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Induction and inhibition of human cytochrome
P4501 by oxygenated polycyclic aromatic
hydrocarbonsf

Emma Wincent,?® Florane Le Bihanic® and Kristian Dreij*®

Oxygenated polycyclic aromatic hydrocarbons (oxy-PAHSs) are found in the environment together with
PAHs. However, less is known concerning their biological activity including their impact on aryl
hydrocarbon receptor (AHR)
P450 monooxygenases (CYP). In this study, the effects of 15 environmentally relevant oxy-PAHs on the

signalling and the subsequent modulation of the cytochrome
induction and activity of the CYP1 enzymes were determined in vitro by measuring gene expression levels
and enzyme activity. We found that nine of the tested oxy-PAHSs significantly induced CYP1Al and
CYP1B1 gene expression in human keratinocytes (HaCaT cells) while only five of these also were potent
inducers of CYP1-dependent ethoxyresorufin-O-deethylase (EROD) activity suggesting that some of the
oxy-PAHs are both activators of AHR signalling and inhibitors of CYP1 function. Using a recombinant
human CYP1Al enzyme we showed that eleven of the oxy-PAHs potently inhibited enzyme activity with
benz[alanthracene-7,12-quinone (7,12-BAQ) and benzolalfluorenone (BFLO) being the most potent
inhibitors (ICso = 0.037 and 0.061 puM, respectively). We further exposed HaCaT cells to binary mixtures of
oxy-PAHs and the model AHR agonist 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) to investigate poten-
tial interaction effects. The results showed that oxy-PAHs can interfere with the TCDD-mediated effects
leading to reduced CYP1Al and 1B1 expression and EROD activity. These data represent the first demon-
stration that oxy-PAHs can be potent inhibitors of CYP1 expression and function and make important
contributions towards understanding the mechanisms through which oxy-PAHs can contribute to the
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
environmental pollutants of which many are classified as
human carcinogens." A related group of compounds of toxico-
logical concern is the oxygenated PAHs (oxy-PAHs), which are
emitted from the same primary sources as PAHs but can also
be formed through secondary oxidation of PAHs in the
environment.>* As a result they are found in the environment
together with the PAHs and frequently at similar or even
higher levels.”” The oxy-PAHs include polycyclic aromatic qui-
nones and ketones and, in contrast to the well-studied PAHs,
the biological effects of oxy-PAHs are not as well characterized.
However, recent studies have reported cytotoxicity, genotoxi-
city, mutagenicity and teratogenicity of some oxy-PAHs in
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overall risk of polycyclic aromatic compounds.

different in vitro and in vivo systems.®™ Since the oxy-PAHs are
present in the environment and pose a possible risk for
humans and wild-life, there is a need to characterize the mode
of action of oxy-PAH toxicity.

Several PAHs are activators of the aryl hydrocarbon receptor
(AHR) and the subsequent induction and action of cytochrome
P450 monooxygenases (CYP) 1A1 and 1B1 are important in
mediating many of the biological effects of PAHs, including
carcinogenicity and developmental defects.'® In addition,
several PAHs are potent inhibitors of the CYP1 family
enzymes'"'? which in combination with AHR activation can
lead to synergistic biological effects. This has been observed in
fish embryos as severe developmental toxicity’>™” and in
mammalian in vivo and in vitro systems as increased levels of
DNA adducts'® >’ in response to mixtures of AHR activators
such as benzo[a]pyrene (B[a]P) or f-naphthoflavone (BNF), and
CYP1 inhibitors such as fluoranthene (FL) or a-naphthoflavone
(aNF).

In contrast to PAHs, the potency of oxy-PAHs to activate the
AHR and its role in mediating the toxicity has not been
studied in detail. Data from cellular reporter assays show
however that oxy-PAHs in general are weaker AHR activators

This journal is © The Royal Society of Chemistry 2016


www.rsc.org/toxicology
http://crossmark.crossref.org/dialog/?doi=10.1039/c6tx00004e&domain=pdf&date_stamp=2016-04-25
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6tx00004e
https://pubs.rsc.org/en/journals/journal/TX
https://pubs.rsc.org/en/journals/journal/TX?issueid=TX005003

Open Access Article. Published on 04 March 2016. Downloaded on 4/6/2026 11:53:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Toxicology Research

than their parent compounds and, as observed with PAHs,
that larger (four-ring) oxy-PAHs elicit the strongest
activation.>>* We and others have also shown that the devel-
opmental toxicity of oxy-PAHs in zebrafish embryos is at least
partially AHR-dependent.”*>*® However, to the best of our
knowledge, there is no published data on the ability of oxy-
PAHs to inhibit CYP1 enzymes and the potential to thereby
contribute to mixture effects of PAHs and other environmental
pollutants.

To determine the impact of oxy-PAHs on CYP1 function, we
examined the induction and inhibition of human CYP1 by 15
environmentally relevant oxy-PAHs by measuring the gene
expression levels of CYP1A1 and 1B1 and enzyme activity. The
systems used were human HaCaT keratinocytes and micro-
somes containing human recombinant CYP1A1. HaCaT cells
were used as a model system since dermal exposure to PAHs is
a cause of major concern for occupational settings and con-
taminated soil due to their association with increased cancer
risk.””*® These cells were further chosen since they express sig-
nificant levels of the AHR and have previously been used by us
and others to study AHR activation and signalling.?*' We
first determined the ability of oxy-PAHs, as single compounds,
to influence the CYP1 function and gene expression in a dose-
and time-dependent manner. We further exposed HaCaT cells
to binary mixtures of oxy-PAHs and the model AHR agonist
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) to investigate
potential interaction effects.

Materials and methods

Caution: PAHs are carcinogens, and thus, experimental hand-
ling must be carried out under special safety conditions, for
example, those outlined in the NCI guidelines.

Chemicals

1-Indanone (1-INO), 1H-phenalen-1-one (1H-PHO), ace-
naphthylene-1,2-quinone (1,2-ACNQ), chrysene-1,4-quinone
(1,4-CHRQ), 2-methylanthracene-9,10-quinone (2-MAQ), 2,3-di-
methylanthracene-9,10-quinone (2,3-DMAQ), naphthacene-
5,12-quinone (5,12-NQ), 7H-benz[delanthracene-7-one
(7H-BAO), 9-fluorenone (9-FLO), phenanthrene-9,10-quinone
(9,10-PQ), anthracene-9,10-quinone (9,10-AQ) and benz[a]
anthracene-7,12-quinone (7,12-BAQ) all with purity >95% and
from Sigma Aldrich (Stockholm, Sweden) were kindly provided
by Dr Staffan Lundstedt at Umea University. 4H-Cyclopenta-
[def]phenanthrene-4-one (4H-CPO), benzo[a]fluorenone (BFLO)
and 6H-benzo[cd|pyren-6-one (6H-BPO), all with purity >99%
were obtained from the Institute for Reference Materials and
Measurements (EC-JRC-IRMM, Geel, Belgium). 2,3,7,8-Tetra-
chlorodibenzo-p-dioxin (TCDD; CASRN 1746-01-6, 98%) was
obtained from Cambridge Isotope Laboratory (Andover, MA).
Benzo[a]pyrene (B[a]P; CASRN 50-32-8, >96%), 7-ethoxyresoru-
fin, fluorescamine, dihydronicotinamide-adenine dinucleotide
phosphate (NADPH) and microsomes containing recombinant
human CYP1A1 and NADPH-P450 reductase were obtained
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from Sigma-Aldrich (Stockholm, Sweden). All cell culture
reagents were purchased from Gibco (Life Technologies, Stock-
holm, Sweden).

Cell culture and exposure

Human immortalized keratinocytes (HaCaT) were kindly pro-
vided by N. E. Fusenig (DKFZ, Heidelberg, Germany). HaCaT
cells were cultured in DMEM supplemented with 10% fetal
bovine serum, penicillin (100 units per mL) and streptomycin
(0.1 mg mL™") and maintained at 37 °C in 5% CO,. Prior to
exposure cells were seeded at 1 x 10* cells per well in 96-well
plates and cultured for 3 d to reach high confluency. The cells
were exposed, in fresh DMEM medium, to solvent control
(0.1-0.18% DMSO), oxy-PAHs (0.1-10 pM), B[a]P (0.1-10 pM)
or TCDD (5 nM) alone or to binary mixtures of oxy-PAH and
TCDD respectively for up to 48 h.

Cell viability assay

The cell viability was assessed using the Alamar Blue assay
which is based on the reduction potential of metabolically
active cells. Following exposure, a 10% solution of Alamar-
Blue® reagent (Invitrogen) in DMEM medium was added to
each well and incubated for 1 h at 37 °C. The fluorescence was
measured at excitation/emission wavelengths 560/590 nm
using a Victor 3 Wallac plate reader (Perkin Elmer, MA, US).
Three separate experiments were analysed. The results were
expressed as percentage cell viability versus DMSO control.

EROD assays

CYP1-dependent ethoxyresorufin-O-deethylase (EROD) activity
in cells was measured as previously described with some modi-
fications.®* Exposures were terminated at the indicated time
points by removing the medium and rinsing the cells with
PBS. The EROD reaction was initiated by addition of 100 pL of
2 uM 7-ethoxyresorufin into sodium phosphate buffer (50 mM,
pH 8.0) followed by 20 min of incubation at 37 °C. The reac-
tion was terminated by addition of 75 pL of cold fluorescamine
solution (0.15 mg mL™" in acetonitrile), and the formation of
resorufin was measured in triplicate using a GENios Pro plate
reader (Tecan, Mannedorf, Switzerland) at excitation/emission
wavelengths 535/590 nm. Enzymatic activity was normalized
for the cellular protein content determined by fluorescamine
fluorescence at excitation/emission wavelengths 390/485 nm.

The EROD activity of microsomes containing human
recombinant CYP1A1 (2.5 nM) was assayed as described earlier
with minor changes.*® After pre-incubation with DMSO (final
concentration <0.5%) or oxy-PAH (0.00064-20 pM) for 5 min,
7-ethoxyresorufin (0.5 uM) and NADPH (0.4 mM) were added.
Formation of resorufin was measured in triplicate over time as
described above with repeated measurements every 2 seconds.
Kinetic parameters for inhibition of EROD activities were esti-
mated by nonlinear regression analysis using GraphPad Prism
6.05 (GraphPad, San Diego, CA) with the EROD activity of
DMSO-control set as 100% and the assay without addition of
NADPH as 0%.
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Real-time qRT-PCR

Gene expression was assessed using the Ambion® Cells-to-
Cr™ 1-Step Power SYBR® Green kit (Life Technologies, Stock-
holm, Sweden) according to the protocol. In brief, 2 pL cell
lysate and 200 nM primers were used per 20 pL reaction
mixture. Three separate experiments were analysed in dupli-
cate using an Applied Biosystems 7500 Real-Time PCR System
(Life Technologies, Stockholm, Sweden). Cycling conditions
were 48 °C for 30 min, 95 °C for 10 min and then 40 cycles of
95 °C for 15 s and 60 °C for 1 min followed by melt curve ana-
lysis. Relative gene expression quantification was based on the
comparative threshold cycle method (2744“) using beta-2-
microglobulin (B2M) as the housekeeping gene.** Primer
sequences and efficiencies (%) were as follows: CYP1A1l
forward 5’-CACCATCCCCCACAGCAC-3' and reverse 5-ACAAAG-
ACACAACGCCCCTT-3' (102%), CYP1B1 forward 5-AGTGCAGG-
CAGAATTGGATCA-3" and reverse 5-AGGACATAGGGCAGG-
TTGGG-3' (111%), B2M forward 5'-GATGAGTATGCCTGCCG-
TGTG-3' and reverse 5-CAATCCAAATGCGGCATCT-3' (108%).

Statistical analysis

All experiments were performed in triplicate and data pre-
sented are means + SE. Statistical analyses were performed
with GraphPad Prism 6.05 unless otherwise stated. P value
<0.05 was considered significant. Viability, EROD activities
and CYP1 gene expression in response to oxy-PAHs and/or
TCDD were analysed using two-way ANOVA followed by Bonfer-
roni’s post hoc test. Principal component analysis (PCA, two
axes) of the different measured endpoints was performed with
the R software (FactoMineR package, http://cran.r-project.org/).
This analysis included the 13 oxy-PAHs with data for all
endpoints at 1 uM and 6 h post exposure in addition to ICs,
(inhibition of CYP1Al-mediated EROD activity), log K., and
MW values. Pearson correlation (two-tailed) was also calcu-
lated to further confirm the relationship between the EROD,
qRT-PCR, ICs, log K,,, or MW data.

Results

Impact on cellular EROD activity and gene expression of
CYP1A1 and 1B1 by oxy-PAHs

We first investigated the ability of oxy-PAHs to induce CYP1
enzyme activity and gene expression in HaCaT cells by deter-
mining the levels of EROD activity and CYP1Al and
1B1 mRNA. As shown in Fig. 1, the oxy-PAHs showed clear
differences in the potency of inducing EROD activity. In
general, the oxy-PAHs displayed time- and dose-dependent
effects with transient increase of enzyme activity peaking at
24 h. The most potent inducers were BFLO, 5,12-NQ, and 7,12-
BAQ, which displayed similar or higher levels compared to
equimolar levels of B[a]P. The four oxy-PAHs 4H-CPO, 2-MAQ,
2,3-DMAQ, and 6H-BPO displayed significantly increased
levels of enzyme activity compared to the DMSO control but
lower than B[a]P. Notably, 6H-BPO displayed the highest
activity in response to the lowest dose of 0.1 pM and much
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lower activity in response to higher doses, suggesting that
6H-BPO is an inhibitor of CYP1 activity or transcription.
Similar trends were observed also for BFLO and 7,12-BAQ of
which the middle dose (1 pM) showed higher induction at 6 h
compared to 10 uM. The remaining 8 oxy-PAHs had no signifi-
cant effect on cellular EROD activity.

Assessing the change in the mRNA levels of CYP1A1 and
1B1 at 6 h in response to the different oxy-PAHs showed a
differential induction which in general correlated with the
EROD activity data at 24 h (Fig. 2). The strongest effect was
observed in response to BFLO, 1,4-CHRQ, 5,12-NQ, and 7,12-
BAQ causing up to about 60- and 40-fold increase of the
CYP1A1 and CYP1B1 mRNA levels respectively compared to
the DMSO control. In general, the oxy-PAHs induced slightly
higher expression levels of CYP1A1 compared to 1B1, although
with similar dose-response trends. Even though 1,4-CHRQ did
not induce EROD activity, the gene expression levels were sig-
nificantly increased suggesting that 1,4-CHRQ inhibits the
CYP1 function. Notably, the mRNA level data for 4H-CPO,
9,10-AQ and 6H-BPO revealed significant dose-dependent
reduction, up to 15-fold, of the CYP1A1 and CYP1B1 mRNA
levels compared to the DMSO control suggesting that these
oxy-PAHs may act as inhibitors of AHR activation. The effect of
10 pM 9,10-PQ was deemed to most likely be due to the
observed increased cytotoxicity (ESI Fig. S11) and in agreement
with previous observations.*?

Inhibition of CYP1A1 activity by oxy-PAHs

Next, we examined the inhibition of CYP1A1 enzyme activity
by oxy-PAHs using microsomes expressing human CYP1A1.
The different oxy-PAHs showed clear differences in the potency
of inhibiting CYP1A1 enzyme activity. Examples of inhibition
curves obtained from BFLO, 6H-BPO and 1,4-CHRQ are shown
in Fig. 3 and all inhibition curves are shown in ESI Fig. S2.1 Of
the 15 oxy-PAHs tested, BFLO and 7,12-BAQ were the most
potent inhibitors with ICs, values of 0.061 and 0.037 uM,
respectively. 4H-CPO, 9,10-PQ, 7H-BAO and 6H-BPO were
found to inhibit CYP1A1 with ICs, values ranging between
0.32 and 0.77 uM. 9-FLO, 2-MAQ, 2,3-DMAQ, 1,4-CHRQ, and
5,12-NQ inhibited CYP1A1 with IC;, values ranging between
2.1 and 6.2 puM while 1-INO, 1H-PHO, 1,2-ACNQ, and 9,10-AQ
all displayed ICs, values >10 uM. Determined ICs, values are
shown in Table 1.

Effects of oxy-PAHs on the induction and activity of CYP1 by
TCDD

Having established the potency of oxy-PAHs to inhibit CYP1
enzyme activity we wanted to investigate the ability of oxy-
PAHs to affect the expression and function of CYP1 induced by
another environmentally relevant pollutant and AHR agonist,
TCDD. This was performed by assaying the impact on cellular
EROD activity and the CYP1A1 and 1B1 mRNA levels in HaCaT
cells co-exposed to TCDD (5 nM) and each of the 15 oxy-PAHs.
The EROD activity in response to TCDD alone was linear
between 6 and 24 h after exposure (data not shown) and was
for comparative purposes set as 100% activity. The results

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Oxy-PAHs induce a time- and dose-dependent increase of cellular EROD activity. HaCaT cells were exposed to 0.1, 1.0 or 10 uM oxy-PAH or
Bla]P and CYP1-dependent EROD activity was measured at 3, 6, 24 and 48 h after exposure. Data points represent means + SE, n = 3. *p < 0.05 as
compared with DMSO control by two-way ANOVA.

showed that most oxy-PAHs either displayed no inhibition or the expression levels in response to TCDD alone was set as
significant inhibition of EROD activity only in response to the 100% (corresponding to 138- and 36-fold increase of the
highest dose of 10 pM (Fig. 4). In agreement with the microsome CYP1A1l and 1B1 mRNA levels respectively compared to the
results, BFLO and 7,12-BAQ were the most potent inhibitors of DMSO control). In general, the CYP1A1 and CYP1B1 levels
TCDD-mediated EROD activity, with BFLO causing significant were inhibited to a similar extent by the different oxy-PAHs.
inhibition in response to all doses and time points except at The most efficient inhibitors were BFLO, 2,3-DMAQ and
24 h and 0.1 pM. Further, significant inhibition, and in general 6H-BPO which significantly reduced the mRNA levels by
transient, in response to the lower doses was observed for around 50% for both CYP1A1 and 1B1 in response to 1 pM.
9,10-AQ, 2,3-DMAQ, 6H-BPO and 5,12-NQ. 6H-BPO decreased The high inhibiting potency of 2,3-DMAQ and 6H-BPO is in
the EROD activity the most, with more than 90% inhibition for ~agreement with the observed strong inhibition of CYP1 gene
up to 24 h in response to the highest dose. This effect was not expression in response to the oxy-PAH alone (cf Fig. 2). The

associated with increased cytotoxicity (ESI Fig. S17).

three four-ring oxy-PAHs, 1,4-CHRQ, 5,12-NQ and 7,12-BAQ

The gene expression results showed the differing ability of had no effect at all on the expression levels while the remain-
the oxy-PAHs to inhibit TCDD mediated induction of the ing oxy-PAHs in general only showed significant effects in
CYP1A1 and 1B1 mRNA levels (Fig. 5). As with the EROD data, response to 10 uM. As mentioned above, the effect of 10 pM

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Oxy-PAHs induce CYP1 gene expression. HaCaT cells were exposed
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2 CYP1B1

15
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DMSO 1H-PHO 9-FLO 4H-CPO 9,10-PQ 9,10-AQ 2-MAQ

DMSO

0.1 uM oxy-PAH
1 uM oxy-PAH
1

| |
O
|
W 10 pM oxy-PAH

7H-BAO

BFLO 2,3-DMAQ 6H-BPO 1,4-CHRQ 5,12-NQ 7,12-BAQ

to 0.1, 1.0 or 10 pM oxy-PAH and effects on gene expression of CYP1Al

(left panels) and CYP1B1 (right panels) were determined by qRT-PCR at 6 h after exposure. Data points represent means + SE, n = 3. *Increased cyto-
toxicity. *p < 0.05 and >2-fold change as compared with DMSO control by two-way ANOVA.

9,10-PQ on both endpoints was deemed to be most likely due
to the observed increased cytotoxicity.

Analysis of differences in CYP1 modulation between oxy-PAHs

In Table 2 the impact of the 15 oxy-PAHs on the different end-
points is summarized. To further distinguish the extent of
differentiation or grouping of the different oxy-PAHs with
regard to potency and mode of CYP1 modulation, a Principal
Component Analysis (PCA) was conducted on the data. The
first and second principal components explained 75.42% of
the variance in the data. The individual plot highlighted four
different groups of compounds (Fig. 6A). The first group
included 1H-PHO and 9,10-AQ which, compared to the other
oxy-PAHs, were determined to be weak AHR activators and
CYP1A1 inhibitors and moderate inhibitors of TCDD-mediated
effects (¢f Table 2). The second group consisted of 9-FLO,
4H-CPO 9,10-PQ, 2-MAQ, 7H-BAO and 1,4-CHRQ, all deter-
mined to be weak AHR activators and moderate CYP1A1 and
TCDD inhibitors. The third group included the strong AHR
activators and strong CYP1A1l inhibitors BFLO, 5,12-NQ and
7,12-BAQ. The last group included 2,3-DMAQ and 6H-BPO
which were inhibitors of CYP1A1 and strong inhibitors of
TCDD-mediated effects. Group 1 gathered compounds with
low molecular weight (MW) and lipophilicity (log Ky), group
2 moderate MW and log K, while both the third and fourth
group consisted of compounds presenting higher MW and

792 | Toxicol Res., 2016, 5, 788-799

log Koy (cf: Table 1). The variables plot (Fig. 6B) showed strong
correlation between CYP1A1 and 1B1 gene expression (CYP1A1,
CYP1B1) and cellular EROD activity (EROD) as well as between
log K, and CYP1A1 inhibition (ICsy) or inhibition of TCDD
(ERODTCDD). Further a correlation was observed between
CYP1A1 inhibition (ICso) and inhibition of TCDD (ERODTCDD).
Indeed, Pearson correlation analysis confirmed that these vari-
ables were all significantly correlated (Fig. 6C-E, correlation
data not shown for CYP1A1, CYP1B1, EROD or MW).

Discussion

CYP1 enzymes have an established role in bioactivation of pro-
carcinogens such as PAHs and inhibition of these enzymes has
therefore been considered as an effective approach for chemo-
prevention. However, recent studies show that the induced
CYP1 enzyme is protective. It is needed for rapid clearance of
carcinogens like B[a]P** and CYP1A inhibition has been shown
to amplify the carcinogenic and teratogenic effects of
PAHs.>>?® This emphasizes the complex relationship between
AHR activation, CYP1 induction and toxicity and suggests that
the combined effects on AHR activation and CYP1 function
may contribute to the increased toxicity of chemical mixtures.
To further investigate the impact of oxy-PAHs on AHR
signalling and CYP1 function, and to discriminate between

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Oxy-PAHs inhibit CYP1Al-mediated EROD activity. Plots are
shown for inhibition by BFLO (®), 6H-BPO (#), and 1,4-CHRQ (m). Data
points represent means + SE, n = 3. See Table 1 for ICs, values.

the effects on enzyme activity and CYP1 transcription, we per-
formed a series of experiments using recombinant enzymes
and human cells. AHR activation is most often assessed by
measuring induction of CYP1 gene expression or enzyme
activity, or by using luciferase reporter assays. However, since
CYP1 enzymes have been shown to be inhibited by a large
number of compounds,’” measuring enzyme activity alone
may give false negative results. Accordingly, in this study we
found that nine of the tested oxy-PAHs significantly induced
CYP1 expression while only three of these, BFLO, 5,12-NQ and
7,12-BAQ, also were strong inducers of cellular EROD activity
suggesting that some of the oxy-PAHs are both activators of
AHR signalling and inhibitors of CYP1 catalytic function.
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Notably, some of the EROD-inducing oxy-PAHs showed reverse
dose-responses with higher induction at lower concentrations,
especially at early time points, further supporting CYP1-inhi-
biting properties. This was corroborated by the enzyme kinetic
parameters determined using an recombinant CYP1A1 enzyme
where eleven of the oxy-PAHs tested showed clear inhibition of
enzyme activity with ICs, values ranging from 6.2 to 0.037 uM.
Among these 7,12-BAQ and BFLO presented the lowest ICs,
values (0.037 and 0.061 pM respectively), placing them among
the most potent CYP1 inhibiting PAHs such as dibenz[a,j]acri-
dine, pyrene and benz[a]anthracene and the flavone aNF,
which all have reported ICs, values in the sub 100 nM
range.'"'> When calculating ICs, values a wide concentration
range of the potential enzyme inhibitor is tested in combi-
nation with a fixed concentration of the substrate and the
enzyme. One should therefore be cautious when comparing
ICs5, values with other published values since other experi-
mental conditions may have been used in these studies. None-
theless, our results clearly show that oxy-PAHs can be potent
CYP1A1 inhibitors and thereby impact on their own meta-
bolism or the metabolism of other compounds such as PAHs
and endogenous CYP1 substrates.

Previous studies have shown that various naturally occur-
ring naphtho- and anthraquinones can be inhibitors of CYP
enzymes®” but these data represent the first demonstration
that oxy-PAHs found as environmental pollutants can be
potent inhibitors of CYP1 enzymes. Furthermore our results
showed significant levels of induction of CYP1B1 gene
expression by nine of the fifteen oxy-PAHs, to a similar extent
as CYP1A1, which demonstrates that CYP1B1 probably also
makes an important contribution to the cellular response to
this group of compounds. This is moreover in accord with the
ability of non-polar PAHs to induce CYP1B1 and further adds
to the important role of CYP1B1 in mediating the effects of
polycyclic aromatic compounds (PACs).*®*° Three of the oxy-
PAHSs, 4H-CPO, 9,10-AQ and 6H-BPO, caused dose-dependent

Table 1 Oxy-PAHs used in this study with abbreviations, CAS numbers, molecular weight (MW), logarithm of octanol-water partition coefficient
(log Kow) and inhibition of CYP1Al1-mediated EROD activity (ICsq with 95% Cl)

Oxy-PAHs Abbr. CAS no. MW (g mol™) log Koy ¢ ICso (1M) 95% CI”
1-Indanone 1-INO 83-33-0 132.2 2.11 >10 —
1H-Phenalen-1-one 1H-PHO 548-39-0 180.2 3.39 >10 —
9-Fluorenone 9-FLO 486-25-9 180.2 3.58 3.0 2.3-4.0
Acenaphthylene-1,2-quinone 1,2-ACNQ 82-86-0 182.2 1.95 >10 —
4H-Cyclopenta[def|phenanthrene-4-one 4H-CPO 5737-13-3 204.2 4.14 0.32 0.27-0.39
Phenanthrene-9,10-quinone 9,10-PQ 84-11-7 208.2 2.52 0.65 0.50-0.86
Anthracene-9,10-quinone 9,10-AQ 84-65-1 208.2 3.39 >10 —
2-Methylanthracene-9,10-quinone 2-MAQ 84-54-8 222.2 3.89 4.9 3.5-6.9
7H-Benz[de]anthracene-7-one 7H-BAO 82-05-3 230.3 4.81 0.77 0.62-0.96
Benzo[a]fluorenone BFLO 479-79-8 230.3 4.73 0.061 0.049-0.075
2,3-Dimethylanthracene-9,10-quinone 2,3-DMAQ 20054-39-1 236.3 4.44 2.1 1.3-3.2
6H-Benzo[cd]pyren-6-one 6H-BPO 3074-00-8 254.3 5.31 0.44 0.32-0.62
Chrysene-1,4-quinone 1,4-CHRQ 100900-16-1 258.3 4.01 6.2 4.8-8.0
Naphthacene-5,12-quinone 5,12-NQ 1090-13-7 258.3 4.52 2.5 1.5-4.1
Benz[a]anthracene-7,12-quinone 7,12-BAQ 2498-66-0 258.3 4.40 0.037 0.021-0.065

“ Estimated using KOWWIN in EPI suite v 4.11, US Environmental Protection Agency. ” 95% confidence interval of IC5, values.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Oxy-PAHs inhibit TCDD induced cellular EROD activity. HaCaT cells were exposed to TCDD alone (5 nM) or in combination with 0.1, 1.0 or
10 pM oxy-PAH and effects on CYP1-dependent EROD activity was measured at 6, 12 and 24 h after exposure. 100% is the EROD activity induced by
TCDD alone. Data points represent means + SE, n = 3. #Increased cytotoxicity. *p < 0.05 as compared with TCDD alone by two-way ANOVA.

suppression of CYP1A1 and/or 1B1 gene expression, indicating
AHR antagonistic properties that may at least partly explain
the observed EROD inhibition by these compounds. In the co-
exposure to TCDD, nine and seven of the thirteen oxy-PAHs
tested caused suppressed expression of CYP1A1 and CYP1B1
respectively, further indicating the AHR antagonistic effects of
these compounds, while none of the compounds displayed the
additive effects on gene expression.

Notably, several of the oxy-PAHs shown to inhibit the
recombinant CYP1A1, including the most potent inhibitors
7,12-BAQ and BFLO, caused induced EROD activity in the cell-
based studies. The lack of EROD-inhibition with these com-
pounds may be explained by the more complex situation in
the cell-based assays compared to using the recombinant
enzymes and low uptake into the cells. Another explanation
could however be the indirect AHR-activation previously
described by us where several other CYP1-inhibitors were
shown to activate AHR signalling by blocking the metabolic

794 | Toxicol Res., 2016, 5, 788-799

clearance of the high-affinity AHR ligand 6-formylindolo[3,2-5]
carbazole (FICZ) present in the cell culture medium.*®

The oxy-PAHs, together with other polar PACs, are an emer-
ging group of compounds with high significance in the
environment and most likely also of high significance in
relationship to effects on human health.**** The 15 oxy-PAHs
included in this study have all been detected at significant
amounts, often at similar or even higher levels than PAHs,
in several environmental matrices including air particulate
matter, contaminated soil, water, sediment and diesel
particulate.>>*>** Human exposure to oxy-PAHs is not well
investigated but available studies report significant occu-
pational exposure and a correlation between exposure to oxy-
PAHs and health effects.*>*® The presence of carbonylic
oxygen in the oxy-PAHs results in higher water solubility and
thereby higher bioavailability compared to the PAHs, which
may impact on their biological activity.*”*® Exposure to oxy-
PAHSs occurs in complex mixtures with numerous other PACs

This journal is © The Royal Society of Chemistry 2016
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Table 2 Overview of the obtained results for the 15 oxy-PAHs and their effects on the five assayed endpoints

AHR activator AHR activator CYP1A1 TCDD interaction TCDD interaction
(EROD)* (CYP1 mRNA)*¢ inhibitor (IC5,)? (EROD)* (CYP1 mRNA)**

1-INO = ND = = ND

1H-PHO = 1 = 1 1

9-FLO = = ! = 1

1,2-ACNQ = ND = = ND

4H-CPO 1 l In l 1

9,10-PQ = ) NS = =

9,10-AQ = l = I l

2-MAQ ) l ) l l

7H-BAO = ) I 1 1

BFLO " " NS I I

2,3-DMAQ T T ) (x I

6H-BPO l l NS (x: I

1,4-CHRQ = N l l =

5,12-NQ " " ) I =

7,12-BAQ " " W I =

“11Strong inducer (>BP and p < 0.05), tinducer (p < 0.05), = no significant effect. ” 11Strong inducer (>20-fold and p < 0.05), tinducer (<20-fold
and p < 0.05), = no significant effect, |inhibitor (p < 0.05), ND not determined. ° Since the effects on the CYP1A1 and 1B1 mRNA levels were very
similar they are described together as CYP1 mRNA. “ | |Strong inhibitor (ICs, < 1 uM), Jinhibitor (1 uM < ICs, < 10 puM), = no effect (ICs,
>10 uM). ¢ || Strong inhibitor (p < 0.05 at <1 pM oxy-PAH), |inhibitor (p < 0.05 at 10 uM oxy-PAH), = no significant effect, ND not determined.

and we recently showed that interactions between different activity and CYP1 expression. In contrast, there are several
PACs in soil extracts are likely to be important for the observed reports showing synergistic developmental toxicity in fish
toxicity.>® Here we demonstrated that binary exposures to oxy- embryos after combined exposure to an AHR activator and a
PAHs with TCDD, a prototypical halogenated aromatic hydro- CYP1-inhibitor. These effects were shown to be AHR-depen-
carbon (HAH) and the AHR activator resulted in a compound-, dent"**° and to involve antioxidant responses.’>>! This discre-
time- and dose-dependent inhibition of TCDD-mediated EROD pancy appears to relate to the type of AHR activator since it

This journal is © The Royal Society of Chemistry 2016 Toxicol Res., 2016, 5, 788-799 | 795
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Inhibition and induction of CYP1 by oxy-PAHs are driven by lipophilicity. Principal component analysis representing normalized coefficients

for the 13 oxy-PAHs with data at 1 pM exposure and 6 h post exposure on the first two axes (axis 1 + axis 2: 75.42%). The individual factor map is
shown in (A) and the variables factor map in (B). EROD refers to cellular EROD activity of single exposure (Fig. 1), CYP1Al and CYP1BL1 refer to gene
expression of single oxy-PAH exposure (Fig. 2), ERODTCDD to cellular EROD activity of oxy-PAHs in combination with TCDD (Fig. 4), CYP1A1TCDD
and CYP1B1TCDD refer to gene expression in combination with TCDD (Fig. 5), MW to molecular weight and, ICso to CYP1Al ICsq values (both in
Table 1). Pearson correlation analysis between log Ko, I1Cso and/or ERODTCDD data are shown in panels (C)—(E), respectively. Plots show linear
regression with 95% confidence bands, Pearson’s r and p-value. For more details see Materials and methods.

was previously shown that the combination of a CYP1 inhibitor
with a HAH-type activator (e.g. PCB126) caused reduced toxicity
while a PAH-type activator (e.g. B[a]P) caused synergistic tox-
icity.'® In a similar manner the carcinogenic potency of PAH
mixtures depend on interactions with the AHR/CYP signalling
pathways by the compounds present in the mixture and may
be an important mechanism by which non-carcinogenic PAHs
can contribute to cancer development.”’*?***>3 Considering
the growing list of physiological functions associated with
AHR signalling these results suggest that exposure to chemical
mixtures including CYP1-inhibitors and AHR activators may
contribute to immune related ailments, endocrine disruption
and cancer development.

In the present study no clear relationship was highlighted
between the position of the oxygen atom(s) on the benzene
ring and the observed biological effects. The ketones 1H-PHO,
7H-BAO, 4H-CPO, BFLO and 6H-BPO; and the paraquinones
with central diones 9,10-AQ, 2-MAQ, 2,3-DMAQ, 5,12-NQ and
7,12-BAQ presented large differences in potency to activate
AHR or inhibit CYP1A1. These data are in agreement with a
recent study by Knecht et al. (2013)” where 38 oxy-PAHs were
screened for their developmental toxicity in zebrafish. The

796 | Toxicol Res., 2016, 5, 788-799

authors concluded that the oxy-PAHs containing adjacent
diones on 6-carbon moieties or terminal paraquinones on
multi-ring structures were the most toxic while the toxicity of
paraquinones with central diones varied considerably.” Based
on the 15 oxy-PAHs screened in the present study we can con-
clude that the activation of the AHR, the inhibition of CYP1A1,
as well as the interaction with TCDD was strongly correlated
with lipophilicity and molecular weight. This correlation could
be of concern for human health since larger and more lipo-
philic oxy-PAHs are found in significant levels in soil, air and
375434 The fact that lipophilicity and molecular weight
of both PAHs and oxy-PAHs are important determinants of the
ability to activate the AHR have been shown previously.”'**
However, PACs which are larger than the AHR ligand binding
domain will likely have a lower binding affinity and activation
ability, as has been shown for the six-ring dibenzopyrenes.”
The same relationship has also been observed with PAHs and
their ability to inhibit various CYP1 enzymes which suggests a
similar mechanism of inhibition for both PAHs and
oxy-PAHs."""?

In conclusion, we show for the first time that oxy-PAHs, in
addition to activation of the AHR, can be potent inhibitors of

water.

This journal is © The Royal Society of Chemistry 2016
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CYP1, both on the level of gene expression and enzyme
activity. Further we show that oxy-PAHs can interact with other
environmental pollutants leading to non-additive effects on
AHR activation. Our results make an important contribution
to the knowledge base about polar PACs and their mode of
action. Further in vivo studies would complement these find-
ings and investigate their implications on oxy-PAH toxicity at
the organism level.

Abbreviations

AHR Aryl hydrocarbon receptor

B[a]P Benzo[a]pyrene

CYP Cytochrome P450 monooxygenase
EROD Ethoxyresorufin O-deethylase

FL Fluoranthene

HAH Halogenated aromatic hydrocarbon
log K, ~ Octanol-water partition coefficient
MW Molecular weight

aNF a-Naphthoflavone

BNF f-Naphthoflavone

PAC Polycyclic aromatic compound
oxy-PAH Oxygenated PAH

PAH Polycyclic aromatic hydrocarbon
PCA Principal component analysis
TCDD 2,3,7,8-Tetrachlorodibenzo-p-dioxin
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