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A B S T R A C T   

The marine habitat and its biodiversity can be impacted by released pharmaceuticals. The short-term (7 days) 
effect of 3 commonly used drugs – warfarin, dexamethasone and imidazole – on Senegalese sole (Solea sene
galensis) juveniles was investigated. Occurrence of hemorrhages, histopathological alterations, antioxidant status, 
activity of antioxidant enzymes and expression of genes involved in the xenobiotic response (pxr, abcb1 and 
cyp1a), were evaluated. The results showed a time and drug-dependent effect. Warfarin exposure induced 
hemorrhages, hepatocyte vacuolar degeneration, and altered the activity of glutathione peroxidase (GPx) and the 
expression of all the studied genes. Dexamethasone exposure increased liver glycogen content, altered antioxi
dant status, GPx and superoxide dismutase activities, as well as abcb1 and cyp1a expression. Imidazole induced 
hepatocyte vacuolar degeneration and ballooning, and altered the antioxidant status and expression of the tested 
genes. The present work anticipates a deeper impact of pharmaceuticals on the aquatic environment than pre
viously reported, thus underlining the urgent need for an integrated risk assessment.   

1. Introduction 

Pharmaceuticals and personal care products (PPCPs) are paramount 
for human health and well-being, but their uncontrolled release into the 
environment represents a hazard for the entire ecosystem. They are 
considered a class of emerging contaminants that need to be better 
studied and more closely monitored, with the implementation of effec
tive regulations (Boxall et al., 2012; Fawell and Ong, 2012; Birch et al., 
2015; Klatte et al., 2017). Although most wastewater treatment plants 
(WWTPs) are designed to eliminate degradable organic compounds, 
many of them are in fact unable to completely remove all of these pol
lutants (Patel et al., 2019). Consequently, when some of them (metab
olized or not) are released into inland and marine water bodies, they can 
be absorbed by aquatic organisms (reviewed by Arpin-Pont et al., 2016 
and Branchet et al., 2021). Despite the fact that most of the reported 

environmental concentrations of PPCPs are in the range of ng L− 1 to μg 
L− 1, pharmaceutical monitoring efforts have been limited to specific 
areas, in particular seasons and for a specific set of pharmaceuticals 
(Patel et al., 2019). Furthermore, their bioaccumulation and bio
magnification throughout the food web also represent a risk, resulting in 
toxicity for aquatic organisms and habitat loss (Sánchez-Avila et al., 
2012; Meyer et al., 2019). 

Warfarin can be used to treat human blood disorders or for pest 
control (rodenticide), due to its anticoagulant action (Bevans et al., 
2013), affecting different biological processes (Granadeiro et al., 2019; 
Sanyaolu et al., 2019; Beato et al., 2020). Direct and indirect episodes of 
warfarin toxicity have previously been reported in non-targeted species 
(Primus et al., 2005; Masuda et al., 2015; Pitt et al., 2015), and its toxic 
effect on aquatic organisms (e.g., fish) tested (Weigt et al., 2012; 
Fernández et al., 2014; Marques et al., 2017; Granadeiro et al., 2019). 
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However, to date, toxicity has only been found at concentrations higher 
than those reported in the environment (2595 ng L− 1; Patel et al., 2019). 
Nevertheless, warfarin accumulation (from 1.8 to 8.7 ng g− 1 dry weight) 
in two fish species (Gerres oyena and Chanos chanos) inhabiting the 
coastal waters of Saudi Arabia polluted with urban effluents (Ali et al., 
2018), evidenced its capacity to bioaccumulate. 

Dexamethasone is a commonly used corticosteroid (Kostich and 
Lazorchak, 2008), employed in both medical and veterinary therapies 
(Burkina et al., 2015; LaLone et al., 2012), exerting an 
anti-inflammatory and anti-allergic effect via the glucocorticoid re
ceptors (Rhen and Cidlowski et al., 2005). Current WWTPs cannot 
remove dexamethasone efficiently from wastewater (Chang et al., 2007; 
Liu et al., 2011; Herrero et al., 2013). To the best of our knowledge, the 
highest reported concentrations of dexamethasone in the environment 
range from 11 to 180 μg L− 1 (Creusot et al., 2014). Liver hepatomegaly 
and steatosis, growth reduction, reproductive alterations and oxidative 
stress, have been reported in fish upon exposure to dexamethasone 
(Chen et al., 2016; Guiloski et al., 2015; LaLone et al., 2012; Salas-Leiton 
et al., 2012; Yin et al., 2017). 

Imidazole is a heterocyclic aromatic compound with different ap
plications. A large variety of pharmaceuticals contain imidazole as it 
improves their solubility and bioavailability (reviewed in Zhang et al., 
2014). While the imidazole mode of action is still poorly understood, its 
toxic effects and related compounds have been reported in several 
mammalian species (Pagella et al., 1983; Kuemmerle et al., 1987; 
Noseda et al., 1988). Little is known about imidazole removal by 
WWTPs, but related compounds such as clotrimazole have been 
frequently detected in effluents and receiving waters of WWTPs 
(reviewed in Corcoran et al., 2010). Indeed, its presence in aquatic en
vironments and bioaccumulation in non-target species has been 
demonstrated (Eglo et al., 1994; Castillo et al., 1997; Corcoran et al., 
2014). Nevertheless, our knowledge of the potential toxic effects of 
imidazole in aquatic organisms is mainly restricted to lethal doses 
established for a reduced number of species (BASF AG, 1977, 1988). 

Animals can respond to the presence of exogenous compounds. After 
their absorption from the gastrointestinal tract, xenobiotic detoxifica
tion and protection against chemical toxicity occurs at the liver, the 
principal site of xenobiotic metabolism (Gu and Manatou, 2012). There, 
the pregnane X receptor (PXR) – among other nuclear receptors – is 
recognized as the master regulator of the transcription of genes encoding 
some enzymes (e.g. CYPs including CYP1a) as well as membrane 
transporters (e.g. ABCB1) involved in this process (Chen et al., 2012). 
Xenobiotic metabolism will lead, in turn, to the presence of oxidized 
compounds, more easily excreted from the body, but resulting in the 
production of reactive oxygen species (ROS). In order to avoid oxidative 
stress and altering total antioxidant status (TAS), the organism needs to 
counteract the production of ROS through the action of antioxidant 
compounds and enzymes from the redox system, including glutathione 
reductase (GR), glutathione peroxidase (GPx) and/or superoxide dis
mutase (SOD; Regoli et al., 2014). Since pharmaceutical release into the 
natural environment might impose a threat to aquatic organisms 
inhabiting coastal areas, known to be more prone to acting as a sink for 
released PPCPs (Yang et al., 2020), we evaluated how the flatfish species 
Senegalese sole (Solea senegalensis) – a species used in marine ecotoxi
cology studies (Oliva et al., 2012; Solé et al., 2016; among others) – 
responds to warfarin, dexamethasone and imidazole exposure. Recently, 
Pes et al. (2021) showed how Mediterranean mussel (Mytilus gallopro
vincialis) responded to short-term (7 days) exposure to the 
above-mentioned drugs. Senegalese sole juveniles also inhabit coastal 
areas, but while the Mediterranean mussel inhabits the tidal interphase, 
the benthic behavior of Senegalese sole makes it a suitable sentinel for 
marine sediment pollution (Gonçalves et al., 2014). Thus, the present 
study provides a more integrated risk assessment of the presence of 
PPCPs in the marine coast. 

2. Material and methods 

2.1. Ethical statement 

Fish facilities (permit 0421/2013), personnel and experiments 
(permit 0421/2020) were accredited and approved by the Portuguese 
National Authority for Animal Health (DGAV), and conducted following 
the ARRIVE guidelines (Percie du Sert et al., 2020), according to major 
international and national regulations for animal experimentation and 
welfare: The Code of Ethics of the World Medical Association (Decla
ration of Helsinki; http://europa.eu.int/scadplus/leg/en/s23000.htm) 
and guidelines 2010/63/EU of the European Parliament and Council, 
86/609/EU of the European Union Council, and the Decreto-Lei 
113/2013 from the Portuguese government. 

2.2. Rearing and sampling procedures 

Senegalese sole juveniles bred at the Aquaculture Research Station of 
the Portuguese Institute of the Sea and the Atmosphere (EPPO/IPMA, 
Olhão, Portugal), were transferred to the Centre of Marine Sciences 
(CCMAR, Faro, Portugal) and acclimated for 15 days to laboratory 
conditions. 252 specimens (mean weight 0.83 ± 0.21 g) were selected 
and randomly distributed into 21 flat bottom 1-L tanks (12 individuals 
per tank). Experimental conditions were as follows: temperature of 19.5 
± 1.8 ◦C, salinity of 30 ± 1 practical salinity units (PSU), dissolved 
oxygen levels > 4 mg L− 1 and a 12:12 h light/dark photoperiod. In order 
to maintain water quality and drug exposure levels, 80% of the water 
(and drug) was renewed every two days. Levels of ammonium, nitrite 
and nitrates were checked to confirm water quality throughout the ex
periments. The Senegalese sole were daily fed with commercial inert 
diets formulated by Sparos Lda (Olhão, Portugal). 

The fish were exposed to drugs for 3 and 7 days, then euthanized 
with an overdose of MS-222 (300 mg mL− 1) and sampled. Total fish 
body wet weight (BWW) and liver weight (LVW) were assessed with a 
WA80 precision (± 0.1 mg) scale (Adam Equipment). The presence of 
haemorrhages was determined by visual inspection at each sampling 
time and results were expressed as a percentage of incidence. At 3- and 
7-days post-exposure (dpe), livers from 2 specimens from each biolog
ical replicate (tank) were isolated and washed in DNase/RNase-free 
water, pooled and preserved in 500 µL of TRIzol Reagent (Ambion) at 
− 80 ◦C until RNA extraction was conducted. At 7 dpe, another 2 livers 
from each tank replicate were isolated and washed with PBS (pH 7.4), 
pooled and homogenized with a T 10 basic Ultra-Turrax (IKA). After 
centrifugation at 10,000g and 4 ◦C for 30 min in a CT15RE HIMAC 
centrifuge, the supernatant was aliquoted and kept at − 80 ◦C until 
enzyme activity was assessed. Finally, livers from 3 specimens from each 
replicate were sampled at 7 dpe and stored in 4% paraformaldehyde 
(PFA; pH 7.4) for histological analysis. 

2.3. Drug working concentrations 

The effect of warfarin (CAS number 129-06-6; Sigma Aldrich, Spain) 
was evaluated at a low dose (LW) of 1 mg L− 1 (3.03 μM) and a high dose 
(HW) of 10 mg L− 1 (30.27 μM). These concentrations were lower than 
those previously reported to have a negative effect on fish species 
(Fernández et al., 2014; Marques et al., 2017; Granadeiro et al., 2019), 
but equal to those recently tested in the Mediterranean mussel (Pes 
et al., 2021). Although these concentrations are higher than those re
ported in the environment to date (up to 2595 ng L− 1; Patel et al., 2019), 
they represent an attempt to model the potential effect of different an
ticoagulants used as rodenticides (brodifacoum, bromadiolone, difena
coum, flocoumafen, difethialone, chlorophacinone, coumatetralyl and 
warfarin) recently reported to be present in water samples and fish livers 
(Regnery et al., 2020). 

Dexamethasone (CAS number 50-02-2; Sigma Aldrich, Spain) was 
used at a low dose (LD) of 0.392 mg L− 1 (1 μM) and a high dose (HD) of 
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3.92 mg L− 1 (10 μM). The lower concentration here tested was the same 
as that used in fish in vitro systems by Wassmur et al. (2010) and re
ported to have some effect. It is only twice the highest concentration 
found in the environment (180 μg L− 1; Creusot et al., 2014), so close to 
be environmentally relevant. 

Imidazole (CAS number 288-32-4; Sigma Aldrich, Spain) was eval
uated at a low dose (LI) of 0.013 mg L− 1 (0.191 μM) and a high dose (HI) 
of 0.13 mg L− 1 (1.91 μM). Both concentrations were selected according 
to the safety data available for sea and fresh water environments (0.013 
and 0.13 mg L− 1, respectively; Imidazole, ULTROL® Grade – CAS 
288–32–4 – Calbiochem MSDS – 4015 – Merck (merckmillipore.com)). 
Furthermore, several imidazole-related compounds have been found at 
37.7 µg L− 1 in some water bodies (Patel et al., 2019). 

Stock solutions (12,500 mg L− 1 for warfarin, 1000 mg L− 1 for 
dexamethasone and 50,000 mg L− 1 for imidazole) were prepared in 
seawater and aliquots were kept at − 20 ◦C until used. The Control fish 
were not exposed to any drug. 

2.4. Histological analysis 

Liver samples fixed in PFA were washed and embedded in paraffin 
following a standardized protocol, and then sectioned using a micro
tome (Microm) to achieve 5–6 µm serial histological sections. Depar
affinized slides were stained with the Hematoxylin-Eosin 
histomorphological staining technique to assess the presence of histo
pathological alterations caused by toxicant exposure. Periodic Acid- 
Schiff (PAS) and diastase-PAS were used to study differences in carbo
hydrate distribution (glycogen content) between treatments. Both 
techniques were performed according to Pearse (1985). Images of 
representative histological sections were taken using a Leitz Wetzlar 
microscope equipped with a built-in SPOT Insight Color camera (Ernst 
Leitz Wetzlar GmbH, Germany). The results were manually recorded 
using a semi-quantitative assessment scoring (percentage of individuals 
presenting the histological lesion) from four independent observers, 
comparing the sections of the control with the experimental treatments. 

2.5. Oxidative stress determination 

All enzymatic activities were assessed using a BioTek Gen 5 micro
plate reader at room temperature. Total protein content was measured 
according to the method by Bradford (1976), using Bio-Rad Protein 
Assay reagent and bovine serum albumin (BSA) as standard. Absorbance 
at 595 nm, after 30 s of mixing and 5 min incubation, was recorded. 
Reactions were performed using technical triplicates. Total antioxidant 
status (TAS), and glutathione reductase (GR), glutathione peroxidase 
(GPx) and superoxide dismutase (SOD) activities were assessed using 
Cayman kits (ref. NX2332, GR2368, 703102 and SD125, respectively). 
TAS (in mmol g− 1) was measured at 600 nm (Miller et al., 1993). GR and 
GPx activities (in U g− 1) were determined at 340 nm (Melissinos et al., 
1981; Arthur and Boyne, 1985) and SOD activity (in U μg− 1) was 
assayed at 505 nm (Arthur and Boyne, 1985). TAS, GPx, GR and SOD 
activities were determined with technical duplicates in three biological 
replicates. 

2.6. Gene expression analysis 

Total RNA was extracted using TRIzol Reagent, according to the 
manufacturer’s protocol. RNA quantity and purity were determined 
from 260/280 and 260/230 absorbance ratios using a Nano-Photometer 
(UV-Vis Spectrophotometer, Implen). Samples with values < 1.8 and <
1.6, respectively, were re-purified (Walker and Lorsch, 2013). Traces of 
genomic DNA were removed from RNA samples using RQ1 RNase-Free 
DNase (Promega) and cDNA was synthetized using M-MLV reverse 
transcriptase (Invitrogen) for 1 h at 37 ◦C. Reaction was stopped at 95 ◦C 
for 5 min, and cDNA was kept at − 20 ◦C until used. For each assay, a 
negative control (without RNA) was performed. 

Semi-quantitative PCR (qPCR) reactions were conducted on a Ste
pOnePlus Real-Time PCR system (Applied Biosystems) in triplicate 
using: 10 µL of SensiFAST SYBR Hi-ROX kit (Bioline), 0.5 µL of forward 
and reverse gene-specific primers (10 µM; Table 1), 7 µL of DNase/ 
RNase-free water and 2 µL of diluted (1:10) cDNA. For calibration pur
poses, one specific sample was run in each qPCR plate (Derveaux et al., 
2010). DNA amplification was achieved as follows: 2 min at 95 ◦C, 
followed by 40 cycles of 10 s at 95 ◦C and 20 s at 65 ◦C. At the end of 
each amplification, a melting curve was conducted as follows: 95 ◦C for 
15 s, 70 ◦C for 1 min, and 15 s of 0.5 ◦C increments until reaching 95 ◦C. 
Gene expression levels were determined according to Pfaffl (2001). A 
normalization procedure using ubiquitin (ubq) as reference gene was 
done (Infante et al., 2008). 

2.7. Statistical analysis 

Results are presented as mean ± standard deviation. Shapiro-Wilk’s 
test and Bartlett’s test were conducted to confirm data normal distri
bution and homoscedasticity of variance, respectively. When a one-way 
ANOVA analysis detected significant differences, Tukey’s multiple- 
comparison test was used to identify the experimental groups showing 
significant differences. In case of high variability among experimental 
groups, Student’s t-test was performed to unveil potential significant 
differences. In both cases, significance was set at P < 0.05. Statistical 
analyses were done with Prism 5.0 (GraphPad Software, Inc). 

3. Results and discussion 

3.1. Drug impact at organism and organ level 

Among all the drugs and concentrations tested, only exposure to the 
highest concentration of warfarin (HW) for 7 days induced mortality, 
although at a low rate (5.5 ± 9.6%). Increased mortality may be related 
to the higher percentage of fish showing bleeding events upon treatment 
with warfarin (Fig. 1), as previously suggested by Fernández et al. 
(2014) in zebrafish (Danio rerio) larvae exposed to warfarin. The present 
results evidenced higher warfarin toxicity (higher sensitivity of the 
Senegalese sole to warfarin toxicity) than that reported in previous 
studies of fish species (Weigt et al., 2012; Fernández et al., 2014; Mar
ques et al., 2017) and marine invertebrates (M. galloprovincialis; Pes 
et al., 2021). Differences related to increased mortality and bleeding 
disorders between vertebrates and invertebrates may be the conse
quence of a different requirement for vitamin K. Indeed, although 
vitamin K reductases are present in both vertebrates and invertebrates, 
their activity is critical to control blood coagulation in vertebrates, but 
not in invertebrates (Oldenburg et al., 2015). 

Biometric indexes, histopathological, biochemical and gene expres
sion responses after drug exposure were evaluated at the liver as it has a 
key role in xenobiotic detoxification (Gu and Manatou, 2012). Body wet 
weight (BWW), liver weight (LVW) and hepatosomatic index (HSI) were 
not significantly affected by warfarin exposure in any of the experi
mental groups when compared to the Control group (Table 2). A similar 
effect – i.e. no alteration of BWW, LVW and HSI – was reported in 
Mediterranean mussels exposed to warfarin for the same period (7 days) 
and at the same concentrations (Pes et al., 2021). Nevertheless, histo
pathological lesions were observed in the liver of warfarin-exposed fish. 
While the liver of the Control fish showed a typical disposition of hepatic 
parenchyma with cords of polygonal hepatocytes surrounding the si
nusoids (Fig. 2a, b), degenerative changes in liver cells, including 
vacuolar degeneration of hepatic cells and nuclear pyknosis, were 
observed in warfarin-exposed fish. Furthermore, sinusoidal dilatation 
and congestion were also detected, especially in fish exposed to HW 
(Fig. 2c, d; Table 3). Similar hepatotoxic effects were found by Gran
adeiro et al. (2019) in zebrafish larvae exposed to higher concentrations 
(125 mg L− 1) of warfarin. Most side effects reported in patients under 
chronic therapy with warfarin are bleeding, swelling, bruising, articular 
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pain or the calcification of the vascular system (Chatrou et al., 2012; 
Elango et al., 2021), but not liver injury. Although rarely reported, acute 
liver failure has been observed in some patients treated with warfarin, or 
any other anticoagulant working as a vitamin K antagonist (Maura et al., 
2020). Warfarin has also been associated with reduced risk of trans
aminase elevation (Nipun and Goldhaber, 2006; Maura et al., 2020), one 
of the most commonly used indicators of hepatic damage. While 
warfarin clinical trials are performed in adult patients, our studies were 
conducted in developing organisms, resulting in a more severe patho
logical condition. Reduced γ-carboxylation of vitamin K-dependent 
proteins other than blood clotting factors may account for the vacuolar 
degeneration and nuclear pyknosis of hepatic cells, sinusoidal dilatation 
and congestion observed in histological sections of Senegalese sole 
juveniles. 

Dexamethasone has been shown to be effective in the treatment of 
liver injury, such as the induced through bile duct ligation (a model for 

biliary obstruction), blocking the release of pro-inflammatory cytokines, 
reducing the release of anti-fibrotic mediators and/or protecting the 
levels of antioxidant enzymes (Eken et al., 2006). Nevertheless, dexa
methasone exposure to healthy rats led to swelling and/or vacuolization 
of hepatocytes (Ejiri et al., 2003), as well as hepatocyte apoptosis and 
the consequent increase in transaminases (Huang et al., 2016). Discrete 
nuclear pyknosis of hepatocytes was also observed in Senegalese sole 
exposed to the highest concentration of dexamethasone (HD), in line 
with data reported by Zhong et al. (2021) in the mosquitofish (Gambusia 
affinis), where hepatocyte degeneration, focal necrosis and pyknotic 
nucleus were observed in specimens exposed to dexamethasone 
(50 µg L− 1) for 60 days. An increase in glycogen content (PAS-deep 
magenta staining; Diastase/PAS-light pink staining) was also observed 
in soles exposed to both the low (LD) and high (HD) concentrations of 
dexamethasone when compared to Control fish (Fig. 2e, f; Table 3). 
Similar effects have been reported in mammalian species in which 
exposure to lower concentrations than those here tested led to an in
crease in glycogen content (Zheng et al., 2009; Niu et al., 2018; Divari 
et al., 2020). This effect may be related to the metabolic action of glu
cocorticoids, known to promote hepatic gluconeogenesis and increased 
glycogen storage as a metabolic adaptation during stress conditions (Niu 
et al., 2018; Divari et al., 2020). 

Fish exposed to low and high concentrations of imidazole (LI and HI, 
respectively) showed vacuolar degeneration and nuclear pyknosis of 
hepatocytes. Furthermore, capillary hyperemia and ballooning of he
patocytes were also detected especially in fish exposed to HI (Fig. 2g, h 

Table 1 
Primers used to determine relative gene expression in flatfish liver exposed to warfarin, dexamethasone and imidazole. Gene name, accession numbers (GenBank, or 
Sequence Read Archive (SRA)), primers and amplicon size used to determine relative gene expression quantification in the Senegalese sole (Solea senegalensis) exposed 
to different drugs.  

Gene name Accession number Component 5′ to 3′ nucleotide sequence Amplicon size (bp) 

ATP binding cassette subfamily B member 1 – abcb1 47816a Forward CGTCACAGGGAGGGAAAGAGG  179 
Reverse GCGCAGATGAGCCCCACTACA 

Cytochrome P450, family 1, subfamily A – cyp1a GU946412 Forward CGAGGGGGATTTTTCGGGCA  132 
Reverse AGGGCACTGTAGGCCAGCTTTCTG 

Pregnane X receptor – pxr KC108909 Forward GACGGTGTACGAGCGGGTTTC  118 
Reverse GGGACATGGCTTGCATGAGAACA 

Ubiquitin – ubq AB291588 Forward AGCTGGCCCAGAAATATAACTGCGACA  93 
Reverse ACTTCTTCTTGCGGCAGTTGACAGCAC  

a Unigene number assigned from Solea Data Base (http://www.juntadeandalucia.es/agriculturaypesca/ifapa/aquagenet/soleaDB) 

Fig. 1. Incidence of hemorrhages in percentage (mean and standard deviation) 
in Solea senegalensis at 3 (a) and 7 (b) days after drug exposure. Control, fish not 
exposed; LW, fish upon 1 mg L− 1 warfarin exposure; HW, fish exposed to 
10 mg L− 1 of warfarin; LD, fish exposed to 0.392 mg L− 1 of dexamethasone; 
HD, fish exposed to 3.92 mg L− 1 of dexamethasone; LI, fish exposed to 
0.013 mg L− 1 of imidazole; HI, fish exposed to 0.131 mg L− 1 of imidazole; nd, 
non-detected. Significant differences among experimental groups are indicated 
with different letters at the top of each bar (one-way ANOVA, P < 0.05, N = 3). 

Table 2 
Mean ± standard deviation values for body wet weight (BWW), liver weight 
(LVW) and hepatosomatic index (HSI) of the Senegalese sole (Solea senegalensis) 
juveniles exposed to drugs for 3 and 7 days.  

Treatment  BWW (mg) LVW (mg) HSI (%) 

Control Day 3 840 ± 150 20 ± 2.0 1.88 ± 1.42 
LW 950 ± 80 16.9 ± 9.8 1.99 ± 1.52 
HW 890 ± 50 11.4 ± 3 1.29 ± 0.28 
LD 860 ± 70 11.3 ± 2.7 1.42 ± 0.42 
HD 930 ± 40 11.6 ± 1.6 1.25 ± 0.12 
LI 910 ± 100 16.9 ± 9.7 1.75 ± 0.73 
HI 800 ± 140 22 ± 12.3 2.84 ± 1.49 
Control Day 7 840 ± 50 9.8 ± 2.5 1.17 ± 0.24 
LW 770 ± 150 9.5 ± 0.4 1.24 ± 0.19 
HW 750 ± 40 8.8 ± 1.6 1.12 ± 0.16 
LD 770 ± 60 7.6 ± 0.8 0.99 ± 0.11 
HD 810 ± 110 8.4 ± 0.3 1.08 ± 0.11 
LI 790 ± 50 9.8 ± 0.6 1.27 ± 0.09 
HI 790 ± 40 8.0 ± 0.6 1 ± 0.09 

Control, flatfish not exposed to any drug; LW, specimens exposed to a low dose of 
warfarin (1 mg L-1); HW, specimens exposed to a high dose of warfarin (10 mg L- 

1); LD, specimens exposed to a low dose of dexamethasone (0.392 mg L-1); HD, 
specimens exposed to a high dose of dexamethasone (3.92 mg L-1); LI, specimens 
exposed to a low dose of imidazole (0.013 mg L-1); HI, flatfish exposed to a high 
dose of imidazole (0.131 mg L-1). N = 3. 
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and Table 3). The treatment of mycoses with imidazole compounds (the 
triazoles) as antifungal has been declined recently due to their toxic 
effect on liver and hormones (Mourad and Perfect, 2018), probably as a 
result of decreased mitochondrial membrane potential, impaired elec
tron transport (Haegler et al., 2017) and elevated transaminases (Gupta 
et al., 2015). The effects observed here at cellular level in fish liver are in 
line with liver injury reported in humans by imidazole compounds, and 
raise further concerns about the use and release of imidazole in aquatic 
environments. 

The present results evidenced how exposure to these drugs altered 
the physiological status of the liver, most likely impairing the redox 
system due to the activation of drug metabolism through pregnane X 
receptor (PXR) signaling in a drug- and concentration-dependent 

manner (see below). Although it may be difficult to obtain an 
ecosystem perspective when using organisms from different taxonomic 
groups (marine vertebrates versus marine invertebrates) and with 
different biological features, the reported toxic effects of the three tested 
drugs (at tissue and/or organismal level) clearly raise concerns and 
unveil the ecological implications that their release might have for 
aquatic organisms (DellaGreca et al., 2004; Webb, 2004; Corcoran et al., 
2014; Bal et al., 2017; Pes et al., 2021), in particular those inhabiting 
marine coastal areas. 

3.2. Biochemical responses to drug exposure 

All aerobic organisms produce ROS due to cellular respiration and 

Fig. 2. Microphotographs of liver sections of 
Senegalese sole (Solea senegalensis) at 7 days 
after drug exposure. Hematoxylin-eosin (a, b, c, 
d, g, h) stain and Periodic Acid-Schiff (PAS) (e 
and f) reaction. Liver from Control specimens (a 
and b). Liver from Senegalese sole exposed to a 
low dose of warfarin (1 mg L− 1) (c and d). Note 
vasculature dilatation (S) and hepatocytes 
vacuolar degeneration (black asterisks). 
Glycogen content in Control (e) and dexa
methasone (3.92 mg L− 1) exposed Senegalese 
sole (f). Magenta particles represent glycogen, 
note increased glycogen content in exposed fish 
(f) compared with the Control (e). Liver sec
tions from Senegalese sole exposed to imidazole 
(0.13 mg L− 1) (g and h). Note capillary (S) hy
peremia and hepatocytes ballooning (red aster
isks). Black asterisks, vacuolar degeneration of 
hepatocytes; red asterisks, hepatocyte 
ballooning; S, sinusoids. Scale bars represent 
50 µm (a, e and f) or 25 µm (b, d, g and h).   
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metabolism, but to prevent cellular damage, there is a balance between 
ROS production and their scavenging by antioxidant defenses (Regoli 
et al., 2014). Any disequilibrium in this balance towards an over pro
duction of ROS may lead to oxidative stress. Among the different anti
oxidant responses, our study focused on the drug effect on TAS and GR, 
GPx and SOD enzyme activities at 7 dpe (Fig. 3). TAS was significantly 
altered in fish exposed to LD, HD and LI (Fig. 3a’ and a’’). While GR 

activity remained unaltered in all fish, regardless of the drug and con
centration tested (Fig. 3b, b’ and b’’), GPx activity increased in fish 
treated with HW and HD, but not with HI (Fig. 3c, c’ and c’’). 
Furthermore, only HD exposure led to increased SOD activity when 
compared to the Control fish (Fig. 3d, d’ and d’’). 

The molecular mechanisms underlying warfarin effects on the 
oxidative status of aquatic organisms are still poorly understood. 
Granadeiro et al. (2019) found that exposure of zebrafish to warfarin 
during embryogenesis altered the expression of genes involved in the 
redox system and oxidative stress response. Using the same experi
mental design, Pes et al. (2021) also reported that both warfarin con
centrations (LW and HW) increased GPx activity in the Mediterranean 
mussel, in line with higher GPx activity in Senegalese sole juveniles 
exposed to HW. 

The histopathological effects observed in the liver of animals 
exposed to dexamethasone (steatosis and apoptosis) are due to increased 
oxidative stress (Huang et al., 2016). Our data showed that a lower 
concentration of dexamethasone and a shorter exposure time than those 
previously tested (Costantini et al., 2011; Guiloski et al., 2015) led to an 
increase in TAS in Senegalese sole, probably due to the increase in GPx 
and SOD activity in exposed animals. Increased GPx activity reported in 
fish under HD exposure is also in line with the above-cited literature in 
fish species, as well as in marine invertebrates (Pes et al., 2021). In 
contrast, increased SOD activity in Senegalese sole exposed to dexa
methasone is in contradiction with data reported by Guiloski et al. 
(2015). Differences in fish species, fish size and experimental approach 
(water exposure versus nutritional exposure) may account for these 
discrepancies. 

Imidazole compounds impaired the redox balance in exposed 

Table 3 
Prevalence (in %) of histopathological lesions in liver of Senegalese sole (Solea 
senegalensis) specimens exposed to drugs for 7 days.  

Treatment Control LW HW LD HD LI HI 

Capillary 
hyperemia  

0  0  0  0  0  33.3  100 

Vasculature 
dilation  

0  33.3  100  0  0  0  0 

Pyknotic nuclei  0  33.3  66.7  0  33.3  33.3  66.7 
Vacuolar 

degeneration  
0  33.3  100  0  0  33.3  66.7 

Ballooning of 
hepatocytes  

0  0  0  0  0  33.3  100 

Increase of 
glycogen 
content  

0  0  0  33.3  100  0  0 

Control, flatfish not exposed to any drug; LW, specimens exposed to a low dose of 
warfarin (1 mg L-1); HW, specimens exposed to a high dose of warfarin (10 mg L- 

1); LD, specimens exposed to a low dose of dexamethasone (0.392 mg L-1); HD, 
specimens exposed to a high dose of dexamethasone (3.92 mg L-1); LI, specimens 
exposed to a low dose of imidazole (0.013 mg L-1); HI, flatfish exposed to a high 
dose of imidazole (0.131 mg L-1). N = 3. 

Fig. 3. Total antioxidant status (a, a’ and a’’), glutathione reductase (b, b’ and b’’), glutathione peroxidase (c, c’ and c’’) and superoxide dismutase (d, d’ and d’’) 
activities (expressed as mean ± standard deviation) in Senegalese sole (Solea senegalensis) after 7 days exposure to warfarin, dexamethasone or imidazole. Control, 
fish not exposed; LW, fish upon 1 mg L− 1 warfarin exposure; HW, fish exposed to 10 mg L− 1 of warfarin; LD, fish exposed to 0.392 mg L− 1 of dexamethasone; HD, fish 
exposed to 3.92 mg L− 1 of dexamethasone; LI, fish exposed to 0.013 mg L− 1 of imidazole; HI, fish exposed to 0.131 mg L− 1 of imidazole. Significant differences 
among experimental groups are indicated with different letters or with an asterisk at the top of each bar (one-way ANOVA or Student’s t-test, respectively; 
P < 0.05, N = 3). 
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organisms, for instance by increasing mRNA and protein levels of SOD 
(Adeyemi et al., 2020; Haegler et al., 2017). Although we observed a 
tendency for imidazole exposure to increase GR, GPx and SOD activities, 
only TAS measured in fish exposed to LI was significantly different from 
the Control group. Contradictory results in aquatic organisms have been 
reported regarding the response of the antioxidant system to imidazole 
compounds. Lushchak (2016) found that compounds derived from 
imidazole induced oxidative stress in several fish species, while Solé 
et al. (2014) reported unaltered antioxidant enzyme activities in Sene
galese sole exposed to ketoconazole, an imidazole antifungal agent. 
Structure differences between ketoconazole and imidazole may lead to 
different capacities in inducing oxidative stress. Furthermore, the 
response of Senegalese sole to imidazole exposure here reported is in 
contrast to that described by Pes et al. (2021), where Mediterranean 
mussel exposed to both LI and HI showed increased GPx activity, but no 
alteration in TAS, GR and/or SOD activities. 

In general, increased redox enzyme activities might be related with 
the drug detoxification process, where sequential rounds of oxidative 
reactions will inactivate and/or metabolize these drugs in the liver. A 
comparison of the antioxidant defense response in Senegalese sole ju
veniles and Mediterranean mussels to the drugs here tested, suggests 
that they are similar depending on the drug considered, regardless of 
differences existing in the functioning of vertebrate liver and inverte
brate hepatopancreas (Rőszer et al., 2014). In this regard, all drugs 
increased GPx activity in the Mediterranean mussel, while warfarin and 
dexamethasone also increased GPx activity in Senegalese sole. Consid
ering antioxidant activities in Mediterranean mussel, GPx was the most 
active enzyme (with activities ranging from 200 to 800 U g− 1 protein; 
Pes et al., 2021). Dexamethasone altered SOD activity in Senegalese sole 
but not in mussels, which may be related to a lower amount of SOD in 

invertebrates (Felton, 1995). 

3.3. Molecular pathways of drug-sensing and metabolism are 
differentially regulated upon short exposure to pharmaceuticals 

Warfarin is a mixture of enantiomers (S- and R-warfarin), the R- 
enantiomer being a ligand for the PXR (Rulcova et al., 2010). In this 
study, pxr up-regulation in Senegalese sole juveniles exposed to LW for 3 
days (Fig. 4a), is in agreement with previous studies performed in fish 
(Fernández et al., 2014; Marques et al., 2017). Noticeably, a higher dose 
of warfarin and/or a longer exposure time (7 days) did not translate into 
greater up-regulation of pxr expression. The recently reported feedback 
regulation of pxr expression through its own ligands (Smutny et al., 
2020) may explain the absence of a greater effect. ABCB1 is an 
energy-dependent pump responsible for xenobiotic efflux from cells 
(Ambudkar et al., 2006), whose expression is under the control of PXR in 
humans (Haerian et al., 2011). In our work, exposure to LW was also 
translated into a higher expression of abcb1 when compared to that of 
non-exposed soles at 3 dpe, in line with the dose- and time-dependent 
stimulation of pxr expression. However, a tendency towards 
down-regulation of abcb1 expression was observed at 7 dpe, only being 
significant in HW-exposed juveniles (Fig. 4b and b’). Cytochrome 
P4501A (CYP1A) is an enzymatic system able to oxidize structurally 
unrelated compounds such as fatty acids, steroids and xenobiotics like 
polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons 
(PAHs; Jönsson et al., 2009). Previous studies showed that transcription 
of CYP genes is governed by PXR activation in mammals (Ihunnah et al., 
2011). However, our results suggest that warfarin exposure did not 
induce cyp1a gene expression in sole and even decreased it in fish 
exposed to LW for 7 days (Fig. 4c and c’). 

Fig. 4. Relative gene expression (expressed as mean ± standard deviation) of pxr (a and a’), abcb1 (b and b’) and cyp1a (c and c’) in Senegalese sole (Solea sene
galensis) exposed to warfarin for 3 (a–c) and 7 (a’–c’) days. Control, fish not exposed; LW, fish upon 1 mg L− 1 warfarin exposure; HW, fish exposed to 10 mg L− 1 of 
warfarin. Significant differences among experimental groups are indicated with different letters or with asterisk at the top of each bar (one-way ANOVA or Student’s 
t-test, respectively; P < 0.05, N = 3). 
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Dexamethasone exposure significantly decreased pxr expression in 
fish exposed to LD for 3 days (Fig. 5a), but not in fish exposed to a higher 
dose (HD) or for longer time (7 days). As for warfarin, a feedback 
regulation may explain such differences. Although pxr up-regulation has 
already been reported in humans and rats treated with dexamethasone 
(Lehmann et al., 1998; Pascussi et al., 2000; Shi et al., 2010; Hunter 
et al., 2017), data in rainbow trout showed that hepatocytes exposed to 
1 μM of dexamethasone (same concentration as the lower concentration 
tested in our study) consistently exhibited a decreased expression of pxr 
(Wassmur et al., 2010). In our work, an up-regulation of abcb1 expres
sion at 3 days in fish exposed to HD (Fig. 5b), and a down-regulation at 7 
days in both LD- and HD-treated fish (Fig. 5b’) was observed. Variation 
in abcb1 expression may be a consequence of the dynamic regulation of 
genes controlled by PXR (including abcb1) and their transcriptional 
activation through glucocorticoid receptors, known to mediate abcb1 
gene induction (Wang and LeCluyse, 2003). Indeed, contradictory re
sults have been reported for the regulation of the expression and activity 
of the ATP-binding cassette efflux pumps by drugs, in particular by 
glucocorticoids (Hirano et al., 2004; Nishimura et al., 2004; 
Richaud-Patin et al., 2004; Martin et al., 2008; Tanaka et al., 2009; 
Wassmur et al., 2010; Manceau et al., 2012). In sole, cyp1a expression 
increased in fish exposed to HD for 3 days (Fig. 5c) but decreased in fish 
exposed to both dexamethasone concentrations (LD and HD) at 7 days 
(Fig. 5c’). While Burkina et al. (2013) and Zhang et al. (2006) showed 
that dexamethasone exposure did not change cyp1a expression in rats 
and dogs, Monostory et al. (2005) found cyp1a expression increased in 
rats but decreased in humans. As for other genes, a negative-feedback 
autoregulatory loop of cyp1a gene expression has been demonstrated 
(Morel et al., 1999). 

Regarding imidazoles, Takeshita et al. (2002) and Venkatesh et al. 

(2011) described ketoconazole as a PXR antagonist in humans, while 
clotrimazole is a known agonist of PXR in fish (Moore et al., 2002; 
Milnes et al., 2008). In our study, both high and low concentrations of 
imidazole up-regulated pxr expression at 3 dpe, but not at 7 dpe (Fig. 6a, 
a’). As for warfarin exposure, abcb1 expression was increased in fish 
treated with LI for 3 days (Fig. 6b) but reduced in fish exposed to LI or HI 
for 7 days (Fig. 6b’). In fish, imidazole-related compounds have been 
shown to regulate the CYP1A system, activating or inhibiting CYP1A 
protein and cyp1a mRNA levels (Snegaroff and Bach, 1989; Levine and 
Oris, 1999; Hegelund et al., 2004; Navas et al., 2004; Babin et al., 2005; 
Hasselberg et al., 2005). Here, Senegalese sole juveniles exposed to 
imidazole showed up-regulated cyp1a expression at both concentrations 
upon exposure for 3 days (Fig. 6c) but down-regulation in fish exposed 
to HI for 7 days (Fig. 5c’). 

In general, warfarin, dexamethasone and imidazole exposure led to a 
dynamic regulation of pxr expression in Senegalese sole similar to that of 
nr1j genes observed in mussels exposed to the same drug concentrations 
(Pes et al., 2021). Although the expression of cyp1-like genes was not 
explored by Pes et al. (2021) in the Mediterranean mussel exposed to the 
three drugs, Zanette et al. (2013) reported no significant changes in gene 
expression upon exposure to various agonists of the aryl hydrocarbon 
receptor (AHR), suggesting that a great divergence in recognizing and 
metabolizing xenobiotics might exist with vertebrate homologues. 

In the present research study, the potential effects of pharmaceuti
cals were explored using environmentally relevant levels (regarding 
imidazole and related products) or close to those environmentally re
ported (dexamethasone). In the case of warfarin, levels are higher than 
those measured in the environment but represent an attempt to model 
the potential effects of the several related compounds now used in the 
industry as anticoagulants (see Regnery et al., 2020). In addition, 

Fig. 5. Relative gene expression (expressed as mean ± standard deviation) of pxr (a and a’), abcb1 (b and b’) and cyp1a (c and c’) in Senegalese sole (Solea sene
galensis) exposed to dexamethasone for 3 (a–c) and 7 (a’–c’) days. Control, fish not exposed; LD, fish exposed to 0.392 mg L− 1 of dexamethasone; HD, fish exposed to 
3.92 mg L− 1 of dexamethasone. Significant differences among experimental groups are indicated with different letters at the top of each bar (one-way ANOVA, 
P < 0.05, N = 3). 
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because pharmaceutical monitoring efforts have been limited to specific 
areas and particular seasons, it is possible that environmental levels 
reported in the literature may be underestimated. Indeed, the most 
recent and extensive review of the presence of pharmaceuticals in the 
ecosystem (Patel et al., 2019) concluded that (i) advanced methods for 
accurate and continuous detection of pharmaceuticals should be 
developed and applied, and (ii) more attention should be paid to 
monitoring them in rapidly developing industrial nations. Furthermore, 
monitoring in regions with low or no implementation of WWT systems 
should be urgently conducted in order to have a more realistic and 
worldwide picture. Nevertheless, the present results indicate that a 
benthic fish (Senegalese sole) inhabiting the marine coast is sensitive to 
the release of PPCPs, and that studies at organism, tissue and molecular 
levels should be conducted to unveil their potential effects as well as an 
integrated risk assessment of their presence in aquatic environments. 

4. Conclusion 

In the present study, we characterized the short-term toxic effects of 
three commonly used pharmaceuticals (at organism and tissue level) in 
Senegalese sole juveniles, a species inhabiting the coastal benthos. 
Vasculature dilatation, pyknotic nuclei and vacuolar degeneration were 
observed in the liver of Senegalese sole exposed to lower concentrations 
(1 mg L− 1) of warfarin than previously tested. New insights into the 
toxic effects of dexamethasone (increased glycogen content) and imid
azole (liver capillary hyperemia, pyknotic nuclei, vacuolar degeneration 
and ballooning of hepatocytes) were also collected. Furthermore, we 
observed that the same doses of warfarin, dexamethasone and imidazole 
and the same exposure times, exerted partially similar biochemical and 
molecular responses in a marine flatfish (the Senegalese sole; this study) 

and a marine invertebrate species (the Mediterranean mussel; Pes et al., 
2021). Based on the data collected in marine organisms from different 
trophic/taxonomic levels, we propose that toxic effects of pharmaceu
ticals released in the aquatic environment may have a wider impact on 
coastal ecosystems. Thus, a more integrated environmental risk assess
ment should be conducted to gain knowledge on ecological implications, 
particularly in aquatic organisms, as well as to define and implement 
effective regulatory decisions. 
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Cancela, M.L., Fernández, I., 2017. The xenobiotic sensor PXR in a marine flatfish 
species (Solea senegalensis): gene expression patterns and its regulation under 
different physiological conditions. Mar. Environ. Res. 130, 187–199. https://doi. 
org/10.1016/j.marenvres.2017.07.021. 

Martin, P., Riley, R., Back, D.J., Owen, A., 2008. Comparison of the induction profile for 
drug disposition proteins by typical nuclear receptor activators in human hepatic 
and intestinal cells. Br. J. Pharmacol. 153 (4), 805–819. https://doi.org/10.1038/sj. 
bjp.0707601. 

Masuda, B.M., Fisher, P., Beaven, B., 2015. Residue profiles of brodifacoum in coastal 
marine species following an island rodent eradication. Ecotoxicol. Environ. Saf. 113, 
1–8. https://doi.org/10.1016/j.ecoenv.2014.11.013. 

Maura, G., Bardou, M., Billionnet, C., Weill, A., Drouin, J., Neumann, A., 2020. Oral 
anticoagulants and risk of acute liver injury in patients with nonvavular atrial 
fibrillation: a propensity-weighted nationwide cohort study. Sci. Rep. 10, 1164. 
https://doi.org/10.1038/s41598-020-68304-8. 

Melissinos, K.G., Delidov, A.Z., Varsov, A.G., Begietti, S.S., Drivas, G.J., 1981. 
Determination of glutathione reductase activity. Nephron 28, 76–79. 

Meyer, M.F., Powers, S.M., Hampton, S.E., 2019. An evidence synthesis of 
pharmaceuticals and personal care products (PPCPs) in the environment: imbalances 
among compounds, sewage treatment techniques, and ecosystem types. Environ. Sci. 
Technol. 53 (22), 12961–12973. https://doi.org/10.1021/acs.est.9b02966. 

Miller, N.J., Rice-Evans, C., Davies, M.J., Gopinathan, V., Milner, A., 1993. A novel 
method for measuring antioxidant capacity and its application to monitoring the 
antioxidant status in premature neonates. Clin. Sci. 84, 407–412. https://doi.org/ 
10.1042/cs0840407. 

Milnes, M.R., Garcia, A., Grossman, E., Grün, F., Shiotsugu, J., Tabb, M.M., 
Kawashima, Y., Katsu, Y., Watanabe, H., Iguchi, T., Blumberg, B., 2008. Activation of 
steroid and xenobiotic receptor (SXR, NR1I2) and its orthologs in laboratory, 
toxicologic, and genome model species. Environ. Health Perspect. 116 (7), 880. 
https://doi.org/10.1289/ehp.10853. 
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