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Polybrominated diphenyl ether BDE-47 (2,2’,4,4’-tetrabro-
modiphenyl ether) is a thyroid hormone disruptor in mice;
hepatic induction of various metabolic enzymes and transport-
ers has been suggested as the mechanism for this disruption.
Utilizing Car—/- and Pxr—/- mice as well as human primary
hepatocytes, here we have demonstrated that BDE-47 activated
both mouse and human nuclear receptor constitutive activated/
androstane receptor (CAR). In mouse livers, CAR, not PXR, was
responsible for Cyp2b10 mRNA induction by BDE-47. In human
primary hepatocytes, BDE-47 was able to induce translocation
of YFP-tagged human CAR from the cytoplasm to the nucleus
andCYP2B6 and CYP3A4 mRNAs expressions. BDE-47 acti-
vated human CAR in a manner akin to the human CAR ligand
CITCO (6-(4-Chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-car-
baldehyde-0-(3,4-dichlorobenzyl)oxime) in luciferase-reporter
assays using Huh-7 cells. In contrast, mouse CAR was not potently
activated by BDE-47 in the same reporter assays. Furthermore,
human pregnane X receptor (PXR) was effectively activated by
BDE-47 while mouse PXR was weakly activated in luciferase-
reporter assays. Our results indicate that BDE-47 induces CYP
genes through activation of human CAR in addition to the previ-
ously identified pathway through human PXR.
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Polybrominated diphenyl ethers (PBDEs) have been used
as flame retardant chemicals for various products worldwide.
PBDE:s consist of a family of 209 possible congeners, identi-
fied by different bromination configurations of the core two-
ring structure. PBDEs produced on an industrial scale are
mixtures of multiple congeners. Among the major product
groups of PBDE, penta-BDE (traded under brand names such
as DE-71 and Bromkal70-5DE), were used as additives to the
polyurethane foams found in upholstered furniture, mattresses,
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and carpet cushions. One congener designated as BDE-47
(2,2,4,4-tetrabromodipheny] ether) accounts for roughly 40%
(w/w) of commercial penta-BDE (LaGuardia et al., 2006). In
numerous studies using model animals, PBDEs are suggested to
have various adverse effects on human health affecting thyroid
hormone concentration, behavior, learning ability, memory, and
brain development (Birnbaum and Staskal, 2004; Dingemans
et al., 2011; Kodavanti et al., 2010; Richardson et al., 2008;
Szabo et al., 2009). Penta-BDE and octa-BDE production in
the United States were voluntarily stopped at the end of 2004
because of these health concerns. However, around the world
there are still many commercial products manufactured before
the voluntary ban that contain penta and octa-BDE. Recent
studies with human specimens measured the total content of
BDE chemicals and BDE-47 in breast milk and serum and sug-
gest that internal human exposure to these chemicals has been
roughly one order of magnitude higher in North America than
in Europe or Asia (Frederiksen et al., 2009).

Multiple pathways for possible human exposure to PBDEs
are known. Despite the ban in 2004, bioaccumulations along
the food chain have been observed and human intake of these
chemicals from diet is suggested to be increasing (Frederiksen
et al.,2009). Exposure to house dust contaminated with PBDEs
in debris from furniture and carpet materials accounted for 82%
of the overall estimated intake of PBDESs in the United States
(Lorber, 2008). Inhalation of contaminated air is another expo-
sure pathway, since PBDEs were reported to leak into air from
various products and have been detected in air collected from
households and near production sites (Birnbaum and Staskal,
2004). Serum PBDE levels in toddlers showed association with
house dust and hand-to-mouth activity (Stapleton et al., 2012).
Furthermore, infants have an additional exposure route through
breast milk intake. A recent publication suggested lactational
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exposure to PBDEs may increase activity/impulsivity behav-
iors in early childhood (Hoffman et al., 2012).

Constitutive activated/androstane receptor (CAR) and preg-
nane X receptor (PXR) belong to the nuclear hormone recep-
tor superfamily and were both found to be xenobiotic sensing
receptors in 1998 (Honkakoski et al., 1998; Kliewer et al.,
1998). Over the past 15 years, many research reports estab-
lished their functions in induction of enzymes and transport-
ers in phase I, II, and III xenobiotic metabolism, and hence
their roles in detoxification/elimination of xeno- and endobiot-
ics (Honkakoski et al., 2003; Klaassen and Slitt, 2005; Timsit
and Negishi, 2007; Tolson and Wang, 2010). Both receptors
have broad specificity; activating chemicals that include ther-
apeutic drugs, steroids, dietary substances, herbal medicines,
and environmental chemicals (Chang, 2009; DeKeyser et al.,
2009, 2011; Hernandez et al., 2009; Honkakoski et al., 2003;
Sueyoshi et al., 2011; Yeung et al., 2008). Furthermore, stud-
ies have found that various physiological processes, such as
liver energy metabolism, tumor promotion, cell prolifera-
tion and migration, apoptosis, and bone mineralization are
affected by modulation of the activity of either or both CAR
and PXR. Their mechanisms for this broad range of pathways
includes modulating expression of many genes and interact-
ing with numerous cellular factors (Dong et al., 2009; Gao and
Xie, 2010; Kamino and Negishi, 2012; Kodama et al., 2004;
Kodama and Negishi, 2011; Konno et al., 2010; Nakamura
et al., 2007, Wada et al., 2009; Yamamoto et al., 2004, 2010).
Consequently, these receptors are now considered to be major
players in liver physiology and pathology and candidates for
intervention by drug treatments for various ailments (Dong
et al., 2009; Kakizaki et al., 2011; Wada et al., 2009; Yamazaki
et al., 2007, 2011). Thus, unforeseen activation of these recep-
tors by environmental chemicals might cause a broad range of
effects on human health.

In previous studies, disposition of BDE-47 in mice has been
measured (Staskal et al., 2005, 2006b). BDE-47 was present
in high concentrations throughout adipose and skin tissues
because of their lipophilicity. Lower distribution was found
in other tissues including the liver. Furthermore, the results in
these publications indicate that BDE-47 induces CYP2B genes
in mouse liver, which suggested to us that BDE-47 might
do so by activation of CAR. Here we tested CAR-null mice
(CAR™) and their wild-type littermates for the effect of BDE-
47 on CYP2B expression. We show that whereas BDE-47
induced CYP2B in wild-type CAR mice, induction was absent
in null animals. Similar experiments using PXR wild-type and
null mice showed induction in both genotypes. We conclude
that BDE-47 activates CAR but not PXR in the mouse. By
contrast, BDE-47 activated both CAR and PXR in human
primary hepatocytes. These findings lead us to speculate that
BDE-47, and possibly other PDBEs, up-regulate CAR and
PXR pathways in humans, through which these compounds
could affect human responses to xenobiotics including many
therapeutic drugs.
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MATERIALS AND METHODS

Animals. The CAR and PXR null mice with C3H/HeNCrIBR (C3H)
genetic background used in this report were previously reported (Nakamura
et al., 2007; Yamamoto et al., 2004). Mice were kept in 12:12h dark/light cycle
and fed with NIH-31 diet ad libitum. BDE-47 (10-100mg/kg body weight) was
administered as a single oral dose to 8 weeks old C3H wild type male mice via
gavage using corn oil (300 pl/mouse) as the vehicle. For CAR and PXR null
mice and their littermate male wild type mice (C3H genetic backgournd, 7-9
weeks old), 50mg/kg body weight BDE-47 was administered as a single oral
dose via gavage using the same volume of corn oil. Mice were sacrificed 24 h
after BDE-47 administration for liver RNA preparation. All animal procedures
were approved by the Animal Ethics Committee at NIEHS, NIH (Animal Care
and Use Committee Assurance #A4149-1).

Liver microsome preparation and Western blotting. Each mouse liver (1 g)
was homogenized in 10ml homogenization buffer (10mM Tris—HCI (pH 7.6),
10mM EDTA, and 0.15M KCI). Homogenate was centrifuged at 9000 x g for
10min and supernatant was further centrifuged at 10,0000 x g for 1 h. Pellets were
washed with homogenization buffer and protein in the final pellet was applied for
SDS-PAGE separation using 10% gel. Western blotting was performed for mouse
proteins using anti-Cyp2b10, anti-Cyp3 (group specific antibody reacting Cyp3al I
and several mouse Cyp3a enzymes (Santa Cruz), and anti-Calnexin (Abcam) anti-
bodies. For human CYP enzyme expression analysis, whole cell extracts were
employed and Western blotting anlaysis was performed with anti-CYP2B6 (Santa
Cruz), anti CYP3A4 (Millipore), and anti-f3 actin (Sigma—Aldrich).

Chemicals. BDE-47 (MW = 485.8) was synthesized in >99% purity
(based on relative peak area determined by gas chromatography with flame
ionization detection as shown in Supplementary Figures 1 and 2) by bromina-
tion of diphenyl ether (Norstrom et al., 1976; Oern et al., 1996). Androstenol
(5 alpha-androst-16-en-3 alpha-ol) was purchased from Steraloids. All other
chemicals used were from Sigma—Aldrich.

Human primary hepatocyte isolation and culture. Human liver tissues
were obtained by qualified medical staff after donor consent and prior approval
from the Institutional Review Board at the University of Maryland, School of
Medicine. Hepatocytes were isolated from human liver specimens by a modi-
fication of the two-step collagenase digestion method as described previously
(LeCluyse et al., 2005; Li et al., 2009). We observed no cytotoxicity of BDE-47
on human primary hepatocytes based on its cell morphology, total RNA yield
and total protein yield at current treatment conditions.

RNA and protein expression in human primary hepatocytes. Hepatocytes
were seeded at 1.5x10° cells/well in six-well BioCoat plates and cultured in
sandwich format as described previously (Li et al., 2012). Hepatocytes were
maintained in complete William’s E Medium for 36 h before treatment with vehi-
cle control (0.1% DMSO), phenobarbital (1 mM), CITCO (1 pM), rifampicin
(10 pM), or BDE-47 at concentrations of 5, 10, 25, and 50 (uM) for 24 h. Total
RNA was harvested and analyzed by real-time PCR. Also, CYP enzyme expres-
sion levels were analyzed by Western blotting using whole cell extracts.

Translocation of Ad/EYFP-hCAR in human primary hepatocytes.
Fluorescent-tagged human CAR (Ad/EYFP-hCAR) was used as described
previously (Li et al., 2009). This construct consists of enhanced yellow fluo-
rescent protein linked to the N-terminus of hCAR and introduced into cells
using an adenovirus vector. Hepatocyte cultures in 24-well BioCoat plates were
cultured in Williams’ E medium containing AdJ/EYFP-hCAR at a multiplicity
of infection of 50 for 12 h before treatment with vehicle control (0.1% DMSO),
PB (1 mM), or BDE-47 (10 and 50 pM). After 8h of incubation, treated cells
were subjected to confocal microscopy analysis with a Nikon (Tokyo, Japan)
C1-LU3 instrument based on an inverted Nikon Eclipse TE2000 microscope.
The subcellular localization of hCAR was visualized and quantitatively char-
acterized as nuclear, cytosolic, or mixed (nuclear + cytosolic) expression by
counting at least 100 Ad/EYFP-hCAR-expressing hepatocytes from each
group. We used primary hepatocytes from two independent donors and repre-
sentative results are shown in this article.
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Quantitative RT PCR analysis of mRNA. Total mouse liver RNA was iso-
lated with Trizol reagent (Invitrogen) and human primary hepatocyte RNA was
isolated with RNeasy mini kit (Qiagen). Reverse-transcription was performed
using High Capacity ¢cDNA Archive kits for RNA (Applied Biosystems).
Quantitative real-time PCR (qPCR) was carried out with the ABI prism 7000
or 7900HT sequence detection system (Applied Biosystems). For Cyp2b10,
Cyp3all, and Cyplal, pre-synthesized probes from Applied Biosystems,
Mm00456591_m1, Mm00731567, and Mm00487218_m1 were used, respec-
tively. For normalization of gene expressions among individual mice, Actb gene
expressions determined with TagMan mouse ACTB endogenous control rea-
gent (Applied Biosystems) were utilized. For CYP2B6, CYP3A4, and GAPDH
mRNA detection, as previously reported (Wang et al., 2013)., the following
primers were used: CYP2B6, 5-AGACGCCTTCAATCCTGACC-3" (for-
ward) and 5-CCTTCACCAAGACAAATCCGC-3’ (reverse); CYP3A4, 5'-GT
GGGGCTTTTATGATGGTCA-3’ (forward)and 5-GCCTCAGATTTCTCACC
AACACA-3’ (reverse); and GAPDH, 5-CCCATCACCATCTTCCAGGAG-3"
(forward) and 5-GTTGTCATGGATGACCTTGGC-3" (reverse). Induction
values (fold over control) were calculated according to the 242 method, where
AC, represents the differences in cycle threshold numbers between the target
gene and GAPDH, and AAC, represents the relative change in these differences
between the control and treatment groups.

Cell culture and reporter gene assay. Huh7 cells (JCRB cell bank, Osaka,
Japan) were cultured in minimum essential medium supplemented with 10%
fetal bovine serum, 2mM L-glutamine, penicillin (100 units/ml) and strepto-
mycin (100 pg/ml). Plasmids were transfected into Huh7 cells using Fugene6
(Roche) according to the manufacturer’s instructions. Plasmids used were
NR1x5/pGL3-tk (Kawamoto et al., 1999), XREM/pGL3 (originally reported as
p3A4-362(7836/7208ins)) (Goodwin et al., 1999), phRL-tk (Promega), mCAR/
pCR3 (Sueyoshi ez al., 1999), hCAR/pCR3 (Ueda et al., 2002), mPXR/pCR3,
and hPXR/pCR3 (Yeung et al., 2008). Transfected cells were kept for 24 h, then
BDE-47 was added to the medium and cells were incubated for an additional
24h. Luciferase reporter activities were measured using Dual Luciferase Assay
System (Promega) and firefly luciferase activities were normalized with Renilla
luciferase activities. We observed no cytotoxicity of BDE-47 on Huh-7 cells
based on viability analysis employing MTT assay at current treatment conditions.

Statistical analysis. Statistical analysis was performed by one-sided exact
Mann—Whitney tests for the mRNA expression differences or luciferase reporter
activity differences between vehicle and BDE-47 treated cells and mice.

RESULTS

First, the effect of BDE-47 on the expression level of sev-
eral mouse liver CYP genes was examined. Mice were treated
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with graded doses of BDE-47 (0, 10, 30, 60, 100mg/kg).
Twenty-four hours after treatment, mice were sacrificed and
CYP mRNA quantified by qPCR as shown in Figure 1. BDE-
47 induced the Cyp2b10 gene dose dependently. In contrast,
Cyp3all was weakly induced only at the highest dose whereas
Cyplal was not induced at all. The results in Figure 1 prompted
us to examine the potential role of xenobiotic nuclear recep-
tors CAR and PXR, since these nuclear receptors are known to
be responsible for the gene activation of many CYP genes in
response to xenobiotic compounds.

We used CAR and PXR wild-type and null mice to exam-
ine the role of CAR and PXR in mediating BDE-47 effects
(Fig. 2A). Single administration of BDE-47 (50 mg/kg) induced
Cyp2b10 strongly in wild type mice while no induction was
observed in CAR null mice. In PXR null mice, Cyp2b10 was
induced to almost the same level of wild type mice. Cyp3all
was induced weakly in wild type mice, but no induction was
observed in CAR or PXR null mice. Cyp2b10 and Cyp3a pro-
tein expression levels in the microsome fractions in Car null
and Pxr null and their littermate wild type mice were exam-
ined as in Figures 2B and 2C by Western blotting analysis.
Cyp2b10 protein bands are increased by BDE-47 in WT and
Pxr null mice in similar way. In contrast, no Cyp2b10 bands
were observed in Car null mice with or without BDE-47 treat-
ment. Anti-Cyp3a, which reacts with several Cyp3a enzymes
including Cyp3all, detected single band of protein from each
sample. The intensities of the detected bands are essentially the
same among the samples from any genetic conditions with or
without BDE-47 treatment. These results revealed the critical
roles of CAR in Cyp2b10 induction by BDE-47 in mouse liver.

Next we examined the effect of BDE-47 on human CAR intra-
cellular localization in human primary hepatocytes as shown
in Figure 3. We transfected human primary hepatocytes with
an adenovirus construct expressing YFP-hCAR fusion protein.
We then treated the cells with PB (1 mM) or BDE-47 (10 and
50 pM). Representative images for YFP fusion protein localiza-
tion by confocal microscopy are shown in Figure 3 panel A. We
counted cells to categorize YFP-fusion protein localization in
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FIG. 1. Dose-dependent induction of CYP mRNAs by BDE-47 in mouse livers. C3H/HeNCrIBR mice received a dose-dependent gastric administration of

BDE-47 or vehicle as described in the methods section. gPCR was employed to measure Cyp2b10, Cyp3all, and Cyplal mRNAs in the livers. mRNA levels were
determined relative to 3-actin mRNA levels and were expressed by using the levels of vehicle-treated mice as one. Numbers represent mean + SD (n = 3). #*p < .05.
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FIG. 3. Induced nuclear accumulation of CAR in BDE-47-treated
human primary hepatocytes. A, Human primary hepatocytes (donor HL-40)
were infected with AJ/EYFPhCAR as described in the methods section.
Twelve hours after infection, cells were treated with DMSO or BDE-47 (10
and 50 pM). Images of YFP tagged hCAR were visualized in human primary
hepatocytes with a confocal microscope. B, After over 100 cells were counted
for each treatment, the intracellular localization of YFP-hCAR was categorized
into three groups: cytoplasmic (C), nuclear (N), and both cytoplasmic and
nuclear (N = C).

cytoplasm, nucleus or mixed (localized in both cytoplasm and
nucleus). The results shown in panel B indicate that PB treat-
ment caused translocation of YFP-hCAR into the nucleus in
almost 90% of cells. This PB effect was well in accordance
with our results reported previously (Li et al., 2009). BDE-47
at concentrations of 10 and 50 pM showed roughly 40% and
60% nuclear localization, respectively. Thus, at these concen-
trations BDE-47 caused translocation of YFP-hCAR into the
nucleus of human primary hepatocytes, although the efficacy
of BDE-47 was less than that of PB under these experimental
conditions.

We then tested these human hepatocytes for the ability of
BDE-47 to induce expression of CYP2B6, which is a CAR tar-
get gene in human liver (Fig. 4). CYP2B6 mRNA was induced
in a dose-dependent manner. Induction was statistically sig-
nificant down to the lowest concentration tested, 5 pM. At the
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highest dose tested (50 pM) CYP2B6 was induced approxi-
mately 40-fold to almost the same level as that seen using the
canonical CAR activator PB (1 mM). In contrast, CYP3A4 was
less effectively induced; less than 2.5-fold at maximum. There
was no dose dependency in this gene induction of BDE-47
with concentrations over 10 pM (Fig. 4). The inductions were
significant but somewhat weaker than the human PXR activa-
tor rifampicin (10 pM). Western blotting analysis in Figure 4B
shows indeed BDE-47 as low as 5 ptM can increase CYP2B6
protein levels in human primary hepatocytes despite the
effect was not prominent compared to the mRNA induction.
CYP3A4 protein levels were also induced in higher concentra-
tion of BDE-47 and the dose dependency was more noticeable
in protein levels than mRNA expressions. The reason why we
observe slight decrease of CYP2B6 and CYP3A4 protein levels
in 10 pM treated hepatocytes are not clear at this point and may
need future analysis.

To further characterize the molecular mechanism of CAR
activation by BDE-47, CAR-responsive reporter gene activa-
tion was examined in Huh-7 cells as shown in Figure 5. Huh-7
cells were co-transfected with the reporter construct (NR1 x5/
pGL3-tk) together with either mCAR or hCAR expression vec-
tors. As previously reported (Honkakoski et al., 1998; Sueyoshi
et al., 1999; Ueda et al., 2002), both mCAR and hCAR exhib-
ited strong activation of the reporter gene without any chemical
treatments. This high basal activity was suppressed with CAR
antagonists androstenol (Sueyoshi et al., 1999) and PK11195
(1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoqui-
nolinecarboxamide) (Li et al., 2008) for mCAR and hCAR,
respectively. Activation by other compounds was then tested
by adding them simultaneously with the antagonists. Activity
is expressed as -fold induction relative to the level seen for the
antagonist alone.

As shown in Figure 5A, unliganded mouse CAR induced
luciferase reporter activity could be suppressed by about 75% by
the addition of androstenol. Increasing concentrations of BDE-
47 increased reporter expression in a concentration-dependent
fashion, which was statistically significantly elevated at 50 pM.
The mCAR agonist TCPOBOP (1,4-bis-[2-(3,5-dichloropyri-
dyloxy)] benzene, 3,3",5,5-Tetrachloro-1,4-bis(pyridyloxy)
benzene) activated the reporter 3.4-fold. In this experiment PB,
which activates CAR by a different mechanism, activated the
reporter 1.5-fold.

The same experiments were carried out under the same con-
ditions except that human CAR was used and the antagonist
was hCAR-specific PK11195 as shown in Figure 5B. Similar
results were observed for the hCAR experiment: a concentra-
tion-dependent activation of the reporter was seen. The hCAR
system was even more sensitive to BDE-47 than mCAR was;
statistically-significant activation was observed at 10 pM.
BDE-47 at the highest concentration reached the same level
of activation as 1 pM CITCO, an authentic hCAR activator
ligand (Maglich et al., 2003). PB (1 mM) did not activate the
reporter in this assay condition. To find lower limit of BDE-47
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Induction of CYP mRNAs and proteins by BDE-47 in human primary hepatocytes. A, Human primary hepatocytes (donor HL-40) were treated with

DMSO, phenobarbital (PB), rifampicin (Rif), and BDE-47 (at four concentrations ranging from 5 to 50 pM) for 24 h. CYP mRNA levels were determined relative
to the levels of GAPDH mRNA and expressed using the levels in DMSO-treated hepatocytes as one. Numbers represent mean + SD (n = 3). #p < .05 . B, Human
primary hepatocytes (donor HL-82) were treated as the same way as for mRNA preparations. Whole cell extracts and Western blotting was performed as described
in the Methods section to detect CYP2B6 and CYP3A4 protein expression levels in the extracts (25 pg/lane). 3-actin used internal control for whole cell extracts.

concentration in this assay for hCAR activation, the exactly
same format experiment using from 0.5 to 5 pM concentration
of BDE-47 was performed as in Supplementary Figure 3. As
low as 1 pM of BDE-47 induced the reporter gene significantly.

Next, we examined BDE-47 effect on human and mouse
PXR activity in reporter gene assays in Huh7 cells trans-
fected with mPXR or human PXR (Fig. 6). BDE-47 treat-
ment caused weak, but statistically significant, activation of

the mPXR reporter, even at the lowest concentration tested
(10 uM). However, the efficacy of this activation was only
about 15% of the level achieved using the mPXR ligand ago-
nist PCN. In contrast, BDE-47 treatment resulted in robust
activation of hPXR, with a 10- and 80-fold increase in
reporter activity using 10- and 100-uM BDE-47, respectively
(Fig. 6B). The activation with 10-uM BDE-47 was compa-
rable to that of 10 pM rifampicin. These results suggest that
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FIG. 5. Activation of luciferase reporter gene by mCAR and hCAR.
NR1 x 5-luciferase reporter plasmid was co-transfected with mCAR (A) or hCAR
(B) expression vector into Huh-7 cells. Twenty-four hours after transfection,
cells were treated with DMSO or the indicated concentrations of BDE-47 for
another 24h in the presence of antagonistis for mCAR (androstenol) and hCAR
(PK11195). Luciferase activities were determined as described in the methods
section. The relative luciferase activities were calculated by considering antago-
nists (androstenol for mCAR (A) and PK11195 for hCAR (B)) treated cells with
CAR transfection as one. Numbers represent mean + SD (n = 3). *p < .05.

BDE-47 is a activator of both hPXR and mPXR. Potency of
activation by BDE-47 was more prominent with hPXR com-
pare to mPXR.
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DISCUSSION

In previous reports, BDE-47 was shown to induce CYP
genes in mouse liver (Richardson ef al., 2008; Staskal et al.,
2005). CYP gene induction spectra in mouse liver suggested
a role for nuclear receptor CAR in these effects (Richardson
et al., 2008). In this study, we observed that a single admin-
istration of BDE-47 induced Cyp2bI0 gene expression in a



BDE-47 ACTIVATES NUCLEAR RECEPTOR CAR

dose-dependent manner in mouse liver. Using gene KO mice,
Cyp2b10 induction was shown to be CAR-dependent in mice.
Furthermore, CYP2B6 induction in human primary hepatocytes
by BDE-47 suggested that this chemical activates human CAR
as well. We confirmed this hypothesis using a gene reporter
assay utilizing a CAR-responsive sequence linked to a lucif-
erase reporter gene. The results show that hCAR was able to be
activated by BDE-47 in Huh7 cells.

Overall the results in this article clearly establish that BDE-47
activates nuclear receptor CAR to induce genes in human pri-
mary hepatocytes as well as in vivo in mice. In addition, these
results also suggest that the mode of activation for CAR by BDE-
47 may be different between species. Although CAR is indis-
pensable for the activation of the Cyp2b10 gene in mouse liver
by BDE-47 (Fig. 2), mCAR was not effectively activated in the
gene reporter assay shown in Figure 5. Results using human pri-
mary hepatocytes showed CAR translocation into nuclei as well
as CYP2B6 gene induction by BDE-47. These observations are
consistent with the gene reporter assay results in Figure 5 which
show effective activation of hCAR by BDE-47. Collectively, these
results are possibly explained by that BDE-47 is a ligand activa-
tor of hCAR. Minimum activation of mouse CAR in reporter
assays and effective activation of CAR in mouse liver by BDE-
47 is similar to the pattern seen with PB-induced CAR activation.
CAR was recently shown to be activated by PB through EGFR
receptor activity modulation and eventual de-phosphorylation at
a threonine residue in DNA binding domain (Mutoh et al.,2009,
2013). Future ligand-competition binding studies and detailed
mechanistical studies will be needed to address molecular mech-
anisms of BDE-47 activation of human and mouse CAR.

Both mPXR and hPXR are activated by BDE-47 in reporter
assays (Fig. 6). However, the assay results also showed a large
difference in the efficacy of BDE-47 in activating these two
receptors as compared to their respective positive controls.
A similar difference between mPXR and hPXR activation in
a BDE-47 reporter assay was reported previously (Pacyniak
et al., 2007). Overall, CAR seems to be the major receptor for
BDE-47 in mice while both CAR and PXR are activated by
this chemical in humans. One limitation of our results concern-
ing hCAR activation by BDE-47 is that our study employed
only the CAR1 variant among the many reported variant forms
of hCAR. Recent reports about di(2-ethylhexyl) phthalate
(DEHP), a common plasticizer, activation of CAR 2 variants
(DeKeyser et al., 2009, 2011) prompts further detailed analysis
of receptor specificity. In the future, evaluation of CAR variant
specificities against many PBDE congeners will be necessary.

CYP2B6 and CYP3A4 metabolize 3—15% and 50% of thera-
peutic drugs, respectively (Wang and Tompkins, 2008). Thus,
if CYP2B6 and CYP3A4 genes are induced in human liver as
we observed in human primary hepatocytes by BDE-47, it
may affect human responses to numerous therapeutic drugs.
Furthermore, not only BDE-47, but other congeners such as
BDE-99 and BDE-209 have been reported to induce genes
including CYP3A4 in human primary hepatocytes (Stapleton
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et al., 2009) and to activate human PXR (Pacyniak et al., 2007).
Therefore individuals who have chronic exposure to PBDEs
may have different responses to therapeutic drug treatments
from those who have low or no exposure. Furthermore, many
environmental chemicals (DeKeyser et al., 2009, 2011), natu-
ral products (Huang et al., 2004; Sueyoshi et al., 2011; Yeung
et al., 2008)or even some growth factors (Mutoh et al., 2013)
can affect both CAR and PXR or either one of these. Thus
human response to BDE-47 should be assessed in the context
of complex interactions among those factors.

We found 5-pM BDE-47 induced the CYP2B6 gene in human
primary hepatocytes (Fig. 4) and 1-uM BDE-47 activated
human CAR in luciferase reporter gene assays (Supplementary
Figure S3). These concentrations of BDE-47 may not be very
far from the highest possible human liver exposure in the North
American population. The following amounts of BDE-47
were found as the highest values among human specimens: in
adult blood, 1,388 ng/g lipid (Morland et al., 2005), in toddler
blood 350ng/g lipid (Stapleton et al., 2012), in adult adipose
tissue 2,720ng/g lipid (Johnson-Restrepo et al., 2005). The
molar concentration of BDE-47 at 2,720ng/g is approximately
5.5 pM if this were a water based solution. In autopsy liver
samples, Meironyte Guvenius et al., (2001) found comparable
amounts of BDE-47 in liver lipids compared to adipose tissue.
In a mouse toxicokinetics study, the liver had 5-15 times less
disposition of BDE-47 compared to adipose tissue between 24 h
and 21 days after the administration of a single 1 mg/kg oral
dose (as compared to contents in wet tissues) (Staskal et al.,
2005). Thus the individual who has 5.5-uM BDE-47 in his/hers
adipose tissue could have a liver BDE-47 exposure level in the
sub pM to pM range and this is well within or close to our
experimental conditions using primary hepatocytes or lucif-
erase reporter assays with human liver derived culture cells.

A single 30mg/kg oral dose of BDE-47 induced Cyp2bl10
in mouse liver as shown in Figure 1. After a single oral dose
of 1 mg/kg, BDE-47 generated a 1,662ng/g disposition peak in
liver tissue after 3h (Staskal et al., 2005) which decreases to
355ng/g 24h after the dosing. Thus peak mouse liver exposure
levels in our experimental condition may increase up to 100-uM
BDE-47 if we calculate in the same way as we estimated that of
human liver exposure on the basis that disposition in the liver
proportionally increases up to the dose we employed. Therefore,
in our experimental conditions, mouse liver was exposed in short
pulses of high concentrations of BDE-47. In previous studies,
four consecutive oral doses of 3 mg/kg induced liver PROD activ-
ity and those of 10 mg/kg increased Cyp2b10 mRNA expression
levels (Staskal et al., 2005, 2006b). In a 10-day exposure study,
in which 1 mg/kg daily consecutive dosing employed, no PROD
activity induction was observed (Staskal et al., 2006a). From
these data we can estimate acute liver disposition around 10 pM
is the lower limit to give Cyp2bl10 induction and this is well
consistent with our in vitro experiment results. At this point,
information about actual human liver chronic disposition lev-
els is limited. Given that semi chronic exposure results suggest
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bioaccumulation of BDE-47 (Staskal et al., 2006a) in rodents
and other chronic conditions like fatty liver condition may affect
BDE-47 partition in the liver in humans, the above mentioned
highest observed 5.5-pM BDE-47 in human adipose tissue is
close enough to the lower limit of Cyp2b10 induction in mice
and warrants our study. Physiologically based pharmacokinetic
models for chronic exposure to BDE-47 in rodents were devel-
oped (Emond et al., 2010) and development of those in humans
is also underway. Once these are established, a better dosing
scheme for rodents to mimic human chronic exposure condi-
tions will be developed and these animal model results may be
re-evaluated.

While we were preparing this manuscript, a report was pub-
lished showing that BDE-47 was predominantly metabolized
by CYP2B6 and converted into potentially toxic metabolites
(Feo et al., 2012). Thus BDE-47 induces CYP2B6 in human
liver and induced CYP2B6 metabolizes BDE-47. This recip-
rocal relationship between BDE-47 and CYP2B6 would make
toxicokinetics of BDE-47 more complex in human liver than in
animal models. In contrast to human CYP2B6, CYP2B1, which
is a CAR regulated gene in rats, is suggested to play only a
minor role in BDE-47 metabolism (Erratico et al., 2011). Many
CYP450s which are not under the regulation of either CAR
or PXR are involved in BDE-47 metabolism in rats based on
results using rat liver microsome and recombinant CYP450s
(Erratico et al., 2011). Therefore, in humans chronic exposure
to BDE-47 may amplify the toxic effects of the substance as
compared to the single dose exposure. In contrast, this type of
reciprocal toxic amplification may not happen in rats.

The information in this report will assist in understanding the
effects of PBDE chemicals on human health. Currently PBDEs
are ubiquitous in the environment, and further studies of their
potential for drug—drug interactions in humans are warranted.
The finding here emphasizes a strong rationale for invoking
both CAR and PXR in liver pathophysiology involving PDBE
congeners.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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