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Abstract: Pesticides are chemical compounds or mixtures of hazardous substances that are used by
humans to increase and protect crops from pests and control disease-carrying insects. Because of its
wide use, it may be poisonous to helpful and non-targeting plants and animals. Spraying or
spreading pesticides over whole fields of crops can cause runoff to transfer the chemicals into
aquatic ecosystems, and wind can carry the chemicals to nearby grazing regions, farms, and
populated areas, where they can endanger other animals. This review summarises recent studies on
pesticide combination toxicity to aquatic biota and approaches used to anticipate toxic effects. When
toxicants harm economically significant organisms that humans consume, the negative effects
become more severe and can cause stress conditions, vital organ damage, biochemical damage, or
even the death of living things in both terrestrial and aquatic environments. Pesticides are highly
toxic to aquatic organisms such as snails, fish, etc. Neurological dysfunction in freshwater
organisms is also caused by pesticides. By producing excessive ROS, pesticides can cause severe
biochemical and histological changes in freshwater organisms. So, it is therefore easy to understand
the attention of the public on these substances. Because aquatic organisms play a major part in the
food chain. However, through the biomagnification process, the quantity of pesticides increases in
the higher organisms through the food chain. Which results play a terrific role in the higher
organism’s body. So, It's essential to comprehend the way that insecticides work on aquatic
organisms. In this review article, we are focusing on the way that pesticides work, which will help
in the system of biomonitoring.

Keywords: pesticide; acetylcholinesterase; reactive oxygen species; biomagnification process;
biomonitoring system

Introduction

Pesticide, the combination of the English word “pest” and Latin word “cide” means “killer”
(Hoy et al., 2023). Pesticides are mixture substances uses to control pests in agricultural lands,
gardening, and also uses to control the vectors of diseases in normal human life (FAO 2002).
Depending on the nature of target organisms, they are classified into insecticides, herbicides,
fungicides, and etc. On the basis of chemical nature there are also classified in to inorganic pesticides
which carries the arsenic, fluoride substances. And organic pesticides which are organophosphates,
carbamates, pyrethroid, etc. (Bjorling-Poulsen et al. 2008). Additionally, pesticides are utilised in the
health sector to eliminate disease-carrying insects like mosquitoes, flies, and cockroaches (Belluco et
al., 2023). During the Green Revolution, pesticides were used more than necessary (Table-1). As a
result, biodiversity, soil health, and crop quality have been affected (Baweja et al., 2020). Pesticides
are always spread through agriculture.

Table 1. Brief history of pesticide use (Source: PubChem.com).

Time period Type of pesticide use

Ancient time Ashes, blisters, and common salts

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1st century to 15th | Arsenic, a suggestion of soda and olive oil for the treatment of legumes

century (Pliny the Elder, a Roman naturalist-Historia Naturalis)

16th century to the | Arsenicals and nicotine in the form of tobacco extracts (Chinese farmers)

of the 18th century

1850-1866 Pyrethrum, soap, and a wash of tobacco, sulfur, and lime are also used

1867-1895 The pigment Paris green (an impure form of copper arsenite), Paris green,
and kerosene oil emulsion

1896-1899 Bordeaux mixture (CuSO4 and Ca (OH)2) and selective chemical herbicides

1900-1960 Dilute sulfuric acid, copper nitrates, and potassium salts
Sodium arsenite solutions become the standard herbicides and are used in
large quantities. Organomercury seed dressing. Dithiocarbamates

fungicides used in the US.

1961 DDT is registered for use on 34 different crops as pesticide usage

dramatically increases

1962-1971 Stoppage of DDT usage and other chlorinated compounds by farmers.

Favor of the use of Organophosphates and Carbamates

1972 Environmental Protection Agency revoked the use of DDT on all food
sources in the United States. The World Health Organization, however, still

reserves the right to use DDT on particularly virulent outbreaks of malaria.

1973-1989 Herbicidal sulfonylureas, neonicotinoids, glyphosate, synthetic fungicides
such as metaxyl and triadimefron, and light-stable pyrethroid pesticides are
introduced

1990-1999 Integrated pest management, intensified research on biological pest control

methods and other alternatives to pesticides

2000-2009 Widespread usage of IPM techniques in organic farming excluding the

usage of synthetic pesticides.

2010-2015 Involvement of genetic engineering and biotechnological methods to control
the usage of pesticides eg. Baculoviruses

2016-2022 Acetamiprid, Allethrin, Bendiocarb, Bifenthrin, Carbaryl, Cyphenothrin,

Difenconazole, D-trans Allethrin, Fipronil, Imidachloprid, Limda-
cyahalothrin, Profenofos, Thiamethoxam, Dodine, Hexaconazole, Propineb,

Thiophanate-Methyle, Tricyclazole, Metribuzin, Oxyfluorfen,

Bromadiolone, etc.

Nature and effects of pesticides on aquatic organisms

It has been discovered that the frequent application of pesticides including nitrogen, phosphate,
and potassium increases the soil’s concentration of several elements, such as Zn, Pb, Ni, and Cr,
which were previously only sometimes detected in soluble forms (Song et al., 2019). Synthetic
pesticides have somewhat more solubility into lipids and organic substances but remain largely
solvable due to being lipophilic in nature. Because of their endurance and toxicity to aquatic life,
synthetic pesticides have been the focus of substantial studies to ascertain their toxicity for a certain
range of species. Synthetic pesticides such as pyrethroid and organophosphate insecticides act as a
toxicant for aquatic organisms (Kadiru et al., 2022). The major disadvantages of organophosphate
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insecticides are that their toxicity to mammals is considerable, and pyrethroids are very harmful to
aquatic organisms (Goh et al., 2022). Pesticides are known to cause disruptions in the photosynthesis,
respiration, and biosynthesis processes of microorganisms together with cell development,
separation as well as molecular makeup.

Pesticides have become a threat to biodiversity

The harmful action of pesticides can play a vital role in biodiversity loss (AYDINALP et al.,
2004). Pesticides are toxic substances, which means they can cause temporary, transient, or
permanent impairment of one or more functions, impairments that can progress to total annihilation
or death after entering the body at a relatively high dose once or long term process (Chaudhary et al.,
2023) (Figure 1). Day by day these pesticides become part of the ecosystem which means that the
effects of pesticides in mammals is a serious matter to discuss as well as the effects on invertebrates
(Bernardes et al. 2015). On one hand, Organophosphates and other pesticides are toxic in mammals
on the other hand various insecticides are toxic to aquatic organisms (Mathivanan et al., 2023). The
detrimental impact on soil denitrification and denitrifying microorganisms was noted (Alho et al.,
2008). Algae and other aquatic vegetative creatures develop more quickly when the phosphorus level
of the water is increased.
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Figure 1. Impact of pesticides on the environment, aquatic organisms, and human health.


https://doi.org/10.20944/preprints202407.0314.v3

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 August 2024 doi:10.20944/preprints202407.0314.v3

Route of pesticides enter into the water bodies and accumulate by aquatic organisms

These pesticides may contaminate the drainage and irrigation system during agricultural
activities. It can easily enter into the body through oral opening, nasal openings, skin contact and in
fact through the gills in aquatic organisms (Ravula et al. 2021) (Figure 2). It also spread through the
ground water (Wanner et al., 2023). Pesticides are most commonly used by farmers as a shield against
harmful organisms but a number of non-target organisms, such as freshwater organisms, are also
adversely affected (Rajak et al., 2023). Aquatic organisms can counteract the effects of pesticide stress
through their own toxic resistance mechanism (Regoli et al., 2014). Pesticides are nondegradable or
less degradable ability in nature so if a limited quantity of pesticide use is may be tolerable but
excessive use of pesticide cannot degrade in soil (Nahar et al., 2023) and when it comes contact with
aquatic organisms it shows the harmful nature by reduce their growth rate, their reproductive rate
and also their sensory organ’s activity which is very dangerous for aquatic organisms. Because
aquatic organisms play vital roles in the ecological food chain. By their normal activity in nature helps
the ecosystem clean. So the harmful activity of pesticides in aquatic organisms also creates a serious

topic to think about.
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Figure 2. Route of pesticides enter into the organism’s body.

Pesticides can hamper molecular mechanisms in aquatic organisms

Due to their lipophilic nature, pesticides can hamper lipid metabolism in aquatic organisms. Due
lipophilic nature pesticides can easily penetrate the lipid layer of cells in aquatic organisms which
cause oxidative stress (Bashir et al., 2015). Oxidative stress leads to produce excessive reactive oxygen
species (ROS) which cause molecular damages in aquatic organisms. Pesticide stress may induce the
heat shock protein in aquatic organisms. So we need to find out the mode of action of pesticides in
aquatic organisms. Pyrethroid insecticides are one of the synthetic insecticide which can triggres the
lipid peroxidation in aquatic organism by reaction with the polyunsaturated fatty acids. Free radicals
production indicates the cellular defence mechanisms fails which leads to the cellular death. Free
radicals production cause the depletion of GSH in tissue. In aquatic organisms free radical production
is normal process due to water pollution so their body defence mechanism against the production of
free radicals is very high but when the pesticide particles mixed in to the water they can induces the
lipid peroxidation by chain reaction process then their normal body defence mechanisms fails
(Valavanidis et al., 2006). Many pesticides possess the capacity to induce apoptosis by altering redox
homeostasis, which is brought on by a reduction in defences against ROS production in aquatic
organisms (Lushchak et al.,, 2011). An important indicator of electrophilic (and oxidised) substances,
such as xenobiotic metabolites, is the activation of transcription-dependent p53 signalling cascades
and SAPKs, or stress-activated protein kinases, like N-terminal kinases of c-Jun (JNK). SAPK
activation also causes apoptotic cell death. To address and mitigate the deleterious impacts of
elevated intracellular reactive species levels, which therefore initiate apoptotic pathways, Moreover,
pesticides trigger the activation of defence mechanisms such DNA repair Signalling cascades
involving phosphatidylinositol 3-kinase/mitogen-activated protein kinase (MAPK/PI3K) as well as
the activation of antioxidant defenses. Apoptotic and survival signalling pathways are typically
activated in the moment of pesticide disclosure (Franco et al., 2009). Within aquatic insect larvae
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pesticides act as enzymatically as cytochrome P450 and as well as hydrolyzed carboxylesterases as
main compound conjugates endogenously (Katagi et al., 2010). In previous works researchers see the
enzymatic activity after pesticide exposure, immunological studies also doing for study the pesticides
exposure level, various gene expression study also done to see the effects of pesticides in aquatic
invertebrates have all been studied, but the work has mostly focused on annelida, arthropods, and
mollusca. The goal of this essay is to review the previous scientific works on The way that insecticides
work in watery organisms additionally identify any immediate areas that may require additional
research.

Pesticides

o
Rapid GSH depletion Muoderate levels of OFR production
Excess OFR. production Slow loss of GSH
Increased lipid peroxidation Moderate ATP loss
Damage to membranes Distribution transm potential and p bility
Severe ATP depletion Release of cyt. C and apoptosis related protems
{} Progressive uncoupling of oxidative phosph orylation

DNA fragmentation
i
| Cell necrosis, tissue loss and atrophy, immune supression ] Aponptosis

Figure 3. Pesticides can hamper molecular mechanisms in aquatic organisms.

Mechanism of Action of Pesticides

1. Organophosphate (OP)

Phosphorus-containing insecticides should known as Organophosphates(OP). Some terms that
were in vogue a while back are cousins of nerve fumes, esters of phosphoric acid, and phosphorus
insecticides. Since they are generated from one of the phosphorus acids, organophosphates are the
most dangerous class of insecticides to vertebrates overall. The “nerve gases” and OP chemical
structures are similar, and as a result, so are their modes of action. At first, the finding was discovered
in an effort to find alternatives to nicotine, which was in short supply in Germany yet was widely
utilised as an insecticide. At least five different structural diversity types are present in
organophosphate (OP) insecticides: (i)phosphates, (ii)thiophosphates,(iii)dithiophosphates,
(iv)phosphnoates, and (v)phosphroamides (Costa et al.2008). Alkoxy, substituted, and acid
derivative amino groups are varied chemical chains linked to the phosphorus base, and most
organophosphorus insecticides follow this molecular pattern. This comprises the aminohalogen
phosphates (Dimefox), orthophosphates (dichlorovos), thionphosphates (EPN), dithiophosphates
(malathion), orthothionphosphates (diazinon, parathion), and pyrophosphates (TEPP). Although
there are wide Variations in this group’s toxicity, environmental Often, persistence is not a property
of the parent substance. The problem of organophosphates’ toxicological impression on aquatic life
remains extremely challenging when combined with acaricides, nematicides, and rodenticides
(Parra-Arroyo et al.,, 2022). Aquatic species’ peripheral and central nervous systems include the
acetylcholinesterase (AChE) enzyme, which organophosphate (OP) pesticides aim to inhibit (Fulton
et al.,, 2001). Ops’ principal target is AChE, a B-esterase with a physiological function that is to
hydrolyze the essential neurotransmitter acetylcholine. Acetylcholine (ACh) could not be broken
down by the affected organism into acetic acid and choline. Non-decomposed AChs build in
synapses and cause constant neuronal stimulation that eventually kills aquatic life (Jeon et al., 2023).
The action of the enzyme on the physiological substrate is hindered by OPs containing a P moiety
with O, which A hydroxyl group is phosphorylated on the serine part at the enzyme’s active site.
Water hydrolyzes phosphorylated AChE extremely slowly. Conversely, however, Because of their
high neurological system resemblance to insects, organic pollutants (OPs) may be extremely
hazardous to non-target creatures, such as terrestrial and aquatic vertebrates. Phosphorylated
orthophosphates (OPs) have in the active region, a P moiety with O phosphorylates a hydroxyl bond
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on serine an enzyme to stop it from functioning on the physiological substrate. The esteratic site of
the enzyme and the phosphorus atom form a significantly more stable connection than the acetate’s
carbonyl carbon (in acetylcholine). The enzyme-carbon bond can be broken in a matter of
microseconds, However, depending on the OP’s chemical makeup, the phosphorus-enzyme
relationship may take a while to break (Costa et al., 2008). Acetylcholine builds up at cholinergic
synapses when AChE is inhibited, overstimulating nicotinic and muscarinic receptors and resulting
in neurological problems (Colovic et al., 2013). Indeed, even brief exposures to OPs can have negative
neurological repercussions (Fulton et al.,, 2001). Acetylcholine and other neurotransmitters have
unique trophic functions in the development of the central and peripheral nervous systems of
freshwater species (Slotkin et al., 2004). Acetylcholine buildup as a result of OPs inhibiting AChE
may therefore potentially impede this development (Colovic et al., 2013). The majority of
investigations have discovered a link between increased neurologic symptom prevalence in
freshwater organisms and OP exposure (Kamel et al., 2004). Exposure to chlorpyrifos during
pregnancy modifies the programming of synapse formation. Additionally, fish introduced to the
sublethal dosage of dichlorvos showed less inhibition of enzyme activity and higher oxidation and
reduction in glutathione levels when subjected to the lethal quantity of organophosphate insecticide
(Pena-Llopis et al., 2003). In both adult zebrafish, triphenyl phosphate (TPP) upsets the balance of sex
hormones. Fish require thyroid stimulating hormone, also known as TSH, to control the growth and
development of the thyroid gland, which produces and secretes T4 and, to a lesser extent, T3. Because
these hormones are critical for an organism’s growth, development, and energy consumption,
fluctuations in thyroid hormone control have significant toxicological ramifications. In order to
control thyroid hormones, the intricate web that makes up the hypothalamus-pituitary-thyroid (HPT)
circuit is essential. Prior research has demonstrated that organophosphates can alter the expression
of the tra and tr(3 genes, allowing triphenyl phosphate (TPP) to communicate with thyroid hormone
transporters in fish pituitary glands (Freitas et al., 2011).

ﬁ
— N*\/\ OH +coas” ™
/ Choline * Acetyl-CoA

O-acetyltransferase

Figure 4. Mode of action of organophosphates.

2. Carbamates

Carbamate insecticides are made from carbamic acid, same like OPs are from phosphoric acid.
Like the OPs, they also work by blocking the crucial cholinesterase (ChE) enzyme in freshwater
organisms. Carbaryl (Sevin®). In 1956 the researchers saw the introduction of the first efficient
carbamate pesticide. Its usage is more than that for each of the other carbamates combined. When it
comes to suppressing cholinesterase (ChE), carbamates and OPs function nearly the same in
biological systems, with two notable deviations. Occasionally, carbamates’ selectivity against the ChE
of different species can be stronger, and some of them are potent aliesterase inhibitors (a class of
aliphatic esterases whose specific activities are unknown). Secondly, the inhibition of ChE by
carbamates is reversible. When a carbamate blocks CHE, it is referred to as being carbamylated, much
like an OP induces an enzyme to become phosphorylated. Some carbamates lose their stability in
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boiling water and emit an isocyanate odour as a result of the quick breakdown of quaternary
ammonium groups. Due to the lack of a cholinergic neural-muscular junction in insects and the
corresponding impermeability within the insect nerve membrane to ionised compounds, this type of
smell breaks down and releases (Casida et al., 1963). According to Thompson et al., 1999, The
interaction among the OP and the serine at the enzyme’s active site inhibits B esterases, the category
to which ChE belongs. The phosphorylated enzyme takes a very long time to reactivate after this very
low inhibition concentration. Carbamate molecules have the ability to carbamylate the serine, which
is a moiety in the enzyme’s active region of B esterase, however, the connection is weaker, and
carbamylated esterase can spontaneously reactivate over time in response to dilution or substrate
competition. According to a study, the fish Sarotherodon mossambic’s acetylcholinesterase activity
is inhibited by the carbamate insecticide Sevin. According to Brzezinski and Ludwicki, 1973, an
increase in acetylcholine levels occurs when the action of acetylcholinesterase is inhibited. Increased
catecholamine release from this state may increase the level of cyclic AMP, which could therefore
have an impact on the function of the enzymes responsible for glycogenolysis and synthesis.
Consequently, changes happen to the blood plasma levels of glucose and insulin. As a result, elevated
catecholamine levels could result in hyperglycemia. Increased blood lactate levels, decreased muscle
glycogen stores, and elevated LDH activity in the muscles all suggested that fish exposed to sevin
had faster rates of glycolysis. The reduction in PDH and SDH metabolism in the muscles and liver
indicated that pesticide exposure negatively affected fish aerobic oxidation via the Krebs cycle.
Unmistakable decreases in PDH and SDH, as well as an increase in LDH, show that fish under sevin
stress prefer anaerobic metabolism According to Koundinya and Ramamurthi, sumithion and sevin
reduced Tilapia mossambica’s breathing and consumption of oxygen by the muscles, gills, and other
tissues because of a condition known as “coagulation film anoxia,” in which the fish’s capacity to
take in oxygen from its surroundings was negatively impacted by mucus leakage from the gills.
According to their research, sevin may trigger metabolic depression (Koundinya et al., 1979). Channa
punctatus exposed to a lower sevin dose (1.05 mg/l) altered the amounts of LDH, PDH, and SDH in
various organs as well as the chemical makeup of the liver, blood, and tissues. An increased rate of
glycogenolysis is indicated by declining liver glycogen levels and increasing blood sugar levels.
Another possibility for the decline in the quantity of glycogen in the muscles and liver is a reduction
in either gluconeogenesis or glycogenesis rate (Sastry et al., 1982). Carbaryl is another well-liked
carbamate pesticide. Numerous investigations revealed that interlocking clusters of cilia covering the
gill filaments and hypoplasia of epithelial cells were among the additional injuries sustained by fish
following carbaryl exposure. Certain changes in the connective tissue’s core have led to vacuolization,
capillary enlargement, and normal structural collapse. A fish given 1 mg/L carbaryl, on the other
hand, had entirely damaged gill structures and damaged interlamellar connections. The gill filaments
had been extensively injured, and necrosis had changed their morphologies, although little tufts of
cilia were visible on the top and lateral sides.

3. Pyrethroid synthetic insecticides

Pyrethrins are one type of insecticide which are made from Chrysanthemum plants. It is highly
dangerous for aquatic organisms as compared to mammals. It is naturally collected and then
modified into pesticide manufacturer companies to provide its photo-stability and high insecticide
ability (Chakraborty et al., 2023). Because it is expensive and unstable in sunlight, natural pyrethrum
hasn’t been utilized much in agriculture. Many synthetic materials that resemble pyrethrin have
recently become available. When these insecticides are synthetically manufactured in factories they
are known as synthetic insecticides. This insecticides are highly active for agricultural insects, it
means it's lower dose can be effective for pests. But when it mixed into the water bodies day by day,
it is not soluble in water. So due to this insolubility they remain keep their structure remain intact.
When the aquatic organisms intake these substances they are highly affective by this chemical
particles (Sanyal et al., 2024). With the property of neuronal damages in insects, pyrethroids are also
damages the neuronal function of aquatic organisms. It acts on neuronal gated channels which are
maintained by sodium and potassium. It blocks or reduced the activity of this channels which cause
serious damages in signalling activity in bodies. This pesticides can cause a reduction in neuronal
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signalling transfer in aquatic organisms. With the other hand this substances can be the reason for
serious damages in cell which is caused by the free oxidative radicals. This particles easily moved in
to the membranes which are made up of lipids. That induces the permeability rates in lipid
membranes in aquatic organisms. Even these excessive oxidative radicals can form reactive oxygen
species (ROS) in aquatic organisms. These ROS can act as molecular cutter, that means it can damages
the DNA, proteins. Aquatic organisms as mollucs has the ability to reduce the action of ROS. But
when these particles produce more ROS in the body, the antioxidants fails or can not control the
normal cellular functions in aquatic organisms. This insecticides have several structural
modifications which is contain with different moieties such as acid, alcohol and also the esters.
Several isomers presence in this insectides which is stereospecific that means these insectides has
different binding sites which are specific (Clark et al., 2012). Pyrethroids are generally divided into
two classes (Tan et al., 2023). Type I chemicals are found in freshwater species. T syndrome is a
syndrome characterised by high behavioural arousal, stopping, eating less, staying apart, exquisite
body tremor that progresses to swaying of the entire body, and bending (Ono et al., 1975). On the
other hand Type II substances cause cholinic seizures (CS syndrome), excessive salivation, and coarse
tremor that progresses to choreoatetosis (Costa et al., 2008). Those groups are different from each
other by among the alpha groups, a cyano group (Takasaki et al., 2013; de Brum Vieira et al., 2023).
In addition to depolarizing the membrane and persistently keeping the sodium channels within the
changed open state, the chemical also blocks the action potential without causing recurrent firing
(Alcivar-Warren et al., 2023). The alpha cyano group-free pesticides do not affect the resting potential;
instead, they cause significant depolarizing afterpotentials, recurrent firing, and brief maintenance of
sodium channels in a changed open state in aquatic organisms. National Pesticide Information Centre
(NPIC) states that because biphenthrin one of the commonly used insecticides is scarcely soluble in
water, the majority of it would remain in the sediments while being extremely detrimental to aquatic
life. Bifenthrin has an impact on fish and other aquatic species even at low doses. Fish have high
sensitivity in part because of their slow metabolism. The fish’s body will retain bifenthrin for a longer
time. The effects of bifenthrin as an ATPase inhibitor are another factor contributing to fish’s high
sensitivity. To regulate the osmotic equilibrium of oxygen, the gills require ATP. The fish will perish
if it is unable to absorb oxygen since ATP can no longer be utilised. Due to the osmoregulatory
disruption and ionic balance dysfunction these substances are highly dangerous for aquatic
organisms (Antwi et al., 2015). The lengthening of the kinetics of sodium channels controlled by
voltage, which are in charge of producing the forward sodium current that excites excitable cells’
action potential, is the primary mechanism via which pyrethroids cause acute toxicity (Von Stein et
al., 2011). The interaction of the pyrethroid-sodium channel causes disturbance by slows down the
channel’s activation and inactivation characteristics, creating a hyperexcitable state (Deuis et al.,
2017). Excitable cells have such an abundance of sodium channels that even while activation slows
down at one channel level, there are always enough unaltered channels to guarantee that the action
potential’s activation phase is not delayed (Contetet al., 2016). Nonetheless, even a small percentage
of altered channels can provide enough more current during the action potential’s falling phase to
postpone inactivation (Rajak et al., 2023). This delay results in protracted depolarization, which can
set off if the current is, another action potential will be high enough then persists long enough aimed
at nearby unaffected channels to become excitable again (Renigunta et al., 2015). These variations in
the timing of sodium channel opening mostly cause variations among the T and CS syndromes (Costa
et al., 2008). Type II pyrethroids may additionally inhibit GABAA-gated chloride channels, but only
at higher doses than those that are sufficient to affect sodium channels. At low concentrations, Type
II pyrethroids additionally inhibit voltage-dependent chloride channels (Rajak et al., 2023). These two
outcomes are thought to be mediators of the CS syndrome’s choreoatetosis, salivation, and seizures
(Costa et al., 2008). Pyrethroid can cause the induction of degradative metabolic systems in freshwater
organisms (Lavariaset al., 2023). In aquatic animals, exposure to pyrethroids can cause an increase in
the overall quantity of cytochrome P-450 and related proteins, especially in the liver, within a few
hours or days (Wilkinson et al., 1983). In order for freshwater species to detoxify pesticide
compounds, oxidative degradation mechanisms must include cytochrome P-450 proteins (Alonso et
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al., 2023). They are the ones who bind and oxidise pesticide molecules directly. The inducer
phenomenon is not limited to cytochrome P-450s; it also affects a wide range of other systems,
including those linked to mixed-function oxidases, glutathione-S-transferases, and glucuronyl
transferases (Lobodaet al., 2016). Furthermore, the increased concentration of antioxidant enzymes
in hepatopancreatic tissue, such as glutathione (GSH) and superoxide dismutase (SOD) and catalase,
which break down H202, is likely an early adaptive response to elevated oxidative stress in
freshwater creatures intoxicated with pyrethroids (Sanchez-Hernandez et al., 2023). Redox
(reduction/oxidation) cycle features, mitochondrial respiration, as well as reactive oxygen species
(ROS), considered to be byproducts of detoxifying metabolism, are among the established
mechanisms by which pesticides cause oxidative stress. In the redox cycle, the parent chemical is
frequently enzymatically reduced first to form the pesticide radical by a reducer that depends on
NADPH, it comprises cytochrome P450 reductase NADPH. The radical (.O2-) and parent chemical
are created by giving up the unshared electron of the O2 radical. The latter is susceptible to further
cycles. Consequently, at each cycle turn, two potentially dangerous events have occurred: the creation
of an oxyradical and the oxidation of a reductant. Previous studies have shown that more freshwater
fish are sensitive to cypermethrin. Fishes are exceedingly susceptible to growth impacts, as shown by
sublethal and chronic tests of pyrethroids, and reduced survivorship has been recorded in various
species, particularly impacting the early life stages.
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Figure 5. mode of action of pyrethroid insecticides.

4. Fungicides

Substances classified as organochlorines (OCP) include a minimum of one chlorine atom bonded
by a covalent bond. Chemical properties and structural changes pertaining to organochlorines are
diverse. These compounds are discovered to be thicker than water due to the high atomic weight of
chlorine. The element carbon, chlorine as well, and hydrogen are components of insecticides known
as organochlorines. They go by the names chlorinated hydrocarbons, chlorinated synthetics, and
chlorinated insecticides as well. Microorganisms are important inhabitants of aquatic environments,
where they play vital roles in primary production, nutrient cycling, and decomposition. There is little
information known about the harmful effects that agricultural fungicides in to aquatic
microorganisms, according to a study by DeLorenzo et al., 2001. There are around 50,000 distinct
species of microorganisms in the three kingdoms of bacteria, algae, fungi, and protozoa. Pesticides
have been demonstrated to affect cellular growth, division, and molecular structure in
microorganisms, as well as respiration, photosynthesis, and biosynthetic activities (DeLorenzo et al.,
2001). In an aquatic environment, pesticides may absorb or remove on suspended particles. They can
then settle deeper in bottom sediments, where they can absorb fishes and other aquatic life.
Organochlorines may enter a living thing’s body by the skin, lungs, or intestinal wall. While dicofol,
toxaphene, DDT, mirex, and methoxychlor are less absorbed via the skin than cyclodienes,
hexachlorocyclohexane, endosulfan, and lindane (Costa et al., 2008). Due to lipophilicity in nature,
organochlorines are stored in tissues, and repeated small exposure may result in accumulation and
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eventual toxicity (Krithiga et al., 2022). Their impact on the brain’s nerve cells results in
hyperexcitable states in the brain, convulsions, hyperreflexia, ataxia, tremor, and tremor. Organic
molecules decompose to produce the energy required for organisms to exist. A component of this
catabolic process occurs in the mitochondria of fungi and other eukaryotes, where it produces the
high-energy intermediate ATP. A number of fungicide groups disrupt the fungi’s energy source, and
all such substances are potent spore germination inhibitors. Younis et al. (2002) discovered the DDT-
targeted proteins in insects recently. The target protein was found to be an element of ATPase, which
is necessary for healthy nerve function and plays a critical role in neural repolarization. DDT also has
an impact on humans via at least three more routes. Compared to DDT and methoxychlor,
cyclodienes, lindane, and mirex have the potential to have more negative consequences. DDT has
been thoroughly tested for any possible negative effects using a range of animal models (de Perre et
al., 2014). DDT boosted photorespiration and prevented the C4-dicarboxylic acid metabolism from
incorporating 14C from 14CO2, according to research on the toxicity of DDT on algae. Most likely by
disruption of cyclic photophosphorylation, DDT caused the metabolism to switch from an efficient
to an inefficient pathway. Endosulfan’s toxicity to amphibians was assessed in a number of research.
Rana pipiens tadpoles that were exposed to endosulfan at environmentally appropriate doses for
seven weeks fared worse than controls in terms of survival (Shenoy et al., 2009). According to Shelley,
2009 the treatment with pentachlorophenol for 28 days act as boosting agent for phagocytic
leukocytes in rainbow trout. According to a 2009 study by Hassold, Daphnia magna was chronically
toxic to five fungicides that block demethylase. According to Ochoa-Acuna, 2009, Pseudokirchneriella
subcapitata and Daphnia magna were poisoned by fungicides commonly used on soybeans, including
strobilurin and conazole. According to Akoto, 2016, the organophosphates contaminate the water
bodies which are transferred to the higher organisms by fishes through the food chain. By creating
GSH conjugates, Enzymes reliant on glutathione have been linked to detoxification of toxic chemicals.
An enzyme that depends on glutathione and is likely a glutathione-S-transferase detoxifies the
insecticide DDT in resistant houseflies. Organochlorines has the potential to raise reactive oxygen
species (ROS). in living things in water and a reduction in antioxidant defences, which can affect
redox homeostasis and cause apoptosis (Valavanidis et al., 2006). Increased lipid peroxidation,
changed GSH, and oxygen-free free radical-scavenging enzymatic levels in the gastrointestinal tract
are reviewed in the context of oxidative stress (Vijayavel et al., 2004).
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Figure 6. Pathway of organochlorine metabolism and free radicle generation.

5. Herbicides

There are three different bipyridyl herbicides on the market: paraquat, diquat, and a
combination of these two. Diquat and paraquat are extremely powerful systemic toxins. A structure
is said to be bipyridyl if it has two pyridine rings on them, composed of aromatic rings joined by an
ethylene molecule and in where a single carbon atom is replaced by a nitrogen atom. Usually,
bromide and chlorine ions are used to generate the compounds diquat and paraquat, respectively.
Herbicide spills have been observed to have an impact on a variety of freshwater creatures.
Freshwater organisms’ tissues have been found to accumulate numerous herbicide families (Farcy et
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al.,, 2013). Reproductive harm in freshwater creatures exposed to atrazine has been documented in
several investigations. One of the most significant sources of hazardous data for aquatic creatures is
breeding under atrazine exposure. This data includes information on genetics, behaviour,
development, and the area of biochemistry (Zheng et al., 2017). With an EC50 of 0.070 M, the highest
algal lethality recorded by any herbicide, atrazine suppressed Chlorella fusca reproduction throughout
the duration of one generation cycle. (Faust et al., 1993). Since atrazine inhibits vitellogenin synthesis,
female crayfish have smaller oocytes in their ovaries and hepatopancreas (Silveyra et al., 2018). Long-
term atrazine exposure causes reproductive failure in freshwater cladocerans (Phyu et al., 2013). On
the other hand, atrazine decreases vitellogenic oocytes and increases the quantity of incorrectly
hatched larvae in estuary crabs. Another research found that atrazine affects coastal crabs by
reducing down their ovarian development (Silveyra et al., 2018). Tadpoles exposed to atrazine at low
concentrations have shown altered gonadogenesis in several investigations (Hayes et al., 2003;
Tavera-Mendoza et al.,, 2002). Figueiredo-Fernandes et al.,2006, report that oxidative indicators
present in hepatocytes in Nile tilapia exposed to paraquat are influenced by temperature and gender.
Males did better than females in their studies at both of the degrees (17 °C and 27 °C) in terms of SOD
levels. Comparing the SOD activity in both genders of the control or reference groups, it was greater.
However, at both temperatures, GR activity was higher in females, with no discernible variations
between males. Paraquat can be converted by GR to its cation radical, which leads to the oxidation of
GSH and an upsurge in GR activity (Richmond et al., 1982; Stephensen et al., 2000). Simazine is an
algicide that may be used in ponds, pools, and aquariumes. It is a specific chloro-S-triazine herbicide.
The effects of subjecting the common carp to simazine, which were documented by Oropesa et al.,
2009. Their field investigation revealed that their hepatopancreas had greater GSH levels and that
carp from polluted lakes had higher tissue MDA levels. Due to the production of ROS in bluegill
sunfish, atrazine exposure causes stress oxidative phenomena (Elia et al. 2002).
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Figure 7. Reactions leading to the generation of herbicide (paraquat) radicals.

Conclusion

Aquatic creatures can absorb chemicals directly from the water’s surface by using their breathing
organs, such as their gills, or by consuming polluted prey or silt. Therefore, each of these exposure
routes should be taken into account in any kinetic analysis of bioaccumulation. A substance that
hasn’t been fully digested yet dissolves in interstitial or sediment water is the most basic paradigm
for bioaccumulation. If all processes related to absorption and dissipation —that is, ingestion through
gills, ingestion of nutrients such as food or sediments, the metabolism, and elimination—are taken
into consideration, both the kinetic and the fugacity concepts may be able to explain the process of
bioaccumulation patterns of a drug in aquatic species. Fish and invertebrates that reside in water are
the creatures that are most susceptible to pyrethroids (PY), particularly synthetic ones. Many
pesticides that include carbamates (CB) and organophosphates (OP) pose a major risk to fish and
other animals. There is proof that these pesticides cause fish fatalities that have been verified.
Organophosphates can bioconcentrate to amounts that are dangerous to their predators including
frogs, fish, tadpoles, and toads. Both OP and CB insecticides are readily metabolised and soluble in
water. Fish and other animals are severely harmed by the CB pesticide Sevin. Because they are
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lipophilic, higher estuarine creatures might be at risk from certain pesticides. For example,
endosulfan might accumulate in algae and may be ingested in larger quantities by grazers, even
though it is not toxic to algae at concentrations that are anticipated to be present in the environment.
Compared to the parent isomers, The byproduct of endosulfan sulphate has a longer half-life
(months) and bioaccumulates more (Weber et al., 2010). How much pesticide is still released into the
water and how the chemical is modified both have an impact on pesticide accumulation in addition
to adsorptive and transfer mechanisms (Navarro et al., 2007). Consequently, there are possibilities for
long-lasting impacts, such as alterations in sensitivity over time, bioconcentration, and effects on
higher trophic levels. In estuaries, where dredging and tidal action constantly resuspension
contaminated materials, this is especially true. Pesticides that have built up in prey species may begin
to endanger the animals that eat them or they may keep bioconcentrating along the food chain. The
main points of neurotoxicity as well as oxidative stress brought on by contact with pesticides in
freshwater species are covered in this synopsis. Several studies have suggested a connection within
the use of pesticides as well as the neurodegeneration affecting the brain in freshwater organisms.
Additionally, pesticides can affect freshwater organisms at the cellular level by causing oxidative
stress. This may, for instance, damage the lipid membrane, tamper with cell signalling pathways, and
change the chemical and physical composition of the cell. Pesticide exposure can have an impact on
acute toxicity in addition to possible long-term and developmental effects. Therefore, studies on
pesticide-induced oxidative stress and neurotoxicity may become one of the most significant
disciplines in the next years given a greater emphasis on environmental health and sickness
prevention. This review highlights two important issues: first, greater research on the fundamental
mechanisms for pesticide-induced oxidative stress must be conducted using the aquatic organisms;
and second, field surveys are essential to identify the parameters that control reactivity in freshwater
animals. It is important to recognise that freshwater creatures are susceptible to pesticide exposure
due to the pervasive use, environmental stability, and dispersion of particular chemicals. Because
freshwater animals must ascend the food chain before they pose a risk to people’s health. It is essential
to identify the variables affecting the evaluation of oxidative stress in watery life.

References

1.  Akoto, O, Azuure, A. A., & Adotey, K. D. (2016). Pesticide residues in water, sediment and fish from Tono
Reservoir and their health risk implications. SpringerPlus, 5(1),1-11. https://doi.org/10.1186/s40064-016-
3544-7

2. Antwi, F. B, & Reddy, G. V. (2015). Toxicological effects of pyrethroids on non-target aquatic insects.
Environmental toxicology and pharmacology, 40(3), 915-923. https://doi.org/10.1016/j.etap.2015.09.023

3.  AYDINALP, C,, & PORCA, M. M. (2004). The effects of pesticides in water resources. Journal of Central
European Agriculture, 5(1), 5-12. https://hrcak.srce.hr/16556

4.  Bashir, F,, &Jan, S. (2015). Oxidative stress and antioxidant defence systems in response to pesticide stress.
Legumes under Environmental Stress: Yield, Improvement and Adaptations, 103-124.
https://doi.org/10.1002/9781118917091.ch7

5. Baweja, P., Kumar, S., & Kumar, G. (2020). Fertilizers and pesticides: Their impact on soil health and
environment. Soil health, 265-285. https://doi.org/10.1007/978-3-030-44364-1

6.  Belluco, S., Bertola, M., Montarsi, F., Di Martino, G., Granato, A., Stella, R., ...&Mutinelli, F. (2023). Insects
and Public Health: An Overview. Insects, 14(3), 240. https://doi.org/10.3390/insects14030240

7.  Bjerling-Poulsen, M., Andersen, H. R., &Grandjean, P. (2008). Potential developmental neurotoxicity of
pesticides used in Europe. Environmental Health, 7, 1-22. https://doi.org/10.1186/1476-069X-7-50

8.  Chaudhary, P, Ahamad, L., Chaudhary, A., Kumar, G., Chen, W. J,, & Chen, S. (2023). Nanoparticle-
mediated bioremediation as a powerful weapon in the removal of environmental pollutants. Journal of
Environmental Chemical Engineering, 109591. https://doi.org/10.1016/j.jece.2023.109591

9. Colovic, M. B., Krstic, D. Z., Lazarevic-Pasti, T. D., Bondzic, A. M., & Vasic, V. M. (2013).
Acetylcholinesterase inhibitors: pharmacology and toxicology. Current neuropharmacology, 11(3), 315-335.
Current Neuropharmacology, Volume 11, Number 3

10. Costa, L. G. (2008). Toxic effects of pesticides. Casarett and Doull’s toxicology: the basic science of poisons, 8,
883-930. https://doi.org/10.1036/0071470514

11. DeLorenzo, M. E., Scott, G. 1., & Ross, P. E. (2001). Toxicity of pesticides to aquatic microorganisms: a
review. Environmental — Toxicology and  Chemistry: An  International  Journal, 20(1), 84-98.
https://doi.org/10.1002/etc.5620200108


https://doi.org/10.20944/preprints202407.0314.v3

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 August 2024 doi:10.20944/preprints202407.0314.v3

13

12. de Perre, C., Trimble, A.]., Maul, ]J. D., & Lydy, M. J. (2014). Ecological bioavailability of permethrin and p,
p-DDT: toxicity depends on type of organic matter resource. Chemosphere, 96, 67-73.
https://doi.org/10.1016/j.chemosphere.2013.07.030

13. Elia, A. C.,, Waller, W. T., & Norton, S. ]J. (2002). Biochemical responses of bluegill sunfish (Lepomis
macrochirus, Rafinesque) to atrazine induced oxidative stress. Bulletin of environmental contamination and
toxicology, 68, 809-816. https://doi.org/10.1007/s00128-002-0027-4

14. Farcy, E., Burgeot, T., Haberkorn, H., Auffret, M., Lagadic, L., Allenou, J. P, ... & Caquet, T. (2013). An
integrated environmental approach to investigate biomarker fluctuations in the blue mussel Mytilus edulis
L. in the Vilaine estuary, France. Environmental Science and Pollution Research, 20, 630-650.
https://doi.org/10.1007/s11356-012-1316-z

15. Figueiredo-Fernandes, A., Fontainhas-Fernandes, A., Peixoto, F., Rocha, E., & Reis-Henriques, M. A. (2006).
Effects of gender and temperature on oxidative stress enzymes in Nile tilapia Oreochromis niloticus
exposed to paraquat. Pesticide biochemistry and physiology, 85(2), 97-103.
https://doi.org/10.1016/j.pestbp.2005.11.001

16. Franco, R., Sanchez-Olea, R., Reyes-Reyes, E. M., & Panayiotidis, M. I. (2009). Environmental toxicity,
oxidative stress and apoptosis: menage a trois. Mutation Research/Genetic Toxicology and Environmental
Mutagenesis, 674(1-2), 3-22. https://doi.org/10.1016/j.mrgentox.2008.11.012

17.  Freitas, J., Cano, P., Craig-Veit, C., Goodson, M. L., Furlow, J. D., & Murk, A. ]. (2011). Detection of thyroid
hormone receptor disruptors by a novel stable in vitro reporter gene assay. Toxicology in Vitro, 25(1), 257-
266. https://doi.org/10.1016/j.tiv.2010.08.013

18.  Fulton, M. H., & Key, P. B. (2001). Acetylcholinesterase inhibition in estuarine fish and invertebrates as an
indicator of organophosphorus insecticide exposure and effects. Environmental Toxicology and Chemistry: An
International Journal, 20(1), 37-45. https://doi.org/10.1002/etc.5620200104

19. Goh, P. S, Lau, W. ], Ismalil, A. F., Samawati, Z., Liang, Y. Y., & Kanakaraju, D. (2022). Microalgae-enabled
wastewater treatment: A sustainable strategy for bioremediation of pesticides. Water, 15(1), 70.
https://doi.org/10.3390/w15010070

20. Hassold, E., & Backhaus, T. (2009). Chronic toxicity of five structurally diverse demethylase-inhibiting
fungicides to the crustacean Daphnia magna: A comparative assessment. Environmental Toxicology and
Chemistry: An International Journal, 28(6), 1218-1226. https://doi.org/10.1897/08-339.1

21. Hajjar, M. ], Ahmed, N., Alhudaib, K. A., & Ullah, H. (2023). Integrated Insect Pest Management
Techniques for Rice. Sustainability, 15(5), 4499. https://doi.org/10.3390/su15054499

22. Hoy, ]. (2023). Gathering Strays: Stories from Kansas and the Southwestern Plains. University Press of Kansas.
ISBN: 070063410X, 9780700634101

23. Jeon, H. ], Park, J., & Lee, S. E. (2023). Developmental toxicity of chlorpyrifos-methyl and its primary
metabolite, 3, 5, 6-trichloro-2-pyridinol to early life stages of zebrafish (Danio rerio). Ecotoxicology and
Environmental Safety, 249, 114352. https://doi.org/10.1016/j.ecoenv.2022.114352

24. Kadiru, S., Patil, S, & D’Souza, R. (2022). Effect of pesticide toxicity in aquatic environments: A recent
review. Int. . Fish Aquat. Stud, 10(3), 113-118. DOI: 10.22271/fish.2022.v10.i3b.2679

25. Kamel, F., & Hoppin, J. A. (2004). Association of pesticide exposure with neurologic dysfunction and
disease. Environmental health perspectives, 112(9), 950-958. https://doi.org/10.1289/ehp.7135

26. Katagi, T., & Tanaka, H. (2016). Metabolism, bioaccumulation, and toxicity of pesticides in aquatic insect
larvae. Journal of pesticide science, 41(2), 25-37. https://doi.org/10.1584/jpestics.D15-064

27. Koundinya, P. R., & Ramamurthi, R. (1979). Effect of organophosphate pesticide Sumithion (Fenitrothion)
on some aspects of carbohydrate metabolism in a freshwater fish, Sarotherodon (Tilapia) mossambicus
(Peters). Experientia, 35, 1632-1633. https://doi.org/10.1007/BF01953236

28. Krithiga, T., Sathish, S., Renita, A. A., Prabu, D., Lokesh, S., Geetha, R., ... & Sillanpaa, M. (2022). Persistent
organic pollutants in water resources: Fate, occurrence, characterization and risk analysis. Science of The
Total Environment, 831, 154808. https://doi.org/10.1016/j.scitotenv.2022.154808

29. Nabhar, K,, Baillie, J., & Zulkarnain, N. A. (2023). Herbicide Fate and Transport in the Great Barrier Reef: A
Review of Critical Parameters. Water, 15(2), 237. https://doi.org/10.3390/w15020237

30. Ochoa-Acufia, H. G., Bialkowski, W., Yale, G., & Hahn, L. (2009). Toxicity of soybean rust fungicides to
freshwater algae and Daphnia magna. Ecotoxicology, 18, 440-446. https://doi.org/10.1007/s10646-009-0298-1

31. Oropesa, A. L., Garcia-Cambero, J. P., & Soler, F. (2009). Glutathione and malondialdehyde levels in
common carp after exposure to simazine. Environmental toxicology and pharmacology, 27(1), 30-38.
https://doi.org/10.1016/j.etap.2008.08.003

32. Lushchak, V. L. (2011). Environmentally induced oxidative stress in aquatic animals. Aquatic toxicology,
101(1), 13-30. https://doi.org/10.1016/j.aquatox.2010.10.006

33. Navarro, S., Vela, N., & Navarro, G. (2007). An overview on the environmental behaviour of pesticide
residues in  soils.  Spanish  journal  of  agricultural  research,  5(3), 357-375. DOI
https://doi.org/10.5424/sjar/2007053-5344


https://doi.org/10.20944/preprints202407.0314.v3

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 August 2024 doi:10.20944/preprints202407.0314.v3

14

34. Parra-Arroyo, L., Gonzalez-Gonzalez, R. B., Castillo-Zacarias, C., Martinez, E. M. M., Sosa-Hernandez, J.
E., Bilal, M., .. & Parra-Saldivar, R. (2022). Highly hazardous pesticides and related pollutants:
Toxicological, regulatory, and analytical aspects. Science of The Total Environment, 807, 151879.
https://doi.org/10.1016/j.scitotenv.2021.151879

35. Phyu, Y. L., Palmer, C. G, Warne, M. S. ], Dowse, R., Mueller, S., Chapman, J., ... & Lim, R. P. (2013).
Assessing the chronic toxicity of atrazine, permethrin, and chlorothalonil to the cladoceran Ceriodaphnia
cf. dubia in laboratory and natural river water. Archives of environmental contamination and toxicology, 64,
419-426. https://doi.org/10.1007/s00244-012-9837-5

36. Rajak, P, Roy, S., Ganguly, A., Mandi, M., Dutta, A, Das, K,, ... & Biswas, G. (2023). Agricultural pesticides—
friends or foes to Dbiosphere?. Journal of Hazardous Materials Advances, 10, 100264.
https://doi.org/10.1016/j.hazadv.2023.100264

37. Ravula, A. R, & Yenugu, S. (2021). Pyrethroid based pesticides—chemical and biological aspects. Critical
Reviews in Toxicology, 51(2), 117-140. https://doi.org/10.1080/10408444.2021.1879007

38. Regoli, F., & Giuliani, M. E. (2014). Oxidative pathways of chemical toxicity and oxidative stress biomarkers
in marine organisms. Marine environmental research, 93, 106-117.
https://doi.org/10.1016/j.marenvres.2013.07.006

39. Sanyal, S., Chakravorty, P. P, & Saha, R. Evaluation of changes in reproductive and biochemical
parameters in indigenous earthworm Perionyx excavatus (Perrier, 1872) against impact of selected
pesticides.

40. Shelley, L. K., Balfry, S. K., Ross, P. S., & Kennedy, C. J. (2009). Inmunotoxicological effects of a sub-chronic
exposure to selected current-use pesticides in rainbow trout (Oncorhynchus mykiss). Aquatic Toxicology,
92(2), 95-103. https://doi.org/10.1016/j.aquatox.2009.01.005

41. Shenoy, K., Cunningham, B. T., Enfroe, J. W., & Crowley, P. H. (2009). Growth and survival of northern
leopard frog (Rana pipiens) tadpoles exposed to two common pesticides. Environmental Toxicology and
Chemistry: An International Journal, 28(7), 1469-1474. https://doi.org/10.1897/08-306.1

42. Slotkin, T. A. (2004). Cholinergic systems in brain development and disruption by neurotoxicants: nicotine,
environmental tobacco smoke, organophosphates. Toxicology and applied pharmacology, 198(2), 132-151.
https://doi.org/10.1016/j.taap.2003.06.001

43. Silveyra, G. R, Silveyra, P., Vatnick, I, Medesani, D. A., & Rodriguez, E. M. (2018). Effects of atrazine on
vitellogenesis, steroid levels and lipid peroxidation, in female red swamp crayfish Procambarus clarkii.
Aquatic Toxicology, 197, 136-142. https://doi.org/10.1016/j.aquatox.2018.02.017

44. Thompson, H. M. (1999). Esterases as markers of exposure to organophosphates and carbamates.
Ecotoxicology, 8, 369-384. https://doi.org/10.1023/A:1008934505370

45.  Valavanidis, A., Vlahogianni, T., Dassenakis, M., & Scoullos, M. (2006). Molecular biomarkers of oxidative
stress in aquatic organisms in relation to toxic environmental pollutants. Ecotoxicology and environmental
safety, 64(2), 178-189. https://doi.org/10.1016/j.ecoenv.2005.03.013

46. Vijayavel, K., Gomathi, R. D., Durgabhavani, K., & Balasubramanian, M. P. (2004). Sublethal effect of
naphthalene on lipid peroxidation and antioxidant status in the edible marine crab Scylla serrata. Marine
Pollution Bulletin, 48(5-6), 429-433. https://doi.org/10.1016/j.marpolbul.2003.08.017

47. Weber, J., Halsall, C.J., Muir, D., Teixeira, C., Small, J., Solomon, K., ... & Bidleman, T. (2010). Endosulfan,
a global pesticide: a review of its fate in the environment and occurrence in the Arctic. Science of the Total
Environment, 408(15), 2966-2984. https://doi.org/10.1016/j.scitotenv.2009.10.077

48. Wanner, ], Srb, M., & Benes, O. (2023). Water reuse in the frame of circular economy. In Current
Developments in Biotechnology and Bioengineering (pp. 221-266). Elsevier. https://doi.org/10.1016/B978-0-323-
99920-5.00014-7

49. Younis, H. M., Abo-El-Saad, M. M., Abdel-Razik, R. K., & Abo-Seda, S. A. (2002). Resolving the DDT target
protein in insects as a subunit of the ATP synthase. Biotechnology and applied biochemistry, 35(1), 9-17.
https://doi.org/10.1111/j.1470-8744.2002.tb01167.x

50. Zheng, L., Zhang, Y., Yan, Z,, Zhang, ], Li, L., Zhu, Y., ... & Liu, Z. (2017). Derivation of predicted no-effect
concentration and ecological risk for atrazine better based on reproductive fitness. Ecotoxicology and
environmental safety, 142, 464-470. https://doi.org/10.1016/j.ecoenv.2017.04.006

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202407.0314.v3

