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ABSTRACT

Recent evidence suggests that the interaction of polycyclic aromatic hydrocarbons (PAHs), present in some petroleum
substances (PS), with particular nuclear-hormone-receptors and/or the dioxin (aryl hydrocarbon receptor [AhR]) receptor,
may play a role in the prenatal developmental toxicity (PDT) induced by these substances. To address this hypothesis, we
evaluated the possible endocrine and dioxin-like activity of the dimethylsulfoxide (DMSO)-extracts of 9 PS, varying in PAH
content, and 2 gas-to-liquid (GTL) products, containing no PAHs but having similar other properties as PS, using a series of
Chemical Activated LUciferase gene eXpression (CALUX) assays. The results show that the extracts of PS tested in this study
possess various endocrine and dioxin-like activities and these in vitro potencies are associated with the quantity and type of
PAHs they contain. All tested DMSO-extracts of PS show a strong AhR agonist activity and rather weak antiprogesterone,
antiandrogen, and estrogenic activities. In the assays that evaluate thyroid-related and antiestrogen activity, only minor
effects of specific extracts, particularly those with a substantial amount of 4–5 ring PAHs, ie, sample No. 34, 98, and 99, were
observed. None of the GTL extracts interacted with the selected receptors. Of all assays, the AhR agonist activity correlates
best (R2 ¼ 0.80) with the in vitro PDT of the substances as quantified previously in the embryonic stem cell test, suggesting an
important role of the AhR in mediating this effect. Hierarchic clustering of the combined CALUX data clustered the
compounds in line with their chemical characteristics, suggesting a PS class-specific effects signature in the various CALUX
assays, depending on the PAH profile. To conclude, our findings indicate a high potential for endocrine and dioxin-like
activity of some PS extracts which correlates with their in vitro PDT and is driven by the PAHs present in these substances.

Key words: polycyclic aromatic hydrocarbons; petroleum substances; reporter gene assays; endocrine activity; dioxin-like
activity; prenatal developmental toxicity.
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Petroleum substances (PS) are complex materials, defined as
UVCBs (substances of Unknown or Variable composition,
Complex reaction products, and Biological materials) and com-
prise hundreds to millions of different hydrocarbon constitu-
ents. Several PS may also contain varying amounts of polycyclic
aromatic hydrocarbons (PAHs). The type and quantity of PAH
constituents in PS vary depending on the source of the crude oil
and the processing conditions used to manufacture the material
(Speight, 2006). Light PS, such as gasoline, contains very low
amounts of PAHs whereas heavier products like heavy fuel oil
(HFO) may contain considerable amounts of high-molecular
weight PAHs (Mackerer et al., 2003).

Heavy- and poorly refined petroleum streams have the po-
tential to show carcinogenicity caused by the level of 3–7 ring
PAHs they contain, and some of these substances are also able
to induce prenatal developmental toxicity (PDT) in experimen-
tal animals (ARCO, 1993; Feuston and Mackerer, 1996; Feuston
et al., 1989, 1994, 1996; Hoberman et al., 1995). The main manifes-
tations of this adverse effect include increased incidence of
resorptions, reduced number of live fetuses per litter, decreased
fetal body weight, and increased incidence of skeletal variations
of the fetuses (Feuston and Mackerer, 1996; Feuston et al., 1994;
Hoberman et al., 1995). However, reproductive and developmen-
tal toxicity studies with gas-to-liquid (GTLs) products, modern
synthetic analogs of PS, containing only saturated hydrocarbons
and devoid of aromatics, showed no PDT or reproductive toxic-
ity (Boogaard et al., 2017; Dunster, 2014; Senn, 2014). Hence, it is
hypothesized that heavy- and poorly refined PS with relatively
high concentrations of certain PAHs may induce PDT while
light- or highly refined PS with no or very limited amounts of
PAHs will not induce PDT (Tsitou et al., 2015).

Recent studies in our lab corroborated this hypothesis since
selected PS, varying in PAH constituents and concentrations,
were able to induce in vitro PDT as measured in the differentia-
tion assay of the embryonic stem cell test (EST) (Kamelia et al.,
2017). The dimethylsulfoxide (DMSO)-extracts of the PS were
able to inhibit the differentiation of ES-D3 cells in a
concentration-dependent manner and this potency was propor-
tional to their 3- to 7-ring PAH content. This finding strongly
suggests that PAHs in PS are primary inducers of the observed
PDT induced by these products (Kamelia et al., 2017).

Yet, the underlying mechanism of action of PAHs and some
PS in causing developmental toxicity is poorly understood.
Several studies have suggested that it may involve activation of
the aryl hydrocarbon receptor (AhR) (Billiard et al., 2006; Goodale
et al., 2013; Puga et al., 2005), thereby activating the transcription
of cytochrome P4501A1 (CYP1A1), P4501A2 (CYP1A2), P4501B1
(CYP1B1), which are key enzymes for the biotransformation of
PAHs into their reactive metabolites (Ma, 2001; Mimura and
Fujii-Kuriyama 2003; Shimada et al., 2002). It is also known that
PAHs present in some petroleum products are able to interact
with the nuclear-hormone-receptors (NHRs) (Vrabie et al., 2010,
2011), due to the structural resemblance of PAHs to the natural
ligands of the NHRs. For example, (anti)androgenic and
(anti)estrogenic activities of PAHs and petroleum products have
been reported in the scientific literature over the past decades
(Hilscherova et al., 2000; Vrabie et al., 2009, 2010, 2011; Ziccardi
et al., 2002). From this increasing evidence, it may be hypothe-
sized that some PS possess endocrine and dioxin-like activity
and that this potency is associated with the type and amount of
PAHs they contain.

Interference with the function of AhR, steroid and thyroid
hormone receptors may result in developmental, reproductive,
and endocrine toxicities. Steroid and thyroid hormones play

critical roles in all aspects of the fetal developmental process,
particularly tissue and organ differentiation (Colborn et al., 1993;
Morreale de Escobar, 2001). Hence, prenatal exposure to sub-
stances with hormonal or antihormonal activities in this vul-
nerable time window might affect the homeostasis of
endogenous hormones, and as a consequence, exert effects on
embryonic development (Barlow et al., 1999).

To test the possible interference with the AhR and different
hormone receptors, the DMSO-extracts of 9 PS, with varying
types and levels of PAH constituents, and of 2 GTL products,
which are devoid of PAHs, were investigated for their potential
endocrine and dioxin-like activities using a panel of Chemical
Activated LUciferase gene eXpression (CALUX) reporter gene
assays. The receptors selected for the present study included
the androgen receptor (AR), the estrogen receptor alpha (ERa),
the progesterone receptor (PR), the thyroid receptor beta (TRb),
and the AhR. By this, we expect to assess the endocrine and
dioxin-like activities and modes of action of PS in relation to
their PAH content and PDT potencies.

MATERIALS AND METHODS

Test compounds. All reference-standard compounds (�95% pu-
rity) for the CALUX agonist and antagonist assays were pur-
chased from Sigma-Aldrich (Zwijndrecht, the Netherlands).
This includes dihydrotestosterone (DHT; CAS no. 521-18-6), flu-
tamide (CAS no. 13311-84-7), 17b-estradiol (E2; CAS no. 50-28-2),
fulvestrant (CAS no. 129453-61-8), progesterone (PGT; CAS no.
57-83-0), mifepristone (RU468; CAS no. 84371-65-3), triiodothyro-
nine (T3; CAS no. 6893-02-3), 1-850 thyroid hormone receptor
antagonist (CAS no. 51310-57-3), and benzo[a]pyrene (BaP; CAS
no. 50-32-8). All stocks and dilutions of the standards were pre-
pared in DMSO (Merck, Darmstadt, Germany).

DMSO-extracts of 9 PS and 2 GTL products were tested in the
present study. The DMSO-extracts were generated according to
the extraction procedure described by Kamelia et al. (2017) and
Roy et al. (1988), and extraction was performed at Port Royal
Research laboratory (Hilton Head, South Carolina). The PAH ex-
traction and analysis procedure that generates DMSO-extracts
of PS is generally used to obtain the PAH fraction from the raw
material of these substances and this method has been widely
used and validated also for mutagenicity and carcinogenicity
testing of PS (Blackburn et al., 1986; Clonfero et al., 1996;
Concawe, 1994; Mackerer et al., 2003). The raw material of all PS
and GTL products, which were used for the DMSO extraction,
were kindly provided by Concawe (Brussels, Belgium) and Shell
International bv (The Hague, the Netherlands), respectively.
These raw materials were: 1 HFO (CAS no. 64741-62-4), 3 distil-
late aromatic extracts (DAE; all 3 bearing the same CAS no.
64742-04-7), 2 residual aromatic extracts (RAEs; CAS no. 64742-
10-5 and 91995-70-9), 2 gas oils (GO; CAS no. 68915-96-8 and
64741-43-1), 1 vacuum tower overhead oil (VTO; CAS no. 64741-
49-7), 1 GTL base oil (GTLb; CAS no. 848301-69-9) and 1 GTL gas
oil (GTLg; CAS no. 848301-67-7). The PS had varying PAH con-
tents whereas the GTL products were totally devoid of PAHs. An
overview of the PAHs present in the DMSO-extracts of PS and
GTL, grouped by the number of aromatic rings, is provided in
Figure 1.

Cell lines and cell culture conditions. Stably transfected human os-
teosarcoma cell lines (U2OS), expressing AR, ERa, PR, or TRb,
were purchased from BioDetection Systems (BDS, Amsterdam,
the Netherlands), and used for the U2OS CALUX assays. U2OS
cells were cultured in Dulbecco’s modified Eagle’s medium
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(DMEM)/F-12 (1:1), a 1:1 mixture of DMEM and F-12 nutrient mix-
ture (Ham) (Gibco, Paisley, UK, No. 31330-038) supplemented
with 10% fetal bovine serum (FBS, Sigma-Aldrich, No. F7524),
0.5% minimum essential medium (MEM) nonessential amino
acids (MEM NEAA, Gibco, No. 11140-035), and 200 mg/ml geneti-
cin G418 (Gibco, No. 10131-035). Cells were routinely subcultured
every 2–3 days, using 0.05% trypsin-EDTA (Gibco) to detach the
cells.

The stably transfected rat hepatoma cell line, H4IIE (Aarts
et al., 1995), was used for the AhR CALUX assay. H4IIE cells were
grown in MEM alpha medium (Gibco, No. 22561-021) supple-
mented with 10% FBS. All cells were incubated at 37�C with 5%
CO2 in a humidified atmosphere and subcultured every 2–3
days, using 0.05% trypsin-EDTA to detach the cells.

CALUX reporter gene assays. The CALUX reporter gene assays
used in the present study are based on the human osteosar-
coma U2OS cell line for U2OS CALUX assays and the rat hepa-
toma H4IIE cell line for the AhR CALUX assay, in combination
with highly specific reporter constructs containing only defined
responsive elements and a minimal promotor linked to lucifer-
ase (Aarts et al., 1995; Legler et al. 1999; Sonneveld et al., 2004).
The principle of these bioassays relies on the ability of the test
compound to bind and consequently activate or inhibit the
transcription of the receptor target genes. In the U2OS CALUX
assays, DMSO-extracts of PS and GTL products were tested at a
range of concentrations up to 250 mg raw material/ml or up to
the maximum solubility limit of these substances in the assay
medium. Subsequently, the cytotoxicity of these concentration
ranges was determined in the U2OS Cytotox assay (the method
is described in van der Linden et al., 2014) and the results
showed that no cytotoxicity was observed upon 24 h exposure
to test compounds up to the concentration of 250 mg raw mate-
rial/ml (data not shown). In the AhR CALUX assay, 5 mg raw ma-
terial/ml was used as the top tested concentration, since the
highest AhR induction was already obtained upon exposure to
test compounds at this concentration. For U2OS CALUX assays
(AR, ERa, PR, and TRb), confluent cell cultures were washed
with phosphate-buffered saline (PBS, Gibco, No. 10010-023),

trypsinised, and then diluted to the proper concentration for
cell seeding in DMEM/F-12 medium without phenol red,
enriched with 5% dextran-coated charcoal-stripped FBS (DCC-
FBS, Gibco, No. 12676029) and 0.5% MEM NEAA. This medium is
referred to as the assay medium (AM). U2OS cells were seeded
in a volume of 100 ml into each of the 60-inner wells of 96-well
white plates (Greiner Bio-one, Frickenhausen, Germany) at a
density of 105 cells/ml. The 36-outer wells of the same 96-well
white plate were filled with 200 ml PBS to create an optimal hu-
midity and to limit evaporation from the inner wells. After 24 h
of incubation at 37�C/5% CO2, the old medium was removed us-
ing a vacuum-pump and replaced by 100 ml fresh AM/well. Cells
were then incubated for another 24 h. Forty-eight hours after
cell seeding, cells were exposed to increasing concentrations of
test compounds in triplicate by adding 100 ml exposure medium
(EM) to each well. The EM for the U2OS agonist assays was pre-
pared by addition of 400 times concentrated stock solutions of
the test compounds (dissolved in DMSO) to the AM, and the fi-
nal concentration of DMSO in the well was kept at 0.25%. The
EM for the U2OS antagonist assays was prepared by addition to
AM of 800 times concentrated DMSO-stock solutions of
reference-standard agonist compounds to reach a final concen-
tration equal to their EC50 concentration (2.9 � 10�5 mg/ml DHT
for the U2OS AR antagonist assay; 3.1 � 10�4 mg/ml PGT for
U2OS PR antagonist assay; 2.7 � 10�6 mg/ml E2 for U2OS ERa an-
tagonist assay; 1.3 � 10�4 mg/ml for U2OS TRb antagonist assay)
and adding test compounds also from 800 times concentrated
DMSO-stock solutions. The final concentration of solvent,
DMSO, was also kept at 0.25%.

For the AhR CALUX assay, 100 ml aliquots of H4IIE cells at a
density of 3 � 105 cells/ml were seeded into the 60-inner wells
of 96-well white plates. The cells were incubated overnight
(24 h) at 37�C/5% CO2 and then exposed for 6 h to the test com-
pounds in triplicate. Six hours was chosen, over 24 h, for the ex-
posure time for the AhR CALUX assay because the highest AhR
induction by BaP, the positive control of the assay, and DMSO-
extracts of PS (at the highest tested concentration of 5 mg raw
material/ml), was obtained after 6 h of exposure (data not
shown). In addition, prior studies by Vrabie et al. (2009) indicated
that 6 h is the standard exposure time for the detection of BaP-
like compounds in the AhR CALUX assay, whereas 24 h could be
applied for the detection of more persistent compounds, like
PCBs. The EM for the AhR CALUX assay was prepared by diluting
the test compounds (from 400 times concentrated DMSO-stock
solutions) with preconditioned medium. Pre-conditioned me-
dium is defined as the growth medium in which cells were pre-
viously grown for 16–24 h. The use of the preconditioned
medium for cell exposure is to avoid high background luciferase
signal caused by tryptophan products present in the fresh
growth medium, which can induce the AhR activity, and
thereby cause false-positive results (Vrabie et al., 2009).

After 6 (AhR CALUX) or 24 h (U2OS CALUX) of exposure, the
medium was removed, and cells were washed with 100 ml 1=2 PBS
(1:1 PBS: nanopure water) and then lysed with 30 ml hypotonic
low salt buffer: 10 mM Tris (Sigma-Aldrich), 2 mM dithiothreitol
(DTT, Sigma-Aldrich), and 2 mM 1, 2-diaminocyclohexanete tria-
cetic acid monohydrate (Sigma-Aldrich), pH 7.8. Plates were kept
on ice for at least 15 min and subsequently frozen at �80�C for at
least 2 h, until use for the luminescence measurement.

For the luminescence measurement, plates were thawed at
room temperature for about 1 h and then shaken for 3–5 min on
a plate shaker. Luciferase activity was determined using a
luminometer (Glomax-Multi Detection System, Promega,
California) after the addition to each well of 100 ml flashmix

Figure 1. ARC profilesa of PS and GTL products tested in this study. aThe weight

percent of the DMSO-soluble 1- to �7 aromatic-ring compounds present in each

sample, from the starting material of 4.0 g, as determined by Method II chemical

characterization procedure (Kamelia et al., 2017; Roy et al. 1988). Abbreviations:

HFO, heavy fuel oil; DAE, distillate aromatic extract; GO, gas oil; VTO, vacuum

tower overhead oil; RAE, residual aromatic extract; GTLb, gas-to-liquid base oil;

GTLg, gas-to-liquid gas oil.
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solution consisting of an aqueous solution of 20 mM tricine
(Sigma-Aldrich), 1.07 mM (MgCO3)4 Mg(OH)2�5H2O (Sigma-
Aldrich), 2.67 mM magnesium sulfate (MgSO4, Merck), 0.1 mM
ethylenedinitrilotetraacetic acid disodium salt dihydrate
(Titriplex III; Merck), 2 mM DTT (Sigma-Aldrich), 0.47 mM D-lu-
ciferin (Synchem UG & Co. KG, Felsberg, Germany), and 5 mM
adenosine-5-triphosphate (Duchefa Biochemie bv, Haarlem, the
Netherlands), pH 7.8.

The final concentration of DMSO was kept at 0.25% (v/v) in
all CALUX assays of the present study. A full concentration-
response curve of the reference-standard compound for both
agonist and antagonist assay was included in each independent
experiment and using the following final concentrations of the
respective reference compounds: DHT (2.9 � 10�7–2.2 � 10�3 mg/
ml) for the AR agonist assay; flutamide (1.4 � 10�4—1.4 mg/ml)
for the AR antagonist assay; E2 (2.7 � 10�8–1.4 � 10�4 mg/ml) for
the ERa agonist assay; fulvestrant (3.0 � 10�10–3.0 � 10�4 mg/ml)
for the ERa antagonist assay; PGT (3.1 � 10�7—3.1 � 10�3 mg/ml)
for the PR agonist assay; RU468 (2.1 � 10�8–2.1 � 10�3 mg/ml) for
the PR antagonist assay; T3 (6.5 � 10�7–6.5 � 10�3 mg/ml) for the
TRb agonist assay; 1-850 (2.3 � 10�3–5.8 mg/ml) for the TRb an-
tagonist assay; and BaP (1.3 � 10�5–1.3 � 10�1 mg/ml) for the AhR
agonist assay.

Data analysis. Luciferase activity per well from CALUX reporter
gene assays was expressed in relative light units (RLUs). All data
are presented as a percentage luciferase activity relative to
maximum response (fold-induction) of the reference-standard
agonist compound: DHT/E2/PGT/T3/BaP for the AR/ERa/PR/TRb/
AhR CALUX assay. Data are expressed as mean 6 SEM and
obtained from at least 4 independent experiments (n � 4).
Student’s t-test between solvent control (0.25% DMSO) and test
compounds was performed using GraphPad Prism 5.0
(California), to determine significant luciferase activity above
background.

For the agonistic assays, fold-induction of luciferase activity
was calculated by dividing the mean value of RLUs from ex-
posed wells by the mean RLU of the corresponding solvent con-
trols (0.25% DMSO). Luciferase induction as a percentage of
maximal DHT/E2/PGT/T3/BaP activity (AR/ERa/PR/TRb/AhR
CALUX assay) was calculated by setting the maximum fold-
induction of the reference-standard agonist compound (DHT/
E2/PGT/T3/BaP) at 100%. For the antagonistic assay, fold-
induction of luciferase activity at the EC50 concentration of the
reference-standard agonist compound was set at 50%.

Data were analyzed using nonlinear regression in GraphPad
Prism 5.0 and fitted to a sigmoid dose-response curve with 3
parameters. From this, EC25/50 or IC25/50 values were obtained,
which represent the concentrations for 25%/50% induction or
inhibition of luciferase activity upon exposure to the test com-
pounds. The IC25/50 values were calculated from inhibition by
reference-standard agonist compounds (DHT/E2/PGT/T3 in the
U2OS AR, ERa/PR/TR antagonist assay, respectively), present at
their EC50 concentration, and not from their 100% maximal ago-
nist activity. For example, in the U2OS ERa antagonist assay, the
IC25 values were determined from the inhibition of 2.7 � 10�6

mg/ml (10 pM) E2-induced estrogenic response, not from the
100% of maximal estrogenic activity of E2.

Linear regression analysis. Correlation of in vitro EC50s/IC50s to
specific PAH constituents present in PS and to in vitro PDT po-
tencies of the same substances in the EST (Kamelia et al., 2017),
expressed as BMCd50 values were obtained by performing a lin-
ear regression analysis (GraphPad Prism 5.0). The given R2 value

reflects the goodness-of-fit of data to the fitted regression
line and was considered statistically significant if the p-value
was < .05.

Class signatures and luciferase expression profiles analysis. This
study applied principal component analysis (PCA), using
XLSTAT (Addinsoft, Paris, France), to study the differences and
relatedness between experimental groups, based on their
responses in the battery of CALUX assays. PCA was used to
summarize and simplify the data derived from the luciferase
expression profiles of each test compound and transform them
into a smaller dataset called principal components (PCs). In the
current case, a PC was defined as a mathematically derived
combination of test compounds and their luciferase expression
profiles in different CALUX assays to describe part of the ob-
served effects. PCA also aims to identify patterns of effects in a
multivariate dataset. In this way, the effects signature, which
may have been induced by test compounds that belong to the
same class of substances, is visualized in a more simplified and
informative way. In addition, a heatmap was developed using
Phyton, to evaluate the hierarchic clustering of test compounds
based on their activities in the CALUX assays. Euclidean dis-
tance and average linkage were selected as metric and cluster-
ing method, respectively, for the development of the heatmap.
To these purposes (for both PCA and heatmap development),
the average luciferase induction factor at the highest tested
concentration of each test compound was selected, normalized,
log-transformed, and subsequently used as data input for
XLSTAT and Phyton. It is worth mentioning that only data from
particular CALUX assays: AhR, ERa agonist assays and AR, ERa,
PR, TRb antagonist assays, were included for the analysis. Data
from the AR, PR, TRb agonist assays were considered irrelevant
since no substantial agonist or antagonist activity was ob-
served; hence, they were excluded from the analysis.

RESULTS

Effects of PS and GTL Products on the AR
The U2OS AR CALUX assay was performed to determine andro-
genic and antiandrogenic effects of the DMSO-extracts of PS
and GTL products after 24 h of exposure. Increasing concentra-
tions of DHT and flutamide were used as reference-standard
compounds for the U2OS AR agonist and antagonist assay, re-
spectively. In the U2OS AR agonist assay, no androgenic
responses were observed from any of the test compounds at
any concentration tested (Figure 2A).

The antagonism effects were assessed by incubating the
cells with test compounds plus a fixed concentration (EC50) of
DHT. The EC50 concentration of DHT, obtained from the AR ago-
nist assay, was 2.9 � 10�5 mg/ml (0.1 nM). In the U2OS AR antago-
nist assay, all DMSO-extracts of PS, except for sample No. 185-
RAE, showed a concentration-dependent antiandrogenic effect
(Figure 2B). Sample No. 186-RAE showed its antagonist effect
only at the highest tested concentration, 250 mg/ml.
Consequently, the IC50 value, or the concentration for 50% inhi-
bition of luciferase activity, of sample No. 186-RAE could not be
determined. As previously mentioned in section 2.4, the IC50
values in the U2OS AR antagonist assay were calculated from
the inhibition of the 0.1 nM DHT-induced androgenic response
set at 100%, and not from the maximal androgenic activity of
DHT. The same applies for the other antagonist assays con-
ducted in the present study. Based on their IC50s, listed in
Table 1, sample No. 34-HFO was the most potent antagonist of
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the AR, in comparison to the other samples. The IC50s of sam-
ples that belong to the same class of PS are quite comparable,
except for the DAEs. The IC50s of sample No. 97, 98, and 99 were
70.6, 5.7, and 4.8 mg/ml, respectively. This means that sample
No. 98 and 99 are more potent antagonists of the AR (>14-fold)
than sample No. 97, even though these samples are members of
the same class of PS. The discrepancy could partly be explained
by the difference in aromatic ring class (ARC) profile and PAH
content of these samples, but not by their total PAH content
(Figure 1). Also, it is worth mentioning that only noncytotoxic
concentrations of the test compounds were used (data not
shown), hence, the observed antagonism effects were not due
to cytotoxicity. Furthermore, both GTL extracts, No. 91-GTLb
and 92-GTLg, showed neither agonist, nor antagonist activity in
the U2OS AR CALUX assay (up to 250 mg/ml).

Effects of PS and GTL Products on the ERa

To assess (anti) estrogenicity, human U2OS ERa cells were ex-
posed to increasing concentrations of the DMSO-extracts of the
PS and the GTL products, in the absence (for agonist assay) or
presence (for antagonist assay) of estradiol (E2). As depicted in
Figure 2C, the extracts of some PS, including GOs, VTO, and 2 of
the DAEs (No. 98 and 99), were able to activate the ERa. The

highest percentage of luciferase induction by those samples is
ranging from 15% to 48% of the maximum E2-induced response
(Table 1), suggesting weak (partial) agonist ERa activities. A pla-
teau response was not achieved following exposure to the high-
est possible concentration of test compounds, and testing
higher concentration was not feasible due to the solubility limi-
tation of the extracts of these substances in the assay medium.
Since the agonist/antagonist responses did not reach 50%, the
EC50/IC50 values could not be determined. Instead, EC25/IC25
values were calculated. Although sample No. 98-DAE and 99-
DAE showed some limited agonist activity in the ERa, their lu-
minescence induction did not reach 25% of the maximum E2-
induced response, hence, their EC25s could not be calculated.
The EC25 values were calculated using GraphPad Prism 5.0 soft-
ware, assuming a theoretical maximum response of 100%.
Altogether, among all tested DMSO-extracts, only sample No.
171-GO, 172-GO, and 175-VTO showed significant agonist activi-
ties in the U2OS ERa agonist assay, giving EC25 values of 118.6,
107.9, and 43.5 mg/ml, respectively.

The antagonistic effects were evaluated by exposing U2OS
ERa cells to increasing concentrations of test compounds in
combination with the EC50 concentration of E2, 2.7 � 10�6 mg/ml
(10 pM). Fulvestrant, a known antagonist of the ERa, was used

Figure 2. Effects of the DMSO-extracts of PS and GTL products in the selected CALUX reporter gene assays: (A) U2OS AR agonist assay; (B) U2OS AR antagonist assay;

(C) U2OS ERa agonist assay; (D) U2OS ERa antagonist assay; (E) U2OS PR agonist assay; (F) U2OS PR antagonist assay; (G) U2OS TRb agonist assay; (H) U2OS TRb antago-

nist assay; (I) H4IIE AhR agonist assay. Data are presented as a percentage of luciferase induction, relative to the maximum-fold luciferase induction by the reference-

standard agonist/antagonist compound of the corresponding receptor: DHT (AR agonist assay); Flutamide (AR antagonist assay); E2 (ERa agonist assay); Fulvestrant

(ERa antagonist assay); PGT (PR agonist assay); RU468 (PR antagonist assay); T3 (TRb agonist assay); 1-850 (TRb antagonist assay); BaP (AhR agonist assay). For agonist

assays, the maximum-fold luciferase induction of DHT/E2/PGT/T3/BaP was set at 100%, where for the antagonist studies, the fold induction of luciferase at the EC50

concentration of DHT/E2/PGT/T3 was set at 50%. Results represent data from at least 4 independent experiments performed in triplicate and are presented as mean 6

SEM. Abbreviations: AR, androgen receptor; ERa, estrogen receptor alpha; PR, progesterone receptor; TRb, thyroid receptor beta; AhR, aryl hydrocarbon receptor; DHT,

dihydrotestosterone; E2, estradiol; PGT, progesterone; RU468, mifepristone; T3, triiodothyronine; 1-850, thyroid hormone receptor antagonist; BaP, benzo[a]pyrene;

HFO, heavy fuel oil; GTLb, gas-to-liquid base oil; GTLg, gas-to-liquid gas oil; DAE, distillate aromatic extract; GO, gas oil; VTO, vacuum tower overhead oil; RAE, residual

aromatic extract.
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as the reference-standard compound for the antagonist assay.
As shown in Figure 2D, weak antagonist effects were seen with
3 out of 9 DMSO-extract of PS: No. 34-HFO (IC25: 9.7 mg/ml), No.
98-DAE (IC25: 40.7 mg/ml), and No. 99-DAE (IC25: 54.1 mg/ml). The
antagonistic effects were considered weak because the lumines-
cence activity was reduced just to � 630% (ranging between
24% and 29%, out of 50% luminescence activity of the EC50 con-
centration of E2), which occurred only at the highest tested con-
centration (50 mg/ml for sample No. 34-HFO and 250 mg/ml for
sample Nos. 98 and 99-DAE). Again, no agonist or antagonist
responses were observed for the DMSO-extract of GTL products.

Effects of PS and GTL Products on the PR
Progestogen activity of the test compounds was determined af-
ter exposing the U2OS PR cells to increasing concentrations of
the DMSO-extract of PS and of GTL products. PGT, an endoge-
nous ligand of the PR, and mifepristone (RU468) were used as
reference-standard compounds for the U2OS PR agonist and an-
tagonist assay, respectively. The results showed that none of
the test compounds was able to activate the PR (Figure 2E). On
the other hand, as depicted in Figure 2F, all extracts of the PS
were able to bind and block the activation of the PR by PGT,
resulting in a concentration-dependent reduction of the lucifer-
ase activity upon 24 h of exposure in the test for antagonist ac-
tivity. The IC50s derived from these data reveal that among all
samples tested, the DMSO-extract of HFO was the most potent
antagonist of the PR, followed by 2 of the DAEs (sample No. 98
and 99), GOs and VTO, sample No. 97-DAE, and RAEs. As
expected, no PR activity was detected for both GTL extracts
(No. 91-GTLb and 92-GTLg) at any of the concentrations tested
(Figs. 2E and F).

Effects of PS and GTL Products on the TRb

The ability of the extracts of the test compounds to induce or
block the activation of the TRb was investigated using the U2OS
TRb assay. The results (Figure 2H) indicated that sample No. 34-
HFO and 2 of the DAE samples (No. 98 and 99) acted as (partial)
antagonists of the TRb, with a reduction of the percentage lumi-
nescence activity to 23%, 22%, and 20%, respectively, out of 50%
luminescence activity of the EC50 concentration of T3. None
of the other extracts, including those of the GTLs, showed either
agonist or antagonist effects in the U2OS TRb assay, indicating
their inability to interact with this receptor in vitro (Figs. 2G
and H).

Effects of PS and GTL Products on the AhR
The AhR CALUX assay was conducted to assess the AhR-
mediated activity of the DMSO-extracts of PS and GTL products.
This in vitro method is commonly used to evaluate the AhR ac-
tivity of chemicals, including PAHs, as well as crude and refined
petroleum products (Aarts et al., 1995; Pieterse et al., 2013; Vrabie
et al. 2009). Both BaP and TCDD are widely used as reference-
standard compound for the AhR CALUX assay, and in this case
BaP was chosen over TCDD because BaP is one of the PAH con-
stituents present in the DMSO-extracts of PS samples under
study.

Six hours of cell exposure to the DMSO-extracts of these sub-
stances resulted in agonist responses by all test compounds, ex-
cept for the GTL extracts that did not show any activity in the
AhR CALUX assay (Figure 2I). The highest luminescence
responses, relative to the maximum BaP induction, were rang-
ing from approximately 81% (sample No. 185-RAE) to 122%
(sample No. 34-HFO). Based on the EC50s (Table 1), the DMSO-
extract of HFO was the strongest activator/ligand of the AhR,

followed by those of the DAEs, GOs, and VTO, and the RAEs.
Given that the DMSO-extract of all PS showed clear AhR agonist
activity, they were not tested for AhR antagonism.

Relation of In Vitro Agonist/Antagonist Potencies to Specific PAH
Content
To assess whether there is any association between the agonist/
antagonist effects of the substances and their PAH content,
IC50/EC50 values from the CALUX assays were compared with
the amount of PAHs present in the extract of each PS. Test com-
pounds that showed no substantial activity, for which no IC50/
EC50 values could be defined, such as the GTL extracts and sam-
ple No. 185-RAE in the U2OS AR antagonist assay, were not in-
cluded in this comparison. Likewise, no correlation analysis
was applied to the results from the U2OS ERa and U2OS TRb

assays, because too few test compounds showed either agonist
or antagonist effects to perform a reliable analysis.

For 3 CALUX assays where substantial agonist or antagonist
effects were observed (ie, the U2OS AR antagonist assay
(Figure 2B), the U2OS PR antagonist assay (Figure 2F) and the
AhR agonist assay (Figure 2I), data correlations were made with
the amount of PAHs (ranging from 2- to 7- ring) present in PS, in
total giving 15 combinations/assay for which the correlation be-
tween PAH content and IC50/EC50 values were determined. The
results for all these comparisons are provided in the
Supplementary material. The goodness-of-fit of regression
analysis is expressed in the R2 value and the most relevant cor-
relations with the highest R2 are presented in Figure 3.

Figure 3 reveals that good correlations were obtained, espe-
cially between the IC50s of the U2OS AR antagonist assay and
the 2- to 3-ring PAH content present in DMSO-extracts of the PS
(R2 ¼ 0.98; Figure 3A). Further, a good correlation was seen be-
tween the IC50s of the U2OS PR antagonist assay and the 2- to
5-ring PAH content, generating an R2 of 0.97 (Figure 3B). Finally,
the observed EC50s for agonist effects in the AhR CALUX assay
were best correlated to the 3- to 7-ring PAH content in the corre-
sponding samples (R2 ¼ 0.90; Figure 3C).

Relation of In Vitro Developmental Toxicity of PS Extracts to Their
Steroid and Dioxin-Like Activity
The results of the CALUX assays were also compared with previ-
ous results obtained in the EST, (Kamelia et al., 2017), an in vitro
assay for developmental toxicity. Also for this comparison, only
results from the U2OS AR antagonist, U2OS PR antagonist, and
AhR agonist CALUX assays were included since most of the
extracts were only active in these assays and showed no or mar-
ginal activity in the other CALUX assays.

The best correlation, among the 3 comparisons (Figure 4),
was obtained between the EC50s from the AhR agonist activity
and the BMCd50s EST, with an R2 of 0.80 (Figure 4C). In contrast,
there were no meaningful correlations found when plotting the
BMCd50s from the EST against the IC50s from either the AR (R2

¼ 0.02; Figure 4A) or the PR (R2 ¼ 0.38; Figure 4B) antagonist
assay.

Class Signatures and Luciferase Expression Profiles in CALUX
Assays
To integrate the results obtained in the various assays, a PCA
analysis was performed based on the average luciferase induc-
tion factor at the highest tested concentration of the extracts of
the PS and the GTL products. This PCA analysis revealed that
91.44% of all variance of responses in the 6 CALUX assays could
be explained using only 2 PCs (PC1 and PC2) (Figure 5). PC1
accounts for the largest possible variance in the dataset
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(66.08%), where PC2 captures as much as the remaining varia-
tion as possible (25.36%). PC1 and PC2 were selected, over other
PCs, as together they captured most variation of effects
(91.44%), among the data. The combination of other PCs, eg, PC1
and PC3 (73.24%) or PC1 and PC4 (67.27%), projected less varia-
tion and had a minor contribution to the total variances of lucif-
erase activity induced by the test compounds.

As shown in the biplot matrix of the PCA (Figure 5), sample
No. 34-HFO that contains the highest amount of PAHs (48% wt.)
was fully separated from all other test compounds. The DAE
samples with similar PAH content (No. 98 and 99) were clus-
tered together while the other DAE, sample No. 97, with distinct
PAH constituents (relatively higher level of high-molecular
weight PAHs than the other DAE) was located in the middle of 3
different PS classes: GOs, RAEs, and DAEs. Moreover, the GO and
RAE extracts were also grouped together, and so did the GTLs.
The PCA clearly discriminates the PS in line with the differences
in their PAH composition. Thus, the PCA indicates that the bat-
tery of CALUX assays is able to differentiate between the PS in a
way that is in line with the differences in their PAH
composition.

PC1 of the PCA biplot matrix contains a positive contribution
of the results from several antagonist assays (U2OS AR, ERa, PR,
and TRb antagonist assays), while results from agonist assays
(U2OS ERa and AhR agonist assays) give a negative contribution
to this PC. In the PC2, positive contributions mostly come from
the results of the U2OS ERa antagonist, U2OS TRb antagonist,
U2OS ERa agonist, and H4IIE AhR agonist assays. Correlation be-
tween active variables in the PCA can be interpreted in terms of
the vector angle; a narrow angle reflects positively linked varia-
bles while wide angles depict variables that are unrelated to

each other. For example, antagonist activities in the AR assay
are positively correlated with the activities in the PR antagonist
assay, and so are the antagonist effects in the ERa and TRb and
the agonist activities in the AhR and ERa. A more detailed de-
scription regarding correlations between variables and factors
in this PCA is provided in the Supplementary material.

To further evaluate the class signatures of the different sam-
ples in the battery of CALUX assays, hierarchic clustering was
performed. This resulted in a heatmap that visualizes the lucif-
erase expression profile of each test compound’s extract in the
aforementioned 6 CALUX assays (Figure 6A). A qualitative over-
view of the results from our previous study (Kamelia et al., 2017)
in which the same test samples were investigated in the EST
was included in the figure to show whether these substances
tested positive or negative for in vitro developmental toxicity.
Information on the ARC profiles and PAH content of each sam-
ple was also included in Figure 6A. The heatmap reveals that 2
main clusters of test compounds can be distinguished on the
basis of their luciferase expression pattern in the battery of
CALUX assays. The GTL extracts are grouped in cluster 1 (green
cluster) and all the extracts of the PS are clustered in cluster 2
(red cluster), as displayed in Figure 6A. Within cluster 2, test
samples that belong to the same class of substances are clus-
tered together: GOs, the 2 most similar PAH profiles of the 3
DAEs (No. 98 and 99), and the RAEs. Further, VTO appears to be
in the same cluster with the GOs, as a result of having similar
PAH profiles and of inducing similar effects in the CALUX
assays. Thus, also the hierarchic clustering indicates that the
battery of CALUX assays is able to differentiate between the PS
in a way that is in line with the differences in their PAH compo-
sition. Finally, Figure 6B also presents the hierarchic clustering

Figure 3. Correlation between in vitro agonist/antagonist potencies (EC50s/IC50s), obtained from (A) U2OS AR antagonist assay; (B) U2OS PR antagonist assay; (C) H4IIE

AhR agonist assay; and specific PAH content in PS samples. Abbreviations: HFO, heavy fuel oil; DAE, distillate aromatic extract; GO, gas oil; VTO, vacuum tower over-

head oil; RAE, residual aromatic extract.
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based on the results of only the AhR agonist, ERa agonist, PR an-
tagonist, and ERa antagonist CALUX assays resulting in the
same pattern as observed when using data from the whole bat-
tery, indicating that the AhR, ERa, and PR drive the clustering.

DISCUSSION AND CONCLUSIONS

To obtain insight in possible modes of action underlying the
PDT of PS, the endocrine and dioxin-like activity of DMSO-
extracts of PS were evaluated using the AR, ERa, PR, TRb, and
AhR CALUX assays. It was evident that the DMSO-extract of
each PS shows different responses in the various CALUX assays,
suggesting a specific profile of effects exhibited by each of
them. This was confirmed by PCA and hierarchic clustering of
the combined data, which clustered the samples in line with
their chemical characteristics. This reflects that extracts from
the same class of PS induced a similar pattern of endocrine and
dioxin-like activities. Another prominent finding is that sample
No. 34-HFO, containing the highest amount of PAHs (48% wt.)
was the most potent (ant)agonist in all assays where activity
was observed. In contrast, extracts of the GTL samples, contain-
ing no aromatics, show no activity at all in any of the CALUX
assays. The fact that the PCA and hierarchic clustering grouped
the samples with comparable PAHs composition closer to one
another suggests that the observed effects are related to the
types and levels of PAHs present in these substances.

The DMSO-extracts of heavy PS, such as HFO and DAEs, con-
taining a relatively high concentration of high-molecular weight
4- to 7-ring PAHs, acted as antiandrogens, antiprogestogens,

antiestrogens, (weak) antithyroids, and strong agonists of the
AhR in the investigated assays. DMSO-extracts of light PS, like
GOs and VTO, mainly comprising low-molecular weight 2- to 3-
ring PAHs, showed a rather weak antiandrogenicity, antiproges-
teronicity, estrogenicity, and AhR-mediated activity. In contrast
to the other PS samples, the DMSO-extracts of the RAEs showed
almost no activity in the CALUX assays apart from a notable ac-
tivity in the AhR agonist assay. This may partly be explained by
the fact that the RAEs investigated in the present study are low
in total PAH content (1.5%–3.3% of 5- to 7-ring PAHs), thus, were
not able to induce a remarkable activity. Further, the current
findings are in line, to some extent, with those of previous stud-
ies reported in the literature where antiandrogenicity,
(anti)estrogenicity, and dioxin-like activity of some individual
PAHs and various petroleum products were reported. To facili-
tate comparison of our data to those in the literature, Table 2
presents a summary of endocrine and dioxin-like activity of
PAHs and PS, as reported in the literature, also indicating where
results were in line with the data from the present study
(marked with [þ] in the last column). In addition to what has
been reported before, and because the thyroid hormone system
is strongly involved in developmental processes (Bernasconi
et al., 2015), the present study also included the TRb CALUX as-
say. However, although disturbance of the thyroid system can
be an important mode of action in developmental toxicity
(Haddow et al., 1999; Jomaa et al., 2014), none of the products
showed a meaningful interaction with the respective receptor,
which is in concordance with results in vivo as reported by
Fowles et al. (2016). This may be due to the fact that disturbance

Figure 4. Correlation between in vitro developmental toxicity of PS in the EST (expressed as BMCd50s), obtained from our previous study (Kamelia et al., 2017), and

in vitro agonist/antagonist potencies (expressed as EC50s/IC50s), obtained from (A) U2OS AR antagonist assay; (B) U2OS PR antagonist assay; (C) H4IIE AhR agonist assay

of this study. Abbreviations: HFO, heavy fuel oil; DAE, distillate aromatic extract; GO, gas oil; VTO, vacuum tower overhead oil; RAE, residual aromatic extract; BMCd50,

benchmark concentration for 50% inhibition of cell differentiation in the EST.

584 | ROLE OF ENDOCRINE AND DIOXIN-LIKE ACTIVITY OF EXTRACTS OF PS



of thyroid hormone signaling may occur at levels different from
receptor binding and also because the TRs are known to be less
promiscuous than other nuclear receptors (Williams and
Franklyn, 1994).

One of the interesting findings is that the extracts of 2 of the
DAE samples, No. 98 and 99, showed both estrogenicity and
antiestrogenicity. This contradictory effect has several possible
explanations. First, these samples might belong to the group of
so-called mixed-agonists/antagonists and may behave differ-
ently depending on the provided conditions, such as the con-
centration used for cell exposure. It seems that they are able to
activate the ERa at low concentrations, and antagonize the cor-
responding receptor activity at a very high concentration.
Second, the observed agonist/antagonist effect may be caused
by different PAH constituents present in these 2 substances. For
instance, the agonist effects could be promoted by low-molecu-
lar weight PAHs whilst the antagonist activity might be induced
by high-molecular weight PAHs.

This study evaluates the possible estrogenic activity of
DMSO-extracts of PS and GTL in the U2OS ERa assay, and not in
the U2OS ERb assay. Vrabie et al. (2011) reported a greater effect
on ERb than on ERa-mediated gene expression in the U2OS ERb

and ERa assays, respectively, upon exposure to increasing

concentrations of some crude and refined oil products.
However, a plot of the maximum response in the U2OS ERa as-
say versus that in the ERb assay as reported by Vrabie et al.
(2011) reveals that the in vitro ERa and in vitro ERb-mediated
level of gene expression correlate quite well (R2 ¼ 0.82, data not
shown). Nonetheless, given the relative tissue distribution of
ERa and ERb, with ERa being more predominant in tissues rele-
vant in development (Brandenberger et al., 1997; Lemmen et al.,
1999), as well as the fact that ERa was reported to play a domi-
nant role in mediating reproductive or developmental-related
effects (Bondensson et al., 2015; Couse and Korach, 2004), it was
concluded that testing the DMSO-extracts of PS and GTL in the
U2OS ERa would be most relevant for the battery of tests for an
alternative testing strategy for developmental toxicity.
Furthermore, the correlation between the ERa and ERb response
indicates that the use of both assays in such a battery may not
be needed.

From PCA and hierarchic clustering, it appears that sample
No. 97-DAE induces a different pattern of in vitro potencies com-
pared with other samples that belong to the same class of PS.
The most likely explanation for this observation is the large dif-
ference in PAH content of sample No. 97 in comparison to the
other 2 PS in this class, No. 98-DAE and 99-DAE, which is

Figure 5. PCA based on luciferase expression profiles induced by the DMSO-extracts of PS and GTL products in 6 different CALUX assays: AhR; ERa agonist assays and

ERa; TRb; PR; AR antagonist assays. The average luciferase induction factor at the highest tested concentration of each test compound, from at least 4 independent

experiments, is used as data input for the PCA. An overview of total PAH content (wt.%) and ARC profiles of every test compound are also presented below the PCA

biplot. Abbreviations:AhR-AGO, AhR agonist assay; ERa-AGO, ERa agonist assay; AR-ANT, AR antagonist assay; PR-ANT, PR antagonist assay; ERa-ANT, ERa antagonist

assay; TRb-ANT, TRb antagonist assay; PC: principle component; HFO, heavy fuel oil; GTLb, gas-to-liquid base oil; GTLg, gas-to-liquid gas oil; DAE, distillate aromatic ex-

tract; GO, gas oil; VTO, vacuum tower overhead oil; RAE, residual aromatic extract.
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reflected by the observed differences in steroid and dioxin-like
activity. The content and concentration of PAHs in each PS may
vary, even for samples possessing the same CAS number, as the
chemical composition is mainly dependent on the source of
crude oil and the processing condition to create the stream
(Speight, 2006). Hence, the type, structure, and concentration of
particular PAH constituents in these PS extracts play an essen-
tial role in determining their steroid and dioxin-like activity.

Of all assays, especially the agonist activity in the AhR
CALUX assay correlated well with the in vitro PDT of the same
substances as quantified previously in the EST (Kamelia et al.,
2017). The potency from both in vitro assays is also proportional
to their 3- to 7-ring PAH content (EST; R2 ¼ 0.81 and AhR CALUX
assay; R2 ¼ 0.91). This means that the relative PDT and dioxin-
like activity of the extracts of the present PS may be induced by

the same PAH constituents belonging to the class of 3- to 7-ring
PAHs. The AhR CALUX assay was also one of the most impor-
tant parameters driving the hierarchic clustering and PCA.
These findings may imply that knowing the dioxin-like activity
of PS may help to predict their relative PDT potencies. Beyond
that, the AhR activation could be one of the possible modes of
action underlying PDT of some PS. AhR-mediated developmen-
tal toxicity has also been reported in several studies where de-
velopmental effects were witnessed upon exposure to some
individual PAHs and a mixture of PAHs in the zebrafish model
(Billiard et al., 2006; Goodale et al., 2013; Wincent et al., 2015).
Besides the selected transcription factors, namely AR, ERa, PR,
TRb, and AhR, it has been suggested that PAHs can also interact
with other nuclear receptors, such as the retinoic acid receptor
(RAR; Benisek et al., 2011) and peroxisome proliferator-activated

Figure 6. Hierarchic clustering, illustrated by heatmap summarizing luciferase expression profiles of the DMSO-extract of PS and GTL products in (A) 6 different CALUX

assays: AhR; ERa agonist assays and ERa; TRb; PR; AR antagonist assays; (B) 4 different CALUX assays: AhR; ERa agonist assays and ERa; PR antagonist assays. The aver-

age luciferase induction factor at the highest tested concentration of each test compound, from at least 4 independent experiments, is used as data input for the devel-

opment of the heatmap. An overview of results in the EST from our previous study (Kamelia et al., 2017), total PAH content (wt.%), and ARC profiles of every test

compound are presented in addition to the data from CALUX assays. Note. Based on the calculated in vitro developmental toxicity potency, expressed as BMCd50s, the

EST positive results differ 3 orders of magnitude: þþþ (HFO), þþ (DAEs), and þ (GOs, VTO, and RAEs), where EST negative result is reflected by the---symbol (GTL).

Abbreviations: AhR-AGO, AhR agonist assay; ERa-AGO, ERa agonist assay; AR-ANT, AR antagonist assay; PR-ANT, PR antagonist assay; ERa-ANT, ERa antagonist assay;

TRb-ANT, TRb antagonist assay; HFO, heavy fuel oil; GTLb, gas-to-liquid base oil; GTLg, gas-to-liquid gas oil; DAE, distillate aromatic extract; GO, gas oil; VTO, vacuum

tower overhead oil; RAE, residual aromatic extract.
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receptors (PPAR; Kim et al., 2005). The developmental effects in-
duced by some PAH-containing PS are mainly associated with
increased incidence of resorptions (prenatal loss) and decreased
fetal body weight, and not so much with malformations of the
fetuses (ARCO, 1993; Feuston et al., 1989, 1994, 1996; Feuston and
Mackerer, 1996; Hoberman et al., 1995; Mackerer et al., 2003). It is
known that in developmental toxicity, retinoic acid pathways
play a major role in causing malformations (Lammer et al.,
1985). Hence, it would be interesting to assess the role of the
other receptors, such as RAR and PPAR, in developmental toxic-
ity induced by some PS although these cannot be presumed
upfront to be involved.

In recent years, the use of a battery of in vitro assays to study
the mechanism of toxicity (Piersma et al., 2013), in our case PDT,
is emerging. To our knowledge, we are the first who combined
the aforementioned CALUX assays, in a panel, to study the pos-
sible underlying mechanisms of PDT by PS. The reason for
choosing only the AR, ERa, PR, TRb, and AhR, is that these recep-
tors are pivotal in the most frequently affected biological path-
ways in relation with the developmental toxicity induced by
this group of substances. The results of the present study indi-
cate that for the PS, of all CALUX assays, the AhR CALUX assay
would be the most suitable assay to be included in an in vitro
test battery since it gives the best correlation with the EST and
dominates the grouping of the different PS in line with their
chemical class. This AhR CALUX assay should not be used as a
stand-alone, but rather be part of an alternative in vitro test bat-
tery that we are developing to study the PDT potency (and
modes of action) of PS.

Altogether, DMSO-extracts of 9 PS evaluated in this study
show diverse in vitro endocrine and dioxin-like activities in the
tested assays and their in vitro potencies could be associated
with the quantity and type of their PAH content. The DMSO-
extracts of the GTL samples, which contain no aromatics, are
unable to activate any of the selected receptors, which
strengthen the hypothesis that PAHs are causing the observed
effects. It would be of interest for future work to evaluate the ac-
tivity of individual PAHs present as major constituents in the
DMSO-extracts of PS samples, in both the reporter gene assays
of this study as well as in in vitro developmental toxicity assays
such as the ES-D3 differentiation assay of the EST, as shown be-
fore to detect the developmental toxicity of the DMSO-extracts
of PS samples (Kamelia et al., 2017). Obviously this has to await
until further chemical characterization of the complex PAH
mixtures in these substances to identify their major PAH con-
stituents. Of all CALUX assays applied, the AhR assay appears to
be the most useful for determining receptor-mediated activities
of PS (UVCBs) that are relevant for developmental toxicity. The
question may arise on the relevance of the current results on
the in vitro endocrine and dioxin-like activity of PS for the in vivo
situation. The CALUX assays are merely in vitro screening assays
that provide information on receptor (in)activation but do not
necessarily reflect what happens in vivo since physiological
feedback mechanisms and metabolism are lacking in these in
vitro systems. However, the results of especially the AhR CALUX
assay correlated with the results from the in vitro EST for devel-
opmental toxicity, and the data in the EST were previously
shown to correlate with available in vivo data on PDT of the se-
lected petroleum samples (R2 ¼ 0.97; Kamelia et al., 2017). This
supports the hypothesis that especially the dioxin-like activity
observed with the DMSO-extracts of some PS may play a role in
the actual in vivo outcome with regard to the PDT potency. In fu-
ture research, models including the zebrafish embryo test,
Caenorhabditis elegans, and toxicogenomics approaches will be

investigated for their potential integration in a strategy to fur-
ther unravel the association between PAHs in PS and their PDT.
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