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Abstract

6-hydroxy-2,2′,4,4′-tetrabromodiphenyl ether (6-OH-BDE-47) is both a polybrominated diphenyl 

ether (PBDE) flame retardant metabolite and a marine natural product. It has been identified both 

as a neurotoxicant in cell-based studies and as a developmental toxicant in zebrafish. 

Hydroxylated PBDE metabolites are also considered thyroid hormone disruptors due to their 

structural similarity to endogenous thyroid hormones. The purpose of this study was to evaluate 

the effects of 6-OH-BDE-47 on a developmental pathway regulated by thyroid hormones in 

zebrafish. Morphological measurements of development (head trunk angle, otic vesicle length, and 

eye pigmentation) were recorded in embryos at 30 hours post fertilization (hpf) and detailed 

craniofacial morphology was examined in 4 day old larvae using cartilage staining. Exposure to 6-

OH-BDE-47 resulted in severe developmental delays. A 100 nM concentration resulted in a 26% 

decrease in head trunk angle, a 54% increase in otic vesicle length, and a 42% decrease in eye 

pigmentation. Similarly, altered developmental morphology was observed following: Thyroid 

Receptor β morpholino knockdown;, exposure to the thyroid hormone triiodothyronine (T3) and to 

thyroid disrupting chemicals (TDC; iopanoic acid and propylthiouracil). The threshold for lower 

jaw deformities and craniofacial cartilage malformations was at doses greater than 50 nM. Of 

interest, these developmental delays and effects were rescued by microinjection of TRβ mRNA 

during the 1–2 cell stage. These data indicate that OH-BDEs can adversely affect early life 

development of zebrafish and suggest they may be impacting thyroid hormone regulation in vivo 

through downregulation of the thyroid hormone receptor.
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1.1 Introduction

Hydroxylated polybrominated diphenyl ethers (OH-BDEs) may be produced from either 

natural (e.g. marine algae) or anthropogenic sources (Nomiyama et al., 2011; Wan et al., 

2009). In mammals, OH-BDEs are formed by oxidative metabolism of polybrominated 

diphenyl ether (PBDE) flame retardants by cytochrome p450s, particularly CYP2B6 

(Erratico et al., 2011; Feo et al., 2013). Both PBDEs and OH-BDEs persist in the 

environment, where they bioaccumule, and their universal occurrence in environmental 

media and human tissues (Chen et al., 2013; Kelly et al., 2008; Sun et al., 2013) are well 

established.

PBDEs affect estrogen, androgen, and thyroid hormone regulation in vitro (Kojima et al., 

2009; Meerts et al., 2001; Ren et al., 2013), and in vivo. For example, rodents showed 

reduced circulating thyroid hormone levels, as well as altered reproductive and metabolic 

functioning following exposure to specific BDE congeners or the commercial mixtures 

(Stoker et al., 2004; Szabo et al., 2009; Zhou et al. 2002). Some investigators hypothesized 

that endocrine effects of PBDEs observed in vivo result from exposure to the OH-

metabolites, rather than the parent compounds (Dingemans et al., 2008; Dingemans et al. 

2011). OH-BDEs share a strong structural resemblance to endogenous thyroid hormones and 

in vitro studies show disruption of thyroid hormone signaling by competitive binding to 

serum thyroid transporter proteins and nuclear receptors (Hamers et al., 2008; Meerts et al., 

2000; Ren et al., 2013). OH-BDEs inhibit the activity of thyroid sulfotransferase and 

deiodinase enzymes, critical for maintaining thyroid hormone levels in peripheral tissues 

(Butt and Stapleton, 2013; Butt et al., 2011). However, epidemiological studies in humans 

have observed conflicting associations between PBDE serum levels and thyroid hormone 

levels (Abdelouahab et al., 2013; Chevrier et al., 2011; Stapleton et al., 2011; Zota et al., 

2011). Sources of such differences may be related to the specific population characteristics 

(i.e. age, pregnancy), methods used to measure thyroid hormone levels, or differences in 

metabolism. Alternatively, PBDE metabolites may be responsible for driving some of the 

observed associations; but metabolites are infrequently measured in epidemiological studies.

The PBDE metabolite, 6-OH-BDE-47, is both a naturally produced chemical and a result of 

in vivo metabolism of PBDEs. 6-OH-BDE-47 disrupts thyroid hormone and causes 

developmental toxicity in zebrafish (Liu et al., 2015; Usenko et al., 2012; van Boxtel et al., 

2008). When the relative acute toxicity of various BDE-47 isomers was assessed in 

zebrafish, 6-OH-BDE-47 proved the most potent isomer tested (Usenko et al., 2012). We 

evaluated overt toxicity of eleven halogenated phenolic compounds (HPC) including 

chlorinated and brominated phenols, and also found 6-OH-BDE-47 to be the most acutely 

toxic compound in zebrafish embryos (see supporting information Table S1 and Figure S1).

Because 6-OH-BDE-47 has been detected in maternal serum and umbilical cord blood, 

concern for human developmental exposures has followed (Chen et al., 2013; Stapleton et 

al., 2011; Zhao et al., 2013; Zota et al., 2011). Fetuses and infants are undergoing rapid 

development and therefore may be more sensitive to chemical exposures. Furthermore, the 

maintenance of thyroid homeostasis is during pregnancy and early neurodevelopmental 
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periods (Howdeshell, 2002) underscore the need for assessing developmental impacts of 

OH-BDEs.

Based on previous work from our laboratory (Dong et al., 2014, 2013) providing evidence of 

altered deiodinase and thyroid receptor expression after exposure to 6-OH-BDE-47, we 

sought to further study these pathways by determining their role in developmental 

morphology including larval cartilage formation. The objectives of the present study were to 

examine how early-life exposure to 6-OH-BDE-47 affects developmental morphology 

relative to native thyroid hormones and thyroid disrupting chemicals in embryo-larval 

zebrafish. Secondly, we sought to determine whether co-exposure with thyroid hormones or 

overexpression of the thyroid receptor would recover the observed developmental delays 

and adverse effects observed after 6-OH-BDE-47 exposures.

2.1 Materials & Methods

2.1.1 Fish Husbandry

Adult wild-type (Tropical 5D) zebrafish were used. We obtained these from a population in 

Dr. David Volz’s laboratory, University of South Carolina, Columbia, SC, USA. Adult fish 

were housed at 28 ± 0.5°C on a 14:10 light/dark photoperiod in a recirculating AHAB 

system (Aquatic Habitats) and fed brine shrimp and Ziegler’s Adult Zebrafish Complete 

Diet (Aquatic Ecosystems, Apopka, FL). Embryos were collected from breeder tanks by 2 

hours post-fertilization (hpf) and maintained in embryo medium (5 mM NaCl, 0.17 mM 

KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) within incubators (at 28°C) under identical 

conditions as adults. Adult care and reproductive techniques were non-invasive and 

approved by the Duke University Institutional Animal Care & Use Committee.

2.1.2 Chemicals & Exposure Solutions

6-OH-BDE-47 was purchased neat from Accustandard (New Haven, CT) and were >99.5% 

purity. Triiodothyronine (T3) and thyroxine (T4) were purchased from Sigma-Aldrich (St. 

Louis, MO) and were > 97% purity. Iopanoic acid (IOP) (purity of > 98%) was purchased 

from TCI Chemicals (Portland, OR). Propylthiouracil (PTU) was purchased from Sigma 

Aldrich (purity of >97%). Methyl cellulose and alcian blue powder were also purchased 

from Sigma Aldrich. Dimethyl sulfoxide (DMSO) was purchased from EMD Millipore 

(>99.9% purity). Chemical information for the other eleven halogenated phenols tested in 

the overt toxicity assay can be found in the supplemental information. Concentrated stocks 

of all exposure chemicals were prepared in DMSO in amber vials. Exposure solutions were 

prepared from the concentrated stocks via serial dilution with embryo media water. All 

resultant exposure media contained ≤0.4% DMSO. A summary of the chemical properties 

and concentration ranges tested can be found in Table 1 and Table S2, respectively.

2.1.3 6 dpf Overt Toxicity

To assess the overt-toxicity of 6-OH-BDE-47, we conducted a 6 dpf overt toxicity assay in 

embryo-larval zebrafish (ten other halogenatic phenolic compounds were also evaluated for 

overt toxicity, see Table S1). Zebrafish embryos (sphere to 30% epiboly stage) (according to 

Kimmel et al., 1995) were placed in a 96-well plate (1 embryo/well insert; Laboratory 
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Supply Distributors, Millville, NJ) containing 500 μL glass inserts (0.4% DMSO). The glass 

inserts were baked at 450°C for 4 hours prior to use to reduce possible chemical 

contamination. Each well contained 250 μL embryo medium dosed with 1 μL of a 

concentrated 6-OH-BDE-47 stock solution (Final concentration = 1 nM - 10 μM). Each plate 

contained a range of log-concentrations of 6-OH-BDE-47 (1 nM-10 μM) and included a 

vehicle control and control receiving only embryo media (n = 12–14 fish/dose, 5 doses/plate, 

4 plates). Due to difficulties renewing media in the glass wells without damaging embryos, 

exposures were static.

Embryos were evaluated daily for abnormalities, hatching success, and lethality. 

Abnormalities were assessed by observing embryos under a dissecting microscope and 

recording spinal deformities, craniofacial abnormalities, edema of the pericardial/abdominal 

regions, and changes in pigmentation. Death was defined as the absence of a heartbeat or 

coagulation of the egg. Percent mortality and LC50 were calculated (Table S1, Figure S1).

2.1.4 Chemical Effects on Larval Morphology at 30 hpf

Developmental morphometrics (for detailed description, see (Kimmel et al., 1995)) are 

robust staging tools for embryonic development and include the head-trunk-angle (HTA), 

otic-vesicle length (OVL), and eye pigmentation (Figure 1A). These morphometric analyses 

were regarded as sensitive endpoints for thyroid disruption in zebrafish studies employing 

morpholino knockdown of deiodinase enzymes (Heijlen et al., 2014; Walpita et al., 2010). 

The HTA, OVL, and pigmentation enabled evaluation of developmental delays induced by 

6-OH-BDE-47, thyroid disrupting chemicals, and native hormones. Briefly, thirty zebrafish 

embryos (4–5 hpf) were dosed with either 6-OH-BDE-47 (10–250 nM), IOP (5–10 μM), 

PTU (1 mM), or T3 (5–10 nM) by dissolving a determined amount of stock solution into 15 

mL of embryo medium ([Final DMSO] ≤0.1%). IOP and PTU were selected as positive 

controls due to their established thyroid disrupting properties (Bouzaffour et al., 2010; 

Schmidt and Braunbeck, 2011). Range finding experiments and previous work in zebrafish 

were used to identify appropriate concentrations for these thyroid disrupting agents (5 μM 

and 10 μM IOP and 1mM PTU) (Bouzaffour et al., 2010; Schmidt and Braunbeck, 2011). 

Similarly, concentrations of native thyroid hormones were based on range finding 

experiments and previous studies using zebrafish (Brown, 1997; Liu and Chan, 2002; 

Walpita et al., 2007).

Control embryos received clean DMSO (<0.1%). The dosed embryos were housed in glass 

petri dishes (Pyrex, 100mm by 20mm) in an incubator until time of use. At 30 hpf, embryos 

were euthanized in 300 mg/L MS-222 and manually dechorionated with watchmaker’s 

forceps. Dechorionated embryos were then transferred to microscope slides, embedded in 

3% methyl cellulose, positioned in lateral recumbency, and imaged for the morphometrics 

described above. Rationale for this time point was based on previous work demonstrating 

sensitivity of 30 hpf embryos to developmental delays mediated by thyroid hormones 

(Walpita et al., 2009, 2007).

Embryo images were captured using a Nikon Eclipse E600 light microscope equipped with a 

Nikon DXM 1200 digital camera and NIS Elements imaging software (Nikon, Melville, NY, 

USA). Image J (NIH, Bethesda, MD) was used to quantify the HTA, OVL, and eye 

Macaulay et al. Page 4

Aquat Toxicol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pigmentation in each embryo image (illustrated in Figure 1A) (Heijlen et al., 2014; Kimmel 

et al., 1995; Walpita et al., 2010, 2009) Briefly, the HTA is formed by a line between the 

head and body axis (parallel to the notochord in the midtrunk region at somite 5). This angle 

increases between 20 hpf and 70 hpf as a result of body straightening. OVL was calculated 

by dividing the distance between the ipsilateral eye and inner ear (EED) by the diameter of 

the otic vesicle (IED, at its widest point) such that the highest OVL corresponds to the least 

developed embryo. Pigmentation was quantified in the eye of embryos by using integrated 

density as a count of the pixel area of the eye, compared to the background in each image. 

During developmental stages evaluated in this study, eye pigmentation is due to the density 

of melanin in retinal pigment epithelium and overlying choroid (Dong et al., 2014). All 

exposure experiments were performed in duplicate or triplicate, and represent n > 30 

embryos.

2.1.5 Co-exposure to 6-OH-BDE-47 and THs

To determine whether observed developmental delays were mediated through decreased 

thyroid hormone levels in peripheral tissues, we conducted co-exposure experiments with T3 

(5 nM and 30 nM) or T4 (30 nM) in the presence of 100 nM 6-OH-BDE-47. This 

concentration of the metabolite was identified in previous experiments to result in severe 

developmental delays but not lethality. Embryo exposures were conducted in glass petri 

dishes containing 30 embryos (4–5 hpf). Embryos were dosed simultaneously with 100 nM 

6-OH-BDE-47 and T3 or T4 and then at 30 hpf were evaluated for effects on HTA, OVL, 

and eye pigmentation as described in section 2.1.4. In this way we could determine whether 

co-exposures with thyroid hormones recovered the developmental delays induced by 6-OH-

BDE-47 exposures.

Follow up experiments using the same methodology were designed to determine whether 

cessation of exposure and/or hormone replacement ameliorated developmental effects. 

Briefly, embryos were exposed to 6-OH-BDE-47 during early development (4–24 hpf) and 

then removed from treatment, rinsed in triplicate, and transferred either to clean water or 

media containing 5 nM or 30 nM T3 or 30 nM T4 (24 hpf – 30 hpf). HTA, OVL, and eye 

pigmentation were examined at 30 hpf (data not shown). Table S2 contains a summary of 

exposure conditions.

2.1.6 Thyroid Receptor Morpholino Microinjections

Since multiple mechanisms for thyroid disruption have been demonstrated, we chose to 

investigate effects on the thyroid receptor to determine if downregulation of TRβ was 

driving the observed phenotypes following exposure to 6-OH-BDE-47. Thyroid hormone 

receptor translation blocking (GCAGTATGTCAGAGCAAGCAGACAA, THR-MO) and 5-

bp mismatch control (GgAGaATGTCtGAGCtAGCtGACAA; Control-MO) morpholinos 

were designed with Gene Tools, LLC. Morpholinos were diluted in sterile dH2O to a stock 

concentration of 100 mM and further diluted to 10 mM. One nL TRβ-MO or Control-MO 

morpholino was injected into the 1–2 cell stage embryo (1 hpf) as previously described 

(Dong et al., 2014). At 30 hpf, fish were euthanized, dechorionated, and imaged for 

developmental morphology (HTA, OVL, and eye pigmentation) as described in section 

2.1.4. Morphological evaluations were conducted in duplicate (n=20).
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2.1.7 TRβ mRNA overexpression

To evaluate the potential of recovering the observed developmental delays from TRβ 

knockdown, we evaluated the ability of TRβ mRNA overexpression to rescue the phenotype. 

TRβ mRNA was synthesized with SP6 polymerase and capped using a G(5′)ppp(5′)A RNA 

cap structure analog (New England Biolabs) as described previously (Dong et al., 2014). 

Embryos received microinjections of ~ 3 nL TRβ mRNA (~ 265 ng/μL) during the 1–2 cell 

stage. Phenol red (0.05%) was used to track injections as described previously (Dong et al., 

2014).

Approximately 3 hours after injection, embryos that showed normal development were 

placed in dosing solutions (100 nM or 250 nM 6-OH-BDE-47) within glass petri dishes. 

TRβ mRNA injections were also performed in unexposed embryos (Co-TRβ mRNA) to 

monitor for potential adverse effects of overexpression of the receptor during early 

development. In addition, we evaluated recovery of TRβ morpholino knockdown by also 

administering TRβ mRNA injections. For these experiments, embryos were first injected 

with TRβ-MO and then separately injected with TRβ mRNA (TRβ-MO + TRβ mRNA). In 

each experiment, embryos were euthanized, dechorionated, and imaged for developmental 

morphology at 30 hpf (HTA, OVL, and eye pigmentation) as described in section 2.1.4. 

Injection exposure experiments were conducted in duplicate (Co-TRβ mRNA, 250 nM 6-

OH-BDE-47 +TRβ mRNA, n=20) or triplicate (100 nM 6-OH-BDE-47 + TRβ mRNA and 

Co-Mo, n=30).

2.1.8 Whole-mount Cartilage Staining Using Alcian Blue in 4 dpf Larvae

To examine effects of 6-OH-BDE-47 exposure on developmental morphology of the larval 

cartilage skeleton, alcian blue dye was used to stain cartilaginous structures in 96 hpf larvae 

(Walker and Kimmel, 2007). This age was chosen based on previous work showing that 

craniofacial cartilage development in zebrafish is sensitive to thyroid hormones during the 

embryo-to-larva transition (Liu and Chan, 2002; Strecker et al., 2013). Briefly, thirty 

embryos received a static exposure to 50 nM or 100 nM 6-OH-BDE-47 (15 mL embryo 

media) from 4–96 hpf in glass petri dishes. At 96 hpf larvae were euthanized in MS-222 

fixed in 10% neutral buffered formalin overnight at -20°C and resultant intact individuals 

were stained overnight in fresh alcian blue solution at room temperature in one well of a 12-

well plate. Alizarin red staining for bone was also performed, but we were unable to detect 

any bone formation at this early age.

Following staining, specimens were washed in 95% ethanol for 30 minutes on a shaker table 

and rehydrated by passage through graded solutions of 75%, 50%, and 25% ethanol in 1x 

phosphate buffered saline (PBS). To aid imaging, soft tissues were then digested by trypsin 

(10 mg/mL) in 30% saturated sodium tetraborate solution at 4°C for several hours until 

cartilage was clearly visible. Specimens were then washed in 0.5% KOH three times, 

bleached with 3% H2O2 to remove pigment and transferred through a graded series of 

increasing ratios of 0.5% KOH:glycerol (3:1, 1:1, 1:3 0:1). Once in 100% glycerol, tissues 

were stored at 4°C until time of imaging. Larvae were placed on depression slides, oriented 

in dorsal recumbency, and imaged for craniofacial morphology using a Nikon SMZ-1500 

Stereoscope.
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Craniofacial development was examined in 20 larvae per treatment. We determined forward 

protrusion of Meckel’s (l1) and ceratohyal (l2) cartilage structures (illustrated in Figure 2) 

according to previous methods (Mukhi and Patiño, 2007). Briefly, the cartilage complexes 

form a U- or V-shape that approximate an isosceles triangle. Thus, by measuring the side 

and base of each cartilage complex of the pharyngeal skeleton, the forward protrusion length 

was estimated using the Pythagorean theorem (L= square root (s2 - b2/4) as performed 

previously (Mukhi and Patiño, 2007).

2.1.9 Statistical Analysis

Graphpad Prism 6 software was used for statistical analysis (v 6.01 Graphpad Software Inc). 

For the overt toxicity data, dose-response survival curves were analyzed using a log-rank 

test and statistical significance was determined using a Bonferroni correction for multiple 

curves. Morphological data are normalized as percent relative to control (mean ± SEM; n > 

30 across 2–3 experiments) and were analyzed using a one-way ANOVA with Dunnet’s 

post-hoc test. No differences between experimental replicates were observed for any test. 

For morpholino and mRNA injection experiments, data were analyzed using a two-way 

ANOVA to check for effects of injection and dose, followed by least squared means (n= 20–

30 across 2–3 experiments). Tukey’s post-hoc test was used to determine significant 

differences between groups. A p-value <0.05 was considered statistically significant.

3.1 Results

3.1.1 Overt Toxicity Assessment at 6 dpf

A concentration-dependent increase in percent mortality was observed with exposure to 6-

OH-BDE-47 from 4 hpf to 6 dpf (Figure S1). Importantly, of 11 halogenated phenolic 

compounds tested, 6-OH-BDE-47 had the lowest LC50 value at 134 nM (for dose response 

curves of all tested chemicals, see Figure S2). 6-OH-BDE-47 was also more toxic than the 

parent compound, BDE-47 (LC50> 10 μM) and the other hydroxylated isomers of BDE-47 

(Figure S3). We observed no mortality in the DMSO or embryo water controls. Mortality (to 

6dpf) was the same in both the 6-OH-BDE-47 exposed and co-exposed (6-OH-BDE-47 and 

T3 or T4) experiments (data not shown)).

3.1.2 Chemical Effects on Larval Morphology

Altered phenotypes were observed following 6-OH-BDE-47 treatments, including spinal 

curvature, pericardial edema, craniofacial abnormalities, reduced pigmentation, and failure 

of the swim bladder to inflate. Pronounced developmental delays were also observed, 

particularly with increasing concentrations of 6-OH-BDE-47. Exposure to 100 nM and 250 

nM 6-OH-BDE-47 significantly delayed development, decreased yolk sac absorption, and 

reduced pigmentation in the embryos. In the 100 nM 6-OH-BDE-47 exposure, the average 

HTA decreased 26%, the average OVL increased by 54%, and the average eye pigmentation 

was reduced by 42% relative to DMSO controls (Figure 1B–D). In addition, different 

exposure durations were also examined to look for 6-OH-BDE-47 effects on development. 

No significant differences for OVL, HTA, or eye pigmentation were observed between 

exposures to 6-OH-BDE-47 from 4–24 hpf (20 hour exposure; with recovery in clean media 
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until morphometric analysis at 30hpf) and a longer exposure from 4–30 hpf (26 h exposure; 

data not shown).

Positive controls, including the endogenous thyroid hormone T3, PTU, and IOP induced 

similar morphological delays (Figure 1B–D), including significant decreases in eye 

pigmentation and HTA, and increases in OVL. The 10 nM T3 exposure reduced the average 

pigmentation by 21%, decreased the HTA by 12%, and increased the OVL by 28%. 

Exposure to 10 μM IOP reduced eye pigmentation by 51%, decreased HTA by 13%, and 

increased the OVL by 80%.

3.1.3 Co-exposures of 6-OH-BDE-47 with Thyroid Hormones

No significant differences in HTA, OVL, or eye pigmentation were observed between co-

exposed embryos (6-OH-BDE-47 and T3 or T4) and embryos receiving only 6-OH-BDE-47 

treatment. Additionally, no significant differences in morphometric endpoints were detected 

between embryos receiving a 26 h exposure versus those receiving shorter exposure periods 

(20 hpf) or with recovery in TH supplemented media.

3.1.4 TRβ Morpholino Knockdown

In the TRβ morpholino knockdown embryos, the average HTA decreased 12%, the average 

OVL increased by 20%, and the average eye pigmentation was reduced by 27% relative to 

DMSO controls (Figure S4). These developmental delays are consistent with phenotypes 

from exposure to 6-OH-BDE-47 and thyroid disrupting agents. TRβ knockdown was 

rescued by subsequent injection with TRβ mRNA, and no significant differences in 

developmental morphology were observed between non-injected embryos, embryos 

receiving control mismatched TRβ morpholino (Co-Mo), or TRβMO + TRβ mRNA, 

indicating normal development.

3.1.5 Phenotype Rescue with TRβ mRNA overexpression

To further examine the potential role of TRβ downregulation in 6-OH-BDE-47-mediated 

effects, we evaluated the ability of TRβ mRNA overexpression to rescue the phenotype. 

There were three sets of controls: embryos receiving no injections (Control-NI; Figure 3A), 

embryos that received only TRβ mRNA injections (Co + TRβ mRNA; Figure 3B) and 

embryos that received an injection control morpholino (Co-Mo; Figure 3C). There were no 

significant differences in HTA, OVL, or PI between non-injected control embryos and Co-

Mo injected embryos (data not shown). There was a slight but significant increase in HTA in 

the Co- TRβ mRNA injected embryos (7%) relative to the Co-Mo injected embryos, but no 

significant differences in OVL or PI, indicating no adverse developmental effects from TRβ 

mRNA microinjections. Overall, TRβ mRNA injections alone did not adversely affect 

zebrafish development.

Interestingly, exposed embryos (100 nM 6-OH-BDE-47) that also received TRβ mRNA 

injections recovered the developmental delays observed in embryos treated with 100 nM 6-

OH-BDE-47 alone (Figure 3D, E). These TRβ mRNA rescued embryos recovered 

pigmentation and evidence from morphometric evaluations indicated rescue of normal 

development (Figure 3E), unlike the embryos exposed to 6-OH-BDE-47 only (Figure 3D). 
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Of note, TRβ mRNA injections with exposure to 250 nM 6-OH-BDE-47 (greater than the 

LC50) provided partial rescue of developmental delays (Figure 3F,G). Unfortunately 

morphometrics (HTA, OVL) could not be calculated in those animals receiving the highest 

concentration (250 nM) as few embryos had appreciable otic vesicle development 

precluding this aspect of staging. However, eye pigmentation was partially restored (Figure 

3G) when compared to similarly aged control individuals.

3.1.6 Effects on Larval Cartilage Development

Given the developmental delays observed in 6-OH-BDE-47 exposed embryos, we further 

examined effects on cartilage skeletal development in larval stages (Figure 4). Qualitatively, 

fish treated with 6-OH-BDE-47 had reduced head cartilage formation at 4 dpf relative to 

control animals (Figure 4C–F). Specifically, the forward protrusion (length) of the Meckel’s 

(m, l1) and ceratohyal (ch, l2) cartilage complexes were reduced by 23% and 21%, 

respectively, indicating alterations in the lower mandible (Figure 5). In some fish, 

malformations affected the entire pharyngeal skeleton, for example the angles between 

individual ceratohyals were malformed and Meckel’s cartilage was smaller and misshapen 

(Figure 4C–F).

4.1 Discussion

In this study, we used specific developmental staging metrics (HTA, OVL, eye 

pigmentation) to describe the developmental delays observed from exposure to 6-OH-

BDE-47 or TDCs (Heijlen et al., 2014; Kimmel et al., 1995; Walpita et al., 2010, 2009). 

Additionally, positive control chemicals with known modes of action (IOP, PTU) were 

utilized to further examine their impacts on developmental morphology via thyroid hormone 

disruption Propylthiouracil targets thyroid peroxidase, and may inhibit DI 2 in fish species 

(Orozco et al. 2000; Sanders et al., 1997; Visser et al.1983). Iopanoic acid targets DI 1 and 

DI 2, inhibiting peripheral conversion of T4 to T3 in target tissues (Bouzaffour et al., 2010). 

Perturbations of the thyroid system during development can elicit neurological and 

physiological impairments in amphibians, mammals, and fish, implicating the importance of 

studying chemical impacts on these early life stages (Brown, 1997; McMenamin and 

Parichy, 2013; Morvan-Dubois et al., 2013; Porazzi et al., 2009).

The present work demonstrated that exposure to 6-OH-BDE-47 resulted in dramatic 

developmental delays, and, at higher doses, lethality in zebrafish embryos. We initially 

hypothesized that these delays were a result of thyroid disruption, specifically, that 6-OH-

BDE 47 exposure was reducing circulating TH levels via inhibition of deiodinase activity 

(and thereby limiting peripheral T3 levels). Indeed, studies employing morpholino 

knockdown of DI 1, 2, and 3 in embryonic zebrafish have shown delays in morphological 

development similar to those observed in the present study (e.g., decreased HTA, increased 

OVL, and decreased pigmentation) (Heijlen et al., 2014; Walpita et al., 2010, 2009). To test 

this hypothesis, T3 and 6-OH-BDE-47 co-exposures were conducted to evaluate potential 

for recovery with external TH supplementation. However, co-exposure to 6-OH-BDE-47 

with either T3 or T4 did not rescue developmental delays, suggesting that DI inhibition was 

not occurring and tissue T4 and T3 levels were not being impacted. However, in these co-

exposure experiments, the concentrations of OH-BDEs were higher than the TH 
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concentrations. TH concentrations could not be increased further due to resultant toxicity 

(exposure to ≥50 nM T3 proved lethal). Treatment with exogenous THs during development 

appears to have mixed effects, with some studies reporting developmental toxicity and 

others reporting accelerated pigment formation and growth (Brown, 1997; Heijlen et al., 

2014; Liu and Chan, 2002; Walpita et al., 2007). These discrepancies are likely attributable 

to differences in developmental stage of exposure, route of exposure, and species (Brown, 

1997; Jegstrup and Rosenkilde, 2003; Liu and Chan, 2002), but more work is needed to 

resolve these issues.

While rescue experiments with T3 and T4 did not restore normal morphological 

development following 6-OH-BDE-47 exposures, overexpression of the thyroid receptor 

beta proved successful in restoring normal developmental features. The thyroid nuclear 

receptor is encoded by two genes, TRα and TRβ. TR isoform expression varies dependent 

upon the tissue, developmental stage, and species (reviewed in Darras et al., 2011; Nelson 

and Habibi, 2009) TRα is expressed earlier and at higher levels than TRβ, but both are 

present at the midblastula stage and subsequent stages examined in this study (Essner et al., 

1997; Liu et al., 2000; Power et al., 2001)

Multiple studies evaluating PBDE/OH-BDE toxicity have observed reduced transcription of 

thyroid receptors. For example, fathead minnows exposed to BDE-47 via the diet showed 

reduced transcription of both TRα and TRβ in a tissue and sex specific manner (Lema et al., 

2008). Another study in zebrafish embryos using 200 μg/L 6-OH-BDE-47 (~398 nM) 

observed a 2 fold reduction in TRα and 3 fold reduction in TRβ mRNA expression (Zheng 

et al. 2012). Additional work from our research group has also demonstrated downregulation 

of TRβ mRNA expression from 6-OH-BDE-47 exposure using both RT-PCR and whole-

mount in-situ hybridization in zebrafish (Dong et al., 2014). In addition, studies in TRβ 

knockout rodents have observed auditory/inner ear deficits and problems with regulation of 

the HPT axis (Abel et al., 1999; Forrest et al., 1996; Gauthier et al., 1999). For these 

reasons, we further examined the role of TRβ in mediating the developmental delays 

observed from 6-OH-BDE-47 exposures. Given the structural similarity between 6-OH-

BDE-47 and thyroid hormones, 6-OH-BDE-47 could be acting as a T3 mimic, causing the 

appearance of surplus ligand and subsequent downregulation of the nuclear receptor.

Morpholino knockdown of the thyroid receptor beta during early development induced 

similar developmental delays to those observed from exposure to 6-OH-BDE-47 (Figure S4, 

S5). These delays could be rescued by subsequent injection with TRβ mRNA, indicating the 

importance of the receptor during early development. Previous studies examining the 

impacts of TRα knockdown in zebrafish found effects on cranial neural crest migration, 

proliferation, survival, and differentiation (Bohnsack and Kahana, 2013). This same study 

also found that TRα knockdown induced malformations of Meckel’s and ceratohyal 

cartilages, similar to results reported herein. However, it is important to note that in the 

present report we only examined TRβ and so can make no direct comparisons relating to 

TRα in our results.

If exposure to 6-OH-BDE-47 downregulates expression of TRβ, this would lead to reduced 

binding of T3 and reduced transcription of essential growth and developmental pathways. 
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This provides an explanation for why T3 / T4 co-exposures failed to rescue the toxicity. 

Alternatively, 6-OH-BDE-47 may downregulate TRs independently of T3 mimicry by 

altering local hormone action. Changes in nuclear receptor expression could also occur 

through antagonism of other TRs, interference with the ability of TRs to bind to TREs, or 

interfering with co-activator recruitment following TH binding, or through other unknown 

mechanisms (Darras et al., 2014). Select PBDEs were able to promote dissociation of the 

thyroid receptor from the thyroid response element (targeting the DNA Binding Domain) in 

one study (Ibhazehiebo et al., 2011). More recently, Ren et al. (2013) demonstrated that 

binding affinity of OH-BDEs for human TRα and TRβ increased with the degree of 

bromination, likely due to increased hydrophobic interactions in the ligand binding pocket. 

Ren et al. also demonstrated that 6-OH-BDE-47, 5-OH-BDE-47, and other OH-BDEs were 

human TRβ agonists. Additional studies are necessary to define OH-BDE-thyroid receptor 

interactions, enhance our understanding of the mechanism of action, and explore the role of 

TRα.

In addition to impacts on the thyroid nuclear receptor, 6-MeO-BDE-47 and 6-OH-BDE-47 

have been shown to interfere with multiple other nuclear hormone signaling pathways 

(including aryl hydrocarbon receptor, estrogen receptor, mineralocorticoid receptor, 

glucocorticoid receptor, and thyroid hormone receptor (Liu et al., 2015)). 6-OH-BDE-47 has 

also been shown to impact oxidative phosphorylation and energy metabolism in-vitro (van 

Boxtel et al., 2008), and more recently OH-BDE mixtures found in marine environments 

have been shown to exhibit strong synergistic toxicity, creating concerns for environmental 

exposures (Legradi et al., 2014). Therefore, it is possible that other mechanisms independent 

of endocrine disruption may also be contributing to the observed developmental delays from 

6-OH-BDE-47 exposure.

Growing evidence of disrupted thyroid homeostasis by flame retardants (and their 

metabolites) exists through interactions with nuclear receptors (reviewed in Ren & Guo, 

2013). With regard to the thyroid nuclear receptor, the in vitro effects are inconsistent, with 

differences in activity reported even for the same compound (effects across studies 

summarized in Table S3). Some reports regard OH-BDEs/PBDEs as thyroid receptor 

antagonists, and others as receptor agonists. Much of this may be explained on the basis of 

differing compounds evaluated, cell lines used, and assay conditions (Kitamura et al., 2008; 

Kojima et al., 2009; Li et al., 2010; Ren et al., 2013; Ren & Guo, 2013; Schriks et al. 2007; 

Zhang et al., 2014). Furthermore, a recent report examining tetrabromobisphenol-A 

(TBBPA) toxicity in amphibians observed differential toxicity depending on the 

developmental stage of the organism at testing, with TBBPA acting as an antagonist during 

periods of elevated endogenous TH levels and an agonist during other periods (Zhang et al., 

2014). In both fish and amphibians, thyroid hormone surges occur as part of normal 

development (Liu and Chan, 2002; Miwa et al., 1988; Tata, 2006), therefore, testing 

different developmental stages (with different levels of endogenous THs) could also 

contribute to the reported differences in activity.

In conclusion, 6-OH-BDE-47 exposures adversely impacts early life development of 

zebrafish. These effects may be resulting from altered thyroid hormone regulation in vivo 

through downregulation of the thyroid hormone receptor. Early life exposures to OH-BDEs 
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are important to consider because plasma levels of PBDEs in US pregnant women are 

several fold higher than those in other countries, and PBDEs can cross the placenta and can 

be transferred to the developing fetus (Zhao et al. 2013). Although concentrations used in 

this study are higher than would be anticipated in the environment and in humans, 6-OH-

BDE-47 was measured in maternal serum and umbilical cord blood at concentrations 

ranging between 78–336 pM and, in some cases, at higher levels in cord blood than in serum 

(Chen et al., 2013; Stapleton et al., 2011). In cell-based studies, 6-OH-BDE-47 impacts 

multiple aspects of neurogenesis, including cytotoxicity, proliferation, and neuronal/

oligodendrocyte differentiation of adult mice neural stem progenitor cells (Li et al., 2013). 

Studies by Dingemans et al, also demonstrated increased toxicity of 6-OH-BDE-47 relative 

to BDE-47, and found impaired calcium homeostasis and disrupted neurotransmitter release 

(Dingemans et al., 2011, 2010, 2008). These observations raise concern for maternal 

exposure to PBDEs/OH-BDEs and resultant endocrine disruption during pregnancy and 

early fetal development.
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Abbreviations

HPC Halogenated Phenolic Compound

dpf Days Post Fertilization

CNC Cranial Neural Crest

DI Deiodinase Enzyme

DMSO Dimethyl Sulfoxide

FR Flame Retardant

hpf Hours Post Fertilization

IOP Iopanoic Acid

MO Morpholino

OH-BDE Hydroxylated Polybrominated Diphenyl Ether

PBDE Polybrominated Diphenyl Ether

TH Thyroid Hormone

TDC Thyroid Disrupting Chemical

PTU Propylthiouracil
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T4 Thyroxine

T3 Triiodothyronine

TR Thyroid receptor
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Figure 1. 
Various anatomical features used to establish morphometrics are illustrated in embryo image 

in Panel A. The HTA is formed by a line between the ear and the eye and by a line parallel 

to the notochord extending caudally to somite 5. The otic vesicle length was calculated using 

eye-ear-distance (EED- dashed white line) and inner ear diameter (IED- dashed black line) 

at widest point; OVL=EED/IED. The eye region is also highlighted to show area used for 

pigmentation measurement. Values for each parameter are shown for each experimental 

group (Panel B- HTA, Panel C-OVL, Panel D-eye pigmentation). Increases in OVL, 

decreases in pigmentation, and decreases in HTA are all indicative of developmental delays. 

Data are normalized to control values and presented as mean ±SEM (n>30/treatment) with 

statistical differences from controls denoted by an asterisk (One-way ANOVA, Dunnet’s 

post-hoc p<0.05)
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Figure 2. 
Photomicrograph of head region showing the forward protrusion (length) of the Meckel’s 

(l1) and the ceratohyal (l2) cartilage complexes in a 4dpf larval zebrafish stained with Alcian 

Blue. The sides and base (b) were measured using Image J Analysis Software, and the length 

(l) was calculated using the Pythagorean theorem, l=(s2-b2/4)1/2
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Figure 3. 
TR β mRNA injections rescue developmental delays (Panel I) caused by exposure to 

increasing concentrations of 6-OH-BDE-47. Representative 30 hpf zebrafish embryos (Panel 

II) that were treated with 100 nM 6-OH-BDE-47 (D,E), 250 nM 6-OH-BDE-47 (F,G) or 

control (A,B,C) are shown. Noninjected embryos are control (A), 100 nM 6-OH-BDE-47 

(D), and 250 nM 6-OH-BDE-47 (F). Embryos injected with control morpholino are in Panel 

B. Embryos injected with TRB are control (C), 100 nM (E) or 250 nM 6-OH-BDE-47 (G). 

Injection with TR βduring 6-OH-BDE-47 exposure (B,E,G) restored normal development, 

as indicated by restored morphometric values. Quantification of developmental 

morphometrics are presented as mean ±SEM (n>20/treatment) and statistical differences are 

denoted by bars with different letters (One-way ANOVA, Dunnet’s post hoc p<0.05).

Macaulay et al. Page 20

Aquat Toxicol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
6-OH-BDE-47 affects cartilage development in zebrafish (Danio rerio) larvae at 96hpf. 

Compare control larvae (A,G), to that of 50 nM 6-OH-BDE-47 (B), and 100 nM 6-OH-

BDE-47 treated larvae (C–F, H). Photomicrographs of head region are shown with varying 

orientations including ventral in A–D, dorsal in E–F, and lateral G–H. Panel A and G show 

normal development. In panel B, slight malformation is seen with broadening of right and 

left portions of Meckel’s (m) cartilage and the position and angle of the ceratohyals (ch) are 

altered (B,C,D). Panels E and F show malformations of the entire larval pharyngeal 

skeleton, with Meckel’s cartilage being smaller and misshapen. Note that the angle between 

the paired ceratohyals is markedly altered. In H, note the severe lower jaw deformities. Note 

absence of eyes (panel C) and variable eye pigmentation. This is an artifact of handling 

arising from the repeated staining, bleaching, and rinsing steps involved with these fragile 

specimens.
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Figure 5. 
Quantification of forward protrusion of cartilage complexes in 4dpf larval zebrafish. 

Treatment with 50 nM or 100 nM 6-OH-BDE-47 signficantly reduced the length of the 

Meckel’s and ceratohyal cartilage forward protrusions. These craniofacial abnormalities (see 

Methods section above) can be mediated by disruption of thyroid hormones, critical for 

pharyngeal cartilage and craniofacial development.
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Table 1

Chemical Properties of compounds used in this study. Log Kow values were estimated using EPA’s EPISuite 

software.

Thyroid Disrupting Agents and Native Thyroid Hormones

Chemical (CAS #) Structure Log Kow (MW g/mol) Name

6-OH-BDE -47 (n/a) 6.29 (501.8) 6-hydroxy, 2,2′,4,4′ tetrabromodiphenyl ether

PTU (0000051-52-5) 0.98 (170.2) 6-propyl-2-thiouracil

IOP (000096-83-3) 5.78 (570.9) Iopanoic Acid

T3 (00005-48-9) 2.96 (651.0) Triiodothyronine

T4 (000051-48-9) 4.12 (776.88) Thyroxine
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