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Abstract: The use of illicit drugs is one of the most serious problems today, both
from a social and environmental point of view. After cannabis, one of the most
widely used drugs is cocaine. Global cocaine abuse has led the scientific community
to include it among emerging contaminants, as it has been detected in increasing
quantities in various environmental matrices. In particular, numerous studies have
detected the presence of cocaine in aquatic environments, with concentrations
ranging from 0.13 ng L™! to 537 ng L™, highlighting the potential implications for
the organisms inhabiting these ecosystems. The consequences of exposure on the
main inhabitants of the seawater and freshwater ecosystems, such as shellfish,
crustaceans, and fish, are primarily attributable to physiological, biochemical, and
behavioural alterations. These changes manifest as oxidative stress and
neurotoxicity, which can lead to impaired growth, reproduction, and even survival
of organisms. Furthermore, the ability of the substance and its metabolites to
accumulate in the tissues of exposed organisms is of particular concern, with
potential effects on ecosystems and human health. This review aims to provide an
updated summary of the available knowledge on the ecotoxicological effects of
cocaine in aquatic ecosystems, highlighting existing knowledge gaps and the need
for further research.
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1. Introduction

Over the past two decades, emerging contaminants have been detected in various environmental
compartments around the world, including surface and ground waters, sediments, soils, and the atmosphere as well
as in a wide range of consumer products [1-3]. Emerging contaminants are naturally occurring or synthetic
chemicals which, although they have been present in the environment for an extended period, have only recently
been identified and characterised. Their presence in aquatic ecosystems poses a threat not only to aquatic life, but
also to humans and the environment [4]. This issue has become of interest to the society, public health authorities,
industry, and the agricultural sector, due to the potential risks associated with long-term and low-dose exposure [5].

The occurrence of emerging contaminants in natural ecosystems has only been investigated in the last 20
years due to the lack of sensitive analytical methods able to detect their relatively low levels (typically in the range
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of ng/L and ug/L). However, these pollutants are widely distributed in aquatic and terrestrial environments but are
not commonly monitored in the environment [6]. Recent studies demonstrated that, even at low concentrations,
these contaminants are able to cause adverse effects on both ecological and human health [7,8]. Emerging
contaminants include anthropogenic and naturally occurring chemicals [9,10], pharmaceuticals [11,12] and
personal care products (PPCPs) [13], metabolites and transformation product of PPCPs [14], illicit drugs [15-17],
engineered nanomaterials [18], and antibiotic resistance genes [19].

Among these, illicit drugs [20] have been defined by The United Nations Office on Drugs and Crime as
substances whose possession, manufacture, sale or consumption is prohibited by law, considering the way these
substances are produced, distributed and acquired and their use for non-medical purposes [8]. Illicit drugs and their
metabolites are substances characterised by different chemical structures, capable of causing an extremely high
potential biological effect on non-target organisms and humans [21]. Based on their effects, illicit drugs can be
classified as hallucinogens (e.g., 3,4-methylenedioxyamphetamine or MDA, 3,4-methylenedioxymethamphetamine
or MDMA, lysergic acid diethylamide or LSD), stimulants (e.g., cocaine or COC, benzoylecgonine or BE,
norcocaine or NCOC, norbenzoylecgonine), opioids (e.g., morphine derivates, heroin, 6-acetyl-morphine, codeine,
norcodeine, oxycodon), and other psychoactive drugs as cannabinoids (THC-COO, THC) [7].

These substances have been detected in influents and effluents waters of wastewater treatment plants
(WWTPs), drinking water [22], and both freshwater and seawater [23,24]. Illicit drugs include synthetic
pharmaceutical compounds and plant-derived substances, and their use for non-medical purposes is prohibited by
national or international laws considering the risk they can cause to users [25,26]. The increasing production and
use of these chemicals is leading to severe environmental impacts due to the continuous release of parent
compounds, metabolites, and precursor compounds [26].

The occurrence of illicit drugs and their metabolites in aquatic ecosystems may be related to human social
behaviour and tourism patterns. Several studies [27-29] have shown that during holidays, weekends, and mass
events such as music festivals, the use of illicit drugs increases significantly, highlighting how consumption is
higher during recreational periods [30].

Illicit drugs share several characteristics with pharmaceuticals. Indeed, these compounds exhibit similar
sources of contamination, polar chemical structure, environmental persistence, and biological activity. It has been
estimated that approximately 200 million individuals worldwide use illicit drugs, with consumption levels
comparable to those of therapeutic pharmaceuticals. Consequently, these substances can be detected in the
environmental matrices at concentrations like pharmaceuticals [31].

In the study by Zhao et al. [32], environmental concentrations of illicit drugs and their metabolites were
quantified in urban wastewater in Xinjiang, China. Methamphetamine concentrations ranged from 2.60 to 10.02 ng/L,
while MDMA, COC, and BE were found within ranges of 0.49—6.87 ng/L, 0.48 ng/L, and 1.12-2.45 ng/L,
respectively. Additionally, Melones-Pefia et al. [33], detected these compounds in WWTPs effluents in Madrid,
reporting concentrations of 0.06 and 0.10 ug/L for methamphetamine, 0.07, 0.11 and 0.15 pg/L for MDMA, 0.01,
0.02 and 0.06 pg/L for COC, and 0.01 and 0.02 pg/L for BE, respectively. In coastal waters of Santa Catarina,
Brazil, COC and BE were detected at concentrations of 0.02—-0.17 ng/L and 0.01-1.1 ng/L, respectively, as reported
by Pisetta et al. [34].

According to Jones-Lepp et al. [35], methamphetamine and MDMA have been detected in the effluent from
WWTP with a concentration of 2 and 0.5 ng/L, respectively. Whereas, according to Zuccato et al. [36], levels of
COC and its metabolite (BE) were detected in surface waters at 120 ng/L and 750 ng/L, respectively.

Since the publication of these earlier reports, there has been considerable increased interest in measuring drug
levels in the environment as the presence of illicit drugs has been detected throughout the world.

According to data provided by the United Office on Drugs and Crime (UNODC), the most widely used drug
worldwide is cannabis, followed by COC, amphetamine-group substances, and opiates. In addition, abundant
residues of benzoylecgonine, ecgonine methyl ester, MDMA, methamphetamine, amphetamine, and morphine
have been found in the effluents of WWTPs [37].

Similarly to pharmaceuticals, human consumption is the main source of contamination for illicit drugs, while
uncontrolled discharges related to the manufacture of these substances are minor sources [36]. Following
consumption, illicit drugs are partially metabolized and excreted in urine and faeces as unchanged parent
compounds or active metabolites, which first enter sewage systems and subsequently reach the WWTPs [24].

In developed countries and only in a small proportion of developing countries WWTPs serve as a primary
gateway for illicit drugs and their metabolites entering the aquatic environment [9]. In fact, in most developing
countries, due to a lack of financial resources and updated technology, water bodies are the main source of waste
accumulation, as there are effectively no WTTS in place [25]. Because many facilities are not designed to eliminate
these specific contaminants, they are continuously released into natural water bodies, posing a threat to ecosystem
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health [38]. The environmental fate of these drugs is largely influenced by their chemical properties; their polarity
and moderate lipophilicity allow them to remain in the water column or adsorb onto organic matter such as sludge
and sediment. Notably, their presence is not limited to water; they have also been detected in airborne particles
globally, notwithstanding their limited volatility [31].

Contaminant degradation and removal efficiency depend on both WWTP operational conditions (e.g.,
hydraulic retention time and kinetics) and environmental variables such as pH and temperature [39]. Additionally,
the partitioning behavior of these compounds is governed by their physical-chemical properties [40]. Compounds
with a log Kow < 3.0 generally persist in the aqueous phase, while those with higher lipophilicity tend to bind to
sludge and organic matter [41].

Furthermore, illicit drugs can interact with residues of other therapeutic substances, causing unexpected
pharmacological interactions that could have synergistic toxic effects on aquatic organisms [42]. The presence of
illicit drugs in the aquatic ecosystems is a matter of considerable importance for the scientific community, given
their potential impact on the environment [8].

Although numerous studies have reported the occurrence of COC and its metabolites in aquatic ecosystems,
the available data remain highly fragmented and difficult to compare. Reported concentrations vary by several
orders of magnitude. Moreover, most studies are limited to surface waters, while sediment, biota, and
trophic-transfer assessments are still scarce. These inconsistencies highlight the need for a critical analysis to
clarify methodological limitations and determine which environmental compartments and species are at highest
ecological risk. Therefore, this review aims not only to critically evaluate the ecotoxicological effects of COC and
its metabolites on aquatic organisms and ecosystems, but also highlights the importance of analytical innovation
as a cornerstone for determining the actual ecological risk and developing more effective monitoring strategies in
order to address current knowledge gaps.

2. Materials and Methods

This review was conducted through careful bibliographic research on major scientific search engines, such
as PubMed and Google Scholar, taking into account articles published between 2010 and 2025, always giving
priority to the most recent articles. The words used to obtain the best results were: “emerging contaminants”,

“cocaine”, “water pollution”, “illicit drugs”, “effects”, “aquatic organisms”, “reproduction”, “health” and various
combinations of these.

3. Cocaine

Cocaine is a powerful psychostimulant of natural origin, belonging to the class of alkaloids. Its psychoactive
substance is extracted from the leaves of coca (Erythroxylon coca), a plant native to South America. The traditional
use of coca by indigenous peoples dates back over 5000 years. It is mainly consumed by chewing fresh leaves or
preparing teas and infusions, practices that allow the release of the alkaloid responsible for the stimulating effect [43].

In addition to its stimulating effects, indigenous populations attribute healing and regenerative properties to coca.
In fact, nowadays, these populations still use this substance to alleviate the symptoms of high-altitude sickness [44].

COC was isolated in the 19th century for the first time. Immediately, it arouses the interest of the medical
community, which initially used it for its anaesthetic properties and then as a remedy for various conditions, such
as toothache, headache, and gastrointestinal disorders [45].

During this period, the use of COC became part of everyday life for the general population, aided by the ease
of purchase and, above all, the wide range of uses for which it was popular [46].

The widespread use of COC brought to light the dark side of this substance, i.c., the addiction along with
many side effects, such as cardiac damage, neurological and mental damage, examples of which are shown in
Table 1 [47-49].

Table 1. Short-term and long-term effects in humans.

Short-Term Effects Long-Term Effects
Increased heart rate Cardiovascular damage
Euphoria and hyperactivity Neurological deterioration
Agitation and paranoia Mental disorders
nosebleeds Depression
Loss of smell Respiratory problems
Anxiety and hallucinations Malnutrition

Gastrointestinal problems
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Recreational use and the increase in cases of abuse prompted the scientific community to reevaluate cocaine’s
image as a “miracle drug” and recognize how dangerous it really was. As a result, every formulation containing
COC was removed from the market [50].

The stimulant effect of COC, as reported by Heard et al. [51], stems from its binding to monoamine
transporters, thereby blocking the reuptake of dopamine, noradrenaline, and serotonin in the presynaptic nerve
cell. This increases their concentration in the synaptic cleft, leading to hyperstimulation of postsynaptic receptors
and feelings of euphoria. Its reinforcing properties and addictive potential are primarily linked to increased
dopamine levels. However, this effect is temporary, as homeostatic mechanisms, including the activation of
dopaminergic autoreceptors, reduce its synthesis and release, promoting tolerance and seeking behaviour. The
toxic effects arise from interactions with various molecular targets, including acetylcholine muscarinic receptors,
voltage-gated ion channels, and the GABA and glutamate systems, contributing to neurotoxicity, cardiotoxicity,
and alterations in neuronal activity [52].

On the other hand, the toxic effects of the substance derive mainly from its interaction with various molecular
targets, such as muscarinic acetylcholine receptors, which act as agonists and generate neurotoxicity. In addition,
COC interacts with voltage-dependent ion channels, a mechanism underlying its anaesthetic properties and
cardiotoxic effects. Finally, recent studies suggest the involvement of the GABA and glutamate systems, the main
inhibitory and excitatory neurotransmitters in the brain, explaining the deterioration of general neuronal activity [51].

Currently, the use of COC in medicine is severely restricted. There is only one product containing COC
hydrochloride on the market, a nasal anaesthetic solution used to reduce mucosal bleeding during specific surgical
and diagnostic procedures. Approved in 2017 by the Food and Drug Administration (FDA), CDER (2017 Drug
and Biologic Calendar Year Approvals), it is the only cocaine-containing drug currently authorized. However, its
use is rare given the availability of safer and more effective alternatives [43].

Despite its limitations in the medical field, COC is among the most widely used psychoactive substances
globally. In 2024, COC became part of the lives of approximately 19 million people aged between 15 and 64
(UNODC, 2025), who find it available on the shelves of the illegal market [53].

COC is sold illegally and is available in two forms i.e., white powder, chemically known as cocaine
hydrochloride (whose chemical structure is shown in Figure 1), which is mainly consumed intranasally, and in
solid form, which consists of its free base, known as “crack,” generally smoked [54].
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Figure 1. Chemical structure of cocaine hydrochloride.

Cocaine Presence in Aquatic Ecosystem

The growing consumption of COC has led to its inevitable presence in aquatic environments. After ingestion,
COC is rapidly metabolized, producing various metabolites such as benzoylecgonine (BE, 45% of the dose), and
ecgonine methyl ester (EME, 40%) [55].

Following hepatic metabolism and excretion, COC and its metabolites enter the sewage system via urine and
faeces. If not adequately treated, they end up in the sea or in freshwater courses [37].

Several studies [22,56—58] have investigated COC concentrations in surface waters, with concentrations
ranging from approximately 0.13 ng L™! to 6.7 ng L ™! recorded in freshwater [59-61], in coastal areas, however,
concentrations ranging from 2.4 ng L™! to 537 ng L™! were recorded [26,62-64].

These data highlight how the presence of COC is a widespread phenomenon globally, with concentrations
varying considerably [63].

The presence of COC in aquatic environments is often associated with the discharge of inadequately treated
wastewater, but it can also originate from clandestine refineries [8,65], and from voluntary or involuntary spills,
the latter of which can become localized sources of toxicity that marine fish and reptiles such as sharks and turtles
can potentially encounter [66].

Once in the environment, COC can undergo biological and photochemical degradation processes, but its
persistence even at low concentrations can pose an ecotoxicological risk to aquatic fauna, altering the behaviour
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and physiology of organisms [67,68]. In aqueous conditions, COC degrades relatively rapidly, with a half-life
ranging from a few hours to around one day, whilst its main metabolite, benzoylecgonine, is significantly more
persistent, with retention times ranging from several days to weeks, depending on environmental conditions,
thereby increasing the likelihood of chronic exposure for aquatic organisms [69].

The wide variability in reported concentrations (0.13 ng/L to 537 ng/L) suggests that environmental
distribution is strongly influenced both, by consumption trends and also by the efficiency of wastewater treatment
plants and the physicochemical characteristics of aquatic systems. However, many studies rely on single-time
sampling campaigns, making it difficult to establish temporal trends or quantify chronic environmental loading.
Additionally, the lack of harmonized analytical protocols limits cross-study comparability and may lead to
underestimation of persistent metabolites. In fact, whilst monitoring COC and its metabolites in surface waters is
simpler and is carried out frequently, this proves far more complex in sediments and organisms (e.g., in adipose
tissue). However, advances in analytical chemistry have enabled the development of new, highly sensitive and
specific techniques, such as liquid chromatography coupled with mass spectrometry (LC-MS), which allows the
detection and quantification of analytes in very small traces and enables the distinction between the parent
compound and its metabolites within environmental samples. The application of these techniques makes it possible
to overcome the limitations associated with complex matrices, providing a more realistic picture of environmental
contamination. Furthermore, this could lead to a better understanding of which species are most vulnerable to
ecological risk posed by the presence of COC and its metabolites in the environment.

4. Cocaine Effects on the Physiology of Aquatic Organisms

The continuous presence of COC in aquatic environments can cause physiological stress caused by
biochemical imbalances [70] all of which compromises the growth, reproduction, and overall health of exposed
organisms [71], contributing to serious biodiversity loss [72]. The toxicity of COC affects both simpler organisms
such as microcrustaceans and mollusks [67,71], but also more complex organisms like fish [73].

In addition to direct effects on organisms, as in the case of sea urchins (Echinometra lucunter) reported by
da Silva Souza et al. [74], there is evidence of damage to reproduction, with possible serious repercussions on food
chains, as COC undergoes a process of biomagnification that can compromise public health [75].

4.1. Effects on Neuroendocrine Systems

Despite the low environmental levels of COC and its metabolites in freshwaters, they still pose a threat to
aquatic life. Their occurrence in surface waters, often as part of a complex mixture with other therapeutics, can
trigger unpredictable interactions and various toxic effects in non-target species [76].

Specifically, two distinct metabolic pathways are involved in the biotransformation of COC in humans. The
first involves the hydrolysis of ester groups, while the second is an oxidative pathway targeting the amine group,
which is implicated in specific toxic responses [77]. In addition to COC itself, several metabolites participate in
these processes, including norcocaine, norcocaine nitroxide, N-hydroxynorcocaine, norcocaine nitrosonium,
cocaine iminium, and formaldehyde [78]. In both cerebral and hepatic tissues, microsomal enzymes, including the
cytochrome P450 complex, catalyse reactions involving specific metabolites, like norcocaine nitroxide and N-
hydroxy derivative, which trigger the subsequent generation of superoxide and lipid peroxyl radicals [79,80].
Furthermore, the ultimate consequence of these processes is lipid peroxidation (LPO), which results in the
production of malondialdehyde (MDA) [81]. This toxic byproduct further contributes to the generation of reactive
oxygen species (ROS), leading to significant structural damage to cellular membranes [82]. The use of biomarkers
for each level of cellular organization allows for the evaluation of the first signs of biological effects in
environmental assessment [70].

4.1.1. Mussels

Mussels are organisms susceptible to contamination due to their filter-feeding behaviour [83—88].

The study conducted by Fontes et al. [§9] found a decrease in AChE activity in mussels exposed to COC at
concentrations of 0.2 ug L™! and 2.0 ug L™!. This decrease is a typical reaction that occurs in mussels following
exposure to environmental contaminants [90]. Acetylcholinesterase (AChE) is involved in the hydrolysis of the
neurotransmitter acetylcholine into choline and acetate and plays an important role in the cholinergic system [91].
In these organisms, AChE is one of the most effective biomarkers involved in the assessment of neurological
changes caused by xenobiotics [92]. Following the decrease in AChE activity, a state of relaxation is also observed
in mussels [93]. In fact, in the study conducted by Fontes et al. [89] mussels exposed to COC close their valves
with less rigidity. This pattern could indicate a difficulty in metabolising COC which, due to its hydrophobic
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nature, become bioaccumulate in the biota [94]. Furthermore, COC appears to interfere with dopamine (DOPA)
and serotonin (5-HT) levels, causing their increase in exposed mussels [95]. The dopaminergic and serotonergic
systems are involved in a series of processes such as the regulation of stress response in both invertebrates and
vertebrates [95]. In mussels, indolamine serotonin (5-HT) and the catecholamine dopamine (DOPA)
neurotransmitters regulate physiological processes such as, sexual differentiation, spawning, gamete development,
reproduction, relaxation, and opening the mussel siphon and adductor muscle [96]. Furthermore, DOPA and 5-HT
appear to have some influence on the beating of the ciliary of mollusk larvae, affecting their ability to absorb food [97].

De Felice & Parolini [98] investigated the oxidative status in the gills and digestive gland of Mytilus
galloprovincialis following exposure to COC and its major metabolite, benzoylecgonine (BE), at environmentally
relevant concentrations. The study reported a slight modulation of the oxidative status in both the gills and
digestive gland. This differential organ response is biologically pertinent, given the established roles of these
tissues in pollutant interaction. In fact, the gills are the first organ of contact for environmental contaminants [99],
while the digestive gland is directly involved in the pathways of phases I and II of xenobiotic metabolism [100].
Because of this, the gills respond more acutely to illicit drugs; for instance, antioxidant enzyme activity is
modulated within 48 h of COC and BE exposure. However, in the digestive gland these biochemical changes only
manifest after extended exposure periods [101].

The most pronounced enzymatic changes were observed in the gills. Specifically, exposure to the mixture
resulted in a very high increase in SOD activity. This is explained by the high production of superoxide anion
caused by exposure to MIX rather than to individual molecules [92]. Following the activation of SOD in gills,
hydrogen peroxide may be produced, which is subsequently degraded by CAT and GPx [102]. For this reason, it
is believed that this may have led to an increase in GPx activity after 48 h of exposure to the mixture [98].
Furthermore, after 96 h of exposure to both BE and MIX, a significant inhibition of GPx was observed in gills
compared to the control [92]. As reported in previous studies, this could be related to the duration of exposure
and/or the concentration used. In fact, short-term exposure or low concentrations could lead to an increase in
enzyme activity, whereas long-term exposure or high concentrations could inhibit it [103]. On the other hand, no
significant changes were found in CAT activity. This could be because at the end of exposure to both MIX and
BE, H,O; levels were too high to be compensated by GPx, but at the same time were not high enough to induce
CAT activation. Although CAT and GPx play a complementary role in the degradation of hydrogen peroxide, their
response may differ due to the competition for the same substrate and/or to the difference in the affinity for the
H,0, [104].

4.1.2. Crustaceans

Recent ecotoxicological studies have highlighted the adverse effects of COC on freshwater invertebrates,
critical components of aquatic food webs. De Felice et al. [71] demonstrated that exposure to environmentally
relevant concentrations of COC (50 ng L™" and 500 ng L™") not only caused oxidative imbalance but also negatively
impacted the swimming activity of the cladoceran Daphnia magna.

Exposure to COC at both concentrations triggered pro-oxidative stress by stimulating ROS production and
altering the activity of the primary antioxidant enzymes: SOD, CAT, and GPx [102]. The significant decrease in
SOD activity observed at the higher concentration suggests a buildup of superoxide anions (O,) caused by an initial
surge in ROS [99,105,106]. This decrease might also be explained by negative feedback or direct inhibition caused
by the accumulation of hydrogen peroxide (H>O,) [107]. Notably, H>O, levels can increase not only through
enzymatic action but also via spontaneous dismutation and peroxisonal enzymatic pathways [108,109]. The
increase observed in GPx activity also supports the hypothesis of H,O, production. On the contrary, no activation
of CAT was detected. Both GPx and CAT are involved in metabolizing hydrogen peroxide, but their response may
differ due to competition for the same substrate [110]. They may also exhibit different activity in relation to the
levels of H,O, to be counteracted. In fact, while GPx acts even when H,O, levels are low, CAT can only be
activated at high concentrations of this pro-oxidant molecule [96]. Furthermore, an increase in GST activity was
observed, suggesting the involvement of phase II enzymes in COC detoxification processes [71]. Exposure to COC
also induced significant adverse effects at the individual level [110], particularly affecting the locomotor and
swimming activity of Daphnia magna. The response was distinctly concentration-dependent, as lower
concentration had a stimulatory effect, resulting in an increase in distance moved and swimming speed, whereas
higher concentration had a negative and toxic effect, reducing both endpoints [71]. This bimodal dose-response
pattern is consistent with the property of COC as a psychomotor stimulant drug [52].

Given the pivotal role of Daphnia magna in freshwater ecosystems as a primary consumer, the observed
neurotoxicological and behavioural impairments caused by environmental COC exposure are critical. Such
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adverse effects may propagate through the trophic chain, potentially impacting higher-level organisms and
destabilizing ecosystem dynamics [71].

The effects of COC and its metabolite BE had been investigated in the crayfish, Procambarus clarkii, a
species generally regarded as highly tolerant to external stressors [111]. De Felice et al. [112] examined the
response of the crayfish to two environmentally relevant concentrations (50 ng/L and 500 ng/L). The findings
highlight key interspecific differences in sensitivity compared to the more responsive D. magna.

Unlike the significant oxidative stress reported in D. magna, no significant change in lipid peroxidation levels
was observed in the gills or digestive glands of the exposed crayfish. This suggests the antioxidant defences in P.
clarkii successfully prevented damage to cellular macromolecules. The protective mechanisms appear to involve
a significant activation of the antioxidant enzyme SOD. Specifically, exposure to higher concentration of BE
resulted in a significant induction of SOD activity in the gills [112]. This indicates that the metabolite BE may
have induced the overproduction of superoxide anion, whose toxicity was effectively counteracted by SOD.
Furthermore, the limited production of hydrogen peroxide as a byproduct of the SOD reaction [110] explains the
lack of activation of subsequent detoxification enzymes, CAT and GPx.

However, considering that several licit and illicit drugs can induce neurotoxic effects, such as reduced
neurotransmitter production [113], COC could exert its toxicity in this regard due to its psychostimulant activity.
Previous studies conducted on invertebrates [114] and vertebrates [115] have established that exposure to COC
and BE induces significant inhibition of AChE activity [112]. AChE plays an extremely important role in various
biological functions, including growth, motility and feeding activity, so inhibition of this neurotransmitter could
have negative consequences on individual behaviour [114].

The study conducted by De Felice et al. [112], indicates that COC exposure improves crayfish responsiveness
to visual stimuli. The effects were concentration dependent, in fact low concentrations reduced rapid cheliped
attacks, while high concentrations increased them. This increase is likely attributed to the drug’s excitatory impact,
raises the animals’ state of alert and boldness [116]. It may also be possible that these results are related to the loss
of nerve conduction ability caused by AChE inhibition, which could have induced a state of hyperactivity [117].

Most notably, COC exposure resulted in a significant decrease in the frequency with which individuals
consumed administered food [105]. The altered behavior could be attributed to increased levels of the neuropeptide
CART, an appetite-modulating peptide with effects mimicking those of psychostimulants [118]. In treated
crayfish, COC exposure likely promoted CART production, leading to suppressed feeding through a perceived
sense of fullness. Furthermore, the drug’s direct impact on the nervous system-specifically the modulation of
dopamine and serotonin signaling-may play a primary role in this behavioral inhibition. In fact, by blocking the
normal recycling processes of serotonin, dopamine and norepinephrine, COC can induce the inhibition of the re-
uptake [119]. Crayfish exposed to COC may show increased dopamine levels, which could lead to inhibition of
feeding behaviour. These results highlight how exposure to COC significantly altered the feeding behaviour of crayfish.

The contrasting responses observed at 50 ng/L and 500 ng/L highlight a clear dose-dependent and bimodal
toxicological profile, consistent with the psychostimulant activity of COC. Importantly, the lower concentrations
tested fall within environmentally realistic levels reported for freshwater ecosystems, indicating that behavioural
alterations in zooplankton may be ecologically relevant. Conversely, the limited oxidative damage observed in
crayfish suggests species-specific resilience, pointing to the need for comparative sensitivity analyses across
different trophic groups.

4.1.3. Fish

Exposure to environmental concentrations (0.04, 0.4, 4 and 40 nM) of COC and its principal metabolites, BE
and ecgonine methyl ester (EME), has been shown to induce significant primary genetic damage in zebrafish
embryo cells [76]. The study demonstrated a notable increase in DNA fragmentation following exposure,
confirming the ability of the compounds to exert genotoxic effects that may become fixed genetic damage [120].
This cytogenotoxicity was corroborated by a significant increase in the frequency of apoptotic cells, suggesting
that the induced damage exceeded the cellular repair capacity and triggered programmed cell death. The cyto-
genotoxic effects could be related to an overproduction of ROS [76], probably because of the biotransformation
of COC in norcocaine nitroxide and N-hydroxy norcocaine by cytochrome P450 activity [121]. Furthermore, COC
metabolites may be involved in the activation of redox cycles, the depletion and/or decrease of antioxidant
enzymes, and the consequent overproduction of ROS, resulting in oxidative damage, disruption of cellular activity
and organ damage [122], as supported by the data obtained.

Chronic exposure of European eels to environmentally relevant concentrations (20 ng L™") of COC induce
systemic toxicity, targeting crucial organs such as skeletal muscle, kidney, and liver [68,123].
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Consistent with its known properties as a psychomotor stimulant in humans [52], COC exposure in eels
increased motor activity, increasing vigilance and alertness, often manifesting as accelerated swimming. However,
chronic exposure leads to severe histological damage in both red and white muscle fibres, which show signs of
injury [68]. These alterations appear to be like those caused by a syndrome known as rhabdomyolysis,
characterized by breakdown of the muscle fibres and dispersion of intracellular components, including the
enzymes CK, LDH, and AST, myoglobin and electrolytes, into the circulatory system [124]. This diagnosis was
strongly supported by the analysis of serum levels of CK, LDH and AST, which had indeed increased [68].
Cocaine-induced rhabdomyolysis could occur either through a direct effect of the drug on the muscle and/or
through repeated ischemic events mediated by the vasoconstrictor properties of COC and its metabolites [68].

Reperfusion following ischemia inflicts secondary damage by producing free radicals that bypass the
muscle’s natural antioxidant defences [68]. As the sarcolemma and muscle fibber membranes degrade, cytosolic
enzymes are released into the body [125]. A critical consequence of this membrane disruption is the massive
leakage of myoglobin into the bloodstream [126]. Once myoglobin levels surpass the plasma’s binding threshold,
the protein precipitates within the kidneys, causing tubular obstruction and acute renal failure [127]. This
pathological pathway reinforces the link between chronic COC exposure and renal impairment in 4. anguilla [68].

The available data show that zebrafish embryos exhibit genotoxic and oxidative effects at concentrations
ranging from 0.01 to 10 pg/L, while European eels display muscular, hepatic and renal alterations at
environmentally relevant levels (20 ng/L). These findings indicate that early-life stages are substantially more
sensitive, but also that adult fish can be affected at concentrations actually detected in surface waters. Subsequent
studies confirmed that chronic COC exposure also induces damage in the liver and kidney [123], crucial organs
for xenobiotic metabolism and excretion [128]. Cocaine-induced hepatotoxicity is correlated with the production
of NCOC and N-hydroxynorcocaine, and with the direct oxidative damage caused by ROS that are produced
during the redox cycles of the metabolic cascade [129]. In some cases, cocaine-induced nephrotoxicity has been
reported to be correlated with rhabdomyolysis, hyperthermia or ischemia caused by vasoconstriction [129].
Therefore, it is possible that the changes observed in the kidney of eels following cocaine-exposure are in part
correlated to muscle injury [123]. Alternatively, COC could exert direct cytotoxic effects on the kidney in the form
of the metabolite EME or, to a lesser extent, in the form of NCOC [129].

A key finding in the liver was the analysis of GRP78, the primary marker of endoplasmic reticulum (ER)-
stress [130]. GRP78 acts also as an apoptotic regulator by protecting the host cell against ER stress-induced cell
death. A slight increase in GRP78 expression was observed during exposure, followed by a marked increase in the
post-exposure recovery phase [123]. This increased GRP78 expression correlated inversely with the decreasing
caspase-3 levels during recovery, suggesting that the expression of GRP78 acts to inhibit caspase-3 activity. Upon
the interruption of cocaine-exposure, liver cells promote the expression of GRP78, which can restore the condition
of homeostasis and counteract apoptosis and the consequent tissue damage [123].

Furthermore, blood glucose levels were also analyzed, as glucose represents a marker of stress response [123].
Indeed, a consistent increase in blood glucose levels was found in both cocaine-exposed and post-exposure
recovery eels, likely a general stress response of the fish to pollutant effects [131]. COC increases plasma glucose
levels through the release of catecholamines [132,133], and supporting this, a consistent increase in plasma
catecholamines was found in the eels.

4.2. Immune System

Exposure to COC in aquatic organisms causes an anaesthetic effect, which leads to an alteration of the
neuroendocrine and cardiovascular systems, with a consequent impact on the immune response, whether adaptive
or innate [134].

Similar to what happens in mammals, COC modulates the immune response through dysregulation of the
hypothalamic-pituitary-adrenal axis and modulation of the monoamine system [114].

Monoamines such as serotonin modulate the production of key immune system cells such as cytokines,
phagocytes, granulocytes, and macrophages, indicating a consequent alteration of immune system-related
processes [135]. Added to this is the downregulation, observed in Danio rerio exposed to COC, of several proteins
of the major histocompatibility complex class I, as well as immune mediators such as interleukin-1 beta [136].
Moreover, in Danio rerio, a downregulation of genes involved in the immune response and inflammatory
processes has been highlighted, including cc/20b, ccl20a.3, and nos2a. RNA-seq analysis conducted on larvae
exposed to COC revealed differential expression of numerous genes and alterations in multiple pathways,
including those related to innate immunity, immunosuppression and neuroinflammation [137].
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Furthermore, evidence come from the study by Capaldo et al. [123], an increase in blood ALT and PCR
values was recorded in eels exposed to COC. ALT is a marker of liver function [124], so its increase is an indication
of liver damage, with all that this entails. CRP, on the other hand, is a protein involved in innate immunity [125],
and is therefore considered a bioindicator of the general health of fish. The increase in this protein in eels confirmed
an alteration in the immune response following exposure to the drug [126].

Exposure to COC also modulates the expression of genes and proteins involved in the inflammatory response,
such as the CCL2/CCR?2 pathway, thus altering macrophage recruitment [ 138]. Taken together, these findings suggest
that COC is a potential source of immunotoxic stress for aquatic organisms, thereby compromising their survival.

4.3. Effects on Reproduction and Embryonic Development

The presence of COC in aquatic environments may pose a potential risk to the reproduction of various aquatic
species. Recent studies have highlighted how the substance can interfere with reproductive processes.

4.3.1. Fish

For instance, Fontes et al. [139] have documented histological alterations in the gonads of eels (4dnguilla
anguilla) following exposure to COC (20 ng L™!). Eels showed reduced follicular maturation and changes in the
expression and localization of key enzymes involved in oogenesis and steroidogenesis (aromatase P450, 173-HSD,
3B-HSD), accompanied by changes in serum levels of gonadotropins and cortisol. This suggests a direct
impairment of ovarian activity and a potential inhibitory effect mediated by the dopaminergic system, capable of
interfering with endocrine regulation of reproduction.

4.3.2. Mussels

The alteration of the neurotransmitter’s dopamine and serotonin, following exposure to COC, led to a
reduction in gonadal maturation even in mussels Perna perna [140].

4.3.3. Crustaceans

Negative effects on reproduction have also been observed in simpler organisms such as the invertebrate D.
magna. Indeed, De Felice et al. [71] reported reduced reproductive success in daphnia exposed to COC (50 ng L),
hypothesizing a shift in energy balance toward highly modified swimming activity, or a direct toxic effect on
reproductive organs. They have shown that exposure to the main metabolite of COC, benzoylecgonine, induces
oxidative stress, inhibition of acetylcholinesterase activity, and behavioural changes that result in reduced fertility.

Overall, these studies indicate that COC and its derivatives can compromise reproduction in both invertebrate
and vertebrate aquatic organisms through multiple mechanisms, including endocrine dysfunction, oxidative stress,
and behavioural changes, with potential repercussions on population dynamics and the stability of ecosystems.

4.3.4. Embryonic Development

Similar to studies on rats [141], in which altered embryonic development was documented, the effect of COC
on fish embryos, particularly zebrafish (Danio rerio) embryos, was investigated [76,142,143].

The study conducted by Parolini et al. [76] highlighted alterations in D. rerio exposed to COC (ranging from
0.01 pg/L to 10 pg/L) related to morphological and functional defects, including abnormalities in the development
of the central nervous system, cardiovascular malformations, and delays in embryonic growth. In addition, changes
were observed in the gene expression of numerous markers involved in the genesis of the nervous and cardiovascular
systems, suggesting that early exposure to COC may interfere with key embryonic development processes.

4.4. Bioaccumulation and Biomagnification

[llicit drugs, along with their metabolites, are continuously released into the aquatic environment, after
consumption and excretion [132], via wastewater treatment systems, which do not always present optimal
efficiency [38,133]. Furthermore, the presence of COC packages on the shores, which are not recovered by vendors
or authorities [66], also constitutes a source of entry into the aquatic environment.

Once released into aquatic ecosystems, these substances can be absorbed (or taken) by aquatic organisms,
within which they subsequently are accumulated. Several studies reported phenomena of bioaccumulation of
chemical compounds in aquatic organisms considered important nutritional resources for humans, such as
bivalves, crustaceans, cephalopods, and fish [134,135]. Through the trophic chain, these substances can reach
humans, who may therefore be chronically susceptible to exposure [144].
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Due to multiple interacting factors, it is challenging to determine the specific causes that govern the
bioaccumulation of Pharmaceutical Active Compounds (PhACs) in aquatic organisms. Furthermore,
bioaccumulation also depends on the compound’s concentration in the water, the environmental pH, the
bioconcentration factor (BCF), the bioaccumulation factor (BAF), and the compound’s log Kow [145]. The
bioconcentration factor (BCF) refers to the process by which a water-borne chemical is accumulated by an aquatic
organism [145]. The bioaccumulation factor (BAF) is an important tool which refers to the concentration of a
chemical substance in an organism with its corresponding concentration in the surrounding environment (e.g.,
water, sediment, or food) under equilibrium conditions [146]. Based on their physico-chemical properties,
contaminants are capable of being accumulated in organisms. One of the most frequently used parameters to
estimate a contaminant’s potential bioaccumulation is the log Kow (octanol-water partition coefficient), in relation
to which a higher value correlates with a greater bioaccumulation capacity of the contaminant [147]. According to
the results reported by Fontes et al. [89], the log Kow for COC shows an increase from 0.10 (ionic form) to 2.30 (non-
ionic form). This is because, given the alkaline pH of marine waters and pKa of COC (pKa= 8.61), the compound
tends to be partially present in its non- ionized form, due to the pH value observed in the sampling area [24].
Therefore, by virtue of the alkaline pH of the marine waters and pKa of COC, the compound displays a greater
propensity for bioaccumulation owing to its moderate hydrophobicity [148].

Mussels are filter-feeding organisms, a mechanism through which they can accumulate pathogenic bacteria,
as well as organic and inorganic particles dissolved in the water column or adhered to the sediments [149]. Due to
these characteristics, they are widely employed as sentinel organisms for environmental monitoring [150]. Several
studies have documented the presence of metals, PAHs, microplastics [146], pharmaceuticals, illicit drugs such as
COC and BE in superficial water [22,58], which suggests that the seafood organisms may be susceptible to
contamination. Similarly to several previous investigations [151,152], the results reported by Fontes et al. [89]
revealed that COC was detected in all mussels’ samples, with concentrations ranging between 0.914 pug Kg™! and
4.58 ug Kg! (ww).

According to the findings reported by Roveri et al. [153], the highest drug concentrations were detected in
demersal species rather than in pelagic species, considering that greater concentrations tend to be deposited in the
deeper layers of the water [153]. In addition, body size also plays an important role, as a smaller size reflects a
lower trophic level and, consequently, a lower degree of biomagnification compared to others [154].

Capaldo et al. [155] assessed the ability of European eel to bioaccumulate COC into the tissues after exposure
to environmental concentrations of this substance, which was reported to be highly abundant in surface water. Indeed,
after one month of exposure, COC was found in the eel’s tissues. Higher concentrations of COC were detected in the
brain (30.50 + 0.36 pg/g), muscle (20.17 + 0.47 pg/g), liver (13.4 £ 2.17 pg/g), and kidney (11.43 + 1.18 pg/g), while
lower concentrations were found in the digestive tract (8.87 = 0.74 pg/g), gills (5.57 = 0.74 pg/g), skin (4.87 + 0.18 pg/g),
spleen (0.61 + 0.3 pg/g), and gonads (0.47 £ 0.15 pg/g). According to the results obtained, COC can accumulate
within the eel’s tissues only at very low concentrations, suggesting a risk to its health. Furthermore, the cells would
likely return to a physiological state only after a long recovery period following the interruption of exposure, given
that COC was still present in the eel’s tissues after three days of recovery following the interruption of exposure.

Muscle and liver of eels showed high levels of COC after exposure, and this could be correlated with the fat
content present in these tissues. In fact, although COC is generally highly hydrophilic, drug-related victims show
COC accumulation in adipose tissue and skin [156]. Its bioaccumulation could influence eels’ physiology and
considering that COC effects are mediated by dopaminergic receptors [157], COC may interfere with reproductive
processes in which dopamine plays a key role [157].

Compared to the existing literature data regarding the phenomenon of bioaccumulation in bony fish [141],
reports are practically absent for cartilaginous fish, such as sharks and rays. Sharks and rays are important constituents
of marine ecosystems, where they play the role of predators in the trophic web and are considered sentinel species
for environmental contamination [158]. Furthermore, they represent a nutritional protein source and are therefore
consumed extensively worldwide [159]. However, due to commercial fishing activities, these species are increasingly
threatened and may face extinction [160]. de Farias Araujo et al. [73] conducted an exploratory analysis concerning
the presence of COC and its main metabolite BE in the muscle and liver tissue of a small coastal shark species,
considered vulnerable by the International Union for Conservation of Nature (IUCN), namely Brazilian Sharpnose
Shark (Rhizoprionodon lalandii). First, it is important to note how these organisms are exposed to COC in their
natural habitat, the Sernambetiba channel. Levels of COC of 23.0 ug Kg! were detected in the samples, which are
three time higher than the levels of BE, which amount to 7.0 pg Kg™!. Specifically, higher concentrations of COC
were detected in muscle (33.8 + 33.4 ug Kg™) than in the liver (12.2 £+ 14.2 pg Kg™'). The results obtained by de
Farias Araujo et al. [73] highlighted a tendency for COC and BE accumulation that differed between the sexes,
even though the species does not exhibit sexual segregation during its life cycle. COC levels were found to be
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higher in the muscle tissue of female (40.2 = 35.8 ug Kg!) than in males (12.4 + 5.9 pg Kg™'). Instead, males and
females might have been in different life stages: it was observed that all males were juvenile, while most females
were adults. For this reason, these organisms tend to exhibit different metabolic rates and distinct physiological
pathways, as found by Festa et al. [161] in other vertebrates of different species. Specifically, juvenile sharks
present elevated metabolic rates compared to adults, while adult females possess more efficient detoxification
systems, having been exposed to environmental conditions for a longer period. Obviously, all these factors
influence the way in which contaminants are metabolized and stored. Furthermore, differences were found between
pregnant and non-pregnant females regarding the metabolic processes that occur between these life stages.
Pregnant sharks undergo physiological changes and greater metabolic demands to support embryo growth and
development. This could influence the efficiency of detoxification processes, leading to variation in the
contaminant metabolism and their distribution and accumulation [162], compared to what is observed in non-
pregnant individuals.

The revelation of these substances in major marine predators, such as sharks, indicates that COC has now
spread globally. Consequently, concerns are increasingly growing regarding the direct effects that COC could
cause in marine food webs and the resulting negative consequences [163]. Indeed, the presence of illicit drugs in
marine fauna constitutes a potential risk for these species, which may experience physiological stress following
the alteration of biochemical functions [70], influencing growth, reproduction, and health, with the potential to
alter the behaviour of marine organisms [71]. This could also influence feeding and mating processes, as well as
the avoidance strategies of predators, which in the long term could cause a loss of biodiversity. The result would
be the alteration of ecological interactions and the destruction of the balance of aquatic ecosystems [72], which
are increasingly under pressure from anthropogenic activities.

Furthermore, in the context of public health, biomagnification is becoming an increasing concern, due to
the accumulation of COC even in the highest trophic levels, as evidenced by the studies conducted by
de Farias Araujo et al. [73]. Indeed, the presence of COC could indirectly impact fish stocks which would no
longer be considered safe food products, and consequently, this could have significant ecological, economic, and
social impacts [163].

5. Conclusions

The presence of COC and its main metabolites in aquatic environments is now a growing ecotoxicological
and health issue, in fact, it is now included in the list of emerging contaminants. Growing interest in this class of
pollutants has prompted numerous researchers in recent years to investigate their distribution across different
geographic regions and environmental matrices, including surface waters, wastewater effluents, and sediments, as
well as the physiological, behavioural, and reproductive effects of COC and its main metabolites on exposed
organisms. The most observed effects in the range of environmental concentrations from 0.13 ng/L to 537 ng/L
include oxidative stress, endocrine dysfunction, behavioural changes, and impaired reproductive capacity which
represent the main ecotoxicological endpoints of exposure. Despite this, the actual extent of the environmental
load may be underestimated, as most monitoring studies focus on aquatic matrices, neglecting sediments and
organisms, which are key compartments for long-term persistence and bioaccumulation. Furthermore, the high
spatial and temporal variability of concentrations affected by population density, treatment system efficiency, and
seasonal consumption patterns makes accurate characterization of environmental exposure complex. However,
despite the extensive literature available, some significant issues have emerged. Firstly, many studies have been
conducted under laboratory conditions, without taking into account the possible interactions of COC and its
metabolites with other xenobiotics, thus limiting the ecological transferability of the results. In natural
environment, in fact, COC coexists with numerous other substances (pharmaceuticals, pesticides, microplastics),
and the main gaps in our knowledge. In addition, there is a discrepancy between environmental concentrations and
those used in experimental studies: may laboratory investigations employ exposure levels significantly higher than
real-world conditions, compromising ecological relevance and potentially overestimating risk if not integrated
with studies conducted under realistic and chronic exposure scenarios. Available evidence also indicates that
sensitivity to COC is strongly species-specific and dependent on developmental stage, with early life stages such
as embryos and larvae generally being more vulnerable than adults, likely due to immature detoxification systems
and higher metabolic rates. Model organisms such as Daphnia magna have shown effects on mobility and
reproduction, while in fish neurobehavioral and physiological alterations have been observed, attributable to the
interaction of COC with neurotransmitter systems. However, the limited number of species studied and lack of
standardized protocols reduce the generalizability of these findings. One of the main gaps concerns the difficulty
of translating effects observed at the individual level into concrete ecological implications: although physiological
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and behavioural alterations are well documented, their impact on populations and ecosystems remains largely
speculative. Seemingly minor behavioural changes may trigger cascading effects, influencing trophic interactions
and energy flow in aquatic ecosystems; similarly, reproductive effects could affect population dynamics over the
long term, especially under chronic exposure conditions. Therefore, the gap between experimental conditions and
real-world scenarios represents one of the main challenges in assessing the environmental risk of COC. Natural
ecosystems are characterized by chronic exposures, fluctuating concentrations, multiple stressors, and complex
biological interactions factors rarely reproduced in laboratory setting. To improve ecological relevance, future
studies should use realistic concentrations, consider long-term exposure, evaluate mixture toxicity, integrate
multiple biological levels, and adopt more complex approaches such as mesocosm and field studies, along with
the development of predictive models. Ultimately, the central issue is not only whether COC can induce toxic
effects, but whether these effects translate into significant ecological risk may be limited. However, this conclusion
must be interpreted with caution, considering the continuous release of the substance into aquatic environments,
its potential persistence, and interactions with other contaminants, which may result in chronic exposures with
cumulative effects that are potentially underestimated. In light of these considerations, future research should
prioritise chronic exposure at environmental concentrations, investigate the effects of contaminant mixtures,
integrate molecular biomarkers, and develop predictive models to assess long-term risk. Moreover, it is essential
to expand knowledge on the bioaccumulation of COC; preliminary evidence, including observations in apex
predators sush as Rhizoprionodon lalandii, suggests possible transfer along the trophic network, although the
extent of biomagnification and its impact on ecosystems and human health remain uncertain. In this context, it is
essential to encourage interdisciplinary studies that integrate ecotoxicology, environmental chemistry, physiology,
and ethology. Only through a holistic and preventive approach will it be possible to fully assess the ecological and
health consequences of this contaminant. For example, using the Wastewater-Based Epidemiology (WBE)
approach for wastewater monitoring, it is possible to identify areas with high levels of COC, where human
consumption is the primary source of environmental contamination. Furthermore, the accuracy of this approach is
ensured by the analytical method like LC-MS, which enables the detection of tiny quantities of analytes (in the
range of ng/L and pg/L) even in billions of litres of water. This tool allows health authorities to implement targeted
prevention strategies aimed at reducing the chemical load that is indirectly introduced into aquatic ecosystems. In
this context, it would be advisable to launch public information campaigns to raise awareness of the environmental
risks associated with the use of illicit drugs, highlighting how these substances can compromise the health of
organisms and the stability of the food web. However, technological upgrading of WWTPS remains essential, as
many current facilities are not designed to eliminate these specific contaminants. Furthermore, as not all emerging
contaminants are routinely monitored, it would be advisable to make monitoring mandatory and to establish legal
limits for the concentrations of COC and its metabolites in surface waters in order to ensure a long-term protection
of aquatic biodiversity.
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