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Introduction

Polybrominated diphenyl ethers (PBDEs) are used in large quantities worldwide as a flame retardant
additive in plastic materials, paints, textile fabrics, and so forth (Darnerud et al. 2001). Because of
their leachability from various materials and persistence, PBDEs have been identified in various
environmental sectors, including sediment and fish from rivers (Sellstrom et al. 1998), indoor air
(Saito et al. 2007), and house dust (Stapleton et al. 2005). Moreover, PBDEs have been identified in
human tissue samples, such as blood and breast milk, due to their bioaccumulative nature (Mazdai et
al. 2003; Schecter et al. 2003). In addition, more recent studies have shown that hydroxylated and
methoxylated PBDEs are formed as metabolites from parent PBDE congeners by oxidizing enzymes,
and are also present in the plasma of wild animals (Verreault et al. 2005) and humans (Athanasiadou et
al. 2008; Qiu et al. 2009), and in human breast milk (Lacorte and Ikonomou 2009).

Nuclear hormone receptors are ligand-dependent transcription factors that regulate a variety of
important physiological processes (McKenna et al. 1999). A number of studies have reported that
nuclear hormone receptors such as estrogen receptor (ER) and androgen receptor (AR) interact with
xenobiotic chemicals, for example, persistent pesticides (Kelce et al. 1995; Kojima et al. 2004) and
polychlorinated biphenyls (PCBs) (Bonefeld-Jorgensen et al. 2001). This implies that these chemicals
may disrupt the endocrine system via a variety of nuclear hormone receptors, and PBDEs may display
similar toxicity to PCBs due to their structural resemblance. In the present study, to elucidate the
endocrine disrupting property of PBDEs and their hydroxylated and methoxylated metabolites, we
have characterized the agonistic and antagonistic activity of principle PBDE congeners together with
several hydroxylated and methoxylated PBDEs against six hormone nuclear receptors of ERa/3, AR,
glucocorticoid receptor (GR) and thyroid hormone receptor (TR) a;/f3;.

Materials and Methods

Chemicals: 17p-Estradiol (E,), Sa-dihydrotestosterone (DHT), hydrocortisone (HC), 3,3°,5-triiodo-L-
thyronine (T;), tamoxifen citrate (TAM), hydroxyflutamide (HF), mifepristone (RU-486), and
tetrabrominated bisphenol A (TBBPA) were prepared as an hormone receptor agonist or antagonist.
The PBDE congeners and HO- and MeO-PBDEs tested in this study (Table 1) were synthesized
according to the methods previously reported, or purchased from AccuStandard, Inc.

Plasmids: The expression plasmids pcDNAERa, pcDNAERP, pZeoSV2AR, pSG5-GR, pZeo-TRa,
and pZeo-TRPB,; as well as the reporter plasmids, pGL3-tkERE, pIND-ARE, pGRE-tk-Luc and
pIND-TREpal, were prepared as previously described (Kojima et al. 2004; Kitamura et al. 2005). The
internal control plasmid, pPCMV-Gal, was purchased from Clontech.



Transactivation assays: Chinese hamster ovary (CHO-K1) cells were transiently transfected with
hormone receptor expression plasmid, the reporter plasmid, and the control plasmid using the
FuGENE 6 Transfection Reagent. After a 3-hr transfection period, cells were dosed with various
concentrations (< 1 x 10° M) of the test compounds or with 0.1% DMSO (vehicle control) in the
presence (for detecting antagonism) and absence (for detecting agonism) of E,, DHT, HC, and T; for
ERa/B, AR, GR, and TRa;/B; activity, respectively. We measured the firefly luciferase activity and the
B-galactosidase activity in the cell lysate. The luciferase activity was normalized against the
[B-galactosidase activity for each treatment. Results were expressed as means + SD from at least three
independent experiments performed in triplicates.

Results and Discussion

Figure 1 shows the dose-response curve of E,, DHT, HC, and T; from the ERa/B, AR, GR, and
TRa, /B, assays, respectively. This indicates that these assay systems are highly sensitive and specific
to the endogenous hormones. In this study, we characterized the potential hormone receptor activity of
16 PBDEs and their HO and MeO metabolites on the basis of these transactivation assays. The results
summarized in Table 1 reveal that these compounds, excluding BDE-15 and BDE-209, exhibited not
only ERo/p agonistic and AR antagonistic activities but also antagonistic activities via ERa/p, GR,
and TRa,/B; (Kojima et al. 2009).

In the ERa assay, six of 16 compounds tested, showed agonistic activities. The relative potencies
of their ERa agonistic activities descended in the following order: 4’-HO-BDE-17 >>
4’-MeO-BDE-17, 4-HO-BDE-42 > BDE-100 > BDE-47 > BDE-28. These estrogenic properties of the
PBDE congeners were in good accordance with those from the studies of Hamers et al. (2006) and
Meerts et al. (2001). In addition, we found that six compounds had an inhibitory effect on the
estrogenic activity induced by 1 x 10" M of E,. The order of relative potencies for ERa. antagonistic
activity was 4’-HO-BDE-49, 4-MeO-BDE-90 > BDE-153 > 4’-MeO-BDE-49 > BDE-99 >
4’-HO-BDE-17. In the ERJ assay, we found that of the 16 compounds tested, only 4’-HO-BDE-17
and 4-HO-BDE-42 induced estrogenic activity. In addition, we found that six compounds had an
inhibitory effect on the estrogenic activity induced by 1 x 10" M of E,. The order of relative
potencies for ERa antagonistic activity was 4’-HO-BDE-49 > BDE-100, BDE-153 > 4’-MeO-BDE-49
> 4-MeO-BDE-90 > BDE-99. These results suggested that 4’-HO-BDE-17 showed most potent
estrogenic activity via ERo/f, and 4’-HO-BDE-49 showed most potent anti-estrogenic activity via
ERa/B. In the AR assay, although none of the compounds showed any AR agonistic activity, 12
compounds inhibited agonistic activity induced by 1 x 107'° M of DHT. In particular, 4’-HO-BDE-17
inhibited at low concentrations in the order of 10® M. The order of relative potencies for AR
antagonistic activity was 4’-HO-BDE-17 > BDE-100 > 4-HO-BDE-42, BDE-47 > BDE-85 >
4’-HO-BDE-49 > BDE-28 > 4’-MeO-BDE-17, BDE-99 > 4’-MeO-BDE-49, 4-MeO-BDE-42,
4-MeO-BDE90. The anti-androgenic activities of 4’-HO-BDE-17 and BDE-100 were about 5- and
10-fold lower than that of HF, respectively. In the GR assay, although none of the compounds showed
any GR agonistic activity, seven compounds, including two HO-PBDEs and two MeO-PBDEs,
showed weak antagonistic activity. The order of relative potencies for GR antagonistic activity was
4-MeO-BDE-90 > 4’-HO-BDE-49 > 4’-MeO-BDE-49 > 4’-HO-BDE-17, BDE-85 > BDE-99 >
BDE-100. In the TRa; and TR, assays, although none of 16 compounds tested showed any TRa;/f3,
agonistic activity, we found that only 4-HO-BDE-90 inhibited both TRa;- and TRp;-mediated



transcriptional activity induced by 1 x 10® M of T; whereas its corresponding methoxylated
4-MeO-BDE-90 did not. The anti-thyroid hormone activities of 4-HO-BDE-90 were estimated to be
similar to those of TBBPA, previously reported to be a TR antagonist by Kitamura et al. (2005).

Taken together, these results suggest that PBDEs and their metabolites might have multiple
endocrine-disrupting effects via nuclear hormone receptors, and para-HO-PBDEs, in particular,
possess more potent receptor activity compared to that of the parent PBDEs and corresponding
para-MeO-PBDEs. Further experiments are needed to elucidate endocrine-disrupting effects of
accumulative PBDE metabolites such as 6-HO-BDE-47, 5-HO-BDE-47 and 5’-HO-BDE-99 recently
found in human blood (Athanasiadou et al. 2008; Qiu et al. 2009).

Acknowledgement
This study was supported by Grant-in-Aid for Scientific Research (C) from Japan Society for the
Promotion of Science.

References

Athanasiadou M, Cuadra SN, Marsh G, Bergman A, Jakobsson K. 2008. Environ Health Perspect
116:400

Bonefeld-Jargensen EC, Andersen HR, Rasmussen TH, Vinggaard AM. 2001. Toxicology 158:141

Darnerud PO, Eriksen GS, Johannesson T, Larsen PB, Viluksela M. 2001. Environ Health Perspect
109(suppl 1):49

Hamers T, Kamstra JH, Sonneveld E, Murk AJ, Kester MHA, Andersson PL, Legler J, Brouwer A.
2006. Toxicol Sci 92:157

Kelce WR, Stone CR, Laws SC, Gray LE, Kemppainen JA, Wilson EM. 1995. Nature 375:581

Kitamura S, Kato T, lida M, Jinno N, Suzuki T, Ohta S, Fujimoto N, Hanada H, Kashiwagi K,
Kashiwagi A. 2005. Life Sci 76:1589

Kojima H, Katsura E, Takeuchi S, Niiyama K, Kobayashi K. 2004. Environ Health Perspect 112:524

Kojima H, Takeuchi S, Uramaru N, Sugihara K, Yoshida T, Kitamura S. 2009. Environ Health
Perspect 117:1210

Lacorte S, Ikonomou MG. 2009. Chemosphere 74:412

Mazdai A, Dodder NG, Abernathy MP, Hites RA, Bigsby RM. 2003. Environ Health Perspect
111:1249

McKenna NJ, Lanz RB, O’Malley BW. 1999. Endocr Rev 20:321

Meerts IATM, Letcher RJ, Hoving S, Marsh G, Bergman A, Lemmen JG, van der Burg B, Brouwer A.
2001. Environ Health Perspect 109:399.

Qiu X, Bigsby RM, Hites RA. 2009. Environ Health Perspect 117:93

Saito I, Onuki A, Seto H. 2007. Indoor Air 17:28

Schecter A, Pavuk M, Papke O, Ryan JJ, Birnbaum L, Rosen R. 2003. Environ Health Perspect
111:1723

Sellstrom U, Kierkegaard A, de Wit C, Jansson B. 1998. Environ Toxicol Chem 17:1065

Stapleton HM, Dodder NG, Offenberg JH, Schantz MM, Wise SA. 2005. Environ Sci Technol 39:925

Verreault J, Gabrielsen GW, Chu S, Muir DC, Andersen M, Hamaed A, Letcher RJ. 2005. Environ Sci
Technol 39:6021



A B)

2 10 20 -
= —e—ERa
® 8 1 —O—ERp 16
[
g5 6 OH 12 1 OH
29 g
E
: 2 HO 4 o™~
) [
& 0 0 T T T T T ]
10-141013101210-1'10-1°10° 108 10-310-121011101°10° 108 107
17p Estradiol (E,) 50.-Dihydrotestosterone (DHT)
M) (M)
C) D)
£ 240 40 =
= —eo— TRa
‘{-‘3' 200 —o—TRB
30
§ __ 160 H
S (o] OH
2 o 120
S HO : OH 20
=2 80
e 40 10 HQ (o]
B o O NHp |
& 0 < 0
1011010 107 106105 10-1110-1910° 108 107 10
Hydrocortisone (HC) 3,3",5-Triiodo-L -thyronine (T5)
(M) M)

Figure 1. Dose-response curves for E2 (A), DHT (B), HC (C), and T3 (D) obtained from
the ERa/B, AR, GR, and TRa;/B; transactivation assays.

Table 1 Comparison of agonistic and antagonistic activities of PBDEs and their hydroxylated and
methoxylated metabolites agoinst ERa, ERB, AR, GR, TRa, and TRp;.

Compounds  Agonistic activity; REC,,? (M) Antagonistic activity; RIC,,?) (M)

ERa ERB ERa ERP AR GR TRa, TRB,
E, 25x1012 53 x 1012 - - - - - -
TAM - - 6.0x10° 7.0x10° - - - -
HF - - - - 1.8x 108 - - -
RU-486 - - - - - 5.7x10° - -
TBBPA - - - - - - 41x10% 9.6x10¢
BDE-15 N.E.9) N.E. N.E. N.E. N.E. N.E. N.E. N.E.
BDE-28 6.7 x10-¢ N.E. N.E. N.E. 1.3x10€ N.E. N.E. N.E.
BDE-47 5.0x10¢ N.E. N.E. N.E. 8.1x107 N.E. N.E. N.E.
BDE-85 N.E. N.E. N.E. N.E. 1.1x10%€ 7.0x10¢ N.E. N.E.
BDE-99 N.E. N.E. 57x10% 9.2x10%€ 1.4x106 7.7x10% N.E. N.E.
BDE-100 4.0 x10% N.E. N.E. 4.3x10% 21x107 8.5x10¢ N.E. N.E.
BDE-153 N.E. N.E. 33x10% 44x10¢ N.E. N.E. N.E. N.E.
BDE-209 N.E. N.E. N.E. N.E. N.E. N.E. N.E. N.E.
4-HO-BDE-17 19x107 241x107 8.8x 106 N.E. 8.6 x 108 6.7 x 106 N.E. N.E.
4’-MeO-BDE-17 2.5x10° N.E. N.E. N.E. 8.2x107 N.E. N.E. N.E.
4-HO-BDE-42 29x10% 3.6x10° N.E. N.E. 1.1x10%¢ N.E. N.E. N.E.
4-MeO-BDE-42 N.E. N.E. N.E. N.E. 1.7 x106 N.E. N.E. N.E.
4’-HO-BDE-49 N.E. N.E. 23x10% 3.6x10° 1.5x10€ 5.5x10¢ N.E. N.E.
4’-MeO-BDE-49 N.E. N.E. 44x10% 6.1x10€ 8.5x107 6.2x10¢ N.E. N.E.
4-HO-BDE-90 N.E. N.E. N.E. N.E. N.E. N.E. 8.1x10¢ 7.3x10¢
4-MeO-BDE-90 N.E. N.E. 26x10% 7.6x10¢€ 2.5x10¢ 25x10°% N.E. N.E.

3 20% relative effective concentration; the concentration of the test compound showing 20% of the agonistic activity of 10° M E,.
b 20% relative inhibitory concentration; the concentration of the test compound showing 20% of the antagonistic activity of 1 x 10! M

E, via ERa, 1 x 10-'°M E, via ERB, 1 x 10"1°M DHT via AR, 3 x 10" M via GR, 1 x 108 M via TRa, or 1 x 10-® M via TRB, respectively.
© No effect (REC,, or RIC,, > 1 x 10-°M).



