, androgen, and thyroid
pathways, in vivo high-throughput screening (HTS) and computational approaches
are still needed. A new and emerging tool for characterizing and quantifying the
complete transcriptome is RNA sequencing (RNA-seq). It is accurate and reliable
and can determine the amount of RNA present in a sample at any given time.
Additionally, it can be used for any species and is not constrained by prior knowl-
edge of the genome because it can find transcripts even when the associated genomic
sequence is not available. A promising method used for toxicity monitoring in the
recent era is transcriptomics.

Transcriptome analysis was carried out using RNA-seq to explore the underlying
factors of the decreased fertility in zebrafish (Porseryd et al. 2018). They used testes
from male zebrafish whose reported reduced fertility was linked to developmental
exposure to 17α-ethynylestradiol (EE2). Following exposure to 1.2 and 1.6 ng/L
EE2, respectively, RNA-seq analysis showed that 249 and 16 genes, respectively,
had differential expression. Both exposures changed the expression of 11 genes in
the same manner. The hypothesis that the direct effects on estrogen target genes are
remediated after recovery of exposure is supported by the finding that the three genes
were connected to the GO term response to estrogen in the 1.2 ng/L exposure group
and no gene was associated with this term in the 1.6 ng/L exposure group. On
exposure to EE2, numerous genes involved in spermatogenesis, for example,
cxcl12a, foxc1b, and cox2, were found to be upregulated in zebrafish. The combi-
natory effects of EE2 and citalopram were also investigated in zebrafish by Porseryd
et al. (2017). The study demonstrated that, while having very negligible effects on its
own at these low concentrations, citalopram has an impact on the behavior of male
zebrafish exposed to very low concentrations of EE2.

Male bivalves may experience reproductive problems and feminization as a result
of endocrine-disrupting compounds (EDCs). Blalock et al. (2018) employed a



transcriptomics technique to find numerous putative biomarker genes in Mytilus
edulis, a marine mussel that has been exposed to 17α-ethynylestradiol. Multiple
homologs to the cholesterol side chain cleavage complex and other genes in the
vertebrate steroidogenesis pathway were identified and used to create the Coastal
Biosensor for Endocrine Disruption essay.
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In a Saaristo et al. 2010 study, Saaristo et al. examined the effects of 1–4 weeks of
EE2 exposure on nest building, courtship, and aggressive behavior in male sand
gobies (Pomatoschistus minutus) fish. Their research revealed that exposure to EE2
slows nest building and reduces male leading and courtship behavior. Male fish
exposed to EE2 were also considerably less aggressive than the control. Addition-
ally, EE2 exposure raised the Vtg and Zrp mRNA levels in males and lowered the
hepatosomatic index and ultimately male reproductive success is likely to suffer as a
result of these alterations.

To collect crucial information about the potential endocrine activity of
propiconazole in fish, Skolness et al. (2013) examined apical reproductive endpoints
(fecundity, fertility, hatch) and measured changes in gonadal expression of steroido-
genic genes, cholesterol, vitellogenin, and sex steroid concentrations in the plasma
of Fathead minnows (Pimephales promelas). Females exposed to propiconazole had
lower plasma levels of E2 and VTG, and the 500 and 1000 g/L treatment groups had
lower egg production. Females also showed signs of a compensatory response,
including increased gonad weight and upregulation of genes encoding for important
steroidogenic proteins, such as CYP19, CYP17, CYP11A, and steroidogenic acute
regulatory protein.

In silico computational analysis was carried out by Basili et al. (2018) to discover
several substances that have the potential to disrupt the endocrine system in biolog-
ical systems. They reported two potential endocrine disruptors quercetin (a flavonoid
found in many fruits, vegetables, leaves, and grains used as a dietary supplement)
and tretinoin (a retinoic acid used to treat acne and leukemia and acts by forcing APL
cells to differentiate and stops them from proliferating) that can alter key biological
processes involved in the ovary development of the Largemouth bass (Micropterus
salmoides). Reproductive targets such as the estrogen receptors, the aromatase
(cyp19a), and the vtgr in the ovary were reported to be disrupted by these two
identified EDCs.

The disruption of several EDCs in aquatic animals has also been documented in
numerous studies using transcriptome analysis (Table 1).

6 Conclusion

According to extensive research in vertebrate species, exposure to anthropogenic
chemicals with hormone-like activity has affected numerous genomic pathways over
many years. The interactions of the chemicals with nuclear receptors mediate this
effect. Furthermore, a number of contaminants have been discovered to obstruct
non-genomic (non-classical) pathways, but it is still unknown how this causes
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endocrine disruption. With the advent of new-generation sequencing techniques in
recent years, studies on the effect of EDCs on fish physiology and biology at the
molecular level have become more time and cost-effective. The data generated by
high-throughput sequencers may lay the groundwork for developing new strategies
and policies to reduce the use and release of harmful chemicals into the environment.

396 D. Agarwal et al.

References

Abadin H, Ashizawa A, Llados F, Stevens YW (2007) Toxicological profile for lead. Agency for
Toxic Substances and Disease Registry, Atlanta

Ara A, Jan M, Sofi PA, Rashid M, Lone AA, Dar ZA et al (2022) Reactive oxygen species,
oxidative damage and their production, detection in common Bean (Phaseolus vulgaris L.)
under water stress conditions. In: Advances in plant defense mechanisms. IntechOpen, London

Aslam S, Yousafzai AM (2017) Chromium toxicity in fish: a review article. J Entomol Zool Stud
5(3):1483–1488

Bailey C, von Siebenthal EW, Rehberger K, Segner H (2019) Transcriptomic analysis of the
impacts of ethinylestradiol (EE2) and its consequences for proliferative kidney disease outcome
in rainbow trout (Oncorhynchusmykiss). Comp Biochem Physiol C Toxicol Pharmacol 222:31–
48

Baker ME, Hardiman G (2014) Transcriptional analysis of endocrine disruption using zebrafish and
massively parallel sequencing. J Mol Endocrinol 52(3):R241

Basili D, Zhang JL, Herbert J, Kroll K, Denslow ND, Martyniuk CJ et al (2018) In silico
computational transcriptomics reveals novel endocrine disruptors in largemouth bass
(Micropterussalmoides). Environ Sci Technol 52(13):7553–7565

Bhandari RK, Wang X, VomSaal FS, Tillitt DE (2020) Transcriptome analysis of testis reveals the
effects of developmental exposure to bisphenola or 17α-ethinylestradiol in medaka
(Oryziaslatipes). Aquat Toxicol 225:105553

Blalock BJ, Robinson WE, Loguinov A, Vulpe CD, Krick KS, Poynton HC (2018) Transcriptomic
and network analyses reveal mechanistic-based biomarkers of endocrine disruption in the
marine mussel, Mytilusedulis. Environ Sci Technol 52(16):9419–9430

Dar SA, Chatterjee A, Rather MA, Chetia D, Srivastava PP, Gupta S (2020) Identification,
functional characterization and expression profiling of cytochrome p450 1A (CYP1A) gene in
Labeo rohita against emamectin benzoate. Int J Biol Macromol 158:1268–1278

Dopp E, Hartmann LM, Florea AM, Rettenmeier AW, Hirner AV (2004) Environmental distribu-
tion, analysis, and toxicity of organometal (loid) compounds. Crit Rev Toxicol 34(3):301–333

Dyer CA (2007) Heavy metals as endocrine-disrupting chemicals. In: Endocrine-disrupting
chemicals. Humana Press, pp 111–133

Huang T, Zhao Y, He J, Cheng H, Martyniuk CJ (2022) Endocrine disruption by azole fungicides
in fish: a review of the evidence. Sci Total Environ 153412:153412

Ishaque A, Ishaque S, Arif A, Abbas HG (2020) Toxic effects of lead on fish and human. Biol Clin
Sci Res J 2020(1)

Katsiadaki I, Williams TD, Ball JS, Bean TP, Sanders MB, Wu H et al (2010) Hepatic
transcriptomic and metabolomic responses in the stickleback (Gasterosteusaculeatus) exposed
to ethinyl-estradiol. Aquat Toxicol 97(3):174–187

Kavlock RJ, Daston GP, DeRosa C, Fenner-Crisp P, Gray LE, Kaattari S et al (1996) Research
needs for the risk assessment of health and environmental effects of endocrine disruptors: a
report of the US EPA-sponsored workshop. Environ Health Perspect 104(suppl 4):715–740

Kim YJ, Lee N, Woo S, Ryu JC, Yum S (2016) Transcriptomic change as evidence for cadmium-
induced endocrine disruption in marine fish model of medaka, Oryziasjavanicus. Mol Cell
Toxicol 12(4):409–420



Transcriptome Analysis of Aquatic Species Exposed to Endocrine Disruptors 397

Kong HJ, Lee IK, Kim J, Kim WJ, Kim HS, Cho WS et al (2015) RNA-Seq-based transcriptome
analysis of Korean rose bitterling (Rhodeusuyekii) exposed to synthetic estrogen
17-α-ethinylestradiol (EE2). Mar Genomics 24:233–236

Lee JW, Choi H, Hwang UK, Kang JC, Kang YJ, Kim KI, Kim JH (2019) Toxic effects of lead
exposure on bioaccumulation, oxidative stress, neurotoxicity, and immune responses in fish: a
review. Environ Toxicol Pharmacol 68:101–108

Mitra RS (1984) Protein synthesis in Escherichia coli during recovery from exposure to low levels
of Cd2+. Appl Environ Microbiol 47(5):1012–1016

Porseryd T, Kellner M, Caspillo NR, Volkova K, Elabbas L, Ullah S et al (2017) Combinatory
effects of low concentrations of 17α-etinylestradiol and citalopram on non-reproductive behav-
ior in adult zebrafish (Daniorerio). Aquat Toxicol 193:9–17

Porseryd T, Caspillo NR, Volkova K, Elabbas L, Källman T, Dinnétz P et al (2018) Testis
transcriptome alterations in zebrafish (Daniorerio) with reduced fertility due to developmental
exposure to 17α-ethinylestradiol. Gen Comp Endocrinol 262:44–58

Qin G, Zhang Y, Zhang B, Zhang Y, Liu Y, Lin Q (2020) Environmental estrogens and progestins
disturb testis and brood pouch development with modifying transcriptomes in male-pregnancy
lined seahorse Hippocampus erectus. Sci Total Environ 715:136840

Renaud L, Agarwal N, Richards DJ, Falcinelli S, Hazard ES, Carnevali O et al (2019)
Transcriptomic analysis of short-term 17α-ethynylestradiol exposure in two Californian sentinel
fish species sardine (Sardinopssagax) and mackerel (Scomberjaponicus). Environ Pollut 244:
926–937

Richter CA, Martyniuk CJ, Annis ML, Brumbaugh WG, Chasar LC, Denslow ND, Tillitt DE
(2014) Methylmercury-induced changes in gene transcription associated with neuroendocrine
disruption in largemouth bass (Micropterussalmoides). Gen Comp Endocrinol 203:215–224

Rossman TG, Roy NK, Lin WC (1992) Is cadmium genotoxic? IARC Sci Publ 118:367–375
Saaristo M, Craft JA, Lehtonen KK, Lindström K (2010) Exposure to 17α-ethinylestradiol impairs

courtship and aggressive behaviour of male sand gobies (Pomatoschistusminutus).
Chemosphere 79(5):541–546

Saaristo M, Craft JA, Tyagi S, Johnstone CP, Allinson M, Ibrahim KS, Wong BB (2021)
Transcriptome-wide changes associated with the reproductive behaviour of male guppies
exposed to 17α-ethinylestradiol. Environ Pollut 270:116286

Sanfeliu C, Sebastià J, Cristòfol R, Rodríguez-Farré E (2003) Neurotoxicity of organomercurial
compounds. Neurotox Res 5(4):283–305

Skolness SY, Blanksma CA, Cavallin JE, Churchill JJ, Durhan EJ, Jensen KM et al (2013)
Propiconazole inhibits steroidogenesis and reproduction in the fathead minnow
(Pimephalespromelas). Toxicol Sci 132(2):284–297

Stohs SJ, Bagchi D (1995) Oxidative mechanisms in the toxicity of metal ions. Free Radic Biol Med
18(2):321–336

Sun L, Ling Y, Jiang J, Wang D, Wang J, Li J, Wang X, Wang H (2020) Differential mechanisms
regarding triclosan vs. bisphenol a and fluorene-9-bisphenol induced zebrafish lipid-metabolism
disorders by RNA-Seq. Chemosphere 251:126318

Sundaray JK, Dixit S, Rather A, Rasal KD, Sahoo L (2022) Aquaculture omics: an update on the
current status of research and data analysis. Mar Genomics 64:100967

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ (2012) Heavy metal toxicity and the
environment. In: Molecular, clinical and environmental toxicology. Springer, Basel, pp
133–164

Waalkes MP, Liu J, Chen H, Xie Y, Achanzar WE, Zhou YS, Cheng M-L, Diwan BA (2004)
Estrogen signaling in livers of male mice with hepatocellular carcinoma induced by exposure to
arsenic in utero. J Natl Cancer Inst 96(6):466–474

Wang Y, Yu Z, Fan Z, Fang Y, He L, Peng M, Liu C (2021) Cardiac developmental toxicity and
transcriptome analyses of zebrafish (Daniorerio) embryos exposed to Mancozeb. Ecotoxicol
Environ Saf 226:112798

Yadetie F, Brun NR, Vieweg I, Nahrgang J, Karlsen OA, Goksøyr A (2021) Transcriptome
responses in polar cod (Boreogadussaida) liver slice culture exposed to benzo [a] pyrene and
ethynylestradiol: insights into anti-estrogenic effects. Toxicol In Vitro 75:105193



Fundamentals of Genotoxicity
and Antiparasitic Drugs Associated
with Genotoxicity in Fish

J. Mori Krinal, G. Ad Viral, Mohd Ashraf Rather, and Sujit Kumar

1 Introduction

Fisheries resources are contributing enormously toward providing nutritional as well
as livelihood security around the world. These resources are highly vulnerable to the
anthropogenic activities such as overexploitation, pollution, etc. Natural waterbodies
are receiving significantly high number of chemicals through industrial and sewage
discharge, along with runoff water from the agricultural field. Many of such
chemicals are affecting the aquatic life by causing direct poisoning or leading to
toxic effects at various levels and impacting important physiological pathways.

Over the last few decades, aquatic ecosystems have become more polluted due to
industrialization, dense urbanization, and agricultural practices, and have received
huge quantities of various physiologically active compounds, including organic and
inorganic chemicals.

There are a large number of persistent pollutants that are present in the environ-
ment at extremely low levels, yet they may build up in aquatic creatures’ tissues
through bio-magnification at concentrations that are several folds higher than safety
level. Additionally, there is rising worry over the contaminating effects of new,
uncontrolled pollutants in water, including pharmaceuticals, diagnostic aids, steroids
and hormones, and personal care items (Boleda et al. 2009; Santos et al. 2010;
Aklakur et al. 2016). In aquatic habitats, organisms are frequently exposed to a
complex combination of chemicals, including parent substances and their transfor-
mation products. These pollutants can harm biological diversity, organ function,
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population size, and ecosystem health (Ginebreda et al. 2014; Vorosmarty et al.
2010; Rather et al. 2018). As a result of their involvement in numerous pathological
processes, such as carcinogenesis and reproductive effects, as well as the fact that
they cause harm that extends beyond the individual and is present in succeeding
generations, a wide range of environmental contaminants that directly or indirectly
affect DNA have significant toxicological relevance (Devaux et al. 2011; Lewis and
Galloway 2009; Dar et al. 2020).
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Disease management is always a major challenge for aquaculturist, and most
often farmers face disease outbreaks in their culture system. Parasitic disease is one
of the highly prevalent problems that lead to morbidity and mortality and cause
serious economic and ecological damage to aquaculture (Shinn et al. 2015). Eco-
nomic losses are because of mortality of culture animals, expenditure on chemicals
and drugs, reduced growth performance, and increased feed conversion ratios. Some
of the parasites seriously impacting the aquaculture are argulus, lernaea, white spot,
trichodynia, etc.

Various antiparasitic strategies are used in aquaculture, mainly dominated by the
use of chemicals and drugs. Different chemicals and drugs such as diflubenzuron,
teflubenzuron, emamectin benzoate, cypermethrin, deltamethrin, ivermectin,
fenbendazole, chloramine-T, copper sulfate, malachite green, levamisole, metroni-
dazole, potassium permanganate, trichlorfon, etc., are used in aquaculture to control
the parasites (Mishra et al. 2017). These chemicals are used extensively, and most of
the time higher doses are used for the rapid removal of parasites. Many of these
chemicals are known to cause toxicity to the fish as well.

Genotoxicity tests have been used successfully as indicators of toxicity of many
drugs and environmental pollutants, and fish is considered a good model for these
types of analysis due to its easier handling and monitoring under controlled condi-
tions, and moreover, low cost compared to other models. Genotoxicity studies
analyze how the cell’s integrity is impacted by the damaging effect on the genetic
material (DNA, RNA) of the cell.

Exposure to various types of xenobiotics that include drugs, pollutants, etc., may
result in aberrant physiological reactions and have detrimental consequences on the
growth, development, behavior, and reproduction of living things (Bistodeau et al.
2006; Giesy et al. 2000; Ginebreda et al. 2014; Eganhouse and Sherblom 2001; Lee
and Peart 2000). The exposure to particular kinds of DNA-damaging chemicals
(drugs/pesticides/pollutants) has been linked to the development of epizootic neo-
plasms in a range of ectothermic species, including fish, echinoderms, and shellfish
(Mix 1986; Malins et al. 1990; Bolognesi 1990; Myers et al. 1987, 2003, 2008).
Genotoxicity is one of the major issues associated with the many chemicals received
into the aquatic system either unintentionally or intentionally as therapeutics agents.
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1.1 Genotoxicity and Underlying Mechanism

Genotoxicity is one of the major problems associated with damage to the genetic
material caused by genotoxin and ultimately affecting DNA integrity and sometimes
may lead to carcinogenic. A genotoxin is a substance that has the property to affect
DNA either directly or indirectly. Genotoxins can affect organisms by affecting their
genetic material through different mechanisms. It includes chemicals as well as
radiation, along with some other biological factors. The genotoxic nature of any
chemical can be tested using various in vitro biochemical and cell-based assays,
namely, bacterial mutagenesis (Ames test), comet assay, chromosomal aberration,
mouse lymphoma assay, and the micronucleus test. Genotoxins are classified based
on their effects as carcinogenic, mutagenic, and teratogenic or birth defect-causing
agents (Mohamed et al. 2017).

The genotoxic substances either interact directly or indirectly with DNA and
damage the cellular genetic materials. DNA damage associated with the covalent
attachment of a chemical to DNA is known as DNA adduct. Other mechanisms of
genotoxicity include chromosomal breakage, deletion of nucleotide from DNA
fusion of uni-nuclear cell to form a multinuclear cell, mis-segregation, non-disjunc-
tion, etc. (Savale 2018; Nandanpawar et al. 2018). At the level of the individual cell,
genotoxins themselves impart the primary mechanisms for genotoxicity. It necessi-
tates the uptake of nanomaterials by cells and frequently follows by interactions with
biomolecules. This kind of system has two subclasses (i.e., direct and indirect acting
agent).

1.1.1 Direct Acting Agents

They directly harm the genetic material through physical or chemical interaction.
This might involve the development of DNA damage at certain locations inside the
DNA molecule, which cause mutagenesis because they may render the nucleotide
unstable. They cause damage that results in its loss, making it a fundamental location
that is frequently the focus of repairs that end in strand breaks (Jenkins et al. 2005;
Doak et al. 2007).

1.1.2 Indirect Acting Agents

Direct DNA disorder can only be brought about if the genotoxins can enter the cell
nucleus, or if they are allowed to remain free in the cytoplasm and come into contact
with DNA directly during mitosis (i.e., cell division) when the nuclear membrane
ruptures (Ferguson and Denny 2007; Berry et al. 2007). They cause genetic harm by
generating intermediary biomolecules, which are often seen in the cell division cycle
(Nativo et al. 2008). Since DNA replication and cell division are complex, multi-
factorial processes involving several proteins, they are excellent targets for



chemicals with indirect genotoxic effects (Fadeel et al. 2012). The production of
oxidative stress may result in indirect DNA damage in addition to interfering with
DNA replication. (Federico et al. 2007; Karihtala et al. 2009) Interactions with
non-DNA targets that result in genotoxic effects are known as indirect mechanisms
of genotoxicity. Recent studies on proteins have concentrated on the inhibition of
repair enzymes (such as OGG1, XPD, and Ni), cell cycle regulators (such as p53,
Rb, and cyclins), apoptosis-related gene products (such as p53, bax, and bcl-2),
nuclear lamins, antioxidant defense proteins (such as glutathione), metabolizing
enzymes, and tubulins of the mitotic/meiotic spindle.
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Overall the direct interaction of genotoxins may cause different types of lesions,
including DNA adducts, breaks, and damage that ultimately may lead to mutation by
impacting gene, chromosome, or genome, whereas indirect interactions are mediated
by means of generation of reactive-free radicals, damage to the enzymes responsible
for DNA repair, inhibition of spindle formation, and finally affecting the cell cycle
that has ultimate effects on cell proliferation and end with carcinogenesis (Kirsch-
Volders et al. 2000).

1.1.3 Genotoxicity Assessment Techniques

As part of the safety evaluation process, regulatory bodies from all over the world
need information on the genotoxic potential of various chemicals and drugs either
used in fisheries and aquaculture or reaches to the aquatic system along with runoff
water or industrial discharge. Preliminary research is required to determine the
fundamental toxicological status of these chemicals. The safety aspects are assessed
using toxicological data, which will aid in anticipating the chemical’s potential risk
analysis. Because substances that test positive in these assays have the potential of
carcinogens and mutagens, they have mostly been employed to forecast carcinoge-
nicity and genotoxicity (Savale 2018).

The genotoxic potential of any chemicals is analyzed following a genotoxicity
assay. Two approaches to genotoxicity assay include in vitro analysis and in vivo
analysis. The in vitro test is used to explore the cellular genetic material-damaging
potential of the different substrates, products, or environmental components. Cyto-
genetic studies incorporating different mammalian cells can be employed for such
studies. Chromosome and chromatid gaps, chromosome breakage, chromatid dele-
tions, fragmentation, translocation, complex rearrangements, and many other abnor-
malities can be found in cells exposed to genotoxic substances. MNT test, RAPD,
and COMMET assay are examples of frequently used in vitro methods. The goal of
in vivo testing is to assess the possibility of DNA damage that can alter the
chromosomal structure or disrupt the mitotic apparatus, and may lead to chromo-
some number change. ADME and DNA repair are two factors that may affect
genotoxicity. It can also find genotoxic substances that in vitro assays failed to
pick up. As per the publication data on genotoxicity research, the Ames test was
featured in the highest percentage followed by comet assay and MN test, whereas
other strategies are employed at significantly low level (Turkez et al. 2017).
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1.1.4 Micronuclei Test (MNT)

The purpose of this test is to identify chemicals that induce cytogenetic damage,
resulting in the production of micronuclei containing lagging chromosomal frag-
ments or complete chromosomes. A micronucleus is a circular cytoplasmic structure
(Fig. 1) that includes chromatin mass (DNA). When reproducing cell populations are
exposed to chromosomal breakage by clastogens (agents that cause chromosomal
breakage) or chromosome loss due to mitotic spindle failure, micronuclei form.
Micronuclei have the same morphology as the larger nuclei but are smaller (Fig. 1).
It is not related or linked to the primary nuclei. The primary nuclei may be touched
but not overlapping. It is also non-retractile and so distinguishable from staining
particles. It is a quick approach for determining the mutagenicity of different
chemicals (Hosseinimehr et al. 2017).

1.1.5 Comet Assay

The comet assay/single-cell gel electrophoresis is considered a highly sensitive and
rapid method for measuring DNA damage and repair in a single eukaryotic cell
(Turkez et al. 2017). This assay is based on the fact that DNA with a break-in loop
loose supercoiling and freely moves toward an anode during electrophoresis at high
pH. The results observed by fluorescence microscopy show a comet containing a
distinct head and tail (Fig. 2). The head represents intact DNA, while the tail
represents damaged or broken DNA. The intensity and length of the comet tail
compared to the head reflects are used to quantify the DNA damage.

1.1.6 Chromosomal Aberrations

Any aberration associated with the shape, size, or structure of chromosomes is called
chromosome aberration. Chromosomal aberrations test allows studying the

Fig. 1 Image showing
micronucleus



structural and numerical abnormality associated with chromosomes. Sometimes
errors in repair also lead to chromosomal aberrations. They are translated by
chromosome fusion, translocations (exchange of chromosome segments), deletion
(losses of a chromosome segment), and duplications (Himri et al. 2018).
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Fig. 2 DNA damage as shown in comet assay (head and tail portion)

1.1.7 Sister Chromatid Exchange

Sister chromatid exchange (SCE) is the exchange of genetic material between two
identical sister chromatids. The test of sister chromatid exchange allows revealing
the mutual exchanges of genetic elements between sister chromatids during the S
phase of the cellular cycle. These breaks in both DNA strands facilitate such
exchange. Sister chromatid exchanges are formed by the rupture, exchange, and
repair between DNA molecules in homologous regions in the chromatids of dupli-
cating chromosomes. This assay determines reciprocal exchanges of chromatid
segments prevailing at low levels in untreated cells (Himri et al. 2018).

1.1.8 Ames Test

The Bacterial Reverse Mutation Assay is also known as the Ames test. It is used in
laboratories to test for gene mutation. The technique uses many different bacterial
strains to compare the different changes in the genetic material. The result of this test
detects the majority of genotoxic carcinogens and genetic changes; the types of
mutations detected are frameshift and base substitutions (Savale 2018).
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2 Toxicity Associated with Antiparasitic Drugs

Toxicity is a chemical-induced adverse effect on the living organism, and sometimes
the extent of damage is very high and may lead to the death of the organism. The
toxicity can be classified into acute toxicity (short-term exposure effect), chronic
toxicity (long-term exposure effect), local toxicity, and systematic toxicity.
Antiparasitic drugs primarily act on parasites but also cause toxicity to the host
fish as well, especially at higher concentrations. Several studies with different fish
species have been performed to understand the toxicity potential of antiparasitic
drugs.

Many antiparasitic drugs used in aquaculture are meant for use in agriculture as a
pesticide. The exposure of such chemicals is not limited only to the pest but also
reaches the aquatic system and affect many non-target organisms such as fish,
gastropods, crustaceans, etc. Exposure to such chemicals at various concentration
influences the important hematological parameters such as blood cells, plasma, and
serum-level alterations that lead to histological changes involving gill, muscle, liver,
kidneys, etc. Different categories of pesticides are also known to damage DNA and
induce the various level of genotoxicity. Continuous usage of these chemicals can
affect the aquatic systems at a severe level as a result of increased bioaccumulation in
the food chain (Tahir et al. 2021).

Patil et al. (2022) comprehensively performed a nationwide survey based on a
questionnaire to gather information about the use of chemicals in freshwater and
shrimp aquaculture in India. They reported 14 mg PCU-1 (population correction
unit) use of the antiparasitic drug in India. They reported the application of nine
antiparasitic chemicals with the highest use by pangasius farmers followed by Indian
major carps and other freshwater fishes. The order of use of various antiparasitic
chemicals is deltamethrin (11.14%), quinalphos (5.14%), ivermectin (4.84%),
amitraz (4.80%), cypermethrin (4.48%), and albendazole (3.64%). Many aqua
farmers use a combination of multiple compounds for parasite management in a
crop cycle, whereas around 41.13% of farmers reported use of single antiparasitic
compound.

Sujin et al. (2020) investigated the toxicity caused by fipronil in Zebrafish (Danio
rerio). The zebrafish were treated with 5 μg/L, 25 μg/L, and 50 μg/L of fipronil for
12, 24, and 72 h. To closely observe the toxic effects, 12 h and 24 h of additional
time points were set in the exposure test. They reported the adverse effects of fipronil
on fish.

Satpathy and Parida (2020) reported dose- and time-dependent increase in the
mortality rate, and anxiety signs in the form of behavioral changes in response to
different test concentrations of Kandhamalhaladi. They also suggested the potential
use of Kandhamalhaladi supplemented with feed for the treatment of fish diseases
because of its inhibitory effects on the pathogen and lower toxic effects.

Rhaul et al. (2016) investigated the toxic effects of ivermectin on zebrafish
juvenile and adults and 96 h-LC10 values were 14.0 and 55.4 μg/L, respectively.
The LC10 of embryo after 96 h was found to be 147.1 μg/L, and increased



developmental defects and hatching failure were observed at high concentrations of
drug (>400 μg/L), whereas biochemical and behavioral responses such as lethargy
were reported at even lower concentrations also (<60 μg/L) in all life stages.
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Thiripurasundari et al. (2014) reported ivermectin (7 μg/L)-associated neuronal
degeneration and necrosis in brain tissue, along with hepatotoxic effects (hepatic cell
degradation, vacuolations) at 24 h post-exposure in Catla catla. The results of this
study concluded that zebrafish can tolerate even higher concentrations of ivermectin
compared to catla for prolonged duration.

Hanqing et al. (2018) analyzed acute toxicity of fipronil (insecticide) on zebrafish
embryos after 75 h of fertilization and observed defective embryonic development
such as bent spine and shortened body length, and the 96-h LC50 value was found to
be 459 μg/L. The result also revealed the presence of 44 differentially expressed
genes, 10 GO terms, and 3 KEGG pathways overlapped among the three
concentrations.

Wang et al. (2018) reported the LC50 values of KRM (pesticide) following 96 h
semi-static test on Danio rerio for different life stages such as embryonic, larval,
juvenile, and adult stages, and it was found to be in the range of 0.034–0.61 mg/L,
which were higher than CYP ranging from 1.05 to 4.42 mg/L. Pesticide mixtures of
CYP and KRM exhibited a synergistic effect on embryonic zebrafish.

Malachite green is applied against ectoparasite and external fungus on fish and
fish eggs (Culp and Beland 1996) in freshwater. The dye seems to act as an
irreversible respiratory enzyme poison (Alderman and Clifton-Hadley 1993). The
tissue level of malachite green especially when co-administrated with formalin
accumulates in exposed fish to a level greater than the initial exposure concentration
(Clifton-Hadley and Alderman 1987). It is also effective against proliferative kidney
disease of rainbow trout, Oncorhynchus mykiss. It is also found effective against
established clinical or subclinical infection caused by the ciliate Ichthyophthirius
multifiliis exposed under laboratory conditions (Clifton-Hadley and Alderman
1987). It is now banned in many countries mainly due to its higher rate of
bioaccumulation in tissue (Alderman and Clifton-Hadley 1993) and associated
teratogenic and carcinogenic effects (Meyer and Jorgenson 1983).

Ivermectin (IVM) is a broad-acting anti-helminthic used for treatment in animals
and fishes as well. This study reported that concentrations as low as 0.25 μg/L affect
the swimming behavior of zebrafish and also affect the feed intake. Further, the
effects on weight gain were more in male zebrafish than in females. Fish exposed to
25 μg/L showed darker coloration and mild curvature of the spine (Domingues et al.
2015).

2.1 Genotoxicity Study in Fishes

Obiakor et al. (2021) performed in vivo genotoxicity associated with Sb in the silver
perch RBC, and fishes were exposed to sublethal concentrations of 0.4, 0.9, and
1.8 mg/L Sb (III), and 0.9, 2, and 5 mg/LSb (V) for 14 days followed by comet assay



and MN test. The comet assay analysis of all Sb (III) concentrations showed non-
dose-dependent DNA damage after 48 h, whereas afterward no further increase in
DNA damage was witnessed in relation to control. Fishes of all the treatments for Sb
(III) died after 14 days. A significant increase in the cytotoxicity index was observed
at 1.8 mg/L Sb (III) concentration post 2 days of exposure.
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Mehra and Chadha (2021) evaluated the genotoxicity potential of naphthalene-2-
sulfonate (2NS) in freshwater fish (Channa punctatus). They selected two sublethal
concentrations of 2.38 g/15 g body weight (1/4 of LC50), and 4.77 g/15 g body
weight (1/2 of LC50) for acute exposure. They analyzed blood sample initially for
24, 48, 72, 96 h., and later after 30 days and 60 days post-exposure to the subchronic
effects. They reported dose and time-dependent DNA damage by comet and micro-
nucleus tests after 60 days. Further recovery from damaged DNA was also observed
after exposure cessation to 2NS.

Canedo and Rocha (2021) summarized the existing literature on genotoxicity of
different pollutants in zebrafish model system. Various types of DNA damage
reported against vast categories of pollutants include single-strand breaks, double-
strand breaks, adduct formation, and changes in important gene expression involved
in DNA damage repair. Very limited studies have been reported related to the
capacity of fishes to repair the damage.

Mir et al. (2014) analyzed the genotoxicity potential of a few heavy metal ions
and polycyclic hydrocarbons in fishes. These genotoxicants are often disposed of in
free-flowing waterbodies, and the fauna, particularly, fishes, are highly affected.
These genotoxicants affect the growth as well as the reproductive performance of
fish such as fecundity. The liver and kidney are the primary organs that play a pivotal
role in detoxification through various enzymatic actions such as metallothionin,
SOD, alanine aminotransferase, etc. Genotoxicants damage the liver by affecting
its histology and biochemistry.

Pandey et al. (2018) used the comet test and random amplified polymorphic DNA
to investigate profenofos (organophosphate)-induced genotoxicity (DNA damage)
in freshwater fish Channa punctatus following in vivo exposure in a semi-static
setup after exposing fish to a sublethal dose of 1.16 ppb (1/2 of LC50), and DNA
damage was compared with control fish using erythrocytes. The RAPD profile of
fish specimens exposed to PFF showed the appearance/disappearance of bands as
well as an increase/decrease in band intensity compared to the control, which
indicates the development of DNA break in treatment. Similarly, the comet assay
result also indicated increased tail DNA percentage in treatment. Finally, they
concluded that the pesticide exerts a genotoxic effect on the fish.

The genotoxic effects of terbufos and fenthion were evaluated individually as
well as in combination on HepG2 cells and zebrafish embryos (Wahyuni et al. 2021)
by neutral comet and H2AX phosphorylation assay. The result showed the devel-
opment of double-strand break in DNA of cells received treatment of terbufos and/or
fenthion. The toxic as well as the genotoxic effect was significantly less at an
equimolar (40 μM) combination of these pesticides without impacting homologous
recombination repair activity of DNA compared to individual exposure to terbufos
or fenthion. A decreased expression of Xrcc2 gene (DNA homologous repair gene)



was observed in HepG2 cells after exposure to terbufos and/or fenthion. Moreover,
the combined pesticides decreased Xrcc6 gene expression (DNA non-homologous
end joining repair genes). Only fenthion reduced the expression of the HR genes
(Rad51 and Rad18) at 24 h in zebrafish embryos. The combined pesticides increased
the expression of the HR genes (Rad51 and Xrcc2) after 48 h of exposure, but
terbufos or fenthion reduced the expression of these four genes (Rad51, Rad18,
Xrcc2, Xrcc6). Additionally, fenthion or the combination pesticide dramatically
reduced the hatching rate of zebrafish embryos at 72 hpf.
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Amaeze et al. (2020) assessed the hematological or genotoxic effects of sublethal
concentrations of several agricultural pesticides (deltamethrin, carbofuran, dichlor-
vos, chlorpyrifos, cypermethrin, dimethoate, fipronil, abamectin, lambda-
cyhalothrin, and paraquat) in Clarias gariepinus. The LC50–96 h. was initially
estimated individually for every pesticide. They were then subjected to sublethal
doses (1/100th 96 h LC50) over a 21-day period. In every instance, a control
experiment was observed with catfish housed in municipal water that had been
dechlorinated. The LC50–96 h. was found to vary widely for different pesticides
from 2.043 μg/L (Lambda-cyhalothrin) to 10284.288 μg/L (Paraquat). Further,
significant differences (P < 0.05) were also reported between various hematological
parameters between treatment and control. A significantly higher proportion of
micronucleus and nuclear abnormalities were also observed in pesticide-exposed
fishes.

Ali et al. (2008) studied CPF (chlorpyrifos)-induced DNA damage in Channa
punctatus exposed to various concentrations of CPF using MNT and comet assay.
The LC50–96 h in a semi-static system was found to be 811.98 μg/L, and
concentration-dependent DNA damage was reported based on MNT and comet
assay analysis in erythrocytes and gill.

Marco et al. (2016) reported monceren 250 SC fungicide-induced DNA damage
based on genotoxicity parameters of the alkaline comet assay such as tail length, tail
moment, and tail intensity in zebrafish embryos. They reported a significant rise in
these parameters in zebrafish embryos compared with control embryos and also
concluded that the tail intensity was the most appropriate parameter for genotoxicity
levels assessment in zebrafish embryos.

2.2 Gene Expression Associated with Genotoxicity

Derikvandy et al. (2020) analyzed the toxic effects of different percentages (0, 0.5,
1, and 2) of untreated waste water in zebrafish for 21 days using biochemical
indicators, oxidative stress markers, and gene expression analysis involved in
detoxification in the liver. They reported upregulation of sod1, gset-1a, and gpx1a
gene in the liver after exposure to 2% sewage for 21 days. Significant upregulation of
Gsr, Ces2 and Cyp-1a, Mt1, and Mt2 genes was also observed in the liver cell
compared to control. The levels of lactate dehydrogenase, antioxidants, aspartate
aminotransferase, malonaldehyde, and alkaline phosphatase were also increased



significantly in fish that received 1 and 2% of sewage water compared to the control
group (P < 0.01). The alanine aminotransferase activity was increased significantly
(P < 0.01) in fish that received 2% sewage, whereas a significant reduction in
gamma-glutamyl-transferase level was observed in the same treatment. Catalase
activity invariably increased in all treatments compared to control.
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Verbueken et al. (2018) assessed cytochrome P450 activity in zebrafish embryos
and larvae until 14 day post-fertilization (dpf) by using a nonspecific CYP substrate,
(benzyloxy-methyl-resorufin (BOMR), CYP1-specific substrate like
7-ethoxyresorufin (ER) and transcript analysis of CYP1A, CYP1B1, CYP1C1,
CYP1C2, CYP2K6, CYP3A65, CYP3C1, phase II enzymes uridine di-phosphate
glucuronosyltransferase 1A1 (UGT1A1), sulfo-transferase 1st1 (SULT1ST1), and
an ATP-binding cassette (ABC) drug transporter like abcb4 gene in zebrafish for
32 dpf. Using quantitative PCR, they reported a low to undetectable role of these
proteins in the disposition of xenobiotics before 72 h post-fertilization.

Gaaied et al. 2019 reported upregulation ofGstp1 gene expression at a lower dose
of 2,4-D (0.02 mg/L) and a downregulation at the highest dose (0.8 mg/L) in 96 hpf
zebrafish larvae along with a significant increase in various enzymatic activities.

Jin et al. (2010) evaluated the effects of atrazine (ATZ) treatment on female
zebrafish and reported a significant change in the level of SOD and CAT, along with
GSH and MDA amount in the liver. The transcript levels for these genes encoding
antioxidant proteins, such as Cu/Zn–Sod, Mn–Sod, Cat, and Gpx, were also found to
be significantly upregulated in the liver of fish exposed to various concentrations of
ATZ for 14 days. The levels of Ucp-2 and Bcl-2 were also altered significantly in
high ATZ treatment groups.

Cong et al. (2020) studied the toxic effects of DMP (dimethyl phthalate) exposure
on adult zebrafish liver. The LC50–96 h was found to be 45.8 mg/L. The
malondialdehyde level was found to increase at 0.5, 4.6, and 22.9 mg/L concentra-
tions for 96 h. whereas lower antioxidant capacity was observed compared to the
control solvent group. The superoxide dismutase level was significantly higher after
24 h exposure at low concentration compared to 0 h and then reduced at high
concentrations after exposure for 96 h. The catalase and glutathione S-transferase
activities were significantly reduced after 96 h of exposure to high concentrations of
DMP, with the up- or downregulation of the related transcriptional expression.

Gonzalez et al. (2006) evaluated the effects of cadmium exposure on selected
transcript levels in the gill, liver, skeletal muscles, and brain of the zebrafish. The Cd
level was comparatively low in skeletal muscle, but the transcript levels of mt1,cyt,
bax, gadd, and rad51 genes were found to be upregulated on the seventh day. The
c-jun, pyc, and tap genes were also found to be upregulated in muscles at day
21, whereas the transcript levels of bax, gadd, and rad51 genes reduced to basal
levels. Although the level of Cd was the highest in the liver, only mt1 and c-jun
genes displayed a differential expression in the liver after 21 days. The mt1, mt2, and
c-jun gene expression levels were found to be increased in the brain after 21 days.
The gill response was significantly higher post 7 days of exposure as evident through
differential expression of oxidative stress–response hsp70 and mitochondrial sod



genes, along with genes involved in mitochondrial metabolism and metal
detoxification.
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3 Conclusion

Genotoxicity is one of the major concerns associated with various chemicals present
in pollutants and drugs. Fishes exposed to such chemicals are liable to exhibit
abnormal behavior and reduced performance. Antiparasitic drugs used in aquacul-
ture are potential xenobiotics that cause genotoxicity and require urgent attention at
policy level to regulate its use. Many such antiparasitic drugs are pesticides and
reach the natural waterbody with runoff water. Genotoxicity analysis of fish sample
collected from different natural waterbody can help in understanding the safety
aspects of aquatic animal in the natural waterbody.
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Endocrine-Disrupting Compounds (EDCs)
as Emerging Aquatic Contaminants:
Emphasis on Reproduction
and Development

A. Rathipriya, Deepak Agarwal, E. Suresh, and Mohd Ashraf Rather

1 Introduction

Numerous genomic pathways have been found to have been affected by exposure to
anthropogenic chemicals with hormone-like activity over the past 25 years,
according to considerable studies in vertebrate species. This effect is mediated
through the chemicals’ interactions with nuclear receptors. Additionally, a variety
of contaminants have been found to obstruct non-genomic (non-classical) pathways,
but it is yet unclear how this causes endocrine disruption. There has been a
significant increase in the number of publications detailing the effects of
endocrine-disrupting chemicals on fish reproduction in recent years, particularly
those focusing on hypothalamus–pituitary–gonadal axis dysregulation. They may
have different effects on the physiology of male or female reproduction according to
their ability to resemble endogenous hormones. They may have different effects on
the physiology of male or female reproduction depending on their ability to resemble
endogenous hormones. The gonadosomatic index changes, intersex gonad develop-
ment, gametogenesis inhibition, and lower fertility rate have all been extensively
studied (Dar et al. 2012; Mohapatra et al. 2021). Males in some wild species have
shown changes in sperm quantity, fertility, and motility. Females showed similar
negative effects, including decreased maturation and oocyte growth, as well as an
increase in apoptotic processes. Gamete viability, one of the key indications of
reproductive endocrine disturbance, may be impacted by these routes. Pollutants
also cause epigenetic pathways modifications, which result in specific toxicological
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processes or abnormal cellular reactions that may have an impact on future gener-
ations via the germline.
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Endocrine-disrupting chemicals are a type of synthetic or natural chemical that
has a variety of structural properties and the ability to interact with the endocrine
system. EDCs include herbicides and pesticides, plastic pollutants, heavy metals,
biocides, heat stabilizers, chemical catalysts, medicines and dietary additives, flame
retardants, and other substances. Given their heterogeneity in physicochemical
properties and distinct biological effects, it is not surprising that EDCs interact
with the endocrine system via a variety of modes of action (Henley and Korach
2006). They disrupt the neuroendocrine and endocrine processes required for
embryonic growth and reproduction (Godfrey et al. 2017). Once in the environment,
they simulate, reject, and change the amounts of naturally occurring steroids by
influencing the rates of their synthesis, metabolism, expression, and activity at
receptor sites. EDCs and natural hormones share structural similarities, allowing
them to bind to the same receptors and cause similar biological reactions. The three
main gonadal steroids that affect the reproductive system are cholesterol-derived
oestrogens, androgens, and progesterone. While androstenedione is the starting
material for the biosynthesis of testosterone, androstenedione is the starting material
for the biosynthesis of oestrogens. In fish, two distinct aromatase enzymes are
encoded: CYP19a, which is primarily expressed in the gonads, and CYP19b,
which is primarily expressed in the brain (Zhang et al. 2014). Oestrogens were
also known to regulate a variety of reproductive processes (Yilmaz et al. 2015). The
androgen receptor, which is activated by androgens such as testosterone, is required
for male development, as well as secondary sex traits (Schulz et al. 2010). Despite
the fact that the majority of EDCs have ecological concentrations that are much
lower than the range established by regulatory agencies, it is important to remember
that an environmental health issue with EDCs is linked to bioaccumulation, chronic
exposures, and the eventual occurrence of antagonistic interaction among them.
Furthermore, because EDCs are known to function via non-monotonic dose–
response curves, the effects seen at high doses cannot be extrapolated to the
low-dose range. It is demonstrated that endocrine disruption affects animals, partic-
ularly aquatic species. Dietary absorption caused by contaminated food is a signif-
icant source of contamination (Carnevali et al. 2017). Due to the wide dispersion of
contaminants in the environment, the current debate is not about whether or not
endocrine disruption occurs in wildlife, but about the concentrations at which it
occurs, the underlying mechanisms, and whether or not endocrine disruption has any
ecologically significant effects.

There have been more recent reports of EDCs’ impacts on invertebrates
(Cuvillier-Hot and Lenoir 2020). Invertebrates play a significant ecological role in
every ecosystem and contribute significantly to global biodiversity (Wilson 1994).
Therefore, understanding the effects of EDCs on invertebrate reproduction is crucial.
Due to their small size, invertebrates are predicted to be significantly exposed to
environmental pollutants, which could indicate greater bioaccumulation (Cuvillier-
Hot and Lenoir 2020).
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The imposex and intersex phenotypes observed in Mollusca and Arthropoda
species are well-established instances of EDC impacts on reproduction in inverte-
brates (Grilo and Rosa 2017). The majority of these phenotypic conditions are
caused by organotin substances such as tributyltin, triphenyltin, and dibutyltin,
which are used as crop fungicides and pesticides, slimicides in industrial water
systems, and marine antifouling agents. Similar symptoms have also been linked
to oestrogenic substances like 17-estradiol and 17-ethynylestradiol exposure (Grilo
and Rosa 2017). Male sexual organs are non-functional and are known as the
imposex phenotype (De Wolf et al. 2001). Individuals with the intersex condition,
in contrast side, have gonadal tissue from the opposite sex, such as spermatocytes in
the ovary or oocytes in the testis (Bahamonde et al. 2013; Gomes et al. 2009). Both
abnormal morphological and physiological conditions, according to Oehlmann et al.
(1998), are irreversible and result in poorer reproduction, biased sex ratios,
decreased fertility, and the possibility of a concurrent decline in biodiversity and
populations (Cuvillier-Hot and Lenoir 2020).

Understanding the genetic loci responsible for fish sex determination can provide
insight into reproduction, which is beneficial to aquaculture and fisheries (Sundaray
et al. 2021). Sex determination within fishes is a dynamic process that has been
observed in families or genera and can be modulated by external factors (Devlin and
Nagahama 2002). Sex can be determined by monogenic or polygenic systems,
which can be found on autosomes or sex chromosomes. We can compare sexes
using transcriptomics to determine which loci contribute to sex determination (Chen
et al. 2015; Sun et al. 2013; Lin et al. 2017). The transcriptome of reproductive tissue
can also provide biological insight into sex-related differences or sex differentiation
in fish (Zhang et al. 2019; Tao et al. 2018; Agarwal et al. 2020). Dmy/dmrt1Yb,
DMW, DMRT1, Sox9, SDy, and Sox3 are just a few of the candidate genes
associated with sex determination, gametogenesis, and gonadal differentiation and
maturation in fish (Matsuda et al. 2002; Yokoi et al. 2002; Yano et al. 2012;
Takehana et al. 2014). Rapid cell division processes occur in the early stages of
vertebrate embryo development, whereas synchronous cells divide the zygote in a
blastula. Maternal RNA is essential during this time, and these gene transcripts were
inherited in growing oocytes and direct embryogenesis (Chapman et al. 2014). In
such studies, these transcripts encode regulators or participants in cell cycling,
proliferation, growth, and apoptosis, and cytoskeleton (Aegerter et al. 2005; Bonnet
et al. 2007).

2 Endocrine-Disrupting Chemicals (EDCs)

EDCs are disrupt hormones that regulate developmental processes and maintain
homeostasis in their production, transport, release, metabolism, action, binding, or
elimination (EPA Environmental Protection Agency (EPA) 2014). EDCs can have
an impact on human, fish, and wildlife health by interfering with the endocrine
system. The effects of EDCs are those on the hormone system, which can change



how the endocrine system regulates vital physiological processes (Morales et al.
2014). Because EDCs can imitate or disrupt endogenous hormone function, they
may have a substantial negative influence on an organism’s ability to survive during
critical developmental and reproductive stages (Scholz and Mayer 2008). The
development of the neuroendocrine system has been markedly impaired in various
papers to document the effects of chemical exposure (Weber et al. 2013). By
interfering with enzymes or receptors involved in metabolism and steroid synthesis,
EDCs may also have an impact on several reproductive processes (Ma et al. 2012).
EDCs can either promote or prevent fish oocyte maturation (Tokumoto et al. 2005).
Endocrine disruptors can have an effect on many aspects of transcription and
transcriptional regulation that control gene expression (Dominguez et al. 2014).
The mode of action of EDCs can be classified into disturbance of production,
metabolism, secretion or transport of natural hormones, and interruption in hormone
receptors during production and function (Rotchell and Ostrander 2003). Based on
the properties of the molecule in action, this division distinguishes different and
discrete routes of an EDC mechanism (Goksøyr 2006). Despite the fact that only one
substance can use all of the aforementioned routes of action, based on the amount
administered to the organism (Goksøyr 2006), it was discovered that exposure to
EDCs during developmental stages can harm human development and damage
aquatic organisms (Wiegand et al. 2001).

418 A. Rathipriya et al.

There have been reports linking human testicular dysgenesis syndrome develop-
ment to exposure to EDC (Santos et al. 2007). Furthermore, Wiegand et al. (2001)
stated that fish development may be impacted by the fish’s inability to detoxify the
environment and the absence of EDC degradation. According to Barnhoorn et al.
(2004), exposure to EDCs in water is linked to several reproductive effects in fish,
including the induction of intersex, a decrease in the levels of various hormones, and
a reduction in gamete production (Caballero-Gallardoa et al. 2016). Estrone (El),
17-estradiol (E2), and 17-ethinylestradiol (EE2), which are produced and naturally
occurring steroid oestrogens, are among the most potent EDCs present in these
effluents. Many manufacturing substances that cause endocrine disruption in ani-
mals include bisphenol A (BPA) and nonylphenol (NP) (Xu et al. 2014). Numerous
studies have shown that exposure to these contaminants can alter or prevent normal
fish development and reproduction. Since l7-ethinylestradiol (EE2) is a potent
oestrogen, Kidd et al. (2007) noted that its effect on the environment causes sex
reversal in male fish, resulting in a completely female population. According to
Baumann et al. (2013), both sexes’ gonadal maturation may be impaired. They
further clarified that the fish species, developmental stage, and exposure time all
played a role in these significant aberrations in gonadal development (Bhat et al.
2016; Rathor et al. 2017). Additionally, it was discovered that zebrafish exposed to
chronic oestrogen had negative effects on growth, induced the production of vitel-
logenin, delayed the commencement of maturation, impaired sex ratio and sexual
differentiation, and reduced the success of fecundity and fertilization (Ankley et al.
2009). Concentrations of 1.1 ng/L and 3–5 ng/L of EE2 resulted in complete
suppression of fertilization success and failed population recruitment (Fenske et al.
2005; Schäfers et al. 2007). According to Xu et al. (2008), zebrafish exposed to EE2



has negatively impacted reproduction, resulting in impairments in both male and
female performance. According to Van der Kraak and Lister (2011), natural
17-estradiol suppresses the oocyte maturation of zebrafish. Additionally, zebrafish
treated by the pharmaceutical oestrogen EE2 and anabolic androgen 17-trenbolone
showed an increase in vitellogenin levels, which led to fish feminization at a
concentration of 10 ng/L EE2. After receiving 50 ng/L of 17-trenbolone, it was
also discovered that the production of vtg was masculinized and decreased (Orn et al.
2006). Additionally, among the most often observed negative consequences were a
decline in gonadal development, a decrease in fecundity coupled with a decrease in
fertility (Xu et al. 2008), and impairments in gonadal differentiation (Fenske and
Segner 2004).
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Compared to endogenous oestrogen, nonylphenol (NP) can naturally be active in
the body for a long time (Caballero-Gallardoa et al. 2016). When NP binds to the
oestrogen receptor, it competes with oestrogen and affects fish development and
reproduction (Chaube et al. 2013) (Puy-Azurmendi et al. 2014). Since fish are
particularly susceptible to EDCs, including triclosan (Shanmugam et al. 2014) and
organochlorine insecticides (heptachlor epoxide, dieldrin, and hexachlorobenzene),
several studies have connected fish consumption to human risk. As a result, the
aquatic environment is regarded as a major basin for chemical disruptors.

3 Effects of EDC Exposure on Fish Reproduction
and Development

Antifouling chemical 3, 3′′ diindolylmethane (DIM) produced abnormal production
of vitellogenin and eggshell proteins in the testis of marine medaka, Oryzias
melastigma, at low levels, implying oestrogenic action (Chen et al. 2017). When
DEHP exposure was tested in zebrafish at concentrations of 0.2 and 20 g/L, it was
discovered that DEHP can have a detrimental effect on reproduction by stopping the
mitotic process during spermatogenesis and lowering embryo development (up to
90%). These changes were linked to an increase in spermatozoa DNA fragmentation
(Corradetti et al. 2013). Zebrafish exposed to environmentally relevant concentra-
tions of triclocarban and inorganic mercury developed severe histological lesions in
the testis, resulting in a reduction in size and mature sperm abundance, similar to fish
exposed to the chemicals separately (Wang et al. 2016). Similar to this, exposure to
DES, flutamide, and their mixture decreased the number of sperm and changed the
meiotic and apoptotic processes, affecting spermatogenesis (Yin et al. 2017). A
possible delay in spermatogenesis was expected in male Cyprinus carpio fish
exposed to 2 mg/L PFOA for 56 days, where spermatogonia and spermatocytes
were the predominant germ cells. There was also evidence of enhanced Sertoli cell
proliferation and interstitial tissue in the testis (Giari et al. 2016). Goldfish exposed
to BPA had higher levels of hepatic vitellogenin, but not of gonadosomatic index,



hepatosomatic index, or E2. This implies that BPA might affect testicular spermato-
genesis, changing sperm maturation (Hatef et al. 2012).
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Numerous types of research on fish have been concentrated on reproductive
endpoints since abnormalities in sexual development were among the first physio-
logical consequences to be noticed as a result of exposure to EDCs. According to
Uren Webster et al.’s (2014) research, zebrafish exposed to glyphosate at high
concentration of 10 mg/L experienced changes in the transcript profiles of the
gonads for the ovary cyp19a1 and esr1 and the testis hsd3b2, cat, and sod1 genes.
Chemicals that disrupt hormones (EDCs) are now widely dispersed in the environ-
ment. Due to its potential neurotoxicity and endocrine-disrupting effects,
tetrabromobisphenol A bis (2-hydroxyethyl) ether (TBBPA-DHEE) contamination
in environmental media poses a serious risk to people and aquatic organisms.
However, little is known about how TBBPA-DHEE affects the endocrine system
in aquatic organisms. Okeke et al. (2022) observed the neurotoxicity and reproduc-
tive endocrine-disruptive effects of TBBPA-DHEE by observing the
neurobehavioral changes, vitellogenin, testosterone, 17-estradiol, and gene expres-
sion levels in adult male and female zebrafish exposed to TBBPA-DHEE as well as
using transcriptomic analysis to uncover additional potential neuroendocrine-
disrupting mechanisms. The neuroendocrine disruptive effect of TBBPA-DHEE
was detected and is partially explained by the high upregulation of genes.

In breeding colonies of zebrafish, the study identified the genetic processes linked
to reproductive disruption after exposure to a model environmental oestrogen (EE2).
It was accomplished by examining the gonadal transcriptomes of specific zebrafish
exposed to EE2 and comparing these to the impacts on their reproductive physiology
to find candidate gene pathways causing the phenotypic changes brought on by EE2.

A ubiquitous and movable metalloid contaminant in the environment is arsenic.
Although certain bacterial species utilize arsenic compounds as respiratory metab-
olites, it is extremely hazardous to the majority of species. The molecular basis of
arsenate toxicity has been studied utilizing RNA-SAGE in zebrafish. Iron ion
transport, translation, oxidation-reduction, cell redox, and homeostasis were
among the primary biological processes highly enriched in differentially expressed
genes, according to transcriptional profiles based on zebrafish genome (Xu et al.
2013). In recent years, it has become clear how EE2 affects fish brain development.
In one study, the neural transcriptome of male and female guppies was examined
using RNA-seq to identify the effects of exposure to 8 ng/L and 38 ng/L EE2
(Saaristo et al. 2017). According to their research, EE2 had a feminizing effect on
the male transcriptome and changed transcript abundances in a sex-specific way.

The effects of early exposure to the herbicide atrazine or EE2 on sexual differ-
entiation and gene expression in gonadal tissue were examined by Leet et al. (2020).
They exposed largemouth bass (Micropterus salmoides) to concentrations of 1, 10,
or 100 g atrazine/L or 1 or 10 ng EE2/L from 7 to 80 days post-spawn, and they
observed histological growth and transcriptome changes in gonad tissue. They
observed an almost 100% female sex ratio in fish exposed to EE2 at a concentration
of 10 ng/L, most likely as a result of male sex reversal.
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In aquatic studies, 17-methyltestosterone (MT), an artificial androgenic substance
used to produce masculinization of both secondary sex characteristics and gonads,
was investigated by Wang et al. (2020). The growth and development of fish were
retarded by exposure to MT at 200 ng/L in the Stone moroko (Pseudorasbora
parva). Male and female RNA-seq analysis identified 7758 and 11,543 DEGs,
respectively. Males were more clearly disrupted by MT than females were, and
this was predominantly shown in the immune system.

The effects of EE2 exposure on Pacific sardines (Sardinops sagax) and chub
mackerel (Scomber japonicus) were studied by Renaud et al. (2019). The liver RNA
of wild sardines and mackerel exposed for 5 h in a lab setting to a concentration of
12.5 pM EE2 conducted RNA sequencing (RNA-seq). In male sardine and mack-
erel, ambient levels of EE2 altered fundamental biological processes and pathways,
as shown by the development of molecular markers for metabolic, hormonal, and
immunological dysfunction, as well as carcinogenesis in exposed fish.

The physiological effects of chronic exposure to wastewater treatment plants and
stormwater effluents were explored by Bertucci et al. (2018) in the Asian clam
(Corbicula fluminea). They discovered a group of 3181 transcripts whose abundance
changed in response to the quality of the water. Clams from the reference clean site
and those exposed to wastewater treatment plant effluents showed the greatest
changes in transcriptome profiles. The majority of the transcripts with differential
expression were connected to signalling pathways for energy metabolism, indicating
a lack of nutrients and/or energy as well as hypoxic conditions as a result of the
contaminants in the effluents.

Copepods (Eurytemora affinis) were subjected to sublethal doses of the pesticide
pyriproxyfen and the insecticide chlordecone by Legrand et al. (2016). Males and
females (400 each) were separated for RNA extraction after 48 h. After EDC
exposures, 2566 distinct genes showed differential expression in comparison to
controls with comparable numbers of DE genes with both chemicals. After both
exposures, males had more differential gene expression than females.

Guo et al. (2021) investigated the effects of phenolic chemicals in Ba River
effluent on the ovary of the sharp belly (Hemiculter leucisculus), a freshwater fish,
using transcriptome and metabolomic analysis. Compared to upstream and remote
sites, oocyte development was stimulated in fish gathered near wastewater discharge.
The differentially expressed genes from RNA-seq revealed that fish ovaries had
histopathological changes that were most likely caused by increased steroid hor-
mone production.

Salmonid species were subjected to relatively short exposure days. Hepatic vtg
and er mRNA levels increased in juvenile rainbow trout exposed to NP for 3 or
6 days, whereas brain gnrh2 mRNA levels decreased in a dose-dependent manner
(Vetillard and Bailhache 2006). Furthermore, 4 days of EE2 and NP exposure
increased vtg transcript levels in yolk sac larvae, fry, and smolts, as well as plasma
levels of VTG and er mRNA in Atlantic salmon (Salmo salar) smolts (Duffy et al.
2014; Breves et al. 2018). An appealing experiment that mimicked maternal transfer
by exposing rainbow trout oocytes to BPA in the ovarian fluid for three hours
resulted in a delay in hatching and yolk absorption in the embryo (Aluru et al.



2010). In zebrafish larvae, low doses of BPA exposure at 2 h post fertilization (hpf)
to 120 hpf resulted in earlier hatching time, an increase in GNRH3 neurons, and
higher expression of genes linked to reproduction such as gnrh3, lh, fsh, and er (Qiu
et al. 2016). After 96 h of exposure to various phthalates, sex steroid hormones
(E2 and T) in fathead minnow eggs either increased or decreased (Mankidy et al.
2013). Increases in iNOS (inducible nitric oxide synthase) were seen in zebrafish
embryos exposed to BPS, and genes predicted to activate innate immune cells were
found in the RNA-seq data (Qiu et al. 2020).
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Acute exposure-based experimental methods have been successful in identifying
the disrupting effects of NP and EE2 in adult fish. It increased plasma VTG,
decreased plasma E2 and T after 24 or 48 h, and altered the expression of genes
involved in hormone metabolism, steroid binding, sterol metabolism, and cell
development in the liver after 24 and 168 h in gravid female zebrafish (Hoffmann
et al. 2006). After a week of exposure to EE2, subadult coho salmon (Oncorhynchus
kisutch) showed an increase in hepatic vtg and pituitary luteinizing hormone
(lh) subunit mRNA, as well as induction of gonadotropin-releasing hormone
(gnrh) receptor expression in females (Harding et al. 2013). Three days of NP and
BPA exposure resulted in hepatic vtg mRNA expression and reproductive damage in
adult male Swordtail fish (Xiphophorus helleri) (Kwak et al. 2001).

4 Conclusion

A better comprehension of every aquaculture organisms’ reproductive pattern is
critical for maintaining reproductive performance and assisting in artificial breeding
programmes. Each of the fishes has a well-developed sex-determining system. Thus,
identifying relevant transcripts from the tissues will aid in the analysis of spermato-
genesis processes. In any method of breeding or culture, reproduction is critical in
large-scale commercial industry sectors that use some form of artificial reproduction.
When dealing with wild species, species identification is critical because hybridiza-
tion is feasible. Furthermore, numerous marine species have vast dispersion with
probable population structures along their ranges. Transcriptomic analyses can
provide insight into individual fitness as well as an understanding of how reproduc-
tion works at the molecular level within the species of interest.
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