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Abstract

Tetrabromobisphenol A (TBBPA) is a widely used brominated flame retardant that is persistent in
the environment and detected in human serum and breast milk. TBBPA is microbiologically
transformed in anaerobic environments to bisphenol A (BPA) and in aerobic environments to
TBBPA dimethyl ether (TBBPA DME). Despite the detection of TBBPA DME in the environment,
the resulting toxicity is not known. The relative toxicity of TBBPA, BPA and TBBPA DME was
determined using embryonic exposure of zebrafish, with BPA and TBBPA DME exhibiting lower
potency than TBBPA. TBBPA exposure resulted in 200% mortality at 3 (1.6 mg/L) and 1.5 uM
(0.8 mg/L), whereas BPA and TBBPA DME did not result in significant embryonic mortality in
comparison to controls. While all three caused edema and hemorrhage, only TBBPA specifically
caused decreased heart rate, edema of the trunk, and tail malformations. Matrix metalloproteinase
(MMP) expression was measured due to the role of these enzymes in the remodeling of the
extracellular matrix during tissue morphogenesis, wound healing and cell migration. MMP-2, -9
and -13 expression increased (2-8 fold) after TBBPA exposure followed by an increase in the
degradation of collagen | and gelatin. TBBPA DME exposure resulted in only a slight increase
(less than 2 fold) in MMP expression and did not significantly increase enzymatic activity. These
data suggest that TBBPA is more potent than BPA or TBBPA DME and indicate that the trunk and
tail phenotypes seen after TBBPA exposure could be due in part to alteration of proper MMP
expression and activity.
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Introduction

Tetrabromobisphenol A (TBBPA) is a widely used brominated flame retardant that is a
persistent and prevalent contaminant in the aquatic environment (Fernandes et a/., 2008;
Kuiper et al., 2007a; Kuiper et al., 2007b; Labadie et a/.,, 2010; Nyholm et al., 2008;
Verslycke et al., 2005; Zhang et al., 2009). The widespread production and use of
brominated flame-retardants has raised concerns regarding their fate and effects on aquatic
species. Tetrabromobisphenol A [TBBPA, 4,4’-isopropylidenebis(2,6-dibromophenol)] is
the most commonly used brominated flame retardant produced globally at 120,000 metric
tons in 2001 (Hakk and Letcher, 2003). TBBPA is used primarily in the production of epoxy
and polycarbonate resins. The environmental persistence of TBBPA is due to its high
lipophilicity (log Kow=5.9), low volatility (7.0 x 1011 atm-m3 /mol), low water solubility
(4.16 mg/l at 25°C in H,0) and recalcitrance (Hakk and Letcher, 2003). The widespread use
of TBBPA, and its environmental persistence in dust, sediments and accumulation in biota
has led to increased concerns regarding its effects on wildlife and humans (Johnson-
Restrepo et al., 2008).

TBBPA undergoes two different types of transformations (Fig. 1) mediated by
microorganisms in the environment, reductive debromination to bisphenol A (BPA, 4,4’-
isopropylidenediphenol) or O-methylation to TBBPA monomethyl ether and TBBPA
dimethyl ether [(TBBPA DME), 4,4’-isopropylidenebis(2,6-dibromo-1-methoxybenzene)]
(Arbeli et al., 2006; George and Haggblom, 2008; Voordeckers et al., 2002). Notably,
TBBPA DME has been detected in aquatic sediments near a plastic manufacturing plant in
Sweden at concentrations of 36 and 2400 ng/g as well as in mussels in Osaka Bay, Japan
(Sellstrdm and Jansson, 1995; Watanabe et a/., 1983). Toxicological data on this new
metabolite of TBBPA are lacking, but are crucial to understanding the impact of
accumulation of TBBPA DME in the environment.

In contaminated sites, TBBPA is typically detected at parts per million (ppm) concentrations
in sediments and sewage sludge near brominate flame retardant production facilities (BFR),
and parts per billion (ppb) at other sites (Hakk and Letcher, 2003; Hale et al., 2006; Kang et
al., 2007). TBBPA DME has been detected in sediments at a higher level than TBBPA, but
the levels are still in the ppb range (Hakk and Letcher, 2003). BPA levels in sediments and
surface waters are also typically in the ppb range, but can be higher near the manufacturing
plants and decrease with distance from the plant (Kang, et a/., 2007).

It is known that TBBPA and BPA are estrogen mimics that interfere with normal
reproduction and development in mammals and finfish (Hamers et a/., 2006; Jakobsson et
al., 2002; Kitamura et al., 2005; Kuiper, et al., 2007a; Law, 2006; Meerts et al., 2000;
Thomsen et al., 2001). TBBPA (= 0.047 pM) exposure effects include a reduction of egg
production, survival and overall reproductive success in zebrafish (Kuiper, ef al., 2007a).
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Furthermore, it has been demonstrated that maternal transfer of brominated flame-retardants
from adult to embryos occurs in zebrafish (Nyholm, et al., 2008). The estrogenic effects in
adult fish involve a number of endocrine regulated pathways that are critical for coordinated
signaling in gonadal development and normal reproduction (Thomas 2008). Estrogen and its
cytosolic and membrane associated receptors have, been shown to be involved in the
regulation of MMPs which have been implicated in vascular permeability, angiogenesis,
gonadal development and developmental effects during early embryogenesis (Levin 2008;
Marin-Catano et al. 2003; Razndi et al. 2003). Therefore, estrogen mimics such as TBBPA
and BPA could also lead to inappropriate expression of MMPs that could explain some of
the effects described above and effects observed in this paper.

Previous studies in our laboratory have reported the importance of MMPs in normal
development and the effects of chemicals on MMP expression and activity with associated
developmental lesions (Hillegass, et al., 2007; Hillegass, et al., 2008). This is not to say that
other pathways do not play a role in lesion occurrence, but our studies concentrated on the
role of MMP 2, 9 and 13, which are major endopeptidases involved in development
(Crawford and Pilgrim, 2005; Ding et al. 2008). MMPs are Zn2* dependent endopeptidases
that are responsible for the cleavage of different components of the extracellular matrix, such
as collagen and gelatin. MMPs are involved in regulating cell adhesion, migration,
proliferation, differentiation and morphogenesis (Chakraborti ef a/., 2003; Zagris, 2001).
Our study focused on the gelatinases, MMP-2 and -9, and the collagenase MMP-13. These
particular MMPs were selected because they have been shown to be critical in mammalian
and zebrafish development (Crawford and Pilgrim, 2005; Murphy and Nagase, 2008). The
goal of this study was to determine the effect of developmental exposure to TBBPA and
determine whether the microbial transformation products of TBBPA (BPA and TBBPA
DME) differ in their developmental toxicity. The zebrafish model was used for these studies
for comparison to other finfish, and the ability to monitor the individual compounds effects
during embryonic stages (Hill et al., 2005; Kuiper, et al., 2007a). Therefore, the effects of
TBBPA and its metabolites (BPA and TBBPA DME) are compared during exposure to
embryonic stages of the zebrafish. There are currently no toxicity reports for TBBPA DME,
which is a primary metabolite of TBBPA and has been detected in environmental samples.

In our studies, TBBPA is more toxic than its metabolites, BPA and TBBPA DME based on
embryonic mortality and lesion occurrence. Embryonic exposure to TBBPA resulted in
truncated bodies/tails suggesting impairment in the remodeling of tissues during
development of the zebrafish embryo caudal region. Our studies concentrated on the role of
matrix metalloproteinase (MMP) expression and activity in response to TBBPA exposure in
the developing zebrafish embryo. Alterations in MMP expression and activity correlated
with the severity of the chemical’s effects. All three compounds following embryonic
exposure resulted in decreased juvenile survival (28 dph). This is the first study to
characterize and compare the developmental effects of TBBPA, BPA and TBBPA DME in
the developing zebrafish embryo.
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Materials and Methods

Chemicals

Tetrabromobisphenol A (TBBPA) and bisphenol A (BPA) were obtained from Sigma
Aldrich (>98% purity). Tetrabromobisphenol A dimethyl ether (TBBPA DME, purity >99%
by GC-MS) was synthesized from TBBPA as previously described (George and Haggblom,
2008). Stock solutions were prepared in dimethyl sulfoxide (DMSO, Sigma-Aldrich), which
was also used as the vehicle control.

Zebrafish strains and husbandry

The AB strain of zebrafish (Danio rerio) was used for all experiments, and was obtained
from the Zebrafish International Resource Center (ZIRC). Zebrafish were bred and
maintained in a recirculating Aquatic Habitat System utilizing a light: dark cycle of 14:10
hours, respectively. All experiments in this study were conducted according to a protocol
approved by the Rutgers University Animal Care and Facilities Committee.

Embryonic Dose Response Studies

A static, non-renewal approach was used in a series of studies where one embryo was placed
into each vial and observed every 24 hours. The concentrations of TBBPA and BPA used in
this study were similar to those used in previous zebrafish studies (Kuiper, et al., 2007b;
Muncke et al., 2007). The TBBPA DME doses were selected because they are in the same
range as the TBBPA and BPA concentrations. Zebrafish embryos were collected at
approximately 3 hours post fertilization (hpf) and were individually exposed for 5 days in
capped glass vials containing 1 mL of TBBPA (0.5, 0.75, 1, 1.5, or 3 uM)/(0.27, 0.4, 0.54,
0.8, 1.6 mg/L), BPA (5, 10, 15, 20 or 25 uM)/(1.14, 2.3, 3.42, 4.62, 5.77 mg/L), DME (5,10,
15, 20, 25 uM)/ (2.9, 5.7, 8.58, 11.44, 14.3 mg/L) or dimethyl sulfoxide (0.15% for controls)
in sterile zebrafish system water. Studies were conducted with 20 embryos per dose.
Developmental lesions, including edema, hemorrhage, death and date of hatching, were
recorded.

Embryonic Exposure and 28 Day Survival

Zebrafish embryos were exposed and evaluated for lesions as described above to the
following treatments: TBBPA (0.75, 1.5, or 3 uM)/(0.4, 0.8, 1.6 mg/L), BPA (5, 10, or 15
uM)/(1.14, 2.3, 3.42 mg/L), DME (1, 5, or 10 uM)/ (0.57, 2.9, 5.7 mg/L) and dimethyl
sulfoxide (0.15% for controls). The embryonic studies were repeated at least 3 times. To
examine juvenile survival, larvae were removed from vials after 5 days and placed into a
beaker containing system water and boiled wheat seeds. They were fed paramecium culture
and AP100 for the next 21 days. At 28 days post fertilization (dpf) all remaining live larvae
were counted and euthanized using an overdose of MS-222 (Tricaine methanesulfonate).

Quantitation of Heart Beat in Exposed Zebrafish Embryos

Zebrafish embryos were collected at approximately 3 hpf and exposed to various levels of
TBBPA (0.75, 1.5, or 3 uM) or vehicle control, DMSO (0.05% for controls) under the same
conditions as in the vial studies above, and were observed at 48 hpf. Observations were
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made starting at 48 hpf, because the heart is not yet fully formed at 24 hpf (Kimmel et al.,
1995). The embryos were observed through a dissecting microscope mounted with a Scion
video recording device to determine heart beat rate. VVideo was recorded at 7 frames per
second for a total of 7 seconds. The videos were observed and heart beats were counted. The
number of heart beats per specified time interval was converted to heart beats per minute.

Alcian Blue Staining and Visualization

Zebrafish embryos were collected at approximately 3 hpf and exposed in glass plates to
either TBBPA (0.75 uM), BPA (15 or 10 uM), TBBPA DME (10 or 5 uM) or DMSO
(vehicle) containing 0.003% phenylthiourea (total volume 20 mL). Phenylthiourea was used
to prevent pigmentation allowing for better measurement after Alcian blue staining.
Embryos were euthanized at 7 dpf with an overdose of MS-222, and fixed with 4%
paraformaldehyde. The staining and visualization procedure was performed as previously
described (Hillegass et al., 2008).

RNA Isolation from Zebrafish Embryos

Zebrafish embryos were collected at approximately 3 hpf and exposed in glass plates to
either TBBPA at 0.75 uM or TBBPA DME at 5 uM or vehicle (DMSO, 0.1 %) in sterile
zebrafish system water (total volume 20 mL). These concentrations were selected in order to
examine expression at sublethal doses. Embryos were shap frozen in liquid nitrogen at 24
and 48 hpf, and stored at —80°C. RNA was isolated using Trizol (Invitrogen Carlsbad, CA).
RNA was treated with Dnase (DNA-free kit Ambion, Austin, TX) and complimentary DNA
(cDNA) was generated using iScript cDNA synthesis kit (BioRad, Hercules, CA).
Quantitative Real Time RT-PCR was performed on a BioRad iCycler equipped with an
iCycler iQ Detection System using the BioRad iQ SYBR Green Supermix (BioRad
Hercules, CA). Samples were analyzed in triplicate, and normalized to the zebrafish 28S
rRNA gene. Primers previously designed for zebrafish MMP-2, -9 and -13 were used
(Hillegass et al., 2007; Hillegass, et al., 2008). Standard curves for the MMP-2, -9 and -13
primers were prepared and used for quantitation (Hillegass, et al., 2007; Hillegass, et al.,
2008). All experiments were repeated three times.

In Vitro Zymography

Zebrafish embryos were collected and exposed to TBBPA (0.75 uM), TBBPA DME (5 uM),
or vehicle (DMSO, 0.1 %) as described in the RNA isolation section. Embryos were
harvested in Lysis buffer containing, 150 mM NaCl, 10 mM HEPES, 2 mM DTT, and 0.1%
Triton X-100, at 48 and 72 hpf. Protein concentration was determined and normalized to
ensure equal protein loading. The embryos were analyzed according to the /n vitro
zymography assay as previously described (Crawford and Pilgrim, 2005; Hillegass, et al.,
2007). Fluoresceinated gelatin and collagen | were used in these assays to analyze MMP-2
and -9 or MMP-13 activity, respectively. All data were normalized to a no lysate control to
take into account background fluorescence.
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Statistical Analyses

Results

Sigma Stat Version 1.01 was used to determine the normality of the data, the power and the
appropriate statistical test. The Mann-Whitney Rank Sum test was used to examine the
hatching data and lesion data. Chi square analysis was used to compare the mortality data.
The Students T-test was used to analyze the data from the qRT-Real Time PCR and /n Vitro
Zymography. All data referred to as significant are p < 0.05.

Embryonic Dose Response Studies

Zebrafish embryos were exposed to TBBPA, BPA or TBBPA DME in order to determine at
which concentrations death occurred, what types of lesions occurred, and in what sequence
of appearance did they occur in the embryos following exposure to each of the chemicals.
There were no deaths or lesion occurrence in the control group. In the embryonic exposure
studies the primary lesions observed following TBBPA exposure were pericardial edema
(>1.5 uM), yolk-sac edema (>1.0 uM), hemorrhage (>0.75uM) and trunk malformations
(>1.0 uM). Hemorrhage preceded the edema and the caudal malformations appeared as the
distal somites of the tail were formed by 48 hpf. At 3.0 uM 85% of the embryos were dead
at 48 hpf and 100% by 72 hpf. The LC50 was 1.6 + 0.4 uM at 72 hpf.

BPA at 122 hpf resulted in lesions involving pericardial (20%), yolk-sac edema (80%) and
hemorrhage (25%) in eleuthroembryos at 25 pM. Fifteen percent of the eleuthroembryos
died. The LC50 was calculated from a separate series of studies to be 17.5 + 0.37 uM
(McCormick 2010). At the BPA concentrations tested the eleuthroembryos would appear to
be more sensitive than the developing embryo. Similar results are shown in the studies
discussed below.

TBBPA DME (5-25 uM) resulted in no deaths or significant lesions at any of the
concentrations tested in this range finding dose response study. Additional studies carried
out did show lesions within this concentration range, but no death following exposure (Table
1).

Mortality Following Exposure to TBBPA, BPA or TBBPA DME

Zebrafish exposed to TBBPA, BPA or TBBPA DME were examined for dose related
embryonic mortality and gross developmental lesions (Table 1). TBBPA was more acutely
toxic than either BPA or TBBPA DME (Fig. 2) causing 100% mortality by 3 and 5 dpf at 3
UM (1.6 mg/L) and 1.5 uM (0.8 mg/L) respectively. TBBPA DME exposure did not increase
mortality in comparison to control at any concentration tested. BPA exposure (5-15 uM)
resulted in 4-8% death, however this was not statistically different from mortality in controls
(Table 1, Fig. 2).

In order to assess whether exposure to TBBPA, BPA or TBBPA DME alters juvenile

survival we assessed the number of animals surviving to 28 dpf. The mortality of exposed
embryos at all doses of TBBPA (0.75 uM-47%), BPA (5 UM —-47%, 10 uM —-22%, and 15
UM-47%) and TBBPA DME (1 uM-16%, 5 uM —22% and 10 uM-34%) was increased as
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compared to the control embryos (Fig. 2). It is not clear why BPA at 10 uM had lower
mortality at 28 days compared to the 5 or 10 uM deaths since the embryonic lesion
occurrence was similar at all three concentrations.. The differences in mortality seen in the
embryonic, larval and juvenile stages after exposure to TBBPA, BPA or TBBPA DME
demonstrate that TBBPA exposure (0.75 uM) was lethal at doses lower than BPA 5 uM or
TBBPA DME 5 uM (Table 1, Fig. 2).

Hatching Success Following Exposure to TBBPA, BPA and TBBPA DME

The time to hatch was measured after zebrafish embryos exposure to TBBPA, BPA or
TBBPA DME. TBBPA exposure (0.75 uM) displayed a significant delay in time to hatch as
compared to control embryos (Table 1). No difference in the time to hatch was observed
with TBBPA DME exposed embryos at 1, 5, and 10 uM as compared to control embryos
(Table 1). Hatching was significantly delayed at all concentrations of BPA exposure (Table
1). Therefore, both TBBPA and BPA exposure delayed hatching of embryos, whereas
TBBPA DME at the tested doses had no effect.

Lesion Occurrence in Exposed Zebrafish Embryos

Pericardial (PC) edema, yolk sac (Y'S) edema, and hemorrhage were observed at all
concentrations of TBBPA, BPA and TBBPA DME, as shown in Table 1. Representative
photographs of the developing embryo and lesions resulting from exposure are shown in Fig.
3.

Rank sum analysis was performed on data comparing control to individual chemical doses
for each lesion. TBBPA (0.75, 1.5 and 3 pM) and TBBPA DME (5, 10 and 15 pM) exposure
resulted in a significant occurrence of PC and YS edema compared to control (Table 1). For
BPA exposed embryos, the incidence of PC edema was significant at all doses, whereas the
incidence of Y'S edema was significant for the 5 and 15 uM doses. Hemorrhaging observed
in the developing zebrafish was significant at all doses of BPA and TBBPA DME (Table 1).
TBBPA DME resulted in significant YS edema at all concentrations and PC edema was
observed at 5 and 10 uM (Table 1). These data indicate that the potency of TBBPA as
compared to BPA or TBBPA DME is greater due to the numbers of lesions seen at doses of
TBBPA approximately 10 fold lower than doses used for BPA or TBBPA DME exposure.
However, TBBPA DME did result in significantly more vascular lesions than BPA at
comparable molar concentrations.

One of the most common developmental lesions following chemical exposure to embryos is
disruption of craniofacial development. To determine if there were effects of TBBPA, BPA,
or TBBPA DME exposure on the craniofacial features in developing zebrafish embryos,
embryos were exposed to TBBPA (0.75 uM), BPA (10, and 15 uM) and TBBPA DME (5
and 10 uM) for 7 days, and then stained with alcian blue. Intraocular distance (ID), lower
jaw length (LJL) and ceratohyal cartilage length (CCL) were measured (Fig. 4). Embryos
exposed to BPA at 15 pM exhibited a significant increase in intraocular distance (Fig. 4),
whereas embryos exposed to TBBPA, BPA at 10 uM (data not shown) or TBBPA DME at
10 or 5 pM showed no significant difference in intraocular distance compared to control.
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There were no significant craniofacial differences compared to control for any of the
compounds and doses tested in LJL and CCL (Fig. 4).

Exposure of zebrafish embryos to TBBPA resulted in trunk edema, tail malformation, and
impaired circulation that were not observed following exposure to BPA or TBBPA DME
(Table 1 and Fig. 3). These lesions were most severe following exposure to TBBPA at 3 uM,
with embryos demonstrating a lack of tail formation, and edema in the caudal region of the
animal (Fig. 3). Exposure to 1.5 uM TBBPA resulted in similar lesions but with reduced
severity, with the tail partially formed but was shorter and with a bent tip (Fig. 3). At 0.75
UM TBBPA exposure, the tail was fully formed, but was curved (Fig.3). The heart beat was
significantly slower following TBBPA (1.5 and 3 uM) exposure at 48 hpf, and 72 hpf as
compared to control embryos (Fig. 5). However, embryos exposed to TBBPA at 0.75 pM did
not show any significant difference in heart beats compared to the control embryos (Fig.5).
Normal sinuous rhythm was observed in all exposed embryos, even those with reduced heart
rate. Thus, TBBPA exposure at the two highest doses resulted in decreased heart rate, and
stunted growth of the tail that were not seen with exposure to BPA or TBBPA DME.

TBBPA or TBBPA DME Exposure Leads to Alteration in MMP Gene Expression

The TBBPA induced lesions seen in the caudal regions of these embryos suggesting a role
for MMPs in the deformity. MMPs are known to be involved in tissue morphogenesis,
wound repair and are crucial for proper embryo development (Murphy and Nagase, 2008;
Zagris, 2001). To ascertain whether MMPs play a role in the appearance of TBBPA induced
developmental lesions, expression of the gelatinases MMP-2 and -9, and the collagenase
MMP-13, after embryonic exposure to either TBBPA (0.75 uM) or TBBPA DME (5 uM)
was examined. Exposure of developing zebrafish embryos to TBBPA resulted in a
significant increase in MMP-2 by 1.25 fold at 24 hpf and slightly more than 2 fold at 48 hpf
as compared to control (Fig. 6A). TBBPA exposure induced MMP-9 expression at 24 hpf by
3 fold at 24 hpf and by 3.5 fold at 48 hpf as compared to control levels (Fig. 6B). MMP-13
expression in response to TBBPA exposure increased at 24 hpf by 5.5 fold but reduced to
slightly below normal at 48 hpf (Fig. 6C). Conversely, TBBPA DME exposure at 24 hpf and
48 hpf did not affect the expression of MMP-2 as compared to control (Fig 6A). MMP-9
expression was unchanged at 24 hpf after TBBPA DME exposure but was increased at 48
hpf by 1.5 fold relative to control (Fig. 6B). MMP-13 expression increased at 24 hpf by 1.5
fold with TBBPA DME exposure but was unchanged compared to that in control embryos at
48 hpf (Fig 6C). TBBPA exposure results in significant alteration in MMP expression at a
much lower dose as compared to control in contrast to TBBPA DME exposure which did not
appear to have a large impact on MMP expression, despite the dose being over 5 fold higher.

TBBPA or TBBPA DME Exposure Leads to Alteration in the Activity of MMPs in the
Developing Zebrafish Embryo

It is important to examine MMP activity to confirm that the changes in gene expression are
leading to changes in enzymatic activity. MMP activity was examined using an /n vitro
zymography assay in which native fluoresceinated substrates (gelatin, degraded by MMPs-2
and -9 and collagen I, degraded by MMP-13) were incubated with lysates from zebrafish
embryos exposed to vehicle, TBBPA or TBBPA DME. Extracts from 48 hpf TBBPA-
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exposed embryos demonstrated a significant increase (1.5 fold), in gelatin degradation (Fig.
7), a substrate for MMP-2 and -9. The 3 fold increase in degradation of gelatin correlates
with the increase seen in MMP-2 and -9 mRNA expression after TBBPA exposure as does
the expression of MMP-13 and the collagenase activity. Collagen | degradation was also
increased (3.5 fold) in 48 hpf embryos in response to TBBPA exposure. TBBPA DME
exposure resulted in significant increase in degradation of collagen I (2.5 fold) and gelatin
(1.5 fold) as compared to control at 48 hpf (Fig. 7).

Discussion

TBBPA is transformed in the environment (Fig.1) by indigenous microbes, through
anaerobic reductive dehalogenation leading to BPA (Arbeli and Ronen, 2003; Arbeli, et al.,
2006; Ronen and Abeliovich, 2000; Voordeckers, et al., 2002) or by aerobic O-methylation
pathways forming TBBPA MME and TBBPA DME (George and Haggblom, 2008). These
compounds persist and accumulate in the environment with the potential to cause toxicity to
wildlife and humans. Although TBBPA DME has been detected in the environment
(Sellstrdm and Jansson, 1995; Watanabe, et a/., 1983), it is a newly recognized metabolite of
TBBPA for which little toxicological data is available. This study presents the first
investigation comparing the toxicological effects of TBBPA and its metabolites in the
developing zebrafish embryo and suggests that the microbially mediated transformations
result in compounds with lower acute toxicity. In this study, TBBPA concentrations used for
exposure were in the range of environmentally detected levels which are reported to be as
high as mg/kg in sediments near production plants (Hale, et a/., 2006). The doses used for
BPA and TBBPA DME exposure are approximately tenfold greater than that of TBBPA. Our
data show an increase in embryo or larval mortality following developmental exposure to
TBBPA or BPA. TBBPA DME exposure, however, did not result in death as compared to
control embryos after one-week post fertilization. TBBPA proved to be 10 times more potent
than BPA or TBBPA DME exposure, resulting in 200% mortality at 1.5 and 3 uM. This
potency at low doses is important considering the levels of TBBPA detected in the
environment.

In contrast to the embryonic and sac-fry mortality measured in this study, all three
compounds resulted in lower survival at 28 dph. In this study, long-term survival post-hatch
in exposed embryos supported the findings from previous work examining post-hatch
survival of embryos whose parents were exposed to 1.5 pM TBBPA (Kuiper, et al., 2007b).
After 28 dpf, survival of TBBPA DME exposed embryos, as well as those exposed to
TBBPA and BPA, was significantly reduced (Fig. 2). Our data show that TBBPA DME and
BPA were less acutely toxic than TBBPA. BPA did have 4 to 8% death by day five and 22—
47% death by day 28 dpf., and based on the lesion occurrence the delayed death is likely a
result of the these lesions (Table 1). TBBPA DME exposure did not cause embryonic
mortality, but the lesions involving the vasculature during embryonic development likely
contributed to the delayed mortality (Table 1).

TBBPA, BPA and TBBPA DME exposure resulted in a variety of developmental lesions in
the embryos, such as a delay in time to hatch, and vascular lesions (edema and hemorrhage).
A delay in the time to hatch is an indication of the chemicals effects on critical biochemical

Aquat Toxicol. Author manuscript; available in PMC 2018 March 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCormick et al.

Page 10

and developmental pathways necessary for the embryo’s ability to free itself from the
chorion (Nechaev and Pavlov, 2004; Sano et al., 2008), and is a crucial developmental
benchmark to overall larval survival of aquatic species in the environment. Our data show
that exposure to TBBPA and BPA resulted in a delay in time to hatch (Table 1), however this
was not observed in embryos exposed to TBBPA DME. Exposure to TBBPA or its
metabolites caused dose dependent lesions, including PC edema, YS edema and hemorrhage
in zebrafish embryos (Table 1). The significant decrease in heart beat at 1.5 and 3.0 uM
TBBPA is likely due to vascular lesions (Fig. 5). TBBPA exposure exhibited the highest
potency with the highest presence of significant lesions at concentrations an order of
magnitude lower than that of its metabolites. A number of common chemically induced
lesions were observed (Fig. 3), and included edema, hemorrhage and curved tail. These
lesions were previously reported for embryos exposed to similar concentrations of TBBPA
and BPA (Hu et al., 2009; Kishida et al., 2001). These data are in keeping with studies from
other laboratories showing malformed tails in zebrafish in response to exposure to BPA at
higher concentrations (68 UM) then tested in our studies (Duan et a/., 2008). The appearance
of truncated tails at higher doses of BPA exposure, resembling the tail malformations seen
with TBBPA in this study suggests a similar mechanism of action of BPA and TBBPA with
BPA being less potent.

Alcian blue staining of cartilage was used to measure the craniofacial features of the
exposed larvae after 7 days of exposure. Our data show that there are no significant
alterations in the lower jaw length or ceratohyal cartilage in the exposed embryos as
compared to control (Fig. 4). For the intraocular distance, the only significant alteration
occurred in embryos exposed to BPA at 15 uM (Fig. 4). The reason for this effect on the
intraocular is not known. The staining, however, of the cartilage and spine was similar to that
of the controls. This observation supports the idea that exposure to TBBPA, BPA or TBBPA
DME does not alter cartilaginous staining or cellular appearance of the cartilaginous
components in the developing zebrafish embryos.

The tail and trunk lesions seen in previous BPA exposure studies (Duan, et al., 2008), and in
this study with TBBPA exposure, suggest an alteration in proper caudal formation that could
be related to altered MMP expression. Previous studies illustrate a role of MMPs in the
proper formation of the caudal axis (Zhang et al., 2003a; Zhang et al., 2003b) and it is
known that the Wnt pathway, which regulates caudal development, also regulates MMP
expression (Harrington et al., 2007; Karow et a/., 2008). Furthermore, TBBPA exposure is
also known to cause the production of reactive oxygen species, which can play a role in the
regulation of MMP expression (Reistad et al., 2005; Reistad, et al., 2007; Svineng et al.,
2008). Studies in our laboratory showed morpholino knock down of MMP-13 expression in
the developing zebrafish embryo resulted in body axis curvature, kinked tail and other
malformations (Hillegass, et al., 2007), which demonstrated the role for this enzyme in
proper tail formation. In our study, expression of MMP-9 and -13 increased after TBBPA
exposure to a greater degree than was seen with TBBPA DME exposure (Fig. 6). MMP-2
expression in TBBPA DME exposed embryos was similar to that of control embryos. MMP
activity as measured by in vitro zymography using gelatin and collagen | as substrates was
significantly increased at 48 hpf as compared to control (Fig.7). Additionally, the mRNA
expression increase in TBBPA exposed embryos was followed by an increase in the
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degradation of collagen | (1.5 fold) and gelatin (3.5 fold) (Fig. 7). One possible explanation
is that the tail malformations and trunk edema seen during development are a result of
increased MMP expression and activity. Although we also observed an increase in MMP-9
following TBBPA DME exposure, no truncation in tail structure was observed. MMP-2 and
-9 expression patterns may explain the difference in caudal development after TBBPA and
TBBPA DME exposure since both enzymes are known for playing a role in promoting
cellular migration and both may be required to cause the truncated tail phenotype (Murphy
and Nagase, 2008). Altered expression and activity of MMPs could explain in part the
lesions observed here and those reported by Kuiper et. al. (2007).

Morphogenesis is a complex process relying on the critical timing of cell proliferation, cell
migration and ECM remodeling, which involve a number of growth factors and enzymes. It
is likely that compounds which alter the temporal and spatial expression of these factors will
alter vascular formation, and normal body axis morphology. Studies examining TBBPA
exposure on the effect of tadpole (Pacific Tree Frog, Pseudacris regilla) metamorphosis
demonstrate an up regulation of MMP-9 mRNA and also abnormal timing of tail resorption
during metamorphosis (Veldhoen et al., 2006). Glucocortocoid exposure of developing
zebrafish has been shown to increase MMP-2, -9 and -13 expression and activity and result
in similar lesions such as impaired vascularization and tail malformations similar to that
seen with TBBPA exposure (Hillegass, et al., 2007; Hillegass, et al., 2008) Taken together,
these data support our hypothesis that the increase in MMP expression due to TBBPA
exposure is related to the observed tail malformations, but may not be the only pathway
affected.

The data presented here demonstrate that developmental exposure to TBBPA, BPA or
TBBPA DME result in a reduction in embryo survival. However, there are differences in
their potency, with BPA and TBBPA DME being less acutely toxic than the parent
compound. However, TBBPA DME does appear to be slightly more toxic than BPA in
causing embryonic vascular lesions. Further, the alteration of the expression and activity of
MMPs is likely playing a role in these developmental lesions due to their involvement in
vascularization and caudal development. The tail malformations in TBBPA exposed
embryos, may also be influencing the time to hatch as the movement of the embryos is
limited with improper tail formation. These data also demonstrate that developmental
exposure to these compounds results in reduced survival one-month post exposure. Ongoing
use of TBBPA and increasing environmental contamination of both TBBPA due to
production, and TBBPA DME due to microbial metabolism, warrants further study.
Specifically, the mechanisms underlying the developmental lesions, notably the trunk and
tail lesions in TBBPA exposed embryos, and potential longer-term chronic effects must be
examined in order to fully understand the overall risk and toxicity of these compounds.
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Fig. 1.

Microbial induced transformations of tetrabromobisphenol A. The microbial mediated
transformations of TBBPA through anaerobic debromination to BPA or aerobic O-
methylation to TBBPA
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Fig 2.

Survival curve after exposure to TBBPA, BPA, or TBBPA DME. Zebrafish embryos were
exposed to TBBPA (0.75, 1.5, or 3 uM), BPA (5, 10, 15 uM), TBBPA DME (1, 5, 10 uM) or
vehicle (DMSO) and observed for 28 days. The 28 day embryo survival (%) were the
following: Control 100%, TBBPA 0.75uM — 53%; BPA 5uM -53%, 10uM -78%, 15uM —
53%; TBBPA DME 1uM - 84%, 5uM -78%, 10uM —66% Data are representative of three
replicate experiments. (n=25 for each experiment)
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Fig. 3.

Rgpresentative lesions due to exposure to TBBPA and its metabolites. Representative
photographs are shown illustrating lesions due to exposure to TBBPA (3 uM and 0.75 uM),
BPA, TBBPA DME and vehicle (DMSO). The photographs of TBBPA at 3uM, BPA 15 uM,
and TBBPA DME 10uM are of exposed embryos at 48 hours post fertilization. The
photograph of the embryo exposed to TBBPA at 0.75 uM illustrates the tail malformation at
a lower dose of exposure resulting in decreased severity. Arrows point to the representative
lesions for each compound, including pericardial (PC) edema, hemorrhage, trunk edema and
tail malformation.
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Fig. 4.

Stgining of cartilage in TBBPA, BPA, or TBBPA DME exposed embryos. Embryos were
exposed in TBBPA (0.75 uM), BPA (10, and 15 uM), TBBPA DME (5 and 10 uM) or
vehicle (DMSO) for 7 days, when they were euthanized and stained accordingly. Intraocular
distance (ID), lower jaw length (LJL) and certohyal cartilage length (CCL) were measured.
A representative photograph is shown depicting the location of each measurement. Error
bars represent standard deviation and the asterisk denotes significance relative to control
with a p < 0.05.
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Fig. 5.

Effect of TBBPA exposure on zebrafish heart beats. Embryos were exposed to TBBPA at
0.75, 1.5 and 3 uM. Data are the mean heart beats at 48 and 72 hpf. Error bars denote
standard deviation and asterisks denote significance with a p < 0.05 as compared to control.
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48 hpf

Expression of MMP-2, -9, and -13 after exposure to TBBPA or TBBPA DME. Expression
levels were measured by Quantitative Real Time PCR on total RNA isolated from embryos
exposed to either vehicle, TBBPA at 0.75 uM or TBBPA DME at 5uM at 24 and 48 hpf.
Data are represented as fold change relative to control. The top panel is MMP-2 expression,
middle panel is MMP-9 expression and the lower panel is MMP-13 expression. Data were
normalized to the 28S rRNA gene and were performed in triplicate. Data shown are
representative of three separate experiments. Error bars denote standard deviation and
asterisks denote significant with a p < 0.05 as compared to control.
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HH

gelatin

Activity of gelatinases and collagenase after TBBPA or TBBPA DME exposure. Lysates
from zebrafish embryos were obtained at 48 hours post fertilization. In vitro zymography
was used to examine the degradation of gelatin and collagen | after TBBPA at 0.75 uM or
TBBPA DME at 5 UM embryonic exposure. Data are normalized to a no enzyme control.
Data are representative of three separate experiments. Error bars denote standard deviation
and asterisks denote significance with a p < 0.05 relative to control.
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