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A B S T R A C T

Toxicity of dioxin-like compounds (DLCs), such as polychlorinated dibenzo-p-dioxins, dibenzofurans and bi-
phenyls, is largely mediated via aryl hydrocarbon receptor (AhR) activation. AhR-mediated gene expression can
be tissue-specific; however, the inducibility of AhR in the lungs, a major target of DLCs, remains poorly char-
acterized. In this study, we developed relative effective potencies (REPs) for a series of DLCs in both rodent
(MLE-12, RLE-6TN) and human (A549, BEAS-2B) lung and bronchial epithelial cell models, using expression of
both canonical (CYP1A1, CYP1B1) and less well characterized (TIPARP, AHRR, ALDH3A1) AhR target genes. The
use of rat, murine and human cell lines allowed us to determine both species-specific differences in sensitivity of
responses to DLCs in lung cellular models and deviations from established WHO toxic equivalency factor values
(TEF) values. Finally, expression of selected AhR target genes was determined in vivo, using lung tissues of female
rats exposed to a single oral dose of DLCs and compared with the obtained in vitro data. All cell models were
highly sensitive to DLCs, with murine MLE-12 cells being the most sensitive and human A549 cells being the
least sensitive. Interestingly, we observed that four AhR target genes were more sensitive than CYP1A1 in lung
cell models (CYP1B1, AHRR, TIPARP and/or ALDH3A1). We found some deviations, with strikingly low REPs for
polychlorinated biphenyls PCBs 105, 167, 169 and 189 in rat RLE-6TN cells-derived REPs for a series of 20 DLCs
evaluated in this study, as compared with WHO TEF values. For other DLCs, including PCBs 126, 118 and 156,
REPs were generally in good accordance with WHO TEF values. This conclusion was supported by in vivo data
obtained in rat lung tissue. However, we found that human lung REPs for 2,3,4,7,8-pentachlorodibenzofuran and
PCB 126 were much lower than the respective rat lung REPs. Furthermore, PCBs 118 and 156 were almost
inactive in these human cells. Our observations may have consequences for risk assessment. Given the differ-
ences observed between rat and human data sets, development of human-specific REP/TEFs, and the use of
CYP1B1, AHRR, TIPARP and/or ALDH3A1 mRNA inducibility as sensitive endpoints, are recommended for as-
sessment of relative effective potencies of DLCs.

1. Introduction

The aryl hydrocarbon receptor (AhR) is a cytosolic ligand-activated
transcription factor, a member of basic helix-loop-helix/Per Arnt Sim
family of transcriptional regulators, which plays a key role in many
physiological and pathophysiological processes, including toxicity of
persistent polyhalogenated aromatic pollutants (White and Birnbaum,
2009; Murray et al., 2014; Denison and Farber, 2017; Kolluri et al.,
2017). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the most potent
dioxin known and is often used as reference toxicant for estimation of

“dioxin-like” toxicity. TCDD exhibits its adverse effects via a sustained,
non-physiological AhR activation. Likewise, the toxicities of other di-
oxin-like compounds (DLCs) are quantified based on their ability to
activate the AhR, as the capacity to activate the AhR is considered to be
directly linked to their biological and toxic effects. Therefore, for risk
assessment of DLCs, the toxic equivalency factor (TEF) approach has
been established, based on their potencies to activate AhR-dependent
endpoints, including expression of AhR target genes, such as cyto-
chrome P450 (CYP) 1A1 and/or other drug metabolizing enzymes, re-
latively to TCDD. The current consensus WHO TEFs are based on
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multiple relative effect potencies (REPs) through combining available in
vitro and in vivo studies (Haws et al., 2006; Van den Berg et al., 2006).

The differential sensitivity of various species to DLCs has been
known for many years and can be linked to both species-specific
binding affinities of DLCs to the AhR and to differential sets of target
genes being regulated in various species (Denison et al., 2011; Murray
et al., 2014). Also, toxicokinetic factors might play a role, especially
when comparing in vivo REPs and in vitro REPs for DLCs that are rapidly
metabolized. We have recently shown a large variation in bioassay
sensitivity for AhR related readouts over several species, including ro-
dents and humans (Ghorbanzadeh et al., 2014; Larsson et al., 2015). A
huge variability has been also observed across cells of similar tissue
origin, derived from mouse, rat and human hepatomas, with only a very
limited set of genes being regulated similarly despite the same tissue
origin (Dere et al., 2011). Similar to species specificity, tissue or cell
specificity appears to be an important issue, when establishing REP
values for DLCs. Although the lung is a significant target of TCDD
(Walker et al., 2007; Yoshizawa et al., 2007), REP values for DLCs in
lung tissue or lung cells are not well characterized. We identified only
two subchronic in vivo studies focusing on estimation of REPs in murine
lung (DeVito et al., 1997, 2000). No quantitative in vitro experimental
data are yet available for development of REP values of DLCs in lung
cells.

Therefore, the primary objective of the present study was to identify
AhR target genes common for rodent and human lung, and to estimate
REP values for a set of nineteen DLCs, based on the induction of ca-
nonical AhR target genes CYP1A1 and CYP1B1 in rat lung epithelial
cells. In the second part of this study, REPs for individual genes and six
selected DLCs were then compared across different species. We focused
on estimation of species differences in sensitivity of lung cells for DLC-
induced AhR target gene expression. In addition, we evaluated other
frequently used AhR target genes, besides CYP1A1, which could be
potentially more sensitive or inducible in these in vitro lung models. We
addressed the following questions: i) are lung REPs in agreement with
established WHO TEF values; ii) are there any significant differences
among REPs developed in rat and human lung cells; iii) and, finally, are
rat lung in vitro REP values comparable with in vivo rat data.

To answer these questions, we assessed gene expression changes of
five AhR target genes (CYP1A1, CYP1B1, TIPARP, AHRR and
ALDH3A1) in well-established rat, human and mouse models of lung or
bronchial epithelial cell lines and compared full concentration scale-
based responses. For rodent models, we used the following cell lines: rat
lung epithelial RLE-6TN cell line, a model of alveolar type II epithelial
cells (Driscoll et al., 1995), and non-tumorigenic murine lung epithelial
cell line MLE-12 (Malkinson et al., 1997). For determination of human
REPs, we used the human lung adenocarcinoma A549 cell line (re-
presenting again type II pneumocytes) and human non-transformed
bronchial epithelial BEAS–2 B cells. Both human cell lines are fre-
quently used in airway and lung toxicity studies (Bajaj et al., 2016).

2. Material and methods

2.1. Chemicals

A set of 4 PCDDs, 6 PCDFs, and 10 PCBs were selected (based
on WHO-TEF values, number of chlorine atoms, substitution pattern,
and environmental abundance). 2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD), 1,2,3,7,8-pentachlorodibenzo-p-dioxin (12378-PeCDD), 1,2,3,
6,7,8-hexachlorodibenzo-p-dioxin (123678-HxCDD), 1,2,3,4,6,7,8-hep-
tachlorodibenzo-p-dioxin (1234678-HpCDD), 2,3,7,8-tetrachlorodiben-
zofuran (TCDF), 2,3,4,7,8,-pentachlorodibenzofuran (23478-PeCDF),
1,2,3,4,7,8-hexachlorodibenzofuran (123478-HxCDF), 2,3,4,6,7,8-hexa-
chlorodibenzofuran (234678-HxCDF), 1,2,3,4,6,7,8-heptachlorodiben-
zofuran (1234678-HpCDF), 1,2,3,4,7,8,9-heptachlorodibenzofuran
(1234789-HpCDF), and 3,3′,4,4′,5-pentachlorobiphenyl (PCB126)
were purchased from Wellington Laboratories Inc. (Guelph, Ontario,

Canada). 2,3′,4,4′,5-Pentachlorobiphenyl (PCB118), 2,3,3′,4,4′,5-
hexachlorobiphenyl (PCB156), and 2,2′,4,4′,5,5′-hexachlorobiphenyl
(PCB153) were purchased from Cerilliant Corp. (Round Rock, TX, USA).
2,4,4′,5-Tetrachlorobiphenyl (PCB74), 3,3′,4,4′-tetrachlorobiphenyl (PCB77),
2,3,3′,4,4′-pentachlorobiphenyl (PCB105), 2,3′,4,4′,5,5′-hexachlorobiphenyl
(PCB167), 3,3′,4,4′,5,5′-hexachlorobiphenyl (PCB169), and 2,3,3′,4,4′,5,5′-
heptachlorobiphenyl (PCB189) were purchased from Larodan Fine Chemicals
(Malmö, Sweden). The mono-ortho substituted PCBs 118 and 156 as used for
the in vivo experiments were purified using a charcoal column methodology
as described in van Ede et al. (2014). All remaining congeners had a
purity>99% except for 1234678-HpCDD (98.7%). The congeners were
dissolved and diluted in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Stock-
holm, Sweden). Pharmacological inhibition of AhR function was performed
using CH223191 AhR antagonist at 10μM concentration (Calbiochem,
Darmstadt, Germany). DMSO and all other chemicals were supplied by
Sigma-Aldrich (Prague, Czech Republic), if not stated otherwise.

2.2. Cells

The rat lung epithelial RLE-6TN cell line was obtained from
American Type Culture Collection (Manassas, VA, USA). Cells were
cultured in Haḿs F12 medium (Invitrogene, Carlsbad, CA) supple-
mented with 2mM L-glutamine, bovine pituitary extract (10 μg/ml),
insulin (5 μg/ml), insulin-like growth factor (2,5 ng/ml), transferrin
(1.25 μg/ml), epidermal growth factor (2.5 ng/ml) and 5% heat-in-
activated fetal bovine serum (PAA, Pasching, Austria). The human lung
epithelial A549 (ATCC) cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogene, Carlsbad, CA) supplemented with 25mM
sodium bicarbonate, 10mM HEPES, and 10% heat-inactivated fetal
bovine serum (PAA). Human bronchial epithelial BEAS–2 B (ATCC)
cells were grown in a 1:1 mixture of DMEM with Haḿs F12
(Invitrogene, Carlsbad, CA), supplemented with 25mM sodium bi-
carbonate, 10 mM HEPES, and 5% heat-inactivated fetal bovine serum
(PAA). The mouse lung epithelial MLE-12 (ATCC) cell line was cultured
in HITES medium with 2.5% fetal bovine serum, as formulated by
ATCC. All cells were incubated in a humidified atmosphere of 5% CO2

at 37 °C. The cells were routinely subcultured twice a week; passages
between 15 and 25 were used. The A549 cells were seeded at density
85,000 cells/ml, the cell culture medium was changed after 72 h and
the cells were exposed to a tested compound or vehicle (DMSO) for
24 h. Experimental design for other cell lines was as follows: BEAS–2 B
cells were seeded at density of 95,000 cells/ml, and grown for 72 h
growing before the change of the medium and exposure; MLE-12 cells
were seeded at density 110,000 cells/ml, and grown for 72 h before the
change of the medium and exposure; RLE-6TN cells were seeded at
density 150,000 cells/ml, and grown for 120 h before the change of the
medium and exposure. All tested cells were exposed to test DLCs or
0.1% v/v DMSO (vehicle control) for 24 h and total RNA was then
isolated from cell lysates using NucleoSpin RNA II kit (Macherey-Nagel,
GmbH, Duren, Germany) according to manufacturer’s instructions.

2.3. In vivo samples

Rat lung tissue was obtained from the previously described in vivo
study (van Ede et al., 2014), where DLC-induced biomarkers were ex-
amined in liver and peripheral blood lymphocytes. Briefly, eight-week-
old female Sprague-Dawley rats (n=6 per group) were treated with a
single dose of the respective DLC by oral gavage and sacrificed after
3 days. The organs were then immediately removed, directly snap
frozen in liquid nitrogen and stored at −80 °C. For the present study,
total RNA was isolated from frozen lung tissue samples, using Nu-
cleoSpin RNA II kit (Macherey-Nagel). Thirty mg of each tissue sample
was lysed in 1ml of RA1 buffer with 10 μl β-mercaptoethanol and
homogenized by 2.5-mm glass beads in a TissueLyser II (Retsch GmbH,
Haan, Germany), using 30 Hz frequency for 40 s. The homogenate was
then centrifuged (14,000× g, 10min) and 350 μl of supernatant was
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transferred onto a NucleoSpin Filter unit placed in a collection tube and
total RNA was isolated NucleoSpin RNA II kit was according to the
manufacture’s specifications.

2.4. Real time RT-PCR

The amplifications of the samples were carried out using QuantiTect
Probe RT-PCR kit (Qiagen GmbH, Hilden, Germany) according to
manufacturer’s specifications. The sequences of human, rat and murine

primers and probes are presented in Supplementary Table S1. The
amplifications were run on the LightCycler 480 II (Roche Diagnostics
GmbH, Mannheim, Germany) using the following program: reverse
transcription at 50 °C for 20min and initial activation step at 95 °C for
15min, followed by 45 cycles at 95 °C for 15 s and 60 °C for 60 s for
TaqMan and UPL probes (Roche). For determination of rat CYP1A1 and
ALDH3A1 the FRET probes were used with following program: reverse
transcription at 50 °C for 20min and initial activation step at 95 °C for
15min, followed by 45 cycles at 95 °C for 15s, 58 °C for 30 s and 72 °C

Fig. 1. Comparison of sensitivity of individual mRNA induction to TCDD in rat lung epithelial RLE-6TN cells (blue line), murine lung epithelial MLE-12 cells (green
line), human lung adenocarcinoma A549 cells (red line) and human bronchial epithelial BEAS–2 B cells (black line) after 24-h exposure. Cells were treated with TCCD
or vehicle (DMSO) and the levels of CYP1A1, CYP1B1, AHRR, TIPARP and ALDH3A1 mRNA transcripts were determined by qRT-PCR. The results are expressed as%
of TCDD maximal induction (means ± S.D. of three independent experiments conducted in triplicates).
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for 30 s. Gene expression for each sample was expressed in terms of the
threshold cycle (Ct), normalized to housekeeping gene porphobilinogen
deaminase (ΔCt). ΔCt values were then compared between control
samples (DMSO 0.1%) and samples treated with 2,3,7,8-TCDD and di-
oxin-like compounds to calculate ΔΔCt (ΔCt [control] – ΔCt [treat-
ment]). No statistically significant impact of treatments on expression
of reference gene was observed. The final comparison of transcript ra-
tios between samples is given as 2−ΔΔCt (Livak and Schmittgen, 2001).
List of primers and probes, used in the study, is provided as Supple-
mental Table S1.

2.5. Data analysis and statistical analysis

Dose-response curves, effect concentrations and relative effect po-
tency (REP) calculations were determined as described previously (van
Ede et al., 2013, 2014), using a sigmoidal dose-response nonlinear re-
gression curve fit with variable slope (GraphPad Prism 6.01, GraphPad
Software Inc., San Diego, CA) and a benchmark response approach – the
dose or concentration needed for a tested congener to reach 20% of the
TCDD response, BMR20TCDD (=EC20). Additionally, when possible, EC50

values were also determined and used for REP estimation. All REP
values were expressed relative to TCDD. When verifying the AhR-spe-
cific response with AhR antagonist, comparisons between treatments
were made by one-way analysis of variance (ANOVA).

3. Results

3.1. Selection of AhR target genes, TCDD-dependent induction and
verification of AhR target genes in lung cellular models

Based on previously published global gene expression data in
human lung epithelial A549 cell line (Martinez et al., 2002) and our
preliminary (unpublished) results as well as comparative studies in rat,
mouse and human hepatoma cells (Dere et al., 2011), we selected two
conventional (CYP1A1, CYP1B1), and three less frequently used AhR
target genes (TIPARP, AHRR, ALDH3A1). Induction of CYP1A1 and
CYP1B1 is a key AhR-dependent adaptive response to environmental
chemical stress serving to detoxify both polycyclic aromatic hydro-
carbons and halogenated aromatic compounds (Nebert and Dalton,
2006). Both CYP1A1 and CYP1B1 have been commonly used as bio-
markers of exposure in numerous studies (Haws et al., 2006). The aryl
hydrocarbon repressor (AHRR) and its expression has been shown to be
AhR-dependent (Mimura et al., 1999). TCDD-inducible poly(ADP-ri-
bose) polymerase (TIPARP) is known as a transcriptional repressor of
the AhR, which represents a negative feedback loop in AhR signaling
(MacPherson et al., 2013; Matthews, 2017). ALDH3A1 is aldehyde de-
hydrogenase 3A1, which contributes to cell survival and cellular pro-
tection against lipid peroxidation (Black et al., 2012; Muzio et al.,
2012).

We first compared potencies of TCDD to induce the expression of
selected AhR target genes in rat, murine and human airway cell lines,
namely in RLE-6TN, A549, BEAS–2 B and MLE-12 cell lines (Fig. 1). Full
concentration-response experiments allowed us to quantify EC20 and
EC50 values for all evaluated genes (Table 1). The only exception was
gene expression of ALDH3A1, which was not induced by TCDD in A549
cells. Both murine and rat cells elicited similar induction responses,
when EC20 values were compared. However, the murine MLE-12 cell
line was slightly more sensitive. In contrast, the inducibility of all se-
lected genes was significantly lower in human cell lines, with BEAS–2 B
cells being slightly more sensitive towards AhR activation by TCDD
than A549 cells. Interestingly, CYP1B1 mRNA appeared to be the most
sensitive target across all cell models. Gene expression of TIPARP and
AHRR were also found to be more sensitive markers for AhR activation
than CYP1A1 in human cells (Table 1).

Next, the specificity of AhR-dependent response was verified in
A549 and RLE-6TN cells, using co-treatment with pharmacological AhR

inhibitor, CH223191, which specifically prevents TCDD-induced AhR
activation (Kim et al., 2006). Indeed, the selected genes were regulated
in an AhR-dependent manner in both cellular models, with CYP1A1
mRNA induction being strictly AhR-dependent (Fig. 2).

3.2. Determination of EC and REP values for 20 DLCs in rat lung RLE-6TN
cell line

Next, we performed full concentration-response experiments for a
set of 20 highly purified PCDDs, PCDFs and PCBs in the rat RLE-6TN
cell line, in order to determine EC20 (BMR20TCDD) and EC50 values.
Induction of CYP1A1 and CYP1B1 mRNA was used as a relevant end-
point (Table 2). Using this cell model, we observed a relatively high
variability of REP values derived from inducibility of individual AhR
target genes. Higher REPs, as compared with WHO-TEF values, were
found for 2,3,7,8-tetraCDF, 2,3,4,6,7,8-hexaCDF, 1,2,3,4,7,8,9-hep-
taCDF, 1,2,3,4,6,7,8-heptaCDD and PCB 77. REP values for PCB 126
were calculated in rat lung epithelial cells in the range of 0.2-0.4, while

Table 1
Comparison of EC20 and EC50 values in human, rat and mouse lung epithelial
cell lines after 24-h exposure to 2,3,7,8-TCDD.

Gene A549 BEAS-2B RLE-6TN MLE-12

EC20 EC50 EC20 EC50 EC20 EC50 EC20 EC50

CYP1A1 0.110 0.389 0.037 0.222 0.006a 0.029 0.005 0.009
CYP1B1 0.016 0.123 0.006 0.086 0.003a 0.008 0.001 0.003
TIPARP 0.027 0.120 0.010 0.063 0.004 0.008 0.005 0.010
AHRR 0.037 0.234 0.005 0.049 0.007 0.040 0.002 0.004
ALDH3A1 n.i. n.i. 0.010 0.099 0.005 0.023 0.002 0.004

EC20 and EC50 values were expressed in nM; EC values in bold denote a higher
sensitivity of the respective gene to TCDD induction, as compared with CYP1A1
(ratio of respective EC values for CYP1A1 and the analyzed gene≥ 2); n.i., not
induced.

a Data reported previously (Larsson et al., 2015).

Fig. 2. Confirmation of AhR-dependent regulation of the respective genes in
human A549 (A) and rat RLE-6TN (B) cell lines. Cells were pre-treated with
AhR inhibitor CH223191 (10 μM) for 1 h and then exposed to TCDD (10 nM) or
0.1% DMSO (control) for 24 h. Levels of respective mRNAs were determined by
qRT-PCR. All data represent results from three independent experiments per-
formed in triplicates and are expressed as means ± S.D. Comparisons between
individual treatments were made with ANOVA; *p < 0.05, **p < 0.01,
***p < 0.001.
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its WHO-TEF value is 0.1. Similarly, REP values of the most abundant
mono-ortho-substituted PCBs, PCB 118 and 156, were comparable with
WHO TEFs. In contrast, significantly lower REPs, as compared with
established WHO-TEFs, were observed for other PCB congeners. Ap-
proximately one order of magnitude lower REPs were determined for
PCBs 105, 167, 169 and 189, as well as for 2,3,4,7,8-PeCDF. For all
dioxin-like PCBs, only a partial induction of CYP1A1 and CYP1B1 was
achieved (Table 2). The complete set of concentration-response curves
is presented in Supplemental Figs. 1 and 2.

3.3. Comparison of EC and REP values derived from inducibility of
conventional and novel AhR target genes in rat RLE-6TN cells

We then determined the inducibility of TIPARP, AHRR and
ALDH3A1 mRNA after exposure to six selected DLCs, including TCDD,
1,2,3,7,8-PeCDD, 2,3,4,7,8-PeCDF, PCBs 126, 118 and 156, and non-
dioxin-like PCB 153 (for complete concentration-response curves, see
Supplemental Fig. 3), and calculated EC20, EC50 and respective REP
values (Table 3). The largest deviation from the WHO-TEF value was
surprisingly found for PCB 126 based on inducibility of AHRR mRNA.
Also PCB 156 showed significantly higher REP values than expected
based on the WHO TEF value. When compared with induction of
CYP1A1 and CYP1B1 mRNAs, 2,3,4,7,8-PeCDF was found to exhibit
significantly higher REP values based on AHRR, TIPARP or ALDH3A1
induction. Here, the derived REPs were in a better accordance with the
respective WHO-TEFs. Inducibility of other tested genes mostly were
within the same order of magnitude.

3.4. Determination of EC and REP values in human lung epithelial A549
cells and their comparison with the values obtained in rat lung epithelial cells

In order to compare dioxin-like responses and respective REP values
between rat and human lung epithelial cells, induction of CYP1A1,
CYP1B1, TIPARP and AHRR mRNAs was determined in human lung
epithelial A549 cells exposed to TCDD, 1,2,3,7,8-PeCDD, 2,3,4,7,8-
PeCDF, PCB 126, 118, 153 and 156. Full concentration-responses

curves are presented in Supplemental Fig. 4 . Based on these gene ex-
pression data, EC20, EC50 and REP values were calculated for individual
dose-responses. With the exception of 1,2,3,7,8-PeCDD, all congeners
elicited significantly lower REP values for all AhR target genes assessed
(Table 4). More than one order of magnitude lower human REPs were
calculated for 2,3,4,7,8-PeCDF and, importantly, for all selected PCB
congeners (PCB 126, 118 and 156), as compared with rat REPs (see
Table 5, summarizing REP values).

3.5. Inducibility of AhR target genes in rat lung tissues after a single dose of
TCDD or selected PCB congeners

Dose-responses of five AhR target genes were determined in lung
tissue obtained from female Sprague-Dawley rats, three days after re-
ceiving a single oral dose of vehicle, TCDD, PCBs 126, 118, 153 or 156.
Five different doses were administered in the range from 0.5 μg/kg b.w.
(TCDD) up to 500mg/kg b.w. (PCB 153), reflecting a similar range of
administered TEQ doses based on the WHO-TEF values (van Ede et al.,
2014). Inducibility of CYP1A1, CYP1B1, TIPARP, AHRR and ALDH3A1
mRNA in lung tissue is shown in Supplemental Fig. 5 . The REP values
were calculated using a benchmark response approach (BMR20TCDD).
Both intake (administered) and systemic doses, based on determination
of concentrations of a congener in blood plasma (van Ede et al., 2014),
were used for BMR calculations. REPs were calculated as a ratio of the
concentration of BMR20 of TCDD and the BMR20TCDD concentration of
another tested congener (see Supplemental Table S2). For PCB 126, the
highest inducibility with a REP value of 0.3 was calculated using
CYP1A1 mRNA. Other biomarkers (CYP1B1, TIPARP, AHRR and
ALDH3A1 mRNA) showed only a partial induction and lower REPs,
compared with the PCB 126 WHO-TEF value. Both PCBs 118 and 156
elicited only a minimum induction of CYP1A1 mRNA. In contrast, a
high potency was found for TIPARP and ALDH3A1 after PCB 118 ex-
posure and for AHRR and ALDH3A1 after the PCB 156 exposure (Sup-
plemental Fig. 5).

The in vivo REPs were then compared with in vitro REPs obtained in
both rat and human lung cellular models in Table 5. Despite the large

Table 2
REP values for 19 DLCs estimated based on induction of CYP1A1 and CYP1B1 mRNAs in RLE-6TN cells after 24-h exposure, compared with re-evaluated WHO-TEFs
(Van den Berg et al., 2006).

compound CYP1A1 CYP1B1

max.
induction

BMR20TCDD

(EC20)a
REP (EC20) EC50 REP (EC50) max.

induction
BMR20TCDD

(EC20)a
REP (EC20) EC50 REP (EC50) TEF

(WHO 2005)

2,3,7,8-TCDD 100 0.006 1 0.029 1 100 0.003 1 0.008 1 1
1,2,3,7,8-PeCDD 93 0.012 0.5 0.049 0.6 115 0.005 0.6 0.016 0.5 1
2,3,4,7,8-PeCDF 93 0.135 0.05 0.676 0.04 118 0.058 0.06 0.257 0.03 0.3
PCB126 87 0.027 0.2 0.141 0.2 104 0.008 0.4 0.043 0.2 0.1
PCB118 60 562 0.00001 7413 0.000004 78 151 0.00002 562 0.00001 0.00003
PCB153 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. –
PCB156 65 46 0.0001 759 0.00004 108 7 0.0005 52 0.0002 0.00003
PCB74 45 1413 0.000004 n.a. n.a. 71 263 0.000012 1380 0.00001 –
PCB77 67 1 0.006 14 0.002 103 0.282 0.0115 4 0.002 0.0001
PCB105 51 617 0.00001 n.a. n.a. 84 89 0.00004 490 0.00002 0.00003
PCB167 26 5012 0.000001 n.a. n.a. 55 447 0.000007 5623 0.000001 0.00003
PCB169 67 1 0.004 7 0.004 97 0.501 0.006 2 0.004 0.03
PCB189 60 871 0.000007 11482 0.000003 86 85 0.00004 550 0.00002 0.00003
2,3,7,8-tetraCDF 122 0.008 0.7 0.030 1.0 106 0.004 0.9 0.009 1.0 0.1
1,2,3,4,7,8-hexaCDF 108 0.025 0.3 0.110 0.3 113 0.006 0.6 0.032 0.26 0.1
2,3,4,6,7,8-hexaCDF 107 0.040 0.2 0.158 0.2 133 0.005 0.69 0.042 0.20 0.01
1,2,3,6,7,8-hexaCDD 101 0.107 0.06 0.513 0.06 88 0.023 0.14 0.182 0.05 0.1
1,2,3,4,7,8,9-heptaCDF 111 0.100 0.06 0.759 0.04 101 0.033 0.10 0.117 0.07 0.01
1,2,3,4,6,7,8-heptaCDF 91 0.468 0.01 1.445 0.02 94 0.102 0.03 0.347 0.02 0.01
1,2,3,4,6,7,8-heptaCDD 105 0.112 0.05 0.347 0.08 146 0.008 0.43 0.087 0.10 0.01

Estimation of REPs was performed based on either EC20 or EC50 values (expressed in nM), using a sigmoidal dose-response non-linear regression curve fit with
variable slope; REP values in bold represent REP values deviating by more than 1 order of magnitude from the respective WHO-TEF value; n.a., not analyzed
(maximum induction did not reach level corresponding to the respective EC value); –, not included in the WHO TEF list.

a Data reported previously (Larsson et al., 2015).
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differences found among the REPs derived from individual gene ex-
pression and respective BMR20TCDD values, the REPs calculated from
administration (intake) doses were generally similar to the established
WHO TEF values for selected dioxin-like PCB congeners. However,
REPs derived from systemic doses were at least one order of magnitude
lower for PCBs 118 and 156 (Table 5).

4. Discussion

The lungs are important targets for both TCDD and DLC toxicity in
both rodents and humans (Walker et al., 2007; Yoshizawa et al., 2007).
However, so far only two studies have focused on lung-specific dose-
response relationships in vivo (DeVito et al., 1997; DeVito et al., 2000).
These studies compared data from liver, lung and skin of female mice
exposed subchronically to TCDD, TCDF, PCB 126 and several other
persistent DLCs, using CYP1-dependent enzymatic activities as end-
point. Global gene expression data analysis of A549 cells exposed to
TCDD suggested that the inducibility of some genes, such as CYP1A1,
CYP1B1 and ALDH3A1, could be used as potential biomarkers of ex-
posure and toxicity of DLCs in lung epithelial cells (Martinez et al.,
2002). More recently, induction of CYP1A1, CYP1B1 and TIPARP
mRNAs was shown to be a good marker of dioxin-like activity in A549
cells (Líbalová et al., 2014). Present study is the first to describe
quantitative in vitro data for AhR activation in lung cellular models.

Many studies that attempted to quantify toxicities of DLCs based on
their relative potencies to activate the AhR mostly use hepatic CYP1
enzymes as sensitive biomarkers of the AhR activation (Haws et al.,
2006), although CYP1 induction per se is not a dioxin-like toxic effect.
Selection of other AhR target genes to estimate relative potencies for
AhR activation is not trivial, due to an extremely high variety and
tissue/cell specificity of AhR-dependent gene expression responses.

More than a decade ago, global gene expression analysis identified a
large number of genes that respond to TCDD exposure in human he-
patoma HepG2 cell line (Puga et al., 2000). This and other studies
showed that multiple clusters of genes related to specific signal trans-
duction pathways and various cellular events are affected by the per-
sistently activated AhR, including regulation of cell cycle, cell pro-
liferation, developmental and cancer-related processes (Barouki et al.,
2007; Nault et al., 2013; Mulero-Navarro and Fernandez-Salguero,
2016). It was suggested that, both AhR-mediated changes in cell cycle
progression and multiple crosstalks of AhR with other signaling path-
ways may indirectly affect AhR-mediated gene expression in a tissue/
cell-specific manner (Puga et al., 2009; Mitchell and Elferink, 2009;
Procházková et al., 2011). Comparison of gene expression responses in
human HepG2, mouse Hepa1c1c7 and rat H4IIE hepatoma cells iden-
tified only a very limited set of commonly regulated AhR target genes
(Dere et al., 2011). Similarly, divergent transcriptomic responses to
AhR agonists were found in rat and human primary hepatocytes with
only five orthologous genes being commonly regulated – CYP1A1,
CYP1B1, CYP1A2, NQO and HAL (Carlson et al., 2009).

Therefore, in this study, we compared expression and inducibility of
“core“ (or canonical) AhR target genes, CYP1A1 and CYP1B1, with
other validated, but less frequently used AhR targets: AHRR, TIPARP
and ALDH3A1. All selected genes were confirmed to be directly regu-
lated by AhR activation in lung cell lines (Figs. 1 and 2). Therefore, they
can be used as biomarkers of exposure to DLCs, as well as for testing
species-specific responses. Through comparison of concentration-de-
pendent induction of selected genes to TCDD in model rodent and
human lung cells, we found that the lung cells responded to TCDD with
a decreasing sensitivity in the following order: murine lung epithelial
MLE-12 cells > rat lung epithelial RLE-6TN cells > human bronchial
BEAS–2 B cells > human lung epithelial A549 cells (see Table 1). In

Table 3
REP values of 6 DLCs based on induction of additional AhR target genes in rat lung RLE-6TN cells.

TIPARP TEF (WHO 2005)

compound max. induction EC20 REP (EC20) EC50 REP (EC50)

2,3,7,8-TCDD 100 0.004 1 0.008 1 1
1,2,3,7,8-PeCDD 112 0.007 0.6 0.014 0.6 1
2,3,4,7,8-PeCDF 11 0.028 0.1 0.098 0.1 0.3
PCB126 123 0.012 0.3 0.030 0.3 0.1
PCB118 108 56.23 0.00007 138.0 0.00006 0.00003
PCB153 n.a. n.a. n.a. n.a. n.a. 0
PCB156 183 4.786 0.0008 18.62 0.0004 0.00003

AHRR TEF (WHO 2005)

compound max. induction EC20 REP (EC20) EC50 REP (EC50)

2,3,7,8-TCDD 100 0.007 1 0.040 1 1
1,2,3,7,8-PeCDD 124 0.016 0.5 0.066 0.6 1
2,3,4,7,8-PeCDF 82 0.025 0.3 0.141 0.3 0.3
PCB126 141 0.006 1.1 0.018 2.2 0.1
PCB118 87 131.8 0.00005 398.1 0.0001 0.00003
PCB153 n.a. n.a. n.a. n.a. n.a. 0
PCB156 112 7.244 0.001 28.84 0.001 0.00003

ALDH3A1 TEF (WHO 2005)

compound max. induction EC20 REP (EC20) EC50 REP (EC50)

2,3,7,8-TCDD 100 0.005 1 0.023 1 1
1,2,3,7,8-PeCDD 93 0.007 0.6 0.036 0.6 1
2,3,4,7,8-PeCDF 102 0.065 0.1 0.309 0.1 0.3
PCB126 116 0.013 0.3 0.044 0.5 0.1
PCB118 46 323.6 0.00001 n.a. n.a. 0.00003
PCB153 n.a. n.a. n.a. n.a. n.a. 0
PCB156 76 28.84 0.0002 173.8 0.0001 0.00003

EC20 and EC50 values were expressed in nM, for calculations see Table 2; REP values in bold represent REP values > 1 order of magnitude higher than estimated
WHO-TEF values; n.a., not analyzed (maximal induction did not reach level corresponding to the respective EC value)
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our previous comparative study using 17 in vitro bioassays, the re-
sponses to TCDD in human cells were within the same order of mag-
nitude, and they were generally 10–100 times weaker than those

observed in rodent assays (Larsson et al., 2015). This could be due to
distinct binding affinities of rodent and human AhR, or related with
distinct species-specific sets of transcriptional co-regulators employed

Table 4
REP values of 6 DLCs estimated in the human lung epithelial A549 cell line, compared with WHO-TEF values.

CYP1A1 TEF (WHO 2005)

compound max. induction EC20 REP (EC20) EC50 REP (EC50)

2,3,7,8-TCDD 100 0.110 1 0.389 1 1
1,2,3,7,8-PeCDD 88 0.078 1.4 0.331 1.2 1
2,3,4,7,8-PeCDF 78 3.715 0.03 16.22 0.02 0.3
PCB126 56 20.89 0.01 426.6 0.001 0.1
PCB118 n.a. n.a. n.a. n.a. n.a. 0.00003
PCB153 n.a. n.a. n.a. n.a. n.a. 0
PCB156 n.a. n.a. n.a. n.a. n.a. 0.00003

CYP1B TEF (WHO 2005)

compound max. induction EC20 REP (EC20) EC50 REP (EC50)

2,3,7,8-TCDD 100 0.016 1 0.123 1 1
1,2,3,7,8-PeCDD 79 0.010 1.5 0.076 1.6 1
2,3,4,7,8-PeCDF 74 0.398 0.04 5.129 0.02 0.3
PCB126 80 1.413 0.01 25.70 0.005 0.1
PCB118 n.a. n.a. n.a. n.a. n.a. 0.00003
PCB153 n.a. n.a. n.a. n.a. n.a. 0
PCB156 36 2884 0.000005 n.a. n.a. 0.00003

TIPARP TEF (WHO 2005)

compound max. induction EC20 REP (EC20) EC50 REP (EC50)

2,3,7,8-TCDD 100 0.027 1 0.120 1 1
1,2,3,7,8-PeCDD 91 0.020 1.3 0.095 1.3 1
2,3,4,7,8-PeCDF 86 0.813 0.03 3.548 0.03 0.3
PCB126 73 3.890 0.01 22.91 0.01 0.1
PCB118 n.a. n.a. n.a. n.a. n.a. 0.00003
PCB153 n.a. n.a. n.a. n.a. n.a. 0
PCB156 18 n.a. n.a. n.a. n.a. 0.00003

AHRR TEF (WHO 2005)

compound max. induction EC20 REP (EC20) EC50 REP (EC50)

2,3,7,8-TCDD 100 0.037 1 0.234 1 1
1,2,3,7,8-PeCDD 88 0.017 2.2 0.132 1.8 1
2,3,4,7,8-PeCDF 68 1.148 0.03 21.38 0.01 0.3
PCB126 61 4.365 0.01 79.43 0.003 0.1
PCB118 n.a. n.a. n.a. n.a. n.a. 0.00003
PCB153 n.a. n.a. n.a. n.a. n.a. 0
PCB156 24 n.a. n.a. n.a. n.a. 0.00003

EC20 and EC50 values are expressed in nM; REP values in bold represent REP values≥ 1 order of magnitude lower than estimated WHO-TEF values; n.a., not analyzed
(maximum induction did not reach level corresponding to the respective EC value)

Table 5
Comparison of REP values determined in A549 and RLE-6TN cells with WHO-TEF values.

compound TEF (WHO 2005) REPs

rat lung human lung rat lung rat lung
RLE-6TN cellsa A549 cellsb (adm. dose) (syst. dose)

2,3,7,8-TCDD 1 1 1 1 1
1,2,3,7,8-PeCDD 1 0.5–0.6 1.2–2.2 n.d. n.d.
2,3,4,7,8-PeCDF 0.3 0.06–0.3 0.01–0.04 n.d. n.d.
PCB126 0.1 0.2–0.5c 0.001–0.01 0.01–0.3 0.01–0.2
PCB118 0.00003 0.000004–0.0001 n.a. 0.00001–0.001 0.000006–0.0001
PCB156 0.00003 0.00004–0.001 0.000005d 0.00002–0.003 0.000007–0.00008

adm., administrated dose; n.a., not analyzed (maximum induction did not reach level corresponding to the respective EC value); n.d., not determined; syst., systemic
concentration in plasma; REP values in bold represent REP values≥ 1 order of magnitude lower than estimated WHO-TEF values.

a REP values based on induction of CYP1A1, CYP1B1, TIPARP, AHRR and ALDH3A1 mRNAs.
b REP values based on induction of CYP1A1, CYP1B1, TIPARP and AHRR mRNAs.
c REP values do not include estimation of AHRR induction.
d REP values were based on estimation of EC20 value.
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by the respective AhR transcriptional complex (Denison et al., 2011).
Differences in inducibility of individual AhR target genes after TCDD
exposure were also observed. Here, at least two-fold higher sensitivity
of induction of CYP1B1, TIPARP, AHRR and ALDH3A1 mRNA was
found, as compared with CYP1A1 mRNA inducibility, especially in
human and murine cell models.

One of the major aims of this study was to determine REP values for all
tested DLCs in rat lung model through performing concentration-response
experiments after exposure to 20 DLCs (including PCB 153 as a negative
control). For this purpose, RLE-6TN cell line was selected, using induction of
CYP1A1 and CYP1B1 mRNA as an endpoint. We found some differences
between establishedWHO TEF values and REPs derived from this experiment
(Table 2). The BMR20TCDD values from this particular set of EC20, EC50 and
respective REP values developed from full concentration-responses of
CYP1A1 and CYP1B1 mRNA in RLE-6TN cells, were recently used for cal-
culation of consensus toxicity factors (CTFs) for DLCs, where they have been
combined with additional data from human and rodent bioassays (Larsson
et al., 2015). Several PCB congeners, namely PCBs 105, 167, 169 and 189,
showed significantly lower (more than one order of magnitude) REP values
as compared with established WHO TEFs, while other DLCs (namely 2,3,7,8-
tetraCDF, 2,3,4,6,7,8-hexaCDF, 1,2,3,4,7,8,9-heptaCDF, 1,2,3,4,6,7,8-hep-
taCDD and PCB 77) exhibited higher REPs compared to WHO TEFs. REPs of
the other tested DLCs were generally in a good accordance with the re-
spective WHO TEFs. Our data correspond with both the data obtained in
rodent luciferase reporter assays (Ghorbanzadeh et al., 2014) and the overall
CTFs derived based on principal component analysis of the data from rat in
vitro bioassays, using primary hepatocytes, hepatoma cells, liver progenitor
cells and primary murine splenic cells as model cells (Larsson et al., 2015).

The next set of experiments was performed in rat lung epithelial
RLE-6TN cells, in order to compare the inducibility of novel AhR target
genes AHRR, TIPARP and ALDH3A1 by six DLCs and PCB 153. In
general, similar EC and REP values were determined (within one order
of magnitude range) for tested compounds. However, CYP1A1 mRNA
inducibility appeared to be a less sensitive endpoint than induction of
other AhR target genes (Tables 2 and 3). Interestingly, using the in-
ducibility of AHRR as an endpoint, PCB 126 exhibited an extremely
high REP, and REP values of this PCB congener calculated from in-
duction of other genes were also significantly higher. With exception of
CYP1A1 induction, also PCB 156 showed significantly higher REP va-
lues (for CYP1B1, ALDH3A1, AHRR and TIPARP) as compared with its
WHO TEF value.

In order to compare the in vitro REPs derived in RLE-6TN cells with
in vivo data, induction of AhR target genes was determined in the lung
tissue of female rats exposed to single oral doses of TCDD and PCBs 126,
118 or 156. The obtained BMR20TCDD and REP values are presented in
Supplemental Table S2. So far, only two subchronic in vivo studies have
described lung (and liver and skin) levels of enzymatic activities de-
pendent on AhR activation in rodents exposed to polychlorinated di-
benzo-p-dioxins and dibenzofurans (DeVito et al., 1997), or selected
PCB congeners (DeVito et al., 2000). In our study, despite a high
variability of REP values derived from different in vivo endpoints (in-
duction of CYP1A1, CYP1B1, TIPARP, AHRR and ALDH3A1 mRNAs),
we found that similar REPs can be derived both in rat lung epithelial
cells and in lung tissue (for comparison, see Table 5). Consistently,
lower REP values were derived when based on systemic doses, as
compared with REPs based on administered doses. Interestingly, REPs
derived from induction of CYP1A1, CYP1B1 and CYP1A2 mRNAs in
livers of the same animals were 0.01-0.1 for PCB 126; PCBs 118 and
156 elicited only a weak induction below BMR20TCDD (van Ede et al.,
2014). Thus, the estimated BMR20TCDD concentrations in lung tissue
appeared to be higher than in the liver. Likely, toxicokinetics may ex-
plain these observed differences.

Distinct potencies of various ligands to bind to and to activate ro-
dent and human AhR are well known (for review, see e.g. Denison et al.,
2011). In order to investigate the differences in AhR-mediated re-
sponses between rat and human lung cellular models, we determined

expression and inducibility of CYP1A1, CYP1B1, TIPARP and AHRR
mRNA in human lung epithelial A549 cells exposed to six selected DLCs
or PCB 153. These results provided us with two important observations.
Firstly, all selected AhR target genes exhibited a higher sensitivity (i.e.
lower EC20 values), than canonical CYP1A1 mRNA biomarker, in
human lung cells. Secondly, REPs of PCBs 126, 118 and 156 were much
lower than their corresponding WHO TEFs or REPs derived from rodent
cellular models, and often did not even reach the EC20 benchmark re-
sponse (Table 4). This is in accordance with previously reported human
CTFs derived from the data using human primary hepatocytes, human
hepatoma cells, human keratinocytes and primary human lymphocytes:
with exception of CTF for PCB 126 (0.003), it has not been possible to
calculate REPs for any of other tested PCB congeners due to their in-
activity in human bioassays (Larsson et al., 2015). Surprisingly,
2,3,4,7,8-PeCDF also elicited significantly lower REPs in lung cellular
models, compared with both WHO-TEF (0.3) and rat and human CTFs
(0.2 and 1.0, respectively). Although the explanation for this deviation
is not clear, different human cell models used in this and the previous
study may contribute to the observed REP differences.

In conclusion, we identified significant species differences in sen-
sitivity toward AhR-dependent responses in lung cells, using REP values
based on inducibility of a battery of AhR-dependent genes. Firstly, REPs
for PCBs 126, 118 and 156 derived from rat lung cells and rat lung
tissue were in a good accordance with WHO TEFs, whereas, in contrast,
PCBs tested in human lung epithelial cells A549 cells elicited only low
AhR-mediated activities (PCB 126 and 156) or no AhR-mediated ac-
tivity (PCB 118). This strongly supports the recent suggestion to de-
velop human-specific REP/TEFs based on toxicologically relevant
endpoints (van Ede et al., 2016; van Duursen et al., 2017). Secondly, all
selected AhR target genes were more sensitive biomarkers of AhR ac-
tivation than CYP1A1 mRNA in both rat and human lung epithelial
cells. Determination of CYP1B1, AHRR, TIPARP and/or ALDH3A1
mRNA inducibility could be, therefore, highly recommended as a
complementary set of biomarkers for a more precise assessment of the
AhR-mediated potencies of DLCs.
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