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Abstract 

Widespread use of pharmaceuticals and suboptimal wastewater treatment have led to increased levels of 

these substances in aquatic 

ecosystems. Lipid-lowering drugs such as gemfibrozil, which are among the most abundant human 

pharmaceuticals in the environment, may  have deleterious effects on aquatic organisms. We 

examined the genotoxicity of gemfibrozil in a fish species, the gilthead seabream (Sparus  aurata), 

which is commercially important in southern Europe. Following 96-h waterborne exposure, molecular 

(erythrocyte DNA strand 

breaks) and cytogenetic (micronuclei and other nuclear abnormalities in cells) endpoints were 

measured. Gemfibrozil was positive in both endpoints, at environmentally relevant concentrations, a 

result that raises concerns about the potential genotoxic effects of the drug in recipient waters. 
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1. Introduction 

The presence of human and veterinary pharmaceuticals in the environment is of increasing concern  

[1], [2], [3], [4]. The environmental release of these substances and their metabolites, their 

persistence, and their bioactivities have led to their classification as emerging environmental 

contaminants of concern [2], [3], [4]. Lipid regulators, a group of human pharmaceuticals, are 

frequently reported in wastewater and surface waters, due to their increased use in recent years [2], 

[5], [6], [7], [8], [4]. The lipid regulator gemfibrozil (GEM) has been found in wastewater treatment plant 

effluents at levels as high as 2.1 μg/L in Canada [6] and 4.76 μg/L in Europe [2]. In surface waters, the 

highest concentrations of GEM were detected in North America and Europe, around 0.75 and 1.5 

μg/L, respectively [5]. 

 

The risks to aquatic organisms associated with the presence of pharmaceuticals in the environment 

include behavioural alterations, genotoxicity, reduced pathogen resistance, and endocrine disruption 

[9], [10], [11]. Studies with GEM have shown that it affects feeding and attachment of the cnidarian 

Hydra attenuata [12]; growth of the alga Chlorella vulgaris [13]; decreases plasma testosterone levels in 

the goldfish (Carassius auratus) [14]; and activates antioxidant enzymes and interferes with 

metallothionein expression in the blue mussel (Mytilus edulis) [4] and zebra mussel (Dreissena 

polymorpha) [15]. Henriques et al. [16] showed that exposure to GEM affects the development and 

locomotor activity of zebrafish (Danio rerio) larvae. Only a few studies have evaluated its aquatic 

genotoxicity [17]. GEM can damage DNA in the zebrafish after 7-d exposure; [17] and in marine 

(Mytilus spp.) and freshwater (Dreissena polymorpha) mussels after 96-h exposure; [15], [4]. However, to 

our knowledge, no study has reported GEM effects on an estuarine/marine top-predator fish species. 

 

Contaminants may interact with DNA directly or they may disrupt normal cellular processes, e.g. 

inducing oxidative stress [18]. Elevated 

levels of reactive oxygen species (ROS) and/or depressed antioxidant defences may result in DNA 

oxidation and increased steady-state levels of unrepaired DNA leading to genotoxicity [19], [20], [21]. 

 

The comet assay is widely used in environmental toxicology for assessing DNA damage [22], [23], 

[24], [25] it combines the simplicity of biochemical techniques for detecting DNA single-strand 



 

breaks (strand breaks and incomplete excision-repair sites), alkali-labile sites, and cross-linking, by 

measuring the migration of DNA from immobilized nuclear DNA, using the single-cell approach 

typical of cytogenetic assays [26], [27], [28], [29], [30]. The micronucleus (MN) assay, one of the 

most popular tests of environmental genotoxicity, is based on chromatid/chromosome fragments or 

whole chromatids/chromosomes resulting from DNA strand damage, which are not reincorporated 

into the daughter nucleus and are transformed into a MN [31], [32], [33], [34], [35]. MN may be 

induced by oxidative stress, by exposure to clastogens or aneugens, or by defects in cell-cycle 

checkpoints or DNA repair [33]. The simultaneous expression of other morphological nuclear 

abnormalities in addition to MN has proven to be a valuable tool in detecting genotoxicity of several 

contaminants at low concentrations [36], [37], [38], [39], [40], [41], [42]. We have tested the 

genotoxicity of waterborne GEM to a predatory fish species, Sparus aurata, following a 96-h 

exposure, by assessing damage with the comet assay and erythrocytic nuclear abnormalities 

(ENAs) assay. 

 

2. Material and methods 

 

2.1. Chemicals 

All reagents used were analytical grade and acquired from Sigma-Aldrich. Gemfibrozil (GEM) (≥98%) 

was purchased from TCI and isotopically labelled d6-GEM was purchased from Santa Cruz 

Biotechnology (Dallas, USA). A stock solution (50 g/L) was prepared in dimethyl sulfoxide (DMSO). 

Exposure solutions of GEM (1.5; 15; 150; 1500; and 15,000 μg/L) were prepared by serial dilutions in 

artificial seawater. 

 

2.2. Test animals and experimental design 

All experimental procedures were carried out following the Portuguese and European legislation 

(authorization N421/2013 of the Portuguese legal authorities). Animal handling was performed by an 

accredited researcher. 

 

Juvenile gilthead seabream (Sparus aurata), length 9 ± 0.9 cm, acquired from an aquaculture facility 

(Spain), were acclimated for 4 weeks in 220- L aquaria containing aerated and filtered artificial 

seawater (salinity, 35), under a controlled room temperature (20 °C) and natural photoperiod. During 

this period, the experimental fish (n = 55) were fed daily with commercial fish food (Sorgal, Portugal) 

at a ratio of 1 g per 100 g of fish and the water in the aquarium was renewed daily. 

 

The procedures generally followed the OECD guidelines for fish acute bioassays [43]. The 

experiment was carried out in 80-L aquaria, under the conditions described for the acclimation 

period. Following acclimation, fish were randomly distributed into seven aquaria, with seven fish per 

aquarium. The experimental design included a negative control (seawater only), a solvent control 

(0.03% DMSO, the DMSO concentration used for the highest concentration of GEM) and five GEM 

concentrations: 1.5; 15; 150; 1500; and 15,000 μg/L. Fish were exposed for 96 h as recommended 

by the OECD guideline for fish acute toxicity testing (203), without feeding, with 80% medium 

renewal every 24 h, to prevent significant GEM degradation and to reduce the build-up of metabolic 

residues. Fish mortality, behavioural alterations, and water parameters (such as temperature, 

salinity, conductivity, pH, and dissolved oxygen) were monitored daily. 

 

After 96 h exposure, the animals were anesthetized with tricaine methanesulfonate (MS-222) 

and a blood sample was collected from the posterior cardinal vein of each fish. For the comet 

assay, blood samples were diluted with saline phosphate buffer (2:2000, v/v) and used 

immediately. Blood smears were prepared for the assessment of MN and other erythrocytic 

nuclear abnormalities. 

 

2.3. Quantitation of GEM in the test media 

Water samples (10 mL) were collected each day (at 0 and 24 h) from each aquarium, and GEM was 

analysed by solid-phase extraction (SPE). Briefly, Strata X cartridges (200 mg, 3 mL) (Phenomenex, 

USA) were conditioned with 5 mL methanol and 5 mL ultra-pure water. Then, the water sample (10 

mL) was percolated through the cartridge at a flow rate of 3–5 mL/min; the cartridge was rinsed with 

ultra-pure water 



 

(5 mL), and dried under vacuum for 20 min. Finally, GEM was eluted with methanol, 10 mL. Extracts 

were evaporated until dryness under a gentle stream of nitrogen and reconstituted with 

acetonitrile/ultra-pure water (30:70, v/v, 1 mL). An aliquot (10 μL) of gemfibrozil-d6 (5 mg/L) was added 

to the extract as internal standard before UHPLC–MS/MS analysis. GEM analysis was performed on 

a Nexera UHPLC system with a triple-quadrupole mass spectrometer detector LCMS-8030 

(Shimadzu Corporation, Kyoto, Japan). Chromatographic separation was 

achieved on a Kinetex C18 column (2.1 × 150 mm i.d., 1.7 μm particle size) from Phenomenex 

(USA); column temperature, 30 °C; autosampler temperature, 4 °C; injection volume, 5 μL. Elution 

conditions were: solvent A, 5 mM ammonium acetate/ammonia buffer (pH 8); solvent B, acetonitrile; 

flow rate, 0.22 mL/min. Gradient program was as follows: initial conditions: 30% B; 0–2.0 min, 30%–

100% B; 2.0–4.5 min, maintained at 100% B; 4.5–5.5 min, return to initial conditions; from 5.5–9.5 

min, re-equilibration of the column. 

 

GEM was analysed in the negative ionization mode and quantitation was performed in multiple 

reaction monitoring mode (MRM) using two transitions between the precursor ion and the most 

abundant fragment ions. A summary of individual MS/MS parameters is shown in Table S1 

(Supplementary Material). Quantitation was performed by the internal standard calibration method. 

The method detection limit (MDL) for GEM in water was 4.0 ng/L. Detailed QA/QC information is 

given in the Supplementary Material (Table S2). 

 

2.4. Evaluation of genetic damage 

 

2.4.1. Comet assay 

The alkaline comet assay was conducted according to the method of Singh et al. (1988) with some 

modifications. To prevent UV-induced DNA damage, the procedure was conducted under yellow light. 

Briefly, diluted blood samples (20 μL) were added to 1% (w/v) low-melting-point agarose, 140 μL (at 40 

°C) and the mixtures applied to microscope slides pre-coated with 1% (w/v) normal-melting-point 

agarose. A coverslip was added to each slide, which was then placed on ice for agarose 

solidification; then, the coverslips were carefully removed and the slides immersed, for 1 h at 4 °C, in 

lysis solution (2.5 M NaCl, 100 mM EDTA and 10 mM Tris, pH 10.0), containing freshly added 1% 

Triton X-100. Slides were incubated in alkaline buffer (300 mM NaOH and 1 mM EDTA, pH > 13) for 

10 min for DNA denaturation and unwinding. 

Electrophoresis was performed using the same buffer, for 30 min at 300 mA and 20 V. Note: State 

the field strength in 0.83 V/cm. After electrophoresis, slides were neutralized in 400 mM Tris buffer 

(pH 7.5), dehydrated with absolute ethanol for 10 s, and left to dry for 1 d in the dark. Slides were 

stained with ethidium bromide (20 μL/mL, 100 μL), covered with a coverslip, and analysed using a 

fluorescence microscope (Olympus BX41TF) at 400X magnification. To verify that the 

electrophoresis conditions were adequate, negative (blood from fish maintained in an aquarium with 

seawater only) and positive (blood from fish treated with 25 μM H2O2 for 10 min) controls were 

included in each electrophoresis run. H2O2 was used as a model genotoxic agent since it produces 

both single-strand breaks and oxidative DNA damage [80] and has been used routinely as a positive 

control in the comet assay [44], [45]. To avoid bias, slides were randomly analysed, counting one 

hundred randomly selected cells from each slide. Cells were scored visually, according to tail length, 

into five classes: class 0 – undamaged, without a tail; class 1 – with a tail shorter than the diameter 

of the head (nucleus); class 2 – with a tail length 1–2 times the diameter of the head; class 3 − with a 

tail longer than twice the diameter of the head; class 4 – comets with no heads [19]. A damage index 

(DI) expressed in arbitrary units was assigned to each replicate (for 100 cells) and consequently for 

each treatment, using the formula: 

 

 
 

where: n = number of cells in each class. 

 

DI can range from 0 to 400 [46]. The percentage of DNA damage relative to the control was calculated. 

 

2.4.2. Erythrocytic nuclear abnormalities (ENAs) assay 

This assay was carried out in mature peripheral erythrocytes according to the procedure of Pacheco 



 

and Santos [47]. Blood smears were fixed in methanol during 10 min and stained with Giemsa (5%) 

for 30 min. The nuclear abnormalities were randomly scored under a light microscope in 1000 intact 

erythrocytes per fish. Nuclear lesions were scored as: micronuclei, lobed nuclei that display a nucleus 

with a small evagination of the nuclear membrane with euchromatin; segmented nuclei, symmetrical 

or asymmetrical hourglass-shaped nuclei; kidney- shaped nuclei, nuclei with a kidney-shaped profile 

and vacuolated nuclei showing central vacuoles in the nucleus without nuclear material. Blebbed, 

lobed, and notched nuclei were considered in a single category – lobed nuclei – and not scored 

differentially, as suggested by other authors, due to some ambiguity in their distinction [48], [40]. In 

general, blebbed nuclei have a relatively small evagination of the nuclear envelope, lobed nuclei 

present evaginations largest than the blebbed nuclei and the notched nuclei have an appreciable 

invagination [40]. 

Results were expressed as the percentage mean value for erythrocytic nuclear abnormalities (ENAs) using 

the equation: 

 

 
 

2.5. Statistical analysis 

Prior to parametric analyses, data were tested for normality (Shapiro-Wilk test) and homogeneity of 

variance (Levene’s test), using the SPSS 21 software package. Differences between controls 

(negative and solvent) were evaluated using the Student t-test (p ˂ 0.05). Data from treatments and 

controls were compared using one-way analysis of variance (ANOVA), followed by Dunnett’s 

comparison post-hoc test whenever applicable (p ˂ 0.05). 

 

3. Results and discussion 

We assessed the genotoxic effects of waterborne GEM in an important commercial species (S. 

aurata), at a wide range of concentrations, including environmentally relevant concentrations. 

 

3.1. Quantitation of GEM in the test media 

Spiked nominal concentrations of GEM were generally lower than the observed concentrations; this 

difference varied from 6 to 37% (Table 1). In a study with zebrafish, Henriques et al. [16] similarly 

reported that nominal concentrations of GEM differed from 3 to 30% of the added amount, as 

detected by chemical analysis. After 24 h, the decrease of GEM was most evident at the lowest 

concentrations (about 60% at 

1.5 μg/L and 16% at 15 μg/L). At the highest concentrations, the decrease of GEM amount was <2% 

(Table 1). In a study with goldfish (Carassius auratus), a decrease of GEM concentration was detected in 

water at the end of the exposure (14 d), also at the lowest concentrations [14]. 

 

 
 

Table 1. Nominal and measured concentrations (μg/L) of gemfibrozil from water samples collected at 

time 0 and after 24-h of spiking. 

 

Nominal concentrations (μg/L)  1.5 15 150 1500 15,000 

Measured concentrations (μg/L) 0h 1.6 23.7 237.7 1973.5 18824.6 

 24h 0.6 19.9 234.8 1958.8 18530.9 

 

 
 

3.2. Evaluation of genetic damage 

DNA integrity loss was measured with the comet assay in S. aurata erythrocytes after DMSO 

exposure (t-test, p < 0.05). The negative control displayed a damage index around 77, corresponding 

to 19.25% DNA damage, whereas the solvent control showed a damage index around 150, 

corresponding to 37.5% damage. There is limited and contradictory information available on the 

possible genotoxic effects of DMSO and no study was found concerning the genotoxicity of this 

solvent to fish. Although some studies have described DMSO as not genotoxic, other studies have 



 

shown the importance of studying possible genotoxic effects of DMSO in various organisms [49]. A 

decrease in DNA integrity 

was reported for the digestive gland of blue mussel Mytilus spp. [4] and for the visceral mass of zebra 

mussel Dreissena polymorpha [15] following exposure to 0.2% DMSO. The concentration of DMSO 

used in the current study (0.03%) was nearly one order of magnitude lower than the concentrations 

used in earlier studies with GEM (i.e., 0.1 and 0.2% DMSO) [13], [12], [15], [4]. The concentration 

chosen here was a compromise, considering the limits recommended in the guidelines [50], [51], [52], 

the results of previous studies [14], [81], [13], [12], [15], [4], [53], and the aim of the present work. 

 

The differences between the negative and solvent control groups seen in the comet assay were not 

seen in the ENAs assay. DNA damage corresponds to a very early signal of stress in the cell. Some 

authors also reported loss of DNA integrity in marine mussels (Mytilus spp.) after exposure to 0.2% 

DMSO, but other biomarkers, such as lipid peroxidation levels and glutathione transferase activity, were 

not affected [4]. 

 

Taking into account the observed differences between the seawater control and the solvent control, 

the effects of GEM treatments were compared to the solvent control. Overall, GEM displayed 

genotoxic potential, assessed by DNA strand breakage at environmentally relevant concentrations 

(Fig. 1). The damage index increased with GEM concentration, with a maximum of 316 in organisms 

exposed to 15,000 μg/L (15 mg/L). In terms of damage classes, the two most abundant classes in the 

negative control group (seawater only), which displayed little or no DNA migration, were class 0 and 1 

damage, unlike the solvent control, where classes 1 and 2 were the most abundant (Table 2). At all 

GEM treatment exposures, when compared to the solvent control, significantly lower class 0 and 1 

cells were seen, with increased class 2 at 1.5 μg/L, 

class 3 at 15 μg/L, and classes 3 and 4 at 150, 1500, and 15,000 μg/L. The ability of GEM to decrease 

DNA integrity has been previously reported in studies with aquatic organisms: in Danio rerio erythrocytes 

after 5 d exposure to 380 ng/L [17], in Mytilus spp. digestive gland [4], and in Dreissena polymorpha 

visceral mass [15] after 24 and 96-h exposure to 1 and 1000 μg/L. The mechanism of GEM-dependent 

DNA integrity loss in aquatic organisms is not yet clear. GEM, classified under the generic designation 

of fibrates, is a potent peroxisome proliferator (PPs) [54]. Fibrates are characterized by the 

pronounced induction of hepatic peroxisome proliferation, mediated via peroxisome proliferator-

activated receptor alpha (PPARα), increasing the number and size of peroxisomes in the liver [55]. 

PPARα-induced oxidative stress may contribute to cell proliferation via increased signalling or may 

damage DNA, initiating carcinogenesis. However, data for peroxisome proliferator-induced 

DNA damage are conflicting [56], [57]. In mammals, GEM may be metabolized to reactive acyl 

glucuronide metabolites which may react with  

nucleophilic centres in DNA via a Schiff base mechanism [58]. GEM may also cause DNA strand 

breaks via oxygen-radical generation. In addition, perturbed DNA repair may lead to formation of 

mutagenic and clastogenic lesions [59]. 

 

 
 

 
 

 

Fig. 1. DNA damage index of peripheral blood cells from Sparus aurata exposed for 96-h to gemfibrozil. * Significant 

diferences to solvent control (Dunnett’s test, p < 0.05); data are presented as mean and standard error. 

 

 



 

 

 
 

Table 2. DNA damage classes, measured by the comet assay, of peripheral blood cells of Sparus aurata 

exposure to gemfibrozil for 96 h. 

*Significant diferences to solvent control (Dunnett’s test, p < 0.05); data are presented as mean ± 

standard error. 

 

 

Treatment group (μg/L) Damage classes (%) Damage index 

 

 0 1 2 3 4  

Negative Control 40.8 ± 

3.1 

44.8 ± 

6.0 

11.8 ± 4.0 1.8 ± 2.2 0.8 ± 1.3 77.0 ± 3.0 

Solvent Control 9.8 ± 0.9 43.2 ± 

3.4 

34.6 ± 3.0 10.0 ± 0.5 2.0 ± 0.9 150.4 ± 3.2 

1.5 1.6 ± 

1.2* 

9.0 ± 

1.3* 

65.2 ± 

9.2* 

21.2 ± 9.9 3.2 ± 2.5 215.8 ± 14.2* 

15 1.2 ± 

0.8* 

5.0 ± 

1.4* 

43.0 ± 8.2 40.2 ± 

5.3* 

10.6 ± 3.7 254.0 ± 10.7* 

150 0.4 ± 

0.2* 

4.2 ± 

1.6* 

42.4 ± 6.6 41.8 ± 

3.3* 

13.2 ± 2.9* 267.2 ± 5.9* 

1500 0.6 ± 

0.6* 

1.4 ± 

0.9* 

43.2 ± 3.9 41.8 ± 

4.9* 

13.0 ± 3.2* 290.6 ± 3.4* 

15,000 0.2 ± 

0.2* 

0.8 ± 

0.4* 

8.8 ± 3.2* 63.2 ± 

5.8* 

27.0 ± 3.5* 316.0 ± 13.0* 

 

 
 

In the current study, no micronuclei were detected in control fish (both seawater and solvent controls), 

in agreement with the study of Bolognesi et al. [60], where micronuclei baseline frequencies of 0.012% 

were reported for S. aurata captured in a reference area. The 96-h exposure of S. aurata to 1500 and 

15,000 μg/L GEM led to significantly higher MN frequencies (Fig. 2). However, if all ENAs were 

considered, significant differences to control would have been noted for all GEM concentrations (Fig. 

3). An analysis of the different types of anomalies suggested that events leading to segmented and 

vacuolated nuclei occurred both at lower and higher concentrations of GEM, with differences to 

control detected even at the lowest tested concentration (1.5 μg/L). Kidney-shaped and lobed nuclei 

were mostly detected in fish exposed to concentrations >150 μg/L (Table 3). 

 

 
 

 
 

 

Fig. 2. Micronuclei in mature peripheral erythrocytes of Sparus aurata after 96-h exposure to 

gemfibrozil. *Significant differences to solvent control (Dunnett’s test, p < 0.05); data are presented 

as mean percentage and standard error. 

 

 



 

 
 

 

Fig. 3. Erythrocytic nuclear abnormalities in Sparus aurata after 96-h exposure to gemfibrozil. 

*Significant differences to solvent control (Dunnett’s test, p < 0.05); data are presented as mean 

percentage and standard error. 

 

 
 

 
 

Table 3. Erythrocytic nuclear abnormalities detected in Sparus aurata after 96-h exposure to 

gemfibrozil. *Statistically significant differences to solvent control (Dunnett’s test, p < 0.05); data 

are presented as mean ± standard error. 

 

Treatment group (μg/L) Frequency 

(%) 

 

 K S L V MN 

Solvent Control 0.7 ± 0.1 0.4 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

1.5 3.1 ± 0.9 1.7 ± 0.5* 0.3 ± 0.1 0.9 ± 0.2* 0.2 ± 0.1 

15 3.0 ± 0.7 2.3 ± 0.4* 0.5 ± 0.1 1.0 ± 0.2* 0.2 ± 0.0 

150 6.3 ± 0.9* 2.5 ± 0.4* 0.8 ± 0.2* 1.0 ± 0.3* 0.3 ± 0.1 

1500 9.0 ± 1.2* 3.3 ± 0.6* 0.8 ± 0.2* 1.1 ± 0.2* 0.6 ± 0.3* 

15,000 9.4 ± 1.1* 3.3 ± 0.8* 2.5 ± 0.4* 1.3 ± 0.4* 0.5 ± 0.1* 

 

K – kidney-shaped nuclei; S – segmented nuclei; L – lobbed nuclei; V – vacuolated nuclei; MN – 

micronuclei. 

 

 
 

To our knowledge, GEM induction of ENAs in aquatic organisms has not been reported previously. 

However, quantitation of ENAs has been used detect genotoxicity in fish species such as golden grey 

mullet (Liza aurata) [61], [48], European seabass (Dicentrarchus labrax) [62], [63], Nile tilapia 

(Oreochromis niloticus) [64], European minnow (Phoxinus phoxinus) [65], and European eel (Anguilla 

anguilla) [66], [67], [68]. Although the mechanisms responsible for nuclear abnormalities are not 

completely understood, some nuclear abnormalities (such as lobed and segmented nuclei) may be 

interpreted as nuclear lesions analogous to MN that may be induced by genotoxic compounds even if 

MN per se are not induced [65], [48], [69], [42]. According to some authors, nuclear buds (lobed, 

blebbed, and notched nuclei) may be caused by problems in segregating tangled and attached 

chromosomes or by gene amplification via the breakage-fusion-bridge cycle, during the elimination of 

amplified DNA from the nucleus [70], [48]. Segmented cells contain two nuclei, possibly due to 

blocking of cytokinesis or cell fusion [71]. With respect to vacuolated nuclei, these have been 

proposed to be a result of aneuploidy leading to MN formation [40], [69], [42]. Concerning 

kidney-shaped nuclei, such as nuclear invagination, for some authors, these are considered to have a 

cytological cause [60], whereas by others, they are ascribed to genotoxic origin [40], [69]. Although, 

at lower concentrations, GEM did not significantly induce the formation of MN, other nuclear 

abnormalities related to genotoxicity events were induced, namely high frequency of vacuolated and 



 

segmented nuclei. At the highest concentrations, vacuolated and segmented nuclei continued to be 

present but GEM also induced the formation of MN, kidney- shaped and lobed nuclei. 

 

The ENAs and comet assay proved to be sensitive tools for detection of GEM genotoxicity, 

supporting their use as biomarkers in water quality monitoring and risk assessment [72]. As with the 

present study, several studies already used these assays simultaneously to understand the genotoxic 

effects of contaminants in fish species [73], [74], [27], [75], [76], [77], [72]. 

 

Overall, our data suggest that GEM may represent a hazard to aquatic organisms. The detected 

genotoxicity is cause for concern, taking into account that the concentrations were environmentally 

relevant and that, in the environment, fish are exposed to a variety of contaminants, including 

pharmaceuticals sharing the toxicological properties of GEM (e.g., other peroxisomal proliferators). 

The mechanism of GEM genotoxicity is probably multifactorial, based on the available studies with 

mammals; the effects may be due to oxidative stress or formation of reactive metabolites binding to 

DNA and causing adduct formation [78]. Considering that the responses of fish to contaminants, in 

terms of genetic damage, are similar to those of other vertebrates, including humans [79], fish 

species may be useful model organisms for risk- assessment studies. 

 

4. Conclusions 

Our study highlights the potential consequences of the release of pharmaceuticals in the 

environment. Gemfibrozil caused both molecular and cytogenetic effects in Sparus aurata 

erythrocytes after 96-h waterborne exposure. The findings are ecologically relevant as gemfibrozil 

induced genotoxic effects at a concentration observed in the environment (1.5 μg/L). Our results 

should be considered in the management of aquatic environments and in regulation of 

pharmaceuticals. 

 

 

 

Acknowledgments 

This research was supported through the COMPETE – Operational Competitiveness Program and 

national funds through FCT − Foundation for Science and Technology, under the project “NANOAu − 

Effects of Gold Nanoparticles to Aquatic Organisms” (FCT PTDC/MAR- EST/3399/2012) (FCOMP-01-

0124-FEDER-029435), through FCT/MEC (through national funds) and cofounding by FEDER (POCI-

01-0145- FEDER-00763), within the PT2020 Partnership Agreement and Compete 2020 to CESAM 

(UID/AMB/50017/2013). A. Barreto has a doctoral fellowship from FCT (SFRH/BD/97624/2013); L. Luis 

had a fellowship from FCT (BI/UI88/6881/2014). MO has financial support of the program Investigator 

FCT, co-funded by the Human Potential Operational Programme and European Social Fund 

(IF/00335(2015)). 

 

 

 

 

  



 
 

References 

s[1] T. Heberer, Occurrence, fate, and removal of pharmaceutical residues in the aquaticenvironment: a review 

of recent research data, Toxicol. Lett. 131 (2002) 5–17. 

[2] R. Andreozzi, M. Raffaele, P. Nicklas, Pharmaceuticals in STP effluents and theirsolar photodegradation in 

aquatic environment, Chemosphere 50 (2003)1319–1330. 

[3] K. Fent, A.A. Weston, D. Caminada, Ecotoxicology of human pharmaceuticals,Aquat. Toxicol. 76 (2006) 

122–159. 

[4] W. Schmidt, K. O’Rourke, R. Hernan, B. Quinn, Effects of the pharmaceuticalsgemfibrozil and diclofenac on 

the marine mussel (Mytilusspp.) and their compar-ison with standardized toxicity tests, Mar. Pollut. Bull. 62 

(2011) 1389–1395. 

[5] H. Sanderson, D.J. Johnson, C.J. Wilson, R.A. Brain, K.R. Solomon, Probabilistichazard assessment of 

environmentally occurring pharmaceuticals toxicity tofish,daphnids and algae by ECOSAR screening, Toxicol. 

Lett. 144 (2003) 383–395. 

[6] A.Y. Lin, M. Reinhard, Photodegradation of common environmental pharmaceu-ticals and estrogens in river 

water, Environ. Toxicol. Chem. 24 (2005) 1303–1309. 

[7] M. Gros, M. Petrović, D. Barceló, Development of a multi-residue analytical meth-odology based on liquid 

chromatography-tandem mass spectrometry (LC–MS/MS)for screening and trace level determination of 

pharmaceuticals in surface andwastewaters, Talanta 70 (2006) 678–690. 

[8] A. Togola, H. Budzinski, Analytical development for analysis of pharmaceuticals inwater samples by SPE 

and GC–MS, Anal. Bioanal. Chem. 388 (2007) 627–635. 

 

[9] B. Halling-Sørensen, S. Nors Nielsen, P.F. Lanzky, F. Ingerslev, H.C. Holten Lützhøft,S.E. Jørgensen, 

Occurrence, fate and effects of pharmaceutical substances in theenvironment–a review, Chemosphere 36 

(1998) 357–393. 

[10]K. Kümmerer, Resistance in the environment, J. Antimicrob. Chemother. 54 (2004)311–320. 

[11]J.L. Tambosi, L.Y. Yamanaka, H.J. José, R.D.F.P.M. Moreira, H.F. Schröder, Recentresearch data on the 

removal of pharmaceuticals from sewage treatment plants(STP), Química Nova 33 (2010) 411–420. 

[12]B. Quinn, F. Gagne, C. Blaise, An investigation into the acute and chronic toxicity ofeleven pharmaceuticals 

(and their solvents) found in wastewater effluent on thecnidarian,Hydra attenuata, Sci. Total Environ. 389 

(2008) 306–314. 

[13]J.L. Zurita, G. Repetto, Á. Jos, M. Salguero, M. López-Artíguez, A.M. Cameán,Toxicological effects of the 

lipid regulator gemfibrozil in four aquatic systems,Aquat. Toxicol. 81 (2007) 106–115. 

[14]C. Mimeault, A.J. Woodhouse, X.S. Miao, C.D. Metcalfe, T.W. Moon, V.L. Trudeau,The human lipid 

regulator, gemfibrozil bioconcentrates and reduces testosterone inthe goldfish,Carassius auratus, Aquat. 

Toxicol. 73 (2005) 44–54. 

[15]B. Quinn, W. Schmidt, K. O’Rourke, R. Hernan, Effects of the pharmaceuticalsgemfibrozil and diclofenac on 

biomarker expression in the zebra mussel (Dreissenapolymorpha) and their comparison with standardised 

toxicity tests, Chemosphere 84(2011) 657–663. 

[16]J.F. Henriques, A.R. Almeida, T. Andrade, O. Koba, O. Golovko, A.M.V.M. Soares,M. Oliveira, I. 

Domingues, Effects of the lipid regulator drug gemfibrozil: a tox-icological and behavioral perspective, Aquat. 

Toxicol. 170 (2016) 355–364. 

[17]L. Rocco, G. Frenzilli, G. Zito, A. Archimandritis, C. Peluso, V. Stingo, Genotoxiceffects infish induced by 

pharmacological agents present in the sewage of someItalian water-treatment plants, Environ. Toxicol. 27 

(2012) 18–25. 

[18]M. Oliveira, V.L. Maria, I. Ahmad, M. Pacheco, M.A. Santos, SeasonalLiza auratatissue-specific  DNA 

integrity in a multi-contaminated coastal lagoon (Ria de Aveiro,Portugal), Mar. Pollut. Bull. 60 (2010) 1755–

1761. 

[19]A. Collins, The comet assay for DNA damage and repair, Mol. Biotechnol. 26 (2004)249–261. 

[20]A. Azqueta, S. Shaposhnikov, A.R. Collins, DNA oxidation: investigating its key rolein environmental 

mutagenesis with the comet assay, Mutat. Res./Genet. Toxicol.Environ. Mutagen. 674 (2009) 101–108. 

[21]S. Guilherme, I. Gaivão, M.A. Santos, M. Pacheco, DNA damage infish (Anguillaanguilla) exposed to a 

glyphosate-based herbicide−Elucidation of organ-specificityand the role of oxidative stress, Mutat. Res. 743 

(2012) 1–9. 

[22]A. Azqueta, J. Slyskova, S.A.S. Langie, I. O’Neill Gaivão, A. Collins, Comet assay tomeasure DNA repair: 

approach and applications, Front. Genet. 5 (2014) 288. 

[23]N.H. Amaeze, S. Schnell, O. Sozeri, A.A. Otitoloju, R.I. Egonmwan, V.M. Arlt,N.R. Bury, Cytotoxic and 

genotoxic responses of the RTgill-W1fish cells in com-bination with the yeast oestrogen screen to determine 

the sediment quality of Lagoslagoon, Nigeria, Mutagenesis 30 (2015) 117–127. 



 
[24]M. Martins, P.M. Costa, The comet assay in Environmental Risk Assessment ofmarine pollutants: 

applications, assets and handicaps of surveying genotoxicity innon-model organisms, Mutagenesis 30 

(2015) 89–106. 

[25]S. Imanikia, F. Galea, E. Nagy, D.H. Phillips, S.R. Stürzenbaum, V.M. Arlt, Theapplication of the comet 

assay to assess the genotoxicity of environmental pollu-tants in the nematodeCaenorhabditis elegans, 

Environ. Toxicol. Pharmacol. 45(2016) 356–361. 

[26]R.F. Lee, S. Steinert, Use of the single cell gel electrophoresis/comet assay for de-tecting DNA damage in 

aquatic (marine and freshwater) animals, Mutat. Res. 544(2003) 43–64. 

[27]V.M. de Andrade, J. da Silva, F.R. da Silva, V.D. Heuser, J.F. Dias, M.L. Yoneama,T.R.O. de Freitas, Fish 

as bioindicators to assess the effects of pollution in twosouthern Brazilian rivers using the Comet assay and 

micronucleus test, Environ.Mol. Mutagen. 44 (2004) 459–468. 

[28]T.S. Kumaravel, A.N. Jha, Reliable Comet assay measurements for detecting DNAdamage induced by 

ionising radiation and chemicals, Mutat. Res. 605 (2006) 7–16. 

[29]T.S. Kumaravel, B. Vilhar, S. Faux, A. Jha, Comet Assay measurements: a per-spective, Cell Biol. Toxicol. 

25 (2009) 53–64. 

[30]S. Guilherme, I. Gaivão, M.A. Santos, M. Pacheco, European eel (Anguilla anguilla)genotoxic and pro-

oxidant responses following short-term exposure to Roundup®–aglyphosate-based herbicide, Mutagenesis 

25 (2010) 523–530. 

[31]D. Jenssen, C. Ramel, The micronucleus test as part of a short-term mutagenicitytest program for the 

prediction of carcinogenicity evaluated by 143 agents tested,Mutat. Res. 75 (1980) 191–202. 

[32]C.K. Grisolia, A comparison between mouse andfish micronucleus test using cy-clophosphamide, 

mitomycin C and various pesticides, Mutat. Res. 518 (2002)145–150. 

[33]M. Fenech, W.P. Chang, M. Kirsch-Volders, N. Holland, S. Bonassi, E. Zeiger, HUMNproject: detailed 

description of the scoring criteria for the cytokinesis-block mi-cronucleus assay using isolated human 

lymphocyte cultures, Mutat. Res. 534 (2003)65–75. 

[34]L. Luzhna, P. Kathiria, O. Kovalchuk, Micronuclei in genotoxicity assessment: fromgenetics to epigenetics 

and beyond, Front. Genet. 4 (2013) 131. 

[35]G. Furnus, J. Caffetti, E. García, M. Benítez, M. Pastori, A. Fenocchio, Baselinemicronuclei and nuclear 

abnormalities frequencies in nativefishes from the ParanáRiver (Argentina), Braz. J. Biol. 74 (2014) 217–

221. 

[36]T. Çavaş, S. Ergene-Gözükara, Micronuclei, nuclear lesions and interphase silver-stained nucleolar 

organizer regions (AgNORs) as cyto-genotoxicity indicators inOreochromis niloticusexposed to textile mill 

effluent, Mutat. Res. 538 (2003) 81–91. 

[37]C.K. Grisolia, C.L.G. Rivero, F.L.R.M. Starling, I.C.R. da Silva, A.C. Barbosa,J.G. Dorea, Profile of 

micronucleus frequencies and DNA damage in different spe-cies offish in a eutrophic tropical lake, Genet. 

Mol. Biol. 32 (2009) 138–143. 

[38]C.A.M. da Rocha, L.A. da Cunha, R.H. da Silva Pinheiro, M. de Oliveira Bahia,R.M.R. Burbano, Studies of 

micronuclei and other nuclear abnormalities in redblood cells ofColossoma macropomumexposed to 

methylmercury, Genet. Mol. Biol.34 (2011) 694–697. 

[39]J. Baršienė, L. Butrimavičienė, A. Michailovas, W. Grygiel, Assessing the environ-mental genotoxicity risk in 

the Baltic Sea: frequencies of nuclear buds in blooderythrocytes of three nativefish species, Environ. Monit. 

Assess. 187 (2014) 1–12. 

[40]J. Carrola, N. Santos, M.J. Rocha, A. Fontainhas-Fernandes, M.A. Pardal,R.A.F. Monteiro, E. Rocha, 

Frequency of micronuclei and of other nuclear ab-normalities in erythrocytes of the grey mullet from the 

Mondego, Douro and Aveestuaries—Portugal, Environ. Sci. Pollut. Res. 21 (2014) 6057–6068. 

[41]W.Corredor-Santamaría, M. Serrano Gómez, Y.M. Velasco-Santamaría, Using gen-otoxic and 

haematological biomarkers as an evidence of environmental con-tamination in the Ocoa River nativefish, 

Villavicencio—Meta, Colombia,SpringerPlus 5 (2016) 351. 

[42]M. Stankevičiūtė, L. Butrimavičienė, R. Valskienė, J. Greiciūnaitė, J. Baršienė,M.Z. Vosylienė, G. 

Svecevičius, Analysis of nuclear abnormalities in erythrocytes ofrainbow trout (Oncorhynchus mykiss) 

treated with Cu and Zn and after 4-, 8-, and12-day depuration (post-treatment recovery), Mutat. Res. 797 

(2016) 26–35. 

[43]OECD, Test No. 203: Fish, Acute Toxicity Test, OECD Publishing, 1992. 

[44]N.P. Singh, M.T. McCoy, R.R. Tice, E.L. Schneider, A simple technique for quanti-tation of low levels of 

DNA damage in individual cells, Exp. Cell Res. 175 (1988)184–191. 

[45]M.L. Gielazyn, A.H. Ringwood, W.W. Piegorsch, S.E. Stancyk, Detection of oxidativeDNA damage in 

isolated marine bivalve hemocytes using the comet assay andformamidopyrimidine glycosylase (Fpg), 

Mutat. Res. 542 (2003) 15–22. 

[46]V.M. de Andrade, T.R.O. de Freitas, J. da Silva, Comet assay using mullet (Mugilsp.)and sea catfish 



 
(Netumasp.) erythrocytes for the detection of genotoxic pollutants inaquatic environment, Mutat. Res. 560 

(2004) 57–67. 

[47]M. Pacheco, M.A. Santos, Induction of micronuclei and nuclear abnormalities in theerythrocytes ofAnguilla 

anguillaL. exposed either to cyclophosphamide or tobleached kraft pulp mill efluent, Fresen. Environ. Bull. 5 

(1996) 746–751. 

[48]S. Guilherme, M. Valega, M.E. Pereira, M.A. Santos, M. Pacheco, Erythrocytic nu-clear abnormalities in 

wild and cagedfish (Liza aurata) along an environmentalmercury contamination gradient, Ecotoxicol. Environ. 

Saf. 70 (2008) 411–421. 

[49]R. Valencia-Quintana, S. Gómez-Arroyo, S.M. Waliszewski, J. Sánchez-Alarcón,J.L.Gómez-Olivares, A.R. 

Flores-Márquez, J. Cortés-Eslava, R. Villalobos-Pietrini,Evaluation of the genotoxic potential of dimethyl 

sulfoxide (DMSO) in meristematiccells of the root ofVicia faba, Toxicol. Environ. Health Sci. 4 (2012) 154–

160. 

[50]OECD, Daphnia Magna Reproduction Test, OECD Publishing, 1998. 

[51]OECD, Guidance Document on Aquatic Toxicity Testing of Difficult Substances andMixtures, OECD 

Publishing, 2002. 

[52]OECD, Fish Early-life Stage Toxicity Test, OECD Publishing, 2013. 

[53]J. Maes, L. Verlooy, O.E. Buenafe, P.A.M. de Witte, C.V. Esguerra, A.D. Crawford,Evaluation of 14 organic 

solvents and carriers for screening applications in zebra-fish embryos and larvae, PLoS One 7 (2012). 

[54]B. Nunes, A.R. Gaio, F. Carvalho, L. Guilhermino, Behaviour and biomarkers ofoxidative stress inGambusia 

holbrookiafter acute exposure to widely used phar-maceuticals and a detergent, Ecotoxicol. Environ. Saf. 71 

(2008) 341–354. 

[55]M.L. O'Brien, M.L. Cunningham, B.T. Spear, H.P. Glauert, Effects of peroxisomeproliferators on glutathione 

and glutathione-related enzymes in rats and hamsters,Toxicol. Appl. Pharmacol. 171 (2001) 27–37. 

[56]C. Cheung, T.E. Akiyama, J.M. Ward, C.J. Nicol, L. Feigenbaum, C. Vinson,F.J. Gonzalez, Diminished 

hepatocellular proliferation in mice humanized for thenuclear receptor peroxisome proliferator-activated 

receptorα, Cancer Res. 64(2004) 3849–3854. 

[57]Y.M. Shah, K. Morimura, Q. Yang, T. Tanabe, M. Takagi, F.J. Gonzalez, Peroxisomeproliferator-activated 

receptorαregulates a microrna-mediated signaling cascaderesponsible for hepatocellular proliferation, Mol. 

Cell. Biol. 27 (2007) 4238–4247. 

[58]B.C. Sallustio, L.A. Harkin, M.C. Mann, S.J. Krivickas, P.C. Burcham, Genotoxicityof acyl glucuronide 

metabolites formed from clofibric acid and gemfibrozil: a novelrole for phase-II-mediated bioactivation in the 

hepatocarcinogenicity of the parentaglycones? Toxicol. Appl. Pharmacol. 147 (1997) 459–464. 

[59]D.S. Marsman, T.L. Goldsworthy, J.A. Popp, Contrasting hepatocytic peroxisomeproliferation, lipofuscin 

accumulation and cell turnover for the hepatocarcinogensWy-14,643 and clofibric acid, Carcinogenesis 13 

(1992) 1011–1017. 

[60]C. Bolognesi, E. Perrone, P. Roggieri, D.M. Pampanin, A. Sciutto, Assessment ofmicronuclei induction in 

peripheral erythrocytes offish exposed to xenobioticsunder controlled conditions, Aquat. Toxicol. 78 (2006) 

S93–S98. 

[61]M. Oliveira, M. Pacheco, M.A. Santos, Cytochrome P4501A, genotoxic and stressresponses in golden grey 

mullet (Liza aurata) following short-term exposure tophenanthrene, Chemosphere 66 (2007) 1284–1291. 

[62]C.Gravato, M.A. Santos,Dicentrarchus labraxbiotransformation and genotoxicityresponses after exposure to 

a secondary treated industrial/urban effluent,Ecotoxicol. Environ. Saf. 55 (2003) 300–306. 

[63]C. Gravato, M.A. Santos, Genotoxicity biomarkers' association with B(a)P bio-transformation 

inDicentrarchus labraxL, Ecotoxicol. Environ. Saf. 55 (2003)352–358. 

[64]G. Sponchiado, E. de Lucena Reynaldo, A. de Andrade, E. de Vasconcelos, M. Adam,C. de Oliveira, 

Genotoxic effects in erythrocytes ofOreochromis niloticusexposed tonanograms-per-liter concentration of 

17β-estradiol (E2): an assessment using mi-cronucleus test and comet assay, Water Air Soil Pollut. 218 

(2011) 353–360. 

[65]F. Ayllon, E. Garcia-Vazquez, Induction of micronuclei and other nuclear abnorm-alities in European 

minnow Phoxinus phoxinus and mollie Poecilia latipinna: anassessment of thefish micronucleus test, Mutat. 

Res./Genet. Toxicol. Environ.Mutagen. 467 (2000) 177–186. [66]V.L. Maria, A.C. Correia, M.A. 

Santos,Anguilla anguillaL. Biochemical and geno-toxic responses to benzo[a]pyrene, Ecotoxicol. Environ. 

Saf. 53 (2002) 86–92. 

[67]V.L. Maria, C. Gravato, A.C. Correia, M.A. Santos, Biotransformation and geno-toxicity responses to PAHs 

in two teleost species, Fresenius Environ. Bull. 11 (2002)609–615. 

[68]M. Teles, M. Pacheco, M.A. Santos, Anguilla anguilla L. liver ethoxyresorufinO-deethylation, glutathione S-

transferase, erythrocytic nuclear abnormalities, andendocrine responses to naphthalene andβ-

naphthoflavone, Ecotoxicol. Environ.Saf. 55 (2003) 98–107. 

[69]A.S.A. Harabawy, Y.Y.I. Mosleh, The role of vitamins A, C, E and selenium as an-tioxidants against 



 
genotoxicity and cytotoxicity of cadmium copper, lead and zincon erythrocytes of Nile tilapia,Oreochromis 

niloticus, Ecotoxicol. Environ. Saf. 104(2014) 28–35. 

[70]N. Shimizu, N. Itoh, H. Utiyama, G.M. Wahl, Selective entrapment of extra-chromosomally amplified DNA 

by nuclear budding and micronucleation during Sphase, J. Cell Biol. 140 (1998) 1307–1320. 

[71]V. Rodilla, Origin and evolution of binucleated cells and binucleated cells withmicronuclei in cisplatin-treated 

CHO cultures, Mutat. Res. 300 (1993) 281–291. 

[72]R. Jindal, S. Verma, In vivo genotoxicity and cytotoxicity assessment of cadmiumchloride in peripheral 

erythrocytes ofLabeo rohita(Hamilton), Ecotoxicol. Environ.Saf. 118 (2015) 1–10. 

[73]V. Bombail, D. Aw, E. Gordon, J. Batty, Application of the comet and micronucleusassays to butterfish 

(Pholis gunnellus) erythrocytes from the Firth of Forth, Scotland,Chemosphere 44 (2001) 383–392. 

[74]A. Buschini, A. Martino, B. Gustavino, M. Monfrinotti, P. Poli, C. Rossi, M. Santoro,A.J.M. Dörr, M. Rizzoni, 

Comet assay and micronucleus test in circulating ery-throcytes ofCyprinus carpiospecimens 

exposed in situ to lake waters treated withdisinfectants for potabilization, Mutat. Res. 557 (2004) 

119–129. 

[75]Y. Deguchi, T. Toyoizumi, S. Masuda, A. Yasuhara, S. Mohri, M. Yamada, Y. Inoue,N. Kinae, Evaluation of 

mutagenic activities of leachates in landfill sites by mi-cronucleus test and comet assay using goldfish, 

Mutat. Res. 627 (2007) 178–185. 

[76]B. de Campos Ventura, D.d.F. de Angelis, M.A. Marin-Morales, Mutagenic andgenotoxic effects of the 

Atrazine herbicide inOreochromis niloticus(Perciformes,Cichlidae)detected by the micronuclei test and the 

comet assay, Pestic. Biochem.Physiol. 90 (2008) 42–51. 

[77]M. Fatima, N. Usmani, M. Mobarak Hossain, M.F. Siddiqui, M.F. Zafeer, F. Firdaus,S. Ahmad, Assessment 

of genotoxic induction and deterioration offish quality incommercial species due to heavy-metal exposure in 

an urban reservoir, Arch.Environ. Contam. Toxicol. 67 (2014) 203–213. 

[78]T. Schwerdtle, I. Walter, I. Mackiw, A. Hartwig, Induction of oxidative DNA damageby arsenite and its 

trivalent and pentavalent methylated metabolites in culturedhuman cells and isolated DNA, Carcinogenesis 

24 (2003) 967–974. 

[79]K.M. Melo, I.R. Alves, J.C. Pieczarka, J.A. de Oliveira David, C.Y. Nagamachi,C.K. Grisolia, Profile of 

micronucleus frequencies and nuclear abnormalities indifferent species of electricfishes (Gymnotiformes) 

from the Eastern Amazon,Genet. Mol. Biol. 36 (2013) 425–429. 

[80]J. Termini, Hydroperoxide-induced DNA damage and mutations, Mutat. Res.Fundam. Mol. Mech. Mutagen. 

450 (1–2) (2000) 107–124. 

[81]T.H. Hutchinson, et al., Acute and chronic effects of carrier solvents in aquaticorganisms: a critical review, 

Aquat. Toxicol. 76 (1) (2006) 69–92 

 


