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Abstract: Human pharmaceutical residues are increasingly recognized as environmental 
contaminants that pose significant risks to aquatic ecosystems. This review focuses on the oxidative 
stress induced in fish by these pharmaceutical residues. Pharmaceuticals, including antidepressants, 
anti-inflammatories, and other widely used medications, enter aquatic ecosystems through multiple 
pathways, most notably through their use in human and veterinary medicine, the subsequent 
metabolic excretion via urine and feces, and wastewater treatment plant effluents. These substances, 
often only partially removed during water treatment, persist in the environment and pose potential 
risks to aquatic organisms, impacting water quality and ecosystem health. Upon exposure, fish 
exhibit oxidative stress responses characterized by the overproduction of reactive oxygen species 
(ROS) and subsequent damage to cellular components such as lipids, proteins, DNA, and RNA. This 
review summarizes current research on the oxidative stress (OS) responses of various fish species to 
environmental concentrations of pharmaceuticals. It explores the mechanisms underlying OS, 
identifies the specific pharmaceuticals involved, and discusses these responses’ physiological and 
ecological implications. 

Keywords: fish; pharmaceutical pollutants; antioxidant defense; biomarkers of oxidative stress; 
toxicological concerns 

Key Contribution: This review provides a comprehensive analysis of the impact of human 
pharmaceuticals on fish; focusing on oxidative stress (OS) biomarkers. It systematically examines the 
most common pharmaceuticals found in aquatic environments; detailing their sources; 
concentrations; and mechanisms of action in fish. Key oxidative stress biomarkers; such as 
malondialdehyde (MDA); catalase (CAT); superoxide dismutase (SOD); and glutathione (GSH); are 
identified and discussed; highlighting their significance in assessing the biochemical and 
physiological responses of fish to pharmaceutical contaminants. Furthermore; the review examines 
the effects of specific pharmaceuticals on OS across various fish species; highlighting differences in 
species-specific sensitivities 
 

1. Introduction 

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

Human activities, encompassing industrial production and agriculture, profoundly exacerbate 
environmental pollution through organic and inorganic contaminants. These pollutants include a 
wide spectrum, encompassing plastics, pharmaceutically active compounds, pesticides, heavy 
metals, etc. 
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Pharmaceutically active compounds (PhACs) are utilized by humans for their everyday health. 
Still, large quantities of pharmaceuticals are also used as veterinary medicine on farms worldwide 
[1] to prevent and treat animal diseases and increase economic benefits in intensive livestock. 

In recent years, the consumption of human pharmaceutical products, which contain one or more 
pharmaceutically active compounds, has increased substantially. The European Union (EU) reported 
the use of over 3000 medicinal substances in human medicine [2], such as analgesics, anti-
inflammatories, contraceptives, antibiotics, anticonvulsants, beta-blockers, antihistamines, 
anesthetics, vitamins, hormones, etc [3]. A report published by the IQVIA Institute for Human Data 
Science [4] projects that consumption per capita medicine use will increase across most regions, 
except in Africa and the Middle East, where overall volume growth is solely attributed to population 
growth. 

The predominant pathways for these compounds to enter the aquatic environment are 
involuntary and purposeful human actions [5]. Involuntary excretion of medications through the 
body and their release into wastewater and intentional disposal of expired medicines into sewage or 
waste are the primary pathways through which these substances enter the surrounding environment. 
Pharmaceuticals and their metabolites reach soils and groundwater through the use of animal 
manure as fertilizer, as well as through sludge from wastewater treatment plants [6]. Pharmaceutical 
pollution can also originate from multiple sources, including industrial discharges, agricultural 
runoff, agricultural waste, improper discharge of effluents from the pharmaceutical industry or 
hospitals, or wastewater discharge from intensive animal farming [7–9]. 

Recent research conducted worldwide has revealed the presence of pharmaceuticals in surface 
water, groundwater, drinking water, soil, and aquatic plants, signaling environmental contamination 
and serious endangerment of aquatic ecosystems [10–13]. Pharmaceuticals and personal care 
products (PhACs) are present in water at low concentrations, typically ranging from ngL-1 to µgL-1 
[14–16]. However, because some of these substances are long-lasting, they can bioaccumulate in 
organisms, leading to serious health problems [17–19]. 

The contamination of the aquatic environment with pharmaceuticals has emerged as a pressing 
global concern, drawing widespread public attention and prompting intensified efforts by scientists 
and governments to control further environmental deterioration. In this sense, the European 
Commission urges to classify them as emerging water pollutants under the Water Framework 
Directive. 

In response to significant levels of pharmaceutical pollutants found in European waters, the 
European Commission acted in 2013 by placing three pharmaceutical substances—17-alpha-
ethinylestradiol, 17-beta-estradiol, and diclofenac—on an initial watch list for monitoring water 
quality across its member states [20]. The objective of this directive was to gather data on these highly 
toxic pollutants, which are not currently part of broader European monitoring initiatives, to classify 
them as priority substances requiring targeted regulatory measures. However, in 2018, the European 
Commission determined that diclofenac should be removed from the watch list, citing the availability 
of “sufficient high-quality monitoring data” [21]. In 2020, this list was completed by the European 
Commission with five other PhACs such as amoxicillin, ciprofloxacin, sulfamethoxazole, 
trimethoprim, and venlafaxine [22]. In 2022, ofloxacin was added to the list of substances for Union-
wide monitoring [23]. 

The most common PhACs found in aquatic environments are antibiotics (like ciprofloxacin, 
sulfamethoxazole, tetracycline, and azithromycin) [24–26], analgesics and anti-inflammatory drugs 
such as ibuprofen, diclofenac, aspirin, and naproxen [27–30], antidepressants including fluoxetine 
[31,32], anticonvulsants and mood stabilizers like carbamazepine [27,33,34], beta-blockers such as 
atenolol, propranolol, and metoprolol [35,36], hormones including estrogens (estradiol, 
ethinylestradiol) and progesterone [37,38], antihistamines [39], etc. 

1.2. Oxidative Stress and Antioxidant Defense at Fish 
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Fish primarily encounter PhACs through two main routes: direct absorption from the water 
(bioconcentration) and ingestion through their diet. When both exposure pathways co-occur, 
bioaccumulation happens and is characterized by the uptake rate surpassing the elimination rate [40]. 
As these pharmaceutical pollutants accumulate in aquatic organisms, they can significantly disrupt 
homeostasis and essential organism functions by interfering with the endocrine system and 
hormonal secretions [41]. Additionally, the presence of these pollutants can induce oxidative stress, 
leading to further detrimental effects on the health and functioning of aquatic life. 

1.2.1. Impacts of Oxidative Damage 

Oxidative stress (OS) occurs when the production and accumulation of reactive oxygen species 
(ROS) within cells and tissues surpass the biological system’s ability to detoxify these reactive 
products, resulting in an imbalance [42]. The concept of OS was first introduced by Sies in 1985 [43], 
who described it as a disruption in the balance between pro-oxidants and antioxidants. This 
imbalance arises when the production of free radicals, generated through normal cellular processes 
or environmental exposures to oxidizing agents exceeds the cellular antioxidant defense capacity, 
which includes both enzymatic and non-enzymatic antioxidant molecules [44]. In a subsequent 
definition, Jones (2006) [45] further characterized OS as disrupting redox signaling control. 

Aquatic organisms, like all aerobic organisms, require oxygen for metabolic processes. However, 
oxygen also has a negative effect, known as oxygen toxicity, due to the formation of ROS. Among the 
ROS, the most frequently produced are superoxide anion (O2-), hydroxyl radical (OH), and a non-
radical compound, hydrogen peroxide (H2O2) [46]. Hydroxyl radicals have a short lifespan and are 
considered the most reactive and harmful ROS. Hydrogen peroxide (H2O2) is produced in large 
quantities in the mitochondrial matrix during oxygen reduction and has a longer lifespan than most 
ROS. [47]. Under normal conditions, electrons are transferred through the mitochondrial electron 
transport chain during the reduction of oxygen to water. However, approximately 1- 3 % of these 
electrons can leak from the system, forming superoxide radicals [48]. The superoxide radical (O2-) 
produced in cells initiates a series of chemical reactions, affecting multiple biological functions. 

ROS are generated by all aerobic organisms through their normal metabolism, primarily in 
mitochondria and plasma membranes [49]. In moderate amounts, ROS play a beneficial role in the 
body; for instance, they help the immune system in attacking and eliminating pathogens [50]. 
However, excessive ROS production can overwhelm cellular defenses, disrupting immune 
homeostasis and resulting in OS. This imbalance adversely affects health and is implicated in the 
development of various chronic diseases. High levels of ROS can damage key biomolecules, leading 
to lipid peroxidation, protein oxidation, and the degradation of DNA, RNA, and carbohydrates. Such 
damage has severe cellular and physiological consequences, ultimately causing cells to self-destruct 
before completing their natural life cycle [51–54]. 

Lipid peroxidation is one primary effect, where ROS attacks cell membrane lipids, resulting in 
compromised membrane integrity and cell viability. This process produces reactive aldehydes, such 
as malondialdehyde (MDA), which can further propagate cellular damage [55]. This process 
frequently occurs during OS, and the lipid peroxidation index (MDA) is often used as a biomarker of 
oxidative degradation in fish. 

Protein oxidation occurs when ROS modify amino acids, altering protein structure and function, 
potentially leading to enzyme inactivation and impaired cellular signaling. DNA oxidation is another 
critical outcome, where ROS causes strand breaks and base modifications that can lead to mutations, 
genomic instability, and even carcinogenesis in some organisms [46]. 

DNA and RNA damage. ROS can compromise the integrity of genetic material by causing 
oxidative damage to DNA and RNA. ROS can induce DNA strand breaks and base modifications, 
which may result in mutations and disrupt cellular functions. Similarly, in RNA, ROS production 
disrupts RNA stability, hinders protein synthesis, and impairs cellular signaling, contributing to 
cellular dysfunction and potentially leading to disease. Prolonged ROS exposure can increase 
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mutation rates and inhibit protein synthesis, likely due to impaired ribosome function and enhanced 
mRNA degradation [56–58]. 

Carbohydrate oxidation, though less common, can disrupt cellular energy storage and metabolism. 
These processes collectively drive the onset and progression of various diseases, including 

inflammatory conditions and neurodegenerative disorders. In aquatic organisms exposed to 
environmental stressors, such as pharmaceuticals, excessive ROS production, and the resulting 
biomolecular damage can adversely affect their health, growth, reproduction, and survival [59]. This 
poses significant risks to individual organisms, population sustainability, and overall ecosystem 
stability. 

1.2.2. Antioxidant Defenses as Biomarkers of Oxidative Stress 

To counteract the effects of OS, organisms have developed multiple defense mechanisms, 
involving the activity of specific enzymatic antioxidants that can be used as biomarkers of OS: 
superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST), glutathione peroxidase 
(GPx), reduced glutathione (GRed) [60]. In the antioxidant defense system of fish, in addition to the 
enzymatic antioxidants, low molecular weight antioxidants (non-enzymatic antioxidants) are also 
found, such as thioredoxin, carotenoids, vitamins E, K, and C, amino acids, and peptides [61]. Under 
typical physiological conditions, antioxidant defenses effectively manage to neutralize reactive 
oxygen species (ROS). However, disturbances in normal physiology can overwhelm these defenses, 
resulting in OS. This imbalance damages essential macromolecules, heightening vulnerability to 
disease, impairing immune responses, reducing survival chances, and hastening the aging process in 
animals. 

Antioxidants serve as protective agents against the harmful effects of these reactive species, 
safeguarding cells and tissues from oxidative damage. They achieve this by converting ROS into non-
reactive or less reactive compounds and repairing oxidative modifications that have already 
occurred. Non-enzymatic antioxidants, for instance, oxidize themselves to reduce free radicals. 
Research has established a clear relationship between physiological states and the efficacy of the 
body’s antioxidant system, emphasizing that enhancing the efficiency and levels of antioxidant 
defenses is vital for promoting overall health and resilience in organisms [62,63]. 

Among specific enzymatic antioxidants, superoxide dismutase (SOD) plays a crucial role as a 
primary line of defense against OS. It catalyzes the reduction of the superoxide anion radical (O2-) to 
hydrogen peroxide (H2O2) and O2, thereby protecting cells against OS and damage caused by free 
radicals. In fish, SOD is found in tissues such as the liver, kidneys, heart, and gills [64]. 

CAT degrades hydrogen peroxide (H2O2) produced from the breakdown of the superoxide 
anion by SOD [65]. The enzyme is present in both mitochondria and peroxisomes and catalyzes the 
decomposition of H2O2 into H2O and O2, thus maintaining a balance between ROS formation and 
elimination [66]. Additionally, GPx plays a detoxifying role by breaking down hydrogen peroxide 
(H2O2) into water (H2O) and oxygen (O2), thereby reducing the level of ROS in cells. Thus, catalase 
protects cells against OS caused by excessive ROS production. 

GPx can convert GRed to oxidized glutathione (GSSG) via hydrogen peroxide and other organic 
peroxides, aiding in their elimination from cells and tissues. This enzyme maintains an optimal level 
of GRed in cells and prevents OS by removing hydroxyl radicals and hydrogen peroxide from the 
body [62]. 

Glutathione-S-transferase (GST) is a critical enzyme in the biotransformation process, 
particularly in phase II conjugation, where it plays a central role in cellular defense against OS. By 
catalyzing the conjugation of glutathione to reactive intermediates, GST helps neutralize ROS and 
maintain cellular redox balance, protecting cells from oxidative damage. This enzyme supports 
detoxification by binding glutathione to various endogenous and exogenous compounds, increasing 
their water solubility and facilitating bodily excretion. Through its -SH (sulfhydryl) group, GST also 
defenses cells from a range of hydrophobic and electrophilic substances, such as peroxidized lipids 
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and xenobiotics. Conjugation of glutathione with these compounds forms mercapturic acids, which 
are subsequently excreted, completing the detoxification process [67]. 

GRed is present in nearly all body tissues, with higher concentrations in the liver. GRed is a 
tripeptide composed of the amino acid’s glutamate, cysteine, and glycine. It acts as a significant 
antioxidant in the body, protecting cells against the harmful effects of free radicals and OS. GRed also 
plays a crucial role in detoxifying toxic substances from the body and regulating metabolic processes, 
which are essential for normal immune system function and other physiological systems [68]. 

Exposure to pharmaceutical compounds can induce OS in organisms, particularly in aquatic 
environments where these substances accumulate and persist. These compounds, designed to exert 
specific biological effects can inadvertently generate reactive oxygen species (ROS) in non-target 
organisms such as fish and aquatic invertebrates. The OS can disrupt cellular redox balance, 
damaging lipids, proteins, and DNA. Gradual exposure to these substances can contribute to fish 
adaptation to new conditions, but sudden and prolonged exposure can cause significant biochemical 
and physiological changes. These changes weaken fish organisms and can intensify stress levels, 
potentially leading to death. 

Understanding the OS responses elicited by pharmaceutical exposure is crucial for assessing 
environmental risks and developing mitigation strategies to safeguard aquatic ecosystems and the 
organisms dependent on them. Thus, by identifying and quantifying these OS biomarkers, we can 
better understand the molecular mechanisms underlying the development of various diseases and 
conditions associated with OS. Changes in the activity of these enzymes during the antioxidant 
response are used as biomarkers of OS [46,52,62,69]. Therefore, these markers, which provide crucial 
information about organism responses to OS, can be used to monitor the health of aquatic 
environments. 

This review aims to comprehensively analyze the responses of OS biomarkers in various fish 
species exposed to environmentally relevant concentrations of pharmaceuticals (PhACs). 
Additionally, it aims to evaluate the utility of these biomarkers in advancing ecotoxicological risk 
assessments. This knowledge is important for shaping regulatory frameworks and enhancing 
environmental protection measures to safeguard aquatic ecosystems and mitigate potential risks to 
human populations posed by pharmaceutical pollutants. 

2. Methodology 

2.1. Data sources and Bibliometric Tools 

In this study, the Web of Science core collection database was used to retrieve the publications 
related to pharmaceutical wastewater. VOSviewer and Publish of Perish 8 were used for the retrieval 
results for bibliometrics analysis. 

After conducting a meta-analysis of studies on the Web of Science platform and applying the 
criteria of “pharmaceutical” and “fish oxidative stress,” 358 articles published between 2004-2024 
were identified. For the definition of OS, we referred to some articles published between 1985-2006. 
The co-occurrence map of research items was generated using the VOSviewer program. The software 
automatically defined clusters based on a distance metric that reflects co-occurrence frequencies 
between terms. This analysis yielded five distinct clusters (Figure 1), each representing a group of 
terms closely related to pharmaceutical impacts on OS in aquatic organisms. 

The bibliometric analysis’s first cluster (red color) focuses on various aspects of the aquatic 
environment. Key topics within this cluster include chronic exposure, diclofenac, exposure effects, 
fish, impact, paracetamol, relevant concentrations, toxic effects, and development. This cluster 
emphasizes the study of pharmaceuticals, particularly diclofenac and paracetamol, in aquatic 
ecosystems, especially concerning their chronic exposure effects on fish. The research highlights the 
importance of understanding these substances’ impacts and toxic effects at relevant environmental 
concentrations, which is essential for assessing their developmental implications in aquatic 
organisms. 
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Cluster 2 (green color) focuses on various aspects of fish response to contaminants. This cluster 
emphasizes the study of how different fish species, such as crucian carp (Carassius carassius) and 
rainbow trout (Oncorhynchus mykiss), respond to contaminants through antioxidant responses and 
bioconcentration. It also highlights the use of biomarkers to assess the effects and toxicity of these 
contaminants, providing insights into the health and environmental impact on these fish species. 

Cluster 3 (blue color) is focused on the physiological and biochemical responses of Nile tilapia 
(Oreochromis niloticus) to pharmaceuticals. Key areas of study include gill and liver effects, OS 
biomarkers, and response pathways, highlighting the impact of pharmaceutical exposure on this 
species. 

 
Figure 1. Meta-analysis of areas of interest in the literature on pharmaceutical impact on fish oxidative stress. 

Cluster 4 (light green color) investigates the impact of pharmaceuticals like carbamazepine and 
ibuprofen on common carp (Cyprinus carpio). The research within this cluster emphasizes early life 
stages, OS, and the effects of short-term exposure to these substances. 

Finally, cluster 5 (purple color), focuses on the biochemical and chronic effects of fluoxetine on 
zebrafish (Danio rerio). This cluster highlights studies that explore long-term impacts and stress 
responses in these fish, providing insights into the persistent effects of fluoxetine exposure. 

3. Discussions 

This review evaluates the impact of human pharmaceuticals on fish, focusing on the role of OOS 
biomarkers as indicators of sublethal toxicity. 

Worldwide, the most frequently detected pharmaceuticals in aquatic environments include non-
steroidal anti-inflammatory drugs (NSAIDs), antibiotics, antidepressants, and antiepileptics [70]. 
Understanding the prevalence of these compounds is essential for formulating effective strategies to 
mitigate their impact on aquatic ecosystems. 

3.1. The Influence of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) on Oxidative Stress in Fish 

Non-steroidal anti-inflammatory drugs (NSAIDs) are one of the main groups detected in aquatic 
ecosystems. Between these, diclofenac (DCF), ibuprofen (IBF), naproxen (NPX), ketoprofen (KETO), 
and aspirin (ASA) are frequently reported [30,71]. 

In fish, exposure to NSAIDs disrupts the activity of antioxidant enzymes, increasing lipid 
peroxidation and DNA damage (Table 1). These changes indicate heightened oxidative stress and 
cellular damage caused by NSAIDs in aquatic organisms. NSAIDs’ primary mode of action is the 
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inhibition of cyclooxygenase (COX) enzymes, specifically COX-1 and COX-2. These enzymes are 
essential for producing eicosanoids, signaling molecules that play a vital role in various physiological 
processes [72]. Importantly, the metabolites of NSAIDs are often more toxic than the compounds 
themselves, further amplifying their harmful effects in aquatic environments. However, the intricate 
mechanisms underlying NSAID toxicity in fish remain poorly understood [73]. 

Among the nonsteroidal anti-inflammatory drugs (NSAIDs) examined, diclofenac (DCF) 
emerges as a significant contaminant in aquatic ecosystems. Recognized as a pseudo-persistent 
micro-pollutant, DCF has been detected in surface waters at concentrations ranging from 21 to 722 
ng/L [74]. In Romania, Chițescu et al. [75] investigated the presence of diclofenac in the Argeș River, 
finding concentrations up to 166 ng/L. Hallare et al. [76] reported that in Central European surface 
waters, DCF concentrations reach up to 0.54 μg/L. These findings confirm that the primary 
contamination sources are domestic and urban wastewater, hospital effluents, and uncontrolled 
discharges from pharmaceutical manufacturing processes. 

The potential for DCF to undergo biotransformation in aquatic organisms after absorption has 
not yet been studied. In mammals, however, DCF is metabolized into two main metabolites: 4′-
hydroxy diclofenac and 5′-hydroxy diclofenac. These metabolites are further oxidized into 
benzoquinone imine, a compound known to be toxic to fish. This process triggers the formation of 
reactive oxygen species (ROS) and leads to binding with sulfhydryl groups in the cytosol, as well as 
in enzymes and membrane proteins containing these groups [77,78]. 

Consequently, DCF and its environmental degradation products may impose significant 
ecological risks. Their presence can enhance ROS production, impairing fish’s antioxidant defense 
mechanisms. 

For example, exposure of Danio rerio embryos and larvae to diclofenac (DCF) concentrations of 
0, 0.5, 5, 50, and 500 μg/L for 96 hours resulted in elevated catalase (CAT) and glutathione peroxidase 
(GPx) activities, alongside a decrease in glutathione S-transferase (GST) activity [79]. These findings 
suggest the occurrence of pro-oxidative alterations associated with DCF metabolism. Elevated CAT 
levels indicate a defensive cellular response to OS caused by increased hydrogen peroxide production 
(H₂O₂). Meanwhile, heightened GPx activity likely reflects an adaptive mechanism to counteract 
excessive ROS. Conversely, the observed inhibition of GST activity may stem from its denaturation 
due to direct interactions with ROS, as Diniz et al. [80] hypothesized. The simultaneous increases in 
CAT and GPx activities support the notion of ROS overproduction following DCF exposure. Under 
conditions of increased ROS, GST isoenzymes may become inactivated due to oxidative damage. 
Additionally, the increased GPx activity suggests enhanced GSH oxidation, underscoring its critical 
role in mitigating OS and aiding the interpretation of these biochemical alterations. 

Exposure of male tiger fish (Hoplies malabaricus) by intraperitoneal inoculation with DCF at 
several doses (0.2; 2.0 or 20.0 μg/kg) has significantly increased antioxidant responses in fish liver, 
suggesting the generation of free radicals. For instance, SOD activity increased at doses of 2 and 20 
μg/kg, GSH levels at 20 μg/kg, and GPx activity was elevated across all tested doses. Also, DCF 
caused hepatic LPO in all exposed groups, indicating OS responses. Furthermore, DCF reduced the 
liver’s GST activity, demonstrating that biotransformation was inhibited (Table 1). These findings 
highlight the role of SOD as the first line of antioxidant defense, converting superoxide radicals (O₂⁻) 
into hydrogen peroxide (H₂O₂), which is then further neutralized by GPx and CAT to mitigate 
oxidative damage [81]. 

Similarly, a study by Eze et al. (2021) [82] investigated the effects of DCF exposure on Nile tilapia 
(Oreochromis niloticus). The experiment involved three sub-lethal concentrations of DCF (250, 320, and 
480 µg/L), with fish exposed for 28 days followed by a 7-day recovery period. The findings 
demonstrated that DCF exposure induced OS in a dose- and time-dependent manner. The significant 
increase in lipid peroxidation (LPO) with DCF exposure underscores the drug’s capacity to enhance 
reactive oxygen species (ROS) production, which can lead to DNA damage, protein oxidation, and 
physiological disturbances. The observed reduction in the activities of superoxide dismutase (SOD) 
and catalase (CAT) aligns with the heightened LPO levels, suggesting that the inhibition of these 
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critical antioxidant enzymes compromises the fish’s ability to mitigate OS. Additionally, the study 
reported significant increases in glutathione reductase (GRed) activities and glutathione peroxidase 
(GPx), which may represent a compensatory response to OS. Glutathione peroxidase (GPx) plays a 
crucial role in reducing hydrogen peroxide and lipid peroxides, thereby preventing the formation of 
radical intermediates through oxygen reduction mechanisms [83]. An observed increase in GPx 
activity likely reflects the enzyme’s effort to mitigate the effects of heightened ROS production [83]. 
In this context, elevated GPx levels further support the notion of an adaptive response to OS induced 
by diclofenac exposure. This adaptation, however, appears insufficient to fully counteract the 
oxidative damage, as evidenced by the persistent elevation of LPO. Interestingly, the increase in 
glutathione (GSH) activity indicates an upregulation of the antioxidant defense system, although not 
enough to prevent the adverse effects of prolonged diclofenac exposure. Generally, GSH plays a 
critical role in maintaining immune system function and exhibits antioxidative, integrative, and 
detoxifying effects. The slight recovery observed after a 7-day withdrawal period suggests that 
Oreochromis niloticus has some capacity to recover from OS. However, the authors reported un 
uncompleted recovery, particularly for SOD and CAT activities. This partial recovery highlights the 
potential for long-term environmental impacts of DCF, especially with continuous exposure (Table 
1). 

Contrary to the earlier information, some authors suggest that DCF may also have a protective 
effect on fish-specific physiological or biochemical processes. For instance, Guiloski et al. [84] found 
that a 21-day exposure to various environmental concentrations of DCF (0, 2, 20 μg/L) in the fish 
species Rhamdia quelen led to decreased activities of antioxidant enzymes such as SOD and CAT, 
alongside increased GSH concentrations and GST activity (Table 1). 

Critical to the antioxidant defense system, these alterations likely contributed to the observed 
reduction in lipid membrane damage. The study highlights that DCF protects against lipid 
peroxidation (LPO), which may explain the absence of protein carbonylation and DNA damage. A 
particularly significant finding was the reduction in LPO at concentrations of 0.2 and 20 µg/L of DCF, 
where the authors reported no evidence of DNA damage. Furthermore, CAT activity decreased only 
in the 2 µg/L exposure group, and this effect was not concentration-dependent due to the low doses 
tested. 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 1). 

Similarly, juveniles of Rhamdia quelen exposed to diclofenac (DCF) at concentrations of 0.2, 2, and 
20 μg/L for 96 hours exhibited significant physiological changes. In the kidney, SOD activity 
increased at all tested concentrations, suggesting disruptions in H2O2 metabolism, although no DNA 
damage or lipid peroxidation was observed. These results underscore the potential for acute DCF 
exposure, even at low levels. However, the authors reported no evidence of oxidative stress in the 
liver [85]. 

These findings support the assertion of Petersen et al. [86], who states that low concentrations of 
DCF exposure can protect cells from OS. Moreover, Feito et al. [87] noted a decreased level of LPO 
after exposure to 0.03 µg/L DCF for 90 min in zebrafish embryos. Similarly, Praskova et al. [88] 
observed a reduction in LPO levels in 20-day-old zebrafish exposed to an environmental 
concentration of 0.02 µg/L DCF, typically found in Czech rivers, over 28 days. On the other hand, the 
authors declare no alteration of GST and GRed activity. 

The reduction in LPO observed in these studies may be explained by the ability of increased 
GSH and GST activity to neutralize ROS and mitigate OS, thereby preventing damage to lipids and 
other cellular components. By enhancing the antioxidant defense mechanisms, these concentrations 
of DCF may induce a protective effect that counters the oxidative damage typically associated with 
higher concentrations. However, at higher concentrations, the authors suggest that LPO rises, 
eventually entering what is termed the “zone of compensation. In this zone, the „beneficial low-dose 
response” fails to reduce damage, and biomarker levels become comparable to those observed in the 
control group [87]. 
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However, the ecotoxicological impacts of realistic DCF concentrations remain largely 
unexplored. Most of the studies used DCF concentrations in the range of mg/L, which is why these 
findings should be interpreted with caution, considering the complexity of interactions between 
chemical substances and aquatic organisms and the potential long-term effects on ecosystem health. 
Nonetheless, prolonged or high-dose exposure often overwhelms these defense mechanisms, leading 
to persistent oxidative damage and physiological disturbances. The variability in tissue-specific 
responses and the incomplete recovery of antioxidant systems following exposure underscore the 
long-term ecological risks associated with DCF contamination in aquatic environments, highlighting 
the need for further investigation into its sub-lethal and chronic effects. 

Table 1. The influence of pharmaceuticals on oxidative stress in fish. 

Category 
 

Pharm.  
prod. 

Species Concentration Effects on the physiological level Ref. 

 
 
 

NSAIDs 

DCF 
 

Danio rerio 
(embryos 

and larvae) 

0; 0.5; 5; 50 and 500 
μg/L for 96 hours 

(+) CAT activity and GPx at 500 μg/L; 
(-) GSTs in all concentrations. 

[79] 

Hoplias 
malabaricus 

0; 0.2; 2.0; 20 
μg/kg, after 

intraperitoneal 
inoculation with 

12 doses 

(+) SOD, GPx, LPO, and GSH in the 
liver; 

(-) GST; 
No modifications of CAT activity. 

[81] 

Oreochromis 
niloticus 

0; 250; 320; 480 
μg/L for 28 days 

(+) LPO; (+) GRed, GPx and GSH;  
(-) SOD and CAT.  

[82] 

Rhamdia 
quelen 

0; 0.2; 2 and 20 
μg/L for 21 days 

(-) SOD; (+) GSH; (+) GST in all 
concentrations- in the liver:  

(-) LPO at 2 and 20 μg/L; (-) CAT at 2 
μg/L; 

No modification of GPx activity. 

[84] 

Rhamdia 
quelen 

0; 0.2; 2 and 20 
μg/L for 96 hours 

(+) SOD in the kidney at all 
concentrations; 

No alteration of CAT and GPx; 
(-) LPO; significant decrease of DNA 

damage in the kidney at 20 μg/L.  

[85] 

IBF 

Rhamdia 
quelen  

0.1, 1, and 10 μg/L 
for 14 days  

(+) GST in all groups; (+) GPx and 
GSH activity at concentrations of 10 

μg/L in the kidney; 
No modifications of SOD, CAT, and 

LPO activities. 

[94] 

Tinca tinca 
0.02 -60 μg/L for 

35 days 

(-) GST in 60 μg/L; (-) GST 
No modification of CAT activity and 

LPO 
[93] 

Oncorhynch
us mykiss 

2 and 200 μg/kg 
feed 

In gills (-) GPX at all concentrations; 
In liver (+) LPO and GRed at 200 

μg/kg feed; 
No changes in the activity of 

antioxidant enzymes in the kidney.  

[91] 

ASA 

Labeo rohita 
1, 10, 100 μg/L for 

7, 14, 21 and 28 
days 

(-) SOD, CAT, GPx, GRed, GSH in 
liver at al conc.; (+) GST and LPO.  

[104] 

Mugilogobiu
s abei  

0.5, 5, and 50 μg/ L 
for 24, 72, 168 

hours 
(+) SOD, CAT, GPx, and GST activity; [105] 
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Category 
 

Pharm.  
prod. 

Species Concentration Effects on the physiological level Ref. 

(-) GSH after 24 and 72 h; (+) GSH 
168 hours; (+) MDA; (-) MDA after 

168 hours  

APAP 
 

Rhamdia 
quelen 

0, 0.25, 2.5 µg/ L, 
for 21 days 

(+) SOD activity at a concentration of 
2.5 µg/L; 

(-) GST at all concentrations; 
No modification of GPx, GSH, and 

LPO 

[109] 

Danio rerio 
embryos 

150, 300, 450, 600, 
750, 900, 1050, and 

1200 μg/L 

(+) MDA and CAT; (+) SOD from 
conc. of 300 -1200 μg/L 

[110] 

Anguilla 
anguilla 

5, 25, 
125, 625, and 3125 

μg/L 

In liver: (+) GST at 625 and 3125 
mg/L;  

LPO remained unaltered 
In gills: (-) GST; (+) LPO 

[111] 

Antibiotics 

OTC  
Danio rerio 

 

0, 0.1, 10, and 
10,000 mg/L for 2 

months 
(-) GST and CAT [117] 

SMZ 
Oreochromis 

niloticus 
 

 0, 1, 10 and 100 
μg/L SMZ for 7 

and 30 days 

 In liver (+) SOD, CAT, GPx, GSH at 
1 and 10 μg/L 

CAT and GSH, (-) LPO; 
At 100 μg/L SMZ (-) SOD and GSH; 

(+) LPO at both 7 and 30 days. 

[119] 

CIP 
Danio rerio 

 

0,7 µg/L, 100, 650, 
1100 and 3000 

µg/L 

for 28 days 

(+) GST at 0,7 and 100 µg/L; (-) GST at 
650, 1100, and 3 000 μg/L;  

(-) GRed at conc. of 1100 and 3000 
µg/L; 

(-) GPX, at all tested concentrations, 
except for the 100 µg/L;  

(-) LPO at 100 μg/L 

[120] 

Antiepileptics 

CBZ 
Cyprinus 

carpio 

0, 1, 5, 50, or 100 
µg/L of CBZ for 28 

days 

(+) CAT and GRed at 5 and 50 µg/ L) 
at 100 µg/L (-) GRed.; (-) SOD.  

[126] 

CBZ 
Cyprinus 

carpio 

2000 µg/L 
exposure from 12-

96 hours  

(-) LPO in the brain after 24,48, 72 
hours; 

(-) SOD in liver, gills and brain; (-) 
CAT; (+) GPx in liver, after 48 hours; 

(-)GPx at 96 hours; 
(-) GPx in the brain and gills. 

[128] 

Antidepressan
ts 

 FLX Danio rerio 
5, 16, 40 ng/L for 

96 hours 

(+) SOD, CAT, GPx in the liver, 
intestine, brain, and gills. 

(+) MDA in the brain and tissues after 
96 hours at conc. of 5-40 ng/L 

[131] 

FLX Danio rerio 
0.0015, 0.05, 0.1, 

0.5 and 0.8μM for 
80 hours 

(+) CAT (0.0015 and 0.5μM) 
(-) SOD (0.0015 and 0.5μM)  

[138] 

Pharm. 
mixtures 

DCF+IBF 
Oncorhynch

us mykiss  

DCF - 2 and 200 
μg/kg); 

IBF- 2 and 200 
μg/kg. 

In gills: (-) GPx activity at IBP 2 and 
200 μg kg/kg and the combination of 

DCF and IBF; 
In liver: (+) LPO in DCF and IBP, and 

DCF conc. of 200 μg/kg 

[91] 
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Category 
 

Pharm.  
prod. 

Species Concentration Effects on the physiological level Ref. 

Combination of 
DCF and IBF – (2 

μg/kg DCF+ 2 
μg/kg; 200 μg/kg 

IBF). 

(+) GR activity at IBF 200 μg/kg;  
In the posterior kidney: (+) CAT at 

DCF 200 μg/kg.  

DCF+ 
APAP 

Cyprinus 
carpio 

50 μg of each/L, 
1:1) 

(+) SOD in the brain; (-) SOD in liver 
and gills; (+) CAT in the brain and 
gills; (+) GPx in brain and liver; (+) 

LPO in liver and gills. 

[146] 

CBZ, 
irbesartan, 

APAP, 
NPX, DCF 

Oncorhynch
us mykiss  

concentrations of 
1x, 10x, and 100x 
the median levels 

found in the 
Meuse River, 

Belgium, over 42 
days 

No change of GST;  
(-) GSH after 24 hours; (-) GPx and 

CAT 
[147] 

Abbreviations: MDA – malondialdehyde; LPO – lipid peroxidation; TAC- Total antioxidant capacity; GSH – 
Glutathione; SOD - superoxide dismutase; CAT - catalase; GST - glutathione S-transferase; GpX - glutathione 
peroxidase; GRed - reduced glutathione; DCF- Diclofenac; DXM-Dexametasone; IBF- Ibuprofen; ASA-
Acetylsalicylic acid; APAP- Paracetamol; SMZ- Sulfamethoxazole; OTC- oxytetracycline; CIP- Ciprofloxacin; 
FLOL- Florfenicol; CBZ- Carbamazepine; FLX- Fluoxetine, NPX-naproxen. 

Another commonly detected non-steroidal anti-inflammatory medicine in aquatic environments 
is ibuprofen (IBF), widely used by humans for its analgesic (pain-relieving), antipyretic (fever-
reducing), and anti-inflammatory properties. 

Studies have reported concentrations of IBF in aquatic environmental samples typically in the 
μg/L range. For example, in the USA surface waters, IBF was found at values of 0.2 µg/L [89], while 
in Brazil higher concentrations were detected (0.326–2.094 µg/L) [90]. 

Ibuprofen has been shown to induce genotoxic effects in fish, cause histopathological damage to 
tissues such as gills and kidneys, and disrupt the activity of OS enzymes [91–93]. 

For instance, adult male Rhamdia quelen exposed to environmentally relevant concentrations of 
IBF (0.1, 1, and 10 μg/L) for 14 days showed increased GST, GPx, and GRed activity in the kidney 
(Table 1). However, no changes in DNA integrity were detected in the posterior kidney or liver. 
Additionally, IBF did not affect the biochemical biomarkers in the liver or gills. These enzymes play 
a crucial role in the antioxidant defense system by eliminating ROS, and the observed increase in GST 
and GPx activity, along with higher GSH levels, likely contributed to preventing DNA damage in the 
posterior kidney [94]. 

In another study, Stancová et al. [93] investigated the effects of IBF exposure on Tinca tinca over 
35 days, using environmental concentrations of 0.02, 0.2, and 2 μg/L (Table 1). The study found 
significant biochemical responses, including reduced GPx and CAT activity. These changes could 
elevate oxidative stress and lipid peroxidation, alongside a decrease in the activity of GST, an enzyme 
critical for detoxification processes. Despite biochemical changes, authors reported no lipid oxidative 
damage. This absence of damage suggests a potential adaptive response to low-level OS during 
prolonged exposure. However, the lack of temporal data on antioxidant enzyme activity and LPO 
levels limits understanding of how these parameters evolved, indicating possible mitigation 
mechanisms in the fish. In conclusion, the findings suggest that the fish may have developed 
mechanisms to mitigate oxidative stress throughout the experiment. 

For grass carp, IBF exposure (0, 4.8, 48.0, or 480.0 ng/L) for 14 days led to increased LPO and 
disrupted enzymatic activities [95]. Also, exposure of Danio rerio for a long term to environmentally 
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relevant concentrations of IBF (0.1–11 μg/L) promotes the production of radical species and induces 
oxidative stress on the brain, gills, liver, and gut tissues [96]. 

In Oncorhynchus mykiss, IBF exposure through feed at 2 and 200 μg/kg caused reduced GPX 
activity in the gills, while at 200 μg/kg, it increased LPO and GRed levels in the liver. However, no 
significant effects were observed in kidney antioxidant enzymes, indicating organ-specific responses 
to IBF exposure [91]. 

In addition to NSAIDs like IBF and DCF, other medications frequently found in the aquatic 
environment are acetylsalicylic acid (ASA), commonly known as aspirin, and paracetamol (APAP) 
or acetaminophen [97,98]. 

Acetylsalicylic acid (ASA), is widely recognized for its anti-inflammatory, analgesic, and 
antipyretic properties. At the same time, Paracetamol (APAP) or acetaminophen 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. 

Compared to DCF and IBF, acetylsalicylic acid (ASA) and paracetamol (APAP) are considered 
to have a relatively lower impact on water quality. For instance, ASA has been detected at 
concentrations ranging from 0.011 to 0.855 μg/L in the North Sea and the Scheldt Estuary [99], and 
from 0.025 to 0.29 μg/L in the Lis River, Portugal [100]. Similarly, APAP has been detected at 
concentrations of 9.6–183 ng/L in Romanian waters [101], 420–610 ng/L in Angke and Ancol, Jakarta 
Bay, Indonesia [102], and 65 μg/L in the Tyne River, UK [3], respectively in higher concentrations 246 
μg/L in Spanish waters [103]. Although these substances are found in aquatic systems at low 
concentrations, studies have shown that exposure to ASA can lead to OS and decrease an organism’s 
ability to detoxify these harmful substances. 

According to Gayen et al. [104], aspirin exposure to Labeo rohita at 1, 10, and 100 μg/L for 7, 14, 
21, and 28 days, induces OS, evidenced by significant, dose- and duration-dependent decreases in 
antioxidant enzyme activities (CAT, GPx, GR) and GSH content. GST activity increased with higher 
doses but was not influenced by the duration of exposure. Additionally, the authors observed that 
lipid peroxidation (LPO) registered an increasing trend with dose and time of exposure. Statistical 
analysis revealed that concentration and exposure duration significantly impacted these biomarkers, 
with concentration having the most substantial effect on most parameters. The decrease in SOD 
activity and GSH content in the liver of Labeo rohita suggests disruption of the oxidative balance and 
impairment of the antioxidant defense system due to ASA exposure. This reduction in key 
antioxidants likely contributes to the loss of adaptive mechanisms, leaving the fish more vulnerable 
to severe OS. 

Exposure of Mugilogobius abei at ASA concentrations of 0.5, 5, and 50 μg/ L for 24 h, 72 h, and 
168 h induced significant changes in antioxidant and OS markers. SOD, CAT, GPx, and GST activities 
were generally increased, while GSH content decreased initially after 24 and 72 h after exposure, but 
showed a significant increase after 168 hours. MDA content exhibited a high growth throughout the 
exposure period, indicating OS, although it decreased after 168 hours. These results suggest that ASA 
exposure leads to OS in organisms, with varying responses over time [105]. 

Regarding the impact of the environmental concentrations of APAP on fish, the literature 
findings revealed teratogenic, neurotoxic, and cardiotoxic effects in embryos/larvae of Clarias 
gariepinus [106]. Additionally, other studies have demonstrated that chronic exposure of rainbow 
trout can lead to significant alterations in the histology and function of organs responsible for ion and 
nutrient homeostasis [107]. 

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 [108]. 

According to Guilkoski et al. [109], the elevation of ROS levels induced by APAP metabolism is 
corroborated by the observed induction of SOD activity and protein carbonylation in male fish of 
Rhamdia quelen exposed to environmental concentrations of APAP (0, 0.25, 2.5 μg/L) for 21 days. 
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Notably, GPx activity remained unchanged, suggesting that the H2O2 generated by SOD may 
accumulate within cells rather than being efficiently converted to H2O. This accumulation likely 
contributes to protein carbonylation observed in fish exposed to both low and high concentrations of 
APAP, along with DNA damage in hepatocytes exposed to the lower concentration of the drug. 

A study conducted by Rosas-Ramírez et al. [110] examined the impact of acetaminophen on 
zebrafish embryos at varying concentrations (0150, 300, 450, 600, 750, 900, 1050, and 1200 μg/L) (Table 
1). The findings revealed that exposure to acetaminophen (150–1200 μg/L) led to an increase in the 
production of malondialdehyde (MDA) and catalase (CAT) activity. This effect is likely due to 
elevated H2O2 levels generated during acetaminophen exposure. Additionally, the study observed 
that exposure to acetaminophen at concentrations ranging from 300 to 1200 μg/L resulted in increased 
SOD activity in D. rerio embryos. 

Nunes et al. [111] investigated the effects of acetaminophen (APAP) exposure on European eel 
(Anguilla anguilla) at concentrations of 5, 25 (typical for freshwater systems [3]), 125, 625, and 3125 
μg/L. The study found no OS alterations at environmentally relevant concentrations (Table 1). 
However, at higher dosages, a paradoxical effect was observed, characterized by impaired CAT 
activity of GST and LPO. These findings suggest that eels possess efficient detoxification mechanisms, 
which help prevent metabolic disruptions and maintain their primary energy pathways. 

3.2. The Influence of Antibiotics on Fish Oxidative Stress 

The widespread use of antibiotics results in considerable contamination of aquatic 
environments. Excessive use of antibiotics poses a significant risk to the health of fish and aquatic 
ecosystems [112]. Even at low concentrations, antibiotics persist in water and can bioaccumulate in 
aquatic environments progressively increasing their levels, and being toxic to aquatic organisms 
[113]. Another concern is that antibiotics can facilitate the development of antibiotic-resistant strains, 
leading to unintended toxicity to fish [37]. 

Research generally suggests that antibiotic exposure in fish disrupts their oxidoreductive 
balance, leading to increased levels of ROS, and the inactivation of enzymes such as superoxide 
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), resulting in damage to cellular 
components like lipids, proteins, and DNA [114]. Also, prolonged exposure can overwhelm these 
protective mechanisms, impairing physiological functions [115], inducing OS, and increasing fish 
susceptibility to diseases [116]. Generally, the specific nature and extent of these changes are likely 
influenced by several factors, including the type and dosage of the antibiotic, as well as the species 
and developmental stage of the fish. 

For instance, Almeida et al. [117] conducted a study investigating the long-term (2 months) 
effects of oxytetracycline (OTC) on zebrafish (Danio rerio) oxidative stress. They exposed zebrafish to 
varying concentrations of OTC (0, 0.1, 10, and 10,000 mg/L), with the lower concentrations (0.1 and 
10 mg/L) reported in environmental waters. Their findings showed a significant decrease in the 
activity of GST and CAT enzymes (Table 1). This reduction suggests that prolonged exposure to 
antibiotics can diminish the activity of antioxidant defenses, leading to oxidative damage likely 
caused by OTC accumulation. This damage may result in tissue damage and subsequently lower 
enzyme activity. However, as noted by Massarsky et al. [118], the activity of antioxidant enzymes can 
vary depending on the severity of OS. 

Exposure to sulfamethoxazole (SMZ) has been shown to exert dose-dependent effects on 
juvenile Nile tilapia (Oreochromis niloticus), at concentrations up to 100 μg/L over 7 and 30 days. The 
biochemical and molecular markers revealed oxidative stress responses. At low concentrations (1 and 
10 μg/L), SMZ enhanced antioxidant enzyme activities (SOD, CAT, GPx), increased glutathione 
(GSH) levels, and reduced lipid peroxidation (LPO), suggesting a compensatory activation of defense 
mechanisms. In contrast, higher concentrations (100 μg/L) suppressed SOD activity, depleted GSH, 
and exacerbated LPO, indicating oxidative damage. These findings, supported by transcriptional 
changes in antioxidant enzyme genes, highlight the dual role of SMZ, where low doses elicit adaptive 
responses, while high doses overwhelm the oxidative balance. Such dose-dependent effects 
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underline the importance of considering sub-lethal endpoints in environmental risk assessments of 
pharmaceutical pollutants [119]. 

Ciprofloxacin (CIP) exposure of zebrafish (Danio rerio) at an environmental concentration of 0.7 
μg/L, and higher concentrations of 100, 650, 1100, and 3 000 μg/L, induced variable responses in 
antioxidant enzymes and OS markers, even at 0.7 μg/L (Table 1). For example, GST activity was 
significantly elevated suggesting an adaptive enzymatic response to oxidative challenge. However, 
a marked reduction in GRed activity was observed at higher concentrations (1100 and 3000 μg/L), 
indicating potential disruption of the antioxidant regeneration system under more severe exposure. 
Similarly, GPx activity decreased significantly across all tested concentrations except 100 μg/L, 
highlighting a dose-specific impact on enzymatic detoxification pathways. Interestingly, the 
concentration of thiobarbituric acid reactive substances (TBARS), indicative of lipid peroxidation, 
was reduced only at 100 μg/L, suggesting a potential protective effect at this intermediate level [120]. 
These findings underscore the complexity of CIP impact, where both adaptive and adverse responses 
are concentration-dependent. 

3.3. The Influence of Antiepileptics Drugs on fish Oxidative Stress 

Of the common antiepileptic drugs met in the aquatic environment carbamazepine (CBZ) is 
among the most widely detected [121]. CBZ is an antiepileptic medication, derived from 
dibenzoazepine, and is used as an antiepileptic agent in the treatment of certain types of epilepsy and 
also for neuropathic pain. Conventional methods in wastewater treatment plants do not biodegrade 
CBZ and may enter the aquatic environment by different pathways [122], posing a significant risk to 
aquatic organisms due to its potential for absorption and bioconcentration. 

CBZ concentrations in aquatic ecosystems have been detected at varying levels: ranging from 20 
to 49 ng/L according to Chițescu et al. 2020 [123], while other studies reported higher concentrations 
varying from 0.1 to 1.3 µg/L [124]. Exposure of fish to CBZ leads to the modulation of liver GST 
activity and a decrease in CAT activity after 63 days of continuous exposure [125]. 

In a study conducted by Liang et al. [126], common carp (Cyprinus carpio) were exposed to 
various environmentally relevant subacute concentrations of CBZ (0, 1, 5, 50, and 100 μg/L) for 28 
days. The results revealed significant changes in the activities of antioxidant defence system enzymes 
in the liver, indicating a pronounced oxidative stress effect caused by CBZ. Specifically, during the 
first seven days of exposure, there was an initial surge in the activities of SOD and GRed. However, 
after the 14th day of exposure, the activities of these enzymes had decreased to levels below those 
observed in the control group and remained suppressed in fish exposed for 28 days. In contrast, the 
activity of CAT showed a marked increase throughout the 28-day exposure period compared to the 
control group. Moreover, a notable rise in GST activity was also observed. According to some authors 
[127], the decline of SOD and GRed enzymes may be due to factors such as lipid peroxidation and 
direct OS from reactive oxygen species, reduced protein levels for ROS scavenging, or an energy 
deficiency (NADPH) following prolonged exposure to CBZ. The rise of the antioxidant enzyme 
activity may be attributed to the increased levels of ROS, which activate the antioxidant defense 
system after exposure to CBZ. This activation, including elevated superoxide dismutase (SOD) 
activity in the fish tissues, helps to convert the ROS generated by CBZ into less harmful molecules. 

Even short exposure of fish to CBZ can induce OS. A study by Gasca Perez et al. [128], 
investigated the impact of short-term exposure to carbamazepine (CBZ) on oxidative stress in 
common carp (Cyprinus carpio). Fish were exposed to CBZ at a concentration of 2000 µg/L for 
durations ranging from 12 to 96 hours. The researchers observed significant responses in oxidative 
stress markers across different organs. Specifically, lipid peroxidation (LPO) levels in the brain 
showed a notable decrease after 24, 48, and 72 hours of exposure, indicating a potential adaptive 
response to mitigate oxidative damage. Conversely, SOD activity in the liver, gills, and brain 
decreased significantly within 12 hours of exposure, suggesting an early onset of oxidative stress 
induced by CBZ. CAT activity exhibited a pronounced reduction across all studied organs 
throughout the exposure period, underscoring the vulnerability of antioxidant defenses to CBZ-
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induced OS. GPx activity displayed varying trends among organs, with an initial increase in the liver 
at 48 hours followed by a decline, while gills and brain tissues consistently showed reduced GPx 
activity over time. These findings highlight organ-specific responses to CBZ exposure and emphasize 
the potential ecological implications of pharmaceutical contaminants in aquatic environments. 

3.4. The Influence of Antidepressant Drugs on Fish Oxidative Stress 

Antidepressant drugs, commonly prescribed for treating mental health disorders in humans, are 
increasingly detected in aquatic environments due to their persistence and incomplete removal 
during wastewater treatment processes [129,130]. These pharmaceuticals can significantly impact 
non-target organisms, such as fish, by altering their biochemical and physiological 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 the formation of new low molecular weight aggregates [131]. 

Among these drugs, fluoxetine (FLX) is the most frequently detected in aquatic environments, 
with concentrations ranging from 0.33 to 32.1 ng/L [132] and 0.012 to 1.4 μg/L [133,134]. The findings 
revealed that FLX prompted the induction of OS in various organs of the fish, encompassing the liver, 
gut, brain, and gills. 

Orozco-Hernández et al. [131], assessed the potential toxicological effects of fluoxetine (FLX) at 
environmentally relevant concentrations (5, 16, and 40 ng/L) during a 96-hour acute exposure of 
Danio rerio. Their findings indicated an increase in the activity levels of SOD, CAT, and GPx in the 
liver, intestine, brain, and gills. Particularly, the study reported a significant increase in MDA levels 
in Danio rerio embryos and brain tissue after 96-hour exposure to FLX at concentrations between 5 
and 40 ng/L. This finding suggests heightened oxidative stress in these sensitive developmental and 
neurological tissues, even at low environmental concentrations of FLX. 

Also, other authors 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 [135]. In 
another study, acute exposure for 3 and 6 days to 0.1 μg/L of FLX has been reported to increase the 
CAT and SOD activities and the total antioxidant capacity (TAC) in adult Carassius auratus liver [136]. 

In contrast, other studies have reported decreased antioxidant activities following exposure to 
moderate and high concentrations of fluoxetine. Ding et al. [137], found that SOD activity was 
inhibited in adult Carassius auratus after a 7-day exposure to 4 and 100 μg/L of FLX. Similarly, Cunha 
et al. [138], reported SOD inhibition in Danio rerio embryos exposed for 80 hours to 0.0015 and 0.5μM 
FLX, increasing CAT activity at the same concentrations (Table 1). A possible explanation for these 
fluctuations is the transient nature of antioxidant enzymes, meaning that the duration of exposure 
can significantly influence their responses. 

Additionally, exposure to fluoxetine increased LPO in the liver of Carassius auratus at 
concentrations of 4, 20, and 100 μg/L for 7 days, indicating oxidative damage. This suggests that FLX 
can oxidize proteins, altering their functionality and forming new low molecular weight aggregates. 
However, decreased LPO levels have also been observed, such as in juvenile Argyrosomus regius 
exposed for 15 days to 0.3 and 3 μg/L of FLX [139], highlighting the variability in responses 
depending on the species and conditions of exposure. 

Nevertheless, the exact mechanism by which FLX induces oxidative stress is not fully 
understood, this pharmaceutical agent is believed to trigger oxidative stress through multiple 
pathways. Several researchers have suggested that FLX may affect mitochondrial function [140]. 
Consequently, the disruption of mitochondrial function by FLX can lead to increased ROS 
production, ultimately resulting in the induction of oxidative stress. 

3.5. The Influence of Pharmaceutical Mixture on Fish Oxidative Stress 

Another significant concern among scientists is a mixture of pharmaceutical drugs in aquatic 
environments. For example, the presence of a mixture of NSAIDs at concentrations ranging from a 
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few ng/L to a few μg/L has been frequently reported in marine and estuarine waters [71], surface 
waters, groundwater [141,142], and even in drinking water [143]. 

Beyond pharmaceuticals, contaminants such as pesticides, industrial chemicals, and heavy 
metals frequently coexist in aquatic systems, creating a mixture of stressors [144,145]. These complex 
mixtures pose a significant challenge to aquatic ecosystems, as their combined effects often challenge 
predictions based on single-compound toxicity, underscoring the need for integrated approaches to 
assess their influence on fish health and OS biomarkers [145]. 

For example, when fish are exposed to multiple NSAIDs simultaneously, the cumulative 
concentration of these drugs can overwhelm the body’s detoxification and repair mechanisms. A 
study by Hodkovicova et al. [91] investigated the toxic effects of oral administration of environmental 
doses of DCF and IBP and their mixture on rainbow trout (Oncorhynchus mykiss). 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 IBP (2 μg/kg DCF and 2 μg/kg IBP). Reduction of the GPx activity in the gills of fish exposed 
to the mixture of DCF and IBP indicates that these organs might be experiencing oxidative stress, 
potentially leading to damage at the cellular or tissue level. 

Exposure of Common carp (Cyprinus carpio) to a mixture of DCF and APAP (50 μg of each/L, 
1:1), revealed that OS responses vary across tissues based on physiological roles and exposure routes 
(Table 1) [146]. In the brain and gills, increased SOD and CAT activities suggest an adaptive response 
to elevated reactive oxygen species (ROS), while higher GPx in the brain highlights its vulnerability 
to oxidative damage. The liver shows a contrasting pattern, with decreased SOD but increased GPx 
and LPO, indicating significant oxidative stress that may overwhelm its antioxidant defenses during 
detoxification processes. Elevated LPO in the liver and gills signifies membrane damage caused by 
excessive free radicals, reflecting their roles in metabolizing pollutants and direct exposure to 
contaminants, respectively. While antioxidant enzyme activity increases in some tissues to counteract 
ROS, others show signs of damage, particularly in the liver, which may be a primary target of 
pharmaceutical toxicity. 

While certain pharmaceutical mixtures have been shown to cause significant oxidative stress in 
aquatic organisms, Beghin et al. [147] proved that not all combinations lead to detrimental effects. In 
their study, juvenile rainbow trout (Oncorhynchus 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 1). The results showed no change in GST activity, while GSH levels decreased 
significantly after 24 hours, with a concentration-dependent decline observed by day 42, particularly 
in the 10× group. This GSH depletion was linked to reduced GPx activity, and CAT activity was lower 
in the 100× group on day 1. However, despite these changes, the fish’s detoxification mechanisms 
effectively cleared the 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 fish oxidative stress response. 

As a main conclusion, we observed that research on the effects of pharmaceuticals on aquatic 
life at ecologically relevant concentrations is limited. Most of the studies that investigate the effects 
of these pharmaceuticals on aquatic organisms 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 toxicity and potential 
mechanisms of action, they may overestimate the risks and fail to capture the subtle, chronic effects 
that occur under environmental conditions. 
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Despite their presence at low concentrations in aquatic environments, pharmaceuticals pose 
significant toxicological and ecotoxicological risks, particularly when found as components of 
complex mixtures. Interactions within these mixtures can result in unpredictable and synergistic 
effects, heightening the risks to aquatic ecosystems. Evaluating their impact on aquatic organisms 
and the environment remains challenging due to these substances’ constantly changing 
concentrations and interactions. 

Assessing the impact 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 big gap is that 
few studies employ multiple biomarkers to evaluate contaminant effects across tissues and systems 
in fish, an approach essential for understanding species-specific toxicity, which seldom varies widely. 

In conclusion, the exposure of fish to environmental concentrations of pharmaceuticals 
predominantly induces chronic long-term toxic effects rather than acute responses. Prolonged 
exposure increases ROS production, increases lipid peroxidation production, can impair enzymatic 
activity, and weakens antioxidant defenses, such as glutathione and catalase. These biochemical 
disruptions highlight how the duration and intensity of exposure critically influence the responses of 
organisms. 

To address these risks, comprehensive studies are needed to explore the long-term 
ecotoxicological effects of pharmaceuticals, at lower concentrations (ng/L). Additionally, careful 
monitoring and evaluation are essential to mitigate potential harm to aquatic ecosystems and 
safeguard public health against environmental contamination. 

In addition to the biochemical disruptions caused by pharmaceuticals, their impact extends to 
critical biological processes such as fish growth and reproduction. Altered OS responses can disrupt 
endocrine signaling pathways, impair gametogenesis, and hinder larval development. Further, 
prolonged oxidative damage may lead to reduced fish reproductive success, developmental 
abnormalities, and diminished growth rates, ultimately threatening fish populations and 
biodiversity. These findings emphasize the need to investigate the links between OS, physiological 
performance, and population-level effects in fish exposed to environmentally relevant concentrations 
of pharmaceuticals. Such studies are critical for understanding and mitigating the broader ecological 
consequences of pharmaceutical pollution. 
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