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A B S T R A C T   

Understanding interactions between legacy and emerging environmental contaminants has important implica
tions for risk assessment, especially when mutagens and carcinogens are involved, whose critical effects are 
chronic and therefore difficult to predict. The current work aimed to investigate potential interactions between 
benzo[a]pyrene (B[a]P), a carcinogenic polycyclic aromatic hydrocarbon and legacy pollutant, and diclofenac 
(DFC), a non-steroidal anti-inflammatory drug and pollutant of emerging concern, and how DFC affects B[a]P 
toxicity. Exposure to binary mixtures of these chemicals resulted in substantially reduced cytotoxicity in human 
HepG2 cells compared to single-chemical exposures. Significant antagonistic effects were observed in response to 
high concentrations of B[a]P in combination with DFC at IC50 and ⅕ IC50. While additive effects were found for 
levels of intracellular reactive oxygen species, antagonistic mixture effects were observed for genotoxicity. B[a]P 
induced DNA strand breaks, γH2AX activation, and micronuclei formation at ½ IC50 concentrations or lower, 
whereas DFC induced only low levels of DNA strand breaks. Their mixture caused significantly lower levels of 
genotoxicity by all three endpoints compared to those expected based on concentration additivity. In addition, 
antagonistic mixture effects on CYP1 enzyme activity suggested that the observed reduced genotoxicity of B[a]P 
was due to its reduced metabolic activation as a result of enzymatic inhibition by DFC. Overall, the findings 
further support the growing concern that co-exposure to environmental toxicants and their non-additive in
teractions may be a confounding factor that should not be neglected in environmental and human health risk 
assessment.   

1. Introduction 

The advancing human society is releasing increasing amounts and 
diversity of domestic, urban, industrial, and agricultural toxicants to the 
environment, with serious implications for both wildlife and human 
health (Bernanke and Köhler, 2009; Pereira et al., 2015). As a result, the 
environment is contaminated by increasingly complex mixtures of leg
acy (‘traditional’) and emerging (‘novel’) pollutants. It is critical to 
address effects of mixtures to establish more realistic monitoring policies 
and guidelines for risk assessment toward environmental and human 
health (Beronius et al., 2020; Martin et al., 2021; Silins and Högberg, 
2011). The hazard and risk assessment of mixtures is based upon the 

concepts of additivity and interaction in accordance with the individual 
chemicals’ mode-of-action (Cassee et al., 1998). Interaction effects can 
be categorized as antagonistic or synergistic (Hernández et al., 2017) 
producing unexpected outcomes and pose a serious confounding factor 
in the field of toxicology. Most notably, interaction effects constitute a 
further challenge since they depend not only on the compounds’ 
mode-of-actions but also on the number of contaminants in the mixture, 
the concentration range of each chemical and their ratios (Altenburger 
et al., 2012; Ferreira et al., 2008; Nys et al., 2015). 

The potential problem of toxicant interactions was further exacer
bated by the end of 20th century, when it became clear that the expo
nential use of pharmaceutical drugs created another generation of 
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pollutants of emerging concern (Escher et al., 2011; Ternes, 1998). 
These emerging pollutants (and their derivatives) have turned into sig
nificant pollutants of surface waters in both developed and developing 
countries, either due to inefficient or absence of wastewater treatment 
and proper environmental guidelines (Rehman et al., 2015; Selwe et al., 
2022; Verlicchi et al., 2012). In turn, legacy pollutants have been and 
are still the cause of high incidences of both acute and chronic health 
effects (WHO, 2021). The interaction between emerging and legacy 
pollutants is a realistic issue and a serious challenge for both ecosystems 
and human health. For example, numerous metabolic changes were 
observed in Daphnia magna exposed to a mixture of the emerging 
pollutant carbamazepine and perfluorooctane sulfonic acid, a repre
sentative of legacy pollutants, compared to single exposures (Wagner 
et al., 2018). This issue is especially relevant since pharmaceuticals such 
as non-steroidal anti-inflammatory drugs (NSAIDs) that inhibit cyclo
oxygenases (COX) and legacy pollutants can affect the same patho
physiological pathways, such as those related to inflammation and 
cancer. Indeed, it is suspected that cancer induced by environmental 
factors, especially chemicals, represent most of the cases (see for 
instance the reviews Lewandowska et al., 2019; Wogan et al., 2004). 

The human PAH carcinogen benzo[a]pyrene (B[a]P) is a well- 
established model compound for legacy pollutants. The main emission 
sources for PAHs are wide, from incomplete combustion of petrogenic 
and biomass fuels to cigarette smoke and industrial waste (Boström 
et al., 2002). B[a]P is genotoxic and mutagenic, forming bulky DNA 
adducts after bioactivation by CYP1A1 and 1B1 into highly reactive B[a] 
P diol epoxides (Shimada and Fujii-Kuriyama, 2004). These adducts can 
hinder DNA replication and transcription; however, their removal can 
be cumbersome and result in DNA double strand breaks and subsequent 
formation of micronucleus (MN) (Harding et al., 2017; Shah et al., 
2016). Most importantly, these lesions are known to cause so-called 
“hotspot” mutations in ras family oncogenes (activating transcription) 
and p53 tumour suppressor gene (inhibiting function), which promotes 
cell proliferation and inhibition of apoptosis, both of which are hall
marks of neoplasia (Denissenko et al., 1996; Ross and Nesnow, 1999). 
Additionally, quinones formed by aldo-keto reductases (AKRs) can in
crease ROS formation and oxidative DNA damage (Penning, 2014). 
Consequently, the increased secretion of pro-inflammatory cytokines 
induced by oxidative stress resulting from B[a]P bioactivation may 
further promote cell proliferation which is a strong indicator of its po
tency as a complete carcinogen (Nebert et al., 2000; Shimada, 2006). 

In turn, diclofenac (DFC) is a drug widely used in humans and live
stock, generally considered safe albeit highlighted as one of the most 
toxic NSAIDs to some domestic animals and wildlife (Oaks et al., 2004). 
DFC was included on the “Watch List of EU Decision 2015/495” to in
crease the knowledge about its toxicity and mode-of-action. Although no 
longer on this list, DFC is still considered a “contaminant of emerging 
concern” (Khan et al., 2022; Sathishkumar et al., 2020; Yu et al., 2024). 
DFC exerts is pharmacological activity by inhibiting COX-1 and COX-2, 
i.e., prostaglandin synthases (Gan, 2010). Metabolization by cyto
chrome P450 (mainly CYP2C9 and CYP3A4) during phase I and by 
UDP-glucuronosyltransferases during phase II (see for instance the re
view Boelsterli, 2003) produces some metabolites that are associated 
with hepatotoxicity and hypersensitivity (Inoue et al., 2020). These ef
fects are mainly associated with the induction of intracellular reactive 
oxygen species (ROS), which can influence mitochondrial integrity al
lied with suppression of autophagy (Jung et al., 2020) and induction of 
intrinsic apoptosis through caspases 9 and 3 (Inoue et al., 2004). In 
contrast to B[a]P, DFC has not been found to have genotoxic and 
carcinogenic potential in vivo or in vitro (Hartmann et al., 2021). In fact, 
as noted for other NSAIDs, it is suggested that DFC can hold some 
anti-cancer properties by inhibiting angiogenesis and cytokine signal
ling (Arisan et al., 2018; Duval et al., 2019; Kaur and Sanyal, 2011). 

In Europe, B[a]P and DFC concentrations in surface waters have been 
found to exceed environmental quality standards (B[a]P: 1.7 × 10− 4 µg/ 
L and DFC: 0.1 µg/L), although with a decreasing trend (Škrbić et al., 

2018; Vystavna et al., 2018). This makes them relevant model toxicants 
to study possible mixture interactions between legacy and emerging 
pollutants. Thus, the main objective of this study was to infer how DFC 
affects the toxicity of B[a]P. To accomplish this, we exposed hepatoma 
derived HepG2 cells to single compounds and binary mixtures of B[a]P 
and DFC. HepG2 cells were chosen as in vitro model due to their high 
metabolic capacity (Knasmüller et al., 1998). Considering the toxic 
properties of B[a]P, the scope of the current work centered on endpoints 
related to cytotoxicity, oxidative stress, genotoxicity, and impact on 
CYP1 enzyme activation. 

2. Methods 

2.1. Chemicals and cell culture 

Benzo[a]pyrene (B[a]P) (CAS 50–32–8, > 95.0 %) was purchased 
from TCI EUROPE (Zwijndrecht, Belgium) and sodium diclofenac (DFC) 
(CAS 15307–79–6, 98 %) from Acros organics (Geel, Belgium). Stock 
solutions of B[a]P and DFC were prepared in dimethyl sulfoxide (DMSO, 
99 %) from Sigma Aldrich (St. Louis, MO). The human hepatocellular 
carcinoma HepG2 cell line was acquired from the American Type Cul
ture Collection (Rockville, MD). Cells were cultured in Corning® T-75 
flasks with 10 mL of Minimum Essential Medium (MEM) supplemented 
with penicillin-streptomycin (100 IU/mL penicillin and 100 μg/mL 
streptomycin), 10 % v/v foetal bovine serum, sodium pyruvate (1 mM) 
and non-essential amino acid solution (0.1 mM), all purchased from 
Gibco by Life Technologies (Stockholm, Sweden). Cells were kept in an 
incubator, with humified atmosphere at 5 % CO2 and 37 ◦C to maintain 
the proper cell growth during culture and assays. Cells were exposed, in 
fresh DMEM medium, to solvent control (0.1 % DMSO), B[a]P (3.2 ×
10− 3 to 10 µM), DFC (3.2 × 10− 3 to 103 µM)or three different binary 
mixtures of B[a]P and DFC (Mixture 1: ⅕ IC50 of both, Mixture 2: ½ IC50 
of B[a]P and ⅕ IC50 of DFC, Mixture 3: ½ IC50 of B[a]P and ½ IC50 of 
DFC), respectively for up to 48 h. 

2.2. Cell viability assay 

The impact on cell viability was determined using Alamar Blue 
(Invitrogen, Carlsbad, CA) after 48 h of exposure (Rampersad, 2012). 
This assay was used to determine half-maximal inhibitory concentra
tions (IC50) of B[a]P and DFC. Subsequently, cells were exposed to IC50 
and ⅕ IC50 concentrations of either compound mixed with the full range 
of concentrations of the other. Cells were seeded (1.5 × 104 cells/mL) in 
96-well plates 24 h before exposure. After exposure, 20 µL of Alamar 
Blue was added to each well and the cells incubated for further 2 h. 
Fluorescence intensity (excitation 540 nm, emission 590 nm) was 
recorded using a microplate reader (Infinite F 200 PRO, fitted with the 
software: Magellan 7.2, all from Tecan, Austria). Every exposure was 
performed in triplicate technical replicates per plate, with four inde
pendent experimental replicates (n = 4). 

2.3. Reactive oxygen species assay 

The quantification of intracellular reactive oxygen species (ROS) was 
performed using the dichloro-fluorescein diacetate (DCFH-DA) assay 
(Wang and Joseph, 1999). In brief, cells were seeded in black 96-well 
plates with clear bottom (Corning Incorporated, NY) at 2.5 × 105 

cells/mL 24 h before exposure. Cells were exposed for up to 12 h and 
using 1 mM tert-butyl hydroperoxide (Sigma-Aldrich, St. Louis, MO) as 
positive control. Medium was aspirated after each treatment and cells 
washed with Hank’s Balanced Salt Solution (HBSS) from Gibco Life Tech 
(Carlsbad, CA), at 37 ºC. Subsequently, cells were incubated with 5 µM 
DCFH-DA (45 min, at 37 ºC and 5 % CO2, in the dark). Cells were then 
washed with warm HBSS, and fluorescence (excitation 485 nm, emission 
530 nm) was recorded immediately. Three independent assays were 
performed (n = 3), each with three technical replicates. 
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2.4. Comet assay 

The alkaline Comet assay was performed in mini-gel version as 
described (di Bucchianico et al., 2017). Cells were seeded in 24-well 
plates (6 × 104 cells/mL) 24 h before exposure. Cells were exposed for 
up to 48 h and including 25 µM hydrogen peroxide (5 min on ice) as 
positive control. After exposure, the medium was aspirated, and cells 
washed twice with warm phosphate-buffered saline (PBS). Cells were 
then trypsinized and centrifuged, after which the supernatant was dis
carded, and the pellet resuspended in PBS and placed on ice. Cells were 
embedded in 0.75 % m/V type VII, low gelling temperature agarose 
(Sigma-Aldrich A-4018) and placed on a microscopy slide previously 
coated with 0.3 % agarose (two mini-gels per slide). Two technical 
replicates were performed per each treatment, with three independent 
experimental replicates (n = 3). After solidification on ice, slides were 
placed in cold lysis buffer (pH 10, 1 % Triton X-100, 2.5 M NaCl, 10 mM 
Tris, 0.1 M EDTA) for 60 min, followed by 40 min in cold alkaline buffer 
(pH 13, 0.3 M NaOH, 1 mM EDTA), both in the dark. Electrophoresis was 
run at 1.15 V/cm (29 V) in the same alkaline buffer for 30 min, in cold 
and dark conditions. Slides were then neutralized in 0.4 M Tris pH 7.8 
(5 min + 5 min) and washed twice for 5 min in dH2O. Slides were 
allowed to dry in the dark and then fixed for 5 min in methanol for 
archiving. Slides were stained for 15 min in cold SYBR green (Life 
Technologies) diluted in TAE (tris-acetate-EDTA) buffer (1:10,000). 
One-hundred nucleoids per experimental replica were scored under a 
DMLB model epifluorescence microscope (Leica Microsystems, Wetzlar, 
Germany) using the Comet assay IV software (Perspective Instruments, 
Suffolk, UK). 

2.5. In-cell western assay 

The In-Cell Western assay was performed to assess levels of γH2AX 
protein as previously described (de Oliveira Galvão et al., 2022). In 
brief, 1 × 105 cells/mL were seeded in black and clear bottom 96-well 
plates for 24 h. Exposure to camptothecin (10 μM) for 1 h was used as 
positive control. Exposed cells were repeatedly washed with PBS be
tween fixation with 3.7 % formaldehyde and permeabilization with 
0.3 % Triton-X, and finally blocked with Intercept® Blocking Buffer 
(LI-COR Biosciences, USA) supplemented with phosphatase inhibitor 
(PhosSTOP™ EasyPack, Roche). Cells were incubated with primary 
antibodies against H2AX phosphorylated at Ser-139 (#9718, Cell 
Signaling Technology) followed by IRDye® 800CW Goat anti-Rabbit 
IgG. CellTag™ 700 Stain (LI-COR Biosciences, USA) was used to 
normalize for cell numbers and all the values were subtracted by the 
background control (cells + secondary antibody). Fluorescence was 
detected by the LI-COR Odyssey ® CLx Infrared Imaging System (LI-COR 
Biosciences, USA). 

2.6. Flow cytometric MN assay 

The induction of MN was evaluated by flow cytometry using the In 
Vitro Microflow Kit (Litron Laboratories, Rochester, NY) following 
manufacturer’s instructions and previous adaptations (Le Bihanic et al., 
2016; McCarrick et al., 2019). In brief, cells were seeded in 96-well plate 
(2.5 × 104 cells/mL) for 24 h and exposed to the chemicals including a 
positive control (etoposide, 0.2 µg/mL) in three independent experi
ments (n = 3). After 72 h of exposure, medium was aspirated, and cells 
were incubated with ethidium monoazide on ice for 30 min under cold 
white light to allow stain photoactivation. Subsequently, cells were 
lysed and stained with SYTOX® Green nucleic acid stain for 1.5 h in the 
dark at 37 ◦C. Samples were analyzed using a Accuri C6 flow cytometer 
(BD Bioscience, Franklin Lakes, NJ) with flow set to 30 µL/min, run limit 
to 175 µL and 10,000 gated nuclei events per sample. Each well was 
manually resuspended before acquisition to avoid sedimentation. 

2.7. CYP1 activity assay 

CYP1-dependent ethoxyresorufin-O-deethylase (EROD) activity was 
measured in cells as previously described (Wincent et al., 2016). In brief, 
1 × 105 cells/mL were seeded in 96-well plates for 24 h. Exposure to 2,3, 
7,8-Tetrachlorodibenzo-p-dioxin (TCDD, 5 nM) and 3′-methox
y-4′-nitroflavone (MNF, 2.5 µM) were included as positive and negative 
controls (both from Sigma Aldrich). After exposure, medium was aspi
rated, and cells were incubated with 2 μM 7-ethoxyresorufin in sodium 
phosphate buffer (50 mM, pH 8.0) followed by 20 min of incubation at 
37 ◦C. The reaction was terminated by addition of cold fluorescamine 
solution (0.15 mg/mL in acetonitrile), and the formation of resorufin 
was measured using an Infinite F 200 PRO plate reader (Tecan, 
Männedorf, Switzerland) at excitation/emission wavelengths 
535/590 nm. Enzymatic activity was normalized for the cellular protein 
content determined by fluorescamine fluorescence at excitation/e
mission wavelengths 390/485 nm. Data was expressed as relative EROD 
activity (pmol resorufin/mg protein) compared to unexposed cells. 

2.8. Quantitative real-time PCR 

Cells were seeded in 6-well plate (3 × 105 cells/mL) for 24 h and 
following exposure for up to 24 h, total RNA was extracted using RNeasy 
Mini kit (Qiagen) according to protocol. Reverse transcription was 
performed using 1 µg RNA and the High Capacity cDNA RT kit (Applied 
Biosystems) according to protocol. Quantification of gene expression 
from three experiments was performed in duplicates using Maxima 
SYBR Green qPCR kit (Thermo Fisher Scientific) with detection on a 
QuantStudio 5 Real-Time PCR system (Applied Biosystems). Relative 
gene expression was based on the 2-ΔΔCt method using GAPDH as 
housekeeping gene. Following primers were used: CYP1A1 forward 
CACCATCCCCCACAGCAC and reverse ACAAAGACACAACGCCCCTT, 
CYP1B1 forward AGTGCAGGCAGAATTGGATCA and reverse AGGA
CATAGGGCAGGTTGGG, GAPDH forward ACAGTTGCCATGTAGACC 
and reverse TTGAGCACAGGGTACTTTA. 

2.9. Statistical analysis 

The IC50 values were estimated by log(inhibitor) vs. normalized 
response function using GraphPad Prism 9 statistical software (Graph
Pad Inc., San Diego, CA). The same software was used for statistical 
analysis of γH2AX, MN, QPCR and EROD data by one-way ANOVA 
followed by Dunnett’s multiple comparison test. All other analyses were 
computed using R (Ihaka and Gentleman, 1996). After invalidation of 
normality and homogeneity of variances, determined by Shapiro–Wilk’s 
and Levene’s tests, respectively, Kruskal–Wallis ANOVA-by-Ranks H 
followed by Dunn’s test was used for multiple comparisons. The sig
nificance level α was set at 0.05 for all analyses and the results are 
expressed as means ± standard error of mean (SEM). For detecting 
synergistic or antagonistic mixture interactions the Biochemically 
Intuitive Generalized Loewe Model (BIGL) package (van der Borght 
et al., 2017) was used followed by meanR/maxR statistical tests, which 
allow for identification of statistically significant combined effects and 
their deviation from the null model (additivity). This strategy was 
applied to data from cytotoxicity, Comet, and ROS assays. For γH2AX, 
MN and EROD assays, which did not include enough data for applying 
the BIGL package, Model Deviation Ratios (MDRs) were determined by 
comparing the observed effect with the expected (Phyu et al., 2011; 
Trombini et al., 2016). Previous studies have used MDRs > or < 1 as 
cutoff for non-additive effects, here MDRs above 1.3 were used as 
indicative of synergism and MDRs below 0.7 for antagonism (Ünlü 
Endirlik et al., 2023). SEM values for MDRs were calculated based on the 
distribution of observed and expected ratios from each sample. 
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3. Results 

3.1. Binary mixtures of B[a]P and DFC cause antagonistic effects on 
cytotoxicity 

The IC50 for B[a]P in HepG2 cells was found to be almost 150-fold 
lower than for DFC, i.e. 1.95 µM and 290 µM, respectively (Fig. 1A 
and B). In fact, only concentrations higher than 500 µM DFC caused 
significant decrease in cell viability, whereas this threshold for B[a]P 
was 1 µM (Dunn’s test, p < 0.05). Notably, the effects on cell viability 
were lower than expected when cells were exposed to binary mixtures 
(Fig. 1C–F). Co-exposing cells to increasing concentrations of B[a]P with 
a set concentration of DFC at either IC50 (290 µM) or ⅕ IC50 (58 µM) 
resulted in an apparent IC50 for B[a]P at 15 and 14 µM, respectively 
(Fig. 1C and D), approximately 7-fold lower than what was found for 
exposure to B[a]P alone. Similarly, the cytotoxicity was about 3- and 2- 
fold lower in cells exposed to increasing concentrations of DFC and B[a] 
P at IC50 (1.95 µM) and ⅕ IC50 (0.39 µM), respectively, compared to DFC 
alone (Fig. 1E and F). Accordingly, toxicant interaction analyses using 

BIGL confirmed the antagonistic effects on cytotoxicity (Fig. 2). Antag
onism was most obvious in cells exposed to binary mixtures consisting of 
10 µM B[a]P and IC50 or ⅕ IC50 of DFC (BIGL, p < 0.05). In contrast, a 
synergistic effect was observed in response to the combination of 
1000 µM DFC and B[a]P IC50 (BIGL, p = 0.02). All other mixtures caused 
additive effects. Based on these results, cells were exposed to mixtures of 
B[a]P and DFC at ⅕ IC50 and/or ½ IC50 values in the following 
experiments. 

3.2. Additive effects on ROS induction 

Intracellular ROS was only moderately increased in response to B[a] 
P, DFC and the three mixtures (Fig. 3A-C). For B[a]P and the mixture 
treatments, levels of ROS were only significantly increased at 6 h and 
12 h, up to 1.5-fold comparative to the control (Dunn’s test, p < 0.05, 
Fig. 3B-C). The individual DFC exposures only caused significant alter
ations in ROS levels in cells exposed to ⅕ IC50 after 12 h (Dunnett’s test, 
p < 0.05, Fig. 3C). In contrast to cytotoxicity, only additive mixture 
effects were found on intracellular ROS generation (Fig. 3A-C). 

Fig. 1. Assessment of cellular viability at 48 h by Alamar Blue assay. HepG2 cells were exposed to several concentrations of DFC (A), B[a]P (B). C - F) Cells were 
exposed to IC50 and ⅕ IC50 concentrations of either compound mixed with the full range of concentrations of the other contaminant. Data shows mean ± SEM, n = 4, 
* p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001 as compared with DMSO control through Dunn’s test. 
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3.3. Antagonistic effects on genotoxicity 

The possible genotoxic mixture effects of B[a]P and DFC in HepG2 
cells were assessed by three methods: Comet assay, γH2AX assay and 
MN assay. Results from the Comet assay showed that induction of DNA 
strand breaks was more obvious at shorter time points (Fig. 4A, B). In 
more detail, all exposures except Mixture 2 (½ B[a]P IC50 + ⅕ DFC IC50), 
caused significant levels of DNA damage compared to control at 6 h 
(Dunn’s test, p < 0.05, Fig. 4A). At 24 h, the significant induction of 
DNA strand breaks was mainly associated with exposure to B[a]P alone 
although DFC and Mixture 1(⅕ IC50 of both B[a]P and DFC) also induced 
DNA strand breaks (Dunn’s test, p < 0.05, Fig. 4B). None of the expo
sures significantly induced DNA strand breaks after 48 h of exposure 
(Fig. 4C). Notably, mixture interaction analyses indicated antagonistic 
effects on the induction of DNA strand breaks for all exposure times 
(Fig. 4A-C). However, only Mixture 2 displayed significant antagonistic 
effects on levels of DNA strand breaks at 24 h (BIGL, p = 0.04). In 
agreement, levels of γH2AX at 24 h were only significantly induced by B 
[a]P and the mixtures (up to 2.4-fold, Dunnett’s test, p < 0.05), and all 
three mixtures displayed a MDR ≤ 0.7, indicative of antagonism (Fig. 5). 

Induction of MN (Fig. 6) was only assessed for ½ IC50 concentrations 
of both compounds and the results showed that only B[a]P and the 
mixture significantly induced MN compared to control (Dunnett’s test, p 
< 0.01). Although only one mixture was tested, the observed genotox
icity was slightly lower than expected based on additivity (MDR = 0.8). 
Taken together, all three endpoints and especially DNA strand breaks 
and γH2AX activation indicated antagonistic genotoxic effects of mix
tures with B[a]P and DFC. 

3.4. Involvement of AhR signaling and CYP1 activity 

B[a]P is a well-established activator of the aryl hydrocarbon receptor 
(AhR), leading to downstream induction of CYP1 gene expression and 
increased metabolic activation of B[a]P into genotoxic metabolites 
(Shimada and Fujii-Kuriyama, 2004). To assess the involvement of this 
pathway in the observed antagonistic genotoxic effects, the CYP1 
enzyme activity and CYP1A1 and CYP1B1 gene expression levels were 
measured at 6 h and 24 h. As shown in Fig. 7A and B, it was only B[a]P 
of the two compounds that significantly induced CYP1 activity at both 
time points, up to 9-fold compared to control (Dunnett’s test, p < 0.05). 
All three mixtures caused similar or lower levels of activity induction 
compared to B[a]P alone at both time points, up to 8.4-fold compared to 
control (Dunnett’s test, p < 0.05, Fig. 7A and B). For the three mixtures, 
all MDRs were ≤ 1, and < 0.7 for Mixture 3 at 6 h and Mixture 1 at 24 h, 
indicating antagonistic effects on CYP1 activity. TCDD strongly induced 
CYP1 enzyme activity at both time points, which was completely 

blocked in the presence of MNF (Dunnett’s test, p < 0.05). Gene 
expression analyses (Fig. 7C and D) showed that ½ IC50 B[a]P and 
Mixture 3 significantly induced expression of both CYP1 genes at 6 h, 
but only CYP1A1 at 24 h, up to 40-fold (Dunnett’s test, p < 0.05). In 
contrast, ½ IC50 of DFC induced neither of the CYPs indicating that any 
antagonistic interaction effects occur at the protein level. 

4. Discussion 

Even though B[a]P, a well-known carcinogenic model PAH, and the 
NSAID diclofenac are expected to have different modes-of-action, the 
underlying metabolic networks may sufficiently overlap to trigger un
foreseen interaction effects. Our findings revealed that HepG2 cells 
respond unpredictably when exposed to binary mixtures of B[a]P and 
DFC, showing antagonistic effects on induction of cytotoxicity and 
genotoxicity. Although antagonistic effects were predominant in this 
study, the observed non-additive effects on the time and dose response 
for several biomarkers can be a significant confounding factor in mix
tures evaluation. These results further corroborate the long-foreseen 
problem of contaminant mixtures in surface waters of industrialized 
regions compromising risk assessment for humans and wildlife (Cassee 
et al., 1998). 

Our results showed that B[a]P was more than 100-fold more cyto
toxic than DFC (IC50 of 1.95 µM vs. 290 µM). This agrees with previous 
studies performed in hepatocytes: Lim et al. (2015) and Ünlü Endirlik 
et al. (2023) reported an IC50 for B[a]P (48 h) of 1.5–2.0 µM in HepG2 
cells and Ellepola et al. (2022) reported an IC50 for DFC in HepG2 cells 
(48 h) at > 250 µM. Relatively high IC50 for DFC (> 700 µM) were also 
observed in HepG2 cells at 24 h (Bort et al., 1999; Granitzny et al., 2017; 
Wu et al., 2016). Notably, the cytotoxicity of combined exposure to B[a] 
P and DFC diverged from simple additive effects and yielded a signifi
cant reduction of cytotoxic effects compared to the exposure to indi
vidual compounds. In contrast, additive effects were observed on 
cellular levels of ROS, although B[a]P, DFC, and the three mixtures all 
induced ROS production. 

As expected, B[a]P was a more potent genotoxicant than DFC. Our 
findings are accordant with previous works reporting induction of DNA 
strand breaks and γH2AX formation in HepG2 cells exposed to B[a]P 
from 0.1 µM to 1 µM (Genies et al., 2013; Lim et al., 2015; Park et al., 
2006; Stepnik et al., 2015). Our results for B[a]P were similarly in 
agreement for the induction of MN (Shah et al., 2016), which is an 
important biomarker for chromosomal instability linked to genomic 
mutation and tumor development (Fenech et al., 2020; Terradas et al., 
2010). The potency of B[a]P as genotoxicant and mutagen mainly re
sults from the formation of reactive metabolites by CYPs and AKRs 
resulting in B[a]P diol epoxides and quinones, respectively (Penning, 

Fig. 2. Interaction analysis of effects from DFC and B[a]P mixtures on HepG2 cell viability. Left panel shows surface plot of exposure vs response. Red-colored areas 
of the surface indicate antagonism. Right panel shows significant non-additive effects based on the Generalized Loewe model followed by meanR/maxR statistic (p 
< 0.05). 
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2014; Shimada and Fujii-Kuriyama, 2004). While the diol epoxides are 
responsible for forming bulky DNA adducts, the quinones can redox 
cycle resulting in ROS formation and oxidative DNA damage. Both 
routes of metabolism can cause DNA strand breaks that may persist and 
lead to formation of MN, either as result of replication stress due to 
replicative blockage by the bulky adduct, or due to extensive oxidative 
DNA damage due to ROS (Fischer et al., 2018; Penning, 2014). In 
contrast to B[a]P, DFC induced lower levels of genotoxicity. In accor
dance, several in vivo and in vitro studies on DFC genotoxicity report the 
absence of genotoxic effects, as summarized by Hartmann et al. (2021). 
The low level of genotoxicity may be linked to the suggested mechanism 

involving the formation of reactive but short-lived acyl glucuronides 
during phase II metabolism of carboxylic acid drugs like DFC that can 
damage DNA via glycation or glycoxidation resulting in DNA strand 
breaks (Grillo et al., 2003; Sallustio et al., 2006). It is not impossible that 
the induced genotoxicity of DFC observed here could be linked to the 
formation of these metabolites at early stages of exposure. 

Similar to the mixture effects on cytotoxicity, we observed antago
nistic mixture effects on all three genotoxicity endpoints investigated 
here. For all endpoints, this was most clearly observed at higher con
centrations and in contrast to the more commonly observed synergistic 
effects on cytotoxicity and genotoxicity due to secondary toxicity 

Fig. 3. Assessment of intracellular ROS measured by DCFH-DA assay at (A) 3 h, (B) 6 h and (C) 12 h post exposure. The left panels show relative fold induction of 
ROS compared to DMSO and right panels show mixture interaction surface plots. HepG2 cells were exposed to individual compounds, Mixture 1: ⅕ IC50 of both, 
Mixture 2: ½ IC50 of B[a]P and ⅕ IC50 of DFC, Mixture 3: ½ IC50 of B[a]P and ½ IC50 of DFC, positive control (PC, 1 mM tert-butyl hydroperoxide). Data shows mean 
± SEM, n = 4, * p < 0.05, as compared with DMSO control through Dunn’s test. 
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mechanisms activated at elevated concentrations (Boobis et al., 2011). 
Antagonistic genotoxic effects have been reported previously in 
mammalian and non-mammalian test models exposed to binary mix
tures of various chemicals, including mice (El-Habit and Abdel Moneim, 
2014), human liver cells (Gábelová et al., 2013), marine fish (Martins 
et al., 2016) and freshwater crustaceans (Kundi et al., 2016; Russo et al., 
2018). Few of these studies have reported the responsible mechanisms, 
but it seems that saturation of metabolism or of its activation plays an 
important role in the antagonistic genotoxic effects observed for binary 

PAHs in vivo and in vitro (reviewed in Jarvis et al., 2014). 
B[a]P and DFC are both metabolized into reactive metabolites by 

CYPs. B[a]P is mainly metabolized into reactive metabolites by CYP1A1 
or 1B1 (Shimada and Fujii-Kuriyama, 2004) whereas the most reactive 
DFC metabolites are produced by CYP2C9 and CYP3A4 (Bort et al., 
1999; Leemann et al., 1993; Shen et al., 1999). Addition of specific CYP 
inhibitors block the cytotoxic effects of B[a]P and DFC in vitro. Inhibition 
of CYP1A1 significantly reduced both cytotoxicity and genotoxicity of B 
[a]P in mammalian cells (Babich et al., 1988; Shimada and Guengerich, 

Fig. 4. Assessment of DNA damage in HepG2 cells exposed B[a]P, DFC, or their combination determined by the Comet assay after (A) 6 h, (B) 24 h and (C) 48 h of 
exposure. The left panels show % DNA in tail and right panels the mixture interaction surface plots. HepG2 cells were exposed to individual compounds, Mixture 1: ⅕ 
IC50 of both, Mixture 2: ½ IC50 of B[a]P and ⅕ IC50 of DFC, Mixture 3: ½ IC50 of B[a]P and ½ IC50 of DFC, DMSO, negative control (NC) and positive control (PC, 
25 µM hydrogen peroxide). Data shows mean ± SEM, n = 3, * p < 0.05 for significant difference as compared with DMSO-control through Dunn’s test. ◊ p = 0.04 
indicate significant antagonistic effects on levels of DNA strand breaks though Generalized Loewe model followed by meanR/maxR statistic (BIGL). Additionally, red 
colored areas of the surfaces in left 3D graphics suggest antagonistic interactions. 
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2006). Similarly, co-exposure with an inhibitor against CYP2C signifi
cantly increased the viability of primary rat hepatocytes and immor
talized human HC-04 hepatocytes exposed to DFC (Lauer et al., 2009; 
Lim et al., 2006). Consequently, interaction effects may occur either due 
to substrate overlap, induction of CYP gene expression, or enzyme in
hibitions. Even though DFC metabolism by CYP1 has not been reported, 
B[a]P can be metabolized into 3-hydroxyl B[a]P by CYP2C and CYP3A 
families (Bauer et al., 1995; Yun et al., 1992). However, basal expression 
levels and inducibility of these enzymes in HepG2 are low, making this 
type of substrate overlap unlikely (Westerink and Schoonen, 2007). In 
addition, our results showed that DFC does not induce CYP1A1 or 
CYP1B1 gene expression in HepG2 cells and DFC has been shown to only 
moderately induce CYP1A gene expression in Japanese medaka, 
Rainbow trout and human hepatocytes (Hong et al., 2007; Lauer et al., 

2009; Mehinto et al., 2010). Rather, our results suggest that DFC is a 
weak CYP1 inhibitor, and that this inhibition was responsible for the 
reduced levels of genotoxicity due to reduced bioactivation of B[a]P, as 
has been reported previously for mixtures (Jarvis et al., 2014; Shimada 
and Guengerich, 2006). The few available data on CYP1 inhibition by 
DFC demonstrates weak to moderate inhibition of CYP1A2 in human 
liver microsomes (Ohyama et al., 2014; Sanderink et al., 1997) and 
contradicting results for CYP1A in Rainbow trout liver microsomes and 
hepatocytes (Burkina et al., 2018; Laville et al., 2004). The exact 
mechanism by which DFC inhibits CYP1 needs further investigation. 

5. Conclusions 

The antagonistic effects of co-exposure to B[a]P and DFC in HepG2 

Fig. 5. Assessment of γH2AX activation by ICW at 24 h post exposure. (A) shows representative two-color fluorescence ICW image of γH2AX (green) and CellTag 700 
(red). (B) shows relative levels of γH2AX on left y-axis (bars) and MDR on right y-axis (circles). HepG2 cells were exposed to individual compounds, Mixture 1: ⅕ IC50 
of both, Mixture 2: ½ IC50 of B[a]P and ⅕ IC50 of DFC, Mixture 3: ½ IC50 of B[a]P and ½ IC50 of DFC, positive control (PC, camptothecin, 10 μM). Background (BC, 
cells + secondary antibody). Data shows mean ± SEM, n = 5, ** p < 0.01, **** p < 0.0001 as compared with DMSO control through Dunnett’s test. 

Fig. 6. Assessment of MN frequency by flow cytometry at 72 h post exposure. (A) Representative flow cytometry plots including populations of nuclei, hypodiploid 
nuclei (HD) and micronuclei (MN). (B) MN frequency in HepG2 cells (left y-axis, bars) and MDR (right y-axis, circle). HepG2 cells were exposed to individual 
compounds, Mixture 3: ½ IC50 of B[a]P and ½ IC50 of DFC, positive control (PC, etoposide, 0.2 µg/mL). Negative control (NC, only medium). Data is presented as 
mean ± SEM (n = 8–17). ** p < 0.01, ***p < 0.001 as compared with DMSO control through Dunnett’s test. 

C. Martins et al.                                                                                                                                                                                                                                 



Environmental Toxicology and Pharmacology 108 (2024) 104453

9

cells were observed for cytotoxicity and genotoxicity at concentrations 
below IC50. Since only minor and additive effects on ROS production 
were observed, it is unlikely that this mode-of-action contribute to these 
endpoints. Although the observed antagonistic effects were moderate, 
our findings demonstrate that exposure to mixed toxicants from 
different chemical classes with partially overlapping detoxification 
pathways can lead to unexpected non-additive outcomes, making risk 
assessment challenging. Questions remain as to whether the same mix
ing effects would occur at environmental concentrations that are orders 
of magnitude lower, and how reduced elimination of B[a]P due to the 
presence of DFC would affect aquatic organisms. (Billiard et al., 2006). 
This issue is also of particular importance when dealing with ubiquitous 
carcinogens and the growing problem of long-term exposure to phar
maceuticals and their metabolites. 
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Genies, C., Maître, A., Lefèbvre, E., Jullien, A., Chopard-Lallier, M., Douki, T., 2013. The 
extreme variety of genotoxic response to benzo[a]pyrene in three different human 
cell lines from three different organs. PLoS One 8, 1–11. https://doi.org/10.1371/ 
journal.pone.0078356. 

Granitzny, A., Knebel, J., Müller, M., Braun, A., Steinberg, P., Dasenbrock, C., Hansen, T., 
2017. Evaluation of a human in vitro hepatocyte-NPC co-culture model for the 
prediction of idiosyncratic drug-induced liver injury: a pilot study. Toxicol. Rep. 4, 
89–103. https://doi.org/10.1016/j.toxrep.2017.02.001. 

Grillo, M.P., Knutson, C.G., Sanders, P.E., Waldon, D.J., Hua, F., Ware, J.A., 2003. 
Studies on the chemical reactivity of diclofenac acyl glucuronide with glutathione: 
identification of diclofenac-S-acyl-glutathione in rat bile. Drug Metab. Dispos. 31, 
1327–1336. https://doi.org/10.1124/dmd.31.11.1327. 

Harding, S.M., Benci, J.L., Irianto, J., Discher, D.E., Minn, A.J., Greenberg, R.A., 2017. 
Mitotic progression following DNA damage enables pattern recognition within 
micronuclei. Nature 548, 466–470. https://doi.org/10.1038/nature23470. 

Hartmann, A., Erkman, L., Maremanda, N., Elhajouji, A., Martus, H.J., 2021. 
Comprehensive review of genotoxicity data for diclofenac. Mutat. Res Genet Toxicol. 
Environ. Mutagen 866, 503347. https://doi.org/10.1016/j.mrgentox.2021.503347. 

Hernández, A.F., Gil, F., Lacasaña, M., 2017. Toxicological interactions of pesticide 
mixtures: an update. Arch. Toxicol. 91, 3211–3223. https://doi.org/10.1007/ 
s00204-017-2043-5. 

Hong, H.N., Kim, H.N., Park, K.S., Lee, S.-K., Gu, M.B., 2007. Analysis of the effects 
diclofenac has on Japanese medaka (Oryzias latipes) using real-time PCR. 
Chemosphere 67, 2115–2121. https://doi.org/10.1016/j. 
chemosphere.2006.12.090. 

Ihaka, R., Gentleman, R., 1996. R: a language for data analysis and graphics. J. Comput. 
Graph. Stat. 5, 299–314. https://doi.org/10.1080/10618600.1996.10474713. 

Inoue, K., Mizuo, H., Ishida, T., Komori, T., Kusano, K., 2020. Bioactivation of diclofenac 
in human hepatocytes and the proposed human hepatic proteins modified by 
reactive metabolites. Xenobiotica 50, 919–928. https://doi.org/10.1080/ 
00498254.2020.1728592. 

Inoue, A., Muranaka, S., Fujita, H., Kanno, T., Tamai, H., Utsumi, K., 2004. Molecular 
mechanism of diclofenac-induced apoptosis of promyelocytic leukemia: dependency 
on reactive oxygen species, Akt, Bid, cytochrome c, and caspase pathway. Free 
Radic. Biol. Med 37, 1290–1299. https://doi.org/10.1016/j. 
freeradbiomed.2004.07.003. 

Jarvis, I.W.H., Dreij, K., Mattsson, Å., Jernström, B., Stenius, U., 2014. Interactions 
between polycyclic aromatic hydrocarbons in complex mixtures and implications for 
cancer risk assessment. Toxicology 321, 27–39. https://doi.org/10.1016/j. 
tox.2014.03.012. 

Jung, S.H., Lee, W., Park, S.H., Lee, K.Y., Choi, Y.J., Choi, S., Kang, D., Kim, S., Chang, T. 
S., Hong, S.S., Lee, B.H., 2020. Diclofenac impairs autophagic flux via oxidative 
stress and lysosomal dysfunction: implications for hepatotoxicity. Redox Biol. 37, 
101751 https://doi.org/10.1016/j.redox.2020.101751. 

Kaur, J., Sanyal, S.N., 2011. Diclofenac, a selective COX-2 inhibitor, inhibits DMH- 
induced colon tumorigenesis through suppression of MCP-1, MIP-1α and VEGF. Mol. 
Carcinog. 50, 707–718. https://doi.org/10.1002/mc.20736. 

Khan, S., Naushad, Mu, Govarthanan, M., Iqbal, J., Alfadul, S.M., 2022. Emerging 
contaminants of high concern for the environment: current trends and future 
research. Environ. Res 207, 112609. https://doi.org/10.1016/j. 
envres.2021.112609. 

Knasmüller, S., Parzefall, W., Sanyal, R., Ecker, S., Schwab, C., Uhl, M., Mersch- 
Sundermann, V., Williamson, G., Hietsch, G., Langer, T., Darroudi, F., Natarajan, A. 
T., 1998. Use of metabolically competent human hepatoma cells for the detection of 
mutagens and antimutagens. Mutat. Res. - Fundam. Mol. Mech. Mutagen. 402, 
185–202. https://doi.org/10.1016/S0027-5107(97)00297-2. 

Kundi, M., Parrella, A., Lavorgna, M., Criscuolo, E., Russo, C., Isidori, M., 2016. 
Prediction and assessment of ecogenotoxicity of antineoplastic drugs in binary 
mixtures. Environ. Sci. Pollut. Res. 23, 14771–14779. https://doi.org/10.1007/ 
s11356-015-4884-x. 

Lauer, B., Tuschl, G., Kling, M., Mueller, S.O., 2009. Species-specific toxicity of 
diclofenac and troglitazone in primary human and rat hepatocytes. Chem. Biol. Inter. 
179, 17–24. https://doi.org/10.1016/j.cbi.2008.10.031. 

Laville, N., Aı̈t-Aı̈ssa, S., Gomez, E., Casellas, C., Porcher, J.M., 2004. Effects of human 
pharmaceuticals on cytotoxicity, EROD activity and ROS production in fish 
hepatocytes. Toxicology 196, 41–55. https://doi.org/10.1016/j.tox.2003.11.002. 

Leemann, T., Transon, C., Dayer, P., 1993. Cytochrome P450TB (CYP2C): a major 
monooxygenase catalyzing diclofenac 4′-hydroxylation in human liver. Life Sci. 52, 
29–34. https://doi.org/10.1016/0024-3205(93)90285-B. 

Lewandowska, A.M., Rudzki, M., Rudzki, S., Lewandowski, T., Laskowska, B., 2019. 
Environmental risk factors for cancer - review paper. Ann. Agric. Environ. Med. 26, 
1–7. https://doi.org/10.26444/aaem/94299. 

Lim, M.S., Lim, P.L.K., Gupta, R., Boelsterli, U.A., 2006. Critical role of free cytosolic 
calcium, but not uncoupling, in mitochondrial permeability transition and cell death 
induced by diclofenac oxidative metabolites in immortalized human hepatocytes. 
Toxicol. Appl. Pharm. 217, 322–331. 〈https://doi.org/10.1016/j.taap.2006.09.012〉. 

Lim, H., Mattsson, Å., Jarvis, I.W.H., Bergvall, C., Bottai, M., Morales, D.A., 
Kummrow, F., Umbuzeiro, G.A., Stenius, U., Westerholm, R., Dreij, K., 2015. 
Detection of benz[j]aceanthrylene in urban air and evaluation of its genotoxic 
potential. Environ. Sci. Technol. 49, 3101–3109. https://doi.org/10.1021/ 
es505458g. 

Martin, O., Scholze, M., Ermler, S., McPhie, J., Bopp, S.K., Kienzler, A., Parissis, N., 
Kortenkamp, A., 2021. Ten years of research on synergisms and antagonisms in 
chemical mixtures: a systematic review and quantitative reappraisal of mixture 
studies. Environ. Int 146, 106206. https://doi.org/10.1016/j.envint.2020.106206. 

C. Martins et al.                                                                                                                                                                                                                                 

https://doi.org/10.1021/tx00043a018
https://doi.org/10.1007/978-0-387-09647-6_1
https://doi.org/10.1007/978-0-387-09647-6_1
https://doi.org/10.1016/j.fct.2020.111520
https://doi.org/10.1016/j.fct.2020.111520
https://doi.org/10.1093/mutage/gew032
https://doi.org/10.1093/mutage/gew032
https://doi.org/10.1093/toxsci/kfl011
https://doi.org/10.1016/S0041-008X(03)00368-5
https://doi.org/10.1016/S0041-008X(03)00368-5
https://doi.org/10.3109/10408444.2010.543655
https://doi.org/10.3109/10408444.2010.543655
http://refhub.elsevier.com/S1382-6689(24)00093-0/sbref11
http://refhub.elsevier.com/S1382-6689(24)00093-0/sbref11
http://refhub.elsevier.com/S1382-6689(24)00093-0/sbref11
https://doi.org/10.1289/ehp.110-1241197
https://doi.org/10.1289/ehp.110-1241197
https://doi.org/10.1093/mutage/gew030
https://doi.org/10.1093/mutage/gew030
https://doi.org/10.1016/j.chemosphere.2018.04.080
https://doi.org/10.1080/10408449891344164
https://doi.org/10.1080/10408449891344164
https://doi.org/10.1126/science.274.5286.430
https://doi.org/10.1038/s41598-017-18068-5
https://doi.org/10.1038/s41598-017-18068-5
https://doi.org/10.3390/cancers11101453
https://doi.org/10.1007/s12011-014-0016-6
https://doi.org/10.1016/j.ecoenv.2022.114138
https://doi.org/10.1016/j.watres.2010.08.019
https://doi.org/10.1016/j.mrrev.2020.108342
https://doi.org/10.1016/j.mrrev.2020.108342
https://doi.org/10.1016/j.aquatox.2008.05.012
https://doi.org/10.1007/s00204-017-2115-6
https://doi.org/10.1016/j.taap.2013.04.016
https://doi.org/10.1185/03007995.2010.486301
https://doi.org/10.1185/03007995.2010.486301
https://doi.org/10.1371/journal.pone.0078356
https://doi.org/10.1371/journal.pone.0078356
https://doi.org/10.1016/j.toxrep.2017.02.001
https://doi.org/10.1124/dmd.31.11.1327
https://doi.org/10.1038/nature23470
https://doi.org/10.1016/j.mrgentox.2021.503347
https://doi.org/10.1007/s00204-017-2043-5
https://doi.org/10.1007/s00204-017-2043-5
https://doi.org/10.1016/j.chemosphere.2006.12.090
https://doi.org/10.1016/j.chemosphere.2006.12.090
https://doi.org/10.1080/10618600.1996.10474713
https://doi.org/10.1080/00498254.2020.1728592
https://doi.org/10.1080/00498254.2020.1728592
https://doi.org/10.1016/j.freeradbiomed.2004.07.003
https://doi.org/10.1016/j.freeradbiomed.2004.07.003
https://doi.org/10.1016/j.tox.2014.03.012
https://doi.org/10.1016/j.tox.2014.03.012
https://doi.org/10.1016/j.redox.2020.101751
https://doi.org/10.1002/mc.20736
https://doi.org/10.1016/j.envres.2021.112609
https://doi.org/10.1016/j.envres.2021.112609
https://doi.org/10.1016/S0027-5107(97)00297-2
https://doi.org/10.1007/s11356-015-4884-x
https://doi.org/10.1007/s11356-015-4884-x
https://doi.org/10.1016/j.cbi.2008.10.031
https://doi.org/10.1016/j.tox.2003.11.002
https://doi.org/10.1016/0024-3205(93)90285-B
https://doi.org/10.26444/aaem/94299
https://doi.org/10.1016/j.taap.2006.09.012
https://doi.org/10.1021/es505458g
https://doi.org/10.1021/es505458g
https://doi.org/10.1016/j.envint.2020.106206


Environmental Toxicology and Pharmacology 108 (2024) 104453

11

Martins, M., Ferreira, A.M., Costa, M.H., Costa, P.M., 2016. Comparing the genotoxicity 
of a potentially carcinogenic and a noncarcinogenic PAH, singly, and in binary 
combination, on peripheral blood cells of the European sea bass. Environ. Toxicol. 
31, 1307–1318. https://doi.org/10.1002/tox.22135. 

McCarrick, S., Cunha, V., Zapletal, O., Vondráček, J., Dreij, K., 2019. In vitro and in vivo 
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Škrbić, B.D., Kadokami, K., Antić, I., 2018. Survey on the micro-pollutants presence in 
surface water system of northern Serbia and environmental and health risk 
assessment. Environ. Res. 166, 130–140. https://doi.org/10.1016/j. 
envres.2018.05.034. 
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