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Simple Summary: Pharmaceutical pollution has become a great concern as it has significant
consequences on the aquatic environment, particularly on the living organisms within it.
In this context, this review provides an extensive analysis of the impact of waterborne
pharmaceuticals on fish, focusing on oxidative stress (OS) biomarkers. It offers a systematic
evaluation of the reactions of fish to environmental concentrations of the most common
pharmaceuticals found in aquatic environments, as documented in both in situ and ex
situ laboratory exposure studies. Key oxidative stress biomarkers, such as catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione-S-transferase
(GST), and glutathione reductase (GRed), are described and discussed, highlighting their
significance in the assessment of the biochemical and physiological responses of fish to
pharmaceutical contaminants. Furthermore, this review examines the effects of specific
pharmaceuticals on OS across various fish species, highlighting differences in species-
specific sensitivities.

Abstract: Pharmaceutical residues are a result of human activities and are increasingly
recognized as environmental contaminants that pose significant risks to aquatic ecosystems.
There are many well-known pathways (agricultural runoff, veterinary use, human excretion,
etc.) for the entry of these pharmaceuticals into the aquatic environment, and among them,
the inability to remove these biologically active compounds from wastewater treatment
plant (WWTP) effluents is becoming increasingly significant in the context of societal
evolution. Once introduced, pharmaceuticals persist at low concentrations, exerting sub-
lethal effects that disrupt the physiological processes of aquatic organisms. Among these
effects, oxidative stress (OS) has gained attention as a key mechanism that is induced by
pharmaceutical toxicity, serving as a sentinel indicator of homeostatic disturbance. Thus,
studying OS biomarkers in fish is crucial for understanding the extent of pharmaceutical
pollution, as these biomarkers provide early warning signals of environmental stress
and help assess sub-lethal impacts on aquatic organisms. Their application, correlated
with other eco-physiological investigations, can improve ecological risk assessments. In
this context, this review explores the role of OS biomarkers by assessing the effects of
pharmaceutical contaminants on fish. It highlights the utility and limitations of these
biomarkers for environmental monitoring, while also identifying key research gaps—
particularly regarding long-term ecological consequences.
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1. Introduction

1.1. The Sources and Types of Human Pharmaceutical Active Compounds Within the Aquatic
Environment

Human activities, including industrial production and agriculture, have significantly
contributed to environmental pollution, introducing a range of contaminants such as
plastics [1], pharmaceutically active compounds (PhACs) [2], pesticides [3], and heavy
metals [4]. These pollutants accumulate in aquatic and terrestrial ecosystems, leading to
ecological imbalances and posing significant threats to biodiversity and ecosystem health.

The global rise in pharmaceutical consumption has significantly contributed to this
issue. Statistics from the European Union (EU) reported the use of over 3000 medicinal
substances for human medicine [5,6]. The 2023 public report published by the IQVIA
Institute for Human Data Science predicted an increase in per capita pharmaceutical
consumption across most regions, amplifying further concerns about the environmental
impacts of these compounds [7].

Many pharmaceuticals and their byproducts are not completely metabolized by hu-
mans and animals, leading to their presence in wastewater [8]. The improper disposal of
expired or unused medications and drug residues from human and animal excretion are
important sources of wastewater pharmaceutical pollution [9]. These compounds enter
sewage systems and are only partially eliminated through WWTPs in natural aquatic
ecosystems due to the inefficiency in treating such substances. Despite advancements in
water treatment technologies, pharmaceutical residues continuously accumulate in rivers,
lakes, and groundwater [10]. Furthermore, PhACs can infiltrate soil and groundwater
through agricultural practices, such as the use of animal manure and wastewater sludge as
fertilizers [11]. Other notable sources of pollution are industrial discharging, agricultural
runoff, and waste production from pharmaceutical facilities [12-14].

Among the most detected classes of PhACs in aquatic environments (Table 1) are
antibiotics, analgesics, antidepressants, anticonvulsants, beta-blockers, hormones, and
antihistamines. Although these substances are found in water at low concentrations (ng/L
to pug/L), the ecological consequences could be significant.

Table 1. Common pharmaceutical active compounds (PhACs) detected in aquatic environments.

Class of PhACs Examples Reference
Antibiotics C1pr0ﬂoxac1'n, sulf.amethox;?zole, [15-17]
tetracycline, azithromycin
Analgesics and Ibuprofen, diclofenac, aspirin,
.. [18-21]
anti-inflammatory drugs naproxen
Antidepressants Fluoxetine [18]
Anticonvulsants and mood .
. Carbamazepine [22,23]
stabilizers
Beta-blockers Atenolol, propranolol, metoprolol [24,25]
Hormones Estradiol, ethinylestradiol, [26,27]
progesterone
Antihistamines Diphenhydramine [28]

Once within aquatic ecosystems, PhACs can disrupt physiological processes in aquatic
organisms, including fish. These pollutants can significantly impact fish physiological
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homeostasis [29], hormone regulation [30], reproduction [31], immune function [32], and
OS responses [33-35]. Moreover, long-term exposure to pharmaceutical pollutants has
also been linked to antimicrobial resistance [36], posing a significant environmental and
human health threat. Despite growing awareness, the research assessing the impacts of
pharmaceutical pollution on fish remains limited, hindering our understanding of how
these pollutants affect aquatic ecosystems, mainly because there is a lack of information
regarding long-term ecological consequences and how these pollutants influence species
resilience and overall biodiversity. The contamination of aquatic environments with PhACs
has become a primary worldwide concern, leading to scientific and government efforts to
mitigate their environmental impact.

Recognizing the urgency of this issue, the European Commission (EC) has im-
plemented regulatory actions under the Water Framework Directive (WFD, Directive
2000/60/EC) to assess and manage pharmaceutical pollution in surface waters. As part of
these efforts, the Watch List Mechanism was introduced to gather high-quality monitor-
ing data on emerging contaminants and determine whether specific substances requiring
regulatory limits should be classified as priority substances [37]. In 2013, the European
Commission identified three pharmaceutical compounds—17-alpha-ethinylestradiol (EE2),
17-beta-estradiol (E2), and diclofenac (DCF)—as substances of particular concern, adding
them to the first EU Watch List [37]. These substances were selected based on their high
toxicity, their persistence in aquatic environments, and their potential endocrine-disrupting
effects [38]. This initiative aimed to collect sufficient environmental data to evaluate
whether regulatory action, such as classification as priority hazardous substances, was
necessary. For example, in 2018, diclofenac (DCF) was removed from the Watch List due to
the availability of sufficient high-quality monitoring data [39] and due to its low bioaccu-
mulation potential in aquatic ecosystems [39]. Indeed, several studies indicated that the
environmental concentrations of DCF were generally below thresholds of concern for both
ecological and human health risks [40]. However, subsequent studies have shown that DCF
can cause acute toxicity, OS, organ lesions, and gene damage in aquatic animals [41]. The
two endocrine-disrupting estrogens, EE2 and E2, remained on the list due to their potent
biological activity, even at extremely low concentrations [42]. At the same time, in 2020,
concerns regarding pharmaceutical pollution led to the inclusion of five additional com-
pounds in the EU Watch List—amoxicillin, ciprofloxacin, sulfamethoxazole, trimethoprim,
and venlafaxine [43]. In 2022, ofloxacin was added to the list, reflecting ongoing efforts to
track and regulate emerging water pollutants [44]. All these regulatory actions demonstrate
a growing recognition of the risks posed by pharmaceutical pollution to aquatic ecosystems
as new pharmaceuticals are routinely assessed.

In this context, the present study plays a crucial role in advancing knowledge on
the environmental impact of pharmaceutical pollution by synthesizing and analyzing
findings from the scientific community. By focusing on pharmaceutical compounds with
high incidence in aquatic environments, this research highlights their potential to induce
oxidative stress in various fish species, a key biomarker of physiological and cellular distur-
bances. Therefore, this study contributes to the growing body of evidence necessary for
regulatory decisions and the development of mitigation strategies to reduce pharmaceutical
contamination and safeguard aquatic life.

1.2. Oxidative Stress (OS) and Antioxidant Defenses

Fish are exposed to PhACs through two main pathways: absorption from the sur-
rounding water and the ingestion of the contaminated food [45]. When accumulation
exceeds elimination, bioaccumulation occurs [46]. PhACs can then be distributed through
the bloodstream, accumulate in specific tissues, and interfere with cellular processes like en-
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zyme activity, hormonal regulation, and OS, resulting in the distribution of these chemicals
to different organs [47,48]. For example, endocrine-disrupting chemicals such as hormones
induce feminization in fish [49], alter their reproductive system, cause abnormal gonadal
development [50], and influence behavior [51,52]. Nonsteroidal anti-inflammatory drugs
(NSAIDs) also cause nephrotoxicity and impair normal physiological functions, potentially
compromising the adaptive immune systems of fish [53]. Antidepressants may impair
brain function, which leads to changes in behavior [54] and stress reactions, which in turn
endanger the survival and welfare of the fish [55]. In addition, the bioaccumulation of
PhACs may lead to OS, causing cellular damage in tissues such as the liver, gills, and
kidneys [56] and disrupting key processes like osmoregulation and respiration [57].

To mitigate toxicity, fish employ biotransformation mechanisms [58] as a coping
strategy. This key process involves two stages: Phase I reactions, catalyzed by cytochrome
P450 (CYP450) enzymes, introduce polar functional groups to contaminants. If these
modified compounds remain insufficiently water-soluble, Phase II reactions conjugate
them with molecules such as glucuronic acid, sulfate, or glutathione (GSH), making them
more water-soluble and thus enhancing their excretion from the body. However, incomplete
metabolism or the formation of reactive intermediates, such as reactive oxygen species
(ROS), can trigger OS, a key toxicity pathway [59,60].

OS occurs when ROS overwhelm antioxidant defenses, resulting in cell damage [61].
Free radicals, such as hydrogen peroxide (H,O,), hydroxyl radicals (OH ™), and superoxide
anion (O, ™), are naturally occurring byproducts of cellular metabolism and immunological
responses [62]. However, excessive ROS levels cause oxidative damage to proteins, lipids,
DNA, and RNA. Free radicals can induce cellular damage, mainly when antioxidant
protection mechanisms are compromised. While ROS, comprising loose radicals and free
radicals like H,O,, are usually produced during regular cell features, their immoderate
accumulation results in OS, which is responsible for numerous diseases and aging. These
compounds further propagate oxidative damage, making them essential biomarkers for
assessing OS in fish organisms. Lipid peroxidation (LPO) occurs when free radicals attack
lipids in cell membranes and is one of the primary consequences of physiological changes
during OS. ROS attack polyunsaturated fatty acids in cell membranes, which leads to
structural instability and functional impairment [63]. The process also generates toxic
byproducts such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) [64,65]

Protein oxidation or protein oxidative modifications occur when ROS modify proteins,
altering structure and functionality [66]. Modifications impair enzymatic activity, disrupt
cellular signaling, and hinder normal cell function. As a result, protein oxidation plays a
significant role in the decline of cellular processes and can contribute to disease develop-
ment [62]. Damage to DNA and RNA is among the most critical consequences of OS, as they
impact the long-term viability of cells and tissues [67-70]. DNA damage involves the oxida-
tion of genetic material, leading to strand breaks and base modifications which can result
in mutations, genomic instability, and carcinogenesis [71-73]. Several studies have proved
that fish exposure to pollutants causes cancer in different organs [74-77]. ROS production
disrupts molecular stability, impairs protein synthesis, and alters cellular signaling pathways
in RNA. OS can also damage RNA molecules directly, leading to structural modifications,
strand breaks, and changed nucleotide integrity [78]. Prolonged exposure to ROS increases
mutation rates and inhibits protein synthesis, likely due to impaired ribosome function and
enhanced mRNA degradation. This genomic and transcriptomic damage disrupts normal
cellular functions and contributes to various diseases and dysfunctions [79-81].

Given their sensitivity to environmental pollutants, OS biomarkers serve as early
indicators of water contamination, allowing researchers to detect sublethal effects in fish
before visible physiological impairments such as reduced growth, decreased reproductive
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success, or behavioral changes. Therefore, researchers can evaluate the significance of
pollution levels by monitoring biomarker responses and, based on the results, develop
mitigation strategies to protect aquatic ecosystems. Enzymatic biomarkers (Table 2) and
non-enzymatic antioxidants (e.g., vitamins, thioredoxin, and carotenoids) are involved in
managing OS in fish [80,82], providing valuable information about how pollutants induce

cellular stress and disrupt normal cellular functions.

Table 2. Enzymatic antioxidants and their role as biomarkers in oxidative stress (OS) modulation.

Biomarker Function Effects Reference
SOD Converts superoxide anion (O, ) into  First-line defense against ROS, prevents [83]
hydrogen peroxide (H,O,) and O, oxidative damage and lipid peroxidation
CAT Decomposes hydrogen peroxide (H2O5) Protects cells from HyO, toxicity,
. L . [84,85]
into water and oxygen maintains redox homeostasis
Re.duces hydroger} peroxide (H202) and Detoxifies peroxides and protects lipid
GPx lipid peroxides using glutathione (GSH), membranes from oxidative damage [86]
producing oxidized glutathione (GSSG) &
Conjugates glutathione (GSH) to Neutralizes ROS, supports phase II
GST xenobiotics and lipid peroxides, aiding detoxification, and prevents cellular [87]
detoxification oxidative damage.
Regenerates reduced glutathione (GSH) Maintains glutathione homeostasis,
GRed from oxidized glutathione (GSSG) supports antioxidant defenses, and [88]

using NADPH regulates cellular metabolism

Note: SOD—superoxide dismutase; CAT—catalase; GPx—glutathione peroxidase; GST—glutathione-S-
transferase; GRed—glutathione reductase.

Therefore, studying OS biomarkers is a valuable approach in ecotoxicological risk as-
sessment, as these biomarkers reflect the molecular responses of organisms to contaminant-
induced toxicity [62,89,90]. By analyzing specific OS markers, researchers can understand
how pollutants affect cellular function and overall organism health.

In this context, this review aims to examine the responses of OS biomarkers in fish
exposed to environmentally relevant concentrations of pharmaceuticals, highlighting their
relevance in advancing ecotoxicological risk assessments and shaping regulatory frameworks.

2. Methodology

We conducted a systematic review to assess the effects of concentrations of key phar-
maceutical pollutants on the induction of OS in fish. In this regard, only studies that
investigated these effects under controlled laboratory conditions were identified to high-
light the effects of each category of pharmaceutical pollutants separately. Relevant articles
were retrieved from the Web of Science database, using keywords such as “oxidative stress
in fish” and “pharmaceutical”.

The search was limited to peer-reviewed articles, focusing only on experimental
studies. Our research identified 366 eligible articles; however, only 358 were ultimately
selected for analysis. Furthermore, only 193 studies were used in the review, mainly because
we wanted to focus on the most relevant and valid studies for research.

The main criteria for selecting articles were as follows:

(1) excluding studies involving other animal species;

(2) excluding studies lacking quantitative data on oxidative stress;

(3) keeping only studies published between 2004 and 2024 since research on OS in fish
has significantly advanced in the past two decades due to improved analytical techniques
and a growing awareness of environmental contaminants’ impact on aquatic organisms;

(4) the quality of the data and their relevance to the paper’s main theme.
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3. Results and Discussion
3.1. The Influence of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) on Oxidative Stress in Fish

Non-steroidal anti-inflammatory drugs (NSAIDs) are frequently detected in aquatic
ecosystems. Although they have therapeutic benefits on human health, NSAIDs raise
environmental issues due to their potential ecotoxicity, despite their therapeutic benefits.
Among them, diclofenac (DCEF), ibuprofen (IBU), paracetamol (APAP), and aspirin (ASA)
are commonly detected in aquatic environments [21,91]. The exposure of fish to NSAIDs
has been proven to disrupt the activity of key antioxidant enzymes, leading to increased
LPO and OS. Alterations from LPO and OS contribute to cellular damage and impair phys-
iological homeostasis by disrupting membrane integrity, leading to increased permeability,
enzyme dysfunction, and impaired ion balance. Additionally, oxidative damage to proteins
and DNA can impair metabolic activity, cause immune suppression, and reduce growth
and reproductive performance in fish [92].

NSAIDs exert their primary effect by inhibiting cyclooxygenase (COX) enzymes,
specifically COX-1 and COX-2, which are essential for the biosynthesis of eicosanoids,
signaling molecules that regulate inflammation, immune responses, and other vital physio-
logical functions [66]. Notably, NSAID metabolites are often more toxic than their parent
compounds, further exacerbating their impact on fish [93]. These metabolites induce OS,
disrupt mitochondrial function, and interfere with normal biochemical pathways. Ad-
ditionally, NSAIDs may interfere with endocrine signaling, affecting stress regulation,
growth, and fish reproduction. Despite growing evidence of NSAID-induced toxicity
in fish, the precise molecular and cellular mechanisms underlying these effects are not
entirely understood [94]. This is due to the involvement of multiple pathways, including
OS, immune suppression, mitochondrial dysfunction, and endocrine disruption. Addition-
ally, species-specific responses, the role of toxic metabolites, and the long-term effects of
low-dose exposure are not fully elucidated.

3.1.1. The Influence of Diclofenac (DCF) on Oxidative Stress in Various Fish Species

Among the NSAIDs studied, DCF is a significant pollutant in aquatic ecosystems.
However, the potential for DCF to undergo biotransformation in aquatic organisms after
absorption remains poorly explored. Biotransformation is the process through which or-
ganisms alter the chemical structure of a compound, such as DCF, by biochemical reactions,
mainly in the liver or in analogous organs. In fish, this involves Phase I cytochrome P450
enzymes, which oxidatively modify the compound, and Phase II glucuronyltransferases,
which conjugate the modified compound to enhance its water solubility and excretion [95].
While detoxification is nevertheless able to perform beneficial functions, the process some-
times produces metabolites that have a more significant toxicity than that of the parent
compound, thus exacerbating environmental and ecological hazards. In mammals, the
primary phase I metabolites of DCF are 4’-hydroxy diclofenac (4'-OH-DCF) and 5'-hydroxy
diclofenac (5-OH-DCF). These metabolites undergo further oxidation, forming benzo-
quinone imine, a compound known for its toxicity to fish [96]. This biotransformation
process induces the generation of ROS and leads to interactions with sulthydryl groups in
the cytosol, as well as in enzymes and membrane proteins containing these groups [97,98].

DCEF has been detected in varying concentrations in water bodies worldwide, and
it is recognized as a pseudo-persistent micropollutant (Table 3). In Romania, Chitescu
et al. [18,99] investigated DCF levels in the Arges River, reporting concentrations between
166 and 252 ng/L. Hallare et al. [100] found that in Central European surface waters, DCF
concentrations can reach up to 0.54 pg/L. Additionally, metabolites of DCF, including
4-hydroxy diclofenac and 5-hydroxy diclofenac, have been detected in sewage treatment
plant effluents in Germany at concentrations ranging from 0.07 to 0.42 ug/L [101].
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Table 3. The occurrence of DCF in various environmental waters worldwide.
Environmental Concentration Sampling Point Reference
166-252 ng /L Arges River, Romania [18,99]
0.54 ug/L Central European surface waters [100]

0.06 to 0.71 pg/L, 0.06 to 0.45 ug/L—DCEF;
DCF metabolites- 0.07 to 0.42 pg/L for Effluents of sewage treatment plants in Germany [101]
40-hydroxydiclofenac, 5-hydroxydiclofenac.

5t020 ug/L
8500 ng/L
20ng/L
7-90ng/L
435ng/L
>800ng/ L

Yamuna River, India [102]

Korangi drain, Pakistan [103]

Danube River, Romania [18]
Danube River, Serbia [104]

Lake Tegel and Havel River, Germany [105]
Stream gauge in Mess Basin, Luxemburg [106]

Consequently, DCF and its environmental degradation products may impose signifi-
cant ecological risks. Exposure to these compounds enhances ROS production and impairs
the antioxidant defense mechanisms of fish, even at ecological concentrations (ng/L).

The exposure of male tiger fish (Hoplies malabaricus) to DCF through intraperitoneal
inoculation at doses of 0.2, 2, and 20 pg/kg significantly increased antioxidant responses
in the liver, suggesting the generation of free radicals. This indicates that the liver acti-
vates antioxidant defenses to prevent possible cellular damage when DCF causes oxidative
stress. In particular, GPx activity was elevated at all tested doses, GSH levels increased at
20 pg/kg, and SOD activity was elevated at doses of 2 and 20 nug/kg. Furthermore, DCF
caused hepatic LPO in every exposed group, suggesting the occurrence of OS. Also, DCF
decreased the liver’s GST activity, indicating that biotransformation processes were inhib-
ited (Table 4). By transforming superoxide radicals (O, ™) into hydrogen peroxide (HyO,),
whic is subsequently further neutralized by GPx and CAT to reduce oxidative damage,
these results highlight the function of SOD as the first line of antioxidant defense [107].

Table 4. OS responses in several fish species exposed to environmental concentrations of DCFE.

Species

Concentration and Time of

Main Findings Ref.
Exposure

Hoplias malabaricus

0; 0'2.; 2.0;20 M 8/kg (+) SOD, GPx, LPO, and GSH in the liver;
after intraperitoneal (-) GST in the liver; [107]
inoculation No modifications to CAT activity

with 12 doses
Danio rerio 0; 0.5; 5; 50, and 500 pg/L (+) CAT activity and GPx at 500 ug/L; [108]
(embryos and larvae) for 96 h (-) GSTs in all concentrations
o 0; 250; 320; 480 pug/L (+) LPO; (+) GRed, GPx, and GSH;
Oreochromis niloticus for 28 days (-) SOD and CAT [109]
(-) SOD; (+) GSH; (+) GST in all concentrations-
. 0;0.2;2,and 20 pg/L in the liver:
Rhamdia quelen for 21 days (-)LPO at2 and 20 ug/L; (-) CAT at 2 ug/L [110]
No modification of GPx activity
(+) SOD in the kidney at all concentrations
. 0;0.2;2,and 20 pg/L No alteration of CAT and GPx;
Rhamdia quelen for 96 h (-) LPO; significant decrease in DNA damage in [

the kidney at 20 pg/L
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Table 4. Cont.
Species Concentrgillg)(r)lsilsg Time of Main Findings Ref.
(-) LPO in gills and kidney at 763 nug/L

. 0.17 and 763 ug/L (+) LPO in the liver at 763 ng/L

Galaxias maculatus for 96 h (+) CAT in the liver at 0.17 and 763 pg/L [112]
(-) CAT in gills at 0.17 and 763 ug/L
) ) 100 pg/L (-) SOD in liver; (+) SOD in gills; (+) GPx in

Cyprinus carpio for 96 h gills; (+) CAT in brain; no modification of LPO [113]

Note: (+) increase activity; (-) decrease activity.

According to Islas Flores et al., DCF biotransformation in the liver, hepatotoxicity,
and hepatocyte apoptosis [114] primarily occur through the generation of ROS. Several
authors [115,116] suggest that mitochondria are the primary site of ROS production fol-
lowing DCF exposure. DCF disrupts mitochondrial function by impairing adenosine
triphosphate (ATP) synthesis and inhibiting key complexes of the electron transport chain.
This mitochondrial dysfunction exacerbates ROS generation, further compromising cellular
homeostasis and ultimately triggering hepatocyte apoptosis. Justi et al.’s meta-analytic
research [117] highlights the significant contribution of GPx in reducing ROS accumulation
and recognizes it as the most sensitive biomarker to NSAID-induced OS. Consistent with
this finding, research on Danio rerio embryos and larvae exposed to DCF (0, 0.5, 5, 50, and
500 pg/L for 96 h) indicated increased GPx and CAT activity alongside decreased GST
activity [108]. These biochemical alterations suggest an adaptive cellular response to OS.
Elevated CAT activity reflects a defensive mechanism against increased hydrogen peroxide
(HyO,) levels, whereas enhanced GPx activity indicates a compensatory reaction to excess
ROS. In contrast, Diniz et al. [118] predicted that GST inhibition might be attributable to
oxidative damage.

GST inactivation indicates enzyme sensitivity to OS and is supported by CAT and GPx
overexpression caused by DCF exposure, suggesting ROS overgeneration. Furthermore,
the increase in GPx activity implies enhanced glutathione (GSH) oxidation, highlighting its
crucial role in counteracting oxidative damage. These findings underline the necessity of
activating anti-oxidative mechanisms to normalize cellular homeostasis, further verifying
the interrelation of OS and DCF-mediated mitochondrial dysfunction.

Likewise, Eze et al. [109] analyzed the effects of DCF exposure on Nile tilapia (Ore-
ochromis niloticus). The experiment consisted of the exposure of fish to three sub-lethal
concentrations of DCF (250, 320, and 480 pg/L) for 28 days and a 7-day recovery period.
The results showed that DCF exposure induced OS in a dose- and time-dependent manner.

The significant increase in LPO with DCF exposure underscores the drug’s capacity to
enhance ROS production, which can lead to DNA damage, protein oxidation, and phys-
iological disturbances. The observed decreased SOD and CAT activities were consistent
with increased LPO levels, which indicates OS suffered by the fish due to lack of antiox-
idant enzyme inhibition. Moreover, GRed activities and GPx increases may represent a
compensatory response to OS. GPx plays a crucial role in reducing H,O, and lipid perox-
ides, thereby preventing the formation of radical intermediates through oxygen reduction
mechanisms [113]. Increasing GPx activity supports the idea of mitigating excessive ROS
production [113]. In this context, an increase in GPx levels emphasizes the adaptive re-
sponse to OS caused by DCF exposure. This adaptation, however, appears insufficient to
fully counteract the oxidative damage, as evidenced by the persistent elevation of LPO.
Interestingly, the increase in GSH activity indicates an upregulation of the antioxidant
defense system, although not enough to prevent the adverse effects of prolonged diclofenac



Biology 2025, 14, 472

9 of 30

exposure. Generally, GSH is critical in maintaining immune system function and exhibits
antioxidative, integrative, and detoxifying effects. The slight recovery of Orechromis niloti-
cus, noted after a 7-day withdrawal period, suggests that the fish has some ability to recover
from OS. Nonetheless, the authors reported incomplete recovery, particularly for SOD and
CAT activities. This partial recovery indicates that DCF has long-standing environmental
consequences, especially from chronic exposure (Table 4).

In contrast to the previous research, some authors suggest that DCF may protect some
fish-specific physiological or biochemical processes. For example, Guiloski et al. [110]
noted that the application of DCF at environmental doses (0, 2, 20 pug/L) in the fish species
Rhamdia quelen decreased the activities of some antioxidant enzymes like SOD and CAT,
alongside increases in GSH concentrations and GST activity (Table 4). These changes, which
are a key part of the lipid membrane damage antioxidant defense system, most likely
explain the decline in lipid membrane damage. The study illustrates DCF’s protective
impact against LPO and helps explain the lack of protein carbonylation and DNA damage.
A particularly significant finding was the reduction in LPO at concentrations of 0.2 and
20 ng/L of DCE where the authors reported no evidence of DNA damage. Additionally, CAT
activity only decreased in the 2 pg/L exposure group, and the effect was not concentration-
dependent. The observed increase in GSH levels and GST activity likely played a critical
role in preventing DNA damage in the blood and liver of Rhamdia quelen (Table 4).

Juveniles Rhamdia quelen exposed to DCF for 96 h at 0.2, 2, and 20 nug/L showed notable
physiological changes. In the kidney, SOD activity was enhanced in all concentrations,
suggesting some disruptions in H,O, solubilization, though no DNA damage or lipid
peroxidation was observed. These findings underscore the risks associated with even low
levels and short durations of DCF exposure. However, the authors reported no evidence
of OS in the liver [111]. These findings support the assertion of Petersen et al. [119], who
stated that even low doses of DCF exposure can protect cells from OS. Moreover, Feito
et al. [120] also reported the decrease in LPO after exposure to 0.03 pg/L DCF for 90 min
in zebrafish embryos. Similarly, Praskova et al. [121] observed a decrease in LPO levels
in 20-day-old zebrafish exposed to 0.02 pug/L DCEF, an environmental concentration of
DCEF found in rivers of the Czech Republic, over 28 days. However, the authors reported
no changes in GST and GRed enzyme activity. The reduction in LPO observed in these
studies can be associated with a rise in GSH and GST activities, which quench ROS and OS,
protecting cellular lipids from damage.

By strengthening the antioxidant defense mechanisms, these concentrations of DCF
may have a protective effect that counters the oxidative damage typically associated with
higher concentrations. However, the authors suggest that LPO increases at higher con-
centrations, eventually reaching the “zone of compensation”. In this zone, the “beneficial
low-dose response” is no longer efficient in reducing damage, and biomarker levels are
compared to those observed in the control group [120].

Also, McRae et al. [112] observed lower levels of CAT activity in the gills of Galaxias
maculatus after exposure to DCF. While DCF is commonly linked to increased OS due to
higher ROS production and damage to antioxidant enzymes, the impact appears to be
tissue-specific and dose-dependent. Notably, the reduction in LPO at the highest exposure
concentration indicates that lowered CAT activity may be a sign of some other protective
mechanism rather than oxidative defense impairment. Relatively, it may denote a redirec-
tion of the protective mechanism toward different forms of antioxidant defenses, possibly
the enhancement of SOD or glutathione-related pathways, that reduce oxidative injury.

The ecotoxicological impacts of realistic DCF concentrations remain largely unex-
plored. Most of the studies used DCF concentrations in the mg/L range, meaning these
observations should be interpreted with caution, given the complexity of interactions
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between chemical substances and fish and the possible health impacts on long-term ecosys-
tems. Nonetheless, chronic or high-dose exposure has been shown to overwhelm these
protective barriers, resulting in devastating oxidative injury and physiological damage. The
variability in tissue-specific responses and the incomplete recovery of antioxidant systems
after exposure underscores the long-term ecological risks associated with DCF pollution
in aquatic environments, highlighting the need for further investigation into its sub-lethal
and chronic effects.

3.1.2. The Influence of Ibuprofen (IBU) on OS in Various Fish Species

Widely used by humans due to its analgesic, fever-reducing, and anti-inflammatory
properties, ibuprofen (IBU) is another commonly detected, non-steroidal anti-inflammatory
medicine found in aquatic environments. The living organism’s metabolism of IBU includes
hydroxylation and carboxylation or oxidative biotransformation followed by glucuronida-
tion, which results in two principal metabolites, hydroxy-ibuprofen (OH-IBU) and carboxy-
ibuprofen (CA-IBU) [122]. Although it is considered biodegradable, IBU has an estimated
field half-life of 4 to 32 days [123]. The continued discharge into aquatic ecosystems due to
widespread human use leads DCF to be classified as a “pseudo-persistent” compound. The
possible ecological effects, particularly for fish exposed to low, yet chronic, concentrations
of the IBU, are pretty alarming due to the sustained persistence of IBU.

The concentration of IBU in aquatic environmental samples is typically found in
the range of ng/L to ug/L (Table 5). For example, IBU was detected in surface waters
of the USA at a concentration of 0.2 ng/L [124], while in Brazil, it ranged from 0.326 to
2.094 pug/L [125]. In Europe, the average concentration of IBU in groundwater is 3 ng/L,
with a maximum recorded concentration of 395 ng/L [126].

Table 5. The occurrence of IBU in various environmental waters worldwide.

Ig:):z:gg;?;il Sampling Point Reference
0.2 ug/L USA surface waters [124]
0.326-2.094 pg/L Brasil [125]
3-395ng/L Europe [126]
50.6 ng/L WWTP effluent, Spain [127]
1149 ng/L Beijing, China [128]
3.32-346 ng /L Danube River [99]
723ng/L Lima River, Portugal [129]

Studies have shown that IBU can cause genotoxic effects in fish and histopathological
lesions in vital tissues like gills and kidneys [130], alter immune functions [131], and have
chronic effects, including reduced sperm motility and impaired hatching success [132].
Also, IBU exposure changes OS enzyme activity (Table 6). However, these responses differ
by IBU concentration and fish species, with each species having a different degree of
detoxification and antioxidant response.

Stancova et al. [133] investigated the effects of IBU exposure in Tinca tinca at environ-
mental concentrations of 0.02, 0.2, and 2 pg/L over 35 days. The study reported significant
biochemical effects, such as decreased GPx and CAT activity.

These changes may upregulate OS and LPO and downregulate GST activity, a key
enzyme in detoxification mechanisms. However, no oxidative damage in lipids was
reported despite these biochemical changes. This suggests a possible adaptive response to
low-level OS during long-term exposure. Nevertheless, the absence of temporal data from
the study on antioxidant enzyme activity and LPO levels limits the understanding of how
these parameters evolved, making it difficult to assess potential mitigation mechanisms.
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The findings indicate that the fish may have developed adaptive strategies to counteract
OS throughout the experiment.

Table 6. OS responses in several fish species exposed to environmental concentrations of IBU.

Concentration and

Species Time of Exposure Main Findings Ref.
. . 0.02-60 pg/L (-) GST in 60 ng/L; (-) GST
Tinca tinca for 35 days No modification of CAT activity and LPO [133]

Rhamdia quelen

0.1,1,and 10 pg/L

(+) GST in all groups; (+) GPx and GSH activity at conc. of
10 ug/L; No change of SOD, CAT, and LPO activity in the
posterior kidney; [134]

for 14 days No significant changes in OS biomarkers at all
concentrations in the gill and liver:
(+) LPO in the liver after 7,14, and 28 days at 11 ug/L
01-11 e /L (+) SOD activity in the liver at 7, 14, and 28 days and in the
— . forug gut after 14 days at 11 pg/L; [135]
7 14 21 and 28 davs (+) CAT after 21 days in the brain;
e Y® " (+) GPx after 21 and 28 days in the gills and liver at 11 ug/L
(+) GPx activity at 21 and 7 days in gills and gut, at 0.1 pg/L
In gills (-) GPX at all concentrations;
Oncorhynchus mykiss 2 and 200 pg/kg feed In liver (+) LPO and GRed at 200 ug/kg feed; [136]

No changes in the activity of antioxidant enzymes in
the kidney.

Note: (+) increase activity; (-) decrease activity.

The biochemical responses observed in males of Rhamdia quelen following IBU expo-
sure suggest a complex interaction between OS and the fish’s antioxidant defense system.
The increased GST activity in the posterior kidney across all exposure groups (0.1, 1, and
10 pg/L) indicates an adaptive detoxification response, as GST plays a crucial role in
neutralizing ROS and helping in the conjugation of toxic metabolites for excretion.

The higher GPx activity and GSH concentration at the highest exposure concentration
(10 pg/L) further support the activation of antioxidant defense mechanisms: GPx catalyzes
the reduction in H,O; and lipid peroxides, thereby avoiding damage to cells. However, the
lack of considerable changes in SOD, CAT, and LPO levels indicates that the OS induced
by IBU exposure did not surpass the kidneys” capacity to maintain redox homeostasis.
The authors found no alteration in DNA integrity, further supporting these findings and
suggesting that the protective mechanisms successfully prevented the genotoxic effects
of IBU.

Likewise, the liver and gills exhibited no significant changes, indicating successful
metabolic detoxification and limited oxidative effects in these tissues [114]. This research
highlights that the kidney functions as the leading biochemical alteration site after exposure
to IBU because it processes and eliminates xenobiotic metabolism and excretion. In contrast,
the exposure of Danio rerio to environmentally relevant concentrations of IBU (0.1-11 pg/L)
led to substantial OS development throughout various tissues, including the brain, gills,
liver, and gut. Higher amounts of IBU exposure and higher durations (28 days) cause the
antioxidant system to become exhausted until severe oxidative damage occurs [135]. IBU
exposure at 11 pg/L resulted in significant biochemical responses, reflecting OS and the
activation of antioxidant defense mechanisms. LPO levels were notably increased in the
liver at 7, 14, and 28 days, suggesting oxidative damage and lipid peroxidation. In addition,
SOD activity was significantly elevated in the liver at 7, 14, and 28 days, as well as in the
gut after 14 days, indicating an adaptive antioxidant response. CAT activity also increased
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significantly in the brain after 21 days, further supporting the role of antioxidant enzymes
in countering IBU-induced oxidative stress. Moreover, GPx activity was significantly
enhanced in the gills and liver at 21 and 28 days, highlighting the prolonged activation of
antioxidative defenses in response to IBU exposure.

Similarly, Oncorhynchus mykiss exposed to different concentrations of IBU (2 and
200 ug/kg) by feed ingestion led to notable biochemical changes across different organs.
IBU reduced GPx activity in the gills, suggesting weakened antioxidant defense. For in-
stance, IBU increased GR activity and TBARS in the liver, signaling oxidative damage.
However, in the posterior kidney, IBU did not change CAT activity, reflecting an antioxi-
dant response improvement. Along with these changes, no DNA damage was observed,
indicating that the genomic integrity of the organism was preserved [136].

Altogether, these findings suggest that IBU may trigger OS by enhancing ROS pro-
duction and enzyme disruption. Still, some fish species might be able to utilize some
compensatory defense mechanisms to counteract the damage. Nonetheless, the continuous
discharge of IBU in aquatic environments remains a concern for aquatic life and ecosystem
homeostasis.

3.1.3. The Influence of Acetylsalicylic Acid (ASA) and Paracetamol (APAP) on OS in
Various Fish Species

In addition to NSAIDs such as IBU and DCEF, other drugs frequently found in the
aquatic environment include acetylsalicylic acid (ASA), commonly known as aspirin, and
paracetamol (APAP) or acetaminophen [137,138].

ASA is widely recognized for its anti-inflammatory, analgesic, and antipyretic prop-
erties. At the same time, APAP is widely employed worldwide for pain relief and fever
reduction, and it is commonly found in sewage treatment plant effluents, surface water,
and drinking water.

Recent studies have revealed the presence of ASA in aquatic ecosystems at concentra-
tions ranging from 0.011 to 0.855 ug/L in the North Sea and the Scheldt Estuary [139] and
from 0.025 to 0.29 pg/L in the Lis River, Portugal [129]. In Msunduzi River from Africa,
ASA appears in higher concentration [140] (Table 7).

Table 7. The occurrence of ASA and APAP in various environmental waters worldwide.

Pharm. Env1ronmer.1tal Sampling Point Reference
Concentration
0.011 to 0.855 ug/L North Sea and the Scheldt Estuary [139]
ASA 0.025 to 0.29 pg/L Lis River, Portugal [129]
92.8 ng/L Msunduzi River, Africa [140]
9.6-183 ng/ Romania [141]
420-610 ng /L Angke and Ancol, -]akarta Bay, [142]
APAP Indonesia
65 nug/L Tyne River, UK [6]
246 ug/L Spania [143]
30-1877 nug/L Midwest Brazil [144]

Similarly, APAP has been detected at concentrations of 9.6-183 ng/L in Romanian
waters [141], 420-610 ng/L in Angke and Ancol, Jakarta Bay, Indonesia [142], and 65 pg/L
in the Tyne River, UK [6], as well as in higher concentrations of 246 pg/L in Spanish
waters [143].

Although these pollutants are found in aquatic ecosystems at sublethal concentrations,
studies have shown that the exposure of fish to ASA can lead to OS and decrease an
organism’s ability to detoxify these substances. Gayen et al. [145] exposed Labeo rohita to
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several concentrations of ASA (1, 10, and 100 pg/L) for 7, 14, 21, and 28 days. The study
revealed that OS correlated with the dose-dependent and time-dependent decreases in
antioxidant enzyme activities (CAT, GPx, and GR) and GSH content. GST activity increased
with higher doses but was not influenced by the duration of exposure. Additionally, the
authors observed that LPO increased with the dose and time of exposure. Analyzing the
presented results, it can be concluded that the concentration and duration of exposure
impact these biomarkers significantly, since almost all parameters proved to be significantly
affected by the concentration and exposure duration concerning these biomarkers. The
decreased activity in SOD and GSH in the liver of Labeo rohita suggests changes in the
oxidative balance, in addition to damage to the antioxidant defense system from ASA
exposure. The decrease in the antioxidant enzymes indicates that fish are more susceptible
to severe OS due to a lack of adaptive mechanisms. The exposure of Mugilogobius abei at
ASA concentrations of 0.5, 5, and 50 ng/ L for 24 h, 72 h, and 168 h showed significant
changes in antioxidant and OS markers. There was a general increase in SOD, CAT, GPx,
and GST activities, while GSH content showed a decrease after 24 and 72 h of exposure
and increased significantly following 168 h. The LPO content increased over the exposure
period, indicating OS, although it decreased after 168 h. These results suggest that exposure
to ASA does induce OS in organisms, with different responses over time [146] (Table 8).

The exposure of Danio rerio to ASA at 4 and 40 ng/L increased the activities of GST,
GR, CAT, and GPx, indicating an initial antioxidant response. However, the increase in
CAT activity at 4 pg/L was insignificant, indicating a weak enzymatic reaction. LPO levels
decreased due to the potential activation of antioxidant defenses, preventing excessive
lipid peroxidation [147].

Regarding the impact of environmental concentrations of APAP on fish, the literature
findings noted teratogenic-neurotoxic-cardiotoxic effects in the embryos/larvae of Clarias
gariepinus [148]. Additionally, other studies have established that chronic exposure might
significantly alter the histology and function of organs concerned with ion and nutrient
homeostasis in rainbow trout [149].

Generally, APAP undergoes a metabolic transformation in the body, resulting in the
formation of ROS, primarily due to its conversion to N-acetyl-p-benzoquinone imine
(NAPQI), an electrophilic metabolite. NAPQI is known to increase ROS levels, including
superoxide anion, hydroxyl radical, and hydrogen peroxide, as documented by Yen et al.,
2007 [150].

According to Guilkoski et al. [151], the elevation of ROS levels induced by APAP
metabolism is corroborated by the observed induction of SOD activity and protein carbony-
lation in male fish of Rhamdia quelen exposed to environmental concentrations of APAP (0,
0.25, 2.5 ug/L) for 21 days. Notably, GPx activity remained unchanged, suggesting that
the H,O; produced by SOD could be retained within the cells rather than converted to
H,0 in an efficient manner, which might lead to the protein carbonylation observed in fish
after exposure to both low and high concentrations of APAP, as well as DNA damage in
hepatocytes exposed only to the lower concentration of the drug.

Similarly, Perussolo et al. 2023 [152], noted alterations in SOD and GPx activity, along
with changes in other biomarkers like GST and GSH, indicating a dose-dependent and tissue-
specific response to APAP exposure. For instance, GSH levels increased in the liver at 2.5 ug/L,
while SOD activity decreased at 0.25 ng/L, resulting in unbalanced antioxidant defenses.
Additionally, LPO levels decreased at 0.25 pg/L, suggesting reduced lipid oxidative damage.
In the gonads, GST activity declined at 25 pg/L, and SOD activity increased at 0.25 pg/L, pos-
sibly as a compensatory response. GPx activity was reduced at all concentrations, signaling OS.
These findings underscore that APAP exerts its effect in a tissue-specific and dose-dependent
manner on OS, highlighting the complex nature of its mechanism.
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Table 8. OS responses of several fish species exposed to environmental concentrations of ASA and APAP.

Pharmaceutical

Concentration and

Product Species Time of Exposure Main Findings Ref.
. 1,10, 100 pg/L for 7, (-) SOD, CAT, GPx, GRed, and GSH in
Labeo rohita 14,21, and 28 days liver at al conc.; (+) GST and LPO. [145]
(+) SOD, CAT, GPx, and GST activity;
ASA Mugilogobius abei fofzi @Edai? d”lgéi (-) GSH after 24 and 72 h; (+) GSH 168 h;  [146]
o1 =%, 7, (+) LPO; (-) LPO after 168 h
. . 4;40 ng/ L for (+) GST; (+) GRed; (+) CAT; (+) GPx;
Danio rerio 28 days (-) LPO [147]
(+) SOD activity at a concentration of
. 0,0.25,and 2.5 ug/ L, 2.5 ug/L;
Rhamia quelen for 21 days (-) GST at all concentrations; [151]
No modification of GPx, GSH, and LPO
In liver: (+) GSH-; (-) SOD; (-) LPO at
. 0.25, 2.5, and 0.25 pug/L;
Rhamdia quelen 25 ug/L In gonads: (-) GST at 25 ug/L; (+4) SODat ~ L>7]
APAP 0.25 pg/L; (-) GPx at all conc.
.y 150, 300, 450,600, 'y by and CAT: (+) SOD from conc. of
Danio rerio embryos 750, 900, 1050, and 300-1200 pe /L [153]
1200 ug/L He
5,25, In liver: (+) GST at 625 and 3125 mg/L;
Anguilla anguilla 125, 625, and LPO remained unaltered [154]
3125 ug/L In gills: (-) GST; (+) LPO

Note: (+) increase activity; (-) decrease activity.

In the study of Rosas-Ramirez et al. [153], the effects of APAP on zebrafish embryos
were analyzed in different concentrations: 0, 150, 300, 450, 600, 750, 900, 1050, and 1200 pg/L
(Table 7). The increased MDA and CAT activity due to APAP exposure (15-1200 pg/L)
implicated elevated levels of HyO, released during exposure. Additionally, increased SOD
activity was reported in Danio rerio embryos exposed to APAP at concentrations ranging
from 300 to 1200 pg/L. Nunes et al. [154] investigated the effects of APAP exposure on
European eel (Anguilla anguilla) at concentrations of 5, 25 (reported in aquatic environ-
ment [3]), 125, 625, and 3125 pg/L. The authors reported no significant changes in OS at
environmentally relevant concentrations (Table 8). However, an unexpected response was
observed at higher concentrations, characterized by the reduced activity of CAT and GST
alongside increased LPO levels. This indicates compromised cellular oxidative defense
and results in elevated oxidative damage. Therefore, it can be deduced that eels possess
detoxifying properties to prevent disruption to their metabolism, thus allowing them to
maintain primary energy pathways.

In conclusion, it has been proven that the presence of ASA and APAP in aquatic
ecosystems induces OS, impairs antioxidant defense, and promotes LPO in fish. Some
species induce various adaptive enzymatic mechanisms to counteract oxidative damage,
while prolonged exposure eventually leads to more serious cellular and metabolic disorders.
Additional studies are needed to understand the extent of ecological risks associated with
the chronic exposure of fish to pharmaceuticals.

3.1.4. The Influence of Antibiotics on Fish OS

The widespread use of antibiotics results in the considerable contamination of aquatic
environments. Their excessive use poses a significant risk to the health of fish and aquatic
ecosystems [155]. Even at low concentrations, antibiotics persist in water and can bioaccu-
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mulate in aquatic environments, progressively increasing their levels and being toxic to
aquatic organisms [156].

The persistence and bioaccumulation of these substances, even at low levels, heighten
the potential risks to aquatic life and add to the growing concern of antibiotic resis-
tance [157,158]. Table 9 presents data on the concentrations of various pharmaceutical
pollutants detected in aquatic environments across different locations worldwide. The
reported concentrations include azithromycin (2819 ng/L) in the Leca River, Portugal [159],
oxytetracycline at two sites (399.5 ng/L in the Danube River, Sulina area and 612 ng/L in
the Xiao River, China [160]), and several other antibiotics such as sulfamethazine, sulfame-
thizole, and trimethoprim, measured in Vietnamese waters, with ranges spanning from
4ng/L to 328 ng/L [161].

Table 9. The occurrence of antibiotics in various environmental waters worldwide.

Pharm. Env1ronmer.1tal Sampling Point Reference
Concentration
Azithromycin 2819 ng/L Leca river, Portugal [159]
Oxytetracycline 399.5ng/L Danube River—area Sulina [141]
612 pug/L Xiao River, China [160]
Sulfamethazine (15-328 ng/L)
Sulfamethizole (20-174ng/L) Vietnamese waters [161]
Trimethoprim (4-7ng/L)

Research generally suggests that the exposure of fish to antibiotics induces a stress
response by disrupting their oxidoreductive balance, thereby increasing levels of ROS,
and the inactivation process of enzymes like SOD, CAT, and GPx, thus damaging cellular
constituents, for example, lipids, proteins, and DNA [162]. Also, long-term exposure can
overwhelm these protective mechanisms, compromise physiological functions [163], induce
OS, and increase fish disease susceptibility [164]. Generally, these specific changes depend
on a few factors, including the type and dosage of the antibiotic, as well as the species and
developmental stage of the fish (Table 10).

For instance, a study performed by Almeida et al. [165] observed the long-term
(2 months) effects of oxytetracycline (OTC) on zebrafish (Danio rerio). In this research,
zebrafish were exposed to different concentrations of OTC (0, 0.1, 10, and 10,000 mg/L),
with lower concentrations (0.1 and 10 mg/L) reported in environmental waters. The
findings showed a significant decrease in GST and CAT enzyme activities (Table 10). This
reduction suggests that extended exposure to antibiotics may lower antioxidant defense
activity, resulting in OS and tissue damage due to the accumulation of OTC, which can
subsequently affect enzyme activity. However, as Massarsky et al. [166] noted, antioxidant
enzyme activities might differ in effectiveness depending on OS intensity.

Exposure to sulfamethoxazole (SMZ) has been proven to exert dose-dependent effects
on juvenile Nile tilapia (Oreochromis niloticus) at concentrations of up to 100 ng/L over 7
and 30 days. Biochemical and molecular markers revealed oxidative stress responses. At
low concentrations (1 and 10 pg/L), SMZ enhanced antioxidant enzyme activities (SOD,
CAT, and GPx), increased glutathione (GSH) levels, and reduced lipid peroxidation (LPO),
suggesting the compensatory activation of defense mechanisms. Oxidative damage was
evident at higher concentrations (100 pg/L) through the inhibition of SOD activity, the
depletion of GSH, and even more severe LPO. Transcriptional changes in antioxidant
enzyme genes corroborate this finding, illustrating the bifunctional nature of SMZ: at low
concentrations, the drug would tend to evoke adaptive responses, while at higher doses, it
would upset the oxidative balance. The dose-dependent effects reinforce the argument that
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sub-lethal endpoints deserve increased consideration when assessing the environmental
risks of pharmaceutical pollutants [167].

Table 10. OS responses of several fish species exposed to environmental concentrations of antibiotics.

Pharmaceutical . Concentration and e T g
Product Species Time of Exposure Main Findings Ref.
. . 0, 0.1, 10, and 10,000
OTC Danio rerio meg /L for 2 months (-) GST and CAT [165]
In liver (+) SOD, CAT, GPx, and
GSH at 1 and 10 pg/L
SMZ Oreochromis niloticus SOII\/Ilé 1fO,r f;n:ngogoui{]” CAT and GSH, (-) LPO; [167]
© Y®  At100 ug/L SMZ (-) SOD and GSH;
(+) LPO at both 7 and 30 days.
(+) GST at 0,7 and 100 ug/L; (-) GST
at 650, 1100, and 3 000 ug/L;
0.7 ng/L, 100, 650, (-) GRed at conc. of 1100 and
CIP Danio rerio 1100, and 3000 pg/L 3000 pg/L; [168]
for 28 days (-) GPX, at all tested concentrations,

except for the 100 ug/L;
(-) LPO at 100 ug/L

Note: (+) increase activity; (-) decrease activity.

Ciprofloxacin (CIP) exposure to zebrafish (Danio rerio) at an environmental concen-
tration of 0.7 ug/L, and higher concentrations of 100, 650, 1100, and 3 000 ng/L, induced
variable responses in antioxidant enzymes and OS markers, even at 0.7 pug/L (Table 10). For
GST activity, this significant upregulation paradoxically supports the role of this enzyme in
the adaptation response to oxidative challenge. On the other hand, pronounced GRed inhi-
bition was the other effect observed at higher concentrations (1100 and 3000 pg/L). These
aspects may suggest disrupting the antioxidant regeneration system under more severe
exposure. Similarly, GPx activity was inhibited at all tested concentrations except 100 pg/L,
highlighting the concentration-specific effect on enzymatic detoxification pathways.

Notably, the concentration of thiobarbituric acid reactive substances (TBARSs), which
measure lipid peroxidation, was only reduced at 100 ug/L, suggesting a possible protective
effect at this intermediate level [168]. Worthy of note are the complexities in the impacts of
CIP, as they generally seem to follow a concentration gradient, with enzymes displaying
adaptive and adverse responses.

3.1.5. The Influence of Antiepileptic Drugs on Fish OS

Of the common antiepileptic drugs within the aquatic environment, carbamazepine
(CBZ) is among the most widely detected [169]. CBZ is an antiepileptic drug derived
from dibenzoazepine, and it is used as an antiepileptic agent in the treatment of certain
types of epilepsy and also for neuropathic pain. Conventional methods at WWTPs do not
biodegrade CBZ and it may enter the aquatic environment by different pathways [170].
These risks posed by CBZ, which may be absorbed and bioconcentrated by fish, are
significant. CBZ concentrations in aquatic ecosystems have been detected at different
levels. Studies report concentrations from 20 to 49 ng/L [171], while in other studies, the
concentrations ranged from 0.1 to 1.3 pg/L [172].

The chronic exposure of fish to CBZ has been shown to modulate liver GST activity,
whereas CAT activity declines after 63 days of exposure [173]. Furthermore, chronic
exposure to CBZ at environmentally relevant concentrations has also been mentioned
to cause OS and neurotoxic effects. Studies highlight the impact of CBZ concentrations,
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even at 1 or 10 pug/L over a 28-day exposure period [174]. These findings indicate that
CBZ pollution in aquatic environments causes physiological changes in fish physiology,
including OS and probable neurotoxic consequences (Table 11).

In a study conducted by Liang et al. [175], common carp (Cyprinus carpio) was exposed to
various environmentally relevant subacute concentrations of CBZ (0, 1, 5, 50, and 100 pg/L)
for 28 days. The results showed significant changes in the activity of liver enzymes in the
antioxidant defense system, indicating high oxidative stress imposed by CBZ. Specifically,
during the first seven days of exposure, both enzymes SOD and GRed showed an initial spike
in their activities. However, after the 14th day of exposure, the activities of these enzymes had
decreased significantly compared to the control group, remaining low until the 28th day of
exposure. In contrast, the CAT activity increased throughout the exposure period compared
to the control group. Additionally, GST activity showed a significant increase. It is suggested
that the decline in SOD and GRed enzymes may be associated with lipid peroxidation, direct
OS from ROS, decreased protein levels for ROS scavenging, or energy deficiency (NADPH)
resulting from long-term exposure to CBZ [176].

Gasca Perez et al. [177] proved that the acute exposure of common carp to CBZ
produces OS effects. Fish were exposed to a concentration of 2000 png/L CBZ for 12-96 h.
Significant changes in the OS markers were recorded by the authors in various organs of
the common carp. For instance, LPO levels in the brain showed a notable decrease after
24, 48, and 72 h of exposure, implying that this reduction results from possible methods
of adaptation to oxidative damage. SOD activity in the liver, gills, and brain decreased
significantly after 12 h of exposure, indicating an early onset of OS induced by CBZ. CAT
activity showed a pronounced reduction in the susceptibility of antioxidant defense against
OS induced by CBZ in all studied organs during the exposure period. The GPx activity
patterns seem to show discrepancy among organs, with an initial increase in the liver
at 48 h and then a decline, while reduced GPx activity was observed in gills and brain
tissues throughout the exposure time. These findings highlight organ-specific responses
to CBZ exposure and emphasize the potential ecological implications of pharmaceutical
contaminants in aquatic environments.

Table 11. OS responses of several fish species exposed to environmental concentrations of antiepilep-

tic drugs.
Pharmaceutical . Concentration and N,
Product Species Time of Exposure Main Findings Ref.
0,1,5,50, or
) . T (+) CAT and GRed at 5 and 50 pg/ L) at
CBZ Cyprinus carpio 100 ug/L of CBZ for 100 pg/L () GRed.; (-) SOD. [175]
28 days
(-) LPO in the brain after 24, 48, and 72 h;
) ) 2000 pg/L exposure (-) SOD in liver, gills and brain; (-) CAT;
CBz Cyprinus carpio from12t096h  (+) GPx in liver, after 48 h; (-) GPx at 96 h; 17’1
(-) GPx in the brain and gills.
At 1 pg/L: (+) SOD and CAT in the brain;
CBZ Danio rerio 1,10 pg/L of CBZ (+) CAT and MDA; (-) SOD in the liver; [174]

for 28 days At 10 pg/L: (+) SOD and CAT in the brain;
(+) CAT and MDA in the liver

Note: (+) increase activity; (-) decrease activity.

3.1.6. The Influence of Antidepressant Drugs on Fish OS

Antidepressant drugs are used in humans suffering from mental health disorders. Stud-
ies have shown that these drugs are increasingly detected in aquatic environments because of
their long persistence and incomplete removal during wastewater treatment [178,179]. These
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pharmaceuticals can significantly impact fish by changing their biochemical and physiologi-
cal processes.

Specifically, antidepressants affect OS biomarkers and the activity of antioxidant
defense mechanisms in fish. It is well established that OS can lead to protein oxidation,
resulting in altered functionality and new low molecular weight aggregates [180].

Among these drugs, fluoxetine (FLX) is the most frequently detected in aquatic
environments, with concentrations ranging from 0.33 to 32.1 ng/L [181] and 0.012 to
1.4 pg/L [159,160]. FLX has been found to induce oxidative stress in various organs of fish,
including the liver, gut, brain, and gills. Also, Orozco-Herndndez et al. [180] assessed the
potential toxicological effects of FLX at environmentally relevant concentrations (5, 16, and
40 ng/L) during a 96 h acute exposure of Danio rerio. The authors’ findings demonstrated
increased activity levels of SOD, CAT, and GPx in the liver, intestine, brain, and gills. In
particular, it was reported that the level of MDA significantly increased in embryos of Danio
rerio and the brain tissue after 96 h of exposure to FLX at concentrations between 5 and
40 ng/L. This indicates OS in these sensitive developmental and neurological tissues, even
at low environmental concentrations of FLX.

Also, other authors have reported elevated values of CAT and SOD enzymatic activity
in juvenile Argyrosomus regius after 15 days of exposure to FLX concentrations of 300 and
3000 ng/L [182]. In another study, acute exposure for 3 and 6 days to 0.1 nug/L of FLX was
reported to increase CAT and SOD activities and the total antioxidant capacity (TAC) in
adult Carassius auratus livers [183].

In contrast, other studies have reported decreased antioxidant activities following
exposure to moderate and high concentrations of fluoxetine. Ding et al. [184] found that
SOD activity was inhibited in adult Carassius auratus after a 7-day exposure to 4 and
100 ng/L of FLX. Likewise, Cunha et al. [185], reported a significant decrease in the SOD
content of Danio rerio embryos exposed for 80 h to 0.0015 and 0.5 uM FLX, followed by an
increase in CAT activity at the same concentrations (Table 12). A possible explanation for
these fluctuations may be attributed to the fact that antioxidant enzymes are influenced by
exposure time, which can significantly impact their activity. The increased activity of CAT
typically indicates an increased effort to overcome OS. Thus, it can be inferred that the fish
face oxidative stressors and the body works to clear ROS. On the other hand, persistently
elevated CAT activity could also indicate overworked antioxidant defense that leads to
damage in cells over time. Additionally, exposure to FLX increased LPO in the liver of
Carassius auratus at concentrations of 4, 20, and 100 ug/L after 7 days, indicating oxidative
damage. Increased levels of LPO usually indicate the existence of damage caused by OS to
lipid membranes. Damage to cellular integrity and function has been seen to make tissues
undergo inflammation and, in severe cases, result in cell death. However, if high LPO levels
are not accompanied by other signs of OS, such as modifications in antioxidant enzyme
activity, this can indicate an altered state of the balance between oxidative damage and
repair, which may have long-term consequences for the fish’s health. This could indicate
the oxidative effect of FLX on proteins, such that they lose functionality and form new low
molecular-weight aggregates. However, low LPO occurred in the juvenile Argyrosomus
regius exposed for 15 days to 0.3 and 3 ug/L of FLX [182], highlighting that responses differ
among species and conditions to which they were exposed.
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Table 12. OS responses of several fish species exposed to environmental concentrations of antidepres-

sant drugs.
Pharmaceutical . Concentration and . e 1
Product Species Time of Exposure Main Findings Ref.
(+) SOD, CAT, and GPx in the liver,
. . 5,16, and 40 ng/L intestine, brain, and gills.
FLX Danio rerio for 96 h (+) MDA in the brain and tissues after 96 h [180]
at a concentration of 540 ng/L
. . 0.0015, 0.05, 0.1, 0.5, (+) CAT (0.0015 and 0.5 uM)
FLX Danio rerio and 0.8 uM for 80 h (-) SOD (0.0015 and 0.5 1M) [185]

Note: (+) increase activity; (-) decrease activity.

Nevertheless, the exact mechanism by which FLX induces oxidative stress is not fully
understood. It is believed that this pharmaceutical agent triggers OS through multiple
pathways. Several researchers have suggested that FLX may affect mitochondrial function.
It has been suggested that FLX inhibits the electron transport chain in mitochondria and,
more precisely, the activities of complexes I and I, resulting in the leakage of electrons and
the overproduction of ROS [186]. Consequently, the disruption of mitochondrial function
by FLX can lead to increased ROS production, ultimately resulting in the induction of
oxidative stress.

3.1.7. The Influence of Pharmaceutical Mixtures on Fish Oxidative Stress

While laboratory studies typically assess the impact of individual pharmaceutical
compounds, real-world scenarios present a more complex picture. In natural environments,
fish are exposed to various pharmaceutical substances, leading to a cumulative or syner-
gistic effect, commonly referred to as the “cocktail effect.” This multifactorial exposure
significantly impacts fish physiology and behavior in ways that cannot be fully captured
by laboratory studies that focus on single toxicants. For instance, the presence of a mixture
of NSAIDs at concentrations ranging from a few ng/L to a few pg/L has been frequently
reported in marine and estuarine waters [91], surface waters, groundwater [187,188], and
even in drinking water [189].

Beyond pharmaceuticals, contaminants such as pesticides, industrial chemicals, and
heavy metals frequently coexist in aquatic systems, constituting a more complex mixture of
stressors [190,191]. The implication of such mixtures in challenging aquatic ecosystems is
that their additive effects always test the hypotheses formulated based on single-species
toxicity, considering that an integrated approach is essential for evaluating interference
with fish health and OS biomarkers [192].

For example, exposure to more than one NSAID at the same time can overwhelm
the detoxification and repair mechanisms of the fish’s body by providing cumulative
concentrations of these substances. In the study by Hodkovicova et al. [136], the toxic
effects of the oral administration of environmental doses of DCF and IBU and their mixture
on rainbow trout (Oncorhynchus mykiss) were investigated. After exposing the fish to these
NSAIDs for six weeks, the study revealed visible signs of inflammation and OS, along with
impaired homeostasis and innate immunity, particularly in fish exposed to the combination
of DCF and IBU (2 ug/kg DCF and 2 ng/kg IBU). The reduction in the GPx activity in the
gills of fish exposed to the mixture of DCF and IBU indicates that these organs might be
experiencing oxidative stress, potentially leading to damage at the cellular or tissue level.

The results showed that common carp (Cyprinus carpio) subjected to a mixture of
DCF and APAP (50 pg of each/L, 1:1) showed tissue specificity in OS responses, which
elucidates the physiological roles and routes of exposures. (Table 13) [193]. An increase
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in SOD and CAT activities in the brain and gills suggest an adaptive response to elevated
ROS. In contrast, higher levels of GPx activity in the brain highlight its susceptibility to
oxidative damage. Additionally, the liver exhibits decreased SOD, increased GPx, and LPO,
which, taken collectively, are indicative of OS that could be considered significant enough to
overwhelm its protective antioxidant mechanism during detoxification processes. The liver
and gills exhibited increased LPO, reflecting membrane impairment caused by excessive
free radicals and indicating their roles in pollutant detoxification and stress caused by direct
environmental exposure to contaminants, respectively. The increase in antioxidant enzyme
activity in some tissues counteracts the effects of ROS, while other tissues, especially the
liver, show signs of injury that could be a primary target of pharmaceutical toxicity.

Table 13. OS responses of several fish species exposed to environmental concentrations of pharma-
ceutical mixtures.

Pharmaceutical

Concentration and

Mixtures Species Time of Exposure Main Findings Ref.
. In gills: (-) GPx activity at IBU 2 and 200 pg kg/kg
1?]?5:5 223 388 ﬁg ;t?’ and the combination of DCF and IBU;
DCF + IBU Oncorhynchus mykiss Combination of DCF and fnliver: (+) LPO in DCF, and TBU, and DCF cone. of [193]
TBU—(2 ug/kg DCF + 200 ug/kg
2 e /ke: 28(% g/k 1BU) (+) GR activity at IBU 200 pg/kg;
HE/ K8 HE/X8 ’ In the posterior kidney: (+) CAT at DCF 200 pg/kg.
(+) SOD in the brain; (-) SOD in liver and gills;
DCF + APAP Cyprinus carpio 50 pg of each/L, 1:1) (+) CAT in the brain and gills; (+) GPx in brain and [171]
liver; (+) LPO in liver and gills.
Concentrations of 1x,
10x, and 100 x the median
CBZ, irbesartan, . ¢ . No change of GST;
APAP, NPX, DCF Oncorhynchus mykiss levels found in the Meuse (-) GSH after 24 h; (-) GPx and CAT [172]

River, Belgium, over
42 days

Note: (+) increase activity; (-) decrease activity.

While certain pharmaceutical mixtures have been shown to cause significant OS in
aquatic organisms, Beghin et al. [192] proved that not all combinations lead to detrimental
effects. In their study, juvenile rainbow trout (Oncorhiynchus mykiss) were exposed to a
mixture of five pharmaceuticals (carbamazepine, irbesartan, paracetamol, naproxen, and
diclofenac), from the categories of neuroleptic, antihypertensive, analgesic and nonsteroidal
anti-inflammatory drugs at concentrations of 1x, 10x, and 100x the median levels found
in the Meuse River, Belgium, over 42 days (Table 13). The results showed no significant
changes in GST activity, while GSH levels significantly decreased after 24 h, showing
a concentration-dependent decline by day 42, with a more significant reduction in the
10x group. GSH depletion correlated with reduced GPx activity, while CAT activity was
lower in the 100x group on day 1. Nevertheless, the detoxification mechanisms of fish
appeared to have cleared pharmaceuticals, preventing significant oxidative damage.

4. Conclusions

This review presents the impact of the most common pharmaceuticals found in
the aquatic environment (non-steroidal anti-inflammatory drugs (NSAIDs), antibiotics,
antiepileptics, and antidepressant drugs) on the fish OS response.

As a main conclusion, we observed that the research on the effects of pharmaceuticals
on aquatic life at ecologically relevant concentrations is limited. Most studies that inves-
tigate these pharmaceuticals’ effects on fish tend to focus on high concentrations that are
not representative of the low, environmentally relevant levels typically found in natural
water systems. While these high-concentration studies provide valuable insights into acute
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toxicity and potential mechanisms of action, they may overestimate the risks and fail to
capture subtle, chronic effects as a result og environmental conditions.

Studies regarding the biomarkers of OS following exposure to environmentally rel-
evant concentration levels of pharmaceuticals are essential for understanding these sub-
stances’ subtle and chronic effects on aquatic organisms.

Alterations in the oxidative stress biomarkers of fish exposed to different reported
concentrations of environmental pollutants include the increased production of ROS, that
is accompanied by significant fluctuations in the activity of some essential antioxidant
enzymes like SOD, CAT, LPO, GSH, and GPX. These modifications reflect the physiological
stress caused by pharmaceutical compounds and their potential to disturb redox home-
ostasis. All these changes indicate initial adaptive responses or slight cellular disturbances,
unlike high-dose exposures, which only show the mechanisms of acute toxicity. Indeed,
under an adaptive cellular or tissue-level change, it may begin to present prior to requiring
pathological status, such as an antioxidant enzyme upsurge that indicates alleviation rather
than oxidative damage. There are many different non-oxidative pathways through which
a lot of drugs can exert damage, and thus, all therapeutic agents cannot be assessed for
their toxicological effects using redox biomarkers alone. These changes may be adaptive
but can also indicate cellular stress with potential long-term consequences. Biochemical
changes that are relatively poorly understood in terms of impacts, especially at low en-
vironmentally realistic exposure levels, on fish health, welfare, and ecological functions
were not fully established. Assessing the effects of these substances is challenging due
to the dynamic variability in their concentrations and ratios, as well as the number of
pharmaceuticals involved. Also, a significant gap is that few studies employ multiple
biomarkers to evaluate contaminant effects across tissues and systems in fish, an approach
that is essential for understanding species-specific toxicity, which rarely varies widely. It is
important to understand that OS biomarkers for the detection of biochemical effects have
their associated limitations. Individual variability, differences between fish species, and
temporal variations in expression complicate data interpretation. The responses may also
be transient or compensatory and may not linked to any long-term toxicity or detrimental
ecological consequences. An interesting issue here is that while OS biomarkers might
serve as early warnings, they should also be well integrated within a larger integrative
framework composed of behavioral, physiological, and histopathological endpoints to
build stronger toxicity assessments.

Although pharmaceuticals are present in aquatic environments at low levels, they
still pose significant threats, especially when they are a part of complex mixtures. These
environmental pollutants, including pharmaceutical products, are not found in isolation
but consist of active substances and their metabolites. Furthermore, these pharmaceuticals
frequently interact with other environmental pollutants, such as microplastics, heavy
metals, and industrial chemicals, forming complex mixtures with unpredictable toxic effects.
For example, microplastics can serve as carriers for pharmaceuticals and heavy metals,
affecting their bioavailability and persistence in aquatic ecosystems. Such interactions could
cause synergism or antagonism, which ultimately may lead to issues in fish and ecosystems
as a whole. Assessing these pollutant mixtures’ combined toxicity is a significant challenge
that requires extensive studies to understand their impact on the environment.

In conclusion, exposing fish to environmental concentrations of pharmaceuticals
tends to expose them mainly to chronic, long-term toxic effects rather than acute ones.
This prolonged exposure is associated with the increased production of reactive oxygen
species (ROS), increased lipid peroxidation production, compromised enzymatic activity,
and decreased antioxidant defenses such as glutathione and catalase. Such biochemi-
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cal derangements suggest that exposure duration and intensity significantly influence
organisms’ response.

To address these issues, comprehensive studies are needed to explore the long-term
ecotoxicological effects of pharmaceuticals in low concentrations (ng/L). In addition, effec-
tive monitoring and assessment would be necessary to prevent possible exposure and harm
to aquatic ecosystems. Beyond the biochemical disruptions caused by pharmaceuticals,
they affect essential biological functions such as fish growth and reproduction. Changes in
OS responses can interfere with endocrine signaling pathways, impair gametogenesis, and
impede larval development. Furthermore, prolonged oxidative damage might result in de-
creased reproductive success, developmental abnormalities, and diminished growth rates,
threatening fish populations and biodiversity. These findings highlight the importance of
exploring the connections between OS, physiological performance, and population-level
effects in fish exposed to environmentally relevant concentrations of pharmaceuticals.
Such studies are essential to comprehend and address the broader ecological impacts of
pharmaceutical pollution.

Future work should include the refinement of these OS biomarkers and integration
with transcriptomics and proteomics to deliver complementary improvements towards
understanding possible mechanisms of pharmaceutical-induced toxicity in fish.
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