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Due to their bioaccumulative properties, hydroxylated and methoxylated polybrominated diphenyl
ethers (HO-/MeO-PBDEs) may pose ecological risks to wild life, including birds. However, their toxicity
potencies in avian species are largely unknown. In the present study, an avian AHR1 luciferase reporter
gene (LRG) assay with luciferase probes from chicken, pheasant and quail was used to test activations of
avian aryl hydrocarbon receptor (AHR)-mediated pathways by 19 HO- or MeO-PBDEs in different avian
species. Species-specific relative potencies (RePs) of HO-/MeO-PBDEs to tetrachlorodibenzo-p-dioxin
(TCDD) and relative sensitivities of various species to each chemical were estimated. The results in-
dicated that the ReP of the most potent HO-/MeO-PBDEs, 5-Cl-6-HO-BDE-47, was 7.8�10�4 for chicken,
1.1�10�2 for pheasant, and 1.7�10�1 for quail comparing to TCDD. In addition, it was found that avian
species with the greatest sensitivity to TCDD did not always have the greatest sensitivity to HO-/MeO-
PBDEs and vice versa. This study contributed to filling in the knowledge gap regarding the dioxin-like
activity of HO-/MeO-PBDEs in birds, and provided beneficial information for the prioritization of HO-/
MeO-PBDEs for further research.
Capsule abstract: HO-/MeO-PBDEs activate avian AHR-mediated pathways in a congener- and species-
specific manner. 5-Cl-6-HO-BDE-47 was the most potent among the nineteen HO-/MeO-PBDEs tested.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Hydroxylated and methoxylated polybrominated diphenyl
ethers (HO-/MeO-PBDEs) are analogs of PBDEs which have been
used as flame retardants and are widely distributed in the en-
vironment. However, HO-/MeO-PBDEs have been detected at
concentrations even greater than those of PBDEs (Covaci et al.,
2011) in various environmental media, such as sediment (Kelly
et al., 2008a; Zhang et al., 2012), surface water, and precipitation in
Ontario (Ueno et al., 2008), and in various living organisms, in-
cluding algae (Malmvärn et al., 2005), mussels (Malmvärn et al.,
2005), fish (Marsh et al., 2003a), birds (Jaspers et al., 2013; Nordlof
et al., 2010; Olsson et al., 2000; Verreault et al., 2005), marine
mammals (Haglund et al., 1997), and polar bears (Verreault et al.,
Nanjing University, Nanjing

pects of the manuscript.
2005), as well as in human blood (Qiu et al., 2009). Concentrations
of MeO-PBDEs 100-fold greater than those of PBDEs have been
measured in animals, such as the Arctic and North Atlantic whale
(McKinney et al., 2006b; Teuten et al., 2005). Some HO-PBDEs are
more potent than their postulated precursor PBDEs and corre-
sponding MeO-PBDEs for several toxicological endpoints, includ-
ing endocrine disorders, neurotoxicity (Canton et al., 2008; Din-
gemans et al., 2008; Meerts et al., 2000, 2001; Mercado-Feliciano
and Bigsby, 2008), cytotoxic effects, and genotoxicity (Su et al.,
2014). Conversely, MeO-PBDEs have greater effects than PBDEs or
HO-PBDEs on steroidogenesis in the H295R human adrenocortical
carcinoma cell line (He et al., 2008). Our previous studies have
demonstrated that HO-/MeO-PBDEs could activate a wide array of
molecular mechanisms in in vitro assays, including interacting
thyroid hormone receptor (ThR), estrogen receptor (ER), and an-
drogen receptor (AR) (Liu et al., 2011; Hu et al., 2011). Further-
more, HO-PBDEs were shown to be more cytotoxic than the parent
PBDEs and MeO-PBDEs, and could activate “organic acid/oxoacid/
carboxylic acid metabolic process” pathways in E.coli (Su et al.,
2012a, 2012b, 2014). However, the AHR-mediated pathway was
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recently identified to be the most sensitive molecular pathway in
hepatic cells at low concentration exposure of chemicals (Zhang
et al., 2016). These results suggested that AHR-mediated effects
might be a very important aspect in the toxicological assessment
of HO-/MeO-PBDEs.

While it is still unclear what proportion of HO- and MeO-PBDEs
in the environment derives from natural sources rather than from
the metabolic transformation of PBDEs, the potential bioaccumu-
lation of these compounds via water and food has caused concern
regarding their potential adverse effects in humans and wildlife
(Lacorte and Ikonomou, 2009; Wan et al., 2009). Animal experi-
ments (rat, mouse, bird, and fish) and in vitro studies with human
liver microsomes have demonstrated the transformation of some
PBDEs by cytochrome P450 enzymes (Hakk and Letcher, 2003;
Malmberg et al., 2005; Munschy et al., 2010; Qiu et al., 2007;
Stapleton et al., 2009; Wan et al., 2010) and the interconversion of
certain HO-PBDEs and MeO-PBDEs (Wan et al., 2010). Both HO-
Fig. 1. Structures of the 19 HO-/MeO- polybrominat
and MeO-PBDEs activate the mammalian aryl hydrocarbon re-
ceptor (AHR) and induce dioxin-like effects (Su et al., 2012a,
2012b). However, the AHR-mediated effects of HO- or MeO-PBDEs
in birds have yet to be determined.

Because of high detection frequency of HO-/MeO-PBDE in wild
avian species (Jaspers et al., 2013; Nordlof et al., 2010; Olsson et al.,
2000; Verreault et al., 2005), it is important to understand the
potential effects of these chemicals and inter-species sensitivity
variation to birds. According to some recent reports, birds can be
classified into three main groups of sensitivity to dioxin-like
compounds (DLCs): chicken (Gallus gallus domesticus)-like (type
1), ring-necked pheasant (Phasianus colchicus)-like (type 2), or
Japanese quail (Coturnix japonica)-like (type 3) (Farmahin et al.,
2012, 2013; Head et al., 2008). AHR1-mediated avian species-
specific dioxin-like effects of chemicals and relative sensitivities
(ReS) among avian species can be predicted using a recently de-
veloped avian AHR1 luciferase report gene (LRG) assay with AHR1
ed diphenyl ethers (PBDEs) tested in this study.
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constructs from chicken, ring-necked pheasant and Japanese quail
(Manning et al., 2012; Zhang et al., 2013). Thus, in the present
study, the dioxin-like potencies of 19 HO-/MeO-PBDE congeners
were tested using the avian AHR1-LRG assay. Avian species-spe-
cific relative potency (ReP) and ReS values for the tested HO-/MeO-
PBDEs were determined. ReP values from the avian AHR1s-LRG
assay were also compared with those derived using H4IIE-luc cell
assay previously (Su et al., 2012a, 2012b).
2. Materials and methods

2.1. Chemicals and solutions

Analogs of PBDE, including 13 HO-PBDEs and six MeO-PBDEs
(Fig. 1), were synthesized in the Department of Biology and
Chemistry of the City University of Hong Kong as described pre-
viously (Marsh et al., 2003b). The purities of the HO-/MeO-PBDEs
were 498%. No brominated dioxin and/or furans were generated
during the synthesis, as confirmed by proton nuclear magnetic
resonance, high-resolution gas chromatography high-resolution
mass spectrometry, and electrospray liquid chromatography cou-
pled with tandem mass spectrometry of the intermediates and
end products (He et al., 2008; Su et al., 2012a, 2012b). Individual
HO-/MeO-PBDEs were dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, USA) and their concentrations in the
stock solutions were confirmed using previously published
methods (Su et al., 2012a, 2012b). The HO-/MeO-PBDE con-
centration range used in the LRG assays (0.05–20,000 nM) caused
no cytotoxic effects, as determined previously in MTS cytotoxicity
assays. Serial dilutions of tetrachlorodibenzo-p-dioxin (TCDD),
used as a reference in the bioassays, were prepared from a stock
solution in DMSO that had a concentration of 73.8 μg/ml according
to a previously reported method (Herve et al., 2010).

2.2. COS-7 cell culture, transfection, and avian LRG assay

The methods used in cell culture, transfection, and the LRG
assay are described elsewhere (Farmahin et al., 2012; Manning
et al., 2012; Zhang et al., 2013). Chicken, ring-necked pheasant,
and Japanese quail full-length AHR1 constructs were prepared at
the Environment Canada Laboratories (Ottawa, Canada) using
previously described methods (Farmahin et al., 2012; Manning
et al., 2012; Zhang et al., 2013). Both a firefly luciferase reporter
vector containing the common cormorant (Phalacrocorax carbo)
CYP1A5 promoter region and a common cormorant ARNT1 vector
were obtained from Dr. Hisato Iwata (Ehime University, Japan) (Lee
et al., 2009; Yasui et al., 2007). African green monkey SV40-
transfected kidney fibroblast cells (COS-7) were purchased from
The Cell Bank of the Type Culture Collection of the Chinese
Academy of Sciences. The cells were seeded in 96-well plates at a
concentration of �10,000 cells per well. Eighteen hours later, the
cells in each well were transiently transfected with 6 μl of a
transfection mixture consisting of �50 ng of DNA and 0.2 μl of
Fugene 6 transfection reagent (Promega) diluted in Opti-MEM
(Invitrogen, Burlington, ON, Canada). The 50 ng of DNA was com-
posed of 8 ng of the chicken, ring-necked pheasant, or Japanese
quail AHR1 expression construct, 1.55 ng of cormorant ARNT 1,
7.5 ng of the CYP1A5 reporter construct, 0.75 ng of the Renilla lu-
ciferase vector, and 32.2 ng of salmon sperm DNA (Invitrogen).
Five hours after transfection, the cells were dosed with DMSO
(solvent control) or DMSO solutions containing either TCDD or the
HO-/MeO-PBDEs. The final concentration of DMSO in the wells
was 0.5%. A positive control (300 nM TCDD) was also included for
each AHR1 construct tested in cells dosed with the different HO-/
MeO-PBDEs. LRG activity was measured as luminescence using
Dual-Glo luciferase assay kits (Promega) in a Synergy H4 Hybrid
multi-mode microplate reader (BioTek Instruments) 20 h after
dosing.

2.3. Avian LRG data analysis

For the avian LRG assay, triplicate concentration-response
curves were obtained from three independent experiments for
each AHR1 construct and HO-/MeO-PBDE treatment, each with
four technical replicates per dilution of the individual HO-/MeO-
PBDEs, TCDD, or DMSO. To eliminate variability resulting from
differences in cell plating, pipetting inconsistencies, transfection
efficiency, and toxicity, the luminescence values were expressed as
the ratio of firefly luciferase units to Renilla luciferase units
(Schagat et al., 2007). According to the protocol described in OECD
guideline 455 (OECD, 2009), the data were expressed as a per-
centage of the positive control (PC) response. They were then
imported into GraphPad (GraphPad Prism 5.0 software, San Diego,
CA, USA) and fitted to a four-parameter logistic model (Head and
Kennedy, 2007). A reliable half-maximal effective concentration
(EC50) could not be calculated when the concentration-response
curve did not reach a maximum plateau or a plateau could not be
estimated accurately by the use of curve fitting. In such cases, EC50

values for these curves are not presented and the greatest ob-
served response rather than the maximal response is reported.
EC50, PC10, PC20, PC50, PC80, and maximal response values were
determined for each replicate concentration-response curve by
using logistic curve fitting. The values represent the mean ob-
tained from three concentration-response curves7the standard
error.

2.4. H4IIE-luc assay data analysis

The background-corrected luciferase activities reflecting the
responses to the tested HO-/MeO-PBDEs were obtained previously
(Su et al., 2012a, 2012b) and re-processed in the present study.
They were normalized to the percentage of the maximal response
induced by TCDD and then imported into GraphPad (GraphPad
Prism 5.0 software), where they were fitted to a four-parameter
logistic model. Concentrations of HO-/MeO-PBDEs that elicited a
response equal to 10, 20, 50, and 80% of the positive control re-
sponse were referred to as PC10, PC20, PC50, and PC80, respectively.
EC50, PC10, PC20, PC50, PC80, and maximal response values were
determined for each replicate concentration-response curve.

2.5. Calculation of ReS and ReP values

A detailed description of the calculation of the relative sensi-
tivities of the avian constructs to AHR1 activation by DLCs is
provided elsewhere (Zhang et al., 2013). Briefly, the ReS values
were defined as: PC10 or EC50 of compound X in chicken AHR1
constructCPC10 or EC50 of compound X in the AHR1 construct of
interest. If no induction of avian LRG activity was detected, the
EC50-based ReS value was estimated by dividing the chicken value
by the maximum concentration tested in the LRG assay.

ReP values were calculated according to the systematic fra-
mework proposed by Villeneuve et al. (2000), with modifications.
In the absence of significant induction of LRG activity by a HO-/
MeO-PBDE, a RePEC50 value was estimated by dividing the EC50

value of TCDD by the maximum concentration of the HO-/MeO-
PBDE tested. For each avian AHR1 construct, the relative potencies
of the HO-/MeO-PBDEs compared to TCDD was defined as: EC50,
PC10, PC20, PC50, or PC80 of TCDD in AHR1 construct XCEC50, PC10,
PC20, PC50 or PC80 of the HO-/MeO-PBDE of interest in AHR1
construct X. As described previously, RePEC50 was excluded from
the RePavg calculation because it may overestimate potency
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(Kennedy et al., 1996).

2.6. Statistical analysis

Normality was confirmed using the Kolmogorov–Smirnov test,
and the homogeneity of variance using Levine's test. Significant
differences between maximal response, logEC50, logPC10, logPC20,
logPC50, and logPC80 values for the different HO-/MeO-PBDEs or
different avian AHR1 constructs were determined using a t test
(pr0.05) or a one-way ANOVA (pr0.05) followed by Tukey's
Fig. 2. Concentration-dependent effects of tetrachlorodibenzo-p-dioxin (TCDD) and H
(AHR1)-mediated luciferase reporter gene (LRG) activity in COS-7 cells transfected wit
presented as the percent response relative to that of the positive control (PC; 300 nM TC
HO-/MeO-PBDEs showing a significant (po0.05), concentration-dependent increase in
mean, PC-normalized luciferase ratios obtained from three independent experiments, eac
represented standard error.
multiple comparison test (pr0.05). Pairwise linear regression
analyses were conducted between: (1) the log-transformed RePavg
values of HO-/MeO-PBDEs derived from the chicken vs. the ring-
necked pheasant vs. the Japanese quail construct and (2) the log-
transformed avian AHR1s-LRG-RePavg values vs. the log-trans-
formed H4IIE-luc-RePavg values of HO-/MeO-PBDEs.
O-/MeO-polybrominated diphenyl ethers (PBDEs) on aryl hydrocarbon receptor 1
h chicken, ring-necked pheasant, or Japanese quail AHR1 constructs. The data are
DD) for each avian construct. Concentration-response curves are presented for the
LRG activity relative to the dimethyl sulfoxide response. Data points represent the
h with four technical replicates per concentration of HO-/MeO-PBDEs or TCDD. Bars



Table 1
ReS (relative sensitivity) values for the chicken, ring-necked pheasant, and Japanese
quail AHR1 (aryl hydrocarbon receptor 1) constructs exposed to tetra-
chlorodibenzo-p-dioxin (TCDD) or HO-/MeO-PBDEs (polybrominated diphenyl
ethers).

Compound ReS AHR1 construct

Chicken Pheasant Quail

TCDD TCDD ReSEC50 1.0a 0.029a 0.0063b

ReSPC10 1.0a 0.095b 0.028c

12A 5-Cl-6-HO-BDE-47 ReSEC50 1.0a NC 0.84a

ReSPC10 1.0ab 0.77b 1.4a

12B 5-Cl-6-MeO-BDE-47 ReSEC50 1.0 NC NC
ReSPC10 1.0a 0.70a 0.97a

4B 2′-MeO-BDE-28 ReSEC50 1.0 NC NC
ReSPC10 1.0a N/A 0.090b

19A 2′-HO-BDE-66 ReSEC50 1.0a 0.35b 0.76a

ReSPC10 1.0 N/A N/A
13B 6-MeO-BDE-85 ReSEC50 1.0 NC NC

ReSPC10 1.0a 1.7b 3.6c

4A 2′-HO-BDE-28 ReSEC50 1.0 NC NC
ReSPC10 1.0a 0.15c 0.38b

8B 6-MeO-BDE-47 ReSEC50 1.0 NC NC
ReSPC10 1.0a 0.12c 0.24b

8A 6-HO-BDE-47 ReSEC50 1.0 NC NC
ReSPC10 1.0a 0.57b 0.65b

17A 6-HO-BDE-137 ReSEC50 1.0 NC NC
ReSPC10 1.0a 1.5b 1.4b

17B 6-MeO-BDE-137 ReSEC50 1.0 NC NC
ReSPC10 1.0a 0.37b 1.2a

16A 4-HO-BDE-90 ReSEC50 1.0 NC NC
ReSPC10 1.0a 0.91a 1.6b

15B 2-MeO-BDE-123 ReSEC50 1.0 NC NC
ReSPC10 1.0a N/A 1.5a

15A 2-HO-BDE-123 ReSEC50 1.0 NC NC
ReSPC10 1.0a N/A 0.58a

7A 2′-HO-BDE-68 ReSEC50 1.0 NC NC
ReSPC10 1.0 N/A N/A

13A 6-HO-BDE-85 ReSEC50 1.0a NC 0.14b

ReSPC10 1.0 N/A N/A
18A 3-HO-BDE-100 ReSEC50 1.0 NC NC

ReSPC10 1.0 N/A N/A
3A 6′-Cl-2′-HO-BDE-7 ReSEC50 1.0a o0.019 1.0a

ReSPC10 1.0 N/A N/A
14A 6-HO-BDE-90 ReSEC50 1.0 NC NC

ReSPC10 1.0 N/A N/A
20A 2′-HO-BDE-25 ReSEC50 1.0 NC NC

ReSPC10 1.0 N/A N/A

Superscript letters indicate significant differences in the EC50 or PC10 values be-
tween AHR1 constructs (po0.05) for a given treatment.
NC: Not calculated because the EC50 value was not available.
N/A: Not calculated because the PC10 value was not available
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3. Results and discussion

3.1. Induction of luciferase reporter gene activity in COS-7 cells

Concentration-dependent effects of TCDD and HO-/MeO-PBDEs
on LRG activity were determined in COS-7 cells transfected with
the chicken, ring-necked pheasant, or Japanese quail AHR1 con-
structs (Fig. 2). The S-curves of TCDD reached a plateau at 300 nM
TCDD for all three avian constructs, which demonstrated that
300 nM TCDD was the appropriate positive control. Among the 19
examined HO-/MeO-PBDEs, the following 15 induced significant
LRG activity by the three avian constructs (Supplementary mate-
rial Table S1): 2′-HO-BDE-28, 2′-HO-BDE-68, 6-HO-BDE-47, 5-Cl-6-
HO-BDE-47, 6-HO-BDE-85, 2-HO-BDE-123, 4-HO-BDE-90, 6-HO-
BDE-137, 2′-HO-BDE-66, 2′-MeO-BDE-28, 6-MeO-BDE-47, 5-Cl-6-
MeO-BDE-47, 6-MeO-BDE-85, 2-MeO-BDE-123, and 6-MeO-BDE-
137. Four PBDEs analogs (5-Cl-6-HO-BDE-47, 2′-HO-BDE-66, 6-HO-
BDE-85, and 6′-Cl-2′-HO-BDE-7) induced a concentration-re-
sponse curve that reached a plateau in chicken AHR1-transfected
cells, three (2′-MeO-BDE-28, 2′-HO-BDE-66, and 2-HO-BDE-123)
in ring-necked pheasant, and eight (5-Cl-6-HO-BDE-47, 5-Cl-6-
MeO-BDE-47, 2′-HO-BDE-66, 6-MeO-BDE-85, 6-MeO-BDE-137,
2-HO-BDE-123, 6-HO-BDE-85, and 6′-Cl-2′-HO-BDE-7) in Japanese
quail. The maximum observed responses to 5-Cl-6-HO-BDE-47
and 5-Cl-6-MeO-BDE-47 were greater than or equal to the re-
sponses to TCDD, as was the case for 2,3,7,8-tetra-
chlorodibenzofuran (Farmahin et al., 2012).

3.2. ReS of avian AHR1 constructs exposed to HO-/MeO-PBDEs

The ReS values indicated that the chicken AHR1 construct was
the most sensitive to TCDD, as determined by the induction of
luciferase activity (Table 1). The chicken AHR1 construct was 23-
fold and 98-fold more sensitive than the ring-necked pheasant and
Japanese quail AHR1 constructs. These results regarding inter-
species sensitivity variation to TCDD were consistent with pre-
vious findings using the LRG assay (Farmahin et al., 2012, 2013;
Manning et al., 2012; Zhang et al., 2013, 2014). The rank orders of
the ReSs for the avian AHR1 constructs when exposed to HO-/
MeO-PBDEs were not always consistent with those obtained fol-
lowing TCDD exposure (Table 1). For example, the AHR1 construct
of Japanese quail was more sensitive than that of ring-necked
pheasant to 6′-Cl-2′-HO-BDE-7, 2′-HO-BDE-28, 6-HO-BDE-47, 2′-
HO-BDE-66, 6-MeO-BDE-47, and 5-Cl-6-MeO-BDE-47 and more
sensitive than that of chicken in the case of 5-Cl-6-HO-BDE-47,
4-HO-BDE-90, 2-MeO-BDE-123, and 6-MeO-BDE-137. For 6-HO-
BDE-137 and 6-MeO-BDE-85, the rank orders of the ReSs for the
three avian AHR1 constructs were almost completely the opposite
of those obtained for TCDD. These results are similar to previously
reported findings regarding mono-ortho PCB congeners, including
PCBs 105 and 118, and Aroclors 1260, 1016, and 1221 (Manning
et al., 2013; Zhang et al., 2013). This result might be due to ligand-
specific differences. Thus, differences in the amino acid sequences
of avian AHR1s could cause conformational changes in the re-
ceptor-ligand complex, leading to differential co-activator re-
cruitment and distinct interactions with xenobiotic response ele-
ments (Abnet et al., 1999; Zhou et al., 2003).

3.3. RePs of the HO-/MeO-PBDEs in the avian AHR1 constructs

The rank orders of the potencies of HO-/MeO-PBDEs were
generally similar for the chicken, ring-necked pheasant, and Ja-
panese quail AHR1 constructs (Fig. 3, Table 2). Linear regressions of
the log-transformed RePavg values of HO-/MeO-PBDEs derived
from the assays with the avian AHR1s-LRG showed their mutual
correlation (Supplementary material Fig. S1). However, the
potency order of 2′-MeO-BDE-28 and 2′-HO-BDE-66 for the
chicken construct and of 6′-Cl-2′-HO-BDE-7 and 6-HO-BDE-85 for
the Japanese quail construct differed from that obtained with the
other two avian AHR1 constructs (Table 2). In addition, the RePavg
values of the HO-/MeO-PBDEs differed for the different avian
AHR1 constructs. Thus, the RePavg values of all tested HO-/MeO-
PBDEs were 3- to 31- and 3- to 526- fold greater for the AHR1
constructs of ring-necked pheasant and Japanese quail than for the
AHR1 construct of chicken. As discussed in other studies, this
might have been due to differences in the AHR1 amino acid se-
quence among the various avian species, which would potentially
lead to AHR1 binding cavities of different sizes or differences in
ligand-receptor conformation (Abnet et al., 1999; Farmahin et al.,
2013; Zhou et al., 2003).

3.4. Comparison of the ReP values derived from the avian AHR1-LRG
and H4IIE-luc assays

The RePavg values of HO-/MeO-PBDEs derived from the H4IIE-
luc assays were as much as four orders of magnitude lower than



Fig. 3. Relative potency (ReP) of HO-/MeO-polybrominated diphenyl ethers (PBDEs) relative to tetrachlorodibenzo-p-dioxin (TCDD) determined in chicken, ring-necked
pheasant, and Japanese quail aryl hydrocarbon receptor 1 (AHR1) constructs. The average ReP (RePavg) values were sorted to show the ranking of different chemicals. Bars
represent the range of ReP values calculated for each compound (RePrange), and the dots represent the RePavg values. The red dotted line with ReP-coordinate equal to
1 represents the TCDD-ReP value.
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those obtained using the avian AHR1-LRG assays (Table 2 and
Supplementary material Table S2). This result is in general agree-
ment with previous findings that the ReP values of dioxins de-
termined in avian in vivo and in vitro bioassays were up to four
orders of magnitude higher than the values obtained in H4IIE-luc
assays (Table S3 and S4). Because of species specificity, high effi-
ciency and non-animal consumption, the avian AHR1-LRG assay
would offer a more reasonable approach than rat H4IIE-luc assay
to assess the AHR-mediated effects of DLCs on birds relative to rat
H4IIE-luc assay, which had been applied to predict effects on birds
previously (Frank et al., 2001; Lam et al., 2008).

3.5. Significance and research directions ahead

The results showed that the potencies for some of the HO-/
MeO-PBDEs were comparable to some PCBs. 5-Cl-6-HO-BDE-47,
5-Cl-6-MeO-BDE-47, and 2′-MeO-BDE-28 might be more potent
AHR1 agonizts than OctaCDD/F and most dioxin-like PCBs by
comparing RePavg values of HO-/MeO-PBDEs determined using the
chicken AHR1 construct with the WHO-TEFs (toxic equivalency
factors) for birds which were developed primarily from chicken
toxicity data (Van den Berg et al., 1998). In addition, given that the
TCDD-TEQ (toxicity equivalence) approach considers only PCDD/Fs
and dioxin-like PCBs without involving potential DLCs, such as
HO-/MeO-PBDEs, thus, our results indicated that the ecological
risk of HO-/MeO-PBDEs have been overlooked given their ubi-
quitous distribution in the environment.

The in vitro assay results presented here contribute to filling in
the knowledge gap regarding the dioxin-like activity of HO-/MeO-
PBDEs in birds and inter-avian species differences in sensitivity to
these compounds. In addition, 5-Cl-6-MeO-BDE-47, 6-MeO-BDE-
85, 6-HO-BDE-47, 6-MeO-BDE-47, 6-HO-BDE-137, 2′-MeO-BDE-28,
6-MeO-BDE-137, 2-MeO-BDE-123 and 2-HO-BDE-123 were iden-
tified as priority HO-/MeO-PBDEs for future in vivo toxicity as-
sessment and avian risk assessment based on potencies among
these 3 avian species and concentrations in wild birds and birds'
eggs (Jaspers et al., 2013; Kelly et al., 2008b; Liu et al., 2010;
McKinney et al., 2006a; Nordlof et al., 2010; Verreault et al., 2005).
Further in vivo study should be carried out to validate and assess
the in vivo toxicity of HO-/MeO-PBDEs with high AHR activation
potencies. It should also be investigated whether the combined
effects of HO-/MeO-PBDEs and dioxins are dose or concentration
additive, and whether HO-/MeO-PBDEs as AHR agonizts have non-
AHR mediated effects that might increase their dioxin-like po-
tencies. In addition, whether HO-/MeO-PBDEs have any other
toxicity mechanisms, for example endocrine disruption or geno-
toxicity in birds, might be other research interests ahead.
4. Conclusions

Among the 19 tested HO-/MeO-PBDEs, 15 ones have the po-
tential to activate avian AHR1-mediated molecular toxicological
pathways. Despite differences in the avian species-specific RePs of
the HO-/MeO-PBDEs, their potency rank orders were generally
similar. In addition, some HO-/MeO-PBDEs (5-Cl-6-HO-BDE-47,
5-Cl-6-MeO-BDE-47, and 2′-MeO-BDE-28) were more potent
AHR1 agonizts than OctaCDD/F and most dioxin-like PCBs. The ReS
values indicated that the sensitivity rank orders of the avian AHR1
constructs for HO-/MeO-PBDEs were not always the same as for
TCDD. The data presented here contributed to filling in the
knowledge gap regarding the dioxin-like activity of HO-/MeO-
PBDEs in birds, and indicated priority HO-/MeO-PBDEs for further
testing.
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Table 2
Relative potency (ReP) of HO-/MeO-polybrominated diphenyl ethers (PBDEs) in the chicken, ring-necked pheasant and Japanese quail aryl hydrocarbon receptor 1 (AHR1)
constructs.

AHR1 Compound RePEC50 RePPC10 RePPC20 RePPC50 RePPC80 RePavg ReP range

Chicken TCDD 1.0 1.0 1.0 1.0 1.0 1.0 1.0–1.0
5-Cl-6-HO-BDE-47 5.4�10�4 1.4�10�3 9.7�10�4 5.1�10�4 2.6�10�4 7.8�10�4 2.6�10�4–1.4�10�3

5-Cl-6-MeO-BDE-47 NC 6.6�10�4 4.1�10�4 2.1�10�4 1.4�10�4 3.5�10�4 1.4�10�4–6.6�10�4

2′-MeO-BDE-28 NC 1.7�10�4 NE NE NE 1.7�10�4

2′-HO-BDE-66 3.8�10�4 2.0�10�4 9.0�10�5 NE NE 1.5�10�4 9.0�10�5–2.0�10�4

6-MeO-BDE-85 NC 3.0�10�4 1.3�10�4 3.6�10�5 1.5�10�5 1.2�10�4 1.5�10�5–3.0�10�4

2′-HO-BDE-28 NC 1.1�10�4 5.5�10�5 NE NE 8.5�10�5 5.5�10�5–1.1�10�4

6-MeO-BDE-47 NC 1.2�10�4 7.3�10�5 3.5�10�5 2.0�10�5 6.1�10�5 2.0�10�5–1.2�10�4

6-HO-BDE-47 NC 6.3�10�5 3.7�10�5 3.9�10�6 NE 3.5�10�5 3.9�10�6–6.3�10�5

6-HO-BDE-137 NC 2.7�10�5 NE NE NE 2.7�10�5

6-MeO-BDE-137 NC 2.2�10�5 1.0�10�5 NE NE 1.6�10�5 1.0�10�5–2.2�10�5

4-HO-BDE-90 NC 1.4�10�5 8.8�10�6 NE NE 1.1�10�5 8.8�10�6–1.4�10�5

2-MeO-BDE-123 NC 1.0�10�5 NE NE NE 1.0�10�5

2-HO-BDE-123 NC 8.3�10�6 NE NE NE 8.3�10�6

2′-HO-BDE-68 NC NE NE NE NE NA NA
6-HO-BDE-85 7.4�10�4 NE NE NE NE NA NA
3-HO-BDE-100 o9.3�10�6 NE NE NE NE NA NA
6′-Cl-2′-HO-BDE-7 3.3�10�4 NE NE NE NE NA NA
6-HO-BDE-90 o9.3�10�6 NE NE NE NE NA NA
2′-HO-BDE-25 o6.8�10�6 NE NE NE NE NA NA

Pheasant TCDD 1.0 1.0 1.0 1.0 1.0 1.0 1.0–1.0
5-Cl-6-HO-BDE-47 NC 1.1�10�2 1.1�10�2 9.9�10�3 1.1�10�2 1.1�10�2 9.9�10�3–1.1�10�2

5-Cl-6-MeO-BDE-47 NC 4.8�10�3 3.4�10�3 2.4�10�3 3.0�10�3 3.4�10�3 2.4�10�3–4.8�10�3

2′-MeO-BDE-28 8.7�10�3 NE NE NE NE NA NA
2′-HO-BDE-66 4.5�10�3 NE NE NE NE NA NA
6-MeO-BDE-85 NC 5.4�10�3 3.8�10�3 2.0�10�3 NE 3.7�10�3 2.0�10�3–5.4�10�3

2′-HO-BDE-28 NC 1.8�10�4 NE NE NE 1.8�10�4

6-MeO-BDE-47 NC 1.5�10�4 1.6�10�4 NE NE 1.6�10�4 1.5�10�4–1.6�10�4

6-HO-BDE-47 NC 3.7�10�4 2.2�10�4 NE NE 3.0�10�4 2.2�10�4–3.7�10�4

6-HO-BDE-137 NC 4.2�10�4 3.7�10�4 NE NE 4.0�10�4 3.7�10�4–4.2�10�4

6-MeO-BDE-137 NC 8.6�10�5 NE NE NE 8.6�10�5

4-HO-BDE-90 NC 1.3�10�4 1.1�10�4 NE NE 1.2�10�4 1.1�10�4–1.3�10�4

2-MeO-BDE-123 NC NE NE NE NE NA NA
2-HO-BDE-123 2.2�10�3 NE NE NE NE NA NA
2′-HO-BDE-68 NC NE NE NE NE NA NA
6-HO-BDE-85 NC NE NE NE NE NA NA
3-HO-BDE-100 NC NE NE NE NE NA NA
6′-Cl-2′-HO-BDE-7 NC NE NE NE NE NA NA
6-HO-BDE-90 NC NE NE NE NE NA NA
2′-HO-BDE-25 NC NE NE NE NE NA NA

Quail TCDD 1.0 1.0 1.0 1.0 1.0 1.0 1.0�1.0
5-Cl-6-HO-BDE-47 7.1�10�2 6.9�10�2 9.0�10�2 1.6�10�1 3.8�10�1 1.7�10�1 6.9�10�2–3.8�10�1

5-Cl-6-MeO-BDE-47 2.2�10�2 2.3�10�2 2.8�10�2 5.1�10�2 1.2�10�1 5.5�10�2 2.3�10�2–1.2�10�1

2′-MeO-BDE-28 NC 5.6�10�4 3.2�10�4 NE NE 4.4�10�4 3.2�10�4–5.6�10�4

2′-HO-BDE-66 4.5�10�2 NE NE NE NE NA NA
6-MeO-BDE-85 4.1�10�2 3.9�10�2 4.4�10�2 6.2�10�2 1.1�10�1 6.4�10�2 3.9�10�2–1.1�10�1

2′-HO-BDE-28 NC 1.5�10�3 1.2�10�3 NE NE 1.3�10�3 1.2�10�3–1.5�10�3

6-MeO-BDE-47 NC 9.9�10�4 1.3�10�3 2.2�10�3 NE 1.5�10�3 9.9�10�4–2.2�10�3

6-HO-BDE-47 NC 1.4�10�3 1.7�10�3 2.4�10�3 4.7�10-3 2.5�10�3 1.4�10�3–4.7�10�3

6-HO-BDE-137 NC 1.4�10�3 1.8�10�3 3.3�10�3 8.4�10-3 3.7�10�3 1.4�10�3–8.4�10�3

6-MeO-BDE-137 7.1�10�3 9.1�10�4 1.8�10�3 4.9�10�3 NE 2.5�10�3 9.1�10�4–4.9�10�3

4-HO-BDE-90 NC 7.8�10�4 9.7�10�4 1.7�10�3 NE 1.1�10�3 7.8�10�4–1.7�10�3

2-MeO-BDE-123 NC 5.6�10�4 5.2�10�4 NE NE 5.4�10�4 5.2�10�4–5.6�10�4

2-HO-BDE-123 1.6�10�2 1.7�10�4 NE NE NE 1.7�10�4

2′-HO-BDE-68 NC 5.9�10�4 2.6�10�4 NE NE 4.2�10�4 2.6�10�4–5.9�10�4

6-HO-BDE-85 1.7�10�2 2.4�10�3 7.3�10�4 NE NE 1.6�10�3 7.3�10�4–2.4�10�3

3-HO-BDE-100 o 9.3�10�6 NE NE NE NE NA NA
6′-Cl-2′-HO-BDE-7 5.4�10�2 5.9�10�3 1.1�10�2 NE NE 8.6�10�3 5.9�10�3–1.1�10�2

6-HO-BDE-90 NC NE NE NE NE NA NA
2′-HO-BDE-25 NC 9.5�10�4 NE NE NE 9.5�10�4

NC: not calculated because the maximal response was not reached.
NE: not estimated because the maximum observed response was below 10%, 20%, 50%, or 80% of the positive control response.
NA: not available.

R. Zhang et al. / Ecotoxicology and Environmental Safety 126 (2016) 202–210208
References

Abnet, C.C., Tanguay, R.L., Heideman, W., Peterson, R.E., 1999. Transactivation ac-
tivity of human, zebrafish, and rainbow trout aryl hydrocarbon receptors ex-
pressed in COS-7 cells: greater insight into species differences in toxic potency
of polychlorinated dibenzo-p-dioxin, dibenzofuran, and biphenyl congeners.
Toxicol. Appl. Pharmacol. 159 (1), 41–51.

Canton, R.F., Scholten, D.E.A., Marsh, G., De Jong, P.C., Van den Berg, M., 2008.
Inhibition of human placental aromatase activity by hydroxylated poly-
brominated diphenyl ethers (OH-PBDEs). Toxicol. Appl. Pharmacol. 227 (1),
68–75.

Covaci, A., Harrad, S., Abdallah, M.A.E., Ali, N., Law, R.J., Herzke, D., de Wit, C.A.,
2011. Novel brominated flame retardants: a review of their analysis, environ-
mental fate and behaviour. Environ. Int. 37 (2), 532–556.

Dingemans, M.M.L., de Groot, A., van Kleef, R.G.D.M., Bergman, A., van den Berg, M.,
Vijverberg, H.P.M., Westerink, R.H.S., 2008. Hydroxylation increases the neu-
rotoxic potential of BDE-47 to affect exocytosis and calcium homeostasis in

http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref1
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref1
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref1
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref1
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref1
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref1
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref2
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref2
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref2
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref2
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref2
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref3
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref3
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref3
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref3
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref4
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref4
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref4


R. Zhang et al. / Ecotoxicology and Environmental Safety 126 (2016) 202–210 209
PC12 cells. Environ. Health Perspect. 116 (5), 637–643.
Farmahin, R., Manning, G.E., Crump, D., Wu, D., Mundy, L.J., Jones, S.P., Hahn, M.E.,

Karchner, S.I., Giesy, J.P., Bursian, S.J., Zwiernik, M.J., Fredricks, T.B., Kennedy, S.
W., 2013. Amino acid sequence of the ligand-binding domain of the aryl hy-
drocarbon receptor 1 predicts sensitivity of wild birds to effects of dioxin-like
compounds. Toxicol. Sci. 131 (1), 139–152.

Farmahin, R., Wu, D., Crump, D., Hervé, J.C., Jones, S.P., Hahn, M.E., Karchner, S.I.,
Giesy, J.P., Bursian, S.J., Zwiernik, M.J., Kennedy, S.W., 2012. Sequence and in
vitro function of chicken, ring-necked pheasant, and japanese quail AHR1
predict in vivo sensitivity to dioxins. Environ. Sci. Technol. 46 (5), 2967–2975.

Frank, D.S., Mora, M.A., Sericano, J.L., Blankenship, A.L., Kannan, K., Giesy, J.P., 2001.
Persistent organochlorine pollutants in eggs of colonial waterbirds from Gal-
veston Bay and East Texas, USA. Environ. Toxicol. Chem. 20 (3), 608–617.

Haglund, P.S., Zook, D.R., Buser, H.-R., Hu, J., 1997. Identification and quantification
of polybrominated diphenyl ethers and methoxy-polybrominated diphenyl
ethers in baltic biota. Environ. Sci. Technol. 31 (11), 3281–3287.

Hakk, H., Letcher, R.J., 2003. Metabolism in the toxicokinetics and fate of bromi-
nated flame retardants—a review. Environ. Int. 29 (6), 801–828.

He, Y., Murphy, M.B., Yu, R.M.K., Lam, M.H.W., Hecker, M., Giesy, J.P., Wu, R.S.S., Lam,
P.K.S., 2008. Effects of 20 PBDE metabolites on steroidogenesis in the H295R
cell line. Toxicol. Lett. 176 (3), 230–238.

Head, J.A., Hahn, M.E., Kennedy, S.W., 2008. Key amino acids in the aryl hydro-
carbon receptor predict dioxin sensitivity in avian species. Environ. Sci. Technol.
42 (19), 7535–7541.

Head, J.A., Kennedy, S.W., 2007. Same-sample analysis of ethoxyresorufin-O-dee-
thylase activity and cytochrome P4501A mRNA abundance in chicken embryo
hepatocytes. Anal. Biochem. 360 (2), 294–302.

Herve, J.C., Crump, D., Jones, S.P., Mundy, L.J., Giesy, J.P., Zwiernik, M.J., Bursian, S.J.,
Jones, P.D., Wiseman, S.B., Wan, Y., Kennedy, S.W., 2010. Cytochrome P4501A
induction by 2,3,7,8-tetrachlorodibenzo-p-dioxin and two chlorinated di-
benzofurans in primary hepatocyte cultures of three avian species. Toxicol. Sci.
113 (2), 380–391.

Hu, W., Liu, H., Sun, H., Shen, O., Wang, X., Lam, M.H.W., Giesy, J.P., Zhang, X., Yu, H.,
2011. Endocrine effects of methoxylated brominated diphenyl ethers in three in
vitro models. Mar. Pollut. Bull. 62 (11), 2356–2361.

Jaspers, V.L.B., Sonne, C., Soler-Rodriguez, F., Boertmann, D., Dietz, R., Eens, M.,
Rasmussen, L.M., Covaci, A., 2013. Persistent organic pollutants and methoxy-
lated polybrominated diphenyl ethers in different tissues of white-tailed eagles
(Haliaeetus albicilla) from West Greenland. Environ. Pollut. 175, 137–146.

Kelly, B.C., Ikonomou, M.G., Blair, J.D., Gobas, F.A.P.C., 2008a. Bioaccumulation be-
haviour of polybrominated diphenyl ethers (PBDEs) in a Canadian Arctic marine
food web. Sci. Total Env. 401 (1–3), 60–72.

Kelly, B.C., Ikonomou, M.G., Blair, J.D., Gobas, F.A.P.C., 2008b. Hydroxylated and
methoxylated polybrominated diphenyl ethers in a canadian arctic marine food
web. Environ. Sci. Technol. 42 (19), 7069–7077.

Kennedy, S.W., Lorenzen, A., Jones, S.P., Hahn, M.E., Stegeman, J.J., 1996. Cytochrome
P4501A induction in avian hepatocyte cultures: a promising approach for
predicting the sensitivity of avian species to toxic effects of halogenated aro-
matic hydrocarbons. Toxicol. Appl. Pharmacol. 141 (1), 214–230.

Lacorte, S., Ikonomou, M.G., 2009. Occurrence and congener specific profiles of
polybrominated diphenyl ethers and their hydroxylated and methoxylated
derivatives in breast milk from Catalonia. Chemosphere 74 (3), 412–420.

Lam, J.C.W., Murphy, M.B., Wang, Y., Tanabe, S., Giesy, J.P., Lam, P.K.S., 2008. Risk
assessment of organohalogenated compounds in water bird eggs from South
China. Environ. Sci. Technol. 42 (16), 6296–6302.

Lee, J.-S., Kim, E.-Y., Iwata, H., 2009. Dioxin activation of CYP1A5 promoter/enhancer
regions from two avian species, common cormorant (Phalacrocorax carbo) and
chicken (Gallus gallus): association with aryl hydrocarbon receptor 1 and
2 isoforms. Toxicol. Appl. Pharmacol. 234 (1), 1–13.

Liu, H., Hu, W., Sun, H., Shen, O., Wang, X., Lam, M.H.W., Giesy, J.P., Zhang, X., Yu, H.,
2011. In vitro profiling of endocrine disrupting potency of 2,2′,4,4′-tetra-
bromodiphenyl ether (BDE47) and related hydroxylated analogs (HO-PBDEs).
Mar. Pollut. Bull. 63 (5–12), 287–296.

Liu, J., Luo, X.-J., Yu, L.-H., He, M.-J., Chen, S.-J., Mai, B.-X., 2010. Polybrominated
diphenyl ethers (PBDEs), polychlorinated Biphenyles (PCBs), hydroxylated and
methoxylated-PBDEs, and methylsulfonyl-PCBs in bird serum from South Chi-
na. Arch. Env. Contam. Toxicol. 59 (3), 492–501.

Malmberg, T., Athanasiadou, M., Marsh, G., Brandt, I., Bergmant, A., 2005. Identifi-
cation of hydroxylated polybrominated diphenyl ether metabolites in blood
plasma from polybrominated diphenyl ether exposed rats. Environ. Sci. Tech-
nol. 39 (14), 5342–5348.

Malmvärn, A., Marsh, G., Kautsky, L., Athanasiadou, M., Bergman, Å., Asplund, L.,
2005. Hydroxylated and methoxylated brominated diphenyl ethers in the red
algae ceramium tenuicorne and blue mussels from the Baltic Sea. Environ. Sci.
Technol. 39 (9), 2990–2997.

Manning, G.E., Farmahin, R., Crump, D., Jones, S.P., Klein, J., Konstantinov, A., Potter,
D., Kennedy, S.W., 2012. A luciferase reporter gene assay and aryl hydrocarbon
receptor 1 genotype predict the LD50 of polychlorinated biphenyls in avian
species. Toxicol. Appl. Pharmacol. 263 (3), 390–401.

Manning, G.E., Mundy, L.J., Crump, D., Jones, S.P., Chiu, S., Klein, J., Konstantinov, A.,
Potter, D., Kennedy, S.W., 2013. Cytochrome P4501A induction in avian hepa-
tocyte cultures exposed to polychlorinated biphenyls: comparisons with AHR1-
mediated reporter gene activity and in ovo toxicity. Toxicol. Appl. Pharmacol.
266 (1), 38–47.

Marsh, G., Athanasiadou, M., Bergman, Å., Asplund, L., 2003a. Identification of hy-
droxylated and methoxylated polybrominated diphenyl ethers in Baltic Sea
Salmon (Salmo salar) blood. Environ. Sci. Technol. 38 (1), 10–18.
Marsh, G., Stenutz, R., Bergman, Å., 2003b. Synthesis of hydroxylated and meth-

oxylated polybrominated diphenyl ethers � natural products and potential
polybrominated diphenyl ether metabolites. Eur. J. Org. Chem. 2003 (14),
2566–2576.

McKinney, M.A., Cesh, L.S., Elliott, J.E., Williams, T.D., Garcelon, D.K., Letcher, R.J.,
2006a. Brominated flame retardants and halogenated phenolic compounds in
north american west coast bald eaglet (haliaeetus leucocephalus) plasma. En-
viron. Sci. Technol. 40 (20), 6275–6281.

McKinney, M.A., De Guise, S., Martineau, D., Beland, P., Lebeuf, M., Letcher, R.J.,
2006b. Organohalogen contaminants and metabolites in beluga whale (Del-
phinapterus leucas) liver from two Canadian populations. Environ. Toxicol.
Chem. 25 (5), 1246–1257.

Meerts, I., Letcher, R.J., Hoving, S., Marsh, G., Bergman, A., Lemmen, J.G., van der
Burg, B., Brouwer, A., 2001. In vitro estrogenicity of polybrominated diphenyl
ethers, hydroxylated PBDEs, and polybrominated bisphenol A compounds.
Environ. Health Perspect. 109 (4), 399–407.

Meerts, I., van Zanden, J.J., Luijks, E.A.C., van Leeuwen-Bol, I., Marsh, G., Jakobsson,
E., Bergman, A., Brouwer, A., 2000. Potent competitive interactions of some
brominated flame retardants and related compounds with human transthyretin
in vitro. Toxicol. Sci. 56 (1), 95–104.

Mercado-Feliciano, M., Bigsby, R.M., 2008. Hydroxylated metabolites of the poly-
brominated diphenyl ether mixture DE-71 are weak estrogen receptor-alpha
ligands. Environ. Health Perspect. 116 (10), 1315–1321.

Munschy, C., Heas-Moisan, K., Tixier, C., Pacepavicius, G., Alaee, M., 2010. Dietary
exposure of juvenile common sole (Solea solea L.) to polybrominated diphenyl
ethers (PBDEs): part 2. Formation, bioaccumulation and elimination of hydro-
xylated metabolites. Environ. Pollut. 158 (12), 3527–3533.

Nordlof, U., Helander, B., Bignert, A., Asplund, L., 2010. Levels of brominated flame
retardants and methoxylated polybrominated diphenyl ethers in eggs of white-
tailed sea eagles breeding in different regions of Sweden. Sci. Total Env. 409 (1),
238–246.

OECD, 2009. Test No. 455: The Stably Transfected Human Estrogen Receptor-alpha
Transcriptional Activation Assay for Detection of Estrogenic Agonist-Activity of
Chemicals, OECD Guideline for the Testing of Chemicals, Section 4: Health Ef-
fects. OECD Publishing, Paris.

Olsson, A., Ceder, K., Bergman, A., Helander, B., 2000. Nestling blood of the white-
tailed sea eagle (Haliaeetus albicilla) as an indicator of territorial exposure to
organohalogen compounds – an evaluation. Environ. Sci. Technol. 34 (13),
2733–2740.

Qiu, X., Bigsby, R.M., Hites, R.A., 2009. Hydroxylated metabolites of polybrominated
diphenyl ethers in human blood samples from the United States. Environ.
Health Perspect. 117 (1), 93–98.

Qiu, X., Mercado-Feliciano, M., Bigsby, R.M., Hites, R.A., 2007. Measurement of
polybrominated diphenyl ethers and metabolites in mouse plasma after ex-
posure to a commercial pentabromodiphenyl ether mixture. Environ. Health
Perspect. 115 (7), 1052–1058.

Schagat, T., Paguio, A., Kopish, K., 2007. Normalizing genetic reporter assays: ap-
proaches and considerations for increasing consistency and statistical sig-
nificance. Cell Notes 17, 9–12.

Stapleton, H.M., Kelly, S.M., Pei, R., Letcher, R.J., Gunsch, C., 2009. Metabolism of
polybrominated Diphenyl Ethers (PBDEs) by human hepatocytes in vitro. En-
viron. Health Perspect. 117 (2), 197–202.

Su, G., Zhang, X., Liu, H., Giesy, J.P., Lam, M.H.W., Lam, P.K.S., Siddiqui, M.A., Mu-
sarrat, J., Al-Khedhairy, A., Yu, H., 2012a. Toxicogenomic mechanisms of 6-HO-
BDE-47, 6-MeO-BDE-47, and BDE-47 in E. coli. Environ. Sci. Technol. 46 (2),
1185–1191.

Su, G., Xia, J., Liu, H., Lam, M.H.W., Yu, H., Giesy, J.P., Zhang, X., 2012b. Dioxin-like
potency of HO- and MeO- analogues of PBDEs' the potential risk through
consumption of fish from Eastern China. Environ. Sci. Technol. 46 (19),
10781–10788.

Su, G., Yu, H., Lam, M.H., Giesy, J.P., Zhang, X., 2014. Mechanisms of toxicity of hy-
droxylated polybrominated diphenyl ethers (HO-PBDEs) determined by tox-
icogenomic analysis with a live cell array coupled with mutagenesis in Es-
cherichia coli. Environ. Sci. Technol. 48 (10), 5929–5937.

Teuten, E.L., Xu, L., Reddy, C.M., 2005. Two abundant bioaccumulated halogenated
compounds are natural products. Science 307 (5711), 917–920.

Ueno, D., Darling, C., Alaee, M., Pacepavicius, G., Teixeira, C., Campbell, L., Letcher, R.
J., Bergman, Å., Marsh, G., Muir, D., 2008. Hydroxylated polybrominated di-
phenyl ethers (OH-PBDEs) in the abiotic environment: surface water and pre-
cipitation from Ontario, Canada. Environ. Sci. Technol. 42 (5), 1657–1664.

Van den Berg, M., Birnbaum, L., Bosveld, A., Brunström, B., Cook, P., Feeley, M.,
Giesy, J.P., Hanberg, A., Hasegawa, R., Kennedy, S.W., Kubiak, T., Larsen, J.C., van
Leeuwen, F., Liem, A., Nolt, C., Peterson, R., Poellinger, L., Safe, S., Schrenk, D.,
Tillitt, D., Tysklind, M., Younes, M., Waern, F., Zacharewski, T., 1998. Toxic
equivalency factors (TEFs) for PCBs, PCDDs, PCDFs for humans and wildlife.
Environ. Health Perspect. 106 (12), 775–792.

Verreault, J., Gabrielsen, G.W., Chu, S., Muir, D.C.G., Andersen, M., Hamaed, A.,
Letcher, R.J., 2005. Flame retardants and methoxylated and hydroxylated
polybrominated diphenyl ethers in two norwegian arctic top predators: glau-
cous gulls and polar bears. Environ. Sci. Technol. 39 (16), 6021–6028.

Villeneuve, D.L., Blankenship, A.L., Giesy, J.P., 2000. Derivation and application of
relative potency estimates based on in vitro bioassay results. Environ. Toxicol.
Chem. 19 (11), 2835–2843.

Wan, Y., Liu, F., Wiseman, S., Zhang, X., Chang, H., Hecker, M., Jones, P.D., Lam, M.H.
W., Giesy, J.P., 2010. Interconversion of hydroxylated and methoxylated

http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref4
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref4
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref5
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref5
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref5
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref5
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref5
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref5
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref6
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref6
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref6
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref6
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref6
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref7
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref7
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref7
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref7
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref8
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref8
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref8
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref8
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref9
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref9
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref9
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref10
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref10
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref10
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref10
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref11
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref11
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref11
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref11
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref12
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref12
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref12
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref12
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref13
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref13
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref13
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref13
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref13
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref13
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref14
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref14
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref14
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref14
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref15
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref15
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref15
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref15
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref15
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref16
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref16
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref16
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref16
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref17
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref17
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref17
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref17
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref18
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref18
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref18
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref18
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref18
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref19
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref19
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref19
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref19
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref20
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref20
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref20
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref20
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref21
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref21
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref21
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref21
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref21
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref22
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref22
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref22
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref22
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref22
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref23
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref23
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref23
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref23
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref23
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref24
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref24
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref24
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref24
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref24
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref25
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref25
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref25
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref25
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref25
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref26
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref26
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref26
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref26
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref26
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref27
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref27
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref27
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref27
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref27
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref27
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref28
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref28
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref28
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref28
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref29
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref29
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref29
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref29
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref29
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref29
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref30
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref30
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref30
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref30
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref30
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref31
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref31
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref31
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref31
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref31
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref32
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref32
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref32
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref32
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref32
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref33
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref33
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref33
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref33
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref33
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref34
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref34
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref34
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref34
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref35
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref35
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref35
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref35
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref35
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref36
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref36
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref36
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref36
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref36
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref37
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref37
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref37
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref37
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref38
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref38
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref38
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref38
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref38
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref39
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref39
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref39
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref39
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref40
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref40
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref40
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref40
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref40
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref41
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref41
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref41
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref41
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref42
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref42
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref42
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref42
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref43
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref43
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref43
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref43
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref43
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref44
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref44
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref44
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref44
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref44
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref45
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref45
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref45
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref45
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref45
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref46
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref46
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref46
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref47
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref47
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref47
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref47
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref47
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref48
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref48
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref48
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref48
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref48
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref48
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref48
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref49
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref49
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref49
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref49
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref49
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref50
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref50
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref50
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref50
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref51
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref51


R. Zhang et al. / Ecotoxicology and Environmental Safety 126 (2016) 202–210210
polybrominated diphenyl ethers in japanese medaka. Environ. Sci. Technol. 44
(22), 8729–8735.

Wan, Y., Wiseman, S., Chang, H., Zhang, X., Jones, P.D., Hecker, M., Kannan, K., Ta-
nabe, S., Hu, J., Lam, M.H.W., Giesy, J.P., 2009. Origin of hydroxylated bromi-
nated diphenyl ethers: natural compounds or man-made flame retardants?
Environ. Sci. Technol. 43 (19), 7536–7542.

Yasui, T., Kim, E.-Y., Iwata, H., Franks, D.G., Karchner, S.I., Hahn, M.E., Tanabe, S.,
2007. Functional characterization and evolutionary history of two aryl hydro-
carbon receptor isoforms (AhR1 and AhR2) from avian species. Toxicol. Sci. 99
(1), 101–117.

Zhang, J., Zhang, X., Xia, P., Zhang, R., Wu, Y., Xia, J., Su, G., Zhang, J., Giesy, J.P., Wang,
Z., Villeneuve, D.L., Yu, H., 2016. Activation of AhR-mediated toxicity pathway
by emerging pollutants polychlorinated diphenyl sulfides. Chemosphere 144,
1754–1762.

Zhang, K., Wan, Y., Jones, P.D., Wiseman, S., Giesy, J.P., Hu, J., 2012. Occurrences and
fates of hydroxylated polybrominated diphenyl ethers in marine sediments in
relation to trophodynamics. Environ. Sci. Technol. 46 (4), 2148–2155.

Zhang, R., Manning, G.E., Farmahin, R., Crump, D., Zhang, X., Kennedy, S.W., 2013.
Relative potencies of aroclor mixtures derived from avian in vitro bioassays:
comparisons with calculated toxic equivalents. Environ. Sci. Technol. 47 (15),
8852–8861.

Zhang, R., Zhang, X., Zhang, J., Qu, R., Zhang, J., Liu, X., Chen, J., Wang, Z., Yu, H., 2014.
Activation of avian aryl hydrocarbon receptor and inter-species sensitivity
variations by polychlorinated diphenylsulfides. Environ. Sci. Technol. 48 (18),
10948–10956.

Zhou, J.-G., Henry, E.C., Palermo, C.M., Dertinger, S.D., Gasiewicz, T.A., 2003. Species-
specific transcriptional activity of synthetic flavonoids in guinea pig and mouse
cells as a result of differential activation of the aryl hydrocarbon receptor to
interact with dioxin-responsive elements. Mol. Pharmacol. 63 (4), 915–924.

http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref51
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref51
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref51
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref52
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref52
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref52
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref52
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref52
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref53
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref53
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref53
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref53
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref53
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref54
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref54
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref54
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref54
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref54
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref55
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref55
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref55
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref55
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref56
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref56
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref56
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref56
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref56
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref57
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref57
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref57
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref57
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref57
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref58
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref58
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref58
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref58
http://refhub.elsevier.com/S0147-6513(15)30229-3/sbref58


1 
 

Supplementary material 

 

 

Figure S1. Linear regression comparing the log-transformed average relative potency 

(RePavg) values of OH-/MeO-PBDEs (polybrominated diphenyl ethers) determined in 
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avian aryl hydrocarbon receptor 1 (AHR1)-luciferase reporter gene assays. 
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Table S1. Endpoints for aryl hydrocarbon receptor 1 (AHR1)-mediated luciferase reporter gene activity in COS-7 cells transfected with chicken, 

ring-necked pheasant, or Japanese quail AHR1 constructs. 

AHR1 Compound EC50 ± SE (nM) PC10 ± SE (nM) PC20 ± SE (nM) PC50 ± SE (nM) PC80 ± SE (nM) 
Max. response ± SE 

(% PC) 

Chicken TCDD 1.61×10-1 ± 3.2×10-3a 7.34×10-2 ± 4.0×10-3a 9.67×10-2 ± 3.6×10-3a 1.53×10-1 ± 2.7×10-3a 2.30×10-1 ± 7.7×10-3a 112 ± 12b 

 
5-Cl-6-HO-BDE-47 300 ± 5.3b 52.7 ± 7.5a 100 ± 11a 298 ± 21a 879 ± 84a 101 ± 7.5bc 

 
5-Cl-6-MeO-BDE-47 NC 112 ± 2.8a 238 ± 18ab 745 ± 115a 1614 ± 312a 150 ± 0.47‡a 

 
2'-MeO-BDE-28 NC 421 ± 48a NE NE NE 42.3 ± 0.69‡ef 

 
2'-HO-BDE-66 428 ± 40bc 360 ± 35a 1072 ± 32.9abc NE NE 23.5 ± 0.92ghi 

 
6-MeO-BDE-85 NC 243 ± 30a 737 ± 60abc 4227 ± 148a 15757 ± 803.0b 82.0 ± 3.0‡d 

 
2'-HO-BDE-28 NC 643 ± 80ab 1757 ± 127cd NE NE 28.6 ± 0.43‡fgh 

 
6-MeO-BDE-47 NC 637 ± 21ab 1319 ± 76.6bc 4325 ± 524a 11677 ± 2877b 92.2 ± 11‡cd 

 
6-HO-BDE-47 NC 1167 ± 108abc 2585 ± 602d 39426 ± 4432b NE 46.5 ± 5.3‡e 

 
6-HO-BDE-137 NC 2744 ± 566bcd NE NE NE 18.0 ± 1.0‡ghij 

 
6-MeO-BDE-137 NC 3335 ± 369cd 9445 ± 358e NE NE 23.4 ± 3.2‡ghi 

 
4-HO-BDE-90 NC 5434 ± 516de 11035 ± 714.5e NE NE 31.0 ± 2.7‡fg 

 
2-MeO-BDE-123 NC 7170 ± 1345ef NE NE NE 15.2 ± 0.70‡hij 

 
2-HO-BDE-123 NC 8904 ± 1779f NE NE NE 12.1 ± 1.2‡ij 

 
2'-HO-BDE-68 NC NE NE NE NE 3.78 ± 2.9×10-2‡j 

 
6-HO-BDE-85 217 ± 71b NE NE NE NE 8.74 ± 1.1j 

 
3-HO-BDE-100 > 17220.89 NE NE NE NE no induction 

 
6'-Cl-2'-HO-BDE-7 492 ± 107c NE NE NE NE 6.42 ± 0.32j 
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6-HO-BDE-90 > 17220.89 NE NE NE NE no induction 

 
2'-HO-BDE-25 > 23646.36 NE NE NE NE no induction 

Pheasant TCDD 5.57 ± 0.50a 7.70×10-1 ± 6.2×10-2a 1.58 ± 0.12a 5.39 ± 0.32a 17.8 ± 0.29a 100 ± 9.2a 

 
5-Cl-6-HO-BDE-47 NC 68.4 ± 10a 150 ± 16a 544 ± 21a 1594 ± 149b 108 ± 1.7‡a 

 
5-Cl-6-MeO-BDE-47 NC 160 ± 7.3a 466 ± 16a 2234 ± 52.5b 5992 ± 153c 119 ± 11‡a 

 
2'-MeO-BDE-28 641 ± 16b NE NE NE NE 7.57 ± 0.64ef 

 
2'-HO-BDE-66 1235 ± 32.2c NE NE NE NE 8.24 ± 2.2ef 

 
6-MeO-BDE-85 NC 142 ± 11a 415 ± 46a 2705 ± 306c NE 79.3 ± 0.70‡b 

 
2'-HO-BDE-28 NC 4218 ± 380c NE NE NE 13.1 ± 3.3‡ef 

 
6-MeO-BDE-47 NC 5112 ± 243d 9970 ± 451d NE NE 38.7 ± 3.8‡cd 

 
6-HO-BDE-47 NC 2062 ± 131b 7291 ± 639c NE NE 26.1 ± 3.3‡cde 

 
6-HO-BDE-137 NC 1817 ± 74.2b 4237 ± 236b NE NE 46.2 ± 1.0‡c 

 
6-MeO-BDE-137 NC 8960 ± 256e NE NE NE 17.0 ± 1.5‡ef 

 
4-HO-BDE-90 NC 6002 ± 287d 14847 ± 46.68e NE NE 22.2 ± 0.81‡def 

 
2-MeO-BDE-123 NC NE NE NE NE 7.85 ± 0.21‡ef 

 
2-HO-BDE-123 2595 ± 311d NE NE NE NE 8.95 ± 1.8ef 

 
2'-HO-BDE-68 NC NE NE NE NE 2.40 ± 0.31‡f 

 
6-HO-BDE-85 NC NE NE NE NE 7.90 ± 2.1‡ef 

 
3-HO-BDE-100 > 17220.89 NE NE NE NE no induction 

 
6'-Cl-2'-HO-BDE-7 > 26423.78 NE NE NE NE no induction 

 
6-HO-BDE-90 NC NE NE NE NE 2.31 ± 0.42‡f 

 
2'-HO-BDE-25 > 23646.36 NE NE NE NE no induction 

Quail TCDD 25.4 ± 4.0a 2.60 ± 0.17a 5.83 ± 0.32a 22.8 ± 1.4a 86.6 ± 6.6a 100 ± 10cd 

 
5-Cl-6-HO-BDE-47 358 ± 28ab 38.0 ± 2.0a 65.1 ± 3.7a 142 ± 9.1a 229 ± 16a 227 ± 0.67a 

 
5-Cl-6-MeO-BDE-47 1151 ± 98.7bc 115 ± 12a 205 ± 20a 446 ± 38a 727 ± 55a 225 ± 18a 

 
2'-MeO-BDE-28 NC 4677 ± 445b 18040 ± 1049e NE NE 21.7 ± 1.7‡efg 



5 
 

 
2'-HO-BDE-66 566 ± 104ab NE NE NE NE 9.09 ± 1.5g 

 
6-MeO-BDE-85 615 ± 85ab 67.7 ± 14a 132 ± 14a 371 ± 5.9a 786 ± 42a 140 ± 18b 

 
2'-HO-BDE-28 NC 1714 ± 6.44ab 5045 ± 105bc NE NE 21.4 ± 1.9‡efg 

 
6-MeO-BDE-47 NC 2619 ± 38.0ab 4489 ± 134abc 10562 ± 255d NE 75.5 ± 7.5‡d 

 
6-HO-BDE-47 NC 1802 ± 51.1ab 3539 ± 51.3abc 9641 ± 379d 18408 ± 1647c 84.0 ± 15‡cd 

 
6-HO-BDE-137 NC 1924 ± 139ab 3330 ± 146abc 6964 ± 172c 10286 ± 202.3b 126 ± 3.7‡bc 

 
6-MeO-BDE-137 3597 ± 41.4d 2875 ± 29.1ab 3280 ± 3.38abc 4651 ± 138b NE 58.2 ± 9.5def 

 
4-HO-BDE-90 NC 3358 ± 103ab 6009 ± 85.2c 13545 ± 278.7e NE 64.3 ± 4.8‡de 

 
2-MeO-BDE-123 NC 4647 ± 161b 11277 ± 290.4d NE NE 24.2 ± 1.3‡efg 

 
2-HO-BDE-123 1607 ± 257c 15480 ± 4480c NE NE NE 10.8 ± 1.6g 

 
2'-HO-BDE-68 NC 4410 ± 201b 22842 ± 4562e NE NE 19.6 ± 5.3‡fg 

 
6-HO-BDE-85 1519 ± 549c 1095 ± 83.4ab 7960 ± 1292cd NE NE 21.9 ± 3.5efg 

 
3-HO-BDE-100 > 17220.89 NE NE NE NE no induction 

 
6'-Cl-2'-HO-BDE-7 474 ± 7.34ab 444 ± 2.4a 511 ± 5.6ab NE NE 29.4 ± 3.1efg 

 
6-HO-BDE-90 NC NE NE NE NE 9.58 ± 1.3‡g 

 
2'-HO-BDE-25 NC 2737 ± 165ab NE NE NE 17.2 ± 2.1‡fg 

EC, effective concentration; PC, positive control; SE, standard error; TCDD, tetrachlorodibenzo-p-dioxin; BDE, brominated diphenyl ether; NC, 

not calculated because a plateau was not reached; NE, not estimated because the maximum observed response was below 10%, 20%, 50%, or 80% 

of the PC response.  

* EC50, PC10, PC20, PC50, PC80, and maximal response values represent the average of three replicates ± SE obtained from three 96-well plates for 

each compound. PC10, PC20, PC50, and PC80 values were not calculated if the maximum observed response was < 10% of that of the PC. 
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Superscript letters indicate significant differences among treatments (p < 0.05) for each AHR1 construct.  

† Luciferase reporter gene activity values were normalized to the responses to the PC (300 nM TCDD). Maximal response values were obtained 

from the curve fit, unless otherwise indicated.  

‡ A plateau was not reached. Values represent the highest determined response. 
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Table S2. Relative potency (ReP) values of OH-/MeO-polybrominated diphenyl 

ethers (PBDEs) derived from H4IIE-luc assays‡ 

Compound RePEC50 RePPC10 RePPC20 RePPC50 RePPC80 RePavg ReP range 
TCDD 1.0 1.0 1.0 1.0 1.0 1.0 1.0~1.0 
5-Cl-6-HO-BDE-47 NC 1.0×10-5 6.6×10-6 4.2×10-6 5.1×10-6 6.5×10-6 4.2×10-6~1.0×10-5 
5-Cl-6-MeO-BDE-47 3.2×10-6 1.3×10-6 1.3×10-6 8.5×10-7 NE 1.1×10-6 8.5×10-7~1.3×10-6 
2'-MeO-BDE-28 NC 3.8×10-8 2.7×10-8 NE NE 3.2×10-8 2.7×10-8~3.8×10-8 
2'-HO-BDE-66 NC 5.2×10-8 4.5×10-8 NE NE 4.8×10-8 4.5×10-8~5.2×10-8 
6-MeO-BDE-85 NC 1.7×10-6 6.3×10-7 NE NE 1.2×10-6 6.3×10-7~1.7×10-6 
2'-HO-BDE-28 NC 3.9×10-8 NE NE NE 3.9×10-8 

 
6-MeO-BDE-47 NC 3.3×10-8 NE NE NE 3.3×10-8 

 
6-HO-BDE-47 NC 9.4×10-7 1.0×10-6 NE NE 9.8×10-7 9.4×10-7~1.0×10-6 
6-HO-BDE-137 NC 1.3×10-6 9.4×10-7 6.5×10-7 NE 9.7×10-7 6.5×10-7~1.3×10-6 
6-MeO-BDE-137 NC 8.0×10-8 5.7×10-8 NE NE 6.9×10-8 5.7×10-8~8.0×10-8 
4-HO-BDE-90 NC 4.8×10-8 NE NE NE 4.8×10-8 

 
2-MeO-BDE-123 NC NE NE NE NE NA NA 
2-HO-BDE-123 NC 9.2×10-8 5.2×10-8 NE NE 7.2×10-8 5.2×10-8~9.2×10-8 
2'-HO-BDE-68 NC NE NE NE NE NA NA 
6-HO-BDE-85 1.7×10-5 5.0×10-6 4.2×10-6 NE NE 4.6×10-6 4.2×10-6~5.0×10-6 
3-HO-BDE-100 NC 2.4×10-8 NE NE NE 2.4×10-8 

 
6'-Cl-2'-HO-BDE-7 NC 3.7×10-8 NE NE NE 3.7×10-8 

 
6-HO-BDE-90 NC NE NE NE NE NA NA 
2'-HO-BDE-25 NC NE NE NE NE NA NA 

‡ The original background-corrected luciferase activities were obtained from Su et al., 

2012, and they were re-processed again in the present study to maintain method 

consistency between the H4IIE-luc assay and avian AHR1 LRG assays. 

TCDD, tetrachlorodibenzo-p-dioxin; NC, not calculated because the maximal 

response was not reached; NE, not estimated because the maximum observed 

response was below 10%, 20%, 50%, or 80% of the positive control response; NA, 

ReP estimates were not available to calculate the value 
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Table S3. Relative potency (ReP) values of several dioxins derived from different 

bioassays of three different bird species. 

Species Compound LD LRG 
Primary hepatocyte cell culture 

RePbioassay-avg
η 

EROD CYP1A4 CYP1A5 
Chicken TCDD 1.0 1.0 1.0 1.0 1.0 1.0 

 2,3,4,7,8-PeCDFα 0.75-1.1‡ 0.5-1.1§ 0.9 0.7 2 1.1 
 PCB 126β 0.19† 0.074Φ 0.36 0.12 0.12 0.15 
 PCB 77β 0.022† 2.1×10-3Φ 0.035 1.1×10-3 4.6×10-4 0.012 
 PCB 105β 9.6×10-5† 3.0×10-5Φ 3.0×10-5 3.6×10-5 9.1×10-5 5.7×10-5 
 PCB 118β 2.7×10-5† 6.9×10-5Φ 4.1×10-4 6.3×10-4 5.2×10-4 3.3×10-4 

Pheasant TCDD 1.0 1.0 1.0 1.0 1.0 1.0 
 2,3,4,7,8-PeCDFα 2.6-13‡ 3-4§ 3 2 N/A 4.1 
 PCB 126β 0.047†κ 0.037Φ 0.022 N/A N/A 0.035 
 PCB 77β 1.3×10-3†λ 1.0×10-3Φ 8.5×10-4 N/A N/A 1.1×10-3 
 PCB 105β N/A < 1.0×10-4Φ 3.3×10-5 N/A N/A 3.3×10-5 
 PCB 118β N/A < 1.0×10-4Φ 9.2×10-5 N/A N/A 9.2×10-5 

Quail TCDD 1.0 1.0 1.0 1.0 1.0 1.0 
 2,3,4,7,8-PeCDFα 3.3-11‡ 13-26§ 13 8 17 13 
 PCB 126β 0.066†ξ 0.32Φ 0.016 2.7×10-3 1.6×10-3 0.081 
 PCB 77β N/A 4.8×10-3Φ 1.0×10-3 3.0×10-5 4.1×10-5 1.5×10-3 
 PCB 105β N/A < 3.3×10-3Φ 0.011 3.0×10-4 1.4×10-3 0.037δ 
 PCB 118β N/A 3.3×10-3Φ 3.0×10-3 1.2×10-4 4.3×10-4 1.7×10-3 

LD, lethal dose; LRG, luciferase reporter gene; EROD, ethoxyresorufin O-deethylase; CYP1A4 

and 1A5, cytochrome P4501A4 and 1A5; ReP, relative potency.; TCDD, 

tetrachlorodibenzo-p-dioxin; PCB, polychlorinated biphenyl; PeCDF, 

pentachlorodibenzofuran; N/A, not available. 

 α ReP values taken from Farmahin et al.(Farmahin et al., 2012) 

β ReP values taken from Manning et al.(Manning et al., 2012, 2013) 

η The arithmetic average ReP values of LD, LRG, EROD, CYP1A4, and CYP1A5. 

‡ RePLD20-80 

§ RePPC20-80 

† RePLD50 
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Φ RePavg 

κ The LD50 value of PCB 126 for bobwhite quail (2G, the same subtype as ring-necked pheasant) 

was used as a substitute for that of ring-necked pheasant (2G) because the value for the latter 

was not available. 

λ The LD50 value of PCB 77 for wild turkey (2A, the same type as ring-necked pheasant) was used 

as a substitute for that of ring-necked pheasant (2G) because the latter value was not available. 

ξ The average LD50 value of PCB 126 for American kestrel and common tern (3B), the same type 

as Japanese quail) was used as a substitute for that of Japanese quail (3A) because the value for 

the latter was not available. The LD50 values of TCDD and PCB 126 for double-crested 

cormorant (3B) were used to calculate the RePLD50 value as a substitute for that of Japanese quail 

(3A). The data in the table are the average of these substitutions. 

δ The average of RePCYP1A4 and RePCYP1A5 was assigned to the RePLRG to calculate the 

RePbioassay-avg because the RePCYP1A4 and RePCYP1A5 were in the range of the RePLRG (< 3.3×10-3). 
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Table S4. Relative average potency values determined in bioassays (RePbioassay-avg) of 

the effects of typical dioxin-like compounds on birds vs. the values derived from 

H4IIE-luc assays 

Compound Chicken Ring-necked pheasant Japanese quail H4IIE-luc‡ 
TCDD 1.0 1.0 1.0 1.0 

2,3,4,7,8-PeCDF 1.1 4.1 13 0.69 
PCB 126 0.15 0.035 0.081 0.017 
PCB 77 0.012 1.1×10-3 1.5×10-3 7.1×10-4 
PCB 105 5.7×10-5 3.3×10-5 0.037 < 1.0×10-6 
PCB 118 3.3×10-4 9.2×10-5 1.7×10-3 < 1.0×10-6 

TCDD; tetrachlorodibenzo-p-dioxin; PeCDF, pentachlorodibenzofuran; PCB, 

polychlorinated biphenyl. 

‡ ReP values taken from Sanderson et al. (Sanderson et al., 1996) 

.
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