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Abstract

Due to the phaseout of polybrominated diphenyl ether (PBDE) flame retardants, new chemicals,
such as 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB) and bis(2-ethylhexyl) 2,3,4,5-
tetrabromophthalate (TBPH), have been used as replacements in some commercial flame retardant
mixtures. Both chemicals have been detected in indoor dust at concentrations approaching the
concentrations of PBDES; however, little is known about their fate, metabolism, or toxicity. The
goal of this study was to investigate the potential metabolism of these two brominated flame
retardants in human and rat tissues by conducting /n vitro experiments with liver and intestinal
subcellular fractions. In all the experiments, TBB was consistently metabolized to 2,3,4,5-
tetrabromobenzoic acid (TBBA) via cleavage of the 2-ethylhexyl chain without requiring any
added cofactors. TBBA was also formed in purified porcine carboxylesterase, but at a much faster
rate of 6.29 + 0.58 nmol min-1 mg protein-l. The estimated Ky, and Vs values for TBB
metabolism in human microsomes were 11.1 + 3.9 uM and 0.644 + 0.144 nmol min"l mg
protein-l, respectively. A similar K, of 9.3 + 2.2 uM was calculated for porcine carboxylesterase,
indicating similar enzyme specificity. While the rapid formation of TBBA may reduce the
bioaccumulation potential of TBB in mammals and may be useful as a biomarker of TBB
exposure, the toxicity of this brominated benzoic acid is unknown and may be a concern based on
its structural similarity to other toxic pollutants. In contrast to TBB, no metabolites of TBPH were
detected in human or rat subcellular fractions. However, a metabolic product of TBPH, mono(2-
ethylhexyl) tetrabromophthalate (TBMEHP), was formed in purified porcine carboxylesterase at
an approximate rate of 1.08 pmol min-1 mg protein-l. No Phase Il metabolites of TBBA or
TBMEHP were observed. More research is needed to understand the /7 vivo toxicokinetics and
health effects of these compounds given their current ubiquitous presence in most US households
and the resulting probability of chronic exposure, particularly to young children.
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Introduction

Brominated compounds are often used as additive flame retardants because of the halogen
radicals’ ability to quench gas phase free radicals that propagate the fire cycle.! The addition
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of halogens to aromatic and aliphatic backbones increases the flame retardant properties of
these compounds, but also increases their potential for bioaccumulation and persistence in
the environment. Several polybrominated diphenyl ether (PBDES) flame retardant mixtures
were used heavily until they were phased out in several regions? 3 and were later listed as
persistent organic pollutants (POPs) due to their persistence and bioaccumulation potential
according to the Stockholm Convention.# Currently, DecaBDE is the only commercial
PBDE mixture still in use, but it is scheduled for phase out in the United States by 2013.5
Because flame retardants are used in consumer products, such as couches, electronics, and
upholstery, they are present in the indoor environment. A study characterizing flame
retardants in house dust identified 2-ethylhexyl tetrabromobenzoate (TBB) and 2-ethylhexyl
tetrabromophthalate (TBPH) at concentrations often exceeding 1 g gt (see structures in
Figure 1).% These compounds are components of several Firemaster® commercial flame
retardant mixtures marketed by Chemtura (West Lafayette, IN, USA) for use as
replacements for the PentaBDE commercial mixture. However, the physical properties of
TBB and TBPH (estimated log Koy of 8.8 and 12, respectively) indicate a potential for
biomagnification similar to other persistent organic pollutants.” These compounds enter
wastewater treatment plants, where they have been detected in sewage sludge and eventually
enter the environment via effluent discharge or land-applied biosolids.2 TBB and TBPH
were both detected in marine mammals from China, but no other published studies have
analyzed sediment, lower trophic level organisms, or marine mammals from other regions.®
Therefore, little is known about the environmental fate of TBB and TBPH. A summary of
the published studies investigating the levels of TBB and TBPH in the environment is
included in Table 1.

Because of their use in consumer products and prevalence in house dust, the probability of
human exposure to TBB and TBPH is high, particularly for children. A previous study
demonstrated the ability of a commercial mixture containing both TBB and TBPH to
bioaccumulate in fathead minnows (Pimephales promelas) after dietary exposure.” TBB was
metabolized to form unidentified brominated metabolites, but TBPH was resistant to
metabolic degradation.” Because TBB and TBPH were only recently discovered in the
environment, there is very little toxicological data on these compounds. The nonbrominated
analogs of TBB and TBPH, 2-ethyhexyl benzoate (EHB) and bis(2-ethylhexyl) phthalate
(DEHP), respectively, are commonly used industrial chemicals. Only slight toxicity has
been observed with EHB, which is approved for use as a food additive, 10 but the chronic
toxicity of DEHP has been extensively studied.1! In general, the metabolites of DEHP,
including the hydrolysis metabolite 2-monoethylhexyl phthalate (MEHP), mediate the
toxicity of DEHP.1! Lipases and esterases in various organs mediate the bioactivation of
DEHP via hydrolysis of one ethylhexyl group.12 For TBB, toxicity data is not available from
the manufacturer, and only one previous study that attempted to assess the toxicity of the
commercial BZ-54 mixture, which contains both TBB and TBPH, reported bioaccumulation
of TBB and TBPH in fathead minnows with evidence of potential genotoxicity.” Some acute
toxicological data on TBPH are available from the EPA's high production volume chemical
database, 3 but the potential developmental toxicity and endocrine disrupting effects of
TBPH are unknown.

The metabolism of TBB and TBPH in humans has not yet been evaluated, and no studies
have investigated the levels of these flame retardants in human tissues. Based on the
metabolism of DEHP, it is likely that TBB and TBPH undergo similar cleavage of the
ethylhexyl groups during metabolism. Because metabolism may lead to bioactivation of
these compounds, and because knowledge of the metabolic stability will allow for
predictions of the half-life of these compounds in human tissues, it is important to
understand the metabolic potential of TBB and TBPH in humans. Furthermore, because
toxicology studies are usually performed in rats, it is also important to compare species-
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specific differences in metabolism, which may mediate differences in toxicity. The
objectives of this study were to identify the metabolites of TBB and TBPH in human liver
microsomes (HLM), calculate the enzyme kinetics, and compare the metabolic rates among
liver and intestinal subcellular fractions from both humans and rats.

Experimental Procedures

Materials

HLM (50 donors pooled) and human liver cytosol (50 donors pooled) were purchased from
Invitrogen (Austin, TX, USA). Human intestinal microsomes (20 donors pooled) were
purchased from BD Biosciences (Franklin Lakes, NJ, USA). An additional preparation of
HLM (50 donors pooled) was purchased from Celsis (Chicago, IL, USA). All the human
subcellular fractions represented mixed-gender donors. Crude, lyophilized hepatic porcine
carboxylesterase was purchased from Sigma (less than 5% buffer salts) (St. Louis, MO,
USA). Rat microsomes and cytosol were prepared from the liver and small intestinal tissues
from adult, female Wistar rats (n=4) using our previously published method.1* Protein
concentrations were determined using the Bradford assay with a microplate reader.1®> TBB
(95% purity) and TBPH (99% purity) were purchased as neat solutions from AccuStandard,
Inc. (New Haven, CT, USA), and stock solutions were prepared in DMSO at concentrations
ranging from 0.0078-31.1 mM. The internal standard 4’-fluoro-2,3’,4,6-
tetrabromodiphenylether (FBDE 69) was purchased from Chiron (Trondheim, Norway),
while the internal standards 2,3,5-triiodobenzoic acid (TIBA) and monohexyl-2,3,4,5-
tetrachlorophthalate (TCMHP) were purchased from Sigma. The metabolic product 2,3,4,5-
tetrabromobenzoic acid (TBBA, estimated >98% purity by H1-NMR) was synthesized by
the Duke Small Molecule Synthesis Facility (the detailed synthesis procedure is reported in
the Supplemental Information). Mono(2-ethylhexyl) tetrabromophthalate (TBMEHP) was a
gift from Dr. Kim Boekelhide's group at Brown University. All solvents and other materials
were HPLC grade.

Metabolic Incubations

All incubations were performed in 100 mM potassium phosphate incubation buffer (pH 7.4)
in glass culture tubes in a shaking water bath at 37°C. The enzyme kinetics were evaluated
using a microsomal protein concentration of 40 g mL"1 for 10 min incubations. The
incubation conditions were chosen to minimize substrate depletion, especially in incubations
with low concentrations, while producing sufficient product to measure using our LC/MS/
MS assay. In addition, range finding experiments indicated that metabolism was linear
between 40-200 g protein mL™L. The incubations for kinetics analyses were performed with
9 TBB concentrations ranging from 0.0078-31.1 M. The reactions were stopped by the
addition of an equal volume of 1 M HCI. The incubations to assess the Phase 1l metabolism
of TBBA and TBMEHP were conducted in the presence of the following cofactors: 50 M
PAPS (phosphoadenosine phosphosulfate) and 8 mM MgCl,, for sulfation; 2 mM UDPGA
(uridine diphosphate glucuronic acid), 25 g mL! alamethicin, and 8 mM MgCl, for
glucuronidation; and 10 M reduced glutathione for glutathione conjugation. The Phase I1
incubations were performed for 90 min.

Sample Preparation

After stopping the reactions with HCI, 25 ng each of FBDE 69, TIBA, and TCMHP were
added as internal standards for TBB and TBPH, TBBA, and TBMEHP, respectively. The
reaction mixtures were extracted using Agilent SampliQ OPT cartridges (3 mL, 60 mg;
Agilent Technologies, Inc., Santa Clara, CA, US) using a method similar to our previously
published extraction procedure for thyroid hormones.1® After conditioning the SPE
cartridges with 3 mL of methanol and 3 mL of water, the entire incubation mixture was
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added. The cartridges were washed with 3 mL of water, and the analytes were eluted with 2
mL of methanol and 2 mL of dichloromethane. The eluent fractions were combined,
evaporated under nitrogen, and reconstituted in methanol.

GC/MS Identification of Brominated Metabolites

To identify potential metabolites using GC/MS, the extracts were reconstituted in hexane,
derivatized using diazomethane (a methylating agent), and analyzed using full scan GC/
ECNI (electron capture negative ionization)-MS and GC/EI-MS using our lab's previously
published GC conditions.5 The mass spectra of peaks not present in control incubations
(without microsomes) were analyzed to determine the structural characteristics of the
potential metabolites based on fragmentation patterns and bromine isotope signatures.

LC/MS/MS Quantification

The TBB and TBPH dosing concentrations were evaluated using LC/MS/MS with negative
APCI (atmospheric pressure chemical ionization) using previously published MRMs and
operating parameters.1’ Isochratic LC separation was performed using a Synergi XB-C18
column (100 x 2.10 mm, 2.6 wm; Phenomenex, Torrance, CA, US) with 98% methanol and
2% water as the mobile phase for 9 min. The method detection limits for TBB and TBPH
were 5.05 ng mL"1 and 2.41 ng mL-1, respectively.

An LC/MS/MS method using negative ESI (electrospray ionization) was developed to
quantify TBBA without derivatization and to confirm the GC/MS results. Separation of a
15-pL injection was performed on a Synergi Polar-RP column (50 x 2.0 mm, 2.5 pm;
Phenomenex) with water and acetonitrile mobile phases with 5 mM acetic acid. A gradient
method at a flow rate of 0.4 mL min-! was used to separate TBBA, TBMEHP, and their
surrogate standards, TIBA and TCMHP, starting with 30% acetonitrile, increasing to 98%
acetonitrile over 5 min, and returning to 30% acetonitrile over 3 min. TBBA and TIBA
ionized and fragmented similarly, forming [M-H]- precursor ions and [M-CO5]" and [M-X]
product ions (X= Br or I; Table 2). TBMEHP formed an [M-CO5]" parent ion (/m/2=549.0)
using ESI and fragmented to form a [Br]™ product ion (80.9). Multiple reaction monitoring
(MRM) was used with the transitions and conditions shown in Table 2. The mean recoveries
of 10 ng of the analytes and 50 ng of the internal standards spiked into buffer containing 50
g of bovine albumin were calculated and are shown in Table 2. The calibration curves for
TBBA and TBMEHP were linear (R2>0.99) over a calibration range of 1.00-1,000 ng mL1.
Phase Il metabolites (i.e., glucuronide- and sulfate-conjugated metabolites) were screened
using a combination of techniques including neutral loss scans (176 Da for glucuronide
cleavage) and predicted MRM analyses as described in a previous study.18

Quality Assurance

The results in this study are reported as the means + SE of at least 2 independent
experiments including 2—-4 samples in each experiment along with controls containing 50 g
of bovine albumin as lab blanks. The mean concentrations of TBBA, TBMEHP, TBB,
TBPH in the lab blanks were 0.474 + 0.092, 0.288 + 0.125, 2.77 + 0.29, and 0.938 + 0.186
ng mL1, respectively. Method detection limits were defined as the mean of the blank
measurements plus 3 times the SD of the blank measurements. Statistical analyses and
enzyme kinetics were calculated using JMP 9 (Cary, NC, USA). A Michaelis-Menten model
was used to calculate enzyme kinetics as follows:

Vimax X 8

y=—, .
K, +s Eq.1
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where vis the initial velocity at a given substrate concentration (S). The goodness of fit of
the Michaelis-Menten models is reported using the coefficient of determination ”2. ANOVA
was used to determine whether significant interactions existed between the formation rates
and the tissue preparations. Tukey's post-hoc test was used to compare TBBA formation
rates among all the tissues with a significance level of p<0.05.

Results and Discussion
In Vitro Metabolism of TBB

The results from our experiments indicated that TBB was rapidly metabolized in both HLM
and rat microsomes. To initially identify the potential metabolites of TBB, 60-min
incubations were performed with HLM. The sample extracts were analyzed before and after
methyl-derivatization with diazomethane. Using full-scan GC/MS with ECNI and EI
ionization, no potential debrominated or other metabolites were detected in the
nonderivatized samples for TBB (i.e. no peaks were observed), but a 79.9 + 4.6% reduction
in the concentration of TBB was observed. In samples treated with diazomethane, TBBA
was identified as the major metabolite of TBB based on both ECNI and EI mass spectra of
the methyl-derivative of TBBA, as shown in Figure 2, and no other potential metabolites
were detected (Supplemental Figure 3). A peak with an m/z of 452.0 was present in both
ECNI and El mass spectra that corresponded to the molecular ion of the TBBA-methyl
derivative along with other fragment ions (Figure 2). To further confirm the identification,
an analytical standard for TBBA was synthesized, and a more robust LC/MS/MS method
using negative ESI was developed using 2,3,5-triiodobenzoic acid (TIBA) as an internal
standard. Comparison of the metabolite with the synthesized TBBA confirmed that TBBA
was the primary metabolite of TBB.

Carboxylesterase-Mediated Metabolism

To determine whether cytochrome P450 metabolizing enzymes were involved in the
metabolism of TBB, incubations were performed in the presence and absence of the
necessary cofactor, NADPH. The addition of NADPH (0, 0.3, 3.0 and 30 mM) did not
significantly affect the formation rate of TBBA (data not shown). Based on the observed
mechanism of ester hydrolysis in the absence of cofactors, we hypothesized that
carboxylesterases were responsible for the metabolism of TBB. Esterases represent an
extensive class of cytosolic and microsomal enzymes with broad substrate specificity and
widespread expression in mammalian tissues.1® Furthermore, the nonhalogenated analog of
TBB, 2-ethylhexyl benzoate, is a well-characterized substrates of carboxylesterases.20
Therefore, the metabolism of TBB was also examined in a purified preparation of hepatic
porcine carboxylesterase (PCE). Although the use of PCE in this study makes it difficult to
determine whether or not similar metabolism of TBB and TBPH may be expected from
human carboxylesterases, previous studies have shown that human and porcine
carboxylesterases catalyze similar metabolic reactions with differences only in the observed
reaction rates.2! The PCE enzyme preparation rapidly metabolized TBB to TBBA, and no
other metabolites were detected. Because various types of esterases are widely expressed in
vertebrates and bacteria, TBB hydrolysis may occur in many different organisms, and
bacterial degradation may occur in the environment or during wastewater treatment.19

Enzyme Kinetics

The hydrolysis of TBB in the liver to form TBBA may influence the distribution and
potential toxicity of TBB /in vivo. To determine the maximum rate of metabolism and the
enzyme specificity for TBB in HLM and PCE, we calculated the Michaelis-Menten kinetic
parameters. To optimize the incubation conditions for the kinetics experiments, the time
courses of both HLM- and PCE-mediated TBB hydrolysis were evaluated over 60 min with
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either 40 g protein mL™1 of HLM or 2 pg protein mL™! of PCE at a TBB concentration of
27.1 £ 1.3 uM. TBBA formation continued at an approximately linear rate for the entire 60-
min incubation for both preparations, as shown in Figure 3a.

Attempts were made to characterize the rate of TBBA formation relative to the metabolic
loss of TBB (i.e., a mass balance). TBBA increased over time during the incubation,
producing approximately 1 nmol during the 60-min incubation. TBB, on the other hand,
decreased by approximately 11% (e.g., 2.9 nmol) during the 60-min incubation; therefore,
the formation of TBBA appeared to account for approximately 30% of the substrate loss of
TBB over the 60-min incubation with HLM. However, given the standard error in the
measurement of TBB, this loss was not statistically significant.

The kinetics of TBBA formation in HLM and PCE were evaluated by performing
incubations with a range of TBB concentrations. The results of the kinetics experiments are
shown in Fig. 4. Using a Michaelis-Menten model, the K, and Vs« for TBBA formation in
HLM were determined to be 11.1 + 3.9 wM and 0.644 = 0.144 nmol min-1 mg protein-1, and
the Ky, and Vinax in PCE were 9.3 + 2.2 M and 24.4 + 2.6 nmol min'! mg protein,
respectively. The K, was approximately 10 wM in both HLM and PCE, which indicates
similar enzyme specificity among the enzymes in both preparations. Due to the limited
solubility of TBB in the incubation buffer, approximately 30 .M was the highest
concentration that could be used to evaluate the kinetics without introducing unacceptably
high variability in the substrate concentrations and, thus, the reaction velocities.

Multiple Species and Tissue Comparison

TBB metabolism was compared in commercial samples purchased from two different
suppliers and between sub-cellular fractions prepared from different human tissues (human
liver cytosol and human intestinal microsome fractions). TBB metabolism was evaluated in
simultaneous 10-min incubations with 40 g protein mL-1 of each subcellular fraction at a
nominal TBB concentration of 20 M (the actual mean concentration was measured to be
5.25 £ 0.31 uM, which was likely due to the limited solubility in the DMSO dosing
solvent). The results of these experiments are shown in Figure 5. TBBA formation rates
observed in the two commercial preparations of HLM were not significantly different. TBB
metabolism was slightly lower in the cytosol (0.207 + 0.020 nmol min-1 mg protein-1) than
the intestinal and liver microsomes (0.297 + 0.037 and 0.259 + 0.033 nmol min"! mg
protein, respectively), but these differences were also not statistically significant.

Potential TBB metabolism was compared among rat tissues to evaluate species-specific
differences between rats and humans. TBB metabolism was investigated in rat liver
microsomes and cytosol, intestinal microsomes, and serum. TBB was metabolized to form
TBBA in all the rat tissues at formation rates ranging from 0.203 £ 0.004 and 0.422 + 0.093
nmol min"! mg protein-! in intestinal microsomes and liver cytosol, respectively, to 6.25 +
0.58 nmol min-1 mg protein! in liver microsomes, as shown in Figure 5. TBB metabolism
also occurred in rat serum but at a much slower rate than in the other tissues (0.0418 +
0.0090 nmol min-! mg protein-1). The formation of TBBA in rat liver microsomes occurred
at a significantly faster formation rate than all the other rat and human tissues, but was
similar to the rate of TBBA formation in PCE (6.29 + 0.92 nmol min-1 mg protein-1). Unlike
human tissues, TBB metabolism was significantly slower in rat intestinal microsomes than
in rat liver microsomes. While the metabolism of TBB was similar among human liver and
intestinal microsomes and human cytosol, TBB metabolism in rat liver microsomes occurred
much faster. This species-specific difference in TBB metabolism should be considered in
toxicity studies performed using rats due to the more rapid elimination of TBB in rat livers.
However, the rat data presented here are representative of a small number of female rats
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(n=4), and further work is necessary to confirm whether these values are representative of
male rats and other rat strains.

TBPH Metabolism

Unlike TBB, in experiments with HLM, a significant loss of TBPH was not observed, and
no metabolites were detected by GC/MS analysis of the sample extracts. An LC/MS/MS
method was developed to monitor tetrabromo-MEHP (TBMEHP), a potential hydrolysis
metabolite of TBPH (Figure 1). After a 6-h incubation in HLM, TBMEHP was not detected
as a metabolite of TBPH and no significant loss of TBPH was observed. However, TBPH
was slowly metabolized to form TBMEHP in the presence of 0.1 mg mL-1 of PCE. This
reaction was monitored at multiple time points up to 6 h and maintained linearity at an
approximate rate of 1.08 pmol min-1 mg esterase™! as shown in Fig. 3b. In a previous study
with PCE, DEHP (50 M) was metabolized to form MEHP at a rate of 127 pmol min"t mg
protein1.12 This rate was approximately 100 times faster than the hydrolysis of TBPH
observed in this study (1.08 pmol min-t mg protein-1). The prominent difference between
the metabolic hydrolysis of DEHP and TBPH may be a result of steric hindrance by the fully
brominated phenyl ring of TBPH.

Phase Il Metabolism

The potential Phase Il metabolism of TBBA and TBMEHP was evaluated in HLM and
cytosol. Potential sulfation and glutathione conjugation were evaluated in cytosol, and
glucuronidation was evaluated in microsomes. Using a combination of LC/MS/MS
techniques, no Phase Il metabolites were detected for either compound. Furthermore, there
were no significant losses of the parent compounds, TBBA or TBMEHP, during the
incubations.

TBBA may prove to be a useful biomarker of human exposure to TBB. Although this study
shows that TBBA is likely formed /n vivo via metabolism, the half-life of TBBA in human
tissues is unknown. No Phase 11 metabolites of TBBA were detected in this study after
performing incubations with cofactors specific for sulfation, glucuronidation, and
glutathione conjugation. If TBBA is excreted in the urine, it may be an important indicator
of human TBB exposure; therefore, future studies should evaluate the distribution and
excretion of both TBB and TBBA.

The results for TBPH provide some insight into the fate and potential toxicity of TBPH.
Because TBPH is apparently more recalcitrant to metabolism than TBB, TBPH may have a
longer half-life after absorption /n vivo. A study analyzing marine mammals from the Pearl
River Delta in China reported mean concentrations of 5.6 + 17 and 342 + 883 ng g lipid!
for TBB and TBPH, respectively,? even though the approximate ratio of TBB to TBPH in
the Firemaster 550 commercial mixture is 4:1.5 Metabolism of TBB may be an important
factor in these observed differences in TBB and TBPH concentrations and in the ratios of
TBB and TBPH in other environmental matrices.

The metabolism of TBB to form TBBA has several toxicological implications. While
metabolism apparently reduces the potential for bioaccumulation of TBB, it introduces a
metabolite, TBBA, with unknown toxicity and fate. This metabolite may be used as a
biomarker of TBB exposure for public health and exposure studies once its excretion
pathway has been characterized. The metabolism of TBPH to form TBMEHP may have
implications on the toxicity of TBPH, but may not be rapid enough to affect the
bioaccumulation of TBPH. However, its persistence in tissues and the ubiquity of
carboxylesterases in other organs and tissues may facilitate TBPH metabolism in
mammalian tissues. /17 vivotoxicological studies should assess the /n vivo accumulation and
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metabolism of both TBB and TBPH in mammals and evaluate the toxicity of both TBBA
and TBMEHP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

PBDE polybrominated dipheny! ether

TBB 2-ethylhexyl-2,3,4,5-tetrabromobenzoate

TBPH bis(2-ethylhexyl) 2,3,4,5 tetrabromophthalate

HLM human liver microsomes

PCE porcine hepatic carboxylesterase

TBBA 2,3,4,5-tetrabromobenzoic acid

TBMEHP mono(2-ethylhexyl) 2,3,4,5-tetrabromophthalate

TIBA 2,3,5-triiodobenzoic acid

TCMHP monohexyl-2,3,4,5-tetrachlorophthalate

EHB 2-ethylhexyl benzoate

DEHP bis(2-ethylhexyl) phthalate

MEHP mono(2-ethylhexyl) phthalate

MS/MS tandem mass spectrometry

ESI electrospray ionization

ECNI electron capture negative ionization

APCI atmospheric pressure chemical ionization
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Formation of TBBA over time in (a) human liver microsomes (40 g protein mL"1) and (b)
porcine hepatic carboxylesterase (2 g protein mL-1) at a TBB concentration of 27.1 + 1.3
M showing approximately linear formation for 60 min. The values represent the mean of 4

experiments.
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Figure 4.

Initial velocity of TBBA formation at various substrate concentrations fit to a Michaelis-
Menten model using 10-min incubations with human liver microsomes and porcine hepatic
carboxylesterase with /2 values of 0.782 and 0.862, respectively. The values represent the
mean of 4 experiments.
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TBBA formation rates for incubations performed with human and rat tissues normalized to
protein content. In pooled samples, /7equals the number of individual experiments
performed with the pooled sample. In the rat tissues, /7 equals the number of animals from
which individual microsomal or serum samples were prepared. The asterisk indicates
significant difference from samples without an asterisk using Tukey's post-hoc test (p<0.01)
after ANOVA indicated a main effect of tissue on formation rate (p<0.001).
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Table 1

Summary of previous studies detecting TBB and TBPH in the environment.
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Results

Location

Author

Study Type Matrix
Indoor Environment House Dust
House Dust

Dust from E-waste
Processing Facility

Polyurethane Foam
From Baby Products

TBB: 6.6-15,030 ng g!
TBPH: 1.5 t0 10,630 ng g1

TBB: 450-75,000 ng gt
TBPH: 300-47,110 ng ¢!

TBB: 18 ng g mean
TBPH: 270 ng g* mean

TBB/TBPH: 5.85-42.5 mg g™

Boston, MA

Boston, MA

Thailand

USA

Stapleton, 2008°
Stapleton, 20092
Ali, 201123

Stapleton, 201124

Outdoor Environment Finless Porpoise
Sewage Sludge

Sewage Sludge

Atmosphere

TBB: 5.6 + 17 ng g! lipid
TBPH: 342 + 883 ng g* lipid

TBB: 3,430-89,900 ng g TOC
TBPH: 64-33,500 ng g™! TOC

TBB: 128 and 2,490 ng g% dry
TBPH: 220-1340 ng g dry

TBB/TBPH: 0.050-290 pg m-3

Hong Kong, China
Mid-Atlantic Region, USA
North Carolina and California,

USA

Great Lakes Region, USA

Lam, 2009°

La Guardia, 20108

Davis, 201225

Ma, 2011%
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