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Abstract 
 

At present days, inland water bodies and seashores show significant levels of various pharmaceuticals. 

This is to a great extent due to the low removal rate of common wastewater treatment plants when it 

comes to pharmaceuticals. As pharmaceuticals, dosed adequately, are perceived as harmless to humans, 

the concentrations of pharmaceuticals present in the environment are often not considered problematic. 

However, several aspects give a reason for concern. Besides the long-term effects of bioaccumulating 

pharmaceuticals and sensitive, highly-adaptive microorganisms, potential mixture effects are one of the 

most distressing concerns. While the toxic effects of single, isolated compounds may be known or easily 

assessable, the “cocktail” effect existing from chemical mixtures is significantly more difficult to predict 

and investigate. (Backhaus and Karlsson 2014; Lindim et al. 2019; Ukić et al. 2019; Wassmur et al. 

2013). In this thesis, we focus on the interactions between two substances, Dexamethasone (DEX) and 

Benzo[a]pyrene (BaP) in the poeciliopsis lucida hepatocellular carcinoma (PLHC-I) cell line. We tested 

different mixture compositions to investigate GR-AhR crosstalk in these cells. Our study reveals 

increased CYP1A (EROD) activity (1.5 to 2-fold) in cells treated with a mixture of DEX and BaP, 

compared to cells treated with BaP only, whereas DEX alone, did not affect CYP1A induction. 

Interestingly, the difference in response was less prominent in cells exposed to BaP concentrations 

below 0.5 µM and in cells exposed to DEX concentrations greater than 2.5 µM. Time-course 

experiments showed that the synergistic mixture effect on CYP1A induction peaked at 48h after dosing 

with shorter exposure times showing lower CYP1A induction. To put the interaction between DEX and 

BaP into perspective, we tested three additional GR agonists and β-naphthoflavone (BNF) as an AhR 

agonist. Our results showed similar potentiating effects with all four GR agonists combined with the 

two AhR agonists on CYP1A induction. Our findings confirm previous studies showing exposure to 

mixtures of GR- and AhR agonists having potentiating effects on CYP1A induction (Celander et al. 

1997; Wassmur et al. 2013). By testing several glucocorticoids in combination with two different AhR 

agonists, we demonstrated that there is consistent GR-AhR crosstalk on CYP1A induction in this fish 

cell line. 

 

Keywords: Benzo[a]pyrene, Dexamethasone, CYP1A, chemical mixtures, PLHC-I, GR-AhR crosstalk 

 

 

 

 

 



 

 

Pharmaceuticals change how fish react to toxic substances. 

Environmental pollution is a growing problem all around the globe. Even in industrial countries 

with high standards in waste treatment, contaminants like plastics and pharmaceuticals can be 

found even in the remotest of places. The potential severity of environmental contamination is to 

a great extent unknown. Flora and fauna are exposed to a smorgasbord of different pollutants, 

which gives reason to concern about what combined effect these substances have on the 

environment. The effects single compounds have on different organisms can be easily tested with 

state-of-the-art techniques and are well studied for the most prominent pollutants. However, it 

gets exponentially more complicated the more substances are involved.  

In this thesis, I discuss the effects of two fundamentally different classes of substances and how they 

behave when applied in a mixture. First, benzo[a]pyrene (BaP), which belongs to the group of aryl 

hydrocarbons, is a common, pro-carcinogenic, pollutant that exists from organic combustion and can be 

detected in areas all around the globe. Secondly, dexamethasone (DEX), which belongs to the group of 

the glucocorticoids, is a pharmaceutical used as an active ingredient in a wide range of medications (for 

example in the treatment of cancer, lupus, arthritis and more recently in the treatment of 

Covid-19-patients. Most sewage treatment plants are not designed to filter out pharmaceuticals including 

DEX which are instead being released into the aquatic environment. 

Although both substances act via different pathways in the cell, studies have shown that DEX can 

influence the response of liver cells to aryl hydrocarbons and similar acting substances. Most of these 

studies, were performed on mammalian cells. In my research, I used fish liver cells as a model organism 

as fish are much more exposed to BaP and DEX in the environment. I used different techniques (EROD 

assay, QPCR), to investigate the mixture effect from different angles, overall focussing on the changes 

in expression of the enzyme cytochrome P450 1A (CYP1A). This enzyme is responsible for the 

metabolism and elimination of compounds such as BaP. By changing parameters like exposure time of 

the cells, and concentration and composition of the mixture I attempt to learn more about how the 

substances interact. To put my findings into perspective, I tested different types of glucocorticoids and 

with β-naphthoflavone (BNF) a compound that behaves similar to BaP.  

I was able to show that while DEX and the other glucocorticoids tested, did not increase the abundance 

of CYP1A when applied alone, they alter the expression of the enzyme when combined with AhR 

agonists. Depending on the composition of the mixture and the exposure duration, the response of the 

cells differs from the response to only BaP. This shows us that uptake of DEX alters how fish liver cells 

react to a toxicant such as BaP which can have serious, adverse effects on the species.   
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List of Abbreviations  

          Table 1:  List of Abbreviations.  

Abbreviations Names 

AhR Aryl hydrocarbon receptor 

AhRE Aryl hydrocarbon response element 

AIP AhR interacting protein 

ARNT Aryl hydrocarbon nuclear transporter 

BaP Benzo[a]pyrene 

bHLH Basic helix-loop-helix 

BNF β-napthoflavone 

BM Betamethasone 

BSA Bovine Serum Albumin 

CA Concentration Addition 

cDNA Complementary DNA 

Cq-value Cycle quantification value 

C-Src Cellular Sarcoma 

CYP1A Cytochrome P450 1A 

DEX Dexamethasone 

DMSO Dimethylsulfoxide 

EDTA Ethylenediaminetetracetic acid 

ER  Estrogenic receptor 

EROD Ethoxy-resorufin-O-deethylase 

FBS Fetal Bovine Serum 

GC-MS Gas chromatography-mass spectrometry 

gDNA genomic DNA 

GR Glucocorticoid receptor 

GRE Glucocorticoid response element 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HSP90 Heat shock protein 90 

HYC Hydrocortisone 

IA Independent Action 

MEM Minimum Essential Medium 

MoA Mode of Action 

mRNA messenger RNA 

PAH Polyaromatic hydrocarbon 

PAS Period/ARNT/Single-Minded 

PBS Phosphate Buffered Saline 

PCB Polychlorinated biphenyl 

PCR Polymerase chain reaction 

PHAH Polyhalogenated aromatic hydrocarbon 

PHLC-I Poeciliopsis lucida hepatocellular carcinoma I 

POMC Pro-opiomelanocortin  

PRD Prednisolone 

SIM Selective ion monitoring 

TCDD 2,3,7,8-Tetrachlorodibenzodioxin 

TIC Total ion current chromatogram 

qPCR quantitative PCR 

XAP 2 X-associated protein 2 

XRE Xenobiotic response element 

3-MC 3-methylcholanthrene 
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1. Introduction 

1.1 Aim 

This thesis aims to assess a potential mixture effect of the glucocorticoid-receptor (GR) agonist 

dexamethasone with the aryl hydrocarbon receptor (AhR) agonist benzo[a]pyrene on the cytochrome 

P450 (CYP1A) biomarker response in a hepatic fish cell line (PLHC-1).   

1.2 Mixture Toxicity 

At present day, inland water bodies and seashores show significant levels of various pharmaceuticals. 

This is to a great extent due to the low removal rate of pharmaceuticals in common sewage water 

treatment plants that are therefore released into the aquatic environment. Although pharmaceuticals, 

when dosed adequately, are perceived as harmless to humans, the effects linked to exposure of non-

target organisms to pharmaceuticals present in the environment are often less known. 

Several aspects give reason for concern. One, regards the microbial community which in some cases is 

highly sensitive to pharmaceutical compounds and may quickly develop antibiotic immunity, resulting 

in a disturbance of the ecosystem. Also, although certain pharmaceuticals may not possess immediate, 

toxic characteristics at low concentrations, they can cause long-term effects due to bioaccumulation. 

Furthermore, these compounds that pass through the sewage water treatment plants into the surrounding 

aquatic environment, create a complex and challenging environment for living organisms.  

While the toxic effects of single, isolated compounds may be known or easily assessable in the 

laboratory, the “cocktail” effect existing from chemical mixtures is significantly more difficult to predict 

and assess.  (Backhaus and Karlsson 2014; Lindim et al. 2019; Ukić et al. 2019). There are 

well-established models, e.g., the concentration addition (CA) and the independent action (IA), to 

predict or at least approximate mixture toxicity. However, these models assume an additive mixture 

effect where the chemicals do not directly interact but have the same mode of action (MoA). 

Nevertheless, chemicals often interact in a way that results in an effect which is higher than the additive 

prediction, which is referred to as “synergistic” mixture effect (Fallahi et al. 2020).  

This is true for interactions of certain pharmaceuticals with other, common environmental pollutants 

such as polycyclic aromatic hydrocarbons (PAHs) and other aromatic hydrocarbons. It has previously 

been described that the biological and biochemical effects of widespread, toxic contaminants like 

pyrene, BaP, and indenol[1,2,3cd]-pyrene, are influenced by pharmaceuticals like DEX. Although these 

compounds activate different cell receptors, in vitro experiments on the mammalian liver and ovarian 

cells have shown transactivation upon exposure to a mixture of such compounds (Wang et al. 2009).  



 

2 

 

1.3 Benzo[a]pyrene (BaP) and the aryl hydrocarbon receptor (AhR) 

BaP (Figure 1) is a well-studied PAH that is widespread in the environment and known to act as a 

procarcinogen in humans. Although there is no known practical use and no intentional production of the 

substance, it is omnipresent, as it exists from various processes of organic combustion (Collins et al. 

1991; Hattemer-Frey and Travis 1991). According to Collins et al. (1991), it is the most studied and 

most potent toxicant among the PAHs (Collins et al. 1991). As Kapitulnik et al. (1971) describe, the 

carcinogenic potential of BaP increases upon exposure. When BaP is transformed it yields carcinogenic 

metabolites such as BaP-7, 8-diol and BaP-9, 10-epoxide that pose to be even more toxic to bacterial 

and mammalian cells than BaP itself (Kapitulnik et al. 1977).  

 

Figure 1: Chemical structure of Benzo[a]pyrene. 

 

BaP binds to and activates the aryl hydrocarbon receptor (AhR) which is a target receptor for many 

environmental xenobiotics such as PAHs and planar halogenated aromatic hydrocarbons such as planar 

PCBs and dioxins. Upon binding, the AhR initiates the transcription of aromatic 

hydrocarbon-metabolizing enzymes such as cytochrome P450 (CYP) enzymes that facilitate the 

biotransformation and ultimately elimination of xenobiotic substances; in particular members of the 

CYP1A subfamily. Induction of CYP1A expression and/ or enzyme activity is therefore an established 

biomarker utilized to assess exposure to aromatic hydrocarbons in the environment.  

The AhR is a member of the basic helix-loop-helix Period/ARNT/Single-Minded (bHLH-PAS) family 

and it is located in the cytoplasm (Larigot et al. 2018). When unbound in the cytoplasm, the AhR binds 

to two heat shock proteins (HSP90 proteins), the 23-kDa co-chaperone p23 and the immunophilin-like 

AhR interacting protein (AIP/XAP 2/ARA 9), to stabilize it. The complex further interacts with tyrosine 

kinase cellular sarcoma (c-Src) AIP, which protects it from degradation. Upon binding, the complex 

dissociates and tyrosine c-Src is released into the cytosol. The nuclear localization signal in the bHLH 

motif is uncovered and the complex is transported to the nucleus. To initiated transcription of the 

CYP1A gene, the complex binds to a xenobiotic-/Ah-responsive element (XRE/AhRE), a consensus 

sequence, occurring once or many-fold on the CYP1A gene of the respective organism. After initiating 
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transcription, the AhR complex is exported from the nucleus, ubiquitinated, and subsequently degraded 

by the 26S proteasome (Abel and Haarmann-Stemmann 2010; Hankinson 1995). Figure 2 shows a 

schematic of the AhR pathway.  

 

Figure 2: A simplified schematic of the AhR receptor pathway. The xenobiotic, in this case BaP, enters through the cell 

membrane and binds to the AhR receptor complex, that dissociates upon binding. The bound receptor transfers to the nucleus 

where it binds to the ARNT. The newly formed complex binds to the XRE where it initiates the transcription of CYP1A 

(Created with BioRender™). 
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1.4 Dexamethasone (DEX) and the glucocorticoid receptor (GR) 

DEX (Figure 3) is a synthetic glucocorticoid (group of corticosteroids) that was developed as an 

anti-inflammatory agent and is also utilized in pharmacological products that treat various other diseases 

such as arthritis, lupus, breathing disorders, bacterial meningitis, and several types of cancer  (Entringer 

S. 1996; McCracken and Lebel 1989; Yennurajalingam et al. 2013). As the Covid 19 pandemic was 

developing, DEX became a substance of interest as a potential candidate for therapy for people infected 

with the coronavirus (Lammers et al. 2020).  

 

Figure 3: Chemical structure of Dexamethasone. 

Ecotoxicological studies conducted on zebrafish showed that continuous exposure to DEX causes 

suppressed expression of the Pro-opiomelanocortin (POMC) hormone (EC50: 35 µM), which influences 

their stress response. Chronic exposure of  the crustacean Daphnia magna has revealed inhibition of 

growth in crustaceans (EC50: 48.30 mg/ L (39.91-58.45), 95% confidence interval)  (DellaGreca et al. 

2004; Sun et al. 2010). While concentrations of DEX can exceed micromolar concentrations in hospital 

wastewater discharges, the concentrations detected in environmental matrices are usually in a low 

nanomolar range (Musee et al. 2021). 

DEX alone has no effect on the CYP1A transcription; however, when combined with an AhR agonist, 

DEX enhances the activity of the AhR-CYP1A signalling in vertebrate hepatic cells which increase the 

production of CYP1A enzymes. DEX has been shown to influence the expression of CYP1A in various 

mammalian cells as well as fish cells when added together with PAHs or PHAHs (Celander et al. 1996; 

Pascussi et al. 2000). In addition, DEX also enhances the activity of the pregnane X receptor in human 

hepatocytes which increases the production of CYP3A enzymes. According to Pascussi et al. 2000, 

CYP3A enzymes are key players in the metabolism of two-thirds of commercially produced drugs.  

DEX binds to and activates the glucocorticoid receptor (GR), a ligand-dependent receptor that belongs 

to the steroid nuclear receptor superfamily (Farrell and O'Keane 2016). The GR consists of three distinct 

regions. The N-terminal regions, with binding sites for transcriptional enhancement, the DNA binding 
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sites, with binding sites for dimerization, and the C-terminal region, with binding sites for hormones 

(e.g., glucocorticosteroids), coactivators, and heat shock proteins (Smoak and Cidlowski 2004). 

Corticosteroids bind to the cytosolic GR which, upon binding, is translocated to the nucleus, where it 

dimerizes. It then either binds to the glucocorticoid response element (GRE) on the DNA of 

glucocorticoid-responsive genes to facilitate transcription or interacts with other transcription factors 

(Krieger et al. 2014). Interactions with other transcription factors like the estrogenic receptor (ER) or 

the thyroid hormone receptor, usually result in inhibitory effects rather than activation. Therefore, 

certain GR activating substances like DEX have anti-inflammatory properties or similar effects 

(Sonneveld et al. 2007). Figure 4 shows a schematic of the GR pathway.  

 

Figure 4: A simplified schematic of the GR pathway. DEX enters the cell through the cell membrane and binds to the 

dissociating GR complex. The bound GR dimerizes and transfers to the nucleus. Here the complex either binds to the GRE of 

a responsive gene to initiate transcription or to another transcription factor to initiate other cellular processes (Created with 

BioRender™). 
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1.5 Cytochrome P450 

Cytochrome P450 (CYP) enzymes are membrane-bound haemoproteins that are key factors in the 

biotransformation and detoxification of xenobiotics. In Figure 5, the general CYP-mediated redox cycle 

is outlined. CYPs are also involved in various other metabolic processes and are crucial to maintaining 

homeostasis in the cell. CYP enzymes can be induced by numerous xenobiotics binding to different 

receptors. The increase in CYP abundancy upon exposure to a xenobiotic can be correlated to the relative 

toxicity of the molecule. This correlation is heavily used in toxicologic laboratory research for members 

of the CYP1A subfamily using the diagnostic  Ethoxyresorufin-O-deetyhlase (EROD) assay (Petrulis et 

al. 2001). 

 

Figure 5: A simplified schematic of the CYP-mediated redox-cycle. (1): an organic compound binds to the CYP-[Fe]3+ complex. 

(2): The newly formed complex gets reduced mediated by the CYP-reductase enzyme, a donor electron, and the co-factor 

NADPH. (3): Oxygen binds to the complex. After this step, there is the potential of the formation of a reactive oxygen species 

(ROS; Superoxide O2
-)! (4): The complex gets reduced again as in (2) but this time also a proton is added. After this step, 

another ROS could form (Hydrogen peroxide H2O2)! (5): After the addition of another proton, water gets cleaved off from the 

complex. (6): A hydroxide is formed, and the oxidized organic compound leaves the cycle (Created with BioRender™). 

The expression of CYPs is prone to be influenced by drug-drug/xenobiotic interaction which can activate 

or inhibit transcription. This can have fatal consequences leading to unexpected outcomes of medical 

treatment and therapeutical failure. Also, the biotransformation of xenobiotics can cause toxicity in cells. 

In the process of bioactivation, the CYP enzymes can facilitate the conversion of xenobiotic molecules 
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to more reactive products that can undergo damaging reactions with proteins and DNA. Furthermore, 

biotransformation reactions can lead to the formation of oxygenated by-products that can cause 

oxidative damage to the cells (Guengerich 2008; Jana and Paliwal 2007; Manikandan and Nagini 2018).  

1.6 AhR-GR Receptor Crosstalk 

Crosstalk between the AhR and the GR has been suspected for many years and several scientists have 

published papers on that matter. By testing DEX in mixtures with different AhR agonists as 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) or 3-methylcholanthrene (3-MC), it quickly became 

apparent, that endpoints such as protein and mRNA levels changed compared to the effects single 

compounds have. 

Dvořák et al. (2008) investigated the effect of TCDD + DEX in HepG2 cells and concluded that there 

is cross-induction of the XRE and the GRE. While XRE-dependent expression decreased, GRE-

dependent expression was augmented by exposure to mixture. They also found that while after single 

substance exposure (both DEX and TCDD), the AhR mRNA levels were lower compared to untreated 

cells, this inhibitory effect was reverted after combined treatment of TCDD + DEX. Same was true for 

GR α levels (compared to exposure to DEX) (Dvořák et al. 2008).  

Wang et al. (2009) found there to be down-regulation of AhR agonist-mediated CYP1A induction in 

human ovarian and liver cells after treatment with DEX + BaP, thus confirming the findings from 

Dvořák et al. Wang et al. further concluded that the AhR and the GR, both must be activated for a 

receptor cross-reaction to occur (Wang et al. 2009). 

Monostory et al. (2004) did not see a decrease in AhR-dependent transcriptional activity (CYP1A 

mRNA) after exposure of human hepatocytes to 3-MC + DEX. However, they suggest that the 3-MC 

concentration may have been high enough so that the diminishing effect of DEX was negligible. They; 

however, detected strong down-regulation of CYP1A at the protein level. To compare the effects of 

3-MC + DEX, they also conducted experiments on rat hepatocytes which revealed that, in contrast to 

humans, the CYP1A activity is highly induced by DEX (Monostory et al. 2005).  

Bielefeld et al. (2008), confirmed the potentiation effect of DEX in rodents when testing TCDD + DEX 

on mouse hepatoma cells (Hepa-1). They found there to be an increase in AhR mRNA, AhR protein 

level and TCDD binding capacity after mixture exposure. As the response was blocked, through the 

addition of a GR antagonist (RU-486), it was confirmed that the activation of the GR receptor was the 

reason for the potentiating effect (Bielefeld et al. 2008). 
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These so far seen species specific effects were also observed by Sonneveld et al. (2007), who detected 

upregulation of AhR signalling upon exposure to a mixture of TCDD + DEX in rats but not in humans. 

They were also able to show that the enhancing effect of DEX is dependent on the additional synthesis 

of the AhR protein (Bielefeld et al. 2008; Sonneveld et al. 2007).  

Celander et al. (1996), tested the mixture toxicity of DEX + TCDD in a fish cell line (PLHC-1) and 

showed potentiation of CYP1A induction after mixture treatment, compared to TCDD alone. The 

potentiating effect was higher after 48 h of exposure than after 24 h and peaked at a TCDD concentration 

of 1 nM. As the addition of RU-486 reduced the potentiating effect of DEX, Celander et al. suggest that 

the potentiation is, at least to a certain extent, dependent on GR activity (Celander et al. 1996).  

2. Materials and Methods 
2.1 Materials 

2.1.1 Cell Line 

The model organism of choice for the experiments described in this thesis, is the Poeciliopsis lucida 

hepatocellular carcinoma cell line I (PHLC-I, CRL-2406 ™). The cell line was derived from an adult 

female topminnow Poeciliopsis lucida, endemic to the Sonoran Desert (US). It is designed so several 

differentiated hepatocellular functions are maintained, and it is optimized for in vitro research. A special 

focus has been placed so the cell line maintains a stable cytochrome P450 activity. The cell line is 

commonly used to investigate stressors such as heavy metals, and for cytotoxicity assays (ATCC 2022; 

Ibarra et al. 2021). 

2.1.2 PLHC-I Medium 

To prepare 1 L of PHLC-I medium, Gibco® Minimum Essential Medium (MEM) powder is dissolved 

in 850 mL of Milli-Q H2O and stirred for 10 min. 5.96 g of HEPES and 2.2 g of NaHCO3 are added and 

stirred for 10 min (the colour of the solution turns from yellow to red). The pH is adjusted to 7.0-7.1 

using NaOH. The final volume is reached by the addition of 150 mL of Milli-Q water. The solution is 

filtered through a 0.2 μm sterile filter into one or more autoclaved flasks. Fetal Bovine Serum (FBS) is 

added (10 % of the final volume). The bottle is stored at 4 °C and covered in aluminium foil to protect 

from light as the media contains light sensitive chemicals such as indoles.   

2.1.3 Culture plates 

For our experiments, sterile, flat bottom, non-pyrogenic, polystyrene cell culture plates were used. We 

predominantly used 6-well (3516, Costar ®) and 48-well (3548, Costar ®) plates.  

 



 

9 

 

2.1.4 EROD  

REAGENTS 

7-Ethoxyresorufin 

2 µM of 7-ethoxyresorufin in Sodium phosphate Buffer (pH 8.0) is prepared utilizing absorbance 

measurement. The solution is prepared so the absorbance at 482 nm yields 0.06 which corresponds to a 

concentration of 2.67 µM 7-ethoxyresorufin.  

Fluorescamine 

A 1.08 mM solution of fluorescamine is prepared by dissolving 3 mg of fluorescamine in 10 mL of 

acetonitrile. 

Phosphate Buffered Saline (PBS, Ca2+/Mg2+ free) 

PBS [1 L] is prepared by the addition of 8 g NaCl (~137 mM), 0.2 g KCl (~2.7 mM), 

3.56 g Na2HPO4x12H2O (~10 mM) and 0.24 g KH2PO4 (~1.8 mM). The pH is adjusted to 7.3-7.4 and 

the solution is autoclaved and stored at room-temperature. 

Ethylenediaminetetraacetic acid-PBS (EDTA-PBS) solution 

EDTA-PBS [1 L] is prepared by the addition of 0.20 g of EDTA (C10H14N2O8Na2 x 2H2O) to 1 L of 

PBS.  

50 mM Sodium Phosphate Buffer 

The Sodium Phosphate Buffer [250 mL, 50mM] is prepared by the addition of 11.65 mL Na2HPO4 (1 M) 

and 0.85 mL NaH2PO4 (1 M) to 237.5 mL of Milli-Q H2O. The pH is adjusted to 8 and the buffer is 

autoclaved and stored at room temperature. 

 

2.2 Methods 

2.2.1 Cell Culture 

The PHLC-I cell line was cultured at 30 °C in 75 cm2, non-vented flasks with tight screw caps.  

Sub-culturing from a 75 cm2 flask  

The media from the culture flask is removed by vacuum suction without physically disrupting the cells. 

The cells are rinsed with 5 mL of room temperature warm trypsin-EDTA (2x, 0.05 (v/v)). The cap of 

the flask is exchanged, and the cells are incubated at room-temperature for 1-5 min. The cells are 

dislodged, and 10 mL of growth medium are added. The cells are separated by pipetting up and down.  

An adequate number of cells and an appropriate amount of medium are added to a new flask (final 

volume 20 mL). The flask is gently mixed and moved to the incubator. 
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Plating of PHLC-I cells 

After dislodging the cells as the described earlier, the cells are resuspended in 20 mL. An aliquot of 

well-mixed cells is taken and counted utilizing a hemacytometer. The number of cells required for the 

experiment is calculated. The cells, diluted adequately with growth medium, are gently stirred in a 

beaker. The homogenized suspension is plated (500 µL per well for 48–well plates, 2 mL for 6–well 

plates). The plate is sealed with parafilm and placed in the humidified incubator at 30 °C. The medium 

is changed after 24 h.  

2.2.2 EROD-assay 

Theory 

Induction of CYP1A enzyme activity is a common biomarker to assess exposure to aromatic 

hydrocarbons in human cells but also in fish cells. In our study, we focus on the CYP1A enzyme which 

is known to be induced by PAHs and similarly behaving aromatic hydrocarbons and is the key driver in 

biotransformation process of these compounds. Hence the abundance of CYP1A directly correlates to 

the abundance of the AhR agonist.  

In the EROD assay one makes use of an associate reaction, 7-ethoxyresorufin to resorufin, which is 

catalysed by the CYP1A enzyme. Also here, the amount of resorufin produced, directly correlates to the 

amount of free CYP1A enzymes present in the cell. The natural fluorescence of the reaction product 

resorufin, makes a quantification possible. Both 7-ethoxyresorufin and the xenobiotics compete for the 

same receptor sites. Hence, the EROD activity does not reach a “saturation plateau” but declines over 

time (Petrulis et al. 2001).  

Assay procedure 

After taking the culture plate out of the incubator the medium is carefully removed by vacuum suction. 

The wells are rinsed once with 500 µL of PBS. After aspirating off the PBS, 200 µL of 7-ethoxyresorufin 

are added to each well. The plate is subsequently moved to the fluorometer (Victor ™ 1420 Multilabel 

Counter, excitation wavelength: 540 nm, emission wavelength: 580 nm) for analysis. 

Bovine Serum Albumin (BSA) Standard Plate 

The BSA standard plate is prepared by serial dilution (0.0625, 0.125, 0.25, 0.5, 1 mg mL-1). The 

solutions are added in duplicates to a 48-well plate and measured in the fluorometer (excitation 

wavelength: 365 nm, emission wavelength.: 470 nm).  
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Resorufin Standard Plate 

A dilution series of resorufin in a range from 6.25 pmol to 200 pmol (6 concentrations) is made in a 48-

well plate. 100 µL of fluorescamine solution are added to each well. The plate is wrapped in aluminium 

foil and incubated on a shaking platform at room-temperature (for 10 min) before measuring the total 

cellular protein content in the fluorometer.  

Calculations 

The results of the BSA measurement, are plotted to create a quadric standard curve to determine the 

protein concentration in the PLHC-1 samples. In contrast to the BSA standard curve, the resorufin 

standard curve is linearly fitted.  

To derive the EROD activity, the fluorometer measures the fluorescence 10 times in each well. The 

resulting values are plotted against the runtime and linearly fitted. The slope is divided by the slope of 

the resorufin standard curve to yield the EROD activity [pmol min-1]. By dividing through the amount 

of protein the Specific EROD activity [pmol resorufin protein-1 min-1] is determined.  

2.2.3 Quantitative PCR (qPCR) 

Theory  

In contrast to conventional PCR, in quantitative PCR or real-time PCR, the final product is not 

determined by an end-point analysis but by quantification after each cycle throughout the mRNA 

synthesis process. By using fluorescent DNA dyes or sequence-specific probes, the product can be 

determined quantitatively. Compared to conventional PCR, this method saves time, and laboratory work 

and no analysis by DNA gel electrophoresis is required (Bio-Rad Laboratories 2022).  

Cell lysis, RNA extraction, and purification were performed using the Qiagen RNeasy® Mini Kit and 

the protocol provided. 

Lysis of PLHC-I cells 

The cell media is removed by vacuum suction and the cells are rinsed once with PBS. After aspirating 

off the PBS, 350 µL of RLT Buffer (1% β-mercaptoethanol) is added to each well. By scratching the 

bottom surface with a filter pipette tip, the cells are detached from the wells. The suspension is 

homogenized by pipetting up and down and transferred to an Eppendorf tube (1.5 mL). The cell lysate 

is stored at -80 °C or kept on ice for subsequent RNA extraction.  

RNA Extraction and Purification 

To avoid degradation, not more than 12 samples are processed at a time. The cell lysate (thawed) is 

vortexed and briefly spun down. The suspension is then added to the homogenisation column and 

centrifuged (2 min, max. speed). The flowthrough is then transferred to the gDNA elimination column 

and centrifuged again (30 sec., max. speed). Then, the flowthrough is added to the RNeasy spin column 
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together with 350 µL of ethanol (70%). The mixture is homogenized by pipetting up and down and 

centrifuged (15 sec., max. speed). The flowthrough is discarded, and the tube is dabbed on a tissue for 

more efficient waste removal. 700 µL of washing buffer 1 are added to the same column which is 

centrifuged for 15 sec. (max. speed). This procedure is repeated twice with 500 µL of the RPE buffer 

(centrifuged 15 sec. 1st, 2 min 2nd; max. speed). Then the RNeasy spin column is placed in a new 

collection tube (1.5 mL) and 30 µL of RNAse-free water is added directly onto the membrane. To elute, 

the column is centrifuged for 1 min. (max. speed). The elution is transferred to a new 1.5 mL Eppendorf 

tube. The total RNA concentration is determined by NanoDrop™ measurement. The RNA samples are 

alternatively stored at -80°C or kept on ice for subsequent cDNA synthesis.  

Synthesis of cDNA 

The thawed samples are briefly spun down, then vortexed and spun down again (S-V-S) before being 

put back on ice. The master-mixture is prepared according to the number of samples and subsequently 

homogenized (S-V-S). The cDNA reaction mixture is prepared in RNAse-free Eppendorf tubes (0.2 mL) 

according to the concentration of the RNA. Two control samples are prepared (1st without reverse 

transcriptase, 2nd without RNA). The samples are homogenized (S-V-S) and loaded into the machine.  

PCR plate preparation and qPCR measurement 

The cDNA is homogenized (S-V-S) and diluted with RNAse-free water to 2.5 ng µL- 1 in new Eppendorf 

tubes. The reaction mixture (RM) containing the primers and the SYBR™ green dye, is prepared and 

homogenized (S-V-S). To prepare the PCR plate, a droplet of the sample (4 µL) is added to the wall of 

one side of the well. Additionally, a control sample containing water is added. Samples and controls are 

added in triplicates. After adding all the sample droplets, the plate is carefully rotated, and the RM (6 µL) 

is added in the same manner on the other side of the well. Then the plate is thoroughly sealed to avoid 

evaporation and spillage and subsequently vortexed and centrifuged (2 min., 1000 g). Finally, the plate 

is moved to the PCR machine and analysed. 

Calculations  

For each sample that is measured for CYP1A mRNA, a separate qPCR run is performed to measure the 

18 S housekeeping gene. The average cycle quantification value (Cq-value) including measurements for 

each biological replicate is derived. The average value for 18 S is subtracted from the average value for 

CYP1A. The result value (dCq), referred to as “relative mRNA level” of the sample is plotted as 

(2-Cq) *106. 
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2.2.4 Gas Chromatography – Mass Spectrometry (GC-MS) 

Theory 

The detection principle in GC is based on the movement of a gaseous compound transported by a mobile 

phase along a stationary phase. To be able to measure a compound in GC, it must be thermically stable 

and volatile. MS is a type of detection system where compounds are ionized and separated by means of 

electric or magnetic fields. A number of fragments for each sample with, the respective mass in a mass 

to charge ratio (m/z), is the output of the analysis. With GC-MS it is possible to create a total ion current 

chromatogram (TIC) which depicts the abundance of each ion in the sample represented as a peak with 

the integrated area below corresponding to the relative abundance of the respective ion. To identify a 

peak of interest a scan with a positive control must be conducted to evaluate the retention time of the 

respective ion (Honour 2006). 

Assay 

The cell medium is aspirated off and the cells are rinsed with 2 mL of PBS once. After aspirating off the 

PBS, 200 μL of trypsin (25%) are added to each well to detach the cells from the surface of the well. 

After 2 min, the suspension is transferred to an Eppendorf tube (1.5 mL). Then 200 μL of acetone are 

added to each tube and the suspension is homogenized (spin-vortex-spin, S-V-S). Then 200 μL of 

heptane are added to each sample and the suspension is mixed again (S-V-S). Now, the samples are 

sonicated in a sonication bath for 10 min. Afterwards, the upper, organic layer of each sample is 

transferred to a glass vial.  

The samples are measured in the GC-MS machine in SIM mode with splitless injection.  

The machine utilized, is a GC system (Agilent Technologies, 7890A GC system) with a Mass selective 

detector (Agilent Technologies, 5975C inert XL/EI/CI MSD + Triple-Axis detector), equipped with a 

Autosampler (Agilent Technologies 7693). 

2.2.5 Statistical analysis 

For the statistical analysis of the results derived from EROD assays, the Wilcoxon rank-sum test was 

performed. A p-value < 0.05 was considered significant.  

2.2.6 Software 

This thesis was written in Microsoft® Word. The data treatment was performed using Microsoft® Excel 

and R® Studio. The figures displayed here were created using R® Studio and BioRender™. 
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3. Results 
 

3.1 EROD assay 

To make the data presented comparable, even between different experiments, all values have been 

normalized.  As the vehicle control, DMSO does not activate the AhR signalling and therefore does not 

induce CYP1A which would lead to detection of EROD (CYP1A) activity, the values received are not 

suitable for normalization as they are often negative. Therefore, the lowest concentration of the “positive 

control” is used as a control value instead. 

Figure 6: Mean specific EROD activity (24 h exposure) normalized to the activity of the sample after treatment to 0.1 µM of 

BaP (A) and BNF (B) respectively. The data points in “A” were generated from the arithmetic mean of 16 values from four 

repetitions of the same experiments (Except for bar “1”, BaP 0.1 µM with 12 values). For “B”, two experiments were conducted 

using 8 values per treatment to derive the arithmetic mean. The error bars show the standard deviation of the datasets. The * 

indicates that the dataset is significantly different from the respective control (p < 0.05). 

Figure 6 A shows an average activity for BaP 0.5 µM (Bar 5) which is ~ 2.3-fold of BaP 0.1 µM (Bar 1), 

wherein B, the activity of BNF 0.5 µM (Bar 5), is ~6 times higher than BNF 0.1 µM (Bar 1).  In contrast 

to the mixture effect seen with BaP (Figure 6 A), the difference in average EROD activity seen in B is 

significantly higher for mixtures with higher BNF concentrations. Figure 6 A suggests that for mixtures 

with BaP 0.5 µM, the mixture effect is greatest at lower DEX concentration, while the two mixtures 

with higher DEX concentration show similar values. This observation appears to be in line with what 

can be observed for BNF in Figure 6 B. However, after statistical analysis, we conclude that in contrast 

to A, bar 6 is not significantly different from bar 7. Bar 8, however, is significantly lower than bars 6 & 

7 (Table A1, 4-6). 
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Not displayed in either of the graphs is the activity resulting from the treatment of the cells with the 

negative control (DMSO) and DEX (5 µM, 10 µM) individually, as neither of them suggests a significant 

induction of CYP1A enzyme activity.  

Figure 7: Mean specific EROD activity (24 h exposure) normalized to the activity of the sample after treatment to 0.1 µM of 

BaP (A) and BNF (B) respectively. The data points in “A” were generated from the arithmetic mean of 16 values from four 

repetitions of the same experiments. For “B”, three experiments were conducted using 12 values per treatment to derive the 

arithmetic mean. The error bars show the standard deviation of the datasets. NOTE: A & B have different scales on the y-axis. 

The * indicates that the dataset is significantly different from the respective control (p < 0.05). 

The difference in activity between the two concentrations for BaP tested (0.1, 0.5 µM), appears greater 

in Figure 7 A (BaP 0.5 µM 2.4-fold of BaP 0.1 µM) than in Figure 6 A (2.29-fold). Notably, the 

concentration-dependent difference in activity for cells treated with BNF only (B, 0.1 and 0.5 µM) 

appears much more significant than seen in previous results (Figure 6 B). 

In terms of mixture toxicity, Figure 7 A shows similar values for BM and HYC (with BaP 0.1 µM), but 

significantly lower mean EROD activity when PRD is in the mix. This is not true with BNF as AhR 

agonist (Figure 7 B), where the mixtures with different glucocorticoids, all result in similar EROD 

activity.  

With higher BaP concentration in the mixture (A), we see that BM causes the highest potentiation 

(~ 2.5-fold) out of the three glucocorticoids, which is still lower than seen for BNF as an AhR agonist 

(~ 4.0-fold, B). In A, the other two glucocorticoids cause similar, lower potentiation (~ 1.5-fold), 

whereas BaP + PRD; however, has a much higher standard deviation. In B however, a regression can 

be observed (BM > HYC > PRD); however, the difference between 7 & 8, turns out not to be statistically 

significant (Table B1, 12). 
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Not displayed in either of the graphs is the activity resulting from the treatment of the cells with the 

negative vehicle control (DMSO) and the glucocorticoids (2.5 µM) individually, as neither of them 

suggests a significant induction of CYP1A. 

 

Figure 8: Mean specific EROD activity of cells treated with either BaP (0.1 µM) alone or in a mixture with DEX (“Mix” = 

0.1 µM BaP + 2.5 µM DEX) after different exposure times. The data is normalized for each exposure time (BaP 0.1 µM set to 

1). The data points were generated from the average data from four observations of the same experiments (except for 4 with 

three observations). The error bars indicated the standard deviation. Not displayed are the results for the vehicle control samples, 

the activity after exposure to DEX alone, and the activity after 10 min of exposure time to BaP and BaP + DEX. Due to the 

small number of replicates for each dataset, no statistical analysis would have been feasible and was therefore not performed. 

Figure 8 shows the difference in Mean specific EROD activity between cells treated with BaP 0.1 µM 

and in a mixture with DEX 2.5 µM, for 5 different exposure times. The results reveal a general increase 

in mixture effect with increasing exposure time. While after an exposure time of 3 h (1 & 2), the resulting 

EROD activity is virtually identical (Table C1, 5) for both BaP and Mix, the potentiation after mixture 

exposure increases over time, reaching a maximum of a 1.6–fold difference after 48 h of exposure (9 & 

10). Interestingly, bars 3 & 4 (6 h exposure) appear to differ to a greater extent than bars 5 & 6 at a 

higher exposure time. It must be considered; however, that Figure 8 shows data resulting from a small 

set of replicates with a high standard deviation (as seen e.g., bar 7). Also, previous results with a higher 

number of replicates and lower standard deviation, show a tendency that slightly deviates from what is 

displayed in Figure 8. In Figure 6 A, we see that BaP 0.1 µM + DEX 2.5 µM has a ~ 2-fold activity after 

24 h exposure compared to BaP 0.1 µM alone were for Figure 5 only shows a ~ 1.4-fold increase for the 

same exposure time (Figure 8, 7 & 8). The activity after a 10 min exposure of the cells to BaP and the 
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mixture respectively, is not displayed in Figure 5. The activity; however, does not differ from the activity 

seen for the solvent (Table C1, 1-4). 

 

Figure 9: Mean specific EROD activity of cells treated with BaP (0.1, 1 µM) or BaP + DEX (10 µM) after different exposure 

times. In mixtures on the left side of the graph (2 & 4) BaP was added first with DEX being added 24 h later. The overall 

exposure time was 48 h. In the mixtures on the right side (6 & 8), the opposite procedure was executed. For treatment with BaP 

alone (1, 3, 5, 7), the exposure time was 48 h. For each exposure type, the data is normalized setting BaP 0.1 to 1. The bars 

were each generated from an average of 8 replicates. The error bars indicated the standard deviation. The * indicates that the 

dataset is significantly different from the respective control (p < 0.05). 

In Figure 9, depicts the results from an experiment utilizing different pre-exposure scenarios. While on 

the left the mixtures (2 & 4) were pre-exposed with BaP (24 h), the mixtures (6 & 8) on the right were 

pre-exposed to DEX (24 h) before adding the other substance respectively. The overall exposure time 

was 48 h.  

When comparing the mixture effect for the lower BaP concentration (0.1 µM), we notice a potentiation 

in EROD activity on the left side (1 & 2) while no difference can be observed on the right side (1 & 6; 

p > 0.05, Table D1, 2 & 5). This suggests that pre-exposure with BaP/ delayed addition of DEX has a 

greater effect on the EROD activity and therefore, CYP1A induction.  

After comparing the mixture effect for the higher BaP concentration (1 µM); however, we observe a 

negative mixture effect after BaP pre-exposure (3 & 4), whilst there is once again no significant 

difference between the treatments on the right side (7 & 8; p > 0.05, Table D1, 6). 
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Figure 9 further indicates a dose-response for BaP, where treatment with a higher BaP (1 µM) 

concentration leads to a greater EROD activity (1 & 3). However, due to the high variability in the 

datasets, no significant statistical difference can be observed (Table D1, 1 & 4).  

  

Figure 10: Mean specific EROD activity of cells after exposure to different DEX concentrations after BNF (0.1 µM) 

pre-exposure (24 h). Two different exposure scenarios are displayed. Bars 1-7 show the activity after 24 h of exposure of the 

pre-treated cells. While for bars 8-13 the exposure time was only 10 min. For both scenarios the data is normalized setting the 

negative vehicle control DMSO to 1. The bars were generated from an average of 4 replicates each. The error bars indicate the 

standard deviation. 

Figure 10 shows the EROD activity after short (10 min) direct and long (24 h) exposure of BNF (0.1 

µM, 24 h)) pre-treated cells, to different DEX concentrations. The Figure clearly illustrates that after 24 

h a potentiation takes place (except for bar 3, DEX 0.625 µM), while after a short exposure time of 10 

min, appears similar or even lower than the control.  

Bars 3 & 7 do not differ significantly from the vehicle control, Bar 2 (Table E1, 2 & 3) which is also 

true for bars 10-12, which do not differ from bar 8 respectively (Table E1, 4-6). 

The data further suggests a concentration dependency for DEX, as after 24 h the potentiation increases 

significantly with increasing DEX concentration. The trend differs slightly from results after 24 h 

combined mixture exposure of untreated cells, as seen earlier (Figure 6), where a concentration 

dependent decrease in potentiation can be observed after a peak at DEX 2.5 µM. However, here, also 

the lower number of replicates and the high variability in Figure 7 must be considered. 

The DEX concentrations 1.25, 2.5 and 5 µM, result in higher EROD activity after both exposure 

scenarios.  
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3.2 qPCR analysis 

Figure 11: An illustration of the CYP1A mRNA level after different treatments of PHLC-I cells. A: 24 h treatment, 3 replicates 

per bar; B: 3 h treatment; 2 replicates per bar.  

Figure 11 shows the relative CYP1A mRNA level after the exposure of the cells to different treatments 

for different time. In A, we see that DMSO and DEX (2.5 and 5 µM) do not cause any notable expression 

of CYP1A mRNA compared to the other treatments. This is true for the exposure to the chemicals for 

24 h (A) but also after 3 h of exposure (B).  

After 24 h of exposure, we see that treatment with BaP (0.1 µM) alone, results in much higher mRNA 

expression as compared to the mixture treatment. Figure 11 A also suggests that a higher concentration 

of DEX in the mixture, further lowers the mRNA production after 24 h. In Figure 11 B, after an exposure 

time of 3 h, we see a contrary picture where the mixture treatment causes a higher CYP1A mRNA level 

compared to BaP alone (~1.3-fold).  
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3.3 GC-MS analysis 

 

 

Figure 12: An illustration of the intracellular BaP levels after treatment with BaP or BaP + DEX for different concentrations 

and exposure durations. The BaP levels are determined after GC-MS measurement and expressed as an integration of the 

peak area which corresponds to BaP as identified after a  nalysis of a positive control sample. The data presented here is 

normalized and expresses the fold of the BaP level after mixture treatment for each concentration and exposure time, relative 

to the BaP control. The DEX concentration for all treatments was 2.5 µM. The data shows the results for one single sample 

per bar.  

Figure 12 shows the results from the GC-MS measurement of different cell samples after different 

treatments and different exposure times. As we see on the left side of the graph, there is little 

difference in intracellular BaP abundancy after treatment with BaP 0.1 µM or BaP 0.1 µM + 

DEX 2.5 µM for 1 h. After a longer exposure of 24 h to the same treatments, we see lower BaP levels 

after mixture treatment. With increasing BaP concentration, however, our data indicates higher BaP 

levels after mixture treatment, for every exposure time tested. Our data suggest that the difference in 

response peaks somewhere between 1 h and 24 h as the response after 6 h is significantly higher than 

for the control.  
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4. Discussion 
In this study, the changes in CYP1A induction in PLHC-I cells were assessed, based on exposure to BaP 

and DEX independently, as well as in mixtures of different composition and concentration. Moreover, 

changes in CYP1A induction, based on different exposure scenarios, as variations in exposure time and 

experiments on pre-exposed cells, were investigated. To place our findings into perspective, additional 

AhR agonists and GR agonists were tested analogously.  

4.1 Dose-Response findings of DEX 

DMSO and DEX were tested in various EROD experiments. As Table 5 outlines, the derived data 

strongly suggests, that there is no significant difference in EROD activity (and thus, CYP1A induction) 

detected in cells treated with DMSO and cells treated with DEX. This tendency is also true for the 

experiments conducted to investigate the activity after different exposure times (0.16, 3, 6, 18, 24, 48 h) 

and experiments involving different DEX concentrations (2.5, 5, 10 µM).  

Therefore, our findings indicate that DEX does not possess the potential to activate the AhR in PHLC-I 

cells, for the concentrations and exposure times tested. Celander et al 1996, produced similar results, 

when comparing data after 48 h exposure of PHLC-I cells to DMSO and DEX (10 µM) from 10 

experiments (8 replicates each). Although Celander et al. state that half of the experiments yielded a 

slightly higher EROD activity for cells treated with DEX, they point out that the values measured are 

close to the detection limit of the assay and are negligible compared to the activity measured after 

treatment with AhR-agonist TCDD (Celander et al. 1996). Previous studies showed that the effect DEX 

has on hepatic cells differs not only between mammals and fish but even within fish species (Burkina et 

al. 2015). As there is limited data on DEX-exposure of PHLC-I and other fish cells, is it difficult, at this 

stage, to put our findings into perspective. 

4.2 Dose-Response findings of DEX in a mixture 

To get an insight into whether and how the concentration of DEX affects CYP1A induction in cells 

treated with DEX + an AhR agonist, experiments were carried out testing different DEX concentrations 

in combination with either BaP or BNF.  

The results, as illustrated in Figure 6, reveal that in combination with BNF, a lower DEX concentration 

yields a higher EROD activity (2.5 > 5 > 10 µM DEX). In combination with BaP, the lowest DEX 

concentration tested (2.5 µM) also results in the highest potentiation (Figure 6 A). In contrast to the data 

involving BNF, however, the activity does not strictly regress with increasing DEX concentration, as 

BaP + DEX 5 µM and BaP + DEX 10 µM appear to show similar EROD activity. It must also be 
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considered that the data for BNF + DEX mixtures (Figure 6 B) shows a higher standard deviation and 

represents a lower number of replicates than the data shown in Figure 6 A.  

In mixtures with lower AhR-concentration, the trend for this concentration range does not hold true. 

Although slight variations in activity can be observed in Figures 6, statistical analysis shows that almost 

none of the displayed datasets in question are significantly different from the others (Table 5, 1-39). 

A few comparisons that turned out to be statistically different, show a higher mean average EROD 

activity after DMSO treatment (Table 5, 26-34).  

Celander et al. 1996, tested the concentration dependency of DEX in mixtures with TCDD (24 h 

exposure, PLHC-I cells) and observed the highest peak of CYP1A induction at a DEX concentration of 

0.01 µM (Celander et al. 1996).  

As the exact interaction mechanism between BaP and DEX remains unclear, one can only hypothesize 

on the dose-response. In general, our findings suggest that at a certain DEX concentration a peak of the 

synergistic mixture effect is reached, and the effect decreases with increasing DEX concentration via a 

type of down-regulating mechanism from thereon.  

 

4.3 Time-Course study of a mixture 

To evaluate the significance and effect of the time parameter, the EROD activity after combined 

treatment to BaP (0.1 µM) and DEX (2.5 µM) was tested for six different exposure times. To investigate 

the mixture effect and compare the results, a single substance exposure experiment (BaP 0.1 µM) was 

carried out, for each exposure time.  

As Figure 8 indicates, we found there to be differences in EROD activity depending on the exposure 

duration. Under consideration of the low number of replicates and the standard deviation, as depicted in 

Figure 8, we can say that there appears to be a general increase in DEX-mediated potentiation of 

BaP-induced EROD activity, with increasing exposure time. Except for bars 3 and 4 (Figure 8, 6 h 

exposure), which shows a higher potentiation than seen for bars 7 & 8 (Figure 8, 18 h exposure), the 

data follows this trend. 

Looking at previous studies on this matter, we find that a strict correlation between mixture effect and 

exposure time is not necessarily to be expected. As Celander et al. 1997 show, the correlation between 

mixture effect and exposure time does also depends on the composition of the mixture (Celander et al. 

1997).  

Overall, our findings suggest that the DEX-mediated potentiation of the BaP-induced CYP1A induction 

is active at an almost constant rate for at least 48 h of exposure. Therefore, the degree of potentiation 

increases over time. 
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4.4 Findings from comparing different glucocorticoids  

To investigate whether different glucocorticoids behave differently, independently and in mixtures with 

AhR agonists, the EROD activity of cells treated with different combinations of BM, HYC, PRD with 

either BaP or BNF was tested.  

As seen previously for DEX, cells treated with BM, HYC, and PRD, did not cause any significant EROD 

activity which suggests that none of the tested GR agonists is capable of inducing CYP1A in PLHC-I 

cells (Table 5, 14-34).  

After combined treatment with BNF (0.1 µM), we observed that all glucocorticoids yield a similar, not 

statistically different (Table B1, 9-11), EROD activity (Figure 7). When administered combined with 

0.1 µM of BaP, however, PRD causes a significantly lower activity than BM and HYC. A change in 

trend can be observed when looking at mixtures with higher AhR agonist concentration, where the 

involvement of BM causes the highest mixture effect both when added together with either BaP or BNF. 

Previous studies have shown that combined treatment of mouse embryo cells with HYC + TCDD 

resulted in AhR-GR cross-reaction (Abbott 1995). It has also been shown that both DEX and BM 

enhance CYP1A mRNA and EROD activity in primary human placental trophoblast when combined 

with 3-MC (Stejskalová et al. 2013).  

When comparing the results in Figure 7 to the results for DEX in Figure 6, it appears that there are clear 

differences in mixture effect depending on what glucocorticoid is involved. However, additional studies 

(Table 3), when BM, HYC, and PRD were each directly compared to DEX, show no statistically 

significant difference (Table 5, 40-45).  

Overall, what our findings clearly indicate, is that an increase in EROD activity occurs in mixtures with 

all glucocorticoids tested. There appear to be differences in potency among the glucocorticoids which 

are, however, linked to the composition of the mixture and require further investigation. 

 

4.5 Findings based on the treatment of pre-exposed cells. 

To assess if the mixture effect changes after different exposure scenarios, BaP-pre-treated (24 h) cells 

exposed to DEX (24 h), were compared to those receiving the opposite treatment (Figure 9). Two 

mixtures with different BaP concentrations (0.1 and 1 µM) were tested each, while the DEX 

concentration stayed the same in all of them. To assess the mixture effect, a single substance exposure 

(48 h) of untreated cells was performed for both BaP concentrations.  

Based on the results shown in Figure 9, we can say that after pre-treatment with BaP, a mixture effect 

can be observed for both BaP concentrations, while for the DEX pre-treatment experiment, all resulting 

EROD activities were statistically indifferent (Table D1, 5-8). While the mixture with the lower BaP 



 

24 

 

concentration caused a potentiation (~ 2-fold), the mixture with the higher BaP concentration caused a 

negative mixture effect, reaching only 30 % of the EROD activity seen for the control. Down-regulation 

of EROD activity at higher PAH levels in PLHC-I cells has been observed before (Celander et al. 1997). 

Previous studies, investigating the interactions of TCDD and DEX, had shown evidence for a significant 

impact of DEX pre-treatment on the CYP1A induction via TCDD after 24 h of exposure of H4IIE rat 

hepatoma cells. According to Lai et al. (2003), a positively increasing mixture effect could be seen with 

increasing time of DEX pre-treatment (Lai et al. 2004). While considering that the experiments 

conducted by Lai et al. differ substantially from the experiments conducted in our studies (cell line, 

exposure time, AhR agonist, concentration), they show that DEX pre-exposure can be a factor to 

consider. Whether this applies to BaP and DEX in PHLC-I cells, must be assessed in future experiments.  

Figure 10 shows another experiment, where pre-exposed cells (BNF 0.1 µM, 24 h) were treated with 

DEX. Besides testing different DEX concentrations, we also investigated the influence of the exposure 

duration with this experiment. As Figure 10 shows, statistically significant potentiation of EROD 

activity occurs after 24 h of treatment with DEX (1.25, 2.5, 5 µM) (Figure 10, 4-6). After 10 min. direct 

exposure of the cells to 1.25, 2.5 and 5 µM of DEX (Figure 10, 10-12), no significant difference to the 

vehicle control can be observed. Concentrations of 0.625 and 10 µM, appeared to even cause a slight 

inhibition of EROD activity after 10 min. exposure. 

Inhibition was observed in every case when adding 1.25 and 2.5 µM of DEX, BM, HYC & PRD (24 h 

exposure) to BNF pre-exposed cells (0.1 µM, 24 h) in two separate experiments (Table 4). Previous 

studies also showed DEX-dependent inhibition after 10 min direct exposure of pre-treated 

(BNF 0.1 µM) PHLC-I cells (Wassmur et al. 2013).  

 

4.6 Comparison of BaP and BNF as AhR agonists and their interaction 

with glucocorticoids. 

As Figures 6 and 7 indicate, BNF appears to be a stronger CYP1A inducer after an exposure time of 

24 h. As we can further derive from Figure 6, at low concentrations, both BaP and BNF react similarly 

with different DEX concentrations to yield comparable EROD activity. At higher AhR agonist 

concentration, the mixture effect is greater with BNF, rather than BaP, in the mixture. This observation 

can also be made when looking at Figure 7, indicating that the potency of AhR agonists, in combined 

treatment with glucocorticoids, is dependent on the concentration of the AhR agonist in the mixture. It 

has been shown, for different cell lines, that the difference in potency of BaP and BNF depends on 

factors like concentration (Bonacci 2003). 
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4.7 CYP1A mRNA production 

After qPCR analysis of PLHC-I cells exposed to different chemicals and mixtures, we saw that the 

expression of CYP1A mRNA differs after exposure to BaP or BaP + DEX. As Figure 11 depicts, the 

mRNA production after BaP 0.1 µM treatment (24 h) is 2-fold compared to after exposure to 

BaP 0.1 µM + DEX 2.5 µM. An increase in DEX concentration appears to lead to an even lower 

expression of mRNA in the cells.  

Figure 11 B indicates that a lower exposure time causes the relation between BaP and the mixture to 

flip, as the CYP1A mRNA level after mixture-treatment appears as ~1.2-fold of BaP.  

Considering that the EROD data suggests that BaP + DEX do cause an increase in CYP1A, the results 

depicted in Figure 11 appear odd. However, the contrasting relation between BaP and the mixture may 

be due to metabolic reasons. If the mixture causes an increase in CYP1A induction early on (detected 

by EROD measurement and qPCR), the detoxification rate of BaP is therefore also increased. As the 

amount of BaP is decreasing in the cell, over time, the mRNA production slows down compared to cells 

treated only with BaP. While a high level of CYP1A may still be detectable (EROD assay), the level of 

mRNA produced is dropping earlier on and is therefore suddenly lower after mixture treatment, than 

after treatment with BaP.  

There is little research done on how the combined treatment with BaP + DEX affect the CYP1A 

expression in fish species; however, as Sonneveld et al. (2007) describes, DEX causes an increase in 

BaP-induced CYP1A expression in hepatic rat cells (H4IIe) after 24 h of combined exposure, while the 

level of expression does not change in human cells (HepG2 and T47D) (Sonneveld et al. 2007). 

By interpreting the results displayed in Figure 11, the low number of replicates must be considered. 

Hence, these results can only be regarded as preliminary indications.  

 

4.8 Intracellular BaP levels 

Figure 12 shows the difference in intracellular BaP levels after analysis of cells exposed for different 

duration to different treatments. While the BaP levels are similar or even lower compared to the control, 

after mixture treatment involving a lower BaP concentration (0.1 µM), DEX causes higher BaP levels 

when added in combination with 1 µM of BaP. This suggests that depending on the BaP concentration, 

DEX can slow down the metabolism or elimination rate of BaP, causing higher BaP levels to remain in 

the cell.  
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5. Conclusion 
To assess the mixture effect of BaP and DEX, several experiments were conducted, measuring the 

CYP1A activity (EROD assay) and the CYP1A mRNA abundance (qPCR) in PHLC-I cells. Treatments 

of cells were performed using different combinations of substances, in different compositions, for 

varying exposure durations. Also, the difference in exposure of pre-accommodated and untreated cells 

was investigated. To put our findings on the behaviour of BaP and DEX in perspective, we further 

conducted experiments utilizing additional compounds of their respective chemical classes (BNF and 

BM, HYC, PRD, respectively).  

We have seen, that in contrast to the AhR agonists BaP and BNF, the glucocorticoids and GR agonists 

DEX, BM, HYC and PRD, do not induce significant CYP1A activity when applied alone. Previous 

studies on DEX in PHLC-I cells reached the conclusion that DEX has a negligible capacity of inducing 

CYP1A (Celander et al. 1997).  

Furthermore, we conclude that DEX, BM, HYC and PRD, when applied together with BaP or BNF, do 

cause a potentiation of CYP1A induction in untreated PHLC-I cells, compared to after a single substance 

exposure to the same concentration, of the respective AhR agonist, as present in the mixture. The degree 

of potentiation appeared elevated when, (A) the concentration AhR agonist was higher; (B) BNF was 

the AhR-agonist present in the mixture; (C) the glucocorticoid concentration in the mixture was lower 

(regarding mixtures with DEX); (D) when BM was the glucocorticoid present in the mixture. It has been 

shown before, that DEX enhances the BNF-induced CYP1A activity in PHLC-I cells (Celander et al. 

1997). A mixture effect on the CYP1A activity after the combined treatment with DEX and BaP has 

also been reported; however, in mammalian cells (Dvořák et al. 2008).  

Regarding the time parameter, we have found preliminary indication of an increasing, potentiating 

mixture effect of BaP + DEX, with increasing exposure duration. This conclusion stands in contrast to 

what has been described earlier for the behaviour of a mixture of BNF and DEX in the same system. 

However, literature further indicates that the correlation between mixture effect and time exposure also 

varies depending on the mixture composition (Celander et al. 1997). Due to the small number of 

replicates, we were able to produce, we cannot present any significant data.  

After comparing the mixture effect on CYP1A activity following different scenarios of exposing 

pre-treated cells, we conclude that the pre-exposure to DEX does not cause a significant enhancement 

of CYP1A induction. DEX-treatment of cells that have been accommodated to BaP, however, does 

cause a mixture effect, which appeared positive after adding a lower BaP concentration and negative 

when pre-treating the cells with a higher BaP concentration. A negative mixture effect can also be seen 

after treatment of BNF-pre-exposed cells with different concentrations of BM, HYC and PRD 
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respectively. The same has been done for DEX, where we learned that not only a difference in 

concentration but also in exposure duration leads to a difference in mixture effect. 

We were able to show that the CYP1A mRNA production is altered when treating cells with BaP + DEX 

instead of BaP only. After 3 h exposure, the mixture treatment resulted in a higher amount of mRNA, 

whereas after 24 h exposure, the mRNA level was lower compared to the control, as our pilot 

experiments indicate. For this cell line, no information on the impact of BaP + DEX on CYP1A mRNA 

has been published yet. Our findings stand in contrast to what has been described previously for hepatic 

rat cells after 24 h exposure (Sonneveld et al. 2007).  

Given our results and the findings, the qPCR results in particular, we can hypothesize that the presence 

of DEX causes increased elimination of BaP from the cell. Our analysis of the intracellular BaP levels 

(Figure 12) do not strictly exclude this hypothesis, but it must be considered that the effect DEX has on 

the elimination rate of BaP, may vary depending on the mixture composition; especially the BaP 

concentration, as seen in Figure 12.  

As a final remark we can say that the findings presented in this thesis are, to a great extent, to be 

considered as preliminary indications on the behaviour of BaP + DEX in fish species. Further studies 

should aim to reproduce and verify the results presented and to elucidate additional aspects on how the 

interaction of BaP and DEX unfolds. Promising endpoints to investigate could be the mixture effect on 

the cell efflux and GR-mediated expression. With respect to environmental relevance, the testing of 

lower DEX concentrations should also be considered, as the concentrations utilized in the experiments 

presented here, exceed concentrations commonly detected in environmental matrices.  
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Supplement:  

List of chemicals  

 

   Table 2: List of chemicals used in the experiments described and relevant information about them. 
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Acetone (CH3)2CO 67-64-1 

Irritant, flammable, 

damaging to the 

respiratory system 

Merck p.a. 

Acetonitrile CH3CN 75- 05- 8 

Acute and chronic 

health hazard, highly 

flammable, toxic to 

aquatic environment 

Merck p.a. 

Benzo[a]pyrene   50-32-8 CMR toxic  Sigma ≥ 96%  

Beta- Naphthoflavone 
 

6051-87- 2 Irritant Sigma 97% 

Beta- mercaptoethanol   60-24-2 

Irritant, combustible, 

flammable 

Reproductive toxic, 

harmful if 

swallowed/inhaled, 

 Sigma > 99%  

Betamethasone 
 

378-44-9 CMR toxic Sigma ≥ 98% 

Bovine Serum Albumin 

(BSA) 
-               9048-46- 8  

Harmful if 

swallowed 
Sigma ≥ 98% 

Dexamethasone 
 

50-02-2       CMR toxic Sigma ≥ 97 % 

Dimethyl sulfoxide 

(DMSO) 
C2H6OS 67-68-5 -               Sigma ≥ 99.9% 

Disodium hydrogen 

phosphate 
Na2HPO4 7558-79- 4 -               Sigma p.a. 

EDTA C10H16N2O8 60-00-4 

Acute and chronic 

health hazard, 

Combustible, toxic 

to aquatic 

environment 

Sigma 99-101% 

Ethanol (EtOH) CH3CH2OH 64-17-5 

Acute and chronic 

health hazard, highly 

flammable 

Sigma  n.a. 

7-Ethoxyresorufin (ER) C14H11NO3 5725-91- 7 -               Sigma p.a. 

Fetal Bovine Serum 

(FBS) 
-               -               -               

Thermo 

Fisher 

Premium 

Plus 

Fluorescamine C17H10O4 38183-12-9 -               Sigma ≥ 98% 

https://www.sigmaaldrich.com/SE/en/search/9048-46-8?focus=products&page=1&perPage=30&sort=relevance&term=9048-46-8&type=cas_number
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Heptane C7H16 142-82-5 

Irritant, damaging to 

the respiratory 

system 

Sigma 99% 

2- [4-(2-

Hydroxyethyl)-1-

piperazine] ethane 

sulfonic acid (HEPES) 

-               7365-45- 9 

Avoid breathing 

dust/fume/gas/mist/v

apours/spray, Use 

only outdoors or in a 

well- ventilated area 

Sigma ≥ 99.5% 

Hydrochloric Acid HCl 7647- 01-0 Corrosive, harmful Sigma  n.a. 

Hydrocortisone 
 

50-23-7 CMR toxic Sigma ≥ 98% 

Minimum Essential 

Media (MEM) Powder 
-               -               -               Sigma  n.a. 

Methanol (MeOH) CH3OH 67-56-1 

Acute and chronic 

health hazard, highly 

flammable 

Sigma ≥ 99.9% 

Sodium Hydroxide NaOH 1310-73- 2 corrosive Sigma p.a. 

Potassium chloride KCl 7447-40- 7 -               Merck p.a. 

Potassium dihydrogen 

phosphate 
KH2PO4 7778-77- 0 -               Merck p.a. 

Prednisolone 
 

50-24-8 CMR toxic Sigma ≥ 99% 

7-  Hydroxy-3H- 

phenoxazin-3-one-10-

oxide sodium salt 

(Resazurin sodium salt) 

C12H6NNaO4 62758-13-8  Harmful  n.a.   n.a. 

Resorufin C12H7NO3 635-78-9 
Acute and chronic 

health hazard 
 n.a.  n.a. 

Sodium chloride NaCl 7440-23-5 -               Merck p.a. 

Sodium bicarbonate NaHCO3 144-55-8 -               Sigma p.a. 

Sodium hydrogen 

phosphate 

dodecahydrate 

Na2HPO4x12

H2O 
10039 -32-4 -               Merck p.a. 

Trypsin 
 

07-07-9002 Harmful, CMR toxic 
Thermo 

Fisher 
 n.a. 

 

 

 

 

 

 

 

 

https://www.sigmaaldrich.com/SE/en/search/62758-13-8?focus=products&page=1&perPage=30&sort=relevance&term=62758-13-8&type=cas_number
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Additional Experimental Data 
 

              Table 3: Data of the Results of EROD experiments carried out on the 13.12.2022. 

Treatment  
Concentration 

[μM] 

Number 

of 

Replicates 

Mean specific EROD activity 

[pmol protein min- 1] 

Standard 

Deviation 

Normalized 

Mean Specific 

EROD activity 

Standard 

Deviation 

BaP  0.10 8 52.577 7.909 1.00 0.14 

BNF  0.10 8 34.719 9.882 0.66 0.18 

DEX 2.50 4 18.076 4.558 0.34 0.08 

BM 2.50 4 -  0.301 1.044 -  0.01 0.02 

BaP + DEX  0.1 + 2.5 4 88.534 4.993 1.68 0.08 

BaP + BM  0.1 + 2.5  4 100.892 19.724 1.92 0.32 

BNF + DEX  0.1 + 2.5  4 99.237 17.936 1.89 0.30 

BNF + BM  0.1 + 2.5  4 107.901 8.948 2.05 0.15 

       

BaP  0.10 8 67.936 15.053 1.00 0.21 

BNF  0.10 8 112.935 45.010 1.66 0.62 

DEX 2.50 4 47.375 13.795 0.70 0.18 

HYC 2.50 4 -  0.062 0.388 0.00 0.00 

BaP + DEX  0.1 + 2.5 4 129.570 12.149 1.91 0.15 

BaP + HYC 0.1 + 2.5  4 94.480 17.805 1.39 0.23 

BNF + DEX  0.1 + 2.5  4 119.939 18.529 1.77 0.24 

BNF + HYC 0.1 + 2.5  4 118.172 27.969 1.74 0.36 

       

BaP  0.10 8 43.837 9.281 1.00 0.20 

BNF  0.10 8 7.315 1.145 0.17 0.02 

DEX 2.50 4 10.880 20.007 0.25 0.40 

PRD 2.50 4 0.640 0.479 0.01 0.01 

BaP + DEX  0.1 + 2.5 4 47.263 3.569 1.08 0.07 

BaP + PRD 0.1 + 2.5  4 48.755 8.085 1.11 0.16 

BNF + DEX  0.1 + 2.5  4 65.454 15.220 1.49 0.30 

BNF + PRD 0.1 + 2.5  4 58.268 22.282 1.33 0.44 
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Table 4: Data of the EROD experiments carried out on the 08.12.2021. The treatments were performed after BNF 

pre-exposure (0.1 μM, 24 h). The exposure time of the treatments was 10 min.  

Treatment  
Concentration 

[μM] 

Number of 

Replicates 

Mean specific 

EROD activity 

[pmol protein 

min- 1] 

Standard 

Deviation 

Normalized Mean 

Specific EROD 

activity 

Standard 

Deviation 

DMSO 0.10 8 155.165 21.858 1.00 0.13 

DEX  2.50 4 88.048 30.519 0.57 0.17 

BM 2.50 4 87.527 17.877 0.56 0.10 

HYC 2.50 4 69.428 13.560 0.45 0.08 

PRD 2.50 4 126.505 27.384 0.82 0.15 

       

DMSO 0.10 8 164.101 30.162 1.00 0.17 

DEX  1.25 4 99.154 13.904 0.60 0.07 

BM 1.25 4 83.488 12.335 0.51 0.07 

HYC 1.25 4 97.329 6.369 0.59 0.03 

PRD 1.25 4 98.753 15.124 0.60 0.08 

 

Supplementary Statistical Data 

 

Table 5: Statistical analysis table comparing two datasets each using the Wilcoxon test (95% confidence interval). 

# Displayed Date 
Plate 

number 

Exposure 

Time [h] 

Treatment 1 

(Replicates) 

Treatment 2 

(Replicates) 

p-value 

(Wilcoxon test) 

1 -   02.03.22 1 24 DMSO (4) DEX 2.5 μM (3) 1.00 

2 -   28.01.22 1 24 DMSO (4) DEX 2.5 μM (4) 0.49 

3 -   28.01.22 1 24 DMSO (4) DEX 5 μM (4) 0.34 

4 -   28.01.22 1 24 DMSO (4) DEX 10 μM (4) 0.89 

5 -   28.01.22 2 24 DMSO (4) DEX 2.5 μM (4) 1.00 

6 -   28.01.22 2 24 DMSO (4) DEX 5 μM (4) 0.69 

7 -   28.01.22 2 24 DMSO (4) DEX 10 μM (4) 0.69 

8 -   28.01.22 3 24 DMSO (4) DEX 2.5 μM (4) 0.49 

9 -   28.01.22 3 24 DMSO (4) DEX 5 μM (4) 0.89 

10 -   28.01.22 3 24 DMSO (4) DEX 10 μM (4) 1.00 

11 -   28.01.22 4 24 DMSO (4) DEX 2.5 μM (4) 0.34 

12 -   28.01.22 4 24 DMSO (4) DEX 5 μM (4) 0.49 

13 -   28.01.22 4 24 DMSO (4) DEX 10 μM (4) 0.34 

14 -   24.02.22 1 24 DMSO (4) BM 2.5 μM (4) 0.49 

15 -   24.02.22 1 24 DMSO (4) HYC 2.5 μM (4) 0.89 

16 -   24.02.22 1 24 DMSO (4) PRD 2.5 μM (4) 0.89 

17 -   24.02.22 2 24 DMSO (4) BM 2.5 μM (4) 0.34 

18 -   24.02.22 2 24 DMSO (4) HYC 2.5 μM (4) 0.20 

19 -   24.02.22 2 24 DMSO (4) PRD 2.5 μM (4) 0.34 

20 -   24.02.22 3 24 DMSO (4) BM 2.5 μM (4) 1.00 

21 -   24.02.22 3 24 DMSO (4) HYC 2.5 μM (4) 0.03 

22 -   24.02.22 3 24 DMSO (4) PRD 2.5 μM (4) 1.00 

23 -   24.02.22 4 24 DMSO (4) BM 2.5 μM (4) 0.11 

24 -   24.02.22 4 24 DMSO (4) HYC 2.5 μM (4) 0.11 

25 -   24.02.22 4 24 DMSO (4) PRD 2.5 μM (4) 0.49 

26 -   21.03.22 1 24 DMSO (4) BM 2.5 μM (4) 0.03* 
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27 -   21.03.22 1 24 DMSO (4) HYC 2.5 μM (4) 0.03* 

28 -   21.03.22 1 24 DMSO (4) PRD 2.5 μM (4) 0.03* 

29 -   21.03.22 2 24 DMSO (4) BM 2.5 μM (4) 0.03* 

30 -   21.03.22 2 24 DMSO (4) HYC 2.5 μM (4) 0.03* 

31 -   21.03.22 2 24 DMSO (4) PRD 2.5 μM (4) 0.03* 

32 -   21.03.22 3 24 DMSO (4) BM 2.5 μM (4) 0.03* 

33 -   21.03.22 3 24 DMSO (4) HYC 2.5 μM (4) 0.03* 

34 -   21.03.22 3 24 DMSO (4) PRD 2.5 μM (4) 0.03* 

35 -   02.03.22 1 48 DMSO (4) DEX 2.5 μM (4) 0.69 

36 -   02.03.22 1 18 DMSO (4) DEX 2.5 μM (4) 1.00 

37 -   02.03.22 2 6 DMSO (4) DEX 2.5 μM (4) 0.34 

38 -   02.03.22 2 3 DMSO (4) DEX 2.5 μM (4) 0.06 

39 -   02.03.22 2 0.16 DMSO (4) DEX 2.5 μM (4) 0.69 

40 Table 3 13.12.21 1 24 
BaP 0.1 μM + DEX 2.5 

μM (4) 

BaP 0.1 μM + BM 2.5 

μM (4) 
0.34 

41 Table 3 13.12.21 1 24 
BNF 0.1 μM + DEX 2.5 

μM (4) 

BNF 0.1 μM + BM 2.5 

μM (4) 
0.34 

42 Table 3 13.12.21 2 24 
BaP 0.1 μM + DEX 2.5 

μM (4) 

BaP 0.1 μM + HYC 2.5 

μM (4) 
0.05 

43 Table 3 13.12.21 2 24 
BNF 0.1 μM + DEX 2.5 

μM (4) 

BNF 0.1 μM + HYC 

2.5 μM (4) 
0.89 

44 Table 3 13.12.21 3 24 
BaP 0.1 μM + DEX 2.5 

μM (4) 

BaP 0.1 μM + PRD 2.5 

μM (4) 
0.69 

45 Table 3 13.12.21 3 24 
BNF 0.1 μM + DEX 2.5 

μM (4) 

BNF 0.1 μM + PRD 2.5 

μM (4) 
0.69 

46 Table 4  08.12.21 1 24.16 + 0.16 
BNF 0.1 μM + DEX 2.5 

μM (4) 

BNF 0.1 μM + BM 2.5 

μM (4) 
0.69 

47 Table 4  08.12.21 1 24.16 + 0.16 
BNF 0.1 μM + DEX 2.5 

μM (4) 

BNF 0.1 μM + HYC 

2.5 μM (4) 
0.34 

48 Table 4 08.12.21 1 24.16 + 0.16 
BNF 0.1 μM + DEX 2.5 

μM (4) 

BNF 0.1 μM + PRD 2.5 

μM (4) 
0.20 

49 Table 4  08.12.21 1 24.16 + 0.16 
BNF 0.1 μM + BM 2.5 

μM (4) 

BNF 0.1 μM + HYC 

2.5 μM (4) 
0.20 

50 Table 4  08.12.21 1 24.16 + 0.16 
BNF 0.1 μM + BM 2.5 

μM (4) 

BNF 0.1 μM + PRD 2.5 

μM (4) 
0.06 

51 Table 4 08.12.21 1 24.16 + 0.16 
BNF 0.1 μM + HYC 2.5 

μM (4) 

BNF 0.1 μM + PRD 2.5 

μM (4) 
0.03 

52 Table 4  08.12.21 2 24.16 + 0.16 
BNF 0.1 μM + DEX 

1.25 μM (4) 

BNF 0.1 μM + BM 1.25 

μM (4) 
0.20 

53 Table 4  08.12.21 2 24.16 + 0.16 
BNF 0.1 μM + DEX 

1.25 μM (4) 

BNF 0.1 μM + HYC 

1.25 μM (4) 
1.00 

54 Table 4 08.12.21 2 24.16 + 0.16 
BNF 0.1 μM + DEX 

1.25 μM (4) 

BNF 0.1 μM + PRD 

1.25 μM (4) 
0.89 

55 Table 4  08.12.21 2 24.16 + 0.16 
BNF 0.1 μM + BM 1.25 

μM (4) 

BNF 0.1 μM + HYC 

1.25 μM (4) 
0.20 

56 Table 4  08.12.21 2 24.16 + 0.16 
BNF 0.1 μM + BM 1.25 

μM (4) 

BNF 0.1 μM + PRD 

1.25 μM (4) 
0.34 

57 Table 4 08.12.21 2 24.16 + 0.16 
BNF 0.1 μM + HYC 

1.25 μM (4) 

BNF 0.1 μM + PRD 

1.25 μM (4) 
1.00 

       * The mean average EROD activity higher after DMSO treatment. 
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Figure 6:  
Table A: Normalized mean EROD activity as depicted in  

Figure 6.    

Treatment  

Norm. 

mean 

specific 

EROD 

activity 

Standard 

deviation 

(+-) 

BaP 0.1 μM 1.00 0.23 

BaP 0.1 μM + DEX 

2.5 μM 
1.57 0.37 

BaP 0.1 μM + DEX 

5 μM 
1.81 0.57 

BaP 0.1 μM + DEX 

10 μM 
1.57 0.59 

BaP 0.5 μM 2.29 0.76 

BaP 0.5 μM + DEX 

2.5 μM 
3.49 0.79 

BaP 0.5 μM + DEX 

5 μM 
2.57 0.80 

BaP 0.5 μM + DEX 

10 μM 
2.62 0.89 

   

BNF 0.1 μM 1.00 0.28 

BNF 0.1 μM + DEX 

2.5 μM 
1.76 0.47 

BNF 0.1 μM + DEX 

5 μM 
1.63 0.49 

BNF 0.1 μM + DEX 

10 μM 
1.93 0.24 

BNF 0.5 μM 6.05 1.80 

BNF 0.5 μM + DEX 

2.5 μM 
13.5 4.07 

BNF 0.5 μM + DEX 

5 μM 
10.64 2.17 

BNF 0.5 μM + DEX 

10 μM 
7.12 1.77 

  

 

 

 

 

 

 

 
 

 

 

 

 

Table A1: Statistical analysis of datasets from the experiment(s) depicted 

in Figure 6, applying the Wilcoxon test (95% confidence interval). 

# 
Treatment 1 

(Replicates) 

Treatment 2 

(Replicates) 

p- value 

(Wilcoxon- 

test) 

1 BaP 0.1 μM +DEX 

2.5 μM (16) 
BaP 0.1 μM + DEX 

5 μM (16) 0.36 

2 BaP 0.1 μM +DEX 

2.5 μM (16) 
BaP 0.1 μM + DEX 

10 μM (16) 0.54 

3 BaP 0.1 μM + DEX 

5 μM (16) 
BaP 0.1 μM + DEX 

10 μM (16) 0.34 

4 BNF 0.5 μM + DEX 

2.5 μM (8) 
BNF 0.5 μM + DEX 

5 μM (8) 0.16 

5 BNF 0.5 μM + DEX 

2.5 μM (8) 
BNF 0.5 μM + DEX 

10 μM (8) 0.001 

6 BNF 0.5 μM + DEX 

5 μM (8) 
BNF 0.5 μM + DEX 

10 μM (8) 0.005 

7 BaP 0.5 μM +DEX 

2.5 μM (16) 
BaP 0.5 μM + DEX 

5 μM (16) 0.01 

8 BaP 0.5 μM +DEX 

2.5 μM (16) 
BaP 0.5 μM + DEX 

10 μM (16) 0.01 

9 BaP 0.5 μM + DEX 

5 μM (16) 
BaP 0.5 μM + DEX 

10 μM (16) 0.93 

10 BNF 0.1 μM +DEX 

2.5 μM (16) 
BNF 0.5 μM + DEX 

10 μM (16) 0.33 

11 BNF 0.1 μM + DEX 

5 μM (16) 
BNF 0.1 μM + DEX 

10 μM (16) 0.08 

12 BaP 0.1 μM +DEX 

2.5 μM (16) 
BaP 0.1 μM + DEX 

5 μM (16) 0.36 

13 BaP 0.1 μM +DEX 

2.5 μM (16) 
BaP 0.1 μM + DEX 

10 μM (16) 0.54 

14 BaP 0.1 μM + DEX 

5 μM (16) 
BaP 0.1 μM + DEX 

10 μM (16) 0.34 

15 BNF 0.5 μM + DEX 

2.5 μM (8) 
BNF 0.5 μM + DEX 

5 μM (8) 0.16 

16 BaP 0.1 μM (12) 
BaP 0.1 μM + DEX 

2.5 μM (16) 
3.71 *10- 4 

17 BaP 0.1 μM (12) 
BaP 0.1 μM + DEX 

5 μM (16) 

2.01*10- 4 

 

18 BaP 0.1 μM (12) 
BaP 0.1 μM + DEX 

10 μM (16) 
3.64*10- 3 

19 BaP 0.5 μM (16) 
BaP 0.5 μM + DEX 

2.5 μM (16) 
4.67*10- 4 

20 BaP 0.5 μM (16) 
BaP 0.5 μM + DEX 

5 μM (16) 
0.42 

21 BaP 0.5 μM (16) 
BNF 0.5 μM + DEX 

10 μM (8) 
0.32 

22 BNF 0.1 μM (8) 
BNF 0.1 μM + DEX 

2.5 μM (8) 
4.66*10- 3 

23 BNF 0.1 μM (8) 
BNF 0.1 μM + DEX 

5 μM (8) 
6.90*10- 3 

24 BNF 0.1 μM (8) 
BNF 0.1 μM + DEX 

10 μM (8) 
3.11*10- 4 

25 BNF 0.5 μM (8) 
BNF 0.5 μM + DEX 

2.5 μM (8) 
6.22*10- 4 

26 BNF 0.5 μM (8) 
BNF 0.5 μM + DEX 

5 μM (8) 
1.10*10- 3 

27 BNF 0.5 μM (8) 
BNF 0.5 μM + DEX 

10 μM (8) 
0.28 
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Figure 7 
Table B: Normalized mean EROD activity as depicted in  

Figure 7. 

Treatment  

Norm. 

mean 

specific 

EROD 

activity 

Standard 

deviation 

(+-) 

BaP 0.1 μM 1.00 0.26 

BaP 0.1 μM + BM 

2.5 μM 
2.37 0.56 

BaP 0.1 μM + HYC 

2.5 μM 
2.22 0.70 

BaP 0.1 μM + PRD 

2.5 μM 
1.33 0.51 

BaP 0.5 μM 2.40 0.57 

BaP 0.5 μM + BM 

2.5 μM 
5.90 0.80 

BaP 0.5 μM + HYC 

2.5 μM 
3.74 0.56 

BaP 0.5 μM + PRD 

2.5 μM 
3.82 1.69 

   

BNF 0.1 μM 1.00 0.41 

BNF 0.1 μM + BM 

2.5 μM 
2.18 0.97 

BNF 0.1 μM + HYC 

2.5 μM 
2.01 1.38 

BNF 0.1 μM + PRD 

2.5 μM 
2.48 1.74 

BNF 0.5 μM 11.32 6.26 

BNF 0.5 μM + BM 

2.5 μM 
42.38 11.56 

BNF 0.5 μM + HYC 

2.5 μM 
27.73 9.15 

BNF 0.5 μM + PRD 

2.5 μM 
23.76 6.25 

 

 

 

 

 

 

 

 

 

 

 
Table B1: Statistical analysis of datasets from the experiment(s) depicted 

in Figure 7, applying the Wilcoxon test (95% confidence interval). 

# 
Treatment 1 

(Replicates) 

Treatment 2 

(Replicates) 

p- value 

(Wilcoxon- 

test) 

1 BM 2.5 μM (12) HYC 2.5 μM (12) 0.32 

2 BM 2.5 μM (12) PRD 2.5 μM (12) 0.06 

3 HYC 2.5 μM (12) PRD 2.5 μM (12) 0.001 

4 BM 2.5 μM (12) HYC 2.5 μM (12) 0.59 

5 BM 2.5 μM (12) PRD 2.5 μM (12) 0.24 

6 HYC 2.5 μM (12) PRD 2.5 μM (12) 0.62 

7 
BaP 0.1 μM + BM 

2.5 μM (16) 
BaP 0.1 μM + 

HYC 2.5 μM (16) 0.38 

8 
BaP 0.5 μM + 

HYC 2.5 μM (16) 
BaP 0.5 μM + 

PRD 2.5 μM (16) 0.18 

9 
BNF 0.1 μM + 

BM 2.5 μM (12) 
BNF 0.1 μM + 

HYC 2.5 μM (12) 0.20 

10 
BNF 0.1 μM + 

BM 2.5 μM (12) 
BNF 0.1 μM + 

PRD 2.5 μM (12) 0.72 

11 
BNF 0.1 μM + 

HYC 2.5 μM (12) 
BNF 0.1 μM + 

PRD 2.5 μM (12) 0.62 

12 
BNF 0.5 μM + 

HYC 2.5 μM (12) 
BNF 0.5 μM + 

PRD 2.5 μM (12) 0.27 

13 BaP 0.1 μM (16) 
BaP 0.1 μM + BM 

2.5 μM (16) 
7.4*10- 7 

14 BaP 0.1 μM (16) 
BaP 0.1 μM + 

HYC 2.5 μM (16) 
3.0*10- 8 

15 BaP 0.1 μM (16) 
BaP 0.1 μM + 

PRD 2.5 μM (16) 
4.5*10- 3 

16 BaP 0.5 μM (16) 
BaP 0.5 μM +BM 

2.5 μM (16) 
7.4*10- 7 

17 BaP 0.5 μM (16) 
BaP 0.5 μM + 

HYC 2.5 μM (16) 
1.41*10- 5 

18 BaP 0.5 μM (16) 
BNF 0.5 μM + 

PRD 2.5 μM (8) 
4.51*10- 3 

19 BNF 0.1 μM (12) 
BNF 0.1 μM + 

BM 2.5 μM (8) 
1.87*10- 5 

20 BNF 0.1 μM (12) 
BNF 0.1 μM + 

HYC 2.5 μM (8) 
0.03 

21 BNF 0.1 μM (12) 
BNF 0.1 μM + 

PRD 2.5 μM (8) 
0.02 

22 BNF 0.5 μM (12) 
BNF 0.5 μM + 

BM 2.5 μM (8) 
6.7*10- 9 

23 BNF 0.5 μM (12) 
BNF 0.5 μM + 

HYC 2.5 μM (8) 
1.24*10- 6 

24 BNF 0.5 μM (12) 
BNF 0.5 μM + 

PRD 2.5 μM (8) 
8.94*10- 6 
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Figure 8 
Table C: Normalized mean EROD activity as depicted in  

Figure 8. 

Treatment  

Norm. 

mean 

specific 

EROD 

activity 

Standard 

deviation 

(+-) 

BaP 0.1 μM 1.00 0.13 

BaP 0.1 μM + DEX 

2.5 μM 
1.62 0.14 

BaP 0.1 μM 1.00 0.53 

BaP 0.1 μM + DEX 

2.5 μM 
1.38 0.10 

BaP 0.1 μM 1.00 0.02 

BaP 0.1 μM + DEX 

2.5 μM 
1.15 0.40 

BaP 0.1 μM 1.00 0.28 

BaP 0.1 μM + DEX 

2.5 μM 
1.32 0.09 

BaP 0.1 μM 1.00 0.10 

BaP 0.1 μM + DEX 

2.5 μM 
0.99 0.12 

 

Figure 9 
Table D: Normalized mean EROD activity as depicted in Figure 9. 

Treatment  
Exposure 

Time [h] 

Norm. 

mean 

specific 

EROD 

activity 

Standard 

deviation 

(+-) 

BaP 0.1 μM 48 1.00 0.21 

BaP 0.1 μM + 

DEX 2.5 μM 
48 + 24 2.02 0.54 

BaP 1.0 μM  48 1.14 0.28 

BaP 1.0 μM + 

DEX 2.5 μM 
48 + 24 0.34 0.20 

    

BaP 0.1 μM 48 1.00 0.18 

BaP 0.1 μM + 

DEX 2.5 μM 
24 + 48 0.98 0.18 

BaP 1.0 μM  48 1.05 0.31 

BaP 1.0 μM + 

DEX 2.5 μM 
24 + 48 0.95 0.43 

 

 

  

 
 

 

 

Table C1: Statistical analysis of datasets from the experiment(s) depicted 

in Figure 8, applying the Wilcoxon test (95% confidence interval).  

# 
Treatment 1 

(Replicates) 

Treatment 2 

(Replicates) 

p- value 

(Wilcoxon- 

test) 

1* BaP 0.1 μM (4) BaP 0.1 μM + 

DEX 2.5 μM (4) 0.11 

2* DMSO (4) BaP 0.1 μM + 

DEX 2.5 μM (4)  0.34 

3* DMSO (4) BaP 0.1 μM (4) 0.20 

4* DEX 2.5 μM (4) BaP 0.1 μM + 

DEX 2.5 μM (4) 0.89 

 5 BaP 0.1 μM (4) BaP 0.1 μM + 

DEX 2.5 μM (4) 1.00 

* Not displayed 

 

 

 
 

 

 

Table D1: Statistical analysis of datasets from the experiment(s) depicted 

in Figure 9, applying the Wilcoxon test (95% confidence interval).  

# 

Treatme

nt 1 

(Replica

tes) 

Treatment 

2 

(Replicate

s) 

p- value 

(Wilcoxon

- test) 

1 BaP 0.1 μM 

(8) BaP 1 μM (8) 0.24 

2 BaP 0.1 μM 

(8) 

BaP 0.1 μM + 

DEX 10 μM 

(8) 
1.55*10- 4 

3 BaP 1 μM 

(8) 

BaP 1 μM + 

DEX 10 μM 

(8) 
3.11*10- 4 

4 
BaP 0.1 μM 

(8) BaP 1 μM (8) 0.89 

5 BaP 0.1 μM 

(8) 

BaP 0.1 μM + 

DEX 10 μM 

(8) 
0.65 

6 BaP 1 μM 

(8) 

BaP 1 μM + 

DEX 10 μM 

(8) 
0.80 
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Figure 10 
Table E:  Normalized mean EROD activity as depicted in Figure 10. 

Treatment  
Exposure 

Time [h] 

Norm. 

mean 

specific 

EROD 

activity 

Standard 

deviation 

(+-) 

BNF 0.1 μM 48  0.80 0.16 

BNF 0.1 μM + 

DMSO 
48 + 24 1.00 0.60 

BNF 0.1 μM + 

DEX 0.625 μM 
48 + 24 0.75 0.40 

BNF 0.1 μM + 

DEX 1.25 μM 
48 + 24 2.42 0.51 

BNF 0.1 μM + 

DEX 2.5 μM 
48 + 24 1.94 0.67 

BNF 0.1 μM + 

DEX 5 μM 
48 + 24 3.11 1.08 

BNF 0.1 μM + 

DEX 10 μM 
48 + 24 1.52 0.56 

    

BNF 0.1 μM + 

DMSO 
48+ 0.17 1.00 0.23 

BNF 0.1 μM + 

DEX 0.625 μM 
48 + 0.17 0.49 0.14 

BNF 0.1 μM + 

DEX 1.25 μM 
48+ 0.17 0.84 0.26 

BNF 0.1 μM + 

DEX 2.5 μM 
48 + 0.17 0.78 0.27 

BNF 0.1 μM + 

DEX 5 μM 
48+ 0.17 0.87 0.42 

BNF 0.1 μM + 

DEX 10 μM 
48 + 0.17 0.46 0.15 

 

 

 

 

 

 

 

 

 

 

 

 
Table E1: Statistical analysis of datasets from the experiment(s) depicted in 

Figure 10, applying the Wilcoxon test (95% confidence interval).  

# 
Treatment 1 

(Replicates) 

Treatment 2 

(Replicates) 

p- value 

(Wilcoxon- 

test) 

1 BNF 0.1 μM + 

DMSO BNF 0.1 μM  1.00 

2 BNF 0.1 μM + 

DMSO 
BNF 0.1 μM + 

DEX 0.625 μM 0.49 

3 BNF 0.1 μM + 

DMSO 
BNF 0.1 μM 

+DEX 10 μM 0.34 

4 
BNF 0.1 μM + 

DMSO 
BNF 0.1 μM + 

DEX 1.25 μM  0.43 

5 BNF 0.1 μM + 

DMSO 
BNF 0.1 μM + 

DEX 2.5 μM 0.32 

6 BNF 0.1 μM + 

DMSO 
BNF 0.1 μM + 

DEX 5 μM 0.56 
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Figure 11 
Table F:  Normalized mean CYP1A mRNA activity as  

depicted in Figure 11. 

Treatment  
Exposure 

Time [h] 

Norm. 

CYP1A 

mRNA 

level 

Standard 

deviation 

(+-) 

DMSO 24 0.05 0.00 

BaP 0.1 μM 24 511.13 47.15 

DEX 2.5 μM  24 0.87 0.02 

DEX 5 μM 24 0.14 0.001 

BaP 0.1 μM + 

DEX 2.5 μM 
24 264.81 6.24 

BaP 0.1 μM + 

DEX 5 μM 
24 219.31 5.75 

    

BaP 0.1 μM 3 921.40 3.07 

DEX 2.5 μM 3 2.19 0.05 

BaP 0.1 μM + 

DEX 2.5 μM 
3 1174.98 28.28 

 

Figure 12 
Table G:  Normalized mean intracellular BaP level 

 as depicted in Figure 12. 

Treatment  
Exposure 

Time [h] 

Norm. BaP 

level 

BaP 0.1 μM 1 1.00 

BaP 0.1 μM + 

DEX 2.5 μM 
1 1.03 

BaP 0.1 μM  24 1.00 

BaP 0.1 μM + 

DEX 2.5 μM 
24 0.72 

BaP 1 μM  1 1.00 

BaP 1 μM + 

DEX 2.5 μM 
1 1.96 

BaP 1 μM  6 1.00 

BaP 1 μM + 

DEX 2.5 μM 
6 3.11 

BaP 1 μM  24 1.00 

BaP 1 μM + 

DEX 2.5 μM 
24 1.68 

 

 

  

 

 


