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• OH-BB80 has moderate antagonistic ef-
fect toward human thyroid receptor
(TR) β.

• OH-BB80 quenches the intrinsic fluores-
cence of TRβ ligand binding domain
(LBD).

• Hydrophobic and electrostatic interac-
tions contribute predominantly to the
binding.

• A hydrogen bond is formed between
OH-BB80 with the Phe272 on TRβ LBD.
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Polybrominated biphenyls (PBBs)werewidely used as additive brominatedflame retardants. Their hydroxylated
products (OH-PBBs) have beendetected frequently in variousmarinemammals, causing an increased health risk.
Till now, there lacks information on the potential disruption of OH-PBBs toward thyroid hormone receptor (TR)
and the molecular characteristics of their interactions remain largely unknown. We herein in vitro and in silico
evaluated the disrupting effect of 3,3′,5,5′-tetrabromobiphenyl (BB80) and its metabolite 2,2′-dihydroxy-
3,3′,5,5′-tetrabromobiphenyl (OH-BB80) toward human TR. The recombinant human TRβ two-hybrid yeast
assay reveals themoderate antagonistic activity of OH-BB80with IC20 at 2 μmol/L, while BB80 shows no agonistic
or antagonistic activity. OH-BB80 binds at the binding cavity of TRβ ligand binding domain (LBD) and forms one
hydrogen bondwith Phe272. Electrostatic interactions and hydrophobic interactions contributemuch to their in-
teractions. The binding of OH-BB80 quenches the intrinsic fluorescence of TRβ LBD at static quenchingmode. Our
study extends knowledge on the endocrine disrupting effect of OH-PBBs and suggests the full consideration of
the biotransformation for further health risk assessment of PBBs and related structurally similar emerging
contaminants.
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1. Introduction

Polybrominated biphenyls (PBBs) were additive brominated flame
retardants with extensive use in fibers, plastics, electronic products,
coating and various textiles before the 1970s in the United States and
banned in 1976 after an accidental food supply contamination episode
occurred in Michigan (ATSDR, 2004a; Terrell et al., 2008). However, ex-
posure to PBBs is still widespreaddue to their stability and environmen-
tal persistence (Bruce-Vanderpuije et al., 2019; Jacobson et al., 2017;
Routti et al., 2019). The body burdens of PBBs are detectable in about
90% residents in Michigan's lower peninsula (Brilliant et al., 1978) and
they have still been detected in human breast-milk and serum samples
(Jacobson et al., 2017; Terrell et al., 2008). The median concentration of
common PBBs in adipose tissue samples of Spanish women is 0.35 ng/g
lipid, which is similar to European countries, and 3,3′,5,5′-
tetrabromobiphenyl (BB80) contributes N90% of all PBBs (Fernandez
et al., 2007).

PBBs undergo biotransformation involved in hydroxylation and
debromination reaction in the body (ATSDR, 2004b), and the half-life
of PBBs is estimated to be in the range of 13–29 years which is similar
to polychlorinated biphenyls (PCBs) (Ryan et al., 1993; Sjodin et al.,
2004). The hydroxylated (OH-) PBBs have been frequently detected in
various marine organisms, including a typical derivative 2,2′-dihy-
droxy-3,3′,5,5′-tetrabromobiphenyl (OH-BB80) in sharks (0.1–7.5 ng/g
lipid weight), dolphins (12–800 ng/g lipid weight), whales
(12–49 ng/g lipid weight) and marine plants (0.1–5.1 ng/g fresh
weight) (Haraguchi et al., 2010; Kato et al., 2009; Marsh et al., 2005).
Tri- and tetra-brominated OH-PBBs are detected in the blubber of
ringed seals and tissues and blood of polar bears from East Greenland
(Gebbink et al., 2008a; Gebbink et al., 2008b; Letcher et al., 2009).

Considering the potential biotransformation of PBBs in the human
body and the bioaccumulation and tissue-specific biomagnification of
OH-PBBs in various marine mammals (Letcher et al., 2009; Weijs
et al., 2014), the health risk of OH-PBBs has caused increasing public
concern. The epidemiologic studies reveals the associations of PBBs
with thyroid disease from the Michigan cohort study and thyroid hor-
mone system is suggested as a major target for PBBs (Jacobson et al.,
2017; Small et al., 2011; Yard et al., 2011). The mixture of PBBs,
Firemaster BP-6 with bromine atoms ranging from two to eight, is re-
ported to suppress thyroid hormone receptor (TR)-mediated transcrip-
tion in CV-1 cells and disrupt the thyroid hormone (TH)-induced
cerebellar morphogenesis (Ibhazehiebo et al., 2011). Till now, whether
the exposure to OH-PBBs has the potential TR disruption remains
largely unknown.

In the present study, we investigated the endocrine disrupting effect
of BB80 and itsmetabolite OH-BB80 (Fig. 1) toward TRβ and probed the
underlying molecular mechanism with the combination of in vitro and
in silico methods. The agonistic/antagonistic effect of BB-80 and OH-
BB80 toward TRβ was measured using the recombinant human TRβ
two-hybrid yeast assay. The effect of OH-BB80 binding to the structure
of TRβ LBD was investigated by the steady-state fluorescence spectros-
copy. The binding mode of OH-BB80 to TRβ ligand binding domain
(LBD) was characterized by molecular docking. Our obtained informa-
tion on the enhanced endocrine disrupting effect of the metabolite
Fig. 1. Chemical structures of BB80 and OH-BB80.
OH-BB80 and its binding characteristics to TRβ LBD provides essential
information for health risk assessment of PBBs and related
contaminants.
2. Material and methods

2.1. Materials

3,3′,5,5′-Tetrabromobiphenyl (BB80, CAS No. 16400-50-3, 98% pu-
rity) was purchased from Jilin Yanshen Technology Ltd. (Changchun,
China). 2,2′-Dihydroxy-3,3′,5,5′-tetrabromobiphenyl (OH-BB80) was
synthesized following the reported method with the yield of 90%
(Text S1) (Marsh et al., 2005). Human liver microsome (HLM, Cata-
logue: 452161) and NADPH regenerating system (Solution A, Cata-
logue: 451220; Solution B, Catalogue: 451200) were purchased from
BD Biosciences Company (Shanghai, China). The SD/-Leu/-Trp Broth
(Catalogue: 630316) was purchased from TaKaRa Bio USA, Inc. (Moun-
tain View, CA, USA). Dimethylsulfoxide (DMSO, CAS No. 67-68-5, 99.5%
purity) was purchased from Sigma-Aldrich Company (St. Louis, MO,
USA). 3,3′,5-Triiodo-L-thyronine (T3, CAS No. 6893-02-3, 98% purity),
o-nitrophenyl β-D-galactopyranoside (o-NPG, CAS No. 369-07-3, 98%
purity) and sodium dodecyl sulfate (SDS, CAS No. 151-21-3, for bio-
chemistry) were purchased from J&K Chemical Ltd. (Shanghai, China).
2-Mercaptoethanol (CAS No. 60-24-2, biotechnology grade) was pur-
chased from Amresco Commercial Finance, LLC (Boise, Idaho, USA).
Other chemicals were all in analytical grade.
2.2. In vitro metabolism assay

The in vitro metabolism of BB-80 by HLM was performed following
reported protocols (Zhuang et al., 2017). The NADPH regenerating sys-
tem (50 μL Solution A and 10 μL Solution B)wasmixedwith PBS (840 μL,
110 mM, pH = 7.4) in Eppendorf tubes and pre-incubated at 37 °C for
5 min. BB80 (10 μL, 0.005 M) and HLM solution (90 μL, 1 mg/mL)
were added into tubes and incubated at 37 °C for 2.5 h. The systemwith-
out HLM was used as the negative control. After the centrifugation at
9000g for 15 min, supernatants of the reaction mixture were collected
in glass tubes, concentrated by Oasis HLB Extraction Cartridge (3 mL,
60 mg, Waters, MA), and dried with a stream of nitrogen. The extracts
were then re-solvated in 1 mL methanol and stored at −20 °C for fur-
ther UPLC-Q-TOF-MS/MS analysis.
2.3. UPLC-Q-TOF-MS/MS analysis

The collected samples (5 μL) were injected into the ultrahigh-
performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS, Waters Corp., Milford, MA, USA) with the reverse
phase ACQUITY BEH-C18 column (1.7 μm, 50 mm × 2.1 mm; Waters
Corp., Milford, MA, USA) at a flow rate of 0.4 mL/min. The mobile
phase was composed of 0.1% formic acid-acetonitrile (A) and 0.1%
formic acid-water (B), following the linear gradient programs 0/2, 20/
95, 22/95 (min/B%). The identification of metabolites was performed
by AB Triple TOF 5600+ System (AB SCIEX, Framingham, USA) in
electrospray ionization (ESI) and atmospheric pressure chemical ioniza-
tion (APCI) source with the scan ranges of 100–1500 Da precursor ion
and 50–1500 Da production. The optimal MS condition was set in neg-
ative ion mode with a source voltage of−4.5 kV and a source tempera-
ture of 550 °C. The declustering potential and the collision energy were
set at 100 V and 50 ± 20 V, respectively. Maximum allowed error was
set at ±5 ppm, and the detection wavelength was 254 nm. The exact
mass calibration was conducted automatically before each analysis
using the Automated Calibration Delivery System, and the results
were analyzed by PeakView Software v1.2 (AB SCIEX, Framingham,
USA).



3X. Zhang et al. / Science of the Total Environment 697 (2019) 134040
2.4. Recombinant human TRβ two-hybrid yeast bioassay

The thyroid hormone disruptionwas evaluated by recombinant TRβ
two-hybrid yeast assay following reported protocols (Zhuang et al.,
2017). The reporter lacZ plasmids and pGBT9 hTRβ plasmids were sta-
bly transfected to Y187 yeast strain (Li et al., 2008a; Lv et al., 2017).
The incubation of xenobiotics with the yeast cultures may induce or in-
hibit the β-galactosidase activity, showing agonistic or antagonistic ef-
fect of xenobiotics to hTRβ. The yeast cells were pre-incubated in SD/-
Leu/-Trp broth at 30 °C overnight. Two PBBs were initially dissolved in
DMSO, and the final volume of DMSO in the mixture was below 1%.
For the measurement of antagonistic activity, yeast medium (990 μL)
with an optical density value around 0.75 at 600 nm wavelength
(OD600), T3 (5 μL, 0.1 mmol/L) and PBBs (5 μL, 0.005 nmol/L to 37.5
μmol/L) were mixed in 1.5 mL Eppendorf tubes. For agonistic activity,
PBBs (5 μL) were added to yeast medium (995 μL). The mixture (200
μL) was transferred to 96-well transparent plate (Corning Inc., Cata-
logue: 3599) and incubated at 30 °C for 2 h. The cultured yeast cells
(50 μL) were transferred to a new 96-well transparent plate and lysed
by adding 120 μL B-buffer (60 mmol/L Na2HPO4·12H2O, 40 mmol/L
NaH2PO4·2H2O, 10 mmol/L KCl, 1 mmol/L MgSO4·7H2O, 0.1 mmol/L
SDS and 38 mmol/L 2-mercaptoethanol) and 20 μL chloroform with
the following incubation at 30 °C for 10 min. The enzyme reaction was
initiated by adding o-NPG (40 μL, 13.3 mmol/L). After 60 min incuba-
tion, the enzyme reaction was terminated by the addition of sodium
carbonate (100 μL, 1.0 mol/L). The β-galactosidase activity was finally
calculated based on the measured OD420 values and OD600 values ob-
tained from Infinite 200 PRO Plate Reader (Tecan Group Ltd.,
Switzerland) following reported methods (Ding et al., 2017; Li et al.,
2010). All assays were conducted for three replicates in biological trip-
licate, and each assay included a positive control (T3) and negative con-
trol (DMSO).

2.5. Steady-state fluorescence spectroscopy

Many contaminants are reported to induce conformational varia-
tions of TRβ and other nuclear receptors, thus affecting the transcription
activity of corresponding receptors (Chen et al., 2016; Li et al., 2008b).
The steady-state fluorescence spectroscopy is widely used to reveal
the conformational changes and the interactions between chemicals
and biomacromolecules at the molecular level (Qin et al., 2011). The
steady-state fluorescence spectra were recorded using FluoroMax-4
Spectrofluorometer (HORIBA Scientific, France) following reported pro-
tocol (Ding et al., 2015) to monitor the binding of OH-BB80 to TRβ LBD.
The purified TRβ LBD was obtained from our previous work (Lu et al.,
2018). The stock solution of OH-BB80 (10 μL) at concentrations from 0
to 10 μmol/L and TRβ LBD (500 μL, 30 mg/L) were added to Tris-HCl
buffer (490 μL, pH 7.4, 0.2 M Tris, 0.1 M NaCl) in each 1.5 mL Eppendorf
tubes. The mixtures were incubated for 30 min at 25 °C and 37 °C, re-
spectively. The fluorescence intensities weremonitored in 1mm quartz
cuvette from 300 to 500 nm with an excitation wavelength of 280 nm
and exit slits of 7 nm. The inner filter effect was removed in comparison
to the buffer solution control.

2.6. Molecular docking

To probe the binding characteristics of OH-BB80 toward TRβ LBD,
OH-BB80 was docked into the binding cavity of TRβ LBD following re-
ported protocol (Zhuang et al., 2016). The molecular docking was per-
formed by Gold 5.1 Program using the X-ray crystal structure (PDB ID:
2J4A, resolution: 2.2 Å). The ligand conformations were automatically
searched for 100 times each run during the docking process using the
genetic algorithm (GA), and finally 100 poses were generated.
GoldScore was chosen as the scoring function, and the ChemPLP was
used as the rescoring function to evaluate the docking score of obtained
poses. The posewith the highest docking scorewas selected and further
validated by MVD 4.2 Program following reported protocol (Lu et al.,
2018).

2.7. Statistical analysis

The data obtained from yeast assay were displayed as mean ± stan-
dard deviation (SD) and fitted by Logistic equation (four parameters)
using GraphPad Prism 7.0 software. The difference was analyzed by
the independent samples t-test and considered as statistically signifi-
cant with p b 0.05.

3. Results and discussions

3.1. UPLC-Q-TOF-MS/MS analysis of BB-80 metabolite

The parent compound BB-80was detected in APCImode, and the re-
tention time in extracted ions chromatogram (XIC) was 16.099 min
(Fig. 2A). The molecular weight of BB-80 is 469, and it was derived by
oxygenating inmass spectrometer as shown in the full-scan mass spec-
trum of 16.099 min (Fig. 2B) and secondary ion mass spectrum of
484.6994 Da (Fig. 2C) of BB80. Based on the symmetrical isotopic
peaks of bromine, a metabolite with four bromine atoms was identified
at 12.962 min (Fig. 2D–F). Debromination and hydroxylation are the
major reaction of commercial PBBs mixtures in vivo metabolism
(ATSDR, 2004b), contributingmore hydrophility. Them/z of themetab-
olite was increased by 32 Da, implying the addition of two oxygen
atoms in the structure of BB80. To verify the proposed structures of
the metabolite, OH-BB80 was synthesized and re-analyzed in UPLC-Q-
TOF-MS/MS. The retention time, isotopic peaks of bromine and MS/MS
information were all identical with the original sample. OH-BB80 is
the main metabolite of BB80 with the retainment of benzene ring
structure.

3.2. The antagonistic activity toward TRβ

The recombinant TRβ two-hybrid yeast in vitro bioassay is highly
specific and robust toward TRβ ligand and determined the agonistic/an-
tagonistic potency of chemicals rapidly (Metcalfe et al., 2013). The pos-
itive control T3 induced the β-galactosidase activity in a dose-
dependent relationship (Fig. 3A), implying the validity of the assay.
The concentration of maximum activity of T3 was 5 × 10−6 mol/L, in
line with reported observations on the agonistic activity of T3 (Lu
et al., 2018). BB-80 and OH-BB80 at serial concentrations
(0.005 nmol/L – 37.5 μmol/L) including environmentally relevant con-
centrations showed no toxicity to yeast cells (Fig. S1) and induced no
β-galactosidase activity (Fig. 3A), indicating no agonistic activity toward
TRβ at concentrations ranging from 0.005 nmol/L to 5 μmol/L. The an-
tagonistic effect was further determined by co-incubation with 0.5
μmol/L of T3. BB-80 showed no significant antagonistic activity
(Fig. 3B). However, the incubation mixture of OH-BB80 induced less
β-galactosidase activity with a higher concentration (Fig. 3B), suggest-
ing the antagonistic activity in a concentration-dependent manner.
The calculated IC20 of OH-BB80 is 2 μmol/L, indicating that OH-BB80 is
a moderate antagonist. To the best of our knowledge, it is the first
time to provide evidence on the enhanced disruption activity of theme-
tabolite OH-BB80 toward TRβ. PBBs, polybrominated diphenyl ethers
(PBDEs) and PCBs are potential TH-disrupting chemicals with structural
similarities (Hamers et al., 2006). Hydroxylated PBDEs exhibit TH activ-
ities due to their structural similarity to TH (Li et al., 2010) and compete
with TH for the binding with TR, disturbing the recruitment coregulator
and affecting function of systems modulated by TR (Chen et al., 2016).
Lower-chlorinated PCBs are prone to hydroxylation, and hydroxylated
PCBs play important roles in the agonistic activity toward TR signaling
pathway (Ren et al., 2019). Considering that these hydroxylated prod-
ucts are retained in humans and animals through the metabolism of



Fig. 3. (A) The standard dose-response curve for T3 (colored in black) and the β-galactosidase activity for the agonistic activity of BB80 (colored in blue) and OH-BB80 (colored in orange)
determined by the human recombinant TRβ two-hybrid yeast assay. (B) The dose-response curve for the antagonistic activity of BB80 (colored in blue) and OH-BB80 (colored in orange).
The sign * stands for a statistically significant difference (p b 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to theweb version of this article.)

Fig. 2. The chromatogram and mass spectrum of BB-80 and OH-BB80. The extracted ions chromatogram (A), the full-scan mass spectrum of 16.099 min (B), and secondary ion mass
spectrum of 484.6994 Da (C) of BB80. The extracted ions chromatogram (D), the full-scan mass spectrum of 12.962 min (E), and secondary ion mass spectrum of 500.6972 Da (F) of
OH-BB80.
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Fig. 4. The steady-state fluorescence spectra at 25 °C (A) and 37 °C (B) of TRβ LBD upon the binding of OH-BB80 at concentrations ranging from 0 to 10 μmol/L. The fluorescence intensity
was monitored with λem of 300–500 nm and λex of 280 nm.
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their parent compounds and potential bioaccumulation action of the
food chain (Weijs et al., 2009), OH-PBBs might pose health risk.

3.3. In vitro characterization of binding characteristics of OH-BB80 to TRβ
LBD

To probe the disrupting mechanism of OH-BB80, the changes of in-
trinsic fluorescence of TRβ LBD were monitored at 25 °C and 37 °C by
steady-statefluorescence spectra (Fig. 4). The emission spectrumexhib-
ited a peak maximum at 349 nmwith the eliminated inner-filter effect,
approximately equal to the reported result (Lu et al., 2018). The maxi-
mum OH-BB80 concentration caused a slight red shift from 349 nm to
Fig. 5. The Stern-Volmer curve (A), modified Stern-Volmer curve (B), and Scatchard e
352 nm, which was affected by the decrease of hydrophobicity and
the increase of polarity of the microenvironment around Trp residues
(Cao et al., 2019; Lou et al., 2017;Wu and Tong, 2019). The fluorescence
intensity of TRβ was declined with an increasing concentration of OH-
BB80 (0, 2, 4, 6, 8, and 10 μmol/L) (Fig. 4), showing a concentration-
dependent manner. The disturbed TRβ conformation is suggested to
possibly influence the heterodimerization of TR with other receptors,
the recruitment of coactivator and the basal transcriptional activity
(Cheng et al., 2010).

We further analyzed the fluorescence quenching mode of OH-BB80
by fitting the Stern-Volmer equation (Text S2, Fig. 5A). As shown in
Table S1, the value of Ksv decreased as the rising temperature and the
quation curve (C) of the interaction of OH-BB80 with TRβ LBD at 25 °C and 37 °C.



Table 1
Thermodynamic parameters of the binding of OH-BB80 to TRβ LBD.

Temperature ΔG (KJ·mol−1) ΔH (KJ·mol−1) ΔS (J·mol−1·K−1)

25 °C −30.35
−18.73 0.039

37 °C −30.82
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Kq values were much bigger than the maximum dispersion collision
quenching constant (2.0 × 1010 Lmol−1 s−1) (Liu et al., 2016), implying
the static quenchingmode of TRβ LBD via the formation of a stable com-
plex. For the static quenching process, the dissociation constant (Kd)
and association constant (Ka, Ka = 1/Kd) (Table S1) were obtained
based on themodified Stern-Volmer equation (Text S2, Fig. 5B). The cal-
culated number of the binding sites (n) at 25 °C and 37 °C (Table S1)
from the Scatchard equation (Text S2, Fig. 5C) were 0.667 and 0.759, re-
spectively. The thermodynamic parameters ΔG, ΔH and ΔS were
− 30 kJ·mol−1, −18.73 kJ·mol−1 and 0.039 J·mol−1 K−1, respectively
(Table 1). TheΔG value is negative, showing a spontaneous bindingpro-
cess (Cao et al., 2019; Lou et al., 2017; Tan et al., 2018). The ΔH value is
negative and the ΔS value is positive, indicating the major contribution
of electrostatic interactions and hydrophobic interactions during the
binding process (Lou et al., 2017; Tan et al., 2018).

3.4. In silico characterization of the binding mode of OH-BB80 to TRβ LBD

Information on the binding characteristics of ligands to TRβ LBD is
essential for an understanding of the molecular mechanism of the thy-
roid disruption of many contaminants (Chen et al., 2016; Ren et al.,
2019). Considering the tertiary structure for TRβ LBD in complex with
OH-BB80 is unavailable, we constructed the structure using molecular
docking. OH-BB80 was successfully docked into the binding pocket of
TRβ LBD (Fig. 6A). OH-BB80 was surrounded mainly by hydrophobic
residues (Fig. 6B), including Phe272, Ile275, Ile276, Leu330, Leu341,
Leu346 and Phe455. It formed a stable complex between ligand and
protein by hydrophobic interactions, further validating the observation
from our fluorescence assay. The oxygen atom of the phenolic hydroxyl
group at OH-BB80 formed one hydrogen bondwith the oxygen atom of
the carbonyl group at Phe272 in the distance of 2.8 Å (Fig. 6A). The ac-
tivation function 2 (AF-2), a transactivation domain in the TRβ LBD, is
activated upon the binding of agonists (Barettino et al., 1994; Glass
et al., 1997). OH-BB80 located near Helix 12 (H12) (Fig. 6A), which
may lead to the reposition of H12, blocking the AF-2 and preventing
the recruitment of the coactivator (Chen et al., 2016). The disrupting
Fig. 6. (A) Thebindingmode of OH-BB80 to TRβ LBD. Theprotein andOH-BB80 are shown in car
indicated in dashed line. (B) Hydrophobic residues (colored in magenta) and hydrophilic resid
atoms, nitrogen atoms and oxygen atoms on residues and OH-BB80 are colored in gray, blue an
reader is referred to the web version of this article.)
effect and molecular interactions toward TRβ are related to the struc-
tural characteristics of chemicals such as the degree of bromination,
the type of substituent group and the position of substitution (Kojima
et al., 2009; Ren et al., 2013). The low-brominated OH-PBDEs (1–4 bro-
mine atoms) are reportedly weak binders with TR, whereas high-
brominated compounds (N 4 bromine atoms) are potent binders (Ren
et al., 2013). The bromine atom at the 5′ aryl position might disrupt
the packing of H12 and transform the TRβ LBD surface for recruitment
of coactivators (Ren et al., 2013).

4. Conclusion

Our study reveals the enhanced disruption activity of OH-BB80
toward TR after metabolism and uncovers the disruptingmechanism
by in vitro and in silico study. OH-BB80 exhibits moderate TR
disrupting effect in a concentration-dependent manner, while BB-
80 shows no agonistic or antagonistic activity. OH-BB80 binds at
the cavity of TRβ LBD and has hydrophobic interactions and electro-
static interactions with the surrounding residues. Its binding signifi-
cantly quenches the fluorescence intensity of TRβ LBD in a static
mode and alters the hydrophobicity and polarity of the microenvi-
ronment around Trp residues of TRβ LBD. The disrupting effect of
OH-BB80 may have a potentially adverse effect on the regulation of
downstream transcription of TRβ and related thyroid hormone sig-
nal pathway. Therefore, to avoid possible underestimation or overes-
timation of risk assessment of PBBs and structurally similar
contaminants, their biotransformation, hydroxylation and
photodegradation should be taken into full consideration for corre-
sponding risk assessment. Our study fills the knowledge gap for the
endocrine disrupting effect and molecular mechanism of OH-PBBs.
Considering the structural similarity of PBB, PBDE and PCB, the ob-
tained information is of significance for further health risk assess-
ment of PBBs and structurally similar contaminants.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.134040.
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